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Preface

The subject of Differential Equations is a well established part of mathe-
matics and its systematic development goes back to the early days of the de-
velopment of Calculus. Many recent advances in mathematics, paralleled by
a renewed and flourishing interaction between mathematics, the sciences, and
engineering, have again shown that many phenomena in the applied sciences,
modelled by differential equations will yield some mathematical explanation of
these phenomena (at least in some approximate sense).

The intent of this set of notes is to present several of the important existence
theorems for solutions of various types of problems associated with differential
equations and provide qualitative and quantitative descriptions of solutions. At
the same time, we develop methods of analysis which may be applied to carry
out the above and which have applications in many other areas of mathematics,
as well.

As methods and theories are developed, we shall also pay particular attention
to illustrate how these findings may be used and shall throughout consider
examples from areas where the theory may be applied.

As differential equations are equations which involve functions and their
derivatives as unknowns, we shall adopt throughout the view that differen-
tial equations are equations in spaces of functions. We therefore shall, as we
progress, develop existence theories for equations defined in various types of
function spaces, which usually will be function spaces which are in some sense
natural for the given problem.
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Nonlinear Analysis






Chapter I
Analysis In Banach Spaces

1 Introduction

This chapter is devoted to developing some tools from Banach space val-
ued function theory which will be needed in the following chapters. We first
define the concept of a Banach space and introduce a number of examples of
such which will be used later. We then discuss the notion of differentiability of
Banach—space valued functions and state an infinite dimensional version of Tay-
lor’s theorem. As we shall see, a crucial result is the implicit function theorem
in Banach spaces, a version of this important result, suitable for our purposes
is stated and proved. As a consequence we derive the Inverse Function theorem
in Banach spaces and close this chapter with an extension theorem for func-
tions defined on proper subsets of the domain space (the Dugundji extension
theorem).

In this chapter we shall mainly be concerned with results for not necessarily
linear functions; results about linear operators which are needed in these notes
will be quoted as needed.

2 Banach Spaces

Let E be a real (or complex) vector space which is equipped with a norm
Il - I, i.e. a function || - || : E — Ry having the properties:

i) |lull >0, for every u € E,

ii) |lu|]| =0 is equivalent to u =0 € E,

iii) || Aul| = [A|]Ju||, for every scalar A and every u € E,

iv) Ju+ vl <|ul +|v], for all u,v, € E (triangle inequality).

A norm || - || defines a metric d : E x E — Ry by d(u,v) = ||lu — v|| and
(E, || -]) or simply E (if it is understood which norm is being used) is called a
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Banach space if the metric space (F, d), d defined as above, is complete (i.e. all
Cauchy sequences have limits in E).

If E is areal (or complex) vector space which is equipped with an inner product,
i.e. a mapping

(,y: Ex E—R (or C (the complex numbers))
satisfying
i) (u,v) = (v,u), u,v€FE
i) (u+v,w) = (u,w) + (v,w), u,v,w € E
iii) (Au,v) = Mu,v), A €C, u,v,€ FE
iv) (u,u) > 0,u € E, and (u,u) =0 if and only if u =0,

then F is a normed space with the norm defined by

lul| = V{u,u), u€E.

If ' is complete with respect to this norm, then F is called a Hilbert space.

An inner product is a special case of what is known as a conjugate linear
form, i.e. a mapping b: E x E — C having the properties (i)—(iv) above (with
(+,-) replaced by b(-, -)); in case F is a real vector space, then b is called a bilinear
form.

The following collection of spaces are examples of Banach spaces. They will
frequently be employed in the applications presented later. The verification that
the spaces defined are Banach spaces may be found in the standard literature
on analysis.

2.1 Spaces of continuous functions

Let €2 be an open subset of R", define
Co(Q,R™) = {f:Q — R™ such that f is continuous on Q}.
Let

[fllo = sup | f(z)], (1)
€N

where |- | is a norm in R™.
Since the uniform limit of a sequence of continuous functions is again con-
tinuous, it follows that the space

E={feC"(QR™):|flo < oo}

is a Banach space. - -
If Q is as above and ' is an open set with Q C €, we let C°(Q, R™) = {the
restriction to Q of f € CO(,R™)}. If Q is bounded and f € C°(Q,R™),

then || f|lo < +oco. Hence C°(Q,R™) is a Banach space.
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2.2 Spaces of differentiable functions

Let Q be an open subset of R”. Let § = (i1, --,i,) be a multiindex, i.e.
ir € Z (the nonnegative integers), 1 < k < n. We let |B| = Y ;_;ix. Let
f:Q — R™, then the partial derivative of f of order 8, D” f(x), is given by

o8 f(x)
f(I) allxl .o 87’",@717
where x = (x1,--+,7,). Define C7(Q,R™) = {f : @ — R™ such that DPf is
continuous for all 3, |] < j}.
Let

i
£l = > max | D £]o. (2)

<k
£ 18I<

Then, using further convergence results for families of differentiable functions it
follows that the space

E={feC/(QR"):|fl; < +oo}

is a Banach space. -
The space C7(Q,R™) is defined in a manner similar to the space C°(Q, R"™)
and if Q is bounded C7(Q,R™) is a Banach space.

2.3 Holder spaces
Let ©Q be an open set in R™. A function f : 2 — R™ is called Holder

continuous with exponent a, 0 < o < 1, at a point x € €, if

NGRS

yF#x |'r - y|a

and Holder continuous with exponent «,0 < o < 1, on € if it is Hélder contin-
uous with the same exponent « at every x € . For such f we define

T O Rep ()]
HQ(f)—;;zl Py (3)

If f € CI(Q,R™) and DPf, || = j, is Hélder continuous with exponent o on
Q, we say f € CH%(Q,R™). Let

£ 11,0 = WI£1l5 + max HE(DPf),

then the space

E={feCP(Q,R™):||f|

ja < 00}

is a Banach space.



As above, one may define the space CH*(Q,R™). And again, if Q is bounded,
C3*(Q,R™) is a Banach space.
We shall also employ the following convention

CHY(Q,R™) = CY(Q,R™)
and

CIY(Q,R™) = CI(Q,R™).

2.4 Functions with compact support

Let 2 be an open subset of R™. A function f :  — R™ is said to have
compact support in €2 if the set

supp f = closure{x € Q: f(z) #0} ={x € Q: f(z) # 0}

is compact.
We let

CP(QL,R™) = {f € C7*(,R™) : supp f is a compact subset of Q}

and define CJ* (€, R™) similarly. _
Then, again, if 2 is bounded, the space CJ* (2, R™) is a Banach space and

CI(Q,R™) = {f € CF*(Q,R™) : f(z) =0, = € IQ}.

2.5 LP spaces

Let © be a Lebesgue measurable subset of R™ and let f : & — R™ be a
measurable function. Let, for 1 < p < oo,

I = ([ |f<x>|Pda:>l/p,

and for p = oo, let

[fllzee = essup,eql f(2)],

where essup denotes the essential supremum.
For 1 < p < o0, let

LP(Q,R™) = {f : || fllzr < +o0}.

Then LP(Q,R™) is a Banach space for 1 < p < co. The space L?(Q,R™) is a
Hilbert space with inner product defined by

Q

where f(z) - g(x) is the inner product of f(z) and g(z) in the Hilbert space
(Euclidean space) R™.
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2.6 Weak derivatives

Let 2 be an open subset of R”. A function f : Q — R™ is said to belong to
class L? (Q,R™), if for every compact subset Q' C Q, f € LP(2',R™). Let 8 =

loc

(B, ..., Bn) be a multiindex. Then a locally integrable function v € L, (0, R™)
is called the 8" weak derivative of f if it satisfies

/wdx: (-1)'5\/ fDP¢dx, for all ¢ € C°(Q). (4)
Q Q

We write v = D?f and note that, up to a set of measure zero, v is uniquely
determined. The concept of weak derivative extends the classical concept of
derivative and has many similar properties (see e.g. [18]).

2.7 Sobolev spaces

We say that f € Wk(Q,R™), if f has weak derivatives up to order k, and
set

WEP(QR™) = {f € WF(Q,R™): D f € LP(Q,R™), |B| < k}.

Then the vector space WP (Q, R™) equipped with the norm

1/p

1 llon = / S D7 ffrda (5)

Q
|BI<k

is a Banach space. The space C§(Q,R™) is a subspace of W*P(Q,R™), it’s
closure in W’”’(Q, R™), denoted by Wé“’p(Q, R™), is a Banach subspace which,
in general, is a proper subspace.

For p = 2, the spaces W*2(Q, R™) and W2 (Q, R™) are Hilbert spaces with
inner product (f,g) given by

(o) = [ 3 DU Drge (6)

jal<k

These spaces play a special role in the linear theory of partial differential equa-
tions, and in case 2 satisfies sufficient regularity conditions (see [1], [41]), they
may be identified with the following spaces.

Consider the space C*(Q, R™) as a normed space using the || - ||yx,» norm.
It’s completion is denoted by H*P?(Q,R™). If p = 2 it is a Hilbert space with
inner product given by (6). Hég’p(Q,Rm) is the completion of C§°(2,R™) in
HEP(Q,R™).

2.8 Spaces of linear operators

Let F and X be normed linear spaces with norms ||-|| g and ||-|| x, respectively.
Let

L(E;X)={f:E— X suchthat f is linear and continuous}.



For f € £(E; X), let

[flle = sup [If(z)llx. (7)
llzllz<1
Then || - ||¢ is a norm for £(F; X). This space is a Banach space, whenever X

is.

Let E1, ..., FE, and X be n+1 normed linear spaces, let £(E1,...,E,; X) =
{f : E1 x--- X E, — X such that f is multilinear (i.e. f is linear in each
variable separately) and continuous}. Let

[l = sup{l[f(z1, -, zn)llx s el < Ls-oos [Jenlle, <1}, (8)

then £(En,..., E,; X) with the norm defined by (8) is a normed linear space.
It again is a Banach space, whenever X is.
If £ and X are normed spaces, one may define the spaces

Li(BX) = L(E; X)
L(E; X)) = L(E; £1(F; X))
SUE:X) = £ 1(E:X)), n>2.

We leave it as an exercise to show that the spaces £(FE, ..., E; X) (E repeated
n times) and £,(E;X) may be identified (i.e. there exists an isomorphism
between these spaces which is norm preserving (see e.g. [43]).

3 Differentiability, Taylor’s Theorem

3.1 Gateaux and Fréchet differentiability
Let E and X be Banach spaces and let U be an open subset of E. Let

fU—-X

be a function. Let zyp € U, then f is said to be Gateaux differentiable (G-
differentiable) at x¢ in direction h, if

tim L (o + th) ~ F(z0)} 9)

exists. It said to be Fréchet differentiable (F-differentiable) at xo, if there exists
T € £(E; X) such that

f(@o+h) = f(xo) = T(h) + o([|A]) (10)
for ||| small, here o(]|k||) means that

. o([[h]])
lim
Inl—0 || A

=0.
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(We shall use the symbol || - || to denote both the norm of F and the norm of
X, since it will be clear from the context in which space we are working.) We
note that Fréchet differentiability is a more restrictive concept.

It follows from this definition that the Fréchet—derivative of f at zo, if it
exists, is unique. We shall use the following symbols interchangeably for the
Fréchet—derivative of f at xo; D f(x0), f'(z0), df (zo), where the latter is usually
used in case X = R. We say that f is of class C! in a neighborhood of z if f
is Fréchet differentiable there and if the mapping

Df:xz— Df(x)

is a continuous mapping into the Banach space £(F; X).
If the mapping

Df:U — L(E; X)

is Fréchet—differentiable at z¢ € U, we say that f is twice Fréchet—differentiable
and we denote the second F-derivative by D2 f(zg), or f (), or d* f(z0). Thus
D?f(z0) € £2(F; X). In an analogous way one defines higher order differentia-
bility.

If h € E, we shall write

D" f(xo)(h,---,h) as D" f(xg)h",
(see Subsection 2.8).

If f:R™ — R" is Fréchet differentiable at xq, then D f(zq) is given by the
Jacobian matrix

and if f : R™ — R is Fréchet differentiable, then D f(z) is represented by the
gradient vector V f(x¢), i.e.

Df(xo)(h) =V f(xo) - h,

where “” is the dot product in R"™, and the second derivative D?f(x) is given
. . 92 f .
by the Hessian matrix (m) ‘ , l.e.
T=T0

o2 f
2 2 _ 1T
D2 f(zo)h? = h (axiax)h’

where hT is the transpose of the vector h.
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3.2 Taylor’s formula

Theorem Let f : E — X and all of its Fréchet—derivatives Df,---, D™ f be
continuous on an open set U. Let x and x + h be such that the line segment
connecting these points lies in U. Then

m—1

fl@+h)— f(z) =

k=1

| —

D" f(z)h" + %Dmf(z)hm, (11)

=

where z is a point on the line segment connecting x to x + h. The remainder
L D™ f(z)h™ is also given by

ﬁ /0 (1- S)milef(on + sh)h™ds. (12)

We shall not give a proof of this result here, since the proof is similar to the one
for functions f : R™ — R™ (see e.g. [14]).

3.3 Euler-Lagrange equations

In this example we shall discuss a fundamental problem of variational cal-
culus to illustrate the concepts of differentiation just introduced; specifically we
shall derive the so called Euler-Lagrange differential equations. The equations
derived give necessary conditions for the existence of minima (or maxima) of
certain functionals.

Let g : [a,b] x R? — R be twice continuously differentiable. Let E = C¢|a, b]
and let T: E — R be given by

b
7(0) = [ gt ufe). ol o)
It then follows from elementary properties of the integral, that T is of class C'.
Let up € E be such that there exists an open neighborhood U of ug such that
T(uo) < T(u) (13)

for all u € U (ug is called an extremal of T'). Since T is of class C! we obtain
that for u € U

T(u) =T (uo) + DT (uo)(u — uo) + o(||u — uo|))-
Hence for fixed v € E and € € R small,

T(uo + ev) = T(uo) + DT (uo)(ev) + o([e[[[v]]).
It follows from (13) that

0 < DT (uo)(ev) + o([e[[|v]])
and hence, dividing by |lev||,

o(flevl])

lev]]

0 < DT (uo) (iﬁ) +
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where || - || is the norm in E. It therefore follows, letting e — 0, that for
every v € E, DT (ug)(v) = 0. To derive the Euler-Lagrange equation, we must
compute DT (ug). For arbitrary h € E we have

T(uo+h) = [7g(t,uo(t) + h(t), u)(t) + I'(t))dt

I 9t uo(t), ’()dt

+ [ 98 (1 uo(t ug(t))h(t)dt

+ [ 52 o0 (, w0 (1), uh ()1 (£)dt + o(|[A]).

where p and ¢ denote generic second, respectively, third variables in g. Thus

b
DT (up)(h) = gg(t uo(t),ug(t))h(t)dH/ g—Z(t,uo(t),ug(t))h’(t)dt.

a

For notation’s sake we shall now drop the arguments in g and its partial deriva-
tives. We compute

/@hdt [394 —/ e <8g)dt
dq 1, Ja dq

and since h € F| it follows that

bTag d dg
DT(UQ)(h) = /a |:8_p — Ea_q] hdt (14)
Since DT '(ug)(h) = 0 for all h € E, it follows that
89 / d 89 / _
Gt u0(t) w5 (0) = et walt), up(0) =0, (15)

for a <t < b (this fact is often referred to as the fundamental lemma of the
calculus of variations). Equation (15) is called the Euler-Lagrange equation. If
g is twice continuously differentiable (15) becomes

dg %9 9% , 0% ,
op ~ 910q  apog"® " o =0 (16)

where it again is understood that all partial derivatives are to be evaluated at
(t,uo(t), up(t)). We hence conclude that an extremal ug € E must solve the
nonlinear differential equation (16).

4 Some Special Mappings

Throughout our text we shall have occasion to study equations defined by
mappings which enjoy special kinds of properties. We shall briefly review some
such properties and refer the reader for more detailed discussions to standard
texts on analysis and functional analysis (e.g. [14]).
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4.1 Completely continuous mappings

Let E and X be Banach spaces and let {2 be an open subset of FE, let
f:Q9—=X

be a mapping. Then f is called compact, whenever f(£2') is precompact in
X for every bounded subset ' of Q (i.e. f(€) is compact in X). We call f
completely continuous whenever f is compact and continuous. We note that if
f is linear and compact, then f is completely continuous.

Lemma Let Q) be an open set in E and let f : Q — X be completely continuous,
let f be F-differentiable at a point xo € ). Then the linear mapping T = D f(x¢)
is compact, hence completely continuous.

PROOF. Since T is linear it suffices to show that T'({z : ||z|| < 1}) is precompact
in X. (We again shall use the symbol || - || to denote both the norm in E and
in X.) If this were not the case, there exists € > 0 and a sequence {z,}52; C
E,||z,]| <1,n=1,2,3,--- such that

|70 — Tamll > 6,1 4 m.
Choose 0 < § < 1 such that

o+ b) = f(z0) = Th]| < <A
for h € E,||h|| < 0. Then for n #m

[f (o + 0xn) — f(x0 + 02m)|| > 0| Tz, — Ty |

— NS0+ dxn) = flwo) = 0Twnl — [ f (20 + 62m) — f(0) — 0T

> ge— S8t _ g

Hence the sequence {f(zo + dx,)}52; has no convergent subsequence. On the
other hand, for § > 0, small, the set {z¢ + 0z,}32; C Q, and is bounded,
implying by the complete continuity of f that {f(xg+ dx,)}>2, is precompact.
We have hence arrived at a contradiction. 0

4.2  Proper mappings

Let M C E, Y C X and let f: M — Y be continuous, then f is called
a proper mapping if for every compact subset K of Y, f~!(K) is compact in
M. (Here we consider M and Y as metric spaces with metrics induced by the
norms of E and X, respectively.)
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3 Lemma Let h: EF — X be completely continuous and let g : E — X be proper,
then f = g — h is a proper mapping, provided that f is coercive, i.e.

[f (@) = o0 as [lz] — oc. (17)

PROOF. Let K be a compact subset of X and let N = f~1(K). Let {x,}%,
be a sequence in N. Then there exists {y,}52; C K such that

Yn = g(zn) — M(wp). (18)

Since K is compact, the sequence {y,}52 ; has a convergent subsequence, and
since f is coercive the sequence {z,}5°; must be bounded, further, because
h is completely continuous, the sequence {h(x,)}>2; must have a convergent
subsequence. It follows that the sequence {g(z,)}22, has a convergent sub-
sequence. Relabeling, if necessary, we may assume that all three sequences
{yn 2y, {9(xn)}22, and {h(x,)}52, are convergent. Since

g(xn) =Yn + h(In)

and g is proper, it follows that {z,}52, converges also, say x,, — x; hence N
is precompact. That IV is also closed follows from the fact that g and h are
continuous. 0

4 Corollary Let h : E — E be a completely continuous mapping, and let f =
id — h be coercive, then f is proper (here id is the identity mapping).

Proor. We note that id : E — E is a proper mapping. 0
In finite dimensional spaces the concepts of coercivity and properness are
equivalent, i.e. we have:

5 Lemma Let f : R® — R™ be continuous, then f is proper if and only if f is
coercive.

4.3 Contraction mappings, the Banach fixed point theo-
rem

Let M be a subset of a Banach space E. A function f: M — FE is called a
contraction mapping if there exists a constant k, 0 < k < 1 such that

1 (@) = f)ll < kllz —yll, forall 2,y e M. (19)
6 Theorem Let M be a closed subset of E and f : M — M be a contraction

mapping, then f has a unique fixed point in M ; i.e. there exists a unique x € M
such that

fl@)==z . (20)
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PrOOF. If 2,y € M both satisfy (20), then
=yl = [If () = F(WIl < kllz =y,

hence, since k < 1, x must equal y, establishing uniqueness of a fixed point.
To proof existence, we define a sequence {x,, }22 , C M inductively as follows:
Choose xg € M and let

Tn = f(Xp-1), n > 1. (21)
(21) implies that for any j > 1

1f(25) = f(zj—)]| <k ]la1 — zoll,
and hence if m > n

Tm —Tn = Tm —Tm—-1+tTTm-1—-..FTntl — Tn

f(xm—l) - f(xm—Z) +...+ f(xn) - f(xn—l)

and therefore

n m— k" — k™
Zm — 2pll < [lz1 — 20l[(K" +... + K 1):ﬁ”$1_$0|" (22)

It follows from (22) that {z,}5, is a Cauchy sequence in E, hence

lim z, ==«
n—oo

exists and since M is closed, € M. Using (21) we obtain that (20) holds. ]

Remark We note that the above theorem, Theorem 6, also holds if F is a
complete metric space with metric d. This is easily seen by replacing ||z —y|| by
d(x,y) in the proof.

In the following example we provide an elementary approach to the existence
and uniqueness of a solution of a nonlinear boundary value problem (see [13]).
The approach is based on the LP theory of certain linear differential operators
subject to boundary constraints.

Let T' > 0 be given and let

f:0,T]xRxR—>R

be a mapping satisfying Carathéodory conditions; i.e. f(¢, u,u’) is continuous
in (u,u’) for almost all ¢ and measurable in ¢ for fixed (u,u’).

We consider the Dirichlet problem, i.e. the problem of finding a function u
satisfying the following differential equation subject to boundary conditions

u” = ftu,d), 0<t<T,
{ u =0, tefo,T}. (23)
In what is to follow, we shall employ the notation that | - | stands for absolute

value in R and || - ||2 the norm in L2(0,T).
We have the following results:
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8 Theorem Let f satisfy
[f(t, u,v)— f(t,0,0)] < alu—a|+dlv—7|, Yu,a,v,0 € R, 0 <t < T,(24)

where a,b are nonegative constants such that

— 4+ —= <1, 25

A VAL (25)
and )\ is the principal eigenvalue of —u" subject to the Dirichlet boundary
conditions u(0) = 0 = u(T) (i.e. the smallest number A such that the problem

=
{ U Au, 0 <t <T, (26)

u =0,te{0,T}

has a nontrivial solution). Then problem (23) has a unique solution u €
C3([0,TY)), with v’ absolutely continuous and the equation (23) being satisfied
almost everywhere.

PROOF. Results from elementary differential equations tell us that A; is the

first positive number A such that the problem (26) has a nontrivial solution, i.e.
2
A1 = Tz

To prove the theorem, let us, for v € L'(0,T), put

Av = f(-,w,w'), (27)

w(t) = —% /OT /OTU(S)dsdT—i— /Ot /OTU(S)deT,

which, in turn may be rewritten as

where

w(t) :/0 G(t, s)v(s)ds, (28)

where

G(t,s) = —

1{(T—t)s, if0<s<t (29)

T\ T —5), ift<s<T.

It follows from (24) that the operator A is a mapping of L'(0,7) to any
L(0,T), g > 1. On the other hand we have that the imbedding

LY0,T) — L'(0,T), ¢ > 1,
u € LY0,T) — ue L'(0,T),
is a continuous mapping, since

lullpr < 77 [[ul| o
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We hence may consider
A:LY0,T) — L0,T),

for any ¢ > 1. In carrying out the computations in the case ¢ = 2, the follow-
ing inequalities will be used; their proofs may be obtained using Fourier series

methods, and will be left as an exercise. We have for w(t) = fOT G(t, s)v(s)ds
that

w V| L2,
L2 > N L2
from which easily follows, via an integration by parts, that

lw'llz2 <

1
\/—)\—1”UHL2

Using these facts in the computations one obtains the result that A is a con-
traction mapping.
On the other hand, if v € L2(0,T) is a fixed point of A, then

T
u(t) = / G(t, s)v(s)ds
0
is in C}(0,T) and w” € L?(0,T) and u solves (23). 0

Remark It is clear from the proof that in the above the real line R may be
replaced by R™ thus obtaining a result for systems of boundary value problems.

Remark In case T = 7, A\; = 1 and condition (25) becomes
a+b<1,
whereas a classical result of Picard requires

2

73

T
b— <1,

+ 2

(see [21] where also other results are cited).

Remark Theorem 8 may be somewhat extended using a result of Opial [31]
which says that for u € Cy[0,T], with «’ absolutely continuous, we have that

4 / T ’ / 2
| @@ < 3 [ e, (30)

The derivation of such a statement is left as an exercise.
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4.4 The implicit function theorem
Let us now assume we have Banach spaces E, X, A and let

f:UxV =X,

(where U is open in E, V is open in A) be a continuous mapping satisfying the
following condition:

e For each A\ € V the map f(-,\) : U — X is Fréchet-differentiable on U
with Fréchet derivative

D, f(u,\) (31)

and the mapping (u, \) — D, f(u, A) is a continuous mapping from U x V/
to £(E, X).

Theorem (Implicit Function Theorem) Let f satisfy (31) and let there ex-
ist (ug, Ao) € U x V such that D, f(ug, \) is a linear homeomorphism of E onto
X (i.e. Dyf(uo,No) € £(E,X) and [Dyf(uo,Ao)]"* € £(X,E)). Then there
exist 6 > 0 and r > 0 and unique mapping u : Bs(Ag) = {\: |[A=Xo|| <6} = F
such that

fu(X), A) = f(uo, M), (32)
and ||lu(X) — uol| <7, u(Xo) = uo.
PROOF. Let us consider the equation

flu, X) = f(uo, M)
which is equivalent to

[Duf (uo, X)) ™" (f (u, A) = f(uo, Ao)) =0, (33)
or

w=u = [Duf (w0, Ao)] " (F (1, X) = f(uo, Mo)) = Gluw, ). (34)
The mapping G has the following properties:
i) G(uo, Ao) = uo,
ii) G and D, G are continuous in (u, A),

iii)  DuG(uo, Ao) = 0.
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Hence

|G ur, A) — G(uz, Al
< (supgcr<y [ DuGlur + tuz — ur), M) [lur — s (35)
< 3lur —uall,
provided |lu; — ug|| <7, |Jug — uo|| < r, where r is small enough. Now

G (u, \) = uoll = [|G(u, \) = G(uo, o)l < [|G(u, \) = G(ug, N)||
1
+[|G(uog, A) — G(uo, o)l < §HU — g + [|G(uo, A) — G(uo, o)l

1
r+ =r

< )
- 2

N =

provided [|A — Ag|| < § is small enough so that ||G(ug, A) — G(ug, Ao)| < 3
Let Bs(Mo) = {X: [|]A—=Xo|| <6} and define M = {u : Bs(Ao) — E such that

u is continuous, u(Ag) = ug, [|u(A) —uollo < r, and |luljo = supye g, (ry) lu(N)]| <

+o0}. Then M is a closed subset of a Banach space and (35) defines an equation

u(A) = G(u(A), A) (36)

in M.
Define g by (here we think of u as an element of M)

then g : M — M and it follows by (36) that

1
lg(u) = g(v)llo < Fllu—vllo,
hence ¢ has a unique fixed point by the contraction mapping principle (Theorem
6).
0

13 Remark If in the implicit function theorem f is k times continuously differen-
tiable, then the mapping A — u(\) inherits this property.

14 Example As an example let us consider the nonlinear boundary value problem
u' + X" =0, 0<t<m, u(0)=0=u(m). (37)

This is a one space-dimensional mathematical model from the theory of com-
bustion (cf [3]) and u represents a dimensionless temperature. We shall show,
by an application of Theorem 12, that for A € R, in a neighborhood of 0, (37)
has a unique solution of small norm in C?%(]0, n], R).
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To this end we define
E = C2([0,7],R)
X =C0,7]
A =R,
these spaces being equipped with their usual norms (see earlier examples). Let
fiExA—X
be given by
flu,A) =" + Ne®.

Then f is continuous and f(0,0) = 0. (When A = 0 (no heat generation) the
unique solution is u = 0.) Furthermore, for ug € E, D, f(uo, A) is given by (the
reader should carry out the verification)

Dy f(uo, v = 0" 4+ Xe @y,

and hence the mapping
(1, A) = Diuf(u, )

is continuous. Let us consider the linear mapping
T =D,f(0,0): F — X.

We must show that this mapping is a linear homeomorphism. To see this we
note that for every h € X, the unique solution of

V' =n(t), 0<t<m, v(0)=0=nuv(n),

is given by (see also (28))

o(t) = /O "Gt 5)h(s)ds, (38)

where

—Lr—t)s, 0<s<t
G@J)_{—éﬂw—sﬁtgsgm

From the representation (38) we may conclude that there exists a constant ¢
such that

[vll2 = T~ All2 < c[[Allo,
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i.e. T~ is one to one and continuous. Hence all conditions of the implicit func-
tion theorem are satisfied and we may conclude that for each A, \ sufficiently
small, (37) has a unique small solution u € C?%([0, 7], R), furthermore the map
A u(\) is continuous from a neighborhood of 0 € R to C?([0, 7], R). We later
shall show that this ‘solution branch’ (A, u()\)) may be globally continued. To
this end we note here that the set {A > 0 : (37) has a solution } is bounded
above. We observe that if A > 0 is such that (37) has a solution, then the
corresponding solution « must be positive, u(z) > 0, 0 < < 7. Hence

0=u"+ X" >u" + Mu. (39)
Let v(t) = sint, then v satisfies
V" +u=0,0<t<m v(0)=0=uv(n). (40)

From (39) and (40) we obtain

0> / (v —v"u)dt + (X — 1)/ uvdt,
0 0

and hence, integrating by parts,

0> (A— 1)/ uvdz,
0

implying that A < 1.

5 Inverse Function Theorems

We next proceed to the study of the inverse of a given mapping and provide
two inverse function theorems. Since the first result is proved in exactly the
same way as its finite dimensional analogue (it is an immediate consequence of
the implicit function theorem) we shall not prove it here (see again [14]).

Theorem Let F and X be Banach spaces and let U be an open neighborhood
ofa € E. Let f : U — X be a C! mapping with D f(a) a linear homeomorphism
of E onto X. Then there exist open sets U' and V, a € U’, f(a) € V and a
uniquely determined function g such that:

i) V=ru),
ii) f is one to one on U’,
iii) ¢:V -U, g(V)=U’, g(f(u)) =u, for every u € U’,

iv) g isa C! function on V and Dg(f(a)) = [Df(a)]~".
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16 Example Consider the forced nonlinear oscillator (periodic boundary value
problem)

u” + M+ u? =g, u(0)=u2r), u(0)=1u(2T) (41)

where g is a continuous 27 — periodic function and A € R, is a parameter. Let
E =C?([0,27],R)N{u : u(0) = u(27), u'(0) = v/ (27)}, and X = C°([0,27],R),
where both spaces are equipped with the norms discussed earlier. Then for
certain values of A\, (41) has a unique solution for all forcing terms g of small

norm.
Let
f+E—-X
be given by

f(u) =u" + I+ u?.
Then D f(u) is defined by
(Df(u))(v) =v" + M + 2uv,
and hence the mapping
wi— Df(u)

is a continuous mapping of E to £(F; X), i.e. f is a C! mapping. It follows
from elementary differential equations theory (see eg. [4]) that the problem

v+ v =h,

has a unique 27—periodic solution for every 27-periodic h as long as A # n?,
n=1,2,..., and that ||v]|2 < C||h||o for some constant C' (only depending upon
A). Hence Df(0) is a linear homeomorphism of F onto X. We thus conclude
that for given A # n?, (32) has a unique solution u € E of small norm for every
g € X of small norm.

We note that the above example is prototypical for forced nonlinear oscilla-
tors. Virtually the same arguments can be applied (the reader might carry out
the necessary calculations) to conclude that the forced pendulum equation

v’ + Asinu =g (42)

has a 27- periodic response of small norm for every 27 - periodic forcing term
g of small norm, as long as A #n2, n=1,2,....

In many physical situations (see the example below) it is of interest to know
the number of solutions of the equation describing this situation. The following
result describes a class of problems where the precise number of solutions (for
every given forcing term) may be obtained by simply knowing the number of
solutions for some fixed forcing term.

Let M and Y metric spaces (e.g. subsets of Banach spaces with metric
induced by the norms).
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Theorem Let f : M — Y be continuous, proper and locally invertible (e.g.
Theorem 15 is applicable at each point). Fory € Y let

N(y) = cardinal number of {f~(y)} = #{f ' (v)}.
Then the mapping

y— N(y)

is finite and locally constant.

PRrROOF. We first show that for each y € Y, N(y) is finite. Since {y} is compact
{f~Y(y)} is compact also, because f is a proper mapping. Since f is locally
invertible, there exists, for each u € {f~1(y)} a neighborhood O, such that

Ou N ({f W\ {u}) =0,

and thus {f~1(y)} is a discrete and compact set, hence finite.

We next show that N is a continuous mapping to the nonnegative integers,
which will imply that N is constant-valued. Let y € Y and let {f~1(y)} =
{u1,...,un}. We choose disjoint open neighborhoods O; of u;,1 < i < n and
let T = ﬂ?:l f(0;). Then there exist open sets V;, u; € V; such that f is a
homeomorphism from V; to I. We next claim that there exists a neighborhood
W C I of y such that N is constant on W. For if not, there will exist a sequence
{Ym}, with y,, — vy, such that as m — oo, N(ym) > N(y) (note that for
any v € I, v has a preimage in each V; which implies N(v) > N(y), v € I!).
Hence there exists a sequence {&n,}, &m & U, Vi, such that f(&n) = ym.
Since f~'({yn} U {y}) is compact, the sequence {¢&,} will have a convergent
subsequence, say &,;, — &. And since f is continuous, f(§) = y. Hence £ = u;,
for some i, a contradiction to & € (J;—, V;. 0

Corollary Assume Y is connected, then N(Y') is constant.

Examples illustrating this result will be given later in the text.

6 The Dugundji Extension Theorem

In the course of developing the Brouwer and Leray—Schauder degree and in
proving some of the classical fixed point theorems we need to extend mappings
defined on proper subsets of a Banach space to the whole space in a suitable
manner. The result which guarantees the existence of extensions having the
desired properties is the Dugundji extension theorem ([16]) which will be estab-
lished in this section.

In proving the theorem we need a result from general topology which we
state here for convenience (see e.g [16]). We first give some terminology.

Let M be a metric space and let {Ox}rea, where A is an index set, be an
open cover of M. Then {O)}eca is called locally finite if every point u € M
has a neighborhood U such that U intersects at most finitely many elements of
{Ox}rea.
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Lemma Let M be a metric space. Then every open cover of M has a locally
finite refinement.

Theorem Let E and X be Banach spaces and let f : C — K be a continuous
mapping, where C' is closed in E and K is convex in X. Then there exists a
continuous mapping

f E— K
such that

f(u) = f(u), ueC.

PRrROOF. For each u € E\C let
1
ry = =dist(u, C)
3
and
B,={veE:|v—u| <ry}.

Then
diamB,, < dist(B,,C).

The collection { By },ep\c is an open cover of the metric space £\C and hence
has a locally finite refinement {O)}xea, i-e.

i) Uxea Ox D E\C,
ii) for each A\ € A there exists B, such that O\ C B,
iii) {Ox}ren is locally finite.
Define
¢: B\C = (0,00)
by
q(u) = dist(u, E\O,). (43)
AEA

The sum in the right hand side of (43) contains only finitely many terms, since
{Ox}aea is locally finite. This also implies that ¢ is a continuous function.
Define

. dist(u, E\O))

It follows for A € A and w € E\C that

0<p(u) <1, Y pa(w) =1.
AEA

, N€A, ue E\C.
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For each A\ € A choose uy € C such that
dist(ux, ({))\) < 2diSt(C, ({))\)

and define

~ _ flw), ueC
Jw) = { S aen P () (1), u ¢ C.

Then f has the following properties:

i) f is defined on E and is an extension of f.
ii) f is continuous on the interior of C.

iii) f is continuous on E\C.

These properties follow immediately from the definition of f. To show that f is
continuous on E it suffices therefore to show that f is continuous on dC. Let
u € JC, then since f is continuous we may, for given € > 0, find 0 < § = §(u, €)
such that

[f(u) = f@) <€ if [lu—v]<é veCl.

Now for v € E\C

1 F(w) = F@) = 1£w) = oa@)f )l <D pa@) 1 f(w) = fun)]l-

AEA AEA

If px(v) # 0, A € A, then dist(v, E\O)) > 0, i.e. v € Ox. Hence [|[v — uy| <
[lv — w|| + ||w — uy|| for any w € Oy. Since ||v — w|| < diamO, we may take the
infimum for w € O, and obtain

[lv = uyr|] < diamOy + dist(ux, Oy).
Now O\ C By, for some u; € E\C. Hence, since

diam0y < diamB,,, < dist(B,,,C) < dist(C, 0y),
we get

[v —uall < 3dist(C, Ox) < 3[jv —u].

Thus for A such that py(v) # 0 we get ||[u—ux|| < |lv—ul|+ ||lv—url] < 4||u—2v].
Therefore if ||u — v|| < 6/4, then |lu — uyx|| < 6, and ||f(u) — f(un)| < € and
therefore

17 ) = F@) < €3 pav)

AEA
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Corollary Let E, X be Banach spaces and let f : C — X be continuous, where
C is closed in E. Then f has a continuous extension f to E such that

f(E) Ccof(C),
where cof(C) is the convex hull of f(C).

Corollary Let K be a closed convex subset of a Banach space E. Then there
exists a continuous mapping f : E — K such that f(E) = K and f(u) = u,
u € K, i.e. K is a continuous retract of E.

PRrROOF. Let id : K — K be the identity mapping. This map is continuous.
Since K is closed and convex we may apply Corollary 21 to obtain the desired
conclusion. 0

7 Exercises

1. Supply all the details for the proof of Theorem 8.

2. Compare the requirements discussed in Remark 10.

3. Derive an improved result as suggested by Remark 11.
4. Establish the assertion of Remark 13.

5. Supply the details of the proof of Example 14.

6. Prove Theorem 15.

7. Carry out the program laid out by Example 16 to discuss the nonlinear
oscillator given by (42).
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Chapter 11
The Method of
Lyapunov-Schmidt

1 Introduction

In this chapter we shall develop an approach to bifurcation theory which,
is one of the original approaches to the theory. The results obtained, since the
implicit function theorem plays an important role, will be of a local nature. We
first develop the method of Liapunov—Schmidt and then use it to obtain a local
bifurcation result. We then use this result in several examples. Later in the
text it will be used to derive a Hopf bifurcation theorem.

2 Splitting Equations
Let X and Y be real Banach spaces and let F' be a mapping
F:XxR->Y (1)
and let F satisfy the following conditions:
F(0,)\) =0, VA €eR, (2)
and
F is C? in a neighborhood of {0} x R. (3)

We shall be interested in obtaining existence of nontrivial solutions (i.e. u # 0)
of the equation

F(u,\) =0 (4)

We call \g a bifurcation value or (0, \g) a bifurcation point for (4) provided
every neighborhood of (0, Ag) in X x R contains solutions of (4) with u # 0.
It then follows from the implicit function theorem that the following holds.

27
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Theorem If the point (0, \g) is a bifurcation point for the equation
F(u,\) =0, (5)

then the Fréchet derivative F,, (0, \g) cannot be a linear homeomorphism of X
toY.

The types of linear operators F, (0, A\g) we shall consider are so-called Fred-
holm operators.

Definition A linear operator L : X — Y is called a Fredholm operator pro-
vided:

e The kernel of L, kerL, is finite dimensional.
e The range of L, imL, is closed in Y.
e The cokernel of L, cokerL, is finite dimensional.

The following lemma which is a basic result in functional analysis will be
important for the development to follow, its proof may be found in any standard
text, see e.g. [38].

Lemma Let F,,(0,)\) be a Fredholm operator from X toY with kernel V and
cokernel Z. Then there exists a closed subspace W of X and a closed subspace
T of Y such that

X = VoW
Y = ZoT.

The operator F, (0, \g) restricted to W, F,, (0, Ao)|w : W — T, is bijective and
since T is closed it has a continuous inverse. Hence F,(0,\o)|w Is a linear
homeomorphism of W onto T.

We recall that W and Z are not uniquely given.
Using Lemma 3 we may now decompose every u € X and F' uniquely as
follows:

u=u;+uz, ui€V,ueW, (6)
F:F1—|—F2, F12X—>Z,F2:X—>T.

Hence equation (5) is equivalent to the system of equations

Fl (uh Uz, )\) = 07 (7)
Fg(ul,’U,Q, )\) = 0.

We next let L = F,, (0, )\g) and using a Taylor expansion we may write
F(u,\) = F(0, ) + F.(0, Xo)u + N(u, A). (8)
or

Lu+ N(u,\) =0, 9)
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where

N:XxR-Y. (10)
Using the decomposition of X we may write equation (9) as

Lus + N(uj +uz2,A) =0. (11)

Let Q:Y - Zand I — Q : Y — T be projections determined by the decompo-
sition, then equation (10) implies that

QN (u,A) = 0. (12)

Since by Lemma 3, L|y : W — T has an inverse L™! : T — W we obtain
from equation (11) the equivalent system

uy + LI — Q)N (uy + ug, ) = 0. (13)

We note, that since Z is finite dimensional, equation (12) is an equation in a
finite dimensional space, hence if us can be determined as a function of u; and A,
this equation will be a finite set of equations in finitely many variables (u; € V,
which is also assumed finite dimensional!)

Concerning equation (12) we have the following result.

Lemma Assume that F,(0, o) is a Fredholm operator with W nontrivial.
Then there exist € > 0, 6 > 0 and a unique solution ug(ui, \) of equation
(13) defined for |A — Xo| + ||u1]| < € with ||ua(u1, A)|| < . This function solves
the equation Fa(u1,ua(ui, \), A) = 0.

PrOOF. We employ the implicit function theorem to analyze equation (13).
That this may be done follows from the fact that at u; = 0 and A = A\g equation
(13) has the unique solution us = 0 and the Fréchet derivative at this point
with respect to us is simply the identity mapping on W. [

Hence, using Lemma 4, we will have nontrivial solutions of equation (5) once
we can solve

Fl(ul,’U,Q(’u,l,/\),)\)ZQF(U1+U2(U1,)\),/\):O (14)

for uy, whenever |A—Xo|+||u1]] < e. This latter set of equations, usually referred

to as the set of bifurcation equations, is, even though a finite set of equations in

finitely many unknowns, the more difficult part in the solution of equation (5).
The next sections present situations where these equations may be solved.

Remark We note that in the above considerations at no point was it required
that A\ be a one dimensional parameter.
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3 Bifurcation at a Simple Eigenvalue

In this section we shall consider the analysis of the bifurcation equation (14)
in the particular case that the kernel V' and the cokernel Z of F3, (0, A¢) both
have dimension 1.

We have the following theorem.

Theorem In the notation of the previous section assume that the kernel V' and
the cokernel Z of F, (0, A\g) both have dimension 1. Let V = span{¢} and let
Q@ be a projection of Y onto Z. Furthermore assume that the second Fréchet
derivative I, satisfies

QFux(0,20)(¢,1) # 0. (15)
Then (0, \o) is a bifurcation point and there exists a unique curve

w=u(a), \=Aa),
defined for o € R in a neighborhood of 0 so that

u(0) =0, u(a) 0, a#0, A(0) = Xg
and

Flu(a), A(a)) = 0.

PROOF. Since V is one dimensional u; = a¢. Hence for |a| small and X near Ao
there exists a unique wus(c, A) such that

Fy(ag,ua(a, ), ) = 0.

We hence need to solve for A = A(a) in the equation
QF (ag +us(a, A),A) = 0.

We let © = A — )y and define
g(a, 1) = QF (ap + ua(a, N), ).

Then g maps a neighborhood of the origin of R? into R.
Using Taylor’s theorem we may write

1
F(u,)) = Fuut Fap+ 5 {Fuu(u, v) + 2Fun(u, A) + Faa(p, p)} + R, (16)
where R contains higher order remainder terms and all Fréchet derivatives above
are evaluated at (0, \p).

Because of (2) we have that F and F), in the above are the zero operators,
hence, by applying @ to (16) we obtain

QF (1, ) = 5 {QFuu(u,u) + 2QFun(u, )} + QR, (17)
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and for a # 0

der) — L{QFu(6+ 9N a6+ us(a, V)

« 18
+2QF (¢ + @,u)}ﬂLéQR- 18)

It follows from Lemma 4 that the term “2(22 is bounded for o in a neigh-

borhood of 0. The remainder formula of Taylor’s theorem implies a similar
statement for the term éQR. Hence

h(a, p) = @ = O(a), as a — 0.

We note that in fact h(0,0) = 0, and
0h(0,0)
o
We hence conclude by the implicit function theorem that there exists a unique
function p = p(«) defined in a neighborhood of 0 such that

h(a, u(a)) = 0.

We next set

= QFux(0,20)(¢,1) # 0.

u(a) = ag + uz(a, Ao + p()), A= o + p(a).

This proves the theorem.
The following example will serve to illustrate the theorem just established.

Example The point (0,0) is a bifurcation point for the ordinary differential
equation

u" + Au+u?) =0 (19)
subject to the periodic boundary conditions

w(0) = u(27), u'(0) =u'(2m). (20)
To see this, we choose

X =C?[0,27) N {u: w(0) = u(2r), /(0)=7'(27), u”(0)=1u"(2m)},

Y =C[0,27] N {u: u(0) = u(27)},
both equipped with the usual norms, and

F:XxR—-Y
(u, A) = " 4+ Nu + u?).

Then F belongs to class C? with Fréchet derivative

Fu(0,X0)u = u" + Mou. (21)
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This linear operator has a nontrivial kernel whenever \g = n2, n = 0,1, --.
The kernel being one dimensional if and only if A\g = 0.

We see that h belongs to the range of F,(0,0) if and only if fo% h(s)ds =0,
and hence the cokernel will have dimension 1 also. A projection @ : Y —
Z then is given by Qh = % 0% h(s)ds. Computing further, we find that
Fux(0,0)(u, \) = Au, and hence, since we may choose ¢ = 1, F,,»(0,0)(1,1) = 1.
Applying @ we get Q1 = 1. We may therefore conclude by Theorem 6 that
equation (19) has a solution u satisfying the boundary conditions (20) which is
of the form

u(a) = o+ uz(a, AMa)).



Chapter 111
Degree Theory

1 Introduction

In this chapter we shall introduce an important tool for the study of non-
linear equations, the degree of a mapping. We shall mainly follow the analytic
development commenced by Heinz in [22] and Nagumo in [29]. For a brief

historical account we refer to [42].

2 Definition of the Degree of a Mapping

Let © be a bounded open set in R™ and let f : O — R™ be a mapping which

satisfies
. feCcH QR NC(Q,RY),
e y € R" is such that
y ¢ [(09),
e if z € is such that f(z) =y then
f'(z) = Df(x)
is nonsingular.
1 Proposition If f satisfies (1), (2), (3), then the equation
fl@)=y
has at most a finite number of solutions in 2.

2 Definition Let f satisfy (1), (2), (3). Define

k
d(fa va) = ngn det fl(xl)

i=1

33

(1)
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where 11, - - -,z are the solutions of (4) in Q and
+1, ifdet f'(x;) >0
sgn det f'(z;) =
—1, ifdet f'(x;) <0, i=1,--- k.
If (4) has no solutions in  we let d(f,Q,y) = 0.

The Brouwer degree d(f,2,y) to be defined for mappings f € C(Q,R"™)
which satisfy (2) will coincide with the number just defined in case f satisfies
(1), (2), (3). In order to give this definition in the more general case we need a
sequence of auxiliary results.

The proof of the first result, which follows readily by making suitable changes
of variables, will be left as an exercise.

Lemma Let ¢ : [0,00) — R be continuous and satisfy

$(0)=0, ¢(t)=0, t>r>0, - o(|z|)dx = 1. (6)
Let f satisty the conditions (1), (2), (3). Then

A(.29) = [ é(17(e) = yldet @) @
provided r is sufficiently small.

Lemma Let f satisfy (1) and (2) and let r > 0 be such that |f(z)—y| >, x €
00. Let ¢ : [0,00) — R be continuous and satisfy:

#(s) =0, s=0, r<s, and /0 s"1p(s)ds = 0. (8)
Then
/Q o(|f(z) —y|) det f'(z)dx = 0. 9)

PrOOF. We note first that it suffices to proof the lemma for functions f which
are are of class C*° and for functions ¢ that vanish in a neighborhood of 0. We
also note that the function ¢(|f(z) — y|) det f/(x) vanishes in a neighborhood
of 012, hence we may extend that function to be identically zero outside €2 and

/ ¢(f () —yl) det f'(z)dw = / ¢(|f(x) —yl) det f'(z)dz,
Q Q

where €' is any domain with smooth boundary containing €.
We let

(s) = { 3:‘56’?7%(0)@, 0<s<o0 "



2. DEFINITION 35

Then 1), so defined is a C"' function, it vanishes in a neighborhood of 0 and in
the interval [r, 00). Further v satisfies the differential equation

s’ (s) +nip(s) = @(s). (11)
It follows that the functions

g (@) = p(|z))ay, j=1,---,n
belong to class C! and

¢ (x) =0, |z[ >,

and furthermore that for j = 1, - -+, n the functions ¢’ (f(z) —y) are C! functions
which vanish in a neighborhood of 0€2. If we denote by a;;(z) the cofactor of

the element gf in the Jacobian matrix f/(z), it follows that

div (Gjl(x),an(;p), .. ',ajn(x)) = O, ] = 1, R

We next define fori =1,---,n
vie) = Y ajil@)g’ (f(x) —y)
j=1

and show that the function v = (v1,vs,---,v,) has the property that
dive = ¢(|f () — yl) det f'(2),

and hence the result follows from the divergence theorem. 0

Lemma Let f satisfy (1) and (2) and let ¢ : [0,00) — R be continuous, ¢(0) =
0, ¢(s) =0 for s > r, where 0 < r < mingegq |f(z) — yl, / o(Jz])dz = 1.
RTL

Then for all such ¢, the integrals

[ é017t) =y det f'(@)da (12)
have a common value.

PROOF. Let ® = {¢ € C([0,0),R) : ¢(0) =0, ¢(s) =0,s > r}. Put

Lo = /00 s"Lo(s)ds
0

M¢= [ ¢(|z])dz
Rn

No = / o1 () — yl) det f'(x)da.
Q
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Then L, M, N are linear functionals. It follows from Lemma 4 that M¢ = 0
and N¢ = 0, whenever Lo = 0. Let ¢1, ¢2 € ® with M¢p; = M¢ps = 1, then
L((L¢2)¢1 — (L1)¢2) = 0.
It follows that
(Lo2)(Mep1) — (Lo1)(Me2) =0,

Loy — Ly = L(¢2 — ¢1) = 0,

and
N(¢2 —¢1) =0,
ie.
N2 = N¢r.
0
Lemma Let f1 and fo satisfy (1), (2), (3) and let € > 0 be such that
|filx) —y|>Te, €09, i=1,2, (13)
[fi(z) = fola)] <6, z€Q, (14)
then
d(f1,Q2,y) = d(f2,Q,9).
ProoOF. We may, without loss, assume that y = 0, since by Definition 2
d(f,,y) = d(f —y,2,0).
let g € C1[0,00) be such that
g(s) =1, 0<s< 2
0<g(r)<1, 2¢<r<3e
g(r) =0, 3e<r < . (15)

Consider

f3(z) = [1 = g([fi(@)D)]f1(2) + g(| fr(2)]) f2(2),
then

fs € CHQ,R") N C(Q,R")
and

fi(x) = fu(@)| <€, i,k=1,2,3 z€Q
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|fi(z)| > 6e, €09, i=1,23.
Let ¢; € C[0,00), i = 1,2 be continuous and be such that
$1(t) =0, 0<t<de, be<t<oo

da(t) =0, e<t<oo, ¢2(0)=0

oi(|x))de =1, i=1,2.
R'Vl

We note that
fa=f1, if |fi] > 3e
fa = fo, if |fi] < 26
Therefore
¢1(|fs(x)])det f3(2) = 1(|f1(2)])det fi(z)

¢2(|f3(x)])det f3(z) = da(|fa(z)])det f3(x).

Integrating both sides of (16) over €2 and using Lemmas 4 and 5 we obtain the
desired conclusion. [

(16)

Corollary Let f satisfy conditions (1), (2), (3), then for e > 0 sufficiently
small any function g which also satisfies these conditions and which is such that
|f(z) — g(z)| < e, x €8, has the property that d(f,Q,y) = d(g,Q,y).

Up to now we have shown that if f and g satisfy conditions (1), (2), (3)
and if they are sufficiently “close” then they have the same degree. In order
to extend this definition to a broader class of functions, namely those which do
not satisfy (3) we need a version of Sard’s Theorem (Lemma 8) (an important
lemma of Differential Topology) whose proof may be found in [40], see also [44].

Lemma If ) is a bounded open set in R™, f satisfies (1), (2), and
E={ze€Q:det f'(z) =0} (17)
Then f(E) does not contain a sphere of the form {z : |z — y| < r}.

This lemma has as a consequence the obvious corollary:

Corollary Let
F={heR":y+he f(E)}, (18)
where E is given by (17), then F is dense in a neighborhood of 0 € R™ and
fl@)=y+h, z€Q, heF

implies that f’(x) is nonsingular.
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We thus conclude that for all e > 0, sufficiently small, there exists h € F,
0 < |h| < €, such that d(f,Q,y + h) = d(f — h,Q,y) is defined by Definition 2.
It also follows from Lemma 6 that for such h, d(f,Q,y + h) is constant. This
justifies the following definition.

Definition Let f satisfy (1) and (2). We define
—0
heF

Where F is given by (18) and d(f — h,€,y) is defined by Definition 2.

We next assume that f € C(Q,R") and satisfies (2). Then for ¢ > 0 suffi-
ciently small there exists g € C1(Q,R") (N C(2,R") such that y € g(9) and

If =gl = max|f(z) — g(x)] < e€/4
€N

and there exists, by Lemma 8, § satisfying (1), (2), (3) such that ||g — g|| <
¢/4 and if h satisfies (1), (2), (3) and |lg — hl| < €/4, [|§ — k|| < €/2, then
d(g,Q,y) = d(;L, Q,y) provided € is small enough. Thus f may be approximated
by functions g satisfying (1), (2), (3) and d(g, 2, y) = constant provided || f — g||
is small enough. We therefore may define d(f, Q,y) as follows.

Definition Let f € C(Q,R") be such that y ¢ f(09). Let
d(f,y) = lim d(g, 2, ) (20)

where g satisfies (1), (2), (3).
The number defined by (20) is called the Brouwer degree of [ at y relative
to Q.

It follows from our considerations above that d(f,€,y) is also given by for-
mula (7), for any ¢ which satisfies:

b€ C([0,50),R), $(0) =0, ¢(s) =0, 5> 7 >0, / olfalde =1,

h i -y
w erer<;1€1}9r£12|f(:1:) Y|

3 Properties of the Brouwer Degree

We next proceed to establish some properties of the Brouwer degree of a
mapping which will be of use in computing the degree and also in extending the
definition to mappings defined in infinite dimensional spaces and in establishing
global solution results for parameter dependent equations.
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Proposition (Solution property) Let f € C(Q,R™) be such that y & f(952)
and assume that d(f,Q,y) # 0. Then the equation

flz) =y (21)
has a solution in Q.

The proof is a straightforward consequence of Definition 11 and is left as an
exercise.

Proposition (Continuity property) Let f € C(Q,R") and y € R® be such
that d(f,Q,y) is defined. Then there exists € > 0 such that for all g € C(2,R™)
and g € R with ||[f —g|l + |y — 9| <€

d(f,Q,y) = d(g,Q,Q).

The proof again is left as an exercise.
The proposition has the following important interpretation.

Remark If we let C = {f € C(Q,R") : y ¢ f(0Q)} then C is a metric space
with metric p defined by p(f, g) = ||f — g||. If we define the mapping d : C — N
(integers) by d(f) = d(f,Q,y), then the theorem asserts that d is a continuous
function from C to N (equipped with the discrete topology). Thus d will be
constant on connected components of C.

Using this remark one may establish the following result.
Proposition (Homotopy invariance property) Let f,g € C(Q,R™) with
f(z) and g(x) £y for x € IQ and let h : [a,b] x Q@ — R™ be continuous such

that h(t,z) # y, (t,x) € [a,b] x 0. Further let h(a,z) = f(z), h(b,x) = g(x),
x € Q. Then

d(f797y) = d(gugay);
more generally, d(h(t,-),,y) = constant for a <t <b.

The next corollary may be viewed as an extension of Rouché’s theorem concern-
ing the equal number of zeros of certain analytic functions. This extension will
be the content of one of the exercises at the end of this chapter.

Corollary Let f € C(Q,R") be such that d(f,§,y) is defined. Let g €
C(Q,R™) be such that |f(z) — g(x)| < |f(x) —y|, x € 0. Then d(f,Q,y) =
d(g, 2, y).

ProOF. For 0 <t <1 and z € 952 we have that
ly —tg(x) — (1 =) f(@)] = |(y — f(2)) — tg(z) — f(z))]
>y — f(@)] —tlg(z) — f(z)]
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>0 since 0 <t <1,

hence h : [0,1] x Q — R™ given by h(t,z) = tg(z) + (1 — t)f(x) satisfies the
conditions of Proposition 15 and the conclusion follows from that proposition.
[] As an immediate corollary we have the following:

Corollary Assume that f and g are mappings such that f(xz) = g(x), x € 99,
then d(f,Q,y) = d(g,Q,y) if the degree is defined, i.e. the degree only depends
on the boundary data.

Proposition (Additivity property) Let Q be a bounded open set which is
the union of m disjoint open sets 0y, -+, Qy,, and let f € C(Q,R™) and y € R"
be such that y &€ f(0;),i=1,---,m. Then

=1

Proposition (Excision property) Let f € C(Q,R") and let K be a closed
subset of ) such that y ¢ f(0QU K). Then

d(f,Q,y):d(f,Q\K,y)

Proposition (Cartesian product formula) Assume that Q = Q x Q9 is a
bounded open set in R™ with €y open in RP and €y open in R?, p+ q = n.
For x € R™ write x = (x1,22), 1 € RP, 2o € R?. Suppose that f(z) =
(fi(z1), fo(x2)) where f1 : Q1 — RP, fy : Qy — RY are continuous. Suppose
y = (y1,y2) € R™ is such that y; ¢ f;(0€%),i = 1,2. Then

d(f, 2, y) = d(f1, 1, y1)d(f2, Q2, 92). (22)

ProoOF. Using an approximation argument, we may assume that f, fi and fo
satisfy also (1) and (3) (interpreted appropriately). For such functions we have

d(f,Qy)= Y sendet f'(x)

z€f~1(y)
filz1) 0
= Z sgn det
wef~1(y) 0 f5(x2)
= Z sgn det fi(z1) sgn det fi(x2)
x; € f~1(yi)
i=1,2

2
=TI D_  sendet fi(w:) = d(f1,Qu,51)d(f2, 2, 92).
=laef  y)

a

To give an example to show how the above properties may be used we prove
Borsuk’s theorem and the Brouwer fixed point theorem.
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3.1 The theorems of Borsuk and Brouwer

Theorem (Borsuk) Let Q be a symmetric bounded open neighborhood of
0eR” (ie. ifx € Q, then —x € Q) and let f € C(Q,R™) be an odd mapping
(ie. f(z) =—f(—x)). Let 0 ¢ f(O), then d(f,,0) is an odd integer.

PRrROOF. Choose ¢ > 0 such that B.(0) = {& € R™ : |z| < ¢} C Q. Let
« : R"™ — R be a continuous function such that

a(z)=1, |z|<e ofz)=0, 2€09Q, 0<a(r)<1, zeR"

and put

then h € C(Q,R") is odd and h(z) = f(x), x € 9Q, h(x) = z, |2| < e. Thus by
Corollary 16 and the remark following it

d(f,Q,0) = d(h, Q,0).

On the other hand, the excision and additivity property imply that

d(h,©2,0) = d(h, B.(0),0) + d(h, 2\ B(0),0),

where 0B,(0) has been excised. It follows from Definition 2 that d(h, B.(0),0) =
1, and it therefore suffices to show that (letting © = 2\ B.(0)) d(h,©,0) is an
even integer. Since © is symmetric, 0 ¢ ©, 0 ¢ h(90), and h is odd one may
show (see [40]) that there exists b € C'(Q, R") which is odd, h(z) = h(z), z € IO
and is such that h(z) # 0, for those = € © with z,, = 0. Hence

d(h,©,0) = d(h,0,0) = d(h,0\ {z : 2, = 0},0) (23)
where we have used the excision property. We let

©1={re€O:z,>0}, Oy={re0O:z, <0},
then by the additivity property

d(h,0\ {z : 2, = 0},0) = d(h, ©1,0) + d(h, ©3,0).

Since ©2 = {x : —z € ©,} and h is odd one may now employ approximation
arguments to conclude that d(h,©1,0) = d(h,02,0), and hence conclude that
the integer given by (23) is even. 0

Theorem (Brouwer fixed point theorem) Let f € C(Q,R"), Q = {z €

R™ : x| < 1}, be such that f : © — €. Then f has a fixed point in Q, ie. there
exists x € € such that f(z) = .
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PROOF. Assume f has no fixed points in 0Q. Let h(t,z) = x—tf(x),0 <t < 1.
Then h(t,xz) #0,0 <t <1, x € 9Q and thus d(h(¢,0),£,0) = d(h(0,0),£,0)
by the homotopy property. Since d(id,2,0) = 1 it follows from the solution
property that the equation = — f(x) = 0 has a solution in . 0

Theorem 22 remains valid if the unit ball of R™ is replaced by any set home-
omorphic to the unit ball (replace f by g~ fg where g is the homeomorphism).
That the Theorem also remains valid if the unit ball is replaced in arbitrary
compact convex set (or a set homeomorphic to it) may be proved using the
extension theorem of Dugundji (Theorem 1.20).

4 Completely Continuous Perturbations of the
Identity in a Banach Space

4.1 Definition of the degree

Let E be a real Banach space with norm || - || and let Q C E be a bounded
open set. Let F' : 0 — FE be continuous and let F'(£2) be contained in a finite
dimensional subspace of E. The mapping

f@) =z + F(z) = (id + F)(x) (24)

is called a finite dimensional perturbation of the identity in E.
Let y be a point in F and let E be a finite dimensional subspace of E

containing y and F({2) and assume

y ¢ f(09). (25)

Select a basis ey, - - -, e, of E and define the linear homeomorphism T': E — R"
by

T <Zci8i> = (Cl7 . ',Cn) e R™.

i=1

Consider the mapping
TFT™':T(QNE)—R",

then, since y ¢ f(99), it follows that
T(y) ¢ TfT~1(T(02N E)).

Let €9 denote the bounded open set T'(£2N E) in R™ and let f =TfT 1, yo =
T(y). Then d(f,Q0,yo) is defined.

It is an easy exercise in linear algebra to show that the following lemma
holds.
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Lemma The integer d(f, Q0,90) calculated above is independent of the choice
the finite dimensional space E' containing y and F(2) and the choice of basis of
E.

We hence may define
d(fa Qv y) = d(fv QOv yO)a

where f,Qq,yo are as above.

Recall that a mapping F : Q — FE is called completely continuous if F is
continuous and F(Q) is precompact in E (i.e. F(Q) is compact). More generally
if D is any subset of E and F' € C(D, E), then F is called completely continuous
if F(V) is precompact for any bounded subset V of D.

We shall now demonstrate that if f = id+ F, with F' completely continuous
(f is called a completely continuous perturbation of the identity) and y & f(99),
then an integer valued function d(f,€,y) (the Leray Schauder degree of f at y
relative to ) may be defined having much the same properties as the Brouwer

degree. In order to accomplish this we need the following lemma.

Lemma Let f : Q — E be a completely continuous perturbation of the identity
and let y ¢ f(0S2). Then there exists an integer d with the following property:
Ifh : Q — F is a finite dimensional continuous perturbation of the identity such
that

sup | f() ~ h(a)|| < inf |1 £(a) -yl (26)

then y ¢ h(9Q) and d(h,Q,y) = d.

Proor. That y ¢ h(95) follows from (26). Let h; and hy be any two such
mappings. Let k(t,x) = thi(z) + (1 — t)ha(z), 0 < t < 1, € Q, then if
t € (0,1) and = € Q are such that k(¢,z) = y it follows that

I1f(z) = yll = | f(x) = thi(z) — (1 —t)ha(x)]
[t(f = (x) = h1(2)) + (L = t)(f(x) = ha(2))]
tf(x) = hi(@)]| + (1 =) f(z) — ha(z)]|
infreoa || f(z) —yll (see (26)),

from which follows that 2 ¢ 9. Let E be a finite dimensional subspace contain-
ing y and (h; —id)(Q), then d(h;,Q,y) = A(Th;T~*, T(QN E),T(y)), where T
is given as above. Then (k(t,-) —id)(Q) is contained in E and Tk(t, )T~ '(x) #
T(y), z € T(ONN E). Hence we may use the homotopy invariance property of
Brouwer degree to conclude that

A A

d(Tk(t, )T~Y, T(OQNE), T(y)) = constant,
ie.

d(h1,Q,y) = d(ha, 2, y).
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It follows from Lemma 24 that if a finite dimensional perturbation of the
identity h exists which satisfies (26), then we may define d(f,Q,y) = d, where d
is the integer whose existence follows from this lemma. In order to accomplish
this we need an approximation result.

Let M be a compact subset of E. Then for every € > 0 there exists a finite
covering of M by spheres of radius € with centers at y1,---,y, € M. Define
Wi M — [0,00) by

pi(y) = e—lly—wul, if lly—will <e
= 0, otherwise
and let
My = <Y cicn,

Sioam(y) T

Since not all p; vanish simultaneously, A;(y) is non—negative and continuous on
M and further Y1 ; A\;(y) = 1. The operator P, defined by

Pey) =Y Xi(y)wi (27)
=1

is called a Schauder projection operator on M determined by €, and 41, -+, Yn-
Such an operator has the following properties:

Lemma ° P.: M — co{yr, -, yn}

(the convex hull of y1,- -, yy) is continuous.
e P.(M) is contained in a finite dimensional subspace of E.

. [Py —yll<e yeM.

Lemma Let f : Q — E be a completely continuous perturbation of the identity.
Let y ¢ f(092). Let € > 0 be such that ¢ < infyecpq | f(z) — y||. Let P.
be a Schauder projection operator determined by € and points {y1, -+, yn}t C

(f —id)(Q). Then d(id + P.F,Q,y) = d, where d is the integer whose existence
is established by Lemma 24.

PRrOOF. The properties of P. (cf Lemma 25) imply that for each = € Q
_ < e i _
IP.F(z) - F()] << inf_ [1£(z) ],

and the mapping id 4+ P, F is a continuous finite dimensional perturbation of the
identity. 0

Definition The integer d whose existence has been established by Lemma 26
is called the Leray-Schauder degree of f relative to ) and the point y and is
denoted by

d(f, 2, y).
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4.2 Properties of the degree

Proposition The Leray—Schauder degree has the solution, continuity, homo-
topy invariance, additivity, and excision properties similar to the Brouwer de-
gree; the Cartesian product formula also holds.

PROOF. (solution property). We let © be a bounded open set in F and f :
Q1 — E be a completely continuous perturbation of the identity, y a point in E
with y ¢ f(09) and d(f,€,y) # 0. We claim that the equation f(x) = y has
a solution in E. To see this let {€,}>2; be a decreasing sequence of positive
numbers with lim, o €, = 0 and €1 < infepq || f(2)—y||. Let P., be associated
Schauder projection operators. Then

d(f,Q,y) :d(ld+P€anﬂuy)7 n= 1727"'7
where
d(id + Pe, F,Q,y) = d(id + TP, FT, T (N En), Tu(y)),

and the spaces E,, are finite dimensional. Hence the solution property of
Brouwer degree implies the existence of a solution z, € T,(Q N E,) of the
equation

2+ ToP, FT, ' (2) = T(y),
or equivalently a solution z,, € Q2N En of
x4+ P., F(z)=y.

The sequence {z, }52, is a bounded sequence ({z,}52; C ), thus, since F' is
completely continuous there exists a subsequence {z,, }72; such that F'(z,,) —

u € F(Q2). We relabel the subsequence and call it again {x,}52 ;. Then

|20 — Zm |l = | Pe, F(20) = Pe,,, F'(w)||
< [ Pe, F(@n) — Fan)| + |1 Pe,, F(@m) = F(am)||

€n €m

+ F(@n) = Flzm)|l < én+em + [|[F(zn) = Fzm)|.-

We let € > 0 be given and choose N such that n,m > N imply €,, €, < ¢/3 and
|E(zp) — F(xm)|| < €/3. Thus ||z, — zp| < €. The sequence {z,}5°; therefore
is a Cauchy sequence, hence has a limit, say x. It now follows that z € Q and
solves the equation f(x) = y, hence, since y ¢ f(9€) we have that z € Q. ]

4.3 Borsuk’s theorem and fixed point theorems

Theorem (Borsuk’s theore:m) Let Q be a bounded symmetric open neigh-
borhood of 0 € E and let f : Q) — E be a completely continuous odd perturba-
tion of the identity with 0 ¢ f(0S). Then d(f,€2,0) is an odd integer.

PROOF. Let € > 0 be such that € < infiepq || f(2)] and let P. be an associated
Schauder projection operator. Let f. = id + P.f and put h(z) = 1/2[f(z) —
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fe(—x)]. Then h is a finite dimensional perturbation of the identity which is
odd and

[h(z) — f(2)]| <
Thus d(f,Q,0) = d(h, QN E,0), but
d(h,Q,0) = d(ThT~Y, T(QN E),0).

On the other hand T(2 N E) is a symmetric bounded open neighborhood of
0eTQN E) and ThT~! is an odd mapping, hence the result follows from
Theorem 21. 0

We next establish extensions of the Brouwer fixed point theorem to Banach
spaces.

Theorem (Schauder fixed point theorem) Let K be a compact convex sub-
set of E and let F : K — K be continuous. Then F has a fixed point in K.

PROOF. Since K is a compact there exists > 0 such that K C B,(0) = {z €
E : ||z|| < r}. Using the Extension Theorem (Theorem 1.20) we may continu-
ously extend F to B,(0). Call the extension . Then F(B,(0)) C coF(K) C K,
where coF(K) is the convex hull of F/(K), i.e. the smallest convex set containing
F(K). Hence F' is completely continuous. Consider the homotopy

E(t,z) =z —tF(z), 0<t < 1.
Since tF(K) C tK C B.(0), 0 <t <1, z € B,(0), it follows that k(t,z) # 0,

0 <t<1, z € 0B,(0). Hence by the homotopy invariance property of the
Leray—Schauder degree

constant = d(k(¢,-), B-(0),0) = d(id, B,-(0),0) = 1.

The solution property of degree therefore implies that the equation
r—F(z)=0
has a solution in « € B, (0), and hence in K, i.e.
x—F(z)=0.
0

In many applications the mapping F' is known to be completely continuous
but it is difficult to find a compact convex set K such that F': K — K, whereas
closed convex sets K having this property are more easily found. In such a case
the following result may be applied.

Theorem (Schauder) Let K be a closed, bounded, convex subset of E and
let F' be a completely continuous mapping such that F': K — K. Then F has
a fixed point in K.

PROOF. Let K = coF(K). Then since F(K) is compact it follows from a
theorem of Mazur (see eg. [17], [38], and [43]) that K is compact and K C K.
Thus F : K — K and F has fixed point in K by Theorem 30. Therefore F' has
a fixed point in K. [
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5

Exercises

. Let [a,b] be a compact interval in R and let f : [a,b] — R be a continuous

function such that f(a)f(b) # 0. Verify the following.
(i) If f(b) > 0> f(a), then d(f, (a,b),0) =1

(ii) If f(b) < 0 < f(a), then d(f, (a,b),0) = —1

(iii) If f(a)f(b) > 0, then d(f, (a,b),0) = 0.

. Identify R? with the complex plane. Let € be a bounded open subset of

R? and let f and ¢ be functions which are analytic in £ and continuous on
Q. Let f(2) # 0, z € 9Q and assume that |f(z) — g(2)| < |f(2)], z € 9.
Show that f and g have precisely the same number of zeros, counting
multiplicities, in 2. This result is called Rouché’s theorem.

. Let 2 be a bounded open subset of R™ and let

f,9€ C(Q,R") with f(z)#0# g(z), z € 9.

Further assume that

flx) , —g(x)
F@ 7 @) © S

Show that d(f,,0) = d(g,Q,0).

. Let © C R™ be a bounded open neighborhood of 0 € R", let f € C(2,R™)

be such that 0 ¢ f(0€Q) and either

€T

f(@) # —|f(@)], =€

||
or

T

fz) # —mlf(x)I, z € 0.

Show that the equation f(z) = 0 has a solution in .

. Let Q be as in Exercise 4 and let f € C(Q,R") be such that 0 ¢ f(99).

Let n be odd. Show there exists A (A # 0) € R and = € 99 such that
f(z) = Az. (This is commonly called the hedgehog theorem.)

. Let B" = {z € R": |2 < 1}, "1 = 9B". Let f,g € C(B™,R") be such

that f(S™1), g(S"71) c S" ! and |f(z) — g(x)] < 2, x € S" L. Show
that d(f, B",0) = d(g, B"0).

. Let f be as in Exercise 6 and assume that f(5"!) does not equal S™~1.

Show that d(f, B",0) = 0.
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10.

11.

12.

13.

14.
15.

Let A be an n x n real matrix for which 1 is not an eigenvalue. Let Q)
be a bounded open neighborhood of 0 € R™. Show, using linear algebra
methods, that

d(id — A,Q,0) = (—1)~,

where 3 equals the sum of the algebraic multiplicities of all real eigenvalues
wof A with p > 1.

Let Q2 C R™ be a symmetric bounded open neighborhood of 0 € R" and
let f € C(Q,R™) be such that 0 ¢ f(9€). Also assume that

flz) , f(=2)
[f@)] " f =)l

Show that d(f,,0) is an odd integer.

z € 0f.

#

Let Q be as in Exercise 9 and let f € C(Q,R") be an odd function such
that f(0Q2) C R™, where m < n. Show there exists € 9§ such that

f(z)=0.

Let f and 2 be as in Exercise 10 except that f is not necessarily odd.
Show there exists x € 02 such that f(z) = f(—z).

Let K be a bounded, open, convex subset of E. Let F : K — E be
completely continuous and be such that F(0K) C K. Then F has a fixed
point in K.

Let © be a bounded open set in E with 0 € Q. Let F : Q — E be
completely continuous and satisfy

lz = F(@)|I* > [|IF(2)]?, = € o9.
then F has a fixed point in .

Provide detailed proofs of the results of Section 3.

Provide detailed proofs of the results of Section 4.



Chapter IV
Global Solution Theorems

1 Introduction

In this chapter we shall consider a globalization of the implicit function theo-
rem (see Chapter I) and provide some global bifurcation results. Our main tools
in establishing such global results will be the properties of the Leray Schauder
degree and a topological lemma concerning continua in compact metric spaces.

2 The Continuation Principle of Leray-Schauder

In this section we shall extend the homotopy property of Leray-Schauder
degree (Proposition I11.28) to homotopy cylinders having variable cross sections
and from it deduce the Leray-Schauder continuation principle. As will be seen
in later sections, this result also allows us to derive a globalization of the implicit
function theorem and results about global bifurcation in nonlinear equations.

Let O be a bounded open (in the relative topology) subset of E x [a,b] ,
where F is a real Banach space, and let

F:0—-E
be a completely continuous mapping. Let

flu, ) =u— F(u,\) (1)
and assume that

flu, ) #£0, (u,\) €900 (2)
(here 9O is the boundary of O in E x [a, b]).

Theorem (The generalized homotopy principle) Let f be given by (1)
and satisty (2). Then for a < XA < b,

d(f(-,A),0x,0) = constant,
(here Ox = {u € E: (u,\) € O}).

49
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PROOF. We may assume that O # () and that
a=1inf{\: O\ # 0}, b=sup{\: O, # 0}.
We let
O=0UO0, x (a—e,a U0y x [b,b+e),

where € > 0 is fixed. Then O is a bounded open subset of E x R. Let F be
the extension of F' to E x R whose existence is guaranteed by the Dugundji
extension theorem (Theorem I1.20). Let

flu,A) = (u— F(u, \), A = \%),

where a < A* < b is fixed. Then f is a completely continuous perturbation of
the identity in E x R.
Furthermore for any such A\*

f(u,A) #0, (u,\) € 00,

and hence d(f,0,0) is defined and constant (for such \*). Let 0 < ¢ < 1, and
consider the vector field

fe(u, A) = (u—tE(u, \) — (1 — £)F (u, A*), A — A*),

then f;(u, \) =0if and only if A = A\* and u = F(u,\*). Thus, our hypotheses
imply that fi(u,\) # 0 for (u,\) € 9O and t € [0,1]. By the homotopy
invariance principle (Proposition I11.28) we therefore conclude that

d(fluoao) = d(f7070) = d(f07070)
On the other hand,
d(f07070) = d(fQ,O)\* X (a/ - 67b+ 6)70)7

by the excision property of degree (Proposition II1.28). Using the Cartesian
product formula (Proposition II1.28), we obtain

d(fo,Ox- x (a — €,b+€),0) = d(f(-, \*), Ox-, 0).

This completes the proof.
As an immediate consequence we obtain the continuation principle of Leray-
Schauder.

Theorem (Leray—Schauder Continuation Theorem) Let O be a bounded
open subset of E x [a,b] and let f : O — E be given by (1) and satisfy (2).
Furthermore assume that

d(f(,a), Oa,0) # 0.
Let
S ={(u,\) € O: f(u,\) =0}.
Then there exists a closed connected set C' in S such that

CoNOy #0#CynOp.
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Proor. It follows from Theorem 1 that
d(f(a CL), Oa, O) = d(f(v b)a Obv O)
Hence
Sax{a}=A#0#B=25,x{b}.

Using the complete continuity of F' we may conclude that S is a compact metric
subspace of F X [a,b]. We now apply Whyburn’s lemma (see [44]) with X = S.
If there is no such continuum (as asserted above) there will exist compact sets
X4, Xp in X such that

AcCc X,, BC X, XAﬂXBZQ), XaUXp=X.

We hence may find an open set U C E X [a,b] such that AC UNO =V and
SNOV =0 =V,. Therefore

d(f(-, A), Vx,0) = constant, A > a.
On the other hand, the excision principle implies that
d(f(-,a),Va,0) =d(f(-,a),0q,0).

Since V, = 0, these equalities yield a contradiction, and there exists a con-
tinuum as asserted.

In the following examples we shall develop, as an application of the above
results, some basic existence results for the existence of solutions of nonlinear
boundary value problems.

Example Let I =[0,1] and let g : [0,1] X R — R be continuous. Consider the
nonlinear Dirichlet problem

' +g(x,u) = 0, inl (3)
u = 0, ondl

Let there exist constants a < 0 < b such that
g(xz,a) > 0> g(z,b), =€
Then (3) has a solution u € C%([0,1],R) such that
a<u(z)<b zel.
PRrROOF. To see this, we consider the one parameter family of problems

" +Ag(z,u) = 0, inl )
v = 0, onal.

Let G be defined by

G(u)(z) = gz, u(z)),
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then (4) is equivalent to the operator equation
u=ALG(u), ueC(0,1,R) =E, (5)
where for each v € E, w = LG(v) is the unique solution of

w' +g(xz,v) = 0, inl
w = 0, ondl.

It follows that for each v € F, LG(v) € C*(I) and since C?(I) is compactly
embedded in E' that

LG():E—EFE

is a completely continuous operator. Let O = {(u,\) : v € E, a < u(z) <
b, x € I, 0 < XA < 1}. Then O is an open and bounded set in E x [0,1]. If
(u,A) € 90 is a solution of (4), then there will either exist # € I such that
u(z) = b or there exists ¢ € I such that u(x) = a and A > 0. In either case, (3)
yields, via elementary calculus, a contradiction. Hence (4) has no solutions in
00. Therefore

d(id — ALG, Oy, 0) = d(id, O, 0) = 1,

and Theorem 2 implies the existence of a continuum C' of solutions of (5), hence
of (4), such that CNE x {0} = {0} and CN E x {1} # 0. 0

3 A Globalization of the Implicit Function The-
orem

Assume that
F:ExR—FE
is a completely continuous mapping and consider the equation
flu,\) =u— F(u,\) =0. (6)

Let (ug, Ag) be a solution of (6) such that the condition of the implicit func-
tion theorem (Theorem 1.12) hold at (ug, Ao). Then there is a solution curve
{(u(X),A\)} of (6) defined in a neighborhood of Ag, passing through (ug, o).
Furthermore the conditions of Theorem 1.12 imply that the solution wug is an
isolated solution of (6) at A = Ag, and if O is an isolating neighborhood, we
have that

We shall now show that condition (7) alone suffices to guarantee that equa-
tion (6) has a global solution branch in the half spaces E X [Ag,00) and E x
(—OO7 )\0] .
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4 Theorem Let O be a bounded open subset of E and assume that for A\ = X\
equation (6) has a unique solution in O and let (7) hold. Let

&1 ={(u,\) € E x [\, 0) : (u,\) solves (6)}
and
6™ ={(u,A\) € E x (=00, Ag] : (u,\) solves (6)}.
Then there exists a continuum C* C & (C~ C &) such that:
1. G5 N0 ={uo} (C5, NO ={uo}),

2. O is either unbounded in E x [Ag, 00) (C~ is unbounded in E x (—00, Ao])
or Ci. N (E\O) # 0 (C5, N (E\O) #0).

PRrROOF. Let CT be the maximal connected subset of &T such that 1. above
holds. Assume that C* N (E\O) = ) and that C* is bounded in E x [\g, o0).
Then there exists a constant R > 0 such that for each (u, \) € CT we have that
[lul| + |A| < R. Let

Sir = {(u,\) € &1 1 ||ul| + |\ < 2R},

then &3, is a compact subset of E x [Ao, o), and hence is a compact metric
space. There are two possibilities: Either &5, = C or else there exists (u, \) €
G35 such that (u,A\) ¢ CT. In either case, we may find a bounded open set
U C E x [Ao,0) such that Uy, = O, &5,N0U =0, C* CU. It therefore
follows from Theorem 1 that

d(f(a A0)7 U)xov 0) = constant, A> A07
where this constant is given by
d(f(a /\0)7 Uxo» O) = d(f(a /\0>a O, O)

which is nonzero, because of (7). On the other hand, there exists A* > Ao
such that Uy~ contains no solutions of (6) and hence d(f(-, \*),Ux+,0) = 0,
contradicting (7). (To obtain the existence of an open set U with properties
given above, we employ again Whyburn’s lemma ([44]).)

The existence of C'~ with the above listed properties is demonstrated in a
similar manner. 0

5 Remark The assumption of Theorem 4 that ug is the unique solution of (6)
inside the set O, was made for convenience of proof. If one only assumes (7), one
may obtain the conclusion that the set of all such continua is either bounded in
the right (left) half space, or else there exists one such continuum which meets
the A = \¢ hyperplane outside the set O.

6 Remark If the component C* of Theorem 4 is bounded and O is an isolating
neighborhood of C*t N (E\O) x {Xo}, then it follows from the excision property,
Whyburn’s lemma, and the generalized homotopy principle that

d(f(a /\0)7070) = _d(f(a /\O)a 070)
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This observation has the following important consequence. If equation (6)
has, for A = )¢ only isolated solutions and if the integer given by (7) has the
same sign with respect to isolating neighborhoods O for all such solutions where
(7) holds, then all continua C* must be unbounded.

Example Let p(z), z € C, be a polynomial of degree n whose leading coeffi-
cient is ( without loss in generality) assumed to be 1 and let q(z) = [[;—, (2 —a;),
where ay, ..., ay, are distinct complex numbers. Let

f(z,2) = 2p(z) + (1 = Nq(2).
Then f may be considered as a continuous mapping
f:R*xR—R%

Furthermore for A € [0,r], r > 0, there exists a constant R such that any
solution of

f(Z, )‘) =0, (8)

satisfies |z| < R. For all A > 0, (8) has only isolated solutions and for A = 0
each such solution has the property that

d(f(-,0),04,0) =1,

where O; is an isolating neighborhood of a;. Hence, for each i, there exists a
continuum C; of solutions of (8) which is unbounded with respect to A, and
must therefore reach every A\—level, in particular, the level A = 1. We conclude
that each zero of p(z) must be connected to some a; (apply the above argument
backwards from the A = 1—level, if need be).

4 The Theorem of Krein-Rutman

In this section we shall employ Theorem 4 to prove an extension of the
Perron-Frobenius theorem about eigenvalues for positive matrices. The Krein-
Rutman theorem [26] is a generalization of this classical result to positive com-
pact operators on a not necessarily finite dimensional Banach space.

Let E be a real Banach space and let K be a cone in F, i.e., a closed convex
subset of E with the properties:

e Forallue K, t> 0, tu € K.
e KN{-K}={0}.

It is an elementary exercise to show that a cone K induces a partial order < on
E by the convention u < v if and only if v—u € K. A linear operator L : £ — E
is called positive whenever K is an invariant set for L, i.e. L: K — K. If K is
a cone whose interior int K is nonempty, we call L a strongly positive operator,
whenever L : K\{0} — intK.
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8 Theorem Let E be a real Banach space with a cone K and let L : E — FE be
a positive compact linear operator. Assume there exists w € K, w # 0 and a
constant m > 0 such that

w < mLw, (9)

where < is the partial order induced by K. Then there exists A\g > 0 and
u € K, |lu|| =1, such that

u = AogLu. (10)

PROOF. Restrict the operator L to the cone K and denote by L the Dugundji
extension of this operator to E. Since L is a compact linear operator, the
operator L is a completely continuous mapping with i/(E) C K. Choose € >0
and consider the equation

u— AL(u + ew) = 0. (11)

For A = 0, equation (11) has the unique solution v = 0 and we may apply
Theorem 4 to obtain an unbounded continuum C" C E x [0,00) of solutions
of (11). Since L(E) C K, we have that u € K, whenever (u,\) € C, and
therefore u = AL(u + ew). Thus

Aoy < u, & < X eLw < u.
m

Applying L to this last inequality repeatedly, we obtain by induction that

(i)n w < u. (12)

Since w # 0, by assumption, it follows from (12) that A < m. Thus, if (u, ) €
CX, it must be case that A < m, and hence that C C K x [0,m]. Since C

is unbounded, we conclude that for each ¢ > 0, there exists A\¢ > 0, wu, €
K, |Jue|| =1, such that

e = AcL(ue + ew).

Since L is compact, the set {(u., Ac)} will contain a convergent subsequence
(letting € — 0), converging to, say, (u, Ag). Since clearly ||u|| = 1, it follows that
Ao > 0. 0

If it is the case that L is a strongly positive compact linear operator, much
more can be asserted; this will be done in the theorem of Krein-Rutman which
we shall establish as a corollary of Theorem 8.

9 Theorem Let E have a cone K, whose interior, int K # (). Let L be a strongly
positive compact linear operator. Then there exists a unique Ao > 0 with the
following properties:

1. There exists u € int K, with u = AgLu.
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2. If (e R) # Xo is such that there exists v € E, v # 0, with v = ALw,
then v ¢ K U{—K} and A\ < |A].

PrROOF. Choose w € K\{0}, then, since Lw € intK, there exists § > 0,
small such that Lw — dw € intK, i.e., in terms of the partial order dw < Lw.
We therefore may apply Theorem 8 to obtain A\g > 0 and u € K such that
u = AoLu. Since L is strongly positive, we must have that v € intK. If
(v,A) € (K\{0}) x (0,00) is such that v = ALv, then v € intK. Hence, for all
& > 0, sufficiently small, we have that u—dv € intK. Consequently, there exists
a maximal 0* > 0, such that u — §*v € K, ie. u—rv ¢ K, r>d*. Now

1 Ao

L(u—6"v) = —(

" u— 75 v),

which implies that v — )‘—/\05*0 € int K, unless u — §*v = 0. If the latter holds,
then A\g = A, if not, then Ay < A, because §* is maximal. If Ay < A, we may
reverse the role of v and v and also obtain A < \g, a contradiction. Hence it
must be the case that A = A\g. We have therefore proved that A is the only
characteristic value of L having an eigendirection in the cone K and further
that any other eigenvector corresponding to A¢g must be a constant multiple of
u, i.e. Ao is a characteristic value of L of geometric multiplicity one, i.e the
dimension of the kernel of id — A\gL equals one.

Next let A £ Ag be another characteristic value of L and let v # 0 be such
that v ¢ KU{—K}. Again, for || small, u — dv € int K and there exists 6* > 0,
maximal, such that v — §*v € K, and there exists J, < 0, minimal, such that
u—0,v € K. Now

1 Ao

L(u—6"v) = )\—(u - 75*1}) €K,
0

and
L,

L(u—6,.v) = )\—O(u— 3

0.v) € K.
Thus, if A > 0, we conclude that \g < A, whereas, if A < 0, we get that
Ao0* < Ay, and Agdy > A0, i.e A3 < A% 0
As observed above we have that Ay is a characteristic value of geometric
multiplicity one. Before giving an application of the above result, we shall
establish that Ao, in fact also has algebraic multiplicity one. Recall from the
Riesz theory of compact linear operators (viz. [27], [43]) that the operator
id — Ao L has the following property:

There exists a minimal integer n such that
ker(id — Ao L)" = ker(id — A\gL)" ™! = ker(id — \gL)" "™ = ...,

and the dimension of the generalized eigenspace ker(id — A\gL)™ is called
the algebraic multiplicity of A.
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5. GLOBAL BIFURCATION o7

With this terminology, we have the following addition to Theorem 9.

Theorem Assume the conditions of Theorem 9 and let \g be the characteristic
value of L, whose existence is established there. Then \g is a characteristic
value of L of algebraic multiplicity one.

PROOF. We assume the contrary. Then, since ker(id — AgL) has dimension one
(Theorem 9), it follows that there exists a smallest integer n > 1 such that the
generalized eigenspace is given by ker(id — AgL)"™. Hence, there exists a nonzero
v € E such that (id — AgL)"v = 0 and (id — \oL)"*v = w # 0. It follows
from Theorem 9 and its proof that w = ku, where u is given by Theorem 9 and
k may assumed to be positive. Let z = (id — A\gL)" 2v, then z — \gLz = ku,
and hence, by induction, we get that A\j'L™z = z — mku, for any positive
integer m. It follows therefore that z ¢ K, for otherwise %z — ku € K, for any
integer m, implying that —ku € K, a contradiction. Since u € intK, there exist
a > 0and y € K such that 2z = au —y. Then M\J'L™z = au — A\J'L™y, or
A L™y = y + mku. Choose B > 0, such that y < fu, then A\J'L™y < fu, and
by the above we see that y + mku < Bu. Dividing this inequality my m and
letting m — oo, we obtain that ku € — K, a contradiction. [

Remark It may be the case that, aside from real characteristic values, L also
has complex ones. If p is such a characteristic value, then it may be shown
that |u] > Ao, where Ag is as in Theorem 10. We refer the interested reader to
Krasnosel’skii [24] for a verification.

5 Global Bifurcation

As before, let E' be a real Banach space and let f : E x R — FE have the
form

flu, ) =u— F(u, \), (13)
where F': E X R — E is completely continuous. We shall now assume that

F(0,)\) =0, AeR, (14)
and hence that the equation

Flu, ) =0, (15)

has the trivial solution for all values of A\. We shall now consider the question of
bifurcation from this trivial branch of solutions and demonstrate the existence
of global branches of nontrivial solutions bifurcating from the trivial branch.
Our main tools will again be the properties of the Leray-Schauder degree and
Whyburn’s lemma.

We shall see that this result is an extension of the local bifurcation theorem,
Theorem II.6.
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Theorem Let there exist a,b € R with a < b, such that v = 0 is an isolated
solution of (15) for A = a and A\ = b, where a, b are not bifurcation points,
furthermore assume that

d(f(? 0“)7 B’I‘(O)7 0) 7é d(f(? b)v B’I‘(O)7 0)7 (16)

where B,(0) = {u € E : ||[u]| < r} is an isolating neighborhood of the trivial
solution. Let

S ={(u,A) : (u,\) solves (15) with u#0}U{0} X [a,]

and let € C & be the maximal connected subset of & which contains {0} X [a, b].
Then either

(i) € is unbounded in E x R,

or else

(ii) €N {0} x (R\[a,b]) # 0.

PrROOF. Define a class i of subsets of E' x R as follows
U={QCEXxR:Q=Q,UQx},

where Qy = B,-(0) x [a,b], and Qs is a bounded open subset of (F\{0}) x R.
We shall first show that (15) has a nontrivial solution (u, A) € 9Q for any such
Q) € 4. To accomplish this, let us consider the following sets:

K =f(0)n0,
A = {0} x [a,B], (17)
B = f1(0) N (9Q\(B,(0) x {a} UB,(0) x {b})).

We observe that K may be regarded as a compact metric space and A and
B are compact subsets of K. We hence may apply Whyburn’s lemma to deduce
that either there exists a continuum in K connecting A to B or else, there is
a separation K4, Kp of K, with A C K4, B C Kpg. If the latter holds,
we may find open sets U, V in E x R such that K4 Cc U, Kp C V, with
UNV =0. Welet Q* = QN (UUV) and observe that Q* € 4. It follows, by
construction, that there are no nontrivial solutions of (15) which belong to 0Q*;
this, however, is impossible, since, it would imply, by the generalized homotopy
and the excision principle of Leray-Schauder degree, that d(f(-,a), B-(0),0) =
d(f(-,b), B.(0),0), contradicting (16). We hence have that for each Q € U there
is a continuum C of solutions of (15) which intersects 02 in a nontrivial solution.

We assume now that neither of the alternatives of the theorem hold, i.e we
assume that € is bounded and € N {0} x (R\[a,b]) = 0. In this case, we may,
using the boundednes of €, construct a set Q € 4, containing no nontrivial
solutions in its boundary, thus arriving once more at a contradiction.

We shall, throughout this text, apply the above theorem to several problems
for nonlinear differential equations. Here we shall, for the sake of illustration
provide two simple one dimensional examples.
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Example Let f : R x R — R, be given by
flu,\) = u(u? + 2\ —1).
It is easy to see that G is given by
G = {(u,\) : u* + \* =1} U {0} x (—o00, 00),

and hence that (0,—1) and (0, 1) are the only bifurcation points from the trivial
solution. Furthermore, the bifurcating continuum is bounded. Also one may
quickly check that (16) holds with a,b chosen in a neighborhood of A = —1 and
also in a neighborhood of A = 1.

Example Let f : R x R — R be given by
1
flu,A) = (1 —XNu+ usin —.
u
In this case G is given by
1
6:{(u,)\):/\—1:sinz}u{0}x [0, 2],

which is an unbounded set, and we may check that (16) holds, by choosing a < 0
and b > 2.

In many interesting cases the nonlinear mapping F' is of the special form
F(u, ) = ABu+ o(|[u]|), as [[ul]| =0, (18)

where B is a compact linear operator. In this case bifurcation points from the
trivial solution are isolated, in fact one has the following necessary conditions
for bifurcation.

Proposition Assume that F' has the form (18), where B is the Fréchet deriva-
tive of F. If (0, \g) Is a bifurcation point from the trivial solution for equation
(15), then Xy is a characteristic value of B.

Using this result, Theorem 12, and the Leray-Schauder formula for comput-
ing the degree of a compact linear perturbation of the identity (an extension to
infinite dimensions of Exercise 8 of Chapter III), we obtain the following result.

Theorem Assume that F' has the form (18) and let A be a characteristic value
of B which is of odd algebraic multiplicity. Then there exists a continuum & of
nontrivial solutions of (15) which bifurcates from the set of trivial solutions at
(0, Ap) and € is either unbounded in E X R or else € also bifurcates from the
trivial solution set at (0, A1), where A1 is another characteristic value of B.



17

18

60

PROOF. Since \q is isolated as a characteristic value, we may find a < A\g < b
such that the interval [a,b] contains, besides g, no other characteristic values.
It follows that the trivial solution is an isolated solution (in F) of (15) for A = a
and A = b. Hence, d(f(-,a), B;(0),0) and d(f(-,b), B-(0),0) are defined for
r, sufficiently small and are, respectively, given by d(id — aB, B,(0),0), and
d(id — bB, B,(0),0). On the other hand,

d(id — aB, B,(0),0) = (—1)?d(id — bB, B,.(0),0),

where [ equals the algebraic multiplicity of Ay as a characteristic value of B.
Since ( is odd, by assumption, the result follows from Theorem 12 and Propo-
sition 15. 0

The following example serves to demonstrate that, in general, not every
characteristic value will yield a bifurcation point.

Example The system of scalar equations
r =Mr+y3
{z 2y (19

has only the trivial solution x = 0 = y for all values of \. We note, that A\g = 1
is a characteristic value of the Fréchet derivative of multiplicity two.

As a further example let us consider a boundary value problem for a second
order ordinary differential equation, the pendulum equation.

Example Consider the boundary value problem

v+ Asinu=0, z€0,7]
{ " (20)

) =0, u(w) =0.
As already observed this problem is equivalent to an operator equation
u=AF(u),

where

F:CJ0,7] — C[0, ]

is a completely continuous operator which is continuously Fréchet differentiable
with Fréchet derivative F'(0). Thus to find the bifurcation points for (20) we
must compute the eigenvalues of F'(0). On the other hand, to find these eigen-
values is equivalent to finding the values of A for which

W'+ Adu=0, ze€l0,m]
{ w(0) (21)

=0, u(r)=0
has nontrivial solutions. These values are given by

A=1,4,--k2,.--, keN.
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Furthermore we know from elementary differential equations that each such
eigenvalue has a one-dimensonal eigenspace and one may convince oneself that
the above theorem may be applied at each such eigenvalue and conclude that
each value

(0,k%), ke N

is a bifurcation point for (20).

6 Exercises

1. Prove Proposition 15.

2. Supply the details for the proof of Theorem 12.

. Perform the calculations indicated in Example 13.
. Perform the calculations indicated in Example 14.
. Prove Proposition 15.

. Supply the details for the proof of Theorem 16.

. Prove the assertion of Example 17.

. Provide the details for Example 18.

© 00 N O ot k= W

. In Example 18 show that the second alternative of Theorem 16 cannot
hold.
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Chapter V
Existence and Uniqueness
Theorems

1 Introduction

In this chapter, we shall present the basic existence and uniqueness theo-
rems for solutions of initial value problems for systems of ordinary differential
equations. To this end let D be an open connected subset of R x RN, N > 1,
and let

f:D—RN

be a continuous mapping.
We consider the differential equation

u = f(tu), = %. (1)

and seek sufficient conditions for the existence of solutions of (1), where u €
CH(I,RY), with I an interval, I C R, is called a solution, if (t,u(t)) € D, t € I
and

u'(t) = f(t,u(t)), tel.

Simple examples tell us that a given differential equation may have a multi-
tude of solutions, in general, whereas some constraints on the solutions sought
might provide existence and uniqueness of the solution. The most basic such
constraints are given by fixing an initial value of a solution. By an initial value
problem we mean the following:

e Given a point (to,uo) € D we seek a solution u of (1) such that
U(to) = Up. (2)
We have the following proposition whose proof is straightforward:

65
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Proposition A function u € C*(I,RY), with I C R, and I an interval con-
taining to is a solution of the initial value problem (1), satisfying the initial
condition (2) if and only if (t,u(t)) € D, ¢t € I and

u(t) = u(to) +/t f(s,u(s))ds. (3)

We shall now, using Proposition 1, establish some of the classical and basic
existence and existence/uniqueness theorems.

2 The Picard-Lindelof Theorem

We say that f satisfies a local Lipschitz condition on the domain D, provided
for every compact set K C D, there exists a constant L = L(K), such that for
all (t,u1), (t,uz) € K

|f(t,u1) = f(t,uz)| < Llur — ual.

For such functions, one has the following existence and uniqueness theorem.
This result is usually called the Picard-Lindel6f theorem

Theorem Assume that f : D — RY satisfies a local Lipschitz condition on
the domain D, then for every (to,up) € D equation (1) has a unique solution
satisfying the initial condition (2) on some interval I.

We remark that the theorem as stated is a local existence and uniqueness
theorem, in the sense that the interval I, where the solution exists will depend
upon the initial condition. Global results will follow from this result, by extend-
ing solutions to maximal intervals of existence, as will be seen in a subsequent
section.

PROOF. Let (tg,ug) € D, then, since D is open, there exist positive constants
a and b such that

Q={tu):|t—to] <a, |u—ugl <b} CD.
Let L be the Lipschitz constant for f associated with the set Q. Further let

m maX(t,u)EQ |f(t7u)|7

a = min{a, ~}.

Let L be any constant, L> L, and define
M ={u€C(to—a,to+a],RY) :|u(t) —uo| <b, [t —to| < a}.
In C ([to — a, to + a], RY) we define a new norm as follows:

_ ~Llt—tol 4, ().
lull = max e=He=olju(o)
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And we let p(u,v) = ||lu — v, then (M, p) is a complete metric space. Next
define the operator T on M by:

(Tu)(t) = up + t f(s,u(s))ds, |t —to| < a. (4)

Then
t

[(Tu)(t) — uol <| . [/ (s, u(s))lds|,
and, since u € M,

|(Tu)(t) - uo| < am <b.
Hence

T:M — M.

Computing further, we obtain, for u,v € M that

(Tu)(t) = (To)(®) < | [ |f(s,u(s)) = f£(s,v(s))|ds]
< L] [ Ju(s) = v(s)|ds],
and hence
e H=ol[(Tu)(t) = (L) (8)] < e H0IL] [ fu(s) - v(s)|ds]
< Lfu-o,
and hence
p(T0,T0) < Zpla0),

proving that T is a contraction mapping. The result therefore follows from the
contraction mapping principle, Theorem I.6. [

We remark that, since T is a contraction mapping, the contraction mapping
theorem gives a constructive means for the solution of the initial value prob-
lem in Theorem 2 and the solution may in fact be obtained via an iteration
procedure. This procedure is known as Picard iteration.

In the next section, we shall show, that without the assumption of a local
Lipschitz condition, we still get the existence of solutions.

3 The Cauchy-Peano Theorem

The following result, called the Cauchy-Peano theorem provides the local
solvability of initial value problems.

Theorem Assume that f : D — R¥ is continuous. Then for every (to,ug) € D
the initial value problem (1), (2) has a solution on some interval I, to € I.
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PROOF. Let (to,ug) € D, and let Q, o, m be as in the proof of Theorem 2. Con-
sider the space E = C([to — o, to + o, RY) with norm ||ul| = max;_¢|<q |u(t)].
Then F is a Banach space. We let M be as defined in the proof of Theorem
2 and note that M is a closed, bounded convex subset of E and further that
T : M — M. We hence may apply the Schauder fixed point theorem (Theorem
I11.30) once we verify that T is completely continuous on M. To see this we
note, that, since f is continuous, it follows that T is continuous. On the other
hand, if {u,} C M, then
(Tun)(t) = (Tun) D] < | [ 1f(5,un(s))lds]
< mlt—t|.
Hence {Tu,} C M, is a uniformly bounded and equicontinuous family in E.
It therefore has a uniformly convergent subsequence (as follows from the theo-
rem of Ascoli-Arzela [36]), showing that {Tu,} is precompact and hence T is
completely continuous. This completes the proof. 0
We note from the above proofs (of Theorems 2 and 3) that for a solution
u thus obtained, both (to £ «,u(to £ «)) € D. We hence may reapply these
theorems with initial conditions given at ty + « and conditions u(ty + «) and
thus continue solutions to larger intervals (in the case of Theorem 2 uniquely
and in the case of Theorem 3 not necessarily so.) We shall prove below that this
continuation process leads to maximal intervals of existence and also describes
the behavior of solutions as one approaches the endpoints of such maximal
intervals.

3.1 Carathéodory equations

In many situations the nonlinear term f is not continuous as assumed above
but satisfies the so-called Carathéodory conditions on any parallelepiped @ C D,
where @ is as given in the proof of Theorem 2, i.e.,

e f is measurable in ¢ for each fixed u and continuous in v for almost all ¢,

e for each Q) there exists a function m € L!(tg — a,ty + a) such that

|f(t7u)| <mf(t), (tvu) €Q.

Under such assumptions we have the following extension of the Cauchy-Peano
theorem, Theorem 3:

Theorem Let f satisfy the Carathéodory conditions on D. Then for every
(to,up) € D the initial value problem (1), (2) has a solution on some interval I,
to € I, in the sense that there exists an absolutely continuous function u : I —
R which satisfies the initial condition (2) and the differential equation (1) a.e.
in 1.
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PROOF. Let (to,u0) € D, and choose
Q={(tu):|t—1to| <a, lu—up| <b} CD.
Let
Mz{uEC([to—a,to—i—a],RN) Du(t) —wuo| < b, |t —to] < al,

where o« < @ is to be determined.
Next define the operator T on M by:

(Tu)(t) = uo —i—/t f(s,u(s))ds, |t —to| < a.

Then, because of the Carathéodory conditions, Tu is a a continuous function
and

[(Tu)(t) — uo| < | / £ (s, u(s))ds].

Further, since u € M,
to+a
|(Tu)(£) — uol < / m(s)ds < [l iy —atoro] < b,

to—a

for a small enough. Hence
T: M — M.

One next shows (see the Exercise 14 below) that T is a completely continuous
mapping, hence will have a fixed point in M by the Schauder Fixed Point
Theorem. That fixed points of T' are solutions of the initial value problem (1),
(2), in the sense given in the theorem, is immediate. 0

4 Extension Theorems

In this section we establish a basic result about maximal intervals of existence
of solutions of initial value problems. We first prove the following lemma.

Lemma Assume that f : D — RN is continuous and let D be a subdomain
of D, with f bounded on D. Further let u be a solution of (1) defined on a
bounded interval (a,b) with (t,u(t)) € D, t € (a,b). Then the limits

A w0, o )

exist.
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PROOF. Let ty € (a,b), then u(t) = u(to) + ftz f(s,u(s))ds. Hence for t1,ts €
(a,b), we obtain

|u(t1) — u(t2)| S m|t1 — t2|,

where m is a bound on f on D. Hence the above limits exist.

We may therefore, as indicated above, continue the solution beyond the
interval (a,b), to the left of a and the right of b.

We say that a solution u of (1) has maximal interval of existence (w_,w;),
provided u cannot be continued as a solution of (1) to the right of w; nor to
the left of w_.

The following theorem holds.

Theorem Assume that f : D — R is continuous and let u be a solution of
(1) defined on some interval I. Then u may be extended as a solution of (1) to
a maximal interval of existence (w_,w4) and (t,u(t)) — 0D ast — wy.

PROOF. We establish the existence of a right maximal interval of existence; a
similar argument will yield the existence of a left maximal one and together the
two will imply the existence of a maximal interval of existence.

Let u be a solution of (1) with u(tg) = uo defined on an interval I = [tg, ay,).
We say that two solutions v, w of (1), (2) satisfy

v<w, (5)
if and only if:
e u=uv=won [l,ay),

v is defined on I, = [tg, ay), ay > ay,
w s defined on I, = [to, Gw), Qw > aq,

Ay 2 Qy,
e v =won [,.

We see that < is a partial order on the set of all solutions S of (1), (2) which agree
with « on I. One next verifies that the conditions of the Hausdorff maximum
principle (see [37]) hold and hence that .S contains a maximal element, @. This
maximal element % cannot be further extended to the right.

Next let u be a solution of (1), (2) with right maximal interval of existence
[to, ws). We must show that (t,u(t)) — 0D as t — wy, i.e., given any compact
set K C D, there exists tx, such that (¢,u(t)) ¢ K, for t > tx. If wy = o0, the
conclusion clearly holds. On the other hand, if w; < oo, we proceed indirectly.
In which case there exists a compact set K C D, such that for everyn =1,2,---
there exists t,, 0 < wy —t, < %, and (t,,u(t,)) € K. Since K is compact, there
will be a subsequence, call it again {(t,, u(t,))} such that {(¢,,u(t,))} converges
to, say, (wi,u*) € K. Since (wy,u*) € K, it is an interior point of D. We may
therefore choose a constant @ > 0, such that Q = {(¢,u) : |ws—t| < a, [u—u*| <
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a} C D, and thus for n large (t,,u(t,)) € Q. Let m = max(; ,eq | f(t,u)|, and
let n be so large that

O<w+—tn§%, lu(tn) — u*| <
Then
for t<t < wy,

[u(tn) —u(®)] <m(wy —tn) <

as an easy indirect argument shows.
It therefore follows that

a
2’

lim wu(t) = u*,
t—wy

and we may extend u to the right of w, contradicting the maximality of u. []

Corollary Assume that f : [to,to+a] x RY — R¥ is continuous and let u be a
solution of (1) defined on some right maximal interval of existence I C [to, to+a).
Then, either I = [to,to + al, or else I = [tp,w4), wi < to + a, and

lim |u(t)| = o0

t—wy

We also consider the following corollary, which is of importance for differen-
tial equations whose right hand side have at most linear growth. I.e., we assume
that the following growth condition holds:

[f(t,w)] < alt)|ul + 5(F). (6)

Corollary Assume that f : (a,b)xRY — R¥ is continuous and let f satisfy (6),
where «, 3 € L'(a,b) are nonnegative continuous functions. Then the maximal
interval of existence (w_,w4) is (a,b) for any solution of (1).

PROOF. If u is a solution of (1), then u satisfies the integral equation (3) and
hence, because of (6), we obtain

t

lu(@®)] < futo)l + [ [ lla(s)|uls)] + B(s)]ds. (7)

to

Considering the case t > tg, the other case being similar, we let

t
o) = [ lla@llut)] + |3)llds
to
and ¢ = |u(tg)|. Then an easy calculation yields
v —a(t)v < alt)e+ B(1),

and hence
v(t) < effo / eJio O‘(T)dT (s)c+ B(s)]ds

from which, using Corollary 7, follows that w; = b. [
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5 Dependence upon Initial Conditions

Let again D be an open connected subset of R x RY, N > 1, and let
f:D—RY

be a continuous mapping.
We consider the initial value problem

u' = f(tu), u(to) = uo, (8)

and assume we have conditions which guarantee that (8) has a unique solution
u(t) = u(t, to, uo), (9)

for every (to,up) € D. We shall now present conditions which guarantee that
u(t, to,ug) depends either continuously or smoothly on the initial condition
(to, UQ).

A somewhat more general situation occurs frequently, where the function f
also depends upon parameters, A € R™, i.e. (8) is replaced by the parameter
dependent problem

ul = f(t7u7 )‘)7 ’U,(to) = Uo, (10)
and solutions u then are functions of the type
’U,(t) = u(t7t07u07/\)7 (11)

provided (10) is uniquely solvable. This situation is a special case of the above,
as we may augment the original system (10) as

u = f(ta u, )\)5 ’Lb(to) = Uo,
No= 0, Afo) = A,

(12)

and obtain an initial value problem for a system of equations of higher dimension
which does not depend upon parameters.

5.1 Continuous dependence

We first prove the following proposition.

Theorem Assume that f: D — RY is a continuous mapping and that (8) has
a unique solution u(t) = u(t,to,u), for every (to,uo) € D. Then the solution
depends continuously on (tg,ug), in the following sense: If {(t,,u,)} C D con-
verges to (to,up) € D, then given € > 0, there exists n. and an interval I. such
that for all n > n, the solution u,(t) = u(t, t,, u,), exists on I, and

t) — t) <e
max fu(t) = un (0] < ¢
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PROOF. We rely on the proof of Theorem 3 and find that for given e > 0, there
exists n. such that {(tn, un)} C Q, where

~ e’ b
Q= {{tw) it —to] < 5 Ju—uol < 5} C Q.

and @ is the set given in the proof of Theorems 2 and 3. Using the proof of The-
orem 3 we obtain a common compact interval I, of existence of the sequence
{un} and {(t,u,(t))} C @, for t € I.. The sequence {u,} hence will be uni-
formly bounded and equicontinuous on I, and will therefore have a subsequence
converging uniformly on I.. Employing the integral equation (3) we see that
the limit must be a solution of (8) and hence, by the uniqueness assumption
must equal u. Since this is true for every subsequence, the whole sequence must
converge to u, completing the proof.

We have the following corollary, which asserts continuity of solutions with
respect to the differential equation. The proof is similar to the above and will
hence be omitted.

Corollary Assume that f, : D — RY, n=1,2,---, are continuous mappings
and that (8) (with f = f,) has a unique solution un(t) = u(t,tn,uy), for
every (tn,un) € D. Then the solution depends continuously on (to,uo), in the
following sense: If {(tn,un)} C D converges to (to,uo) € D, and f, converges
to f, uniformly on compact subsets of D, then given € > 0, there exists n. and
an interval I. such that for all n > n., the solution un(t) = u(t,t,,uy), exists
on I, and

max [u(t) — un(t)| <

5.2 Differentiability with respect to initial conditions

In the following we shall employ the convention u = (u',u?,---,u®). We
have the following theorem.

Theorem Assume that f : D — RY is a continuous mapping and that the
partial derivatives 86 uf, 1 < i < N are continuous also. Then the solution
u(t) = u(t,to, up), of (8) is of class C* in the variable ug. Further, if J(t) is the

Jacobian matrix

of
J(t) = J(t,to,’do) = (—) y
u u=u(t,to,up)

then

0
y(t) = 5= (¢ to, uo)

is the solution of the initial value problem
y' = J(t)y, y(to) =ei, 1 <i <N,

where e; € R™ is given by ef = d;r, with 0;;, the Kronecker delta.
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PROOF. Let e; be given as above and let u(t) = u(t, to, ug), un(t) = u(t, to, uo +
he;), where |h| is sufficiently small so that u, exists. We note that u and up
will have a common interval of existence, whenever |h| is sufficiently small. We
compute

(un(t) = u(t))" = f(t,un(t)) — f(t, u(t)).
Letting

yn(p) = L) = ult) -~ ul),

we get yn(to) = e;. If we let

1 af
G(t,y1,y2) = 8_(t’ sy1 + (1 — s)y2)ds,
0 u
we obtain that yj, is the unique solution of

y' =Gt u(t),un(t))y, y(to) = ei.

Since G(t, u(t), up(t)) — J(t) as h — 0, we may apply Corollary 10 to conclude
that y, — vy uniformly on a neighborhood of ¢. 0

6 Differential Inequalities

We consider in RY the following partial orders:

z<y & xigyi,lgiSN,
r<y & <y, 1<i<N.

For a function u : I — RY, where I is an open interval, we consider the Dini
derivatives

u(t+h)—u(t)

Dru(t) lim supy, o, 7 ;
Dyu(t) = liminfp_o4 M,
D u(t) = limsup,_,,_ M,
D_u(t) = liminf,_o— M,

where lim sup and lim inf are taken componentwise.

Definition A function f : RN — R is said to be of type K (after Kamke [23])
on a set S C RY, whenever

fix) < fiy), Yo,y e S, x <y, 2’ =y".

The following theorem on differential inequalities is of use in obtaining esti-
mates on solutions.
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Theorem Assume that f : [a,b] x RY — R¥ is a continuous mapping which
is of type K for each fixed t. Let u : [a,b] — RY be a solution of (1) and let
v : [a,b] — RY be continuous and satisfy

D v(t) > f(t,v(), a<t<b,

o) > ula), 19)
then v(t) > u(t), a <t <b.
If 2 : [a,b] — RY is continuous and satisfies
D_z(t) < f(tz2(t), a<t<b, (14)

z(a) < wu(a),
then z(t) < u(t), a <t <b.

PRrROOF. We prove the first part of the theorem. The second part follows along
the same line of reasoning. By continuity of w and v, there exists § > 0, such
that

v(t) > u(t), a<t<a+i.

If the inequality does not hold throughout [a, b], there will exist a first point ¢
and an index ¢ such that

v(t) > u(t), a <t <c, v(e) >ule), v'(c) = u'(c).

Hence (since f is of type K)

i/

D™v'(¢c) > fi(e,v(c)) = [ ule)) = u' (c).
On the other hand,

D=vi(e) = limsuphﬂofM

) h )
< limsupy,_,o =G i (0),

a contradiction. [

Definition A solution u* of (1) is called a right maximal solution on an interval
I, if for every ty € I and any solution u of (1) such that

’u(to) S ’u*(to),
it follows that
u(t) <u*(t), to <tel.
Right minimal solutions are defined similarly.
Theorem Assume that f : D — RY is a continuous mapping which is of type

K for each t. Then the initial value problem (8) has a unique right maximal
(minimal) solution for each (to,ug) € D.
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PRrROOF. That maximal and minimal solutions are unique follows from the defi-
nition. Choose 0 < ¢ € RY and let v,, be any solution of

" £ - £
v = f(tvvv)‘) + 7’L7 U(tO) up + n' (15)

Then, given a neighborhood U of (tg, ug) € D, there exists an interval [to, t1] of
positive length such that all v, are defined on this interval with {(¢,v,(t))} C
U, to <t < ty, for all n sufficiently large. On the other hand it follows from
Theorem 13 that

Un(t) > v (t), to <t <t1, n<m.

The sequence {v,, } is therefore unformly bounded and equicontinuous on [tg, 1],
hence will have a subsequence which converges uniformly to a solution u* of (8).
Since the sequence is monotone, the whole sequence will, in fact, converge to u*.
Applying Theorem 13 once more, we obtain that u* is right maximal on [tg, t1],
and extending this solution to a right maximal interval of existence as a right
maximal solution, completes the proof.

We next prove an existence theorem for initial value problems which allows
for estimates of the solution in terms of given solutions of related differential
inequalities.

Theorem Assume that f : [a,b] x RN — R¥ is a continuous mapping which is
of type K for each fixed t. Let v, z : [a,b] — RY be continuous and satisfy

Dro(t) > f(t,o(t), a <t <b,
Diz(t) < f(tz2(t), a<t<b, (16)
2(t) < (), a<t<b

Then for every ug, z(a) < ug < wv(a), there exists a solution u of (8) (with
to = a) such that

2(t) <wu(t) <wo(t), a<t<b.

The functions z and v are called, respectively, sub- and supersolutions of (8).
PROOF. Define f(t,2) = f(t,Z) — (x — ), where for 1 <i < N,

(t) ,if ' >l(t),
Jif o 2N(t) < 2t < ol(t),
i) ,if 2t < 2.

8l
Il

e
2
L
Then f is continuous and has at most linear growth, hence the initial value
problem (8), with f replaced by f has a solution u that extends to [a,b] (see
Corollary 8). We show that z(t) < u(t) < v(t), a < t < b, and hence may
conclude that u solves the original initial value problem (8). To see this, we
shall prove that for any ¢ > 0 we have that

Z(t) —e <ul(t) <vi(t)+e teab], i=1,---,N.
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This we argue indirectly and suppose there exists € > 0 a value ¢ € (a,b) and ¢
such that

u'(c) =vi(c) +e ul(t) >vi(t) +e c<t <ty <b.

Since @'(t) = vi(t), c <t <ty and wF(t) < vF(t), c <t <ty, k#i, we get
that

Filtut) = F(ta(t) — (W'(t) — v (8) < Fit,0(t) — € < Di(t), e <t <t
On the other hand we have, for A > 0, small, that

u'(t+h) —u'(c) > v (t+h) +e— (v'(c) +e
and hence

u'’(c) = Dol (c),

contradicting what has been concluded above. Since € > 0 was arbitrary, we
conclude that

u(t) < ().
That
u(t) > vz(t)
may be proved in a similar way. [

Corollary Assume the hypotheses of Theorem 16 and that f satisfies a local
Lipschitz condition. Assume furthermore that

2(a) < 2(b), v(a) > v(b).
Then the problem

W = f(t,u), ula) = ulD) (17)
has a solution u with

2(t) <u(t) <o(t), a <t <b.

PROOF. Since f satisfies a local Lipschitz condition, initial value problems are
uniquely solvable. Hence for every ug, z(a) < ug < v(a), there exists a unique
solution u(t, ug) of (8) (with tg = a) such that

z(t) < wu(t) <wo(t), a<t<b,
as follows from Theorem 16. Define the mapping
T:{z:z2(a) <z <v(a)} = {z:2(b) <z <0vb)}
by
Tz = u(b, x),
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then, since by hypothesis {z : z(a) < z < v(a)} D {x : 2(b) < z < v(b)}
and since {z : z(a) < x < wv(a)} is convex, it follows by Brouwer’s fixed point
theorem (Theorem I11.22) and the fact that T is continuous (Theorem 9) that
T has a fixed point, completing the proof.

An important consequence of this corollary is that if in addition f is a
function which is periodic in ¢ with period b — a, then Corollary 17 asserts the
existence of a periodic solution (of period b — a).

The following results use comparison and differential inequality arguments
to provide a priori bounds and extendability results.

Theorem Assume that F : [a,b] x Ry — Ry is a continuous mapping and that
f:[a,b] x RN — R¥ is continuous also and

|f(t,z)| < F(t,|z]), a <t <b, RV,

Let u : [a,b] — RY be a solution of (1) and let v : [a,b] — R, be the continuous
and right maximal solution of

(18)

then v(t) > |u(t)], a <t <b.

PROOF. Let z(t) = |u(t)|, then z is continuous and D_z(t) = D~ z(t). Further
u(®)|—|u(t—h)|

D_z(t) = liminf}_ ot

limp_o, Lat=h)=uld)

[f(t, u(®)] < F(t, 2(t))-

Hence, by Theorem 15 (actually its corollary (Exercise 6)), we conclude that
v(t) > |u(t)], a <t <b. 0

A

7 Uniqueness Theorems

In this section we provide supplementary conditions which guarantee the
uniqueness of solutions of ivp’s.

Theorem Assume that F : (a,b) x Ry — R, is a continuous mapping and
that f : (a,b) x RN — R¥ is a continuous also and

|f(t,$)—f(t,y)| SF(tu |£L’—y|), agtﬁb, x7y€RN'

Let F(t,0) = 0 and let, for any ¢ € (a,b), w = 0 be the only solution of
w' = F(t,w) on (a,c) such that w(t) = 0(u(t)), t — a where p is a given
positive and continuous function. Then (1) cannot have distinct solutions such
that |u(t) — v(t)| = 0(u(t)), t — a.



8. EXERCISES 79

PROOF. Let u, v be distinct solutions of (1) such that |u(t)—v(¢)] = 0(u(t)), t —
a. Let z(t) = |u(t) — v(t)|. Then z is continuous and

DF2(t) < [f(tult)) — f(t,0()] < F(t,2(1)).

The proof is completed by employing arguments like those used in the proof of
Theorem 18. [

20 Remark Theorem 19 does not require that f be defined for ¢ = a. The advan-
tage of this may be that a = —oo or that f may be singular there. A similar
result, of course, holds for t — b — .

8

Exercises

. Prove Proposition 1.
. Prove Corollary 10.

. Verify that the space (M, p) in the proof of Theorem 2 is a complete metric

space.

. Complete the details in the proof of Theorem 11.

. State and prove a theorem similar to Theorem 11, providing a differential

equation for % whenever f = f(t,u, \) also depends upon a parameter A.

. Prove the following result: Assume that f : [a,b] x RY — R¥ is a contin-

uous mapping which is of type K for each fixed t. Let u : [a,b] — RY be
a right maximal solution of (1) and let z : [a,b] — RY be continuous and
satisfy

D_z(t
z(a

ft,2(), a <t <b,

u(a),

(19)

INIA

)
)

then z(t) < u(t), a <t <b.

. Show that a real valued continuous function z(¢) is nonincreasing on an

interval [a, b] if and only if D_z < 0 on (a,b].

. Assume that f : [a,00) x RV — R¥ is a continuous mapping such that

|[f(t.2)] < M(t)L(|z]), a <t < oo, z € RY,

where M and L > 0 are continuous functions on their respective domains

and
Ik

Prove that w; = oo for all solutions of (1).



80

10.

11.

12.

13.

14.
15.

Give the details of the proof of Theorem 18.

Assume that f : [a,b) x RV — R is a continuous mapping and assume
the conditions of Theorem 19 with y = 1. Then the initial value problem

u = f(t,u), u(a) = ug (20)
has at most one solution.

Assume that f : [a,b) x RV — R¥ is a continuous mapping and that

|f(t,z) — f(t,y)] §c|f:§|, t>a, 1,y cRY 0<ec<1 (21)

Then the initial value problem (20) has at most one solution.

The previous exercise remains valid if (21) is replaced by

2
T — 1
| y',t>a,x,y€RN,O§c<§.
a

(f(t,.’l]) - f(tuy)) : (‘T _y) < CT
Assume that f : [a,b) x RV — R¥ is a continuous mapping and that

(f(t.x) = f(ty)) - (& —y) <0, t > a, z,y €RY.

Then every initial value problem is uniquely solvable to the right. This
exercise, of course follows from the previous one. Give a more elementary
and direct proof. Note that unique solvability to the left of an initial
point is not guaranteed. How must the above condition be modified to
guarantee uniqueness to the left of an initial point?

Provide the details in the proof of Theorem 4.

Establish a result similar to Theorem 6 assuming that f satisfies Carathéodory
conditions.



Chapter VI
Linear Ordinary Differential
Equations

1 Introduction

In this chapter we shall employ what has been developed to give a brief
overview of the theory of linear ordinary differential equations. The results ob-
tained will be useful in the study of stability of solutions of nonlinear differential
equations as well as bifurcation theory for periodic orbits and many other facets
where linearization techniques are of importance. The results are also of interest
in their own right.

2 Preliminaries
Let I C R be a real interval and let
AT — RN RY)
f:1I—RN

be continuous functions. We consider here the system of ordinary differential
equations

u=At)u+ f(t), t €I, (1)
and
u = A(t)u, tel. (2)

Using earlier results we may establish the following basic proposition (see Ex-
ercise 1).

Proposition For any given f, initial value problems for (1) are uniquely solv-
able and solutions are defined on all of I.
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Remark More generally we may assume that A and f are measurable on I
and locally integrable there, in which case the conclusion of Proposition 1 still
holds. We shall not go into details for this more general situation, but leave it
to the reader to present a parallel development.

Proposition The set of solutions of (2) is a vector space of dimension N.

PRrROOF. That the solution set forms a vector space is left as an exercise (Exercise
2, below). To show that the dimension of this space is N, we employ the
uniqueness principle above. Thus let tg € I, and let ug(t), k=1, -+, N be the
solution of (2) such that

ur(to) = ex, eh = 0 (Kronecker delta). (3)

It follows that for any set of constants a1, --,ap,

u(t) = Zaiui(t) (4)

is a solution of (2). Further, for given ¢ € RY, the solution u of (2) such that
u(tp) = € is given by (4) with a; =¢%, i=1,---,N.
Let the IV x N matrix function ® be defined by
®(t) = (uj(t), 1<i,j <N, (5)
i.e., the columns of ® are solutions of (2). Then (4) takes the form
u(t) = ®(t)a, a= (a*,---,a™)T. (6)

Hence for given ¢ € RY, the solution u of (2) such that u(t;) = ¢, t; € I,
is given by (6) provided that ®(¢1) is a nonsingular matrix, in which case a
may be uniquely determined. That this matrix is never singular, provided it is
nonsingular at some point, is known as the Abel-Liouville lemma, whose proof
is left as an exercise below. [

Lemma If g(t) = det®(t), then g satisfies
g(t) = g(to)eftto traceA(s)dS_ (7)

Hence, if ® is defined by (5), where uq, - -, un are solutions of (2), then ®(t) is
nonsingular for all t € I if and only if ®(to) is nonsingular for some ty € I.

2.1 Fundamental solutions

A nonsingular N x N matrix function ¥ whose columns are solutions of (2)
is called a fundamental matrix solution or a fundamental system of (2). Such a
matrix is a nonsingular solution of the matrix differential equation

U= A(t)V. (8)

The following proposition characterizes the set of fundamental solutions; its
proof is again left as an exercise.
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5 Proposition Let ® be a given fundamental matrix solution of (2). Then every
other fundamental matrix solution has the form ¥ = ®C, where C' is a constant
nonsingular N x N matrix. Furthermore the set of all solutions of (2) is given

by
{®c:c e RN},

where ® is a fundamental system.

2.2 Variation of constants

It follows from Propositions 3 and 5 that all solutions of (1) are given by
{®(t)c +up(t) : c € RV,

where @ is a fundamental system of (2) and w,, is some particular solution of (1).
Hence the problem of finding all solutions of (1) is solved once a fundamental
system of (2) is known and some particular solution of (1) has been found. The
following formula, known as the variation of constants formula, shows that a
particular solution of (1) may be obtained from a fundamental system.

6 Proposition Let ® be a fundamental matrix solution of (2) and let ty € I.
Then

¢
w ()= (0) [ @7 (6)f()ds ©)
to
is a solution of (1). Hence the set of all solutions of (1) is given by
¢
{®(t) <c + / CI)l(s)f(s)ds) :c e RV},
to

where ® is a fundamental system of (2).

3 Constant Coefficient Systems

In this section we shall assume that the matrix A is a constant matrix and
thus have that solutions of (2) are defined for all t € R. In this case a fundamental
matrix solution @ is given by

d(t) = e, (10)
where C' is a nonsingular constant N x N matrix and

oo
th A"
tA _
€ _Z n! -

0

Thus the solution u of (2) with u(tg) = £ is given by

u(t) = elt"t0)Ag,
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To compute ¢4 we use the (complex) Jordan canonical form J of A. Since A
and J are similar, there exists a nonsingular matrix P such that A = PJP~!
and hence ¢4 = Pe!’ P~1. We therefore compute e*’. On the other hand J has
the form

Jo
Ji

where

At
A2

Ag
is a ¢ x ¢ diagonal matrix whose entries are the simple (algebraically) and
semisimple eigenvalues of A, repeated according to their multiplicities, and for

1<t <s,

Agri 1

is a ¢; X ¢; matrix, with

q-l—Zqi:N.
1

By the laws of matrix multiplication it follows that

et,]()

tJy

and

etJo _
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Further, since J; = Agi1,, + Z;, where I, is the r; x r; identity matrix and Z;
is given by

we obtain that

etJi — etAq+iITi etZi — et)\qutZi'

An easy computation now shows that

2 tTi—1

1 t I

tTi—2

etZi _ 0 1 o ri_o!
o o0 o --- 1

Since P is a nonsingular matrix e!4P = Pet’ is a fundamental matrix solution
as well. Also, since J and P may be complex we obtain the set of all real
solutions as

{RePe'’c, ImPe'’c: c e CV}.

The above considerations have the following proposition as a consequence.
Proposition Let A be an N x N constant matrix and consider the differential
equation

u = Au. (11)
Then:

1. All solutions u of (11) satisfy u(t) — 0, as t — oo, if and only if ReA < 0,
for all eigenvalues A of A.

2. All solutions u of (11) are bounded on [0, 00), if and only if Re\ < 0, for
all eigenvalues A of A and those with zero real part are semisimple.

4 Floquet Theory

Let A(t), t € R be an N x N continuous matrix which is periodic with
respect to ¢ of period T, i.e., A(t+T) = A(t), —oo <t < oo, and consider the
differential equation

u = A(t)u. (12)
We shall associate to (12) a constant coefficient system which determines the

asymptotic behavior of solutions of (12). To this end we first establish some
facts about fundamental solutions of (12).
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Proposition Let ®(t) be a fundamental matrix solution of (12), then so is
T(t) = (t+T).

PROOF. Since ® is a fundamental matrix it is nonsingular for all ¢, hence W is
nonsingular. Further

U/(t) = &/ (t+T)

At +T)2(t+1T)
A)®(t+T)
A(t)W ().

a

It follows by our earlier considerations that there exists a nonsingular con-
stant matrix ) such that

O(t+T) = B(t)Q.

Since @ is nonsingular, there exists a matrix R (see exercises at the end of this
chapter) such that

Q _ GTR.
Letting C(t) = ®(t)e ' we compute

Ct+T) =d(t+T)e HDE
= O(t) Qe THe IR
= ®(t)e tE = C(t).

We have proved the following proposition.

Proposition Let ®(t) be a fundamental matrix solution of (12), then there
exists a nonsingular periodic (of period T ) matrix C' and a constant matrix R
such that

() = C(t)e™. (13)

From this representation we may immediately deduce conditions which guaran-
tee the existence of nontrivial T— periodic and mT — periodic (subharmonics)
solutions of (12).

Corollary For any positive integer m (12) has a nontrivial mT —periodic so-
lution if and only if ®~1(0)®(T) has an m—th root of unity as an eigenvalue,
where ® is a fundamental matrix solution of (12).

PROOF. The properties of fundamental matrix solutions guarantee that the
matrix ®~1(0)®(T) is uniquely determined by the equation and Proposition 9
implies that

O H0)D(T) = TE,
On the other hand a solution u of (12) is given by
u(t) = C(t)e'fd,
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where u(0) = C(0)d. Hence w is periodic of period mT if and only if
u(mT) = C(mT)e™Rd = C(0)e™TEd = C(0)d.

Which is the case if and only if e™TH = (eTR)m has 1 as an eigenvalue. 0
Let us apply these results to the second order scalar equation

y" +p(t)y =0, (14)

(Hill’s equation) where p : R — R is a T-periodic function. Equation (14) may
be rewritten as the system

o = < _ﬁ(t) (1) )u (15)

Let y; be the solution of (14) such that
y1(0) =1, 41(0) =0,

and y, the solution of (14) such that
y2(0) =0, 55(0) = 1.

Then

t t

wo=( 3 40)

will be a fundamental solution of (15)and

det®(t) = eJo traceA(s)yds _ ¢

by the Abel-Liouville formula (7). Hence (14), or equivalently (15), will have a
mT —periodic solution if and only if ®(T) has an eigenvalue A which is an m—th
root of unity. The eigenvalues of ®(T') are solutions of the equation

or
M —ad+1=0,
where
a=y1(T) + y5(T).
Therefore

at++va?—4

A= 5
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Exercises

. Prove Proposition 1.

. Prove that the solution set of (2) forms a vector space over either the real

field or the field of complex numbers.

. Verify the Abel-Liouville formula (7).

. Prove Proposition 5. Also give an example to show that for a nonsingular

N x N constant matrix C, and a fundamental solution ®, ¥ = C'® need
not be a fundamental solution.

. Let [0,00) C I and assume that all solutions of (2) are bounded on [0, c0).

Let ® be a fundamental matrix solution of (2). Show that ®~1(¢) is
bounded on [0, o) if and only if fot A(s)ds is bounded from below. If this
is the case, prove that no solution u of (2) may satisfy u(t) — 0 ast — oo
unless u = 0.

. Let [0,00) C I and assume that all solutions of (2) are bounded on [0, c0).

Further assume that the matrix ®~!(¢) is bounded on [0,00). Let B :
[0,00) — RN¥*N he continuous and such that

/ |A(s) — B(s)|ds < o0.
0
Then all solutions of
v = B(t)u (16)

are bounded on [0, 00).

. Assume the conditions of the previous exercise. Show that corresponding

to every solution u of (2) there exists a unique solution v of (16) such that

lim |u(t) — v(t)| = 0.

t—o0

. Assume that

/Ooo |B(s)|ds < oo.

Show that any solution, not the trivial solution, of (16) tends to a nonzero
limit as ¢t — oo and for any ¢ € RY | there exists a solution v of (16) such
that

tlim u(t) = c.



5. EXERCISES 89

9.

10.

11.

12.

13.

14.

15.

Prove Proposition 7 using what has been developed about the matrix
exponential et4.

Give an alternate verification of Proposition 7 using the following facts
from Linear Algebra for a given matrix A.

(a) Let A be an eigenvalue of A of algebraic multiplicity m, then there
exists a minimal integer ¢ such that

ker(A — M)? = ker(A — M)? = ker(A — XI)92 = ...
and the dimension
dim ker(A — AI)? = m.

The space ker(A—AI)? is called the generalized eigenspace associated
with A.

(b) If X and p are different eigenvalues of A their generalized eigenspaces
only have the zero vector in common.

Using the above and the fact that ¢4 may be written as

A = A HAAD)

deduce the proposition.

Let @ be a nonsingular square matrix. Use the Jordan normal form and
block multiplication rules for matrices to deduce that there exists a square
matrix X such that

Q =e~.

Give necessary and sufficient conditions in order that all solutions u of
(12) satisty

lim u(t) = 0.

t—o0

Show that there exists a nonsingular C! matrix L(¢) such that the substi-
tution u = L(¢)v reduces (12) to a constant coefficient system v’ = Buv.

Provide conditions on a = y1(T") + y4(T) in order that (14) have a
T, 2T, ---, mT — periodic
solution, where the period should be the minimal period.

Consider equation (1), where both A and f are T—periodic. Use the vari-

ation of constants formula to discuss the existence of T'—periodic solutions
of (1).
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Chapter VII
Periodic Solutions

1 Introduction

In this chapter we shall develop, using the linear theory developed in the
previous chapter together with the implicit function theorem and degree theory,
some of the basic existence results about periodic solutions of periodic nonlinear
systems of ordinary differential equations. In particular, we shall mainly be
concerned with systems of the form

u = Alt)u+ f(t,u), (1)
where

A:R - RN xRN
f:RxRN RV

are continuous and T'—periodic with respect to t. We call the equation nonres-
onant provided the linear system

u = A(t)u (2)

has as its only T'— periodic solution the trivial one; we call it resonant, other-
wise.

2 Preliminaries

We recall from Chapter 6 that the set of all solutions of the equation

u' = A(t)u + g(t), (3)
is given by
u(t) = ®(t)e + @(t)/t d(s)g(s)ds, c € RV, (4)

where ® is a fundamental matrix solution of the linear system (2). On the
other hand it follows from Floquet theory (Section VI.4) that ® has the form
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®(t) = C(t)e!ft, where C is a continuous nonsingular periodic matrix of period
T and R is a constant matrix (viz. Proposition VI.9). As we may choose ® such
that ®(0) = I (the N x N identity matrix), it follows that (with this choice)

C(0) = C(T) = I

and

u(T) = e (C + /T d1(s)g(s)ds, c € RN> )
0

hence u(0) = u(T) = ¢ if and only if

c=eTR | ¢ T_ls s)ds, c N
_ <+/0c1> (5)9(s)ds, eR). (5)

We note that equation (5) is uniquely solvable for every g, if and only if

T — TR
is a nonsingular matrix. That is, we have the following result:

Proposition Equation (3) has a unique T'— periodic solution for every T — periodic
forcing term g if and only if €T — I is a nonsingular matrix. If this is the case,
the periodic solution u is given by the following formula:

T ¢
u(t) = ¢(t) ((I— eTR)fleTR/O O (s)g(s)ds —i—/o @1(s)g(s)ds> .(6)

This proposition allows us to formulate a fixed point equation whose solution
will determine T'— periodic solutions of equation (1). The following section is
devoted to results of this type.

3 Perturbations of Nonresonant Equations

In the following let
E = {uecC(0,T],RY) : u(0) = u(T)}

with |lu| = max,cjo,7) |u(t)] and let S: £ — E be given by

(Su)(t) = ®(t) ((I — eTR)=1 TR fOT O 1(s)f(s,u(s))ds

7
+ Jy ®7 1) fls,u(s))ds) (7)

Proposition Assume that I — eT® is nonsingular, then (1) has a T— periodic

solution u, whenever the operator S given by equation (7) has a fixed point in
the space E.
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For f as given above let us define
P(r) = max{|f(t,u)] : 0 <t < T, |u] <r}. (8)
We have the following theorem.

Theorem Assume that A and f are as above and that I — e %

then (1) has a T— periodic solution u, whenever

lim inf P(r)

7—00 r

is nonsingular,

=0, (9)
where P is defined by (8).
PRrROOF. Let us define
B(r)={ueE:|ul <r},
then for u € B(r) we obtain
[Sull < KP(r),
where S is the operator defined by equation (7) and K is a constant that depends
only on the matrix A. Hence
S : B(r) — B(r),
provided that
KP(r) <,

which holds, by condition (9), for some r sufficiently large. Since S is completely

continuous the result follows from the Schauder fixed point theorem (Theorem

I11.30). 0
As a corollary we immediately obtain:

Corollary Assume that A and f are as above and that I —eT®

then

is nonsingular,

w = A(t)u+ef(t,u) (10)
has a T'— periodic solution u, provided that e is sufficiently small.

PRrROOF. Using the operator S associated with equation (10) we obtain for
u € B(r)

[Sull < |e[ KP(r),
thus for given r > 0, there exists ¢ # 0 such that
le| KP(r) <,

and S will have a fixed point in B(r).
The above corollary may be considerably extended using the global contin-
uation theorem Theorem IV.4. Namely we have the following result.
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TR

Theorem Assume that A and f are as above and that I — e*'* is nonsingular.

Let
ST ={(u,€) € E x[0,00) : (u,¢) solves (10)}
and
6™ ={(u,€) € E x (—00,0] : (u,€) solves (10)}.
Then there exists a continuum C* C & (C~ C &) such that:
LG nE= {0} (Cy NE=1{0}).
2. Ct is unbounded in E x [0,00) (C~ is unbounded in E x (—0o0,0]).

ProOF. The proof follows immediately from Theorem IV.4 by noting that the
existence of T—periodic solutions of equation (10) is equivalent to the existence
of solutions of the operator equation

u—S(e,u) =0,
where
S(e,w)(t) :q><>(<1— eTR)IETR [T 01 (5)ef (5, uls)ds
+ Lo (s)ef (s, u(s ))ds).

U
4 Resonant Equations
4.1 Preliminaries
We shall now consider the equation subject to constraint
r—

u(0) = u(T),
where
f:RxRY RN

is continuous. Should f be T'—periodic with respect to ¢, then a T'—periodic
extension of a solution of (11) will be a T— periodic solution of the equation.
We view (11) as a perturbation of the equation ' = 0, i.e. we are in the case
of resonance.

We now let

E = {ueC([0,T],RY)}
with |lu| = max,cjo,7) |u(t)] and let S': E — E be given by

(Su)(t / F(s,u( (12)
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then clearly S : F — FE is a completely continuous mapping because of the
continuity assumption on f.
The following lemma holds.

Lemma An element u € E is a solution of (11) if and only if it is a fixed point
of the operator S given by (12).

This lemma, whose proof is immediate, gives us an operator equation in the

space E whose solutions are solutions of the problem (11).

4.2 Homotopy methods

We shall next impose conditions on the finite dimensional vector field

reRY — g(x)

T 13
o) = ) flsa)ds, (9)
which will guarantee the existence of solutions of an associated problem

[

where € is a small parameter. We have the following theorem.

Theorem Assume that f is continuous and there exists a bounded open set
Q C RY such that the mapping g defined by (13) does not vanish on 0. Further
assume that

d(g,9,0) #0, (15)

where d(g, §2,0) is the Brouwer degree. Then problem (14) has a solution for all
sufficiently small e.

PrOOF. We define the bounded open set G C F by

G={ueFE:u:[0,T] — Q}. (16)
For u € G define

u(t,A) = Au(t) + (1 = Nu(T), 0 <A <1, (17)
and let

alt, \)=M+(1-NT, 0< A< 1. (18)

For 0<A<1,0<e<1,define S: Ex[0,1] x[0,1] = E by

a(t,\)
S(u, A e)(t) =u(T) + 6/0 f(s,u(s, \))ds. (19)
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Then S is a completely continuous mapping and the theorem will be proved
once we show that

d(id — S(-,1,€), G, 0) # 0, (20)

for e sufficiently small, for if this is the case, S(-,1,€) has a fixed point in G
which is equivalent to the assertion of the theorem.

To show that (20) holds we first show that S(-, A, €) has no zeros on 0G for
all A € [0,1] and e sufficiently small. This we argue indirectly and hence obtain
sequences {u,} C 0G, {\,} C [0,1], and {e,}, €, — 0, such that

a(t,\n)
un(T) + En/ F(s,un(8,An))ds = un(t), 0 <t <T,
0

and hence

T
/ f(s,un(s,An))ds =0, n=1,2,---.
0

Without loss in generality, we may assume that the sequences mentioned con-
verge to, say, u and A9 and the following must hold:

u(t) =u(T) =a € 09.
Hence also
Un(t, An) — u(t, Ao) = u(T),

which further implies that

T
/ f(s,a)ds =0,
0
where a € 02, in contradiction to the assumptions of the theorem. Thus
d(id — S(-,0,¢),G,0) =d(@id — S(-, 1,¢),G,0)

by the homotopy invariance property of Leray-Schauder degree, for all e suffi-
ciently small. On the other hand

d(id — S(-,0,¢),G,0) =d(id — S(-,0,¢), GNRYN,0)
= d(ld - S(',O,G),Q,O)
d

if ¢ >0 and (—1)Vd(g,Q,0), if € < 0, completing the proof. 0

Corollary Assume the hypotheses of Theorem 7 and assume that all possible
solutions u, for 0 < € < 1, of equation (14) are such that v ¢ 0G, where G is
given by (16). Then (11) has a T— periodic solution.
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4.3 A Liénard type equation

In this section we apply Corollary 8 to prove the existence of periodic solu-
tions of Liénard type oscillators of the form

2" + h(z)r' +z = e(t), (21)
where

e:R—R
is a continuous T'— periodic forcing term and

h:R—R

is a continuous mapping. We shall prove the following result.

Theorem Assume that T' < 2m. Then for every continuous T'— periodic forcing
term e, equation (21) has a T— periodic response z.

We note that, since aside from the continuity assumption, nothing else is

assumed about h, we may, without loss in generality, assume that fOT e(s)ds =0,
as follows from the substitution

y=1x— /OTe(s)ds.

We hence shall make that assumption. In order to apply our earlier results, we
convert (21) into a system as follows:

=y
Y = —h(z)y - — e(t) (22)

and put

= () 1= (e ) %)

We next shall show that the hypotheses of Theorem 7 and Corollary 8 may be
satisfied by choosing

Q_{u_<§>:|:1:|<R, |y|<R}, (24)

where R is a sufficiently large constant. We note that (15) holds for such choices
of Q for any R > 0. Hence, if we are able to provide a priori bounds for solutions
of equation (14) for 0 < e <1 for f given as above, the result will follow. Now

(3)

is a solution of (14) whenever x satisfies

2" + eh(x)r’ + 2z = %e(t). (25)
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Integrating (25) from 0 to T, we find that

/OT 2(s)ds = 0.

Multiplying (25) by 2 and integrating we obtain

—l2' 72 + €zl 72 = €z, €) e, (26)
where (z,€)72 = fo s)ds. Now, since
T2
lell3s < oI, e

we obtain from (26)

(1- 5 ) 11 < el (29)

from which follows that

27T
/
Io'lee < (gramrgs ) el (29)

from which, in turn, we obtain

lolle < VT (s ) lelze (30)

providing an a priori bound on ||z|| .. We let

27T
(m) lellr= = M,

= max |h = .
0= max h@). p= el

Then
2"l oc < eqll2’|loc + €*(M + p).

Hence, by Landau’ s inequality (Exercise 6, below), we obtain
213 < 4M (eqlla’[| o + €*(M + p)),

from which follows a bound on ||2/||s which is independent of €, for 0 < e < 1.
These considerations complete the proof Theorem 9.
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4.4 Partial resonance

This section is a continuation of of what has been discussed in Subsection
4.2. We shall impose conditions on the finite dimensional vector field

zeRP — g(x)

T 31
g(I) = _fo f(S,iE,O)dS, ( )
which will guarantee the existence of solutions of an associated problem

u = ef(t,u,v),

v/ = Bu + eh(t,u,v) (32)

u(0) = u(T), v(0) = v(T),
where € is a small parameter and

f:RxRP x R? — RP
h:R xRP x R? — R¢

are continuous and T'—periodic with respect to ¢, p+¢ = N. Further Bisa gxg¢q
constant matrix with the property that the system v = Bv is nonresonant, i.e.
only has the trivial solution as a T—periodic solution. We have the following
theorem.

Theorem Assume the above and there exists a bounded open set 2 C RP such
that the mapping g defined by (31) does not vanish on 9S). Further assume that

d(g,9,0) #0, (33)

where d(g, 2, 0) is the Brouwer degree. Then problem (32) has a solution for all
sufficiently small e.

PROOF. To prove the existence of a T'— periodic solution (u,v) of equation (32)
is equivalent to establishing the existence of a solution of

u(t) = w(T) + € g f(s, u(s), vo(s))ds (34)
v(t) = ePo(T) + eePt [ e Bh(s, u(s),v(s))ds.

We consider equation (34) as an equation in the Banach space
E = C(0,T],R?) x C([0, T], R7).

Let A be a bounded neighborhood of 0 € R?. We define the bounded open set
G C F by

G={(u,v) € E:u:[0,T] > Q, v:[0,T] — A}. (35)
For (u,v) € G, define as in Subsection 4.2,

u(t,\) = du(t) + (1 — Nu(T), 0 < A <1, (36)
and let

a(t, \) =M+ (1-NT, 0< A< 1. (37)
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For 0 <A <1, 0<e<1define S=(51,52):Ex]0,1] x[0,1] — E by

S1(u, v, N, €)(t) =u(T) + ¢ fo (.2) (s,u(s, \), \v(s))ds

So(u, v, A, €)(t) = Bt (T) —i—)\eeBtf e Bsh(s,u(s),v(s))ds (38)

Then S is a completely continuous mapping and the theorem will be proved
once we show that

d(id — 8(-,-,1,€),G,0) # 0, (39)

for e sufficiently small, for if this is the case, S(-,1,¢€) has a fixed point in G
which is equivalent to the assertion of the theorem.

To show that (39) holds we first show that S(-, A, €) has no zeros on 0G for
all A € [0,1] and e sufficiently small. This we argue in a manner similar to the
proof of Theorem 7. Hence

d@id - S(-,-,0,¢),G,0) =d(@id — S(-, -, 1,€),G,0)

by the homotopy invariance property of Leray-Schauder degree, for all e suffi-
ciently small. On the other hand

d(id S(- ,o e) G,0)

= ef%2 0)ds,id — Sa(-,-0,¢€)), G, (0,0))
= d( f( O)ds 0 0) (1d SQ(, 0,¢),G,0)
= sgn det( efo ds,Q,0) # 0,
where G = C([0,T],A), completing the proof. 0

As before, we obtain the following corollary.

Corollary Assume the hypotheses of Theorem 10 and assume that all possible
solutions u,v, for 0 < e < 1, of equation (32) are such that u,v ¢ 0G, where G
is given by (35). Then (32) has a T— periodic solution for e = 1.

5 Exercises

1. Consider equation (1) with A a constant matrix. Give conditions that
I — eTF be nonsingular, where I — eTF is given as in Theorem 3. Use
Theorem 5 to show that equation (1) has a T—periodic solution provided
the set of T'—periodic solutions of (10) is a priori bounded for 0 < e < 1.

2. Prove Corollary 8.

3. Let f satisfy for some R > 0
ft,z)-2#0, |[z] =R, 0<t<T.

Prove that (11) has a T'—periodic solution v with |u(t)| < R, 0 <t < T.
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4. Let Q C RY be an open convex set with 0 €  and let f satisfy
f(t,z) n(x)#0, z€0Q, 0<t<T,

where for each z € 9Q, n(z) is an outer normal vector to Q at z. Prove
that (11) has a T—periodic solution u : [0,T] — Q.

5. Verify inequality (27).

6. Let z € C?[0,00). Use Taylor expansions to prove Landau’s inequality
12"l < 4llzlloollz” | o-

7. Complete the details in the proof of Theorem 10.

8. Assume that the unforced Liénard equation (i.e. equation (21) with e = 0)
has a nontrivial T'—periodic solution x. Show that T' > 2.

9. Prove Corollary 11.
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Chapter VIII
Stability Theory

1 Introduction

In Chapter VI we studied in detail linear and perturbed linear systems of
differential equations. In the case of constant or periodic coefficients we found
criteria which describe the asymptotic behavior of solutions (viz. Proposition 7
and Exercise 11 of Chapter 6.) In this chapter we shall consider similar problems
for general systems of the form

U/ = f(tvu)a (1)
where
f:RxRY - RN

is a continuous function.

If u : [tg,00) — RY is a given solution of (1), then discussing the behavior
of another solution v of this equation relative to the solution u, i.e. discussing
the behavior of the difference v —u is equivalent to studying the behavior of the
solution z = v — u of the equation

2 = f(tz +ult) — F(tu(b)), (2)

relative to the trivial solution z = 0. Thus we may, without loss in generality,
assume that (1) has the trivial solution as a reference solution, i.e.

f(t,0) =0,

an assumption we shall henceforth make.

2 Stability Concepts

There are various stability concepts which are important in the asymptotic
behavior of systems of differential equations. We shall discuss here some of them
and their interrelationships.

103
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1 Definition We say that the trivial solution of (1) is:

(i) _stable (s) on [tg, 00), if for every € > 0 there exists § > 0 such that any
solution v of (1) with |v(tg)| < § exists on [tg, 00) and satisfies |v(t)| < €, to <
t < oo;

(ii) asymptotically stable (a.s) on [to, 00), if it is stable and lim;_, o v(t) = 0,
where v is as in (i);

(iii) _unstable (us), if it is not stable;

(iv) uniformly stable (u.s) on [tg, 00), if for every € > 0 there exists § > 0
such that any solution v of (1) with |v(t1)| < d, t1 > to exists on [t;,00) and
satisfies |v(t)] <€, t1 <t < o0;

(v) uniformly asymptotically stable (u.a.s), if it is uniformly stable and there
exists & > 0 such that for all e > 0 there exists T = T'(¢) such that any solution v
of (1) with |v(t1)| < 6, t1 > tg exists on [t1,00) and satisfies [v(t)| <€, t1+T <
t < o0;

(v) strongly stable (s.s) on [tg,0), if for every ¢ > 0 there exists § > 0
such that any solution v of (1) with |v(t1)] < J exists on [tg,00) and satisfies
[v(t)] <€, to <t < o0.

2 Proposition The following implications are valid:

u.a.s = a.s

I I

S.8 = u.s = S.

If the equation (1) is autonomous, i.e. f is independent of t, then the above
implications take the from

u.a.s < a.s

I I

u.s ~ S.

The following examples of scalar differential equations will serve to illustrate
the various concepts.

3 Example 1. The zero solution of v’ = 0 is stable but not asymptotically
stable.

2

2. The zero solution of u' = u? is unstable.

3. The zero solution of v' = —u is uniformly asymptotically stable.

4. The zero solution of ' = a(t)u is asymptotically stable if and only if
limy—, oo ftto a(s)ds = —oco. It is uniformly stable if and only if fttl a(s)ds is
bounded above for t > t1 > ty. Letting a(t) = sinlogt + coslogt — o one
sees that asymptotic stability holds but uniform stability does not.
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3 Stability of Linear Equations

In the case of a linear system (A4 € C(R — £(RY,RY)))
u = A(t)u, (3)

a particular stability property of any solution is equivalent to that stability
property of the trivial solution. Thus one may ascribe that property to the
equation and talk about the equation (3) being stable, uniformly stable, etc.
The stability concepts may be expressed in terms of conditions imposed on a
fundamental matrix .

Theorem Let & be a fundamental matrix solution of (3). Then equation (3)
is :
(i) stable if and only if there exists K > 0 such that

()] < K, to <t < o0; (4)
(ii) uniformly stable if and only if there exists K > 0 such that

D)2 (s)| S K, to < s <t < o0; (5)
(iii) strongly stable if and only if there exists K > 0 such that

@) < K, [@71(1)] < K, to <t < o0; (6)
(iv) asymptotically stable if and only if

Jim [ @(8)] = 0; (7)
(v) uniformly asymptotically stable if and only if there exist K >0, a > 0
such that

|B(t)D 1 (s)| < Ke @79 < s<t< 0. (8)

PRrROOF. We shall demonstrate the last part of the theorem and leave the demon-
stration of the remaining parts as an exercise. We may assume without loss in
generality that ®(ty) = I, the N x N identity matrix, since conditions (4) -
(8) will hold for any fundamental matrix if and only if they hold for a par-
ticular one. Thus, let us assume that (8) holds. Then the second part of the
theorem guarantees that the equation is uniformly stable. Moreover, for each
6,0 < e< K, if weput T = —élog%, then for £ € RN, |¢] < 1, we have
|B(t)® ()] < Ke (1) if t; + T < t. Thus we have uniform asymptotic
stability.

Conversely, if the equation is uniformly asymptotically stable, then there
exists 6 > 0 and for all €, 0 < € < 9, there exists T' = T'(¢) > 0 such that if
|€] < 6, then

D) ()€ <€, t > t1 +T, t1 > to.
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In particular
[@(t + )2 (t)E] <e, [€] <,

or

|®(t +T)D (1)

Sl

| <

S

and thus

B+ (O] < 5 <L, t 2 to.

Furthermore, since we have uniform stability,
|®(t+h)®1(t)| <K, tg<t, 0<h<T.
If ¢t > t1, we obtain for some integer n, that t; + nT <t < t; + (n+ 1)7T, and

|B()P 1 (t1)| < |[®(E)P(t1 4+ nT)|[®(t1 +nT)® ()|
< K|®(ty +nT)®(t1 + (n — 1)T)|
@t +T)O (k)]
<K (5)"
Letting o = —% log 5, we get
|@(t)@ 1 (t1)] < Ke "o = KemoTe T2
< Klemo(t) ¢ >4 > ¢,

In the case that the matrix A is independent of ¢ one obtains the following
corollary.

Corollary Equation (3) is stable if and only if every eigenvalue of A has non-
positive real part and those with zero real part are semisimple. It is strongly
stable if and only if all eigenvalues of A have zero real part and are semisimple.
It is asymptotically stable if and only if all eigenvalues have negative real part.

Using the Abel-Liouville formula, we obtain the following result.

Theorem Equation (3) is unstable whenever

t
lim sup/ traceA(s)ds = oco. 9)
t—o0 to
If (3) is stable, then it is strongly stable if and only if
t
1itminf/ traceA(s)ds > —oo. (10)
— 00 t

Additional stability criteria for linear systems abound. The following concept of
the measure of a matrix due to Lozinskii and Dahlquist (see [7]) is particularly
useful in numerical computations. We provide a brief discussion.
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7 Definition For an N x N matrix A we define

10

11

. [T+ hA| —|I
A= lim ——— 11
w(A) = lim - , (11)
where | - | is a matrix norm induced by a norm |- | in RY and I is the N x N

identity matrix.

We have the following proposition:

Proposition For any N x N matrix A, u(A) exists and satisfies:

1. p(aA) = ap(A), a = 0;

2 lu(A)] < |Af;

3. u(A+ B) < p(A) + u(B);

4. lW(A) — u(B)| < [A - BJ.

If w is a solution of equation (3), then the function r(¢) = |u(t)| has a right
derivative 1/, (t) at every point ¢ for every norm |- | in RY and 7/, (¢) satisfies

Y () — p(A@)r(t) < 0. (12)

Using this inequality we obtain the following proposition.

Proposition Let A : [tg,o00) — RY*Y be a continuous matrix and let u be a
solution of (3) on [tg,00). Then

u(t)e™ fro PABE 1 <4 < oo (13)
is a nonincreasing function of t and

Ju(t)|efio HAEDDE o < < o (14)
is a nondecreasing function of t. Furthermore

Juto)le™ o A < Jug)] < fu(to)]els A, (15)
This proposition has, for constant matrices A, the immediate corollary.

Corollary For any N x N constant matrix A the following inequalities hold.
eft,u(fA) < ’etA‘ < et,u(A)'
The following theorem provides stability criteria for the system (3) in terms of

conditions on the measure of the coefficient matrix. Its proof is again left as an
exercise.

Theorem The system (3) is:
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1. unstable, if
¢
liminf | p(—A(s))ds = —o0;

t—oo to

2. stable, if

t
limsup/ w(A(s))ds < oo;

t—o00 to

3. asymptotically stable, if
t
lim w(A(s))ds = —o0;

t—oo [y
4. uniformly stable, if

1(A(t) <0, t > to;
5. uniformly asymptotically stable, if

HA() < —a <0, t> to.

4 Stability of Nonlinear Equations

In this section we shall consider stability properties of nonlinear equations
of the form

u = At)u+ f(t,u), (16)
where

f:RxRN - RN
is a continuous function with

|f(t.2)| < 7(t)la], = € RY, (17)

where «y is some positive continuous function and A is a continuous N x N matrix
defined on R. The results to be discussed are consequences of the variation of
constants formula (Proposition VI.6) and the stability theorem Theorem 4. We
shall only present a sample of results. We refer to [7], [5], [20], and [21], where
further results are given. See also the exercises below.

Throughout this section ®(¢) will denote a fundamental matrix solution of
the homogeneous (unperturbed) linear problem (3). We hence know that if u is
a solution of equation (16), then u satisfies the integral equation

u(t) = () <<I)_1(t0)u(t0) +/ Q)_l(s)f(s,u(s))ds) . (18)

to

The following theorem will have uniform and strong stability as a conse-
quence.
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Theorem Let f satisfy (17) with [~ ~y(s)ds < co. Further assume that
[@(1)2 " (s)| < K, tg <5 <t < o00.

Then there exists a positive constant L = L(to) such that any solution u of (16)
is defined for t > ty and satisfies

[u(®)] < Liu(t1)], t 2t = to.
If in addition ®(t) — 0 as t — oo, then u(t) — 0 as t — co.

PROOF. If u is a solution of of (16) it also satisfies (18). Hence

t

lu(®)] < Klu(t,)] +K/ V(s)|u(s)lds, t >,

ty

and

[u(®)] < Klu(ta)[e 2 % < Lu(n)], > 0,
where

L= K 19,
To prove the remaining part of the theorem, we note from (1) that

_ o
()] < 1(0)] (127" (to)ulto)] + | Ji2 @ (5)f (s, u(s))ds])
t _
1 BB s) (5, u(s)ds|

Now

/ O()D ™ (s) f(s,u(s))ds

t1

< KLlu(t)] [ (s)ds.
ty
This together with the fact that ®(¢) — 0 as t — oo completes the proof. 0

Remark It follows from Theorem 4 that the conditions of the above theo-
rem imply that the perturbed system (16) is uniformly (asymptotically) stable
whenever the unperturbed system is uniformly (asymptotically) stable. The
conditions of Theorem 12 also imply that the zero solution of the perturbed
system is strongly stable, whenever the unperturbed system is strongly stable.

A further stability result is the following. Its proof is delegated to the exer-
cises.

Theorem Assume that there exist K > 0, « > 0 such that
D) (s)| < Ke %) 15 < s <t < oo (19)

and f satisfies (17) with v < & a constant. Then any solution u of (16) is

defined for t > ty and satisfies
()] < KeP=lu(ty)], > 1 > to,

where f = a —vK > 0.
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Remark It again follows from Theorem 4 that the conditions of the above
theorem imply that the perturbed system (16) is uniformly asymptotically stable
whenever the unperturbed system is uniformly asymptotically stable.

5 Lyapunov Stability

5.1 Introduction

In this section we shall introduce some geometric ideas, which were first
formulated by Poincaré and Lyapunov, about the stability of constant solutions
of systems of the form

u' = f(t,u), (20)
where
f:RxRYN RN

is a continuous function. As observed earlier, we may assume that f(¢,0) =
0 and we discuss the stability properties of the trivial solution © = 0. The
geometric ideas amount to constructing level surfaces in R™ which shrink to 0
and which have the property that orbits associated with (20) cross these level
surfaces transversally toward the origin, thus being guided to the origin. To
illustrate, let us consider the following example.

v/ =ax —y+kx (22 +y?)
!/ __ _ 2 2 (21)

y' =z —ay+ky(z®+y°),

where a is a constant |a| < 1. Obviously z = 0 = y is a stationary solution of
(21). Now consider the family of curves in R? given by

v(z,y) = 2* — 2axy + y* = constant, (22)

a family of ellipses which share the origin as a common center. If we consider an
orbit {(z(t),y(t)) : t > to} associated with (21), then as ¢ varies, the orbit will
cross members of the above family of ellipses. Computing the scalar product of
the tangent vector of an orbit with the gradient to an ellipse we find:

Vo (2,y) =2k (2% + y?) (2% + y* — 2azy),

which is clearly negative, whenever k is (and positive if k is). Of course, we
may view v(z(t),y(t)) as a norm of the point (z(t),y(t)) and Vv - (z/,y) =
Ly(z(t),y(t)). Thus, if k < 0, v(z(t), y(t)) will be a strictly decreasing function
and hence should approach a limit as t — oco. That this limit must be zero
follows by an indirect argument. That is, the orbit tends to the origin and the
zero solution attracts all orbits, and hence appears asymptotically stable.
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5.2 Lyapunov functions

Let
v:RxRY =R, v(t,0)=0, t€R

be a continuous functional. We shall introduce the following terminology.

Definition The functional v is called:

1. positive definite, if there exists a continuous nondecreasing function ¢ :
[0,50) — [0, 00), with $(0) = 0, ¢(r) # 0, r # 0 and

o(lz]) <ov(t,z), z € RN, t > to;

2. radially unbounded, if it is positive definite and

lim ¢(r) = oo;

3. decrescent, if it is positive definite and there exists a continuous increasing
function 1 : [0,00) — [0, 00), with 1(0) = 0, and

Y(|z|) > v(t,z), € RN, t > to.
We have the following stability criteria.

Theorem Let there exist a positive definite functional v and §y > 0 such that
for every solution u of (20) with |u(to)| < do, the function v*(t) = v(t, u(t)) is
nonincreasing with respect to t, then the trivial solution of (20) is stable.

PROOF. Let 0 < € < §y be given and choose § = §(¢) such that v(tg, uo) < @(e),
for |ug| < 0. Let u be a solution of (20) with u(to) = ug. Then v*(¢) = v(t, u(t))
is nonincreasing with respect to ¢, and hence

v*(t) < v*(tg) = v(to, uo).

Therefore
P(lu(®)]) < v(t,u(t)) = v*(t) < v*(to) = v(to,uo) < p(e).
Since ¢ is nondecreasing, the result follows. 0

If v is also decrescent we obtain the stronger result.

Theorem Let there exist a positive definite functional v which is decrescent
and §y > 0 such that for every solution u of (20) with |u(t1)| < do, t1 > to the
function v*(t) = v(t,u(t)) is nonincreasing with respect to t, then the trivial
solution of (20) is uniformly stable.
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PROOF. We have already shown that the trivial solution is stable. Let 0 < € < Jg
be given and let § = 9~ 1(é(¢)). Let u be a solution of (20) with u(t;) = ug with
|ug| < 6. Then

o(lu(t)]) < wv(t,u(t)) =v*(t) <v*(t)
= v(t1,u0) < Y(|uol)
< P(6) = d(e).

The result now follows from the monotonicity assumption on ¢. [
As an example we consider the two dimensional system

o' = a(t)y + b(t)z (2* +y?)

y' = —a(t)e +b(t)y (2 +y?) (23)

where the coefficient functions a and b are continuous with b < 0. We choose
v(z,y) = 22 + 32, then, since

dv* ov

i o + Vo f(t,u).
we obtain

dv*

—2(t) (> +2)° < 0.

dt

Since v is positive definite and decrescent, it follows from Theorem 18 that the
trivial solution of (23) is uniformly stable.
We next prove an instability theorem.

Theorem Assume there exists a continuous functional
v:RxRN =R
with the properties:

1. there exists a continuous increasing function v : [0,00) — [0,00), such
that ¥(0) =0 and

lv(t, )| < (lz));
2. for all 6 > 0, and t; > tg, there exists xg, |xo| < & such that v(t1,z) < 0;

3. if u is any solution of (23) with u(t) = z, then

lim v(t + h,u(t+ h)) —v(t, ) < —e(la]),
h—0+ h

where c¢ is a continuous increasing function with ¢(0) = 0.

Then the trivial solution of (23) is unstable.
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PROOF. Assume the trivial solution is stable. Then for every ¢ > 0 there exists
0 > 0 such that any solution w of (23) with |u(tp)| < J exists on [tg,o0) and
satisfies |u(t)| < e, to <t < oo. Choose xg, |zo| < d such that v(tg,z0) < 0 and
let u be a solution with u(tg) = xo. Then

ot u(®))] < ¢(jut)]) < 3p(e). (24)

The third property above implies that v(t, u(t)) is nonincreasing and hence for
t Z tOu

v(t,u(t)) < v(to, o) < 0.
Thus
[v(to, o)| < ¥(|u(t)])
and
™ H([v(to, o)) < Ju(t)].
We therefore have
v(t,u(t)) < v(to,xo) —/t c(lu(s)|)ds,
which by (24) implies that
o(t,u(t)) < v(to, zo) — (£ — to)c(yp™ (Ju(to, z0)|),
and thus

lim v(t,u(t)) = —oo,

t—o0

contradicting (24). 0
We finally develop some asymptotic stability criteria.

Theorem Let there exist a positive definite functional v(t,z) such that
dv*  do(t,u(t))
e dt

for every solution w of (20) with |u(tg)| < g, with ¢ a continuous increasing
function and ¢(0) = 0. Then the trivial solution is asymptotically stable. If v is
also decrescent. Then the asymptotic stability is uniform.

< —c(u(t, u(t)),

PRrROOF. The hypotheses imply that the trivial solution is stable, as was proved
earlier. Hence, if u is a solution of (20) with |u(t)| < dg, then

vg = tli)rgo v(t, u(t))

exists. An easy indirect argument shows that vg = 0. Hence, since v is positive
definite,

Jim (ju(t)]) =0,
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implying that
lim |u(t)] =0,

t—oo

since ¢ is increasing. The proof that the trivial solution is uniformly asymptot-
ically stable, whenever v is also decrescent, is left as an exercise. [

In the next section we shall employ the stability criteria just derived, to,
once more study perturbed linear systems, where the associated linear system
is a constant coefficient system. This we do by showing how appropriate Lya-
punov functionals may be constructed. The construction is an exercise in linear
algebra.

5.3 Perturbed linear systems

Let A be a constant N x N matrix and let g : [tg,00) x RY — R be a
continuous function such that

g(t,z) = o(|z]),
uniformly with respect to ¢ € [tg,00). We shall consider the equation
u = Au+ g(t,u) (25)

and show how to construct Lyapunov functionals to test the stability of the
trivial solution of this system.
The type of Lyapunov functional we shall be looking for are of the form

v(z) = 27 Bz,

where B is a constant N x N matrix, i.e. we are looking for v as a quadratic
form. If w is a solution of (25) then

dv*  do(t,u(t))
a0 dt (26)

=u” (ATB + BA) u+ g* (t,u)Bu +u” Bg(t,u).

Hence, given A, if B can be found so that C' = AT B+ BA has certain definiteness
properties, then the results of the previous section may be applied to determine
stability or instability of the trivial solution. To proceed along these lines we
need some linear algebra results.

Proposition Let A be a constant N x N matrix having the property that for
any eigenvalue A of A, —\ is not an eigenvalue. Then for any N x N matrix C,
there exists a unique N x N matrix B such that C = AT B + BA.

PROOF. On the space of N x N matrices define the bounded linear operator L
by

L(B) = ATB + BA.
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Then L may be viewed as a bounded linear operator of RV *¥ to itself, hence it
will be a bijection provided it does not have 0 as an eigenvalue. Once we show
the latter, the result follows. Thus let u be an eigenvalue of L, i.e., there exists
a nonzero matrix B such that

L(B) = A"B+ BA = uB.
Hence
ATB+ B(A —pul) =0.
From this follows
B(A—ul)" = (-AT)" B,
for any integer n > 1, hence for any polynomial p
Bp(A — pul) = p(=A")B. (27)

Since, on the other hand, if F' and GG are two matrices with no common eigen-

values, there exists a polynomial p such that p(F') = I, p(G) = 0, (27) implies

that A— ul and —AT must have a common eigenvalue. From which follows that

p is the sum of two eigenvalues of A, which, by hypothesis cannot equal 0. ]
This proposition has the following corollary.

Corollary Let A be a constant N x N matrix. Then for any N x N matrix C,
there exists 1 > 0 and a unique N x N matrix B such that 2uB+C = AT B+ BA.

PrROOF. Let
SZ{)\E(CZ)\Z)\l-i-)\Q},

where A\; and Ay are eigenvalues of A. Since S is a finite set, there exists rg > 0,
such that \(# 0) € S implies that |A| > r¢. Choose 0 < u < r¢ and consider the
matrix A; = A — uI. We may now apply Proposition 21 to the matrix A; and
find for a given matrix C, a unique matrix B such that C = AT B 4+ BA,, i..
2uBC = ATB + BA. [

Corollary Let A be a constant N x N matrix having the property that all
eigenvalues A of A have negative real parts. Then for any negative definite
N x N matrix C| there exists a unique positive definite N x N matrix B such
that C = AT B + BA.

PROOF. Let C be a negative definite matrix and let B be given by Proposition
21, which may be applied since all eigenvalues of A have negative real part. Let
v(x) = 2T Bz, and let u be a solution of v’ = Au, u(0) = xg # 0. Then

dv*  do(u(t))

_ _ T (AT — T O < —ulul?
p e u" (A"B+ BA)u=u"Cu< —plul?,
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since C' is negative definite. Since lim;_, o, u(t) = 0 (all eigenvalues of A have
negative real part!), it follows that lim; . v(u(t)) = 0. We also have

o(u(t)) < v(zo) - / lu(s)[2ds,

from which follows that v(x¢) > 0. Hence B is positive definite.
The next corollary follows from stability theory for linear equations and what
has just been discussed.

Corollary A necessary and sufficient condition that an N x N matrix A have
all of its eigenvalues with negative real part is that there exists a unique positive
definite matrix B such that

A"B+BA=-1I.
We next consider the nonlinear problem (25) with

g(t, z) = o(|z), (28)

uniformly with respect to t € [tg, 00), and show that for certain types of matrices
A the trivial solution of the perturbed system has the same stability property
as that of the unperturbed problem. The class of matrices we shall consider is
the following.

Definition We call an N x N matrix A critical if all its eigenvalues have non-
positive real part and there exists at least one eigenvalue with zero real part.
We call it noncritical otherwise.

Theorem Assume A is a noncritical N x N matrix and let g satisfy (28).
Then the stability behavior of the trivial solution of (25) is the same as that
of the trivial solution of ' = Au, i.e the trivial solution of (25) is uniformly
asymptotically stable if all eigenvalues of A have negative real part and it is
unstable if A has an eigenvalue with positive real part.

PROOF. (i) Assume all eigenvalues of A have negative real part. By the above
exists a unique positive definite matrix B such that

A"B+BA=-1I.
Let v(z) = 7 Bx. Then v is positive definite and if u is a solution of (25) it
satisfies
dv* dv(u(t))

= —|u(t)]* + g7 (t,u) Bu + u" Bg(t, u).
Now

|97 (t,u)Bu +u” Bg(t, u)| < 2|g(t, u)||Bllul.
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Choose r > 0 such that |z| < r implies
Lot
then

dv* 1
< — 2
< —ZJu(t),

as long as |u(t)| < r. The result now follows from Theorem 20.

(ii) Let A have an eigenvalue with positive real part. Then there exists g > 0
such that 2u < |A; + )|, for all eigenvalues A;, A; of A, and a unique matrix B
such that

ATB+BA=2uB -1,

as follows from Corollary 22. We note that B cannot be positive definite nor
positive semidefinite for otherwise we must have, letting v(z) = 27 Bz,

O o (1)~ Juo)?
or
t
e 2hy*(t) — v*(0) = —/ e 218 |u(s)|2ds
0
ie

t
0 <v*(0) — / e 25 |u(s)|*ds
0

for any solution u, contradicting the fact that solutions u exist for which

t
/ e |u(s)|2ds
0

becomes unbounded as t — oo (see Chapter ??7). Hence there exists zg # 0,
of arbitrarily small norm, so that v(zg) < 0. Let u be a solution of (25). If
the trivial solution were stable, then |u(t)| < r for some r > 0. Again letting
v(z) = 27 Bx we obtain

dv*

= 2uv*(t) — |u(t)|® + ¢ (t,u) Bu + uT Bg(t, u).
We can choose r so small that

gt u)l|Bllul < ghuf?, Jul <
hence

t
e hy*(t) —v*(0) < ——/ e 2 u(s)|ds,
0
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i.e.

V() < €2t (0) — —ox,

contradicting that v*(¢) is bounded for bounded u. Hence u cannot stay bounded,
and we have instability.

If it is the case that the matrix A is a critical matrix, the trivial solution of
the linear system may still be stable or it may be unstable. In either case, one
may construct examples, where the trivial solution of the perturbed problem
has either the same or opposite stability behavior as the unperturbed system.

6

A T o

10.
11.
12.

13.

Exercises

Prove Proposition 2.

Verify the last part of Example 3.

Prove Theorem 4.

Establish a result similar to Corollary 5 for linear periodic systems.

Prove Theorem 6.

Show that the zero solution of the scalar equation
2 +a(t)r =0

is strongly stable, whenever it is stable.

Prove Proposition 8.

Establish inequality (12).

Prove Proposition 9.

Prove Corollary 10.

Prove Theorem 11.

Show that if [* p(A(s))ds exists, then any nonzero solution u of (3)
satisfies

lim sup |u(s)| < oo.

t—o0

On the other hand, if [* u(—A(s))ds exists, then

0 # litminf lu(s)| < oo.

If A is a constant N x N matrix show that u(A) is an upper bound for
the real parts of the eigenvalues of A.
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14.

15.

16.

17.

18.

19.

Verify the following table:

] 4] wA)
max; |xl| max; Zk |aik| max; (aii + Zk;ﬁi |aik|)
Sl | maxe 2 Jaal | mas (ae + 5,0 o)
VOLHE A Ae

where \*, A\, are, respectively, the square root of the largest eigenvalue of
AT A and the largest eigenvalue of % (AT + A) .

Prove that if [A]> = 37, 3" a;, then

_ trace(A)

If the linear system (3) is uniformly (asymptotically) stable and
B : [tp,00) — RNV

is continuous and satisfies
/Oo |B(s)|ds < oo,

then the system
u' = (A(t) + B(t)u

is uniformly (asymptotically) stable.
Prove Theorem 14.

If the linear system (3) is uniformly asymptotically stable and B : [tg, 00) —

RNV >N ig continuous and satisfies
lim |B(t)| =0,
t—o0

then the system
u = (A(t) + B(t))u

is also uniformly asymptotically stable.

Complete the proof of Theorem 20.
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20.

21.

22.
23.

Consider the Liénard oscillator
2" + f(z)z’ + g(z) = 0,

where f and g are continuous functions with g(0) = 0. Assume that there
exist « > 0, B > 0 such that

/ g(s)ds < B = |z| < «,
0
and
0<z|<a = g(x)F(z) >0,

where F(z) = fom f(s)ds. The equation is equivalent to the system

Using the functional v(z,y) = %yQ + fom g(s)ds prove that the trivial solu-
tion is asymptotically stable.

Let a be a positive constant. Use the functional v(z,y) = % (y2 + :102) to
show that the trivial solution of

a:”—|—a(1—x2)3:’—|—3:20,

is asymptotically stable. What can one say about the zero solution of
2" +a(z®—1)2' +z2 =0,

where again a is a positive constant?

Prove Corollary 23.

Consider the situation of Proposition 21 and assume all eigenvalues of
A have negative real part. Show that for given C' the matrix B of the
Proposition is given by

B= / eATtCeAldt.
0
Hint: Find a differential equation that is satisfied by the matrix
P = [ A0 0as
t

and show that it is a constant matrix.
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24. Consider the system
v/ =y+ax (2* +y?)
y = —z+ay (22 +y?).

Show that the trivial solution is stable if @ > 0 and unstable if a < 0.
Contrast this with Theorem 26.

25. Show that the trivial solution of
x = =23
y =z

is stable. Contrast this with Theorem 26.
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Chapter IX
Invariant Sets

1 Introduction

In this chapter, we shall present some of the basic results about invariant
sets for solutions of initial value problems for systems of autonomous (i.e. time
independent) ordinary differential equations. We let D be an open connected
subset of RY, N > 1, and let

f:D—RN

be a locally Lipschitz continuous mapping.
We consider the initial value problem

uo= f(u)
u(0) = weD (1)

and seek sufficient conditions on subsets M C D for solutions of (1) to have the
property that {u(t)} C M, t € I, whenever ug € M, where I is the maximal
interval of existence of the solution u. We note that the initial value problem (1)
is uniquely solvable since f satisfies a local Lipschitz condition (viz. Chapter
V). Under these assumptions, we have for each ug € D a maximal interval of
existence I,,, and a function

w:l,, — D
t —  u(t,ug),

(2)

i.e., we obtain a mapping

w:ly, xD—D
(t,up) — u(t, up).

Thus if we let

U = Uyepl, x {v} CRxRY,
we obtain a mapping

u:U — D,

which has the following properties:

123
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Lemma 1. w is continuous,
2. u(0,ug) = ug, Yug € D
3. for each ug € D, s € Iy, and t € Iy, Wwe have s +t € I, and
u(s +t,up) = u(t, u(s, up)).

A mapping having the above properties is called a flow on D and we shall
henceforth, in this chapter, use this term freely and call v the flow determined

by f.

2 Orbits and Flows

Let u be the flow determined by f via the initial value problem (1). We shall
use the following (standard) convention. If S C I,,, = (¢, , 1),

g Lug
u(S,up) ={v:v=u(t,ug), t €S C I}
We shall call
V(v) = u(ly,v)
the orbit of v,
v () = u((0,£]),v)

the positive semiorbit of v and

'7_(’0) = u((t, O])v v)

the negative semiorbit of v.

Furthermore, we call v € D a stationary or critical point of the flow, when-
ever f(v) = 0. It is, of course immediate, that if v € D is a stationary point,
then I, = R and

Y() =77 (v) =77 (v) = {v}.

We call v € D a periodic point of period T of the flow, whenever there exists
T > 0, such that u(0,v) = u(T,v). If v is a periodic point which is not a critical
point, one calls T' > 0 its minimal period, provided u(0,v) # u(t,v), 0 <t < T.

We have the following proposition.

Proposition Let u be the flow determined by f and let v € D. Then either:
1. v is a stationary point, or
2. v is a periodic point having a minimal positive period, or
3. the flow u(-,v) is injective.

If v (v) is relatively compact, then t*(v) = +o0, if v~ (v) is relatively com-
pact, then t~ (v) = —oo, whereas if v(v) is relatively compact, then I, = R.
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3 Invariant Sets

A subset M C D is called positively invariant with respect to the the flow u
determined by f, whenever

v (v) € M, Vv € M,

i.e.,
yH(M) C M.

We similarly call M C D negatively invariant provided

(M) C M,
and invariant provided
~v(M) C M.

We note that a set M is invariant if and only if it is both positively and
negatively invariant.
We have the following proposition:

Proposition Let u be the flow determined by f and let V. C D. Then there
exists a smallest positively invariant subset M,V C M C D and there exists a
largest invariant set M, M C V. Also there exists a largest negatively invariant
subset M, V O M and there exists a smallest invariant set M, M > V. As a
consequence V contains a largest invariant subset and is contained in a smallest
invariant set.

As a corollary we obtain:

Corollary (i) If a set M is positively invariant with respect to the flow u, then
so are M and intM.

(ii) A closed set M is positively invariant with respect to the flow u if and only
if for every v € OM there exists € > 0 such that u([0,¢€),v) C M.

(iii) A set M is positively invariant if and only if compM (the complement of
M) is negatively invariant.

(iv) If a set M is invariant, then so is M. If OM is invariant, then so are M,
R\ M, and intM.

We now provide a geometric condition on OM which will guarantee the
invariance of a set M and, in particular will aid us in finding invariant sets.

We have the following theorem, which provides a relationship between the
vector field f and the set M (usually called the subtangent condition) in order
that invariance holds.

Theorem Let M C D be a closed set. Then M is positively invariant with
respect to the flow u determined by f if and only if for every v € M

lim i dist(v + tf(v), M)

im i - = 0. (4)
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PROOF. Let v € M, then a Taylor expansion yields,
u(t,v) =v+tf(v)+o(t), t > 0.

Hence, if M is positively invariant,
dist(v + tf(v), M) < |u(t,v) —v —tf(v)| = o(t),

proving the necessity of (4).

Next, let v € M, and assume (4) holds. Choose a compact neighborhood
B of v such that B C D and choose € > 0 so that u([0,¢],v) C B. Let w(t) =
dist(u(t,v), M), then for each ¢t € [0, €| there exists v; € M such that w(t) =
|u(t,v) —v¢)| and limy_,o4 vy = v. It follows that for some constant L,

w(t+s) = [ult+5,0) — vy

w(t) + [ult + 5,0) — u(t, ) — s f(u(t,0))]
s|f(u(t,v)) — (Ut)|+|vt+5f(vt)—vt+s|
w(t) + sLw(t) 4+ dist(ve + ¢ f (ve), M),

I/\—I-I/\ H

because f satisfies a local Lipschitz condition. Hence
Diw(t) < Lw(t), 0 <t <e w(0) =0,

or
Dy (e HMw(t)) <0, 0<t <e, w(0) =0,

which implies w(t) <0, 0<t <e¢, ie w(t)=0. 0
We remark here that condition (4) only needs to be checked for points v €
OM since it obviously holds for interior points.
We next consider some special cases where the set M is given as a smooth
manifold. We have the following theorem.

Theorem Let ¢ € C'(D,R) be a function which is such that every value v €
¢~ 1(0) is a regular value, i.e. Vp(v) # 0. Let M = ¢~ 1(—o0,0], then M is
positively invariant with respect to the flow determined by f if and only if

Vo(v) - f(v) <0, Yo € OM = ¢~ (0). (5)

We leave the proof as an exercise. We remark that the set M given in the
previous theorem will be negatively invariant provided the reverse inequality
holds and hence invariant if and only if

Vo(v) - f(v) =0, Yo € IM = ¢~ *(0),

in which case ¢(u(t,v)) =0, Vv € M, i.e. ¢ is a first integral for the differential
equation.
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4 Limit Sets

In this section we shall consider semiorbits and study their limit sets.
Let v (v), v € D be the positive semiorbit associated with v € D. We define
the set T (v) as follows:

It () ={w: Htn,}, tn /tF, ulty,v) — w}. (6)

The set ' (v) is the set of limit points of vT(v) and is called the positive limit
set of v. (Note that if ¢} < oo, then I'* (v) C dD.) In a similar vein one defines
limit sets for negative semiorbits v~ (v), v € D. Namely we define the set I'"(v)
as follows:

I~ (v) ={w: H{tn}, tn \t,, u(tn,v) — w}. (7)

The set I'~(v) is the set of limit points of v~ (v) and is called the negative limit
set of v. (Again note that if ¢, > —oo, then I'"(v) C 9D.)

For all the results discussed below for positive limit sets there is an analagous
result for negative limit sets; we shall not state these results.

We have the following proposition:

Proposition (i) yH) =T (v) UTT (v).
(i) I (0) = Nwer sy 77,
(iii) If v*(v) is bounded, then T't(v) # @ and compact.

(iv) If T (v) # 0 and bounded, then

lim dist (u(t,v),I"(v)) = 0.

t—th

(v) Tt (v) N D is an invariant set.

PRrROOF. We leave most of the proof to the exercises and only discuss the verifi-
cation of the last part of the proposition. Thus let us assume that TV (v)ND # (.
It then follows that ¢/ = co. Let w € 't (v) N D. Then there exists a sequence
{tn}2q, tn /" 00, such that u(t,,v) — w. For each n > 1, the function

Un(t) = u(t + tn,v)
is the unique solution of
u' = f(u), u(0) = u(tn,v),

and hence the maximal interval of existence of w, will contain the interval
[—tn, 00). Since u(tn,v) — w, there will exist a subsequence of {u,(¢)}, which
we relabel as {un(t)} converging to the solution, call it y, of
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We note that given any compact interval [a,b] the sequence {u,(t)} will be
defined on [a, b] for n sufficiently large and hence y will be defined on [a, b]. Since
this interval is arbitrary it follows that y is defined on (—o0, 00). Furthermore
for any tg

y(to) = lm wu,(to) = lim u(ty + tn,v),
and hence y(tg) € I'" (v). Hence solutions through points of I'* (v) are defined
for all time and their orbit remains in I'*(v), showing that Tt (v) N D is an
invariant set. 0

Theorem If v (v) is contained in a compact subset K C D, then T'"(v) # ()
is a compact connected set, i.e a continuum.

PROOF. We already know (cf. Proposition 7) that I'*(v) is a compact set. Thus
we need to show it is connected. Suppose it is not. Then there exist nonempty
disjoint compact sets M and N such that

I't(v) = MUN.

Let § = inf{lv —w|:v € M, w € N} > 0. Since M C I'*(v) and N C I'"(v),
there exist values of ¢ arbitrarily large such that dist(u(t,v), M) <  and values
of t arbitrarily large such that dist(u(t,v), N) < 3§
sequence {t, — oo} such that dist(u(t,,v), M) = 3. The sequence {u(t,,v)}
must have a convergent subsequence and hence has a limit point which is in
neither M nor N, a contradiction. 0

and hence there exists a

4.1 LaSalle’s theorem

In this section we shall return again to invariant sets and consider Lyapunov
type functions and their use in determining invariant sets.
Thus let ¢ : D — R be a C! function. We shall use the following notation

¢'(v) = Vo(v) - f(v).

Lemma Assume that ¢'(v) <0, Vv € D. Then for all v € D, ¢ is constant on
the set T (v) N D.

Theorem Let there exist a compact set K C D such that ¢'(v) <0, Vv € K.
Let

K={vekK:¢() =0}

and let M be the largest invariant set contained in K. Then for all v € D such
that v+ (v) C K

lim dist (u(t,v), M) = 0.

t—o0
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PROOF. Let v € D such that v (v) C K, then, using the previous lemma, we
have that ¢ is constant on 't (v), which is an invariant set and hence contained
in M. [

Theorem (LaSalle’s Theorem) Assume that D = RY and let ¢/(x) <0, Vx €
RY. Furthermore suppose that ¢ is bounded below and that ¢(xr) — oo as
|x| — oo. Let E = {v: ¢'(v) = 0}, then

tlggQ dist (u(t,v), M) =0,
for all v € RN, where M is the largest invariant set contained in E.
As an example to illustrate Theorem 11 consider the oscillator
ma” + he' + kx =0,

where m, h, k are positive constants. This equation may be written as

=y
Y = —sr— Ly
We choose
Basy) = 5 (myf + ke?)
and obtain that
¢ (w,y) = —hy”.

Hence E = {(x,y) : y = 0}. The largest invariant set contained in F is the
origin, hence all solution orbits tend to the origin.

5 Two Dimensional Systems

In this section we analyze limit sets for two dimensional systems in somewhat
more detail and prove a classical theorem (the Theorem of Poincaré-Bendixson)
about periodic orbits of such systems. Thus we shall assume throughout this
section that N = 2.

Let v € D be a regular (i.e. not critical) point of f. We call a compact
straight line segment | C D through v a transversal through v, provided it
contains only regular points and if for all w € I, f(w) is not parallel to the
direction of I.

We shall need the following observation.

Lemma Let v € D be a regular point of f. Then there exists a transversal |
containing v in its relative interior. Also every orbit associated with f which
crosses [, crosses | in the same direction.
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PROOF. Let v be a regular point of f. Choose a neighborhood V' of v consisting
of regular points only. Let € R? be any direction not parallel to f(v), i.e.
n x f(v) # 0, (here x is the cross product in R3). We may restrict V further
such that n x f(w) # 0, Yw € V, and is bounded away from 0 on V. We then
may take [ to be the intersection of the straight line through v with direction 7
and V. The proof is completed by observing that

n X f(w) = (0,0,[n][f(w)[sin0),

where 6 is the angle between 7 and f(w). 0

Lemma Let v be an interior point of some transversal [. Then for every e > 0
there exists a circular disc D. with center at v such that for every w € D,
u(t,w) will cross in time t, |t| < e.

PRrROOF. Let v € int [ and let
Il={z:z=v+sn, so<s<s1}.

Let B be a disc centered at v containing only regular points of f. Let L(t,w) =
auq (t, w) + busz(t,w) + ¢, u = (u1,us), where u(t,w) is the solution with initial
condition w and auj + bus + ¢ = 0 is the equation of the straight line containing
I. Then L(0,v) = 0, and %—f((),v) = (a,b) - f(v) # 0. We hence may apply the
implicit function theorem to complete the proof. [

Lemma Let | be a transversal and let T' = {w = u(t,v) : a < t < b} be a
closed arc of an orbit u associated with f which has the property that u(t1,v) #
u(te,v), a <ty <ty <b. Then if T intersects | it does so at a finite number of
points whose order on I is the same as the order on . If the orbit is periodic it
intersects | at most once.

The proof relies on the Jordan curve theorem and is left as an exercise. The
next lemma follows immediately from the previous two.

Lemma Let v (v) be a semiorbit which does not intersect itself and let w €
I'*(v) be a regular point of f. Then any transversal containing w in its interior
contains no other points of 't (v) in its interior.

Lemma Let v*(v) be a semiorbit which does not intersect itself and which is
contained in a compact set K C D and let all points in 't (v) be regular points
of f. Then Tt (v) contains a periodic orbit.

PROOF. Let w € I'"(v). it follows from Proposition 7 that I't(v) is an invariant
set and hence that y*(w) C Tt (v), and thus also T'H(w) C T (v). Let z €
I'"(w), and let [ be a transversal containing z in its relative interior. It follows
that the semiorbit y*(w) must intersect I and by the above for an infinite
number of values of t. On the other hand, the previous lemma implies that all
these point of intersection must be the same. [
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It therefore follows from Lemma 16 that every point in 't (v) is a point on
some periodic orbit of a minimal positive period. On the other hand, it also
follows from earlier results that I'* (v) is a compact connected set. Hence, if for
some w € 't (v), v(w) # I'"(v), then Tt (v) \ v(w) must be a relatively open set
with A = 't (v) \ v(w) Nvy(w) # 0. One now easily obtains a contradiction by
examining transversals through points of A. One hence concludes that in fact
under the hypotheses of Lemma 16, the limit set 't (v) is a periodic orbit. We
summarize the above in the following theorem.

Theorem (Poincaré-Bendixson) Let v+ (v) be a semiorbit which does not
intersect itself and which is contained in a compact set K C D and let all points
in T'*(v) be regular points of f. Then T'*(v) is the orbit of a periodic solution
up with smallest positive period T.

Theorem Let T’ be a periodic orbit of (1) which together with its interior is
contained in a compact set K C D. Then there exists at least one singular point
of f in the interior of D.

PROOF. Let
Q) = intl.

Then f is continuous on Q and does not vanish on I' = 9. Let us assume
that f has no stationary points in Q. Then for each w € Q, TV (w) is a periodic
orbit. We partially order the collection {T', }oecr, where I is an index set, of all
periodic orbits which are contained in €2, by saying that

I'n <I'g & intl', C intl'g.

One now employs the Hausdorff minimum principle together with Theorem 17
to arrive at a contradiction. [

6 Exercises

1. Prove Lemma 1. Also provide conditions in order that the mapping u be
smooth, say of class C*.

2. Let uw be the flow determined by f (see Lemma 1). Show that if I,,, =

(tu, td ), then —t; : D — [0,00] and ¢} : D — [0, 00] are lower semicon-

tinuous functions of ug.
3. Prove Proposition 2.
4. Prove Proposition 3 and Corollary 4.

5. Prove Theorem 6.
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6.

10.
11.
12.
13.
14.
15.

16.
17.

Consider the three dimensional system of equations (the Lorenz system)

2= —ox+ oy
Yy =rr—y—x2
Z' = —bz + xy,

where o, r, b are positive parameters.

Find a family of ellipsoids which are positively invariant sets for the flow
determined by the system.

Prove Theorem 6.

Extend Theorem 6 to the case where
M =" vt (—o0,0].

Consider the special case where each ¢; is affine linear, i.e M is a paral-
lelepiped.

. Prove Proposition 7.

Prove Lemma 9.

Prove Theorem 17.

Prove Theorem 18.

Complete the proof of Lemma 12.
Prove Lemma 14.

Let u be a solution whose interval of existence is R which is not periodic
and let 4" (u(0)) and v~ (u(0)) be contained in a compact set K C D.
Prove that T (u(0)) and T'~(u(0)) are distinct periodic orbits provided
they contain regular points only.

Prove that rest points and periodic orbits are invariant sets.
Consider the system

/

T y—x3—|—,ux
/

Yy = —Z,

where p is a real parameter. Show that periodic orbits exist for all g > 0
and that these orbits collapse to the origin as u — 0. Also show that no
periodic orbits exist for u < 0.



Chapter X
Hopft Bifurcation

1 Introduction

This chapter is devoted to a version of the classical Hopf bifurcation theo-
rem which establishes the existence of nontrivial periodic orbits of autonomous
systems of differential equations which depend upon a parameter and for which
the stability properties of the trivial solution changes as the parameter is var-
ied. The proof we give is base on the method of Lyapunov-Schmidt presented
in Chapter II.

2 A Hopf Bifurcation Theorem

Let
f:R" xR —R",
be a C? mapping which is such that
f(0,a) =0, all « € R.

We consider the system of ordinary differential equations depending on a pa-
rameter a

du
— u,a) =0, 1
R ACHE)) (1)
and prove a theorem about the existence of nontrivial periodic solutions of this
system. Results of the type proved here are referred to as Hopf bifurcation
theorems.

We establish the following theorem.

1 Theorem Assume that f satisfies the following conditions:

1. For some given value of « = «ag, i = /—1 and —i are eigenvalues of
fu(0,00) and £ni, n =0,2,3,---, are not eigenvalues of f, (0, ap);
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2. in a neighborhood of ay there is a curve of eigenvalues and eigenvectors

fu (07 OZ)CL(OA) = 6((3‘)&(0‘) (2)
a(ag) # 0, Bag) =i, Re%Z|a, # 0.

Then there exist positive numbers € and n and a C' function
(u, py) : (=1,m) = Cop x R X R,

where C3_ is the space of 2m periodic C' R"— valued functions, such that
(u(s), p(s), a(s)) solves the equation

du

W of(m0) =0 (3
nontrivially, i.e. u(s) #0, s # 0 and

p(0) = 1, a(0) = ag, u(0) =0. (4)

Furthermore, if (ui,a1) Is a nontrivial solution of (1) of period 2mpy, with
o1 —1] <€ a1 —ap| <€ |ui(t)] < e t €[0,2mp1], then there exists s € (—n,n)
such that p1 = p(s), a1 = a(s) and u1(p1t) = u(s)(t+6), 7= p1t € [0,27], 0 €
[0, 27).

PROOF. We note that u(t) will be a solution of (1) of period 2mp, whenever
u(t), T = pt is a solution of period 27 of (3). We thus let X = C3_and Y =
Cs» be Banach spaces of C!, respectively, continuous 2r— periodic functions
endowed with the usual norms and define an operator

F:XxXxRxR —Y (5)
(u,p,a) —u' +pf(u,a), ==L

Then F belongs to class C? and we seek nontrivial solutions of the equation
F(u,p,a) =0, (6)

with values of p close to 1, « close to ag, and u # 0.
We note that

F(0,p,a) =0, forallpeR, a€R.

Thus the claim is that the value (1, «) of the two dimensional parameter (p, o)
is a bifurcation value. Theorem II.1 tells us that

u' 4+ fu(0, )u

cannot be a linear homeomorphism of X onto Y. This is guaranteed by the
assumptions, since the functions

¢o = Re(eTa(ao)), ¢1 =Im(e'a(ao))
are 2m— periodic solutions of

u' + fu(0, a0)u = 0, (7)
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and they span the the kernel of F, (0,1, ap),
kerFu(07 17 Oéo) = {¢07 ¢1 = _¢IO}

It follows from the theory of linear differential equations that the image, imF3, (0, 1, ag),
is closed in Y and that

imFU(Oalva()):{fEY: <fa¢z> :0,7;:0,1},

where (-, -) denotes the L? inner product and {1)g, ¢ } forms a basis for ker{ —u/+
(0, ap)u}, the differential equation adjoint operator of u’ + f,,(0, ag)u. In fact
Y1 = ¢ and (¢;,1;) = d;j, the Kronecker delta. Thus F, (0,1, ap) is a linear
Fredholm mapping from X to Y having a two dimensional kernel as well as a
two dimensional cokernel. We now write, as in the beginning of Chapter II,

X = VoW
Y = ZoT.

We let U be a neighborhood of (0,1, a9,0) in V x R x R x R and define G
on U as follows

_ [ LF(s(¢o+v),p,2), s#0
G(“’P’a’s)—{ Fu0.p.)(60 + 0), 5 = 0.

We now want to solve the equation
G(v,p,a,8) =0,

for v, p, a in terms of s in a neighborhood of 0 € R. We note that G is C* and
G(v,p,a,0) = (¢o +v)" + pfu(0, @) (do + v).

Hence
G(0, p,@,0) = ¢ + pfu(0,@)do.

Thus, in order to be able to apply the implicit function theorem, we need to
differentiate the map

(Uu P Oé) = G(U7 Py A, S)

evaluate the result at (0, 1, ag, 0) and show that this derivative is a linear home-
omorphism of V' x R x R onto Y.
Computing the Taylor expansion, we obtain

G(v,p,a,5) = G(0,1,a0,5) +G,(0,1,0,5)(p— 1) (8)
Ga(0,1, a0, 8)(a — ap) + G(0,1, g, 8)v + - - -,

and evaluating at s = 0 we get

Gop,a(0,1,00,0)(v,p—1,a—ag) = [fu(0,0)P0(p—1)
+fva(0,a0)po(a — o) (9)
+(" 4 fu(0,ap)v).
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Note that the mapping
Gl U/ + fv(ou 040)'0
is a linear homeomorphism of V' onto T. Thus we need to show that the map

(p7 a) = f’U(O7 aO)(bO(p - 1) + fva(ou a0)¢0(a - 040)

only belongs to T' if p = 1 and a = ap and for all 1) € Z there exists a unique
(p, @) such that

f'u(oa 040)¢0(ﬂ - 1) + f’t)a(07 040)(}50(04 - 040) = 1.

By the characterization of T', we have that

fo(0,a0)¢0(p — 1) + foa(0,0)po(ax — ag) € T

if and only if

< fv(OvaO)(bvai > (p - 1)+ < fva(0700)¢071/)i > (Oé - CY()) = 07
i=1,2. (10)

Since

fuva(0,20) b0 = =y = ¢1,
we may write equation (10) as two equations in the two unknowns p — 1 and
o — O,

< fva(oaao)éboal/fo > (Oé - aO) =0 (11)
(p - 1)"’ < fm(O,Oéo)éf’o,ZDl > (04 - 040) = 0

which has only the trivial solution if and only if

< foa(0,a0)do, Yo ># 0.

Computing this latter expression, one obtains

< fva(ov 040)05071/)0 >= Reﬁl(o)v

which by hypothesis is not zero. The uniqueness assertion we leave as an exer-
cise.

For much further discussion of Hopf bifurcation we refer to [19].

The following example of the classical Van der Pol oscillator from nonlinear
electrical circuit theory (see [19]) will serve to illustrate the applicability of the
theorem.

3

Example Consider the nonlinear oscillator
2"+ —a(l -2’ =0. (12)

This equation has for for certain small values of o nontrivial periodic solu-
tions with periods close to 2m.
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We first transform (12) into a system by setting

=()=(2)

and obtain

(2 2)0 () (8)

‘We hence obtain that

o= (1 )+ (8)

roa=( ).

whose eigenvalues satisfy
Bla+p)+1=0.

Letting ag = 0, we get 3(0) = %4, and computing % = (3 we obtain 263’ +3 a+
B=0,or ' = O;rgﬁ = —1, for a = 0. Thus by Theorem IL1 there exists 7 > 0
and continuous functions «(s), p(s), s € (—n,n) such that a(0) =0, p(0) =1
and (12) has for s # 0 a nontrivial solution z(s) with period 2mp(s). This

solution is unique up to phase shift.

and
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Chapter XI
Sturm-Liouville Boundary
Value Problems

1 Introduction

In this chapter we shall study a very classical problem in the theory of
ordinary differential equations, namely linear second order differential equations
which are parameter dependent and are subject to boundary conditions. While
the existence of eigenvalues (parameter values for which nontrivial solutions
exist) and eigenfunctions (corresponding nontrivial solutions) follows easily from
the abstract Riesz spectral theory for compact linear operators, it is instructive
to deduce the same conclusions using some of the results we have developed up
to now for ordinary differential equations. While the theory presented below is
for some rather specific cases, much more general problems and various other
cases may be considered and similar theorems may be established. We refer to
the books [5], [6] and [21] where the subject is studied in some more detail.

2 Linear Boundary Value Problems

Let I = [a, b] be a compact interval and let p, ¢, € C(I,R), with p, r positive
on I. Consider the linear differential equation

(p(t)2") + (\r(t) +q(t)z =0, t € I, (1)
where A is a complex parameter.

We seck parameter values (eigenvalues) for which (1) has nontrivial solutions
(eigensolutions or eigenfunctions) when it is subject to the set of boundary
conditions

z(a) cosa — p(a)x’(a)sina =0 @)
x(b) cos B — p(b)z' (b)sin 8 = 0,
where a and (3 are given constants and (without loss in generality, 0 < o <
m, 0 < 8 < m). Such a boundary value problem is called a Sturm-Liouville
boundary value problem.
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We note that (2) is equivalent to the requirement

crz(a) + c2a'(a) = 0, |e1| + Jez| # 0 (3)
csx(b) + caz’(b) =0, |es| + |ea| # 0.

We have the following lemma.

Lemma Every eigenvalue of equation (1) subject to the boundary conditions
(2) is real.

PROOF. Let the differential operator L be defined by
L(x) = (p2') + qu.
Then, if X is an eigenvalue
L(z) = —rz,
for some nontrivial  which satisfies the boundary conditions. Hence also
L(Z) = —Arx = —\rz.
Therefore
zL(x) — 2L(Z) = —(\ — N)rzz.

Hence

b b
/ (FL(z) — 2L(@)) dt = —(A — X) / razdt.

Integrating the latter expression and using the fact that both z and z satisfy
the boundary conditions we obtain the value 0 for this expression and hence
A=A 0

We next let u(t,\) = u(t) be the solution of (1) which satisfies the (initial)
conditions

u(a) = sina, p(a)u’(a) = cosa,

then u # 0 and satisfies the first set of boundary conditions. We introduce the
following transformation ( Prifer transformation)

p=/u?+p?(u)?, ¢=arctan i/
pU

Then p and ¢ are solutions of the differential equations

== o= Y i o

p
and

¢ = % cos? ¢ + (A + q) sin? ¢. (5)



2. LINEAR BOUNDARY VALUE PROBLEMS 141

Further ¢(a) = . (Note that the second equation depends upon ¢ only, hence,
once ¢ is known, p may be determined by integrating a linear equation and
hence u is determined.

We have the following lemma describing the

dependence of ¢ upon .

Lemma Let ¢ be the solution of (5) such that ¢(a) = «. Then ¢ satisfies the
following conditions:

1. ¢(b, ) is a continuous strictly increasing function of \;
2. limy— 00 ¢(b, A) = 005
3. limy— oo ¢(b, A) = 0.

PROOF. The first part follows immediately from the discussion in Sections V.5
and V.6. To prove the other parts of the lemma, we find it convenient to make
the change of independent variable

s—/at]%7

which transforms equation (1) to

d
- —. (6)

We now apply the Priifer transformation to (6) and use the comparison theorems
in Section V.6 to deduce the remaining parts of the lemma. [

Using the above lemma we obtain the existence of eigenvalues, namely we
have the following theorem.

2"+ p(hr + @) =0,/

Theorem The boundary value problem (1)-(2) has an unbounded infinite se-
quence of eigenvalues

A <AL <Ao< eee
with

lim A\, = co.

n—oo

The eigenspace associated with each eigenvalue is one dimensional and the eigen-
functions associated with Ay have precisely k simple zeros in (a, b).

ProoF. The equation

B+ km = ¢(b, \)
has a unique solution A, for & = 0,1,---. This set {\;}32, has the desired
properties. 0

We also have the following lemma.
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Lemma Let u;, i = j, k, j # k be eigenfunctions of the boundary value prob-
lem (1)-(2) corresponding to the eigenvalues A\; and A\i. Then wu; and uy are
orthogonal with respect to the weight function r, i.e.

b
(uj,ug) = / rujug = 0. (7)

In what is to follow we denote by {u;}5°, the set of eigenfunctions whose
existence is guaranteed by Theorem 3 with u; an eigenfunction corresponding
to A;, @ =0,1,--- which has been normalized so that

/ab ru? = 1. (8)

We also consider the nonhomogeneous boundary value problem
(p(t)2") + (\r(t) +q(t)z =rh, t €I, (9)

where h € L?(a,b) is a given function, the equation being subject to the bound-
ary conditions (2) and solutions being interpreted in the Carathéodory sense.
We have the following result.

Lemma For A = )\, equation (9) has a solution subject to the boundary con-
ditions (2) if and only if

b
/ rugh = 0.

If this is the case, and w is a particular solution of (9)-(2), then any other
solution has the form w + cuy, where c is an arbitrary constant.

PROOF. Let v be a solution of (p(t)z’) + (A\gr(t) +¢(t))x = 0, which is linearly
independent of uy, then

c
(" —ujv) = =,

where ¢ is a nonzero constant. One verifies that

w(t) = % (v(t) /atrukh—i-uk /fm)

is a solution of (9)-(2) (for A = \), whenever f: rugh = 0 holds. 0

3 Completeness of Eigenfunctions

We note that it follows from Lemma 5 that (9)-(2) has a solution for every
Ak, kK =0,1,2,---if and only if f;rukh =0, for k =0,1,2,---. Hence, since
{u;}3°, forms an orthonormal system for the Hilbert space L2(a,b) (i.e. L?(a,b)
with weight function r defining the inner product), {u;}5°, will be a complete
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orthonormal system, once we can show that f; ugh = 0, for k = 0,1,2,---,
implies that h = 0 (see [37]). The aim of this section is to prove completeness.
The following lemma will be needed in this discussion.

Lemma If A\ # \;, k = 0,1,--- (9) has a solution subject to the boundary
conditions (2) for every h € L?(a,b).

PROOF. For A # i, k=0,1,--- we let u be a nontrivial solution of (1) which
satisfies the first boundary condition of (2) and let v be a nontrivial solution of
(1) which satisfies the second boundary condition of (2). Then

C
U/U/ —U/’U = —

p

with ¢ a nonzero constant. Define the Green’s function

1 { v(t)u(s), a <s<t

Glt,s) = c | v(s)u(t), t<s<b.

(10)
Then

b
w(t) :/ G(t,s)r(s)h(s)ds

is the unique solution of (9) - (2). 0
We have the following corollary.

Corollary Lemma 6 defines a continuous mapping

G : L*(a,b) — C'a,b], (11)
by

h+— G(h) = w.
Further

(Gh,w) = (h, Gw).

PRrOOF. We merely need to examine the definition of G(¢, s) as given by equation

(10). 0

Let us now let
S ={we L*(a,b): (u;,h) =0, i =0,1,2,--}. (12)
Using the definition of G we obtain the lemma.
Lemma G:5—8S.

We note that S is a linear manifold in L?(a, b) which is weakly closed, i.e. if
{zn} C S is a sequence such that

(Tp, Yy — (x, h), Yh € L2(a,b),

then x € S.
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Lemma If S # {0}, then there exists x € S such that

(G(),2) #0.

ProoF. If (G(x),z) = 0 for all z € S, then, since S is a linear manifold, we
have for all z,y € S and a € R

0 =(Gla+ay),+ay)
— 20(G(y), ),

in particular, choosing * = G(y) we obtain a contradiction, since for y # 0

G(y) # 0. 0

Lemma If S # {0}, then there exists x € S\{0} and u # 0 such that
G(z) = pa.
PROOF. Since there exists x € S such that (G(z),z) # 0 we set

_ { inf{(G(x),z) : x € S, ||z|| =1, if (G(z),z) <0, Vz € S}
sup{(G(z),z) : xz € S, ||z| =1, if (G(z),x) > 0, for some = € S}.

We easily see that there exists zg € S, ||zg|| = 1 such that (G(x¢),z0) = p # 0.
If S is one dimensional, then G(z¢) = pxzo. If S has dimension greater than 1,
then there exists 0 # y € S such that (y,zo) = 0. Letting z = \z/% we find
that (G(z), z) has an extremum at € = 0 and thus obtain that (G(xo),y) = 0,
for any y € S with (y,z0) = 0. Hence since (G(x) — g, o) = 0 it follows that
(G(xo), G(xg) — pxo) = 0 and thus (G(zo) — puxo, G(xo) — pxo) = 0, proving
that p is an eigenvalue. 0

Combining the above results we obtain the following completeness theorem.

Theorem The set of eigenfunctions {u; }32, forms a complete orthonormal sys-
tem for the Hilbert space L?(a,b).

Proor. Following the above reasoning, we merely need to show that S =
{0}. If this is not the case, we obtain, by Lemma 10, a nonzero element h €
S and a nonzero number g such that G(h) = ph. On the other hand w =
G(h) satisfies the boundary conditions (2) and solves (9); hence h satisfies the
boundary conditions and solves the equation

(p(OR)' + Orlt) + () = b, L€, (13)
ie. A— 1 = )\; for some j. Hence h = cu; for some nonzero constant c,

contradictﬁbng that h € S. 0
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Exercises
. Find the set of eigenvalues and eigenfunctions for the boundary value
problem
2"+ Xz =0

z(0) =0=2a'(1).

. Supply the details for the proof of Lemma 2.
. Prove Lemma 4.

. Prove that the Green’s function given by (10) is continuous on the square

[a,b]? and that % is continuous for ¢ # s. Discuss the behavior of this
derivative as t — s.

. Provide the details of the proof of Corollary 7. Also prove that G :

L?(a,b) — L*(a,b) is a compact mapping.

. Let G(t, s) be defined by equation (10). Show that

Glt,s) =Y 7%/@_”;(.5),
i=0 ‘

where the convergence is in the L? norm.

. Replace the boundary conditions (2) by the periodic boundary conditions

Prove that the existence and completeness part of the above theory may be
established provided the functions satisfy p(a) = p(b), ¢(a) = q(b), r(a) =

r(b).

. Apply the previous exercise to find the eigenvalues and eigenfunctions for

the boundary value problem

"+ Ax =0,
z(0) = z(2n)
z'(0) = ' (27).

. Let the differential operator L be given by

2
L(z) = (tz') + me, 0<t<l.

and consider the eigenvalue problem

L(z) = =M.
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In this case the hypotheses imposed earlier are not applicable and other
types of boundary conditions than those given by (3) must be sought in
order that a development parallel to that given in Section 2 may be made.
Establish such a theory for this singular problem. Extend this to more
general singular problems.
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