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Chapter 1

Introduction

These notes provide an introduction to the theory of dynamical systems. We
will begin by proving the fundamental existence and uniqueness theorem for
initial value problem for a system of first—order, ordinary differential equations.
We will then proceed to establish results dealing with continuous dependence
on initial conditions and parameters, and the question of extending solutions.
The main goal on this part of the course will be the definition of a flow of a
vector field in RYV. We will then study properties of flows, which are also known
as dynamical systems.

1.1 Integral Curves

We will presently formulate one of the fundamental question in the study of
dynamical systems that we will be studying in this course.

Let U be an open subset in RY and I be an open interval in R. Consider a
vector valued function, F: I x U — RY, defined on I x U, given by

filt, 1,29, 2N)
fg(t,xl,l’g, ey £EN)
F(t7l'1,f132,...,x]\[): . 5 (11)
fN(t,Z‘l, Loy .. ,l‘N)
where fi, fa,..., fn are real valued functions defined on I x U. F is called a
(time dependent) vector field defined on U; at each point (1,32, ...,zxN) in the
open set U, and at “time” ¢t € I, F(t,x1,72,...,2y) gives a vector in RV,

Let J be an open interval contained in I. A vector—valued function
u:J = U

given by
w(t) = (x1(t), z2(t),...,zn (1)),

5
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is said to be a O curve in U if all the component functions

r;: J—>R, fori=1,2,...,N,

are differentiable with continuous derivatives, z}(¢), for ¢ = 1,2,...,N. The
vector

(1)

z5(t)

u'(t) =

oy ()
is called the tangent vector to the curve u at u(t), for ¢t € J.
The first question that we would like to answer is the the following: Given
a point p, € U and a time t, € I, is there a C! curve, u: J — U, defined on
some subinterval, J, of I which contains t,, such that

U(to) = Do,

and
u'(t) = F(t,u(t)), forallte J?

In other words, given a point, p,, in U, is it possible to find a C' curve through
po when t = t,, and such that its tangent vectors are prescribed by the vector
field F? If this is the case, we say that x(t) = u(t), for t € J, solves the initial
value problem (IVP)

d
o =F(t,x);
dt (1.2)
x(to) = Po-
Here, z = z(t) denotes the vector valued function
1 (t)
()
zt)=1 . |,
.TN(t)
dz .
and 7 s the tangent vector at ¢,
(1)
dr | %2 (t)
at :
(1)

If a C' curve, u: J — U, satisfying the IVP (1.2) exists, we will call it an
integral curve of the vector field F' going through the point p, when ¢ =t,. We
will see in subsequent chapters that for an integral curve to exist, it is sufficient
that the vector field, F, be continuous in a neighborhood of the point (t,,po)-
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Example 1.1.1. In this one-dimensional example, we let U = R, ¢, = 0,
po = 0, and
F(t,x) =tz'/3,  for all (t,z) € R%

We find a solution to the IVP

dx

— =F(t,x);

a ~ T (1.3)
z(0) =0,

by first separating variables in the ODE

dz 1
el VA
at ~ "
to get
32 =% 4 ¢, (1.4)

for some arbitrary constant, c. Using the initial condition in the IVP (1.3), we
obtain from (1.4) that ¢ = 0, so that

t3

solves the IVP (1.3).
Note that the function defined by

xz(t) =0, forallteR,

also solves the IVP (1.3). Thus, uniqueness of a solution to the IVP (1.2) is not,
in general, guaranteed for a continuous vector field, F.

1.2 Flows

One of our goals in this course is to define the flow of a vector field, F'. Heuris-
tically, the flow of a vector field, F': I x U — U, where [ is an open interval
containing 0, is a map, 6, from a domain D C I x U to U, which assigns to each
point (¢,p) € D, the value of u,(t), where u,: J, — U is an integral curve of F
that solves the IVP

dx

— = F(t,x);

a =1 (1.5)
z(0) = p.

(The interval of existence, J,, for u, is assumed here to contain both 0 and t).
Thus,
0(t,p) = uy(t), for (t,p) € D.

Observe that for the map, 6, to be well defined, through each point p € U there
must exist a most one integral curve, u,, of F'. As was pointed out in Example
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1.1.1, the IVP (1.2) is not always guaranteed to have a unique solution. We
will see in the next chapter that uniqueness of the integral curve going through
a point (t,,p,) in I x U is guaranteed for the case in which, in addition to the
vector field, F', being continuous, the field F (¢, x) is assumed to satisfy a local
Lipschitz condition in the second variable; that is, there exists a ball of radius
7o > 0 around p,, denoted by By, (p,), such that B, (p,) C U (here, B, (p,)
denotes the closure of the open ball B, (p,) = {x € R" | || — po|| < 7o}; that
is, By, (po) = {z € R" | ||z — po|| < 70}); a positive number &, > 0 such that
[to — 0o, to + o] C I; and a constant K,, depending on p,, for which

IF(t,a) = F(ty)ll < Kolle —yll, for 2,y € By, (po), and |t — t,] < .

The symbol ||| denotes the Euclidean norm of a vector z € RY; in other words,

loll = \/a? + 23+ + %

An example of a vector field for which a local Lipschitz condition holds is a C!
vector field, F'; that is, a vector field as given in (1.1) in which the component
functions have continuous partial derivatives

ofi 0f;
8t’ ij’

fori,j =1,2,...,N.

We will also need to give a more precise definition of the domain, D, for
the flow map, 6. This will entail knowing that each integral curve, u,, through
p € U is defined on a maximal interval of existence J, containing t,; that is,
Jp contains any open interval containing ¢, on which a integral curve satisfying
the IVP (1.5) is defined. This will also be proved in the next chapter.

Finally, we also want the flow map,

0:D—=U

to be continuous. This will require proving results regarding continuous depen-
dence on initial conditions. We will prove these continuity results for the case
in which F' is Lipschitz continuous in the next chapter.



Chapter 2

Fundamental Existence
Theory for Ordinary
Differential Equations

Let I denote an open interval and U be an open subset of RY. Assume that
F:I1xU—-=U

is a continuous vector field, which satisfies a local Lipschitz condition at (to,po) €
I x U; that is, there exist positive numbers 7, and §, such that B, (p,) C U
and [t, — 0o, to + o] C I, and a constant K, for which

|F(t,z) — F(t,y)|| < Kollx —yl|, for z,y € By, (p,), and [t —t,| <. (2.1)

We begin this chapter by proving that there there exists a positive constant, 9,
such that § < 6, and a C! curve

u: (to — 0, to +90) = U
such that
u(to) = Po,
and
u'(t) = F(t,u(t)), forallte (t,—0,t,+0d).
We shall refer to this as the Local Existence and Uniqueness Theorem for Lip-
schitz continuous vector fields. We will state it here for future reference.

Theorem 2.0.1 (Local Existence and Uniqueness Theorem). Let I C R be an
open interval, and U C RY be an open set. Let (t,,p,) € I x U and suppose
that the vector field F': I xU — U satisfies a local Lipschitz condition at (t,, p,)
given in (2.1). Then, there exists § > 0 and a C! function

u: (to — 0, t, +0) > U

9
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that solves the IVP

dx

— =F(t,x);

ar ~ T (2.2)
x(to) = Po

over the interval (¢, — d,t, + 0).

The main goal of this chapter is to provide a proof of Theorem 2.0.1 and its
extensions. In the next section we set up the framework that will be needed in
the proof.

2.1 Setup for the Proof of Theorem 2.0.1

We first look for a local solution of IVP (2.2) among a class of functions defined
on some bounded interval [a, b] contained in (¢, — d,, t, +J,) and which contains
t,. We begin by considering the class of continuous functions,

u: [a,b] = RY,

defined on [a,b]. We will denote the class by C[a,b]. This is a vector space
which can be endowed with the norm

lul| = Jnax lu(®)|l, for all u € Cla,b]. (2.3)

€la,

Observe that the symbol || - || in (2.3) is used to mean two things: (1) to the
right of the equal sign in (2.3), |Ju(t)|| denotes the Euclidean norm of the vector
u(t) in RY; (2) to the left of the equal sign in (2.3), |lu|| denotes the norm of the
function u: [a,b] — RY being defined by the expression in (2.3). The context

will make clear which sense of the symbol || - || is being used.
The norm, || - ||, defined in (2.3) gives rise to metric, or distance function,
d(-,-), in the space C|a, b]:
d(u,v) = |lu—v|, for all u,v € Cla,b]. (2.4)

The space Cla,b] together with the metric, d(-,-) is a complete metric space;
meaning that any Cauchy sequence of functions, (u,), in C[a,b], converges to
a function in Cfa, b].

Definition 2.1.1 (Cauchy Sequence in C'(a,b)). A sequence of functions, (uy,),
in Cla, b] is said to be a Cauchy sequence if, for any € > 0, there exists M € N
such that

myn =M = d(um,u,) < &,

where d(-,-) is the metric in Cf[a, b] defined in (2.4).

Proposition 2.1.2 (Completeness of C(a,b)). Every Cauchy sequence of func-
tions, (u,), in C[a, b] converges to a continuous function, u: [a,b] — RY, in the
sense that

lim ||ty —ul| =0,
m— o0

where || - || is the norm in Cf[a, b] defined by the expression in (2.3).
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A proof of Proposition 2.1.2 may be found in various texts on Real Analy-
sis. For instance, in [Bar76], it is stated as the Cauchy Criterion for Uniform
Convergence on page 121.

Definition 2.1.3 (Banach Space). A vector space with norm, || - ||, that is also
complete with respect to the metric generated by that norm, is called a Banach
space.

Thus, Proposition 2.1.2 states that the space C|a,b] with the norm, || - ||,
defined in (2.3) is a Banach space.
Let I denote an open interval and U be an open subset in R"V. Suppose that
the vector field
F:IxU—RY

is continuous. Let (¢,,p,) € I x U and let [a,b] be a closed interval containing
t, in its interior with [a,b] C I. Given a function u € Cla,b] with the property
that u(t) € U for all t € [a,b], we can define a new function

T(u): [a,b] — RN

as follows:

T(u)(t) = po + t F(r,u(r)) dr, for all t € [a,}], (2.5)

to

where the integral on the right-hand side of the equal sign in (2.5) is to be
understood as a vector in RV with components given by

t
/fmu(r)) 4 fori—1.2.....N
to

Put
v(t) =T(u)(t), forallté€ la,b], .6
5

(2.6)
where T'(u): [a,b] — RY is as defined in (2.5). It then follows from (2.6), (2.5)
and the Fundamental Theorem of Calculus that v is differentiable over (a,b),
with
v'(t) = F(t,u(t)), forallte (a,b). (2.7)
Furthermore,
0(ts) = po. (2.8)

The expressions in (2.7) and (2.8) suggest one way to prove the existence of
a solution to the IVP in (2.2) defined over some interval (a,b) containing ¢,.
Suppose that we can find a function, u: [a,b] — R¥, that is a solution of the
fixed—point equation

T(u)(t) = u(t), fort € [a,b]. (2.9)
Then, that function will satisfy

u(to) = Do (2'10)
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and
W' (t) = F(t,u(t)), forallte (a,b), (2.11)

by virtue of (2.7) and (2.8). In other words, u solves the IVP (2.2) over the
interval (a,b).

Observe from the fixed—point equation in (2.9) that any solution of (2.9)
must lie in the image of T as well as the domain of 7. The domain of T" consists
of functions u in Cla, b] such that u(t) € U for all ¢ € [a, b]. From the definition
of the map T in (2.5) we see that it is not necessarily the case that, if u(t) € U for
all t € [a,b], then T'(u)(t) € U for all t € [a,b]. Thus, in order to find a solution
of the fixed—point equation in (2.9) we will need to restrict the domain of T so
that T'(u)(t) € U for all ¢ € [a,b] for all functions, u, in the restricted domain.
We can do this by using the assumption that U is open. Let B = B,.(p,), where
0 < 7 < 1y, be an open ball around p, such that B C U. We can then define a

subset of Cfa, b], which we will denote by C([a,b], B), as follows:
C([a,b], B) = {u € Cla,b] | u(t) € B for all t € [a,b]}.

Thus, the map T is defined on C([a,b], B) and it remains to show that the
interval [a, b] can be chosen so that T maps C([a, b], B) to itself. We can do this
by taking advantage of the assumption that the vector field, F', is continuous;
so that, it is bounded on the compact set [t, — 6,,to + 0] X By, (Do), where &,
and r, are as given in the statement of the Lipschitz condition in (2.1). In fact,
let

M, = F(t, ; 2.12
Jmax[F(t,)] 212
zE€By, (Po)

then, for any u € C([a,b], B), using (2.5), we obtain that
t
T@O-pl < | [ PG 0
to (2.13)
< M|t —tol,

for all t € [a, ], where we have also used (2.12). Thus, if we choose [a, b] a priori
to be [to — d,t, + d], for some § > 0 with § < d,, we obtain from (2.13) that

IT(u)(t) — poll < Moo, forallt € la,b]. (2.14)
Thus, by choosing § so that -
5< o (2.15)
we get from (2.14) and (2.15) that
IT(w)(®) —poll < r, foralltée]la,b], (2.16)

where

[a,b] = [to — 8, to + 0] (2.17)



2.2. PROOF OF LOCAL EXISTENCE AND UNIQUENESS 13

It then follows from (2.16) that, if [a,b] is given as in (2.17), where § is chosen
so that § < J, and (2.15) holds, then

T: C([a,b), B) — C([a,b], B); (2.18)

in other words, 7" maps the metric space C([a, b], B) to itself.

In order to prove that the map T defined in (2.5) has a fixed point, we may
apply one of various fixed point theorems to appropriately chosen [a,b] and B.
We will apply the Contraction Mapping Principle of Banach.

Definition 2.1.4 (Contraction). Let X denote a metric space with metric
d(-,-). A function T: X — X is said to be a contraction if there exists k > 0
such that k¥ < 1 and

d(T(x), T(y)) < k d(z,y), forallz,ye X. (2.19)

Remark 2.1.5. If the metric in X is generated by a norm, || - ||, then (2.19) in
the definition of a contraction reads

IT(z) =T <k|z—y|, foralazyelX. (2.20)

Theorem 2.1.6 (Contraction Mapping Principle). Let X be a complete metric
space and T: X — X be a contraction. Then, T has a unique fixed point in X.
That is, there exists a unique v € X such that

T(u) = u.

Theorem 2.1.6 is proved in various Real Analysis books. In one of the recom-
mended texts for this course, [Hal09], it is presented as the Contraction Mapping
Principle of Banach-Cacciopoli [Hal09, Theorem 3.1] and proved on page 5.

The proof of the local existence and uniqueness theorem for locally Lipschitz
continuous vector fields, which we will present in the next section, boils down
to proving that there is an appropriately chosen interval, [a,b], for which the
map

T: C([a,b], B) = C([a,b], B),
defined in (2.5), is a contraction. The proof of Theorem 2.0.1 will then follow
from the Contraction Mapping Principle (Theorem 2.1.6).

2.2 Proof of the Local Existence and Uniqueness
Theorem

In the previous section we saw that, if [a,b] = [t, — 0,t, + 0], where 6 > 0
satisfies § < 0, and (2.15), then the map T defined in (2.5) maps the metric
space C([a,b], B) to itself. We will now show that, by restricting & further, T
will be a contraction.
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Let u,v € C([a,b], B) and consider

T(u)(t) — T(v)(t) = /t (F(r,u(r)) = F(r,v(r))) dr, for all ¢ € [a,b], (2.21)

o

where we have used the definition of the map 7T in (2.5). Since B C B, (po),
we can apply the Lipschitz condition in (2.1) to obtain from (2.21) that

t
Ko|lu(r) —v(r)|| dr|, forallt € [a,b]. (2.22)
to

1T (u)(t) = T()(O <

Thus, using the definition of the norm in C([a, b], B) in (2.3), we get from (2.22)
that
T (u)(t) — T(v)(t)]| < Kolt —tol||u—v|, foralltea,b],

which implies that

1T (u) = T(v)|| < Ko 6 [u—wvl], (2.23)
by virtue of the definition of the norm in C([a,b], B). Consequently, setting
k= K, (2.24)
we obtain from (2.23) that
I7(w) = T@)] <k flu— o]l (2.25)

Thus, if we restrict ¢ further so that

0 < 3o (2.26)

we see from (2.24) and (2.25) that T is a contraction.
We are now in a position to prove the Fundamental Theorem of Ordinary
Differential Equations.

Proof of Theorem 2.0.1: Choose § > 0 so that

. r 1
6 < min {50, A Ko} , (2.27)

where r > 0 is chosen so that r < r, and
B = B,(p,) C U;

the constants §,, r, and K, are given by the Lipschitz condition assumption on
the vector field
F:I1xU—=U,

which was stated in (2.1); and M, is given in (2.12); namely,
M,= max |F(t,x)].

[t—to]| <o
wEBro (po)
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Put [a,b] = [t, — d,t, + 6]. It then follows from (2.27), the calculations in the
previous set-up section, (2.24) and (2.25) that the map

T: C([a,b], B) = C([a,b], B),

defined in (2.5), is a contraction. Consequently, by the Contraction Mapping

Principle (Theorem 2.1.6), there exists a unique function v € C([a, b], B) satis-
fying
u(t) =T(u)(t), forallte [t,—0d,t, + ],

or

t
u(t) = po +/ Fr,u(r)) dr,  for all ¢ € [ty — 6,4, + 6], (2.28)
to
It then follows from (2.28) and (2.9)—(2.11) in Section 2.1, that u is the unique
solution to the IVP (2.2) over the interval (t, — d,%, + ¢). This completes the
proof of the Fundamental Theorem for Ordinary Differential Equations. W

Remark 2.2.1 (Another Proof of Uniqueness). Uniqueness of the solution of
the IVP (2.2) over the interval of existence [t, — ,t, + §], where

6K, <1, (2.29)

for the case in which the vector field, F', satisfies a local Lipschitz condition
as described in (2.1), follows from the uniqueness assertion of the Contraction
Mapping Principle. However, it can also be proved directly as a consequence of
the local Lipschitz condition and the integral representation (2.28) for a solution
to the IVP (2.2). We present the independent proof of uniqueness in this re-
mark because it uses calculations and results that will be needed in subsequent
sections.

Put J = [t, — d,t, + &], where § satisfies (2.29), and suppose that u: J — U
and v: J — V both solve the differential equation (DE)

dx
— =F(t 2.30
= F(t,2) (2:30)
over the open interval, J, contained in I. Furthermore, assume that .J is small
enough so that J C (t, — 0o, t, + d5) and u(t),v(t) € By, (po), for all t € J.
Put
w(t) =u(t) —ov(t), forallteJ. (2.31)

Observe that if both v and u solve the IVP (2.2) over J, then
w(to) = O’ (232)
by virtue of (2.31). Put

g(t) = |w(t)||, forallteJ. (2.33)
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Then, g is continuous over J and it therefore takes on a maximum value, M,
over the compact interval J; that is,

M = maxg(t) (2.34)
teJ

is attained at some point ¢; € J; so that
M = g(ty). (2.35)

Observe that .
w(ty) — w(ty) = / W (7) dr. (2.36)
t

o

Thus, using (2.32), (2.31) and (2.30), we obtain from (2.36) that

ty
w(ty) = / (F(1,u(r)) — F(r,v(7))) dr. (2.37)
to
Thus, applying the Lipschitz condition in (2.1) to the expression in (2.37), we
get

[w(t)] < Ko

)

/ u(r) — o) dr

/ttl g(7) dr

by virtue of (2.31) and (2.33). Consequently, using (2.34) and (2.35), we obtain
from (2.38),

from which we get

9(t1) < K, 7 (2.38)

M < K,6M. (2.39)
We claim that
M =0. (2.40)
Otherwise, we would obtain from (2.39) that
1< K,9,

which is in direct contradiction with (2.29). Thus, (2.40) must be true, and so,
by virtue of (2.34), (2.33) and (2.31),

u(t) =wv(t), forallte J.

2.3 Extension of Solutions

In the previous section, we obtained existence of a unique solution of the IVP
(2.2) in some interval (¢, — d,t, + d) around t, for the case in which the vector
field, F'(t,z), satisfies a local Lipschiptz condition in the second variable as
described in (2.1). In this section we prove that a unique solution of the IVP
(2.2) can be obtained in a maximal interval of existence, J,, , where .J, is an
open interval containing ¢, such that J,, C I.
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Example 2.3.1. Let U = R? and let F': U — R? denote the vector field given

by
F(z,y) = <§2>;

to =0 and p, = (1,0). In this case the IVP (2.2) leads to the two—dimensional
system

dx 9
a7
(2.41)
dy
220
dt ’
subject to the initial conditions
xz(0) =1, y(0)=0. (2.42)

Solving the system in (2.41), we are lead to the solution

1
U(t) = (H’ 0) 5 for ¢ < 1,

satisfying the initial condition in (2.42). Thus, in this case, the maximal interval
of existence is J(;,0y = (—00,1). Note that, as ¢ approaches 1 from the left,

1
lu(t)|| = T — +00.
Remark 2.3.2. Observe that the vector field, F', in Example 2.3.1 does not
depend explicitly on t. Thus, the system in (2.41) that it generates does not
depend explicitly on t either. Systems that are explicitly independent of the
“time” variable, ¢, are said to be autonomous. We will spend a large portion
of this course studying autonomous systems.

Remark 2.3.3. Note that the domain, I x U, of the vector field generating
the autonomous system in Example 2.3.1 can be thought to be R x U; that is,
I = R for autonomous systems. The result of Example 2.3.1 shows that even in
the case of an autonomous systems, existence of a solution defined for all ¢t € R
is not guaranteed. Later in this section, we will see which conditions on the
vector field will imply existence of solutions which are defined for all times, t.
Such solutions are known as global solutions.

To prove the main extension result of this section, we begin with the following
lemma.

Lemma 2.3.4 (Unique Continuation Lemma). Let I C R be an open interval,
and U C RY be an open set. Suppose that the vector field F': IxU — U satisfies
a local Lipschitz condition in the second variable at every (t,p) € I x U, and
let 4 and v denote two C* solutions of the differential equation

dz
= = Flt.2), (243)
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which are defined in an open interval J C I. If u and v agree at a point ¢, € J;
that is,
u(to) = v(to), (2.44)

then
u(t) =wv(t), forallte J (2.45)

Proof: Define a subset, J,, of J as follows:
Jo={t e J|u(t)=v(t)}.

Then, t, € J,, by (2.44); so that J, # (. Furthermore, J, is closed; since J, is
the pre-image under u — v of the closed set {0}, where 0 denotes the zero vector
in RY. We will show that .J, is also open. In fact, let ¢; be any point in .J, and

put p; = v(t1) = v(t1). Then, by the local existence and uniqueness theorem
for ODEs, Theorem 2.0.1, the IVP

dx
dt (t7x)1
.'lf(t]_) = D1,

has a unique solution defined in an open interval J; = (¢; — §,¢; + 6). We may
assume that § > 0 is small enough so that J; C J. By uniqueness, we get that
u(t) = v(t) for all t € Jy, since u(t;) = v(ty). It then follows that J; C J,.
Hence, J, is also open. Thus, J, is a non—-empty, closed subset of J which is
also open. Hence, by the connectedness of J, J, = J. Thus, u and v agree on
all of J, which we wanted to show. W

Given a point (to,p,) € I x U, let J,, denote the collection of all open
intervals, .J, that contain ¢, and on which there is defined a C'!' solution, u, of
the differential equation in (2.43) with u(t,) = p,. Define

Too = Tno (2.46)
that is, Jp, is the union of all intervals in 7, . Next, define a function,
Up, : Jp, = U,

by

Up, (t) = u(t), forteJp,, (2.47)
where u is a solution of the differential equation in (2.43) defined on J € J,,, with
t € J and u(t,) = po. By the result of Lemma 2.3.4 (the Unique Continuation
Lemma), if v: J — U is another solution of the differential equation in (2.43)
defined in J € Tp, With t € J and v(t,) = po, then v(t) = u(t), since v(t,) =
u(t,), and so v and u agree on any open interval that contains ¢,. Thus, the
function, w,,, defined in (2.47) is well defined. Observe that u,, solves IVP
(2.2) over the entire interval .Jj, .
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The open interval Jp, defined in (2.46) is called the maximal interval of
existence for the IVP (2.2). The interval J,, is maximal in the sense that J,,
cannot be a proper subset of an open interval on which there is defined a solution
of the IVP (2.2). This is evident from the definition of J,, in (2.46).

We summarize what we have just proved in the following theorem.

Theorem 2.3.5 (Existence and Uniqueness on a Maximal Interval). Let I C R
be an open interval, and U C RY be an open set. Suppose that the vector field
F: 1 xU — U satisfies a local Lipschitz condition in the second variable at
every (t,p) € I x U. For each (t,,p,) € I x U, there exists a unique C*! function

Up, : Jp, > U
which solves the IVP (2.2) over a maximal interval of existence, J,,.

Definition 2.3.6. Let u: J, — U be a solution of the IVP (2.2) defined in some
open interval, .J,, that contains ¢,. Let J be an open interval which contains t,
and such that J, C J. We say that a C' curve

viJ =U
is an extension of w if v solves the IVP (2.2) over the interval J, and
v(t) =u(t), forallte J,.

Lemma 2.3.7 (Extensibility Lemma). Let I denote an open interval and U an
open subset of RY. Suppose that F: I x U — R¥ is continuous and satisfies
a local Lipschitz condition in the second variable at every (¢,p) € I x U. Let
(to,p0) € I x U and a,b € R be such that a < t, < b and [a,b] C I. Suppose
that u: (a,b) — U is a solution of the IVP (2.2) defined on the open interval,
(a,b). Then, there exists and extension of u to an interval (a,b+ §), for some
0 > 0, if and only if there exists p € U and a sequence (t,,) in (a,b) such that
Hm (t, w(tm)) = (b,p). (2.48)
m—o0
Proof: Tf u has an extension to (a,b + §), for some ¢ > 0, the (2.48) holds for
any sequence (t,,) that converges to b by the continuity of the extension at b.
To prove the converse, assume that (2.48) holds true for a sequence (¢,,) in
(a,b). Note that it follows from (2.48) that

n}gnoo tm =D, (2.49)
and
li_r)n u(tm) = p. (2.50)

We may assume that the sequence (¢,,) increases to b, by passing to a subse-
quence, if necessary.
We first show that
lim w(t) = p. (2.51)

t—b—
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Proceeding by contradiction, if (2.51) is not true, there exists ¢ > 0 and a
sequence (8y,) in (a,b) such that (s,,) increases as m — oo with

lim s, =0, (2.52)
m—r o0
and
llu(sm) —p|| =&, forall me N. (2.53)

Passing to a subsequence, if necessary, we may assume that
tm < Sm, for allm e N.

Now, let 7, > 0 be such that
To < & (2.54)

where € > 0 is as given in (2.53), and B, (p) C U, and let §, > 0 be such that
[b—0,,0] C I. Put

M, = EF(t,x)]. 2.55
mnax ([ F(t )] (255)

xeﬁro (p)

Consider the function
9(t) = llu(®) —pll,  for t € (a,b).
It follows from (2.50) that, there exits a natural number, Ny, such that
g(tm) <10, forall m > Ny. (2.56)

In view of (2.56), (2.54) and (2.53), it follows from the Intermediate Value
Theorem that, for each m > Ny, there exists 7,,, such that

tm < Tm < Sm, for m = Ny, (2.57)

and
9(Tm) = 1o, for m = Ny; (2.58)

furthermore, we may assume that
g(t) <ro, fort€ [tm,m], and m > Nj. (2.59)
It follows from (2.58) and (2.59) that
lu(mm) —pl| =710, form = Ny, (2.60)

and
u(t) € B, (p), fort€ [tm,Tm], for m > Nj. (2.61)

From the assumption that u solves the IVP (2.2) in (a,b) we obtain that

u(t) = po + /tt F(r,u(r)) dr, forallt € (a,b). (2.62)
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It follows from (2.62) that

tm
w(tm) = po + / F(r,u(r)) dr, forallm e N, (2.63)
t

and .
w(Tm) = po + / F(r,u(r)) dr, forall meN. (2.64)
¢

o

Subtracting (2.63) from (2.64) we then obtain that

w(Tm) — ulty) = /;m F(r,u(r)) dr, for allm e N. (2.65)

m

Next, use (2.55) and (2.61) to obtain from (2.65) that
lu(mm) — w(tm)|| < Mo|Tm — tm|,  for all m > Nj. (2.66)
Now, use (2.50), (2.52) and (2.57) to derive from (2.66) that

lim [[u(rm) — w(tm)]| = 0. (2.67)

m—o0
Applying the triangle inequality, we obtain
[u(Tm) = pll < u(7im) = ultm)ll + [[u(tm) = pll,  for all m. (2.68)
Thus, combining (2.50), (2.67) and (2.68) yields
Tim_[[u(r) = pll = 0, (2.69)
which, in conjunction with (2.60), implies that r, = 0; but this contradicts

ro > 0. Hence, (2.51) must be true.
Next, consider the IVP

dx
dt (2.70)
z(b) = p.

By the Local Existence and Uniqueness Theorem (Theorem 2.0.1), there exists
6 > 0 and a unique continuous function

vi[b—38,b+6] = U,

which solves the IVP (2.70) in the interval (b — d,b + 0). We may choose ¢ so
that
SK <1, (2.71)

where K is a Lipschitz constant for F' over the set

[b—00,b+ 6] X By, (p);
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for some J, > 0. We may assume that § < J,.
Next, define a function @: (a,b+ 6) — U as follows

o Ju(t) ift e (a,b);
”“)_{v@) ifte(b—8,b4+0).

u(t) =wv(t), forallte (b—4,0). (2.72)

{Mﬂv@) ifb—0<t<b; (2.73)

0 ift=0.

It follows from (2.51), which was proved in the first part of this proof, that w
is continuous on [b — 4, b]. By continuity and (2.51), § can be chosen so that

u(t) € By, (p) and v(t) € B, (p), forallte [b—4,b]. (2.74)

By continuity, there exists ¢; € [b — 4, b] such that

el = max Jw(t)] = M. .75
Observe that .
w(ty) — w(b) = / w'(7) dr. (2.76)
b

Thus, using (2.73) and the assumption that « and v solve the differential equa-
tion in IVP (2.2), we obtain from (2.76) that

w(ty) = /b 1(F(T,u(T)) — F(r,v(7))) dr. (2.77)

Thus, applying the Lipschitz condition to the expression in (2.77), we get

)

ot < K\ [ ) v ar

or

)

(e < K | [ 1wl ar

from which we get
My < KOM;. (2.78)

in view of (2.75). We then see that, by virtue of (2.71), (2.78) leads to a
contradiction, unless M; = 0. Hence, we obtain from (2.75) that w(t) = 0 for
all t € [b— 4,b], which implies (2.72), and the proof of the extensibility lemma
is now complete. W
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Remark 2.3.8. We can use a similar argument to the one used in the proof of
Lemma 2.3.7 to prove that, under the same assumptions of the Lemma, u has
an extension to (a — d,b), for some § > 0, if and only if there exists ¢ € U and
a sequence (s,,) in (a,b) such that

Hm (8pm, u(sm)) = (a,q).

m—o0

Lemma 2.3.7 will help us answer the following question: Suppose that J, =
(a, b) is the maximal interval of existence for IVP (2.2), for some (t,,p,) € I xU,
and let u: J, — U denote the corresponding integral curve. If b < oo, what
happens to u(t) as t tends to b? We will see, as a consequence of the following
proposition, that either u(t) tends to some point on the boundary, OU, of U, or
|lu(t)|| = oo as t — b~. Example 2.3.1 on page 17 of these notes provides an
instance of this general result.

Proposition 2.3.9 (Escape in Finite Time Theorem). Let I denote an open
interval and U an open subset of RY. Suppose that F': IxU — R¥ is continuous
and satisfies a local Lipschitz condition in the second variable at every point
(t,p) € I xU. Let J,, = (a,b) denote the maximal interval of existence for
IVP (2.2), for some (t,,p,) € I x U, and let u: J,, — U be the corresponding
integral curve. If b < oo, then, for any compact set, C' C U, there exists € > 0
such that
te(b—e,b)=u(t) ¢C.

Proof: Suppose, to the contrary, that there exists a compact set, C' C U, and a
sequence, (t,), in (a,b) such that ¢, tends to b as m — co and u(t,,) € C for all
m € N. Then, since [t,, b] x C' is compact, passing to a subsequence if necessary,
we may assume that (¢,,,u(t,,)) converges (b, p), for some p € C'; that is,
Hm (t, u(tm)) = (b,p).
m—0o0
Hence, the hypotheses of Lemma 2.3.7 are satisfied. Consequently, there exists

an extension of u to (a,b+ §), for some § > 0. However, this contradicts the
maximality of Jp, . Thus, the proposition follows. W

Remark 2.3.10. Under the same assumptions of Proposition 2.3.9, we may
prove that if a > —oo, then, for any compact set, C' C U, there exists € > 0,
such that t € (a,a+¢) = u(t) € C.

Remark 2.3.11. Proposition 2.3.9 is very useful in verifying that a solution
of IVP (2.2) exists for all ¢t > t, for the case in which F(¢,z) is known to be
continuous over I x RN where I is an open interval containing [t,,c0), and
we can obtain an a priori estimate on the norm, ||u(t)||, for the solution u on
IVP (2.2) over the maximal interval of existence J,, = (a,b). More specifically,
arguing by contradiction, suppose that b < co, and that we can, a priori, obtain

the estimate
lu@®|| < R, forallte [t,,b), (2.79)
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and some R > 0. We can then consider the compact set
C={zeR"||z| <R}

It follows from (2.79) that u(t) € C for all ¢t € [t,,b), which is in direct contra-
diction with the result of Proposition 2.3.9. In the remainder of this section, we
will see a few applications of this idea.

For the remainder of this section, assume that I = R and U = R¥, so that
the vector field,
F:RxRYN 5 RV,
is defined for all times, ¢t € R. We will ask the question: Under which conditions
on the field, F, is J,, = R? That is, under which conditions on F' is the
solution to the IVP (2.2) defined for all times t € R? We will see that the
following growth condition on the vector field F'(¢,x) is sufficient:

Definition 2.3.12 (At Most Linear Growth). Let F': R x RY — RY be a con-
tinuous vector field. We say that F'(¢, z) has at most linear growth in the second
variable if and only if, for every T > 0, there exist non—negative constants, cp
and dp, such that

|F(t,x)|| < er +dr||z|, forallte [~T,T)], and all z € RY. (2.80)

Proposition 2.3.13 (Global Existence Theorem I). Let F': RxRY — RY be a
locally Lipschitz continuous vector field. Suppose that F'(¢, ) has at most linear
growth in the second variable. Then, for any (t,,p,) € R x RY, the solution
to the IVP (2.2) exists for all ¢ € R; in other words, the maximal interval of
existence, J,_, is the entire real line.

Proof: Assume, by way of contradiction, that J,, = (a,b) is such that b < oo
(the case in which @ > —oo can be treated in an analogous manner). By the
growth assumption in (2.80), there exist non—negative constants, ¢, and d;, such
that

|F(t 2)|| < ecp+callz||, foralltéet,b] and all x € R™. (2.81)
Let u: (a,b) — RY be the solution to the IVP (2.2). We can then write

u(t) = po + /tt F(r,u(r)) dr, for all t € (a,b). (2.82)

o

Using the estimate in (2.82), we get from (2.82) that

t
[u(®) < llpol +/ (e + dpl[u(T)]]) dr, for all ¢ € [t,,b),
t

o

from which we get

¢
lu@®)]] < |poll + cu(b—t,) + db/ |lu(7)|| dr, for all t € [t,,b). (2.83)
to
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Putting C, = ||po|| + ¢v(b — t,) in the inequality in (2.83) yields
t
lu®)] < C, + db/ [lu(r)|| dr, for all ¢ € [t,,b). (2.84)
to

Define g: [t,,b) — R by

t
g(t) =Ch+ dy [lu(T)|| dr,  for t € [t,,b). (2.85)

to

It follows from the Fundamental Theorem of Calculus and (2.85) that ¢ is dif-
ferentiable on (¢,,b) with

g'(t) = dyllu(t)ll,  for t € (to,b). (2.86)
Using the estimate in (2.84), we obtain from (2.86)
g'(t) < dy g(t), forte (to,b), (2.87)
where we have also used (2.85). Rewrite the differential inequality in (2.87) as
g'(t)—dp g(t) <0, forte (t,b), (2.88)
and multiply on both sides of (2.88) by e~%?* to obtain

% [e=®'g(t)] <0, forte€ (t,b). (2.89)
Integrating on both sides of the inequality in (2.89) from ¢, to ¢ leads to

g(t) < g(to)e®t=t)  for t € (t,,b). (2.90)
Consequently, using (2.84) and (2.85), we get from (2.90) that

|u(t)]| < Coe®®t) - for t € [t,,b). (2.91)

Setting R, = C,e® (%) we see from (2.91) that the values u(t) lie in the com-
pact set Bgr_ (0). This is in direct contradiction with the result of Proposition
2.3.9. Hence, b=00. N

Example 2.3.14 (Linear Systems). Let f: R — RY be a continuous function,
and let
ai;;: R—=R, fori,j=1,2,...,N,

be continuous real valued functions. Define the matrix valued function
A(t) = [ai;(t)], forteR.
The vector field, F: R x RY — R, defined by

F(t,z) = f(t) + A(t)z, forallt€ R and all z € RY, (2.92)
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satisfies the growth condition in (2.80). In fact, we have the estimate
|F(t2)| < |FOI+ A |[|z], for all t € R and all z € RY, (2.93)

where

A@ =

N N
Z Z[aij (t)]?2, forallteR.
i=1 j=1

The growth estimate in (2.80) then follows from (2.93) and the assumption that
f and a;;, for 4,5 =1,2,..., N, are continuous functions.
The local Lipschitz continuity of F in (2.92) follows from the estimate

|F(t,z) — F(t,y)|| < |A@)|||lz —y||, foralltec R and all z,y € RY,

and the continuity of a;;, for 7,5 =1,2,..., N.
We can then conclude, as a consequence of Proposition 2.3.13 that the linear
IVP

dxr

— = f(t) + A(t)z;

dt (2.94)
z(ty) = Ppo.

has a unique solution for each (t,,p,) € R x RY, which exists for all ¢ € R.
Later in these notes we will see how to compute the solution of the linear IVP
(2.94).

Corollary 2.3.15 (Global Existence Theorem II). Let F': RY — RY satisfy
the global Lipschitz condition:

IF(z) = F(y)ll < Kllz — yll, for z,y € RY. (2.95)

Then, for any (t,,p,) € R x R, the solution to the VP

i% = F(z);
(2.96)
(to) = Po-
exists for all ¢t € R.
Proof: Observe that, for any z € RY, it follows from (2.95) that
[1F(z) = F(po)ll < Kl|z = pol,
from which we get that

[E @) < I1E (o)l + llpoll + KTl]|-

Hence, F' satisfies a growth condition of the type in (2.80) needed for Propo-
sition 2.3.13. The corollary then follows from the Global Existence I theorem
(Proposition 2.3.13). W
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Corollary 2.3.16 (Global Existence Theorem III). Let F: R x RV — R¥Y
be continuous and bounded. Suppose that F(t,z) satisfies a local Lipschitz
condition in the second variable at every point (¢,p) € R x RY. Then, for any
(to, Do) € R x RN, the solution to the IVP

dx
dt (2.97)
x(to) = Po-

exists for all t € R.

2.4 Continuous Dependence on Initial Condi-
tions

Let U € RY be an open set and I denote an open interval. Assume that
F: IxU — RY is continuous and that F (¢, z) satisfies a local Lipschitz condition
in the second variable at every point (¢,p) € I x U. In the previous section we
saw that, for t, € I and p € U, the IVP

d
di; = F(t,z);
(2.98)
x(to) =D,
has a unique solution,
up: Jp = U,

defined on a maximal interval of existence, J,, containing ¢,. Similarly, for
q € U, we get a unique solution,

ug: Jg — U,
of the IVP p
CT‘: = F(t,.’t);
(2.99)
z(to) =4q,

defined on a maximal interval of existence, .J;, containing ¢,. We would like to
answer the following question in this section: Suppose that p and ¢ are close
to each other; that is, ||p — ¢|| is small. How close will the values of, u,(t) and
uq(t), of u, and ug, respectively, be to each other over an interval [t,, %], for
some t1 > t, with t; € J, N J,? The idea here is that if u,(t,) and u4(t,) start
out being very close to each other, then the remaining values, wu,(t) and u,(¢)
for t € [to,t1], will remain close to one another.
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Let B denote an open ball containing p and ¢ be such that B C U and
[F(t, ) = F(t,y)ll < Kllz —yll, fora,y€ B, and [t —t,| <d,, (2.100)

for positive constants K and d,. We assume that ¢; is sufficiently close to ¢, so
that
[to,t1] C (to — oy to + ), (2.101)

and
up(t),uq(t) € B. forall t € [t,,t1]. (2.102)

Using the integral representation for the solutions of the IVPs in (2.98) and
(2.99), we have that

t
wy(t) = p+ / F(ruy(r) dr,  forall ¢ € J,, (2.103)

to

and .
uq(t) =q —|—/ F(7,uq(7)) dr, forall ¢t € J,. (2.104)

to

Subtracting (2.104) from (2.103) we obtain that

up(t) —uq(t) =p — ¢ +/t (F(1,up(7)) — F(1,u4(7))) dr, (2.105)

o

for all t € [t,,t1]. Taking the Euclidean norm on both sides of (2.105) we obtain
the estimate

l[up () = ug(®)[| < llp — 4l +/t 1E(r, up (7)) = F(7,uq(7))|| dr,  (2.106)
for all ¢ € [to, t1].

Next, use (2.102), (2.101) and the Lipschitz condition in (2.100) to obtain
from (2.106) that

lup(t) = ug (B < llp = gll +K/t [up(T) = ug(7)]| d7, (2.107)

for all ¢ € [t,,t1]. Next, set

9(t) = llp —dll +K/t [up(7) = ug(T)l| 7, for t € [t,, ta]. (2.108)

It follows from (2.107) and (2.108) that
[lup(t) — ug(t)|| < g(t), for t € [to, 1] (2.109)

Applying the Fundamental Theorem of Calculus to the definition of ¢g in (2.108)
we see that g is differentiable on (¢,,¢1), and

g (t) = Klluy(t) —ug(t)|l, fort e (to,t1). (2.110)
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Combining (2.110) with the estimate in (2.109), we obtain that g satisfies the
differential inequality
g (t) < Kg(t), forte (t,,t1),
which can be rewritten as
g (t)— Kg(t) <0, fortée (to,t1). (2.111)
Multiplying the inequality in (2.111) by e~ % leads to

q
dt
Integrating on both sides of (2.112) from ¢, to t € (¢,,t1) then leads to

[e™®tg(t)] <0, fort € (to,t1). (2.112)

e Kig(t) < glty)e Xt fort € (to,t1), (2.113)
where
9(to) = llp = dll, (2.114)
by virtue of (2.108). We then obtain from (2.113) and (2.114) that
g(t) < |lp— ql|ef ) for t € (ty,t1). (2.115)
Combining (2.109) and (2.115) then yields
lup(t) = ug(8)|| < llp — qlle®E=t) ) for t € [to, t]. (2.116)
It follows from (2.116) that

nax [[up(t) — uq(t)]| < Cillp — gl (2.117)

where C; = eK(t1—to)

Thus, we get from (2.117) that, given & > 0, there exists r > 0 such that

[p—all <7 = d(up, uq) <e, (2.118)

where
d = t) — t)]l. 2.119
(tp,1ag) = max [l (8) g (1) (2119)

In fact, (2.118) follows from (2.117) and (2.119) by choosing r = £/C;. Another
way of expressing what we have just proved is

lim d(up,u,) =0,
lim iy, 1)
which says that the solutions, u,, of IVP (2.98) depends continuously on the
initial conditions, p, for a sufficiently small interval [t,,t1].

We would like to extend the local continuity result we just proved to larger
closed and bounded intervals on which a solution exists. More precisely,
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Theorem 2.4.1 (Continuous Dependence on Initial Conditions). Let I denote
an open interval and U an open subset of RY. Suppose that F: [ x U — RN
is continuous and satisfies a local Lipschitz condition in the second variable at
every point (¢,p) € I x U. Let (t,,p0) € I x U and let J,, denote the maximal
interval of existence for the IVP

d
d;”f = F(t,z);

(2.120)
x(to) = po-

For every real number, T, such that T > ¢, and [¢,,T] C J,,, there exists
r(T) > 0, such that, if
Ip = poll < r(T),

then the solution, u,, of the IVP

dx

T F(t,x);
(2.121)
a(to) = p,
exists on [t,, T]. Furthermore,
lim max |Ju,(t) — up, (t)]| =0, (2.122)

P—Po tE(t,, T
where u,, : J,, — U is the solution to the IVP (2.120).

Proof: Let T > t, be such that [t,,T] C J,,. Since u,,: J,, — U is continuous,
the set
C = {up, () |t < t < T}

is a compact subset of U. Thus, there exists an open set, V', such that C' C V' C
V C U and V is compact. We first show that there exists a constant, K > 0,
such that

|F(t,z) — F(t,y)| < K|z —yl||, forx,y €V, and t € [t,,T]. (2.123)

To prove (2.123), assume, by way of contradiction, that there exist sequences
(tm) in [to,T), and (x,,) and (y,,) in V, such that

| E (trms Zm) — F(tm, Ym) || > m||Zm — Ymll, for m € N. (2.124)

Using the fact that [t,,T] x V is compact, we may assume, passing to subse-
quences if necessary, that there exist ¢ € [t,,T] and Z,7 € V such that

lim t, =7, (2.125)
m—0o0
lim z,, =7, (2.126)

m—r0o0
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and
lim y, =7. (2.127)

m—o0

Let

M= max _ ||F(¢ )] (2.128)
(t,x)Elto, T|XV

It follows from (2.124) and (2.128) that

oM
[Zm — ymll < —, (2.129)
m

where we have used the triangle inequality.
Letting m — oo in (2.129), we obtain from (2.126) and (2.127) that

|z -7l = 0.
Hence, T=79. Put ¢ =7 =7, and let r; > 0, §; > 0 and K3 be such that
[%751,%4’51] CI,

BTl (q) - U7

and
|F(t,2) — F(t )l < Killz —ll, for 2,y € By, (), and |t — | < 61. (2.130)
By virtue of (2.125), (2.126) and (2.127), there exists Ny > K7 such that
m 2 Ny = Xy, Ym € By, (q), and ¢, € (t— 81,0+ 7).
It then follows from (2.130) that
E (tm, Tm) — F(tms Ym)|| < m||Zm — ym||, for all m > Ny. (2.131)

However, (2.131) is in direct contradiction with (2.124). We therefore conclude
that (2.123) must be true.
Next, let

£= %dist(C, av), (2.132)

so that € > 0, and define
r(T) = ee KTt (2.133)

where K is the Lipschitz constant given in (2.123). Put
C. ={z eV |dist(z,C) < e}. (2.134)

Then, C. is a compact subset of V' which contains C.
We claim that if ||p — p,|| < r(T), then the solution,

Up: Jp = U,
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of IVP (2.121) is defined on [t,, T']. If not, writing J, = (a, b), we would have that
b < T. It then follows from the Escape in Finite Time Theorem (Proposition
2.3.9) that there exists ¢1 € [t,, b) such that u,(t1) & Ce, where C; is defined in
(2.134). We may also assume that

up(t) € V. forall t € [t t1]; (2.135)

we also have that
l[up(t1) — up, ()] > €. (2.136)

Now, the calculations leading to (2.116) yield that
1 (£) = wp, (D) < llp = polle ), for t € [to, t1],
in view of (2.135) and the Lipschitz condition in (2.123); so that,
llup(t) = up, )| < |lp — pol| Tt for t € [to, t1]. (2.137)

Thus, if ||p — pol| < 7(T'), where r(T') is given in (2.133), we have from the
inequality in (2.137) that

l[up(t) = up, ()| <&, fort € [to, 1],

where € > 0 is given in (2.132), which is in direct contradiction with (2.136).
Hence, ||p — pol| < 7(T") implies that w, is defined on [t,, T]. Furthermore, we
get the estimate

ey (8) = 1w, (B)I] < [lp = poll T4, for t € [to, T, (2.138)

The statement in (2.122) follows from (2.138), and the proof of the theorem is
now complete. W



Chapter 3

Flows of C! Vector Fields

In this chapter we consider the autonomous system

dx

—F 1

= F(), (3.1)
where F: U — RY is a C! vector field defined on some open set U C RY. By

the fundamental theory presented in the previous chapter, we know that for
each p € U, there is a unique integral curve,

Uup: Jp = U,

defined on a maximal interval of existence, J,, and which solves the IVP

@ _F ();
dt (3.2)
z(0) = p.
We can therefore define a map
0:D— U,
on a subset, D, of R x U given by
D={(t,p) eRxU|teJ,}, (3.3)
as follows
O(t,p) = up(t), forall (¢,p) € D. (3.4)

One of the goals of this chapter is to give a precise definition of the map 6 given
by (3.4). In particular, we will be showing that the domain of 8, D, given in
(3.3) is an open subset of R x U. We will also be showing that ¢ is continuous.
We will then derive some fundamental properties of 8. The set D is called the
flow domain of the vector field, F', and 0 is the flow of F'.

33
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3.1 Flow Domains and Flow Maps

Throughout this section, F': U — R will denote a O vector field defined in
an open subset, U, of RY. For each p € U, u,: J, — U will denote the unique
solution to the IVP (3.2) defined on a maximal interval of existence, J,,, which
contains 0. Define

D={(t,p) eRxU|teJ,} (3.5)

Proposition 3.1.1. The set D defined in (3.5) is an open subset of R x U.

Proof: Let (t1,p1) € D. We show that there exists 6; > 0 and an open ball
B = By, (p1) satisfying

(t1 — 01,11 +61) x B C D. (3.6)
Since (t1,p1) € D, there exists
Up, : Jp, =+ U
which solves the IVP

dt (3.7)
z(0) = p1;
furthermore, t; € Jp,.
Assume first that ¢; > 0. Then wu,, is defined on [0,¢1]. Consequently, by
the Extensibility Lemma (Lemma 2.3.7), u,, is also defined on [0,¢1 + 1], for
some §; > 0. By the Continuous Dependence on Initial Conditions Theorem

(Theorem 2.4.1 on page 30 in this notes), there exists r1 > 0 such that |[p—p1|| <
r1 implies that the solution of

dz

— = F(x);

T (3.8)
z(0) = p,

is defined on [0,¢; + d1]. Thus, setting B = B, (p1) we see that if (¢,p) €
(t1 — d1,t1 + 61) x B, then w,: J, — U is defined on [0,¢; + 1], so that t € Jp,
and so (t,p) € D. The statement in (3.6) then follows for the case in which
t; > 0. The case in which ¢; < 0 is analogous. We can therefore conclude that
D isopen. N

We may define a map, 8: D — U, on the flow domain D as follows:

Definition 3.1.2 (Flow Map of a Vector Field). For each (t,p) € D, let
Up: Jp — U denote the unique solution to the IVP (3.7) defined on a maxi-
mal interval of existence, J,. Put

0(t,p) = uy(t), for (t,p) € D. (3.9)
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The map 0: D — U is called the flow map of the vector field F'. Equivalently,
0 is called the flow map of the differential equation

dx
U F(x). (3.10)

3.2 Properties of Flow Maps

The following proposition shows that the flow map, 8: D — U, given in Defini-
tion 3.1.2 is continuous on the flow domain, D.

Proposition 3.2.1. The flow map, 6: D — U, is continuous on D.

Proof: Let (t1,p1) € D. We prove that

lim 6(t.p) — 6(t1,pa)l| = 0. (3.11)

(t,p)—(t1,p1)

Let up, : J,, — U be the unique solution of the IVP

dx

— = F(x);

T (3.12)
z(0) = p1;

defined over a maximal interval of existence, Jp,. Since (t1,p1) € D, we know
that t; € J,,. Assume first that t; > 0; the case t; < 0 is analogous. Then
up, is defined on [0,t1]. Consequently, by the Extensibility Lemma (Lemma
2.3.7), up, is also defined on [0,¢; + d1], for some d; > 0. By the Continuous
Dependence on Initial Conditions Theorem (Theorem 2.4.1 on page 30 in these
notes), there exists m > 0 such that ||p — p1|| < r1 implies that the solution of

dx

— = F(x);
ax ~ " (3.13)

z(0) = p,

is defined on [0,t; + 61]. The calculations leading to (2.137) in the proof of
Theorem 2.4.1 yield that

() = wpy (W) < [lp = prlle™,  for all £ € 0,41 + du], (3.14)

and for some constant K, provided that ||p — p1]| < r1. Thus, if ||p — p1]| < 71,
we obtain from (3.14) that

e (£) = upy (D] < [lp = prl|l®F0D, for all £ € [0, 61 + 61]. (3.15)

Next, let |t —¢1] < §1 and ||p — p1]| < r1 and apply the triangle inequality in

16(t, ) — 0(t1, p1) |l = [16(2, ) — O(¢, 1) + 0, p1) — O(ts, p1)|
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to obtain

16(2,p) = 0(t1, 1) || < [Jup(t) = wp, (D) + [lup, () = up, (1)), (3.16)

for |t —t1| < 61 and ||p —p1|| < 1, where we have also used the definition of the
flow map in (3.9). It then follows from (3.16) and (3.15) that

10(,p) = Ot p) || < Crllp = pall + [[up, () = up, (B, (3.17)

for |t —ti| < &1 and |[p — p1|| < 71, where C; = eK(t1+9) The statement in
(3.11) now follows from (3.17) and the fact that the function u,, is continuous
on Jp,,. The proof of Proposition 3.2.1 is now complete. W

For the proof of Proposition 3.2.1 all that we needed to assume is that F' be
locally Lipschitz continuous. For a O vector field, F', we’ll be able to prove more
than was proved in Proposition 3.2.1. We will show next that, for C' vector
fields, the flow map, : D — U, is a C! map; that is, the partial derivatives

a0 06
-, — fori=1,2,...
ot ) 3331 ’ or 1 ) < y 1y
where x1, z9, . .., z, are the coordinates of the initial points, p, in the IVP (3.13),

are continuous on D.

Proposition 3.2.2. Assume that the vector field, F: U — RY, is C'. Then,
the flow map, 6: D — U, is C! on D.

Before presenting a proof of Proposition 3.2.2, we will first illustrate its result
in one dimension. We will also introduce some notation that will be useful later
in these notes.

Example 3.2.3 (One-dimensional Flow Map). Let U denote an open subset
in R and f: U — R be a real-valued C! map. Consider the first order ODE

dx
= = f(@). (3.18)

Let D C R x U denote the flow domain for f and (¢, p), for (¢,p) € D, be the
corresponding flow map. For fixed ¢ € R, we consider the map

p = 0(t,p).
We will denote this map by 6;: U — U; thus,
0,(p) =0(t,p), forallpeU witht € J,.

We will show that 6; is differentiable at any p in U; that is, we will show that

lim 0, (p + h) — 0, (p)
h—0 h

exists. (3.19)



3.2. PROPERTIES OF FLOW MAPS 37

Suppose for the moment that the statement in (3.19) is true and denote the
limit in (3.19) by v(¢,p). Assume also that v is continuous. Now, since the map
t — 0(t, p) solves the differential equation in (3.18) it follows that

9 1.p) = £(6(t.)) (3.20)

ot
for all (¢,p) € D. Differentiating the expression in (3.20) with respect to p, and
applying the Chain Rule on the right-hand side of (3.20), we obtain that
o [0 00
—(t = f(0(t,p)) =— (¢ 3.21
5200 = e ) (321

ot

where we have interchanged the order of differentiation on the left—hand side of
(3.21). It follows from (3.21) that, for fixed p,

00

up(t) = v(t,p) = gp(t,p) (3.22)
solves the linear differential equation
dy
i ap(t)y, (3.23)
where
ap(t) = f'(0(t,p)), forte J,. (3.24)

From (3.22) and the fact that
0(0,p)=p, forallpel,

we obtain that

vp(0) = 1. (3.25)
Consequently, v, solve the linear IVP
dy
a ap(t)y;
(3.26)
y(0) = 1.

Motivated by the previous observations, we now prove that (3.19) holds true;
in fact,
i 2t + 1) — 6:(p)
h—0 h
where v, (t) = v(t,p) is the solution to the IVP (3.26), where a,(t) is given by
(3.24).
Assume first that ¢ > 0 and let T > t be such that [0,7] C J,. By the
Continuous Dependence on Initial Conditions Theorem (Theorem 2.4.1 on page
30 of these notes), there exists § = 6(T") > 0 such that

= v(t,p), (3.27)

|h| <d=p+6el,
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and 0(t,p+ h) is defined on [0,T]. Define
g(t,h) =0(t,p+ h) —0(t,p) —v(t,p)h, forte[0,T], and |h| <4. (3.28)

We show that, for each t € [0, T,

g(t,h) =o(h), asl|h|—0; (3.29)
that is,
ol _
lhj—0 || '
This will prove (3.27).
Write )
0(tp) =p+ / J(6(,p)) dr, (3.30)
0
t
O(t.p+h)=p+h+ / FO(rp+ 1)) dr, (3.31)
0
and .
o(tip) =1+ / 10, p)o(r,p) dr, (3.32)
0

for t € [0,7] and |h| < §. Substituting (3.30)—(3.32) into (3.28) then yields

g(t,h) = /0 [f(0(r,p+ 1)) = f(0(7.p)) = f'(0(7,p))v(r,p)h] dr,  (3.33)

for t € [0,T] and |h| < §.
Now, using the assumption that f is differentiable on U, we can write

flx+ Az) = f(z) + f(z)Az + R(x, Ax), (3.34)
where
R(z,Ax) = o(Ax), as|Az|— 0. (3.35)
Put
A0 =06(t,p+h)—0(t,p), fortel0,T], and |h| <. (3.36)

It follows from (3.36) and the Continuous Dependence on Initial Conditions
Theorem (Theorem 2.4.1) that

|h| <8 = |Af] < |hle”T,  forall t €[0,T), (3.37)

for some constant K.
Using (3.34) we can write

fOp+h) = [f(O(tp)+ A0)

f(0(t, p)) + f'(0(t, p)) A0 + R(6(t, p), AD),
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so that

fO(t,p+h)) = f(O(t,p)) = [(6(tp)A0+ R(0(t p), AD), (3.38)

Substituting (3.38) into (3.33) yields

glt,h) = / 1007, p)[A0 — o(r, p)h] dr + / R(0(r.p), A9) dr,
gt h) = / F(6(r.p)g(r,p) dr + / R(6(r.p), AG) dr, (3.39)

for t € [0,T] and |h| < 0, where we have used the definition of g in (3.28) and
the definition of Af in (3.36).
Next, use the assumption that f is C! to obtain

M= max £/ (0(t, p))I. (3.40)

Take the absolute value on both sides of (3.39), apply the triangle inequality,
and use (3.40) to obtain the estimate

ot )] < M / lg(r,p)] dr + / R(O(r.p), A6)] dr,  (3.41)

Let € > 0 be arbitrary. By (3.35), there exists n > 0 such that

€

|Af] < n = |R(O(t,p), A)| < TeQITE)T

N (3.42)

for all t € [0, T]. Note that, in order to obtain the uniform estimate in (3.42),
we have also used the fact that the set

C={0t,p) [t <0, T}

is a compact subset of U.
Next, by making ¢ smaller, if necessary, so that

§ < ne KT, (3.43)
it follows from (3.43), (3.37) and (3.42) that
h| < 6 = [R(O(t,p), AO)| < % lhle=™T . for all t € [0, 7). (3.44)

Thus, combining the estimates in (3.41) and (3.44), we obtain that, if |h| < 0,
where 0 satisfies (3.43),

t
l9(t, 1] < e[hle=MT +M/ g(r.p)| dr,  forallt € [0,T].  (3.45)
0
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Applying the result of Problem 5 in Assignment 1 (Gronwall’s Inequality) to
the estimate in (3.45) we see that

|h| < = |g(t,h)| < elhle™MTeM forall t € [0,T],
from which we get that
|h] < 6= |g(t,h)| <elh|, foralltel0,T].
This proves (3.29). Hence,

lig 02+ 1) = 0tp) —vt.p)A] _
h—0 |h‘

which implies (3.27). Thus, the partial derivative of 6(¢,p) with respect to p
exists and

00
%(t7p) - ’U(t,p),

where v,(t) = v(t,p) for all ¢t € J, solves the linear IVP in (3.26). The IVP in
(3.26) can be solved to yield

o(t,p) = exp ( /0 P o) dT) . (3.46)

a0
Since f’ is continuous on U, it follows from (3.46) that . is continuous on D.
p

Proof of Proposition 3.2.2: First observe that

o0t =)

for all ¢ € J,, where u,: J, — U is the C"! solution to the IVP in (3.13). Thus,

%(tp) = F(0(t,p),

00
and the continuity of — on D follows from the continuity of the flow map, 6,
and the vector field, F.

Next, let (¢,p) € D and assume that ¢ > 0. According to Theorem 2.4.1,
for T > t, there exists r = r(T) > 0 be such that 6(¢t,p + h) is defined for all
t €10,7) and all h € RY such that ||| < 7. Fix t € (0,T) and define

0,: B,(p) » U

by
0:(q) = 0(t,q), forall ¢ € B.(p).



3.2. PROPERTIES OF FLOW MAPS 41

We first prove the map 6, is differentiable at p; in other words, there exists a
linear transformation
Do (p): RN — RN

such that
O(t,p+h) = 0(t,p) + DO,(p)h + R(p,h), for h € RY with [|h| <7, (3.47)

where
R(p,h) = o(|[h]), as|h] — 0. (3.48)

Following the outline of the argument given in Example 3.2.3 for the one—
dimensional case, we will show that

Do, (p) = V(t,p),
where V(¢,p) is an N x N matrix which solves the IVP

& - A(t,p)Y;
dt (3.49)
Y(0) =1,
where A(t, p) is the matrix given by
A(t,p) = DF(0(t,p)), forte J,, peU; (3.50)

I denotes the N x N identity matrix, and

Y(t) = [yi; (V)]

denotes a matrix—valued function of the real parameter t.

The fundamental theory developed in Chapter 2 applies to the IVP in (3.49).
In fact, it follows from the definition of A(t, p) in (3.50), the fact that the flow
map, 0, is continuous, and the assumption that F is C' that A is continuous.
Thus, since the equation in (3.50) is linear, we obtain that the IVP in (3.50)
has a unique solution, V'(¢,p), defined on for ¢ € J,. We show that

DO,(p) = V(t,p);
in other words, according to (3.47) and (3.48), we show that

I |0(t,p+h) —0(t,p) — V(t,p)hl|
1m =
l[]]—0 [|A]]

0. (3.51)

As in the one—dimensional situation discussed in Example 3.2.3, we define
g(t,h) =0(t,p+h) —0(t,p) —V(t,p)h, forte[0,T], and ||h] <7 (3.52)

Next, as in (3.30)—(3.32) in Example 3.2.3, write

0(t,p) =p +/O F(9(r,p)) dr, (3.53)
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O(t,p+h) =p+h+/tF(9(7',p—|—h)) dr, (3.54)
0

and
Vit,p) =1 +/0 DF(0(r,p))V(r,p) dr, (3.55)

for t € [0,T] and ||h|| < r, where the integral in (3.55) is understood as a
matrix integral (i.e., the integral is a matrix whose components are integrals).
Substituting (3.53)—(3.55) into (3.52) then yields

g(t, h) :/0 [F(0(7,p+ 1)) — F(0(7,p)) — DF(0(,p))V(7,p)h] d7,  (3.56)

for t € [0,T] and ||h]| < r. Now, using the assumption that F' is differentiable
on U, we can write

F(x + Az) = F(x) + DF (z)Ax + R(x, Ax), (3.57)
where
R(x, Ax) = o(||Az])), as [|Az| — 0. (3.58)
Put
AO=0(t,p+h)—0(t,p), fortel0,T], and ||h] <. (3.59)

It follows from (3.59) and the Continuous Dependence on Initial Conditions
Theorem (Theorem 2.4.1) that

|h] <7 = |A0 < ||h||eXT,  forall t € [0,T], (3.60)

and some constant K.
Using (3.57) we can write

F(O(t,p+h)) = F(O(tp)+ Ab)
= F(0(t,p) + DF(0(t, p)) A0 + R(6(t, p), AY),
so that
F(O(t,p+h)) — F(0(t,p)) = DF(0(t,p)A0+ R(O(t,p),Ad),  (3.61)

Substituting (3.61) into (3.57) yields

g(t, h) :/o DF(0(r,p))[A0 — V (7,p)h] dT+/O R(0(r,p), A0) dr,
gt ) = /O DF(O(r, p))g(r.p) dr + /O R(0(, p), AD) dr, (3.62)

for t € [0,T] and ||h|| < r, where we have used the definition of ¢ in (3.52) and
the definition of A in (3.59).
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Next, use the assumption that F is C! to obtain

M = max ||DF(6(t,p))]|. (3.63)
t€[0,T]

Take the Euclidean norm on both sides of (3.62), apply the triangle inequality,
and use (3.63) to obtain the estimate

\Mﬂ%sMAnwmmm+AwmwmAwmn (3.64)

Let € > 0 be arbitrary. By (3.58), there exists > 0 such that

€

[A8] <n = [|R(6(t,p), AD)|| < TeITR)T

1A0], (3.65)

for all ¢ € [0,7]. Note that, in order to obtain the uniform estimate in (3.65),
we have also used the fact that the set

C={0@t,p) [t <0, T}

is a compact subset of U.
Next, by making r smaller, if necessary, so that

r < ne 5T (3.66)
it follows from (3.66), (3.65) and (3.60) that
bl < r=||R(O(t,p), AD)|| < % |hlle=™T,  for all t € [0,T). (3.67)

Thus, combining the estimates in (3.64) and (3.67), we obtain that, if ||| <7,
where r satisfies (3.66),

t
mmwmﬂWaW4M/Wmem forall t€[0,7].  (3.68)
0

Applying Gronwall’s Inequality to the estimate in (3.68) we see that
Al <= |lgt, )| <elhlle™MTeMt forall t € [0,T],
from which we get that
bl < 7= lg(t,h)| <e|h|, forallte][0,T].
This proves (3.51) by virtue of (3.52); that is,

i 10 p+h) —0(t,p) — V(E,p)h| _
(= [|A]]

0,

which shows that 6; is differentiable at p with

Do,(p) =V (t,p),
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where V (-, p) is the solution to the IVP (3.49) on J,,.

To complete the proof of Proposition 3.2.2, we first show that V' (¢, p) depends
continuously on the parameter p.

Let T and 7 be as in the first part of this proof. By virtue of the continuity
of the map t — V (¢, p), for fixed p € U, and the assumption that F is C!, we
can find constants M; and My with

M, = .
1= max, IVt ), (3.69)
and
My = max ||DF(0(t,p+ h)|. (3.70)
t€[0,T]
[Ih]|<r

Using the integral representation (3.55) for the solution to the IVP (3.49) we
obtain, for ||k|| < r, that

t
V(t.p+h)—V(t.p) = / [DF(6(r,p+ b))V (r.p+ h) — DF(8(r,p))V(,p)] dr,
0
which may be written as

Vitp+h)—Vtp) = /0 DF(O(r,p+ W)V (r.p + h) — V(r,p)] dr

—I—/O [DF(0(1,p+ h)) — DF(0(7,p))]V(1,p) dr.

Taking Euclidean norms on both sides of the pervious equation, applying the
triangle inequality, and using (3.69) and (3.70), we obtain that

t
V(tp+h) - Vitp| < M / IV(rp+ k)~ Virp)| dr
0

t
40y [ |DE(@(r.p+ 1) = DF(6(r.p))] dr.
0
(3.71)
Let € > 0 be given. Using the continuity of DF and the of the flow map 6, we
obtain § > 0 such that § < r and

[nll <0 = [[[IDF@O(,p+ h)) — DE@(,p))| < (3.72)

9
2TM1€]V[2T ’

for all t € [0,7]. Tt then follows from (3.71) and (3.72) that ||| < ¢ implies
that

t
9
IV (tp+h) = V(tp)ll < Mg/ IVr.p+h) = Vrp)| dr + . (3.73)
0
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for all ¢ € [0, T. Applying Gronwall’s inequality to (3.73) then yields that

IV(t,p+h)—V(t,p) < M%eMzt, for all ¢ € [0,7], (3.74)

provided that ||h|| < d. It follows from (3.74) that
Il < 6 = |V(t,p+h) — V(t,p)| < g for all ¢ € [0, 7). (3.75)
It remains to show that the map

(t,p) = V(t,p)

is continuous for ¢ € [0,7] and p € U. Let € > 0 be given and let s € R be such
that ¢ + s € [0,7] . Choose § > 0 as in the previous part of this proof so that
(3.75) holds true. By the continuity of the map

t— V(t,p), fort e Jy,
way may assume, by making § smaller if necessary that
Is| <8 =t+sel0,T]and |[V(t+s,p) - V(tp) < g (3.76)
It then follows from (3.75) and (3.76) that |s| < § and ||h|| < ¢ implies that

V(t+sp+h)=VEpl = [(VE+sp+h)=V(t+sp)+(V(E+sp) = VL)l

N

V({t+sp+h)—V(Et+sp)|+IIV({E+sp)—V(Ep)l
< g

and the proof of Proposition 3.2.2 is now complete. W
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Chapter 4

Continuous Dynamical
Systems

We saw in the previous chapter that for any C* vector field, F': U — RY, defined
in an open set U C R, there exists a corresponding flow map, 6: D — U,
defined on a flow domain D C R x U. In other words, for each p € U, the
function wy: J, — U defined by

up(t) =0(t,p), forallte Jp,

is the unique solution to the IVP

dr

— = F(x);

T (4.1)
z(0) = p,

defined on a maximal interval of existence, J,. We also saw in Chapter 3 that
the flow map, #: D — U, is a C'' map. In this chapter we begin by noting that,
in addition to being C*, the flow map, 6, satisfies

0(0,p) =p, forallpel, (4.2)

and
O(t+ s,p) =0(t,0(s,p)), (4.3)

forallpe U, and all t,s € R witht +s,5 € J, and t € Jo(o - The identity in
(4.2) follows from the fact that the map ¢ — 6(t, p), solves the IVP (4.1). The
identity in (4.3) was proved in Problem 1 of Assignment #2.

For the case in which the identity in (4.3) holds true for all ¢, s € R, the flow
of F' defines an action of the group R, under addition, on the set U. In general
if G denotes a group, and S a set, an action of G on S is a map

p:GxS—=S

47
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satisfying
o(e,s) =s, forallsels, (4.4)

where e is the group identity, and
o(gh,s) = p(g,¢(h,s)) forall se€ S, and all g,h € G. (4.5)

In the case in which 6(t,p) is defined for all ¢ € R and p € U, we see that
o(t,p) = 0(t,p) for all (t,p) € R x U satisfies the group action axioms in (4.4)
and (4.5) for G = R, with addition as the group operation, and S = U, in view of
(4.2) and (4.3), respectively. For the particular case in which the action of R on
U is defined by the flow map of a C'* vector field on U, the map (t,p) — 0(t, p)
is C'; this will be the definition of a continuous dynamical system that we will
use in these notes.

4.1 Definition of Continuous Dynamical Systems
A continuous dynamical system on an open set U C RY is a C' map
0:RxU—-U
which satisfies the group action axioms:
0(0,p) =p, forallpel, (4.6)

and
0(t+s,p) =06(t,0(s,p)), forallpeU, andallt,seR. (4.7

Thus, a continuous dynamical system can be thought of as a C'!' action of the
group (R, +) on the open set U C RV,

Example 4.1.1. Let F: U — R" be a C! vector field. Then, the flow map, 6,
of F' defined in the previous chapter is a continuous dynamical system if, for all
p € U, the IVP

dxr
a F(2);
z(0) = p,

has a solution that exists for all t € R.

Example 4.1.2. Define §: R x R? — R? by

p\\ [ cost —sint\ (p
0<t’ (q)) B (Sint cost> (q>’ for t,p,q € R.

To see that 0 defines a dynamical system, first observe that

o(0(3)) =1 (3)
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where I denotes the 2 x 2 identity matrix. Consequently,

q q
Finally, use the trigonometric identities

cos(t+s) = costcoss—sintsins
sin(t+s) = costsins+sintcoss

to verify that

o(t+s p _ c'ost —sint cgss —sins\ (p ,
q sint cost sin s cos § q

from which we obtain that

(een (@)ool 0))

For each t € R, the dynamical system, : R x U — U, induces a map on U,
denoted by 6;: U — U, and given by

0:(p) =0(t,p), forallpeUl. (4.8)

The map 60;: U — U defined by (4.8) is C'. Furthermore, it follows from (4.6)
and (4.7) that
6,00, —id,

where id denotes the identity map in U, and
9_t ] Ht = id.

It then follows that 6, is invertible with inverse 6_;. Hence, 6, is C' with an
inverse which is also C'. We say that 6; is a diffeomorphism of U. Hence, a
dynamical system 6; induces a family of diffeomorphisms, {6;};cr, of the set U
into itself.

Example 4.1.3. For the dynamical system defined in Example 4.1.2,
0;: R? — R?

is a rotation of the plane through an angle of ¢ (in radians) of the plane R?.

4.2 Orbits

In the study of group actions, it is of interest to look at orbits of points in the
set on which the group acts.
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Definition 4.2.1 (Orbits). Let 0(¢,p) denote a dynamical system on an open
set U C RN. Given p € U, the orbit of the flow, ;, through p is the set, Yps
defined by

vp ={z €U | x=0(tp) for some t € R};
in other words, v, is the image of the map 6,: R — U defined by
0,(t) =0(t,p), forallteR.
Example 4.2.2. For the dynamical system §: R x R2 — R? given in Example
4.1.2, y(p,q) is a circle of radius y/p? + ¢? around the origin for the case (p, q) #
(0,0); and 70,0y = {(0,0)}. Figure 4.2.1 shows (1 ,0), Y(0,0) and another typical

q

AR
KJ (1,0) P

Figure 4.2.1: Phase Portrait of 6 in Example 4.1.2
orbit of the dynamical system 6 defined in Example 4.1.2. The arrows on the

the two circular orbits portrayed in the figure indicate the direction on the orbit
induced by the parametrization 0, 4): R — R?, defined by

0.y (1) = 0 <t, <Z)> . forallteR, (4.9)

at t increases.

Definition 4.2.3 (Phase Portrait). A depiction of all possible kinds of orbits
that a dynamical system can have is known as a phase portrait of the system.

Example 4.2.4. Figure 4.2.1 shows the phase portrait of the dynamical system,
0: R x R? — R?, given in Example 4.1.2. Observe that, for (p,q) # (0,0) and
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O (p,q) as defined in (4.9),
100 @I? = (pcost —gsint)? + (psint + qcost)?
= p2cos?t — 2pgsintcost + ¢?sin®t
+p?sin®t 4 2pgsint cost + g% cos® t
= p?+¢? forallteR,

which shows that v, 4 lies in the circle of radius r = /p? 4 ¢? around the
origin in R?. On the other hand, if (z,y) € S.((0,0)), the circle of radius r
around the origin in R?, where r > 0, by letting

t = arctan (g) — arctan (q> ,
€z p
Opy(t) = (7).
(p,a) (1) (y)

In other words, (z,y) € 7). Consequently, v, o = 5-((0,0)), for r =
VP2 + ¢, as claimed in Example 4.2.2. On the other hand, if (p,q) = (0,0),
then v, ¢y = {(0,0)}. Thus, the singleton {(0,0)} and concentric circles around
the origin are the only kinds of orbits that the dynamical system, 6(t, p), defined
in Example 4.1.2 can have.

we can show that

4.3 Infinitesimal Generator of a Dynamical Sys-
tem

Given a dynamical system, : R x U — U, on an open set U C RY, we can
define a vector field, F': U — RY, as follows

F(z) = %H(t,x) o’ for all z € U; (4.10)

in other words,

O(h,z) —6(0,x)

Lim W , forallzel. (4.11)

Since we are assuming that the dynamical system, 8: Rx U — U is a C! map, it
follows that F': U — R” defined in (4.10) is a C! vector field defined in U. We
show next that #: R x U — U is the flow map for the vector field F'. The vector
field, F, defined in (4.11) is called the infinitesimal generator of the dynamical
system 0;, for t € R.

Thus, we need to show that the map, 6,: R — U, given by

0,(t) =0(t,p), forallteR (4.12)
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is the unique solution to the IVP
dx

— = F(x);
T (4.13)

z(0) = p,

Using the group action axiom for 6(¢,p) in (4.7), we see that 0, defined in
(4.12) satisfies

0p(t +h) =06(t+h,p) =0(h,0(t,p)), fort,heR.
We then have that
Op(t +h) =0(h,0,(t)), fort,heR. (4.14)
Thus, for h # 0 we obtain from (4.14) that

ep(t + h) _ ep(t) _ 9(h7 ep(t)) — 9(07 ep(t))
, = - : (4.15)

where we have also used the group action axiom for (¢, p) in (4.6).
Next, letting A — 0 in (4.15) and using the definition of the field, F, in
(4.11), we obtain that
0,(t) = F(6,(1)),

which shows that 6, solves the differential equation in the IVP (4.13). Finally,
since 6,(0) = p, by the group action axiom for 6(¢,p) in (4.6), we see that
0,: R — U solves the IVP in (4.13), which was to be shown.

Remark 4.3.1. We have seen that every continuous dynamical system, 6: R x
U — U, has an associated O vector field, F: U — RY given by (4.10); namely,
the infinitesimal generator of . However, it is not the case that every C! vector
field, F', has a dynamical system, §: R x U — U, in the sense defined in Section
4.1. The issue at hand is that solutions to the IVP (4.13), for given p € U,
might not be defined for all ¢ € R.

Example 4.3.2. Let : RxR? — R? be the dynamical system given in Example
4.1.2. To find the infinitesimal generator of 6, we first compute

w (0)= (o =) () o () e
() - %00)
- (170)0)

so that
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for all <ay:> € R2. Tt then follows that the infinitesimal generator of @ is the
vector field, F': R?2 — R?, given by

()-(2) (e

In other words, the dynamical system, §: R x R2, given by

p ([ cost —sint) (p
’ (t7 (q>) N ( sint COSt) (q)’ for t,p,q € R,

is the flow of the linear system of differential equations

de
0 - v
dy  _

a "

4.4 Fixed Points and Equilibrium Solutions

Let 0: R x U — U be a C! dynamical system in U with infinitesimal generator
F:U — RN, A fixed point of the flow 8, in U is a point p* € U such that

O(t,p*) =p*, forallteR,

or

Op-(t) =p*, forallteR. (4.16)
Taking the derivative with respect to ¢ on both sided of (4.16) we obtain that
0,-(t) =0, forallteR,

so that, by the definition of the infinitesimal generator of 6;,

F(0,+(t)) =0, forallteR. (4.17)
Combining (4.17) with (4.16) we obtain
F(p*) =0. (4.18)

Thus, a fixed point of the dynamical system with infinitesimal generator F': U —
RY is a solution to the equation

F(p)=0. (4.19)

Solutions to (4.19) are also known as equilibrium points, or singular points. A
point p € U which is not a fixed point of the system generated by F is called a
regular point of F'. A solution to the system

dx
>~ _r
o~ @)

defined by (4.16) where p* € U satisfies (4.18) is called an equilibrium solution.
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Example 4.4.1. Consider the two—dimensional system

Az +
(4.20)

= Ay,

where A # 0.
In this case the field, F': R? — R?, is given by

F (5”) _ <M + y)  for all (5”> € R2.
Yy Ay Yy

The equilibrium points are therefore solutions to the system

A+y = 0;
{ Ny = 0. (4.21)

Since A # 0, the only solution to the system in (4.21) is the origin, (0,0), in R2.
Thus, (0,0) is the only equilibrium point of the system in (4.20).

4.5 Limit Sets

The dynamical system corresponding to the two-dimensional system (4.20) in
Example 4.4.1 is given by

0 (t, (g)) =M ( (1) i) <§) for t € R, (5) € R2. (4.22)

Thus, if (x(t)) € 'y(p), the orbit of (5) , it follows from (4.22) that

<)

Hence, if A < 0, we obtain from (4.23) that

()] =»

from which we conclude that, if A < 0, then

s ()= 0)

) is an w-limit point (“omega limit point”) of the orbit

, forallteR. (4.23)

lim
t—o00

We then say that (O

0
)
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Definition 4.5.1 (Limit Sets). Let §: R x U — U denote a dynamical system
on an open set U C RY, and let vp, for p € U, be an the orbit of the point p
under the flow 6;.

o (w—limit point) A point ¢ € U is said to be an w-limit point of v, if there
exists a sequence of real values, (t,,), such that t,,, = +00 as m — oo and

lim 0(t,,p) =q.

m—r o0

o (w-limit set) The set of all w-limit sets of the orbit , is called the w-limit
set of v, and is denoted by w(,).

o (a-limit point) A point ¢ € U is said to be an a-limit point of ~, if there
exists a sequence of real values, (t,,), such that t,,, = —oo0 as m — oo and

lim O(t,,p) =q.

m—r o0

o (a—limit set) The set of all a-limit sets of the orbit v, is called the a-limit
set of y, and is denoted by a(,).

Example 4.5.2. Let 6: R x R? — R? be the dynamical system given in (4.22)
corresponding to the two—dimensional system in (4.20). If A < 0, then

o-{0))

for all <p> € R2.
q
0

On the other hand, if (Z) + <0> , and A < 0, then

a(’Y(P) ) =0.

q

To see why the last claim is true, note that, if g # 0,

H9 (t, (5)) H > |qleM — 00, ast— —oo.
H9 (tm, (5))”%00, as m — oo,

for any sequence of real numbers, (¢,,), such that ¢,, — —oo0 as m — oo;

therefore,
lim 0 <tm, (P>)
m— o0 q

does not exist for the case ¢ # 0 and A < 0.

Consequently,
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Next, if ¢ = 0 and p # 0, while A < 0, note that

H0 (t, (Z)) H > |ple* = 0o, ast — —oo,

and the same result is obtained.
Finally, observe that, regardless of the sign of A,

iy =wte) =4 (5) }

since (8) is the equilibrium point of the system.

4.6 Properties of Limit Sets

Definition 4.6.1 (Invariant Sets). Let 8: R x U — U be a dynamical system
on U, an open subset of RV. A subset A of U is said to be invariant under the
flow 0 if for every ¢ € A, 6(t,q) € A for all t € R.

Example 4.6.2. For p € U, the orbit v, is invariant under the flow. In fact, if
q € 7p, then ¢ = 0(t,,p), for some ¢, € R. We then have that, for any ¢ € R,

e(tv Q) = e(tve(tmp)) = e(t + toap) € Yp-

In the next proposition we will see that the limit sets of an orbit is also
invariant.

Proposition 4.6.3. Let 6: R x U — U be a dynamical system on U, an open
subset of RY. For any p € U, the w-limit set and o-limit set of vp are closed,
invariant subsets of U.

Proof: We prove the assertions in the proposition for w(y,); the arguments for
a(7p) are analogous.
We first show that w(7y,) is invariant. Let ¢ € w(7,); then there exists a
sequence of real numbers, (t,,), such that ¢,, — oo as m — oo and
g= lim O(tm,p). (4.24)
m—0o0

Now, by the continuity of the map 6;: U — U for each ¢ € R, we obtain from
(4.24) that

0(t,q) = lim O(t,0(tym,p)) (4.25)
m—0o0
for any ¢t € R. On the other hand,
0(t,0(tm,p)) = O0(t + tm,p) = 0(tm, 0(t, p))- (4.26)

Thus, combining (4.25) and (4.26), we see that
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which shows that
0(t,q) € w(7,(,,,), foranyteR. (4.27)

However, v, . = 7p, for any ¢t € R, since 0(t,p) € 7, for any ¢ € R (see, for
instance, Problem 3 in Assignment #4). Thus, (4.27) can be written as

0(t,q) € w(vp), foranyteR,

which shows that w(vy,) is invariant under the flow.

Next, we show that w(y,) is closed. This is equivalent to showing that the
complement, w(v,)¢, is open.
Arguing by contradiction, suppose that there exist ¢ € w(7,)¢ and a sequence
of points, (¢m), in w(7,) such that
Tim_flg — qll = 0. (4.28)

Now, since each ¢y, is in w(7,), we can construct a sequence of real numbers,
(tm) such that ¢, — oo as m — oo, and

1
10(tm, p) — gmll < pg for all m € N. (4.29)
Applying the triangle inequality we obtain that
1
16(tm, p) = all < — + llgm —qll,  forallm €N, (4.30)

where we have also used the estimate in (4.29). It follows from (4.30), (4.29)
and the Squeeze Lemma that

im0t p) gl = 0.

which shows that ¢ € w(v,), contradicting the assumption that ¢ € w(v,)°. This
contradiction shows that w(7,)° is open, and therefore w(y,) is closed. W

It is possible for the w-limit set of an orbit to be empty. For instance, let
0: R x R? — R? be given by

(o)) = (L)) e (Yem  am

where A > 0, and consider the orbit 7/,\. Points, , in v,y are of the
(%) (y(t) ()

(;Eg) = e ((1)> , forallteR.

form
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We then have that

G)-emm

t

since A > 0. It then follows that w(y/y) = 0.
0
The reason the limit of 0 (t, (é)) as t — oo fails to exist is that the orbit

of (1)> is unbounded for positive values of ¢.

Definition 4.6.4 (Semi-Orbits). Let : RxU — U denote a dynamical system
on an open set U C RY. Given p € U, the forward semi-orbit of the flow, 6,
through p is the set, 7;‘ , defined by

7; ={z e U|z=0(tp) for some t > 0}.

Similarly, the backward semi-orbit through p, denoted by v, , is the set
Y, =1z €U |z =0(t,p) for some ¢t < 0}.

Observe that v, = 7, U,

Example 4.6.5. Let 0: R x R? — R? be as given in (4.31), where A > 0; then

vé) ={(z,y) eR?*|z>1, y =0}

and
fy(l) :{(:U,y)ER2|O<:E<17 y = 0}.
0

In the next proposition we will see that, if v, is bounded, then w(7,) is
nonempty. Similarly, if v, is bounded, then a(v,) is nonempty. In the previous
example, note that 7(1) is bounded and a('y(é)) = {(0,0)}; so that, a(v(é)) # 0.

0
Proposition 4.6.6. Let 6: R x U — U be a dynamical system on U, an open
subset of RV, and p € U. If 'y; lies in a compact subset of U, then w(y,) is
nonempty, compact and connected. Similarly, if " lies in a compact subset of
U, then a(vy,) is nonempty, compact and connected.

Proof: We prove the result for the w—limit set; the arguments for the a—limit
set are analogous.

Assume that 71‘7" C K, where K is a compact subset of U. For any sequence,
(tm), of real numbers such that ¢,, — oo as m — oo, the set {0(t,,,p)} is a
subset of K. Hence, since K is compact, there exists ¢ € K and a subsequence,
(tm,,) such that t,,, — oo as k — oo, and

q = lim O(ty,,p);
k—o0
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that is, ¢ € w(7p), and therefore w(vy,) # 0.
Next, observe that, if ¢ € w(v,), then
¢ = lim 0(tm,p),

for a sequence of positive numbers, t,,, tending to infinity as m — co. We then
have that 6(t,,,p) € K for all m. Consequently, since K is closed, ¢ € K. Thus,

w(vp) € K.

since w(y,) is closed, by Proposition 4.6.6, and K is compact, it follows that
w(7p) is compact.

It remains to show that w(7,) is connected. Assume to the contrary that
there exist nonempty open subsets, U; and Us, of U such that

UrNUz =0, (4.32)
UrNw(y) #0  and Uz Nw(y,) # 0, (4.33)
and
w(vp) - U1 @] U2. (434)
Define
C1 =w(vp) NUL and C1 = w(yp) NUs. (4.35)

It follows from (4.32) and (4.34) that
CinNCy =0, (4.36)

and
w(’yp) = Cl U 02. (437)

Next, we see that C; and C5 are compact. This follows from the fact that
Cy and Cy are both closed subsets of w(7y,), which was shown to be compact
previously in this proof. To see that C; is closed, let (¢,,) be a sequence of
points in C such that

7r}E>noo lgm — qH =0, (438)

for some ¢ € w(vp). We show that ¢ € C;. If this is not the case, it follows
from (4.37) that ¢ € C3. Then, by the definition of Cs in (4.35), ¢ € Us. It then
follows from (4.38) that there exists M € N such that

m =M = ¢, € Us.

However, this is impossible in view of (4.32) since ¢, € U; for all m € N. We
therefore conclude that ¢ € Cy, and therefore C; is closed. A similar argument
shows that (5 is closed.

From (4.36) and the fact that C; and C are compact, it follows that

6= diSt(Cl, 02) > 0. (439)
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By virtue of (4.33) and (4.33), we can find ¢; € Cy and g2 € Cs. Then, there
exist sequences of real numbers, (t,,) and (s,,), such that

tm < S, forallmeN, (4.40)

and
tm 00 and S, — 00, asm — oo, (4.41)

with
) )
10(tm,p) — @1l < 1 and  ||0(sm,p) — q2| < 7 for allm € N.  (4.42)
Hence, for each m € N,
inf [|0(tm,p) —qll < 0 and  inf [|0(sm,p) — 4| < 0 (4.43)
e, msP q 1 100G, ms D q 4 .
Define the functions f1: R = R and fo: R — R by

fl (t) = diSt(e(t,p), Cl) = qienél ||9(t>p) - QH (444)

and
fa(t) = dist(6(t,p),C2) = inf ||0(t, p) — q|| (4.45)
qeCs2

for all t € R. By the continuity of the map ¢ — 6(t, p) and the continuity of the
distance fucntion, it follows that f; and fo are continuous functions.

It follows from (4.43) and the definition of f; and fo in (4.44) and (4.45),
respectively, that

. (4.46)

IS

filtw) <5 and falom) <
)

Next, let G, € Cy be such that fo(t,,) = ||0(tm,p) —
(4.39) and the triangle inequality that

5| It then follows from

)

so that 5
0 < Z + f2(tm)7

where we have used the first inequality in (4.42). We therefore obtain that

fatm) > 373. (4.47)
Combining (4.47) and the first inequality in (4.46) that
Fit) = folt) < —3 <0, (4.48)
Similar calculations show that
f1(sm) = fa(sm) > L) (4.49)

2
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It follows from (4.40), (4.48), (4.49), the continuity of f; and fo2, and the in-
termediate value theorem that there exists a sequence, (7,,,), of real numbers
with

tm < Tm < Sm, for all m, (4.50)

and
fl(TM) - fQ(TnL) = O, for all m € N,

or
dist(0(7pm, p), C1) = dist(0(7m, p), C2)  for all m € N. (4.51)

In view of (4.41) and (4.50) we also see that
T — 00, a8 m — 0. (4.52)

Since (7, p) € K, for all m, by assumption, there exists a subsequence, (7o, ),
such that

klim 0(Tm,,p) =1, (4.53)
—00

for some g € K.
It follows from (4.52) and (4.53) that

7€ w(vp) (4.54)

Also, from (4.53), (4.51) and the continuity of the distance function we obtain
that
dist(q, Cl) = diSt(a, CQ) (455)

From (4.54) and (4.37) we obtain that either g € C; or g € Cs. If § € C1, then
dist(g, C1) =0, (4.56)

and, by virtue of (4.39),
dist(g, C2) = 6 > 0. (4.57)

Observe that (4.56) and (4.57) are in contradiction with (4.55). Thus, we must
have that § € Cy, which leads to

dist(q,C1) 20 >0 and dist(g,Cs) =0,

which, again, contradict (4.55). This contradiction establishes that w(y,) is
connected, and therefore the proof of Proposition 4.6.6 is now complete. 1

Example 4.6.7. In Example 4.2.4 we showed that the orbits of the system

e _
dt - y7
(4.58)
dy
- = g,

dt
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consist of the singleton {(0,0)} and concentric circles around the origin. Some
of this orbits are shown in Figure 4.2.1 on page 50. For instance,

vy = ) € R? | 2% +y* =1}.
We show that
W(V(é)) =70y (4.59)

Indeed, if (z,y) € 7( ), there exists t, € [0, 27) such that

0
(z,y) = 0(to, 1,0) = (cos(t,), sin(t,)).
Setting t,, = t, + 2wm, we see that
t,, — 00, as m — o9,

and
(z,y) = 0(tm,1,0), forallmeN,

by the fact that sin and cos are periodic functions of period 27. Consequently,

(z,y) = lim 0(ty,1,0),

m—r o0

0

and therefore (x,y) € w('y(l)). Thus,

() c w(7(3> )- (4.60)

0

To see why the reverse inclusion holds, let (p,q) € w(fy(l) ). Then, there exists
0

a sequence of real numbers, (¢,,), such that

tm — 00, as m — o0,

and
Note that ||0(¢,,,1,0)|| = 1 for all m, so that, by continuity of the norm,

Il(p, q)|| = 1, which shows that (p,q) € 7(1>. Consequently,
0

W(W(é)) C () (4.61)

Combining (4.60) and (4.61) fields (4.59).
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Example 4.6.8 (Negative Gradient Flows). Let U be an open subset of RY
which contains the origin, 0. Let V: U — R be a C? function satisfying V (x) > 0
for all z € U\{0} and V(0) = 0. Put F = —VV and, for p € U, consider the

IVP .
" — P(x);

dt (4.62)
z(0) = p.

In this example we show that 0 is an equilibrium point of F' and, if F' has no
equilibrium points in some neighborhood, B,.(0), of 0, other than zero, then
w(vp) = {0} for all p € B,(0) which are sufficiently close to 0. We will prove
these facts in stages.

(a) The vector 0 is an equilibrium point of the system in (4.62).

Proof: Let @ be any unit vector in RV and observe that, for any ¢ # 0,
V(tw) — V(0) > 0. (4.63)
Dividing the expression in (4.63) by ¢ > 0 and letting ¢t — 07 yields
VV(0)-w > 0. (4.64)

Similarly, dividing the expression in (4.63) by ¢t < 0 and letting ¢ — 0~
yields
VvV (0)-w < 0. (4.65)

Combining (4.64) and (4.65) we obtain that
VV(0)-w=0, forallweR"with || =1,

which implies that VV(0) = 0; hence F(0) = 0 and therefore 0 is an equi-
librium point of the differential equation in (4.62). MW

(b) Let p € U and suppose that p is not an equilibrium point of F. Then, the
function V' is strictly decreasing along +,; that is, the function V(u,(¢))
decreases with increasing ¢, where u,,: J, — U is the unique solution to the
IVP in (4.62) defined on a maximal interval of existence Jp.

Proof: Let up: J, = U be the solution to IVP (4.62) defined on a maximal
interval of existence J,, where p is not an equilibrium point of F. We then
have, by uniqueness, that

F(uy(t)) #0, forallteJ, (4.66)

Observe that, by the Chain Rule,

d !
SVp()] = IV(up(t)) - (o)
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or

4

dt
since u,, solves the differential equation in (4.62). Consequently, using the
assumption that F = —VV, we obtain from (4.67) that

V(up@®)] = VV(up(t)) - F(up(t)), (4.67)

IV @) = IV )P fraltes,  (163)

Thus, if p is not an equilibrium point of F', it follows from (4.68) and (4.66)
that V' is strictly decreasing along the orbit v, as t increases. W

For every r > 0 with B,.(0) C U, such that B,(0)\{0} contains no equilib-
rium points of F, there exists § > 0 such that, Bs(0) C U and, for every
p € B;5(0), up(t) € B-(0) for all t € J, N[0, 0).

Proof: Let r > 0 be such that B,.(0) C U and B,(0) contains no equilibrium
points of F' other than 0. Put

e= inf V(z). (4.69)

llll=r

By the assumption that V' > 0 on U\{0}, the compactness of dB,.(0), and
the continuity of V' we have that ¢ > 0; thus, since V(0) = 0 and V is
continuous, there exists 6 > 0 such that

lz]| < 6 = V(z) <e. (4.70)
It follows from the result of part (a) that
V(up(t)) < V(p), forallte J,N[0,00). (4.71)
Consequently, if |[p|| < J, it follows from (4.71) and (4.70) that
V(up(t)) <e, forallte J,NI0,00). (4.72)
We claim that (4.72) and (4.69) imply that, if ||p|| < J, then

up(t) € B.(0), forallte J,NI0,00). (4.73)

Suppose that (4.73) does not hold. Then there exists t; > 0 such that
t1 € Jp and |jup(t1)|| > r. By the intermediate value theorem, there exists
t € (0,t1) such that ||u,(?)|| = r; thus, by (4.69),

V(up(t) > e,

which is in direct contradiction with (4.72). Hence, (4.73) must hold true
for every p € B5(0). W
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(d)

Let § > 0 be as obtained in the previous part. Then, for every p € Bs(0),
the forward semi-orbit, 7,7, is bounded. Deduce therefore that w(v,) # 0.

Proof: From the result of the previous part, it follows that if p € B;(0),
then

up(t) € B,(0), forallte J,NI0,00). (4.74)
It then follows from the global existence result proved in the lecture notes
that J,N[0,00) = [0, c0); in other words, u,(t) is defined for all ¢ > 0. Thus,
the positive semi—orbit, 'y; , is defined an

" € B0, (4.75)

where we have used (4.74); that is, 7, is bounded.

It follows from (4.75) that ;" lies in a compact subset of U; hence, w(,) #
(); furthermore,

w(v) € Br(0). (4.76)
[ ]

Let r > 0 be as given in part (c¢) and § > 0 as obtained in part (c). Prove
that, for any p € B;5(0), w(vyp) = {0}.

Proof: First observe that, if p = 0, then -, = {0}, since 0 is an equilibrium
point of the system. Thus, the statement is true in the case p = 0. So,
assume for the rest of this argument that p € Bs(0)\{0}.

Observe that, for p € Bs(0)\{0},
up(t) #0, forallt >0, (4.77)

by uniqueness of the solution to the IVP in (4.62).

We next observe that, by (4.68) in part (b) and (4.77), V decreases along
7, as t increases. We then have that tlim V(up(t)) exists. We prove that

tliglo V(up(t)) = 0. (4.78)

Arguing by contradiction, if (4.78) does not hold true, then there exists
€, > 0 such that
tliglo V(up(t)) = €o. (4.79)
Thus, since V (u,(t)) decreases with ¢, it follows that
V(0(t,p)) = e,, forallt>D0, (4.80)

where we have written 6(t, p) for u,(t). Combining (4.80) with (4.72) in the
proof of part (¢), we obtain that

o < V(0(t,p)) <e, forallt>0, (4.81)
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where ¢ is as given in (4.69).

Define
C = {6(t.p) |t >0 and £, < V(8(t,p)) < e}. (4.82)

It follows from the continuity of the functions V' and 6 and (4.74) that C
is a closed subset of a compact set; hence, C' is compact. It is also the case
that 0(t,p) # 0 for all ¢ > 0, since V(6(t,p)) > €, for all 0(t,p) € C, and
V(z) = 0 only when 2 = 0. The compactness of C' defined in (4.82) and the
continuity of VV then implies that there exists a positive constant v such

that
d

dt
where we have used (4.68). Integrating on both sides of the inequality in
(4.83) from 0 to ¢, we obtain

V(0(t,p) < V(p) — v,

V((t,p)] < —-v, forallt>0, (4.83)

which shows that
1
V(e(tap)) < 07 for t > ;V(p)7

which is impossible since V(z) > 0 for all x € U. Hence, (4.79) is not
possible, and therefore (4.78) must be true.

Now, given any T € w(,), there exists a sequence of positive real numbers,
(tm), such that t,, — 0o as m — oo such that

i [8(t.p) — ]| = 0. (4.84)
Tt then follows from the continuity of V' and (4.84) that

lim V(0(tm,p)) = V(T). (4.85)

m—r oo

Hence, using (4.78), it follows from (4.85) that
V(Z) =0, foralZ e w(y). (4.86)

Therefore, since V(z) > 0 for all x € U\{0} and V(0) = 0, we obtain from
(4.86) that

T €w(yy) =T =0;
in other words, w(v,) = {0}. We therefore conclude that w(vy,) = {0} for
all p € Bs(0), which was to be shown. H

4.7 Cycles and Periodic Solutions

In Example 4.6.7 we saw that the two—dimensional system in (4.58) has an orbit,
7(1,0), Which is a simple closed curve in R2?,

Y0 = {(z,y) € R®* |2 +¢y* =1}



4.7. CYCLES 67

Definition 4.7.1 (Cycles). An orbit of a dynamical system is a called a cycle
when it is a simple closed curve.

Let 8: R x U — U be a dynamical system in an open set U C RY. Suppose
that for p € U, the orbit of p, 7, is a cycle. Then, there exists a positive number
T such that 0,(T,p) = p and 6,: [0,T] — U is a parametrization of +,. In other
words, 0,: [0,T) — U is one-to—one, and v, = 6,([0,7]). The function 6, is
said to be periodic with period T.

Definition 4.7.2 (Periodic Solutions). Let U C RY be open and F: U — RY
be a O vector field. A solution u: R — U of the differential equation

dx

— = F(x), 4.87
= F(@) (487)
which is not an equilibrium solution, is said to be periodic if there exists a
positive number, 7, such that

u(t+7) =u(t), forallteR. (4.88)

The smallest positive number, 7, for which (4.88) holds true is called the period
of u.

Example 4.7.3. Suppose that the differential equation in (4.87) has a flow,
0: R x U — U, and that the orbit, v,, for p € U, is a cycle. Let T" > 0 be such
that

0(T,p) = p, (4.89)
0p([0, T]) = p,
and
0,:[0,T) — U is one-to—one. (4.90)
We show that the function
0, R—U

is periodic with period T. To see why this claim is true, observe that, for any
t € R,
0(t+T,p) = 0(t,0(T,p)) = 0(t,p),

where we have used (4.89). We therefore have that
O,(t+T)=0,(t), forallteR,

which shows that 6, is periodic. To see that T" is the period of 6,, suppose that
0<7<T,and
O,(t+71)=0,(t), forallteR. (4.91)

Letting ¢ = 0 in (4.91) we obtain that
0p(7) = 0,(0),

which contradicts (4.90) since 7 € (0,7T). Hence, cycles in a dynamical system
correspond to period solutions.
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4.8 Limit Cycles

Example 4.8.1. Consider the two—dimensional system

dx

o = ytpe(l-a® =y

) (4.92)
y

o = rrmy-a? -y,

where p is a real parameter.

We would like to understand the dynamics of the system in (4.92). To do so,
we first look for equilibrium points. We will then look at orbits and compute
limit sets of those orbits.

To find the equilibrium points of the system in (4.92), we solve the algebraic
system

r+uy(l—22—9%) = 0.

Note that (0,0) is a solution of the system in (4.93), so that (0,0) is an equilib-
rium point. We next see if there are other equilibrium points. So, suppose that
(x,y) solves the system in (4.93) and 22 + y? # 0. We claim that zy # 0. For
suppose that 2 = 0 and 22 + y? # 0. It then follows from the first equation in
(4.93) that y = 0, which is impossible. Similarly, if y = 0 and 22 + y? # 0, we
obtain from the second equation in (4.93) that = = 0, which is impossible. We
therefore get that, if (x,%) solves the system in (4.93) and 22 + y? # 0, then
x # 0 and y # 0. Thus, let (z,y) be a solution of (4.93) with 2% + y? # 0.
Multiplying the first equation in (4.93) by « and the second equation by y then
leads to the equivalent system

{ —y+pz(l—2?—y?) = 0 (4.93)

_ 21 _ .2 _ .2y _ Q.
s e R 4o
Adding the equation in (4.94) then leads to
pla® +y?)(1—a® —y?) =0,
which is equivalent to
p(l — 2?2 —y*) =0, (4.95)

since we are assuming that 22 +y? # 0. It follows from (4.95) that either =0
or 22 + y* = 1. If u = 0, then we obtain from (4.93) that (z,y) = (0,0), which
is impossible. Similarly, if 22 + 3% = 1, we get from (4.95) that (z,y) = (0,0), a
contradiction. We have therefore shown that (0, 0) is the only equilibrium point
of the system in (4.92).

We next show that, for u < 0, if (p,q) € B1(0,0), then w(v(,q) = {(0,0)}.
We will proceed as in Example 4.6.8 by considering the function V: R? — R
given by

V(z,y) =2*+y? forall (z,y) € R?,



4.8. LIMIT CYCLES 69

and first showing that if (p,q) € B1(0,0), then V(u(, 4 (t)) decreases with in-
creasing ¢; in other words, V' decreases along the orbit, v, 4). Here, the function
Up,g): Jpg) = R? denotes the solution to the system in (4.95) subject to the
initial condition:

up(0) = (p, q), (4.96)

where J(;, 4y is the maximal interval of existence. In order to show that V(w4 (%))
decreases with increasing ¢, first compute

% [V(u(pyq) (t))} = VV(ugp,g(t) - ul(p,q) (t)

= 2u(—y+ px(l —2® —y?)) + 2y(z + py(1 — 2* — y?))

= 2u(z® +y*)(1 = (2> + ¢?)).
We therefore have that

% [V(u(pﬂ) (t))} =20V (u(p,q) (1) [1 = V(ug,q) ()] (4.97)

Setting v(t) = V(u(y,q)(t)), for t € Jp 4y, we can re-write the differential equa-
tion in (4.97) as
dv

i 2uv(1 — ). (4.98)

d
Note from (4.98) that & 0, whenever 0 < v < 1, for the case u < 0. Thus, if
(p,q) € B1(0,0), it follows from (4.96) that

.o O < Ip,@)||> <1, forallt € Jg, 4 N[0,00),
from which we get that
U(p,q)(t) € B1(0,0), forall t € Jy, o) N[0,00), and (p,q) € B1(0,0). (4.99)

It follows from the Proposition 2.3.9, on page 23 in these notes, that u, q)(t) is
defined for all ¢ > 0. Furthermore, we obtain from (4.99) that

+
7(p7q) C Bl (0, 0).

It then follows from Proposition 4.6.6 that, if (p, ¢) € B1(0,0), then w(y(,q)) # 0
and

W(V(p,q)) C B (070)‘
We next show that

W(Y(p,q) = 1(0,0)}, for all (p,q) € B1(0,0). (4.100)

In order to prove (4.100), we solve (4.98) by separation of variables and partial
fractions to obtain

,UOeQ/Lt

U(t) = W, for all ¢ < R, (4101)
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where v, = p? + ¢> < 1. We then see from (4.101) that, if (p,q) € B1(0,0) and
© < 0, then
lim v(t) =0,

t— o0
or
lim V(U(pyq) (t)) =0,

t—o0

from which we get that

tlim 10(t,p,q)|| =0, whenever (p,q) € B1(0,0), (4.102)

where we have written (¢, p, q) for u, 4)(t), for all £ > 0. Finally, to show (4.100)
holds true, assume that (p,q) € B1(0,0) and let (Z,%) € w(v(p,q)). Then, there
exists a sequence of positive numbers, (¢,,0, such that ¢, — oo and

lim 0(tm,p,q) = (7,7). (4.103)
m—00

It then follows from (4.102), (4.103), and the continuity of the flows and of the
norm that

@9l =0
from which get that (Z,7) = (0,0) and (4.100) follows.
Example 4.8.2 (Continuation of Example 4.8.1). In this example we show that
if 4 < 0 in system (4.92), and (p,q) € B1(0,0)\{(0,0)}, then a(y,q) = S,
where St = {(z,y) e R? | 2% + ¢y*> = 1}.

It follows from (4.101) that, if 0 < v, = p! + ¢*> < 1, then

V(’U,(p’q) (t) <1, forallte J(p,q)-

Thus, wu(,,q)(t) € B1(0,0) for all t € Ji, 4y. The global existence results proved
in in these notes then imply that w, () is defined for all ¢ € R. Furthermore,

Yo © B1(0,0);

it then follows from Proposition 4.6.6 that a(v(, q)) # 0 and

a(’V(p,q)) C By (070)'
Next, we show that
a(Vp.g)) € 0B1(0,0) =S, for 0 <p®+¢° < 1. (4.104)

Let (Z,7) € a(v(p,g)); then, there exists a sequence of negative numbers, (t,,),
such that
tm — —00 as m — 00, (4.105)

and
hHl 6(tm7 p7 q) (f7 y) . (4106)
m—0o0
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It follows from (4.101) and (4.105) that, if 4 < 0 and 0 < v, < 1, then

: L Vo _
n’}gnoov(tm) o n}gnoo (1 — Uo)e_zﬂtm =+ Vo B 1’

from which we get that
lim [0ty p.q)| = 1. (4.107)

m—0o0

It follows from (4.106), (4.107), and the continuity of the flow and the norm
that

1@ 9l =1,

which proves (4.104). In order to prove the reverse inclusion,
S'Calyp,y), for0<p®+¢* <1, (4.108)

let (Z,7) € S! then #* + 7 = 1, and so there exists a unique @ € [0, 27) such
that
T=cosp and 7Y=sing. (4.109)

For (p,q) € B1(0,0) with p? + ¢* # 0, denote 6(¢,p,q) by (x(t),y(t)) and put
r(t) =/ [z(¢)]? + [y(¢)]?, forte R,

so that
r(t) =/V(0(t,p,q) = Vou(t), forallteR.

It then follows from

1/2
r(t) = Yo ., forallteR. (4.110)
\/(1 — vo)e 2 + v,
Next, put
©(t) = arctan M fort ¢ R
x(t))’ ’
so that :
tan(p(t)) = thi for t € R. (4.111)

Differentiation on both sides of the equation in (4.111) with respect to ¢ then
yields
dp  ydr 1ldy

dt  22dt | xdt’

2\ d d 1d
(Hg;)@-_y% y

sec?
or
dt — a2dt ' zdt’
from which we get that

d£ _ y dx r dy

=— — —. 4.112
dt 2 +y2dt 224 y2dt ( )
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Since (z(t),y(t)) solves the system in (4.8.1), we can substitute the expressions

d
for % and % in (4.8.1) into (4.112) to obtain
dt dt
dp _ —y* +pry(l —a2® —y?) N a® + pry(l — 2* — y?)
dt - (EQ + y2 .’E2 + y2 ’
which leads to d
o
&1 4.113
0 (4.113)

We can solve (4.113) to obtain
o(t) =t + @,, forall t € R,
and some @, € [0,27). We then have that
O(t,p,q) = r(t)(cos(t + o), sin(t + ¢,)), for all t € R, (4.114)
where r(¢) is given in (4.110). Define the sequence of real numbers

tm =@ — o — 2mm, for all m € N. (4.115)

Then
tm — —00 as  m — oo. (4.116)

Substituting ¢ in (4.114) for t,, given in (4.115) we obtain from (4.114) that
O(tim,p,q) = 7(tm)(cosp,sinp), for all m € N, (4.117)

where we have used the 2m—periodicity of sin and cos. Thus, using the definition
of r(t) in (4.110) and (4.116), we obtain from (4.117) that

li_r>n O(tm,p,q) = (cosp,sinyg) = (T,7),

for 0 < p*+¢? < 1, where we have used (4.109); thus, (Z,7) € w(7(p,q)), provided
that 0 < p? 4+ ¢> < 1. We have therefore established the inclusion in (4.108).
Combining (4.108) with (4.104) yields that, if 4 < 0 and 7, 4) is an orbit of the
system in (4.92) with 0 < p? + ¢% < 1, then

a(Yp.q) = S".
Example 4.8.3 (Continuation of Example 4.8.2). Assume (p,q) € S = 9B;(0,0)

and that ug, ¢y J(p,q) — R? is the unique solution to the system in (4.92) subject
to the initial condition:

z(0)=p and y(0)=gq, (4.118)

where
P +q’ =1
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Then, there exists ¢, € [0,27) such that

p=cosp, and ¢ =sinyp,. (4.119)
We show that
U(p,q) () = (cos(t + o), sin(t + ¢,)), for all t € R. (4.120)
Put
v(t) = (cos(t + @,),sin(t + ¢,)), forallt € R. (4.121)

First note that, in view of (4.119), the function v = v(t) given in (4.122) satisfies
the initial condition in (4.118). Writing x(t) = cos(t+ p,) and y(t) = sin(t+ ¢,)
for all £ € R, we compute that

2'(t) = —sin(t + p,) = —y(t), forallteR,

and
y'(t) = cos(t + o) = x(t), forall t € R,

so that, since
)]+ [y@#)*> =1, forallteR,

we see that z = z(t) and y = y(t) solve the system in (4.92). By uniqueness of
the solution to the IVP in (4.92) and (4.118), we have that

v(t) = ugp,q(t), forallteR,

so that the assertion in (4.120) follows.
We then have that if (p,q) € S*, a(Y(p,q)) = W(¥(p,q)) = S (see Example
4.6.7 on page 61 in these notes).

Example 4.8.4 (Continuation of Example 4.8.3). Assume that p* + ¢ > 1.
Let w(pq): Jip,q) — R? be the solution to the IVP in (4.92), for u < 0, subject
to the initial condition

u(0) = (p, q)- (4.122)

As in Example 4.8.1, let V(z,y) = 22 + 42 for all (z,y) € R?, and put
v(t) = V(ugp,q(t), forallte Jy,.

Then, v satisfies the first order differential equation in (4.98), which can be

solved to yield
v
t) = K for t <t 4.123
v(t) Vo — (Vo — 1)e™2ut’ ore <, ( )

for the case v > 1, where
vo =P+ ¢,

and

1 Vo — 1
o= —1 >0, 4.124
=g () (1.124)
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since p < 0. Observe that for t < ¢4,
—2ut < —2uty, (4.125)
since u < 0. Exponentiating on both sides of (4.125) yields

—amt o Yo 4126
e Lo (4.12)
where we have used the definition of ¢; in (4.124). Consequently, since v, > 1,
we obtain from (4.126) that
Vo — (Vo — 1)6_2‘“5 >0 forallt<ty,

where 1 is given in (4.124); hence, v(t) in (4.124) is indeed defined for all ¢ < ¢;.
Thus, J,,q) = (—00,11), and so the w-limit set of 7(, 4y is not defined for the
case ¢ < 0 and p? + ¢ > 1. On the other hand, since by virtue of (4.123),

. . /UO —
t_l}r_noov(t) = tl}llnoo e 1, (4.127)
for p < 0, we can prove that
a(Yp.g) =St for p®+¢* > 1. (4.128)

In order to prove (4.128), first note that, by virtue of (4.98), if < 0 and
v, = p? + ¢ > 1, then v(t) increases with increasing ¢; so that,

v(t) <wv,, forallt<O,
from which we get that

1%(p,q) (B)|| < /Vo,  forall t <O.

Thus, Vpoa) is bounded and therefore, by Proposition 4.6.6, a(y(p,q)) # @ for
p? +¢* > 1, provided that p < 0.

Next, let (Z,7) € a(7y(p,q)). Then there exists a sequence, (t,,), of negative
numbers such that

tyy, > —00 as  m — 00, (4.129)
and
mli_r}rloo U(p,q) (tm) = (T, 7). (4.130)

Thus, by the continuity of the function V' we obtain from (4.130) that

77}i—r>noo V(U(p’q) (tm)) = V(Ea y)7

or
lim v(tn) = V(Z,7). (4.131)

m—r oo
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Thus, using (4.127) and (4.129), we obtain from (4.131) that
V(@) =1,

which implies that (Z,7) € S*. We have therefore shown that

a(Yp.g) €S', for p’+¢* > 1, and p < 0.

Next, let (Z,7) € S and % € [0,27) be such that
T=cosp and Y=sinp.
Similarly, let ¢, € [0,27) be such that

p
van

q

=cosyp, and = sin @,.

3

We then have that

U(p,q) () = 7(£)(cos(t + @), sin(t + o)), for all t < 1,

where
r(t) = /o(t), forallt<t,
where v(t) is given in (4.123).
Put
tm = —2mm+p—p,, form=123,...;

then,
t;, — —0O0 as m — oo.
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(4.132)

(4.133)

(4.134)

(4.135)

(4.136)

(4.137)

(4.138)

Substituting Z,, in (4.137) for ¢ in the expression defining u, 4)(¢) in (4.135)

yields

u(p,q) (tm) = T(tm)(cos(a)? Sin(@))’ fOI' m = 17 27 3a MR

(4.139)

where we have used the 27—periodicity of sin and cos. Thus, using (4.138),

(4.127) and (4.133), we obtain from (4.139) that

lim U(p,q) (tm) = (57 y)a

m—o0

which shows that (Z,7) € a(y(p,q)); so that

St C a(Vpq), for p>+¢>>1, and p < 0.

Combining (4.132) with (4.140) yields (4.128).

(4.140)

In Examples 4.8.2 through 4.8.4 in this section, we have shown that S! is a
cycle of the system in (4.92) with the property that if either 0 < p® +¢? < 1 or
p? 4+ ¢® > 1, then a(Vp,q) = S for < 0. We then say that, for u < 0, the

orbit S is a limit cycle of the system in (4.92).
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Definition 4.8.5 (Limit Cycles). Let U be an open subset of RY and F: U —
RY be a C' vector field. A closed orbit, v, of the system

dx
E—F(m)

is said to be a limit cycle of the system if there exists a neighborhood, V,, C U,
of the orbit 7 such that for all p € V, either w(v,) = or a(y,) = 7.

In Examples 4.8.2 and 4.8.4 we saw that if V = RN\ {0}, then a(7(,4)) = S*
if (p,q) € V\S!. In Chapter 5 of these notes we will study criteria that can be
used to determine whether a given, general, two—dimensional system has limit
cycle.

4.9 Liapunov Stability

Let U denote an open subset of RY and F: U — RY be a C! vector field.
Suppose that T is an equilibrium point of the system

dz

i F(x). (4.141)
Assume also that there exists 7 > 0 such that Bx(Z) C U, and Br(Z)\{Z}
contains no equilibrium points of F'; in other words, 7 is an isolated equilibrium
point of F'in U. In this section we are interested in conditions that will guarantee
that if a solution of (4.141) begins near the equilibrium point, Z, then it will
remain near T for all £ > 0. This is the concept of stability which we make
precise in the following definition.

Definition 4.9.1 (Liapunov Stability). Let T be an isolated equilibrium point
of the system in (4.141) and let 7 > 0 be such that B#(Z) C U, and B(Z)\{Z}
contains no equilibrium points of F. We say that T is stable if, for every r €
(0,7), there exists 6 > 0 such that, if |[p—7|| < ¢, then the solution, u,: J, — U,
to the IVP

dx

— = F(z);

dt @ (4.142)
z(0) = p,

exists for all ¢ > 0, and there exists t; > 0 such that
up(t) € B.(z), fort>t.

Example 4.9.2. In part (¢) of Example 4.6.8 on page 63, we saw that for
F = —VV, where V: U — R is a C? function satisfying V(z) > 0 for all
z € U\{0} and V(0) = 0, and if 0 is an isolated equilibrium point, then, for
every r > 0 with B,.(0) C U, such that B,(0)\{0} contains no equilibrium
points of F, there exists ¢ > 0 such that, Bs(0) C U and, for every p € Bs(0),
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up(t) € By(0) for all t € J, N [0,00), where u,: J, — U is the unique solution
to the IVP in (4.142). This implies that u,(¢) is defined for all ¢ > 0 and

up(t) € B.(0), forallt>0.
Hence, T = 0 is stable according to Definition 4.9.1.

Definition 4.9.3 (Asymptotic Stability). An isolated equilibrium point, Z, of
the system in (4.141) is said to be asymptotically stable if T is stable and there
exists 6 > 0 such that, if |[p — 7| <4, then w(v,) = {7}.

Example 4.9.4. Let F = —VV, where V is as given in Example 4.6.8 on page
63. In parts (d) and (e) of that example we showed that there exists 6 > 0 such
that, for any p € B;5(0), w(vp) = {0}. In other words, T = 0 is asymptotically
stable.

Definition 4.9.5 (Unstable Equilibrium Points). An isolated equilibrium point,
T, of the system in (4.141) which is not stable is said to be unstable.

Example 4.9.6. Consider the system
dx

ar 3.
i y + pa®;
(4.143)
dy s
0 1y°,

where > 0. We show that (0, 0) is an unstable equilibrium point of the system
in (4.143).

Solution: First note that (0,0) is the only equilibrium point of the
system in (4.143). Indeed, suppose that (Z,7) is an equilibrium point
of the system in (4.143) with (Z,7) # (0,0). We then have that

g+ uz = 0;
(4.144)

~T+uy® = 0.
We see that T # 0 and i # 0. For, suppose that T = 0, the from the
second equation in (4.144), we get that ¥ = 0 since p > 0, which is
impossible since we are assuming that (Z,7) # (0,0). Similarly, ¥

cannot be 0. Next, multiply the first equation in (4.144) by T and
the second equation by ¥ to get that

Ty +pzt = 0;
(4.145)
—Tj+ugt = 0.
Adding the two equations in (4.145) we get that

u@ +7") =0,
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which yields that
7'+ 7t =0, (4.146)

since u > 0. Note that (4.146) is impossible for (Z,7) # (0,0). We
have therefore shown that (0,0) is an isolated equilibrium point of
the system in (4.143).

Next, we show that g > 0 implies that (0,0) is unstable.

We will prove that, for every r > 0 and every § € (0,r), there exists
(p,q) € Bs(0,0), such that (p,q) # (0,0) and |ug, q)(t1)| > r for
some t; > 0. In fact, let (p,q) # (0,0) be such that p* + ¢*> < § and
let w(p ) J(pg) — R? denote the solution to the system in (4.143)
subject to the initial condition

(2(0),9(0)) = (p, ) (4.147)
Suppose by way of contradiction that

Ugp,q) (t) € Br(0,0), forall t € Jg, 4 N[0, 400). (4.148)

It follows from (4.148) and Proposition 2.3.9 on page 23 in this notes
that u, g is defined for all ¢ > 0 and

U(p,q)(t) € B,(0,0), forallt>0. (4.149)

Define V (z,y) = 2% 4 2 for all (z,y) € R? and put
Uy () = (2(t),y(t)), forallt>0.

Applying the Chain Rule we obtain that

% [V (ugpg ()] = 2u([z(®)]* + [y(®)]*), forallt>0. (4.150)

Note also that, since (p, q) # (0,0), it follows from uniqueness that
U(p,g)(t) # (0,0),  forall ¢ > 0. (4.151)

In view of (4.151) and (4.150), we obtain from (4.150) that

d
7 [V (u(p,g) ()] >0, forallt=>0,

since p > 0. Consequently, V (u(p,q)(t)) is increasing in ¢. Thus,
V(ugp,q(t) =V(p,q), forallt>0. (4.152)
Using the definition of V' and (4.149), we obtain from (4.152) that

ro < |Jup,g (B <7, forallt >0, (4.153)
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where r, = ||(p, q)|. Since we are assuming that (p,q) # (0,0), we
have that r, > 0. Put

V= min 2 x4+ 4, 4.154
A G (4.154)

Then, v > 0 since r, > 0 and z*+y* = 0 if and only if (z,y) = (0,0).
It follows from (4.153), (4.150) and (4.154) that

d

7 [V (u(p,q) ()] = v, forallt>0. (4.155)

Integrating the inequality in (4.155) from 0 to ¢ then yields
V(g (t) =V (p,q)+uvt, forallt>0,
which implies that
lup,q @) = 0o ast— oo,

which contradicts (4.149). This contradiction shows that (0,0) is an
unstable equilibrium point for the system in (4.143) for ¢ > 0. O

The arguments used to prove stability in Example 4.6.8 on page 63 and in
Example 4.9.6 to prove instability are instances of a more general procedure
developed by Liapunov. This procedure is described in Chapter X of [Hal09]
and presented as Liapunov’s direct methods. We will describe the Liapunov
technique in the remainder of this section and apply to some two—dimensional
systems in the next chapter.

The main object in Liapunov’s approach to stability is a C'* function, V: U —
R, which is positive definite in a neighborhood, Q@ C Q C U of the origin which
decreases along orbits as ¢ increases. We will make these ideas precise in what
follows.

Definition 4.9.7 (Lie Derivative). Let F: U — RY be a C! vector field on a
open subset, U, of RY. Given a C" function, V: U — R, we define the derivative
of V along orbits of the system

dx
—F 4.1
= F(@) (4156)
to be the map V:U—>R given by
V(z)=VV-F(z), forallzelU. (4.157)

Remark 4.9.8. Observe that if u: J — U is a solution to the differential
equation in (4.156) defined on a maximal interval of existence, J, then V (u(t))
gives the rate of change of the function V along the orbit determined by .
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Definition 4.9.9 (Liapunov Function). Let U be an open subset of RY and Q
be a open subset of U with Q@ C U. A C! function, V: U — R, is said to be a
Liapunov function of the system in (4.156) in on the set €2 if and only if

V(z) <0, forallze. (4.158)

Example 4.9.10. If V: U — R is a C? function, and F = —VV, then V is a
Liapunov function for the system in (4.156) since, in this case,

V(z)=VV(z) F(z)=—||Vf(x)]|> <0, forallzel.

Definition 4.9.11 (Positive Definite Functions). Let  C Q C U be a neigh-
borhood of 0. Let V': U — R be a continuous function satisfying V(0) = 0. We
say that V is positive semi-definite in Q if V(z) > 0 for all x € Q. We say that
V is positive definite in Q if V(z) > 0 for all x € Q\{0} and V(0) = 0.

Definition 4.9.12 (Negative Definite Functions). Let  C Q C U be a neigh-
borhood of 0. Let V: U — R be a continuous function satisfying V(0) = 0. We
say that V is negative semi—definite in  if —V is positive semi—definite We say
that V is negative definite in Q if —V positive definite.

We are now ready to state the first Liapunov stability theorem of this section.

Theorem 4.9.13 (Liapunov Stability Theorem). Let Z = {0} be an isolated
equilibrium point of the system in (4.156). Suppose that the system in (4.156)
has a Liapunov function, V, in a neighborhood Q C Q C U of 0. Assume also
that V is positive definite in 2. Then = 0 is a stable equilibrium point of the
system in (4.156). In addition, if V is negative definite in €2, then w(yp) = {0}
for all p € €.

The argument to prove Theorem 4.9.13 has been outlined in Example 4.6.8
for the case of negative gradient flows.
We also state here an instability criterion.

Theorem 4.9.14 (Instability Criterion). Let Z = {0} be an isolated equilibrium
point of the system in (4.156). Let Q be a neighborhood of 0, and suppose that
V:U — R is a C! function such that V is positive definite in Q. Suppose that
for every § > 0, there exists p € Bs(0)\{0} such that V(p) > 0. Then, T = 0 is
unstable.

The proof of Theorem 4.9.14 is outlined in Example 4.143.

We end this section with the following extension of the Liapunov stability
theorem, which is presented as Theorem 1.3 in [Hal09, pg. 316].

Theorem 4.9.15 (The “S&M Theorem”). Suppose that the system in (4.156)
has a Liapunov function, V, in an open subset, 2, of U with Q C U. Let

S={reQ|V(z)=0} (4.159)
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and denote by M the largest invariant set of the system in (4.156) which is
contained in S. Let p €  and suppose that 'y;‘ is bounded and contained in 2.
Then, w(vy,) C M.

Proof: Since 7;‘ is bounded, it follows from Proposition 4.6.6 on page 58 in
these notes that w(v,) is nonempty, compact and connected. It is also the case
that the solution, u,: J, — U, to the equation in (4.156) subject to the initial
condition

z(0)=p (4.160)

exists for all t > 0 and
up(t) € Q, forallt>0. (4.161)

Next, use the assumption that V is a Liapunov function in € to see that

%[V(up(t))] =V (uy(t)) <0, forallzeQ, (4.162)

where we have used (4.158) and (4.161). It follows from (4.162) that V' (u,(t))
is monotone non—increasing with .

We now see that V(up(t)) is also bounded below for ¢t > 0. Suppose, by way
of contradiction, that there exists a sequence of positive numbers, (¢,), such
that

ty, > 00 as m — o0

and
lim V(up(ty)) = —o0. (4.163)

m—r o0

The hypotheses that 'y;‘ is bounded and 'yz‘f C Q imply that there exists a
subsequence, (t,, ), of (tm) such that

lim uy(tm,) =7, (4.164)

k— o0
for some 7 € Q. It follows from (4.164) and the continuity of V' that

lim V(up(tm, ) = V(7), (4.165)

k—oc0

where V() € R, since 7 € Q C U. On the other hand, by virtue of (4.163),

kli)H;o V(up(tmk)) = =00,
which contradicts (4.165). Hence, V (u,(t)) must be bounded below.
We therefore have that V(u,(t)) is monotone non-increasing as t increases,
and bounded from below for ¢ > 0. Consequently, tlim V(up(t)) exists. Set
—00

lim V(u,(t)) =c. (4.166)

t—o0



82 CHAPTER 4. CONTINUOUS DYNAMICAL SYSTEMS

We show that
V(@) =e¢, foralyew(y). (4.167)

Let ¥ € w(7,); then there exists a sequence of positive numbers, (¢,,), such that

by —> 00 as M — 00 (4.168)
and
lim w,(t,) =7. (4.169)
m— o0

Then, using the continuity of V, we obtain from (4.169) that

lim V(up(tm)) = V(7). (4.170)

m—r o0

Hence, in view of (4.168), we see that (4.167) follows from (4.166) and (4.170).
Since, w(7y,) is invariant under the flow of F' by virtue of Proposition 4.6.3 on
page 4.6.3 of these notes, we see from (4.167) that

V(ug(t)) =¢, forallte Jy. (4.171)
Thus, differentiating on both sides of (4.171) with respect to ¢
V(ug(t)) =0, forallte Jy,

so that, in particular,

V(y) =0,
which shows that § € S, where S is as defined in (4.159). We have therefore
shown that

w(yp) € 5;
consequently, since w(+y,) is invariant, by Proposition 4.6.3, and M is the largest
invariant set contained in S, it follows that

W(Vp) g Ma

which was to be shown. R

Example 4.9.16 (Negative Gradient Flow Revisited). Let U be an open subset
of RN and let V: U — R be a C? function. Put F(x) = —VV () for all z € U.
Assume that V has a (strict) local minimum at T € U; that is, there exists r > 0
such that B,(Z) C U and

V(z)<V(y), forallye B.(z)\{Z}. (4.172)

Assume also that B,.(Z)\{Z} contains no equilibrium points of F.
We show that there exists an open neighborhood, €, of Z, such that Q C U,
with the property that
p € Q= wly) ={7} (4.173)
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In order to prove this claim, we let

e= i (V@)= V(@) (4.174)

It follows from (4.172), the continuity of V, and the compactness of 0Bp, ()
that € > 0.
Put
A={zecU|V(z)<V(Z)+e}, (4.175)

where ¢ is as defined in (4.174). Then, {2 is an open neighborhood of Z.
Observe that V is a Liapunov function in U. In fact, using the assumption
that FF = —VV, we get that

Viz)=—|VV(z)|? forallzeU, (4.176)
where we have used (4.157) and the assumption that F' = —VF, so that
V(zr) <0, forallzel. (4.177)
Let p € Q, where Q is as defined in (4.175). It then follows that
V(p) < V(Z) +e. (4.178)

Let u,: J, — U denote the unique solution to the IVP

dx

— = F(z);

dt ) (4.179)
z(0) = p,

where J, is the maximal interval of existence.
Next, apply the Chain Rule and use the definition of V' in (4.157) to obtain
that

d .
7 [V (up(t))] = V(up(t)), forallte J,
so that J
7 V(up(®)] = =IIVV (up(2)], forallteJy, (4.180)
by virtue of (4.176). It follows from (4.180) that
d
7 [V(up(t))] <0, forallted, (4.181)

from which we get that
V(up(t)) < V(p), forallte J,N[0,00). (4.182)
Combining (4.178) and (4.182) yields that

V(uy(t)) < V(@) +e, forallteJ,n0,00),
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which shows that
W;F c Q. (4.183)

Next, we show that
uy(t) € B.(%), forallte J,N[0,00). (4.184)

If not, by continuity and the intermediate value theorem, there exists t; > 0
such that
[[up ()] = 7.

It then follows from (4.174) that
V(up(th)) = V(T) +e. (4.185)
On the other hand, it follows from (4.181) and (4.178) that
V(up(tr)) < V(p) < V() +e,

which is in direct contradiction with (4.185). We have therefore established
(4.184).

Finally, the assumption that B, (Z)\{Z} contains no equilibrium points of
F = —VV implies that

S={zeQ|V(z)=0}={z)

consequently,
M = {z}. (4.186)

In view of (4.177), (4.183) and (4.184), we can now apply Theorem 4.9.15 to
obtain (4.173) from (4.186), which we wanted to show.



Chapter 5

Two—Dimensional Systems

The mail goal of this chapter is to give an analysis of the system

dx (L),
b7 y-n(3 ;
dy
dt

(5.1)
= —{L‘7
where p is a real parameter. The system in (5.1) is known as the Lienard equa-

tions and comes about as a way to solve the second order, nonlinear differential
equation

i p@® - 1D)i+z=0, (5.2)
where
. dx and i Az
T = — 11 r = —F.
dt dt?

The equation in (5.2) is known as the Van der Pol equation in electric circuits
theory. Notice that if (z(t),y(t)) is a solution of the system in (5.1) then x =
x(t) is a solution to the second order differential equation in (5.2). In fact,
differentiating the first equation in (5.1) with respect to ¢ we obtain,

i =g — p(x? —1)i. (5.3)

Substituting the second equation in (5.1) into (5.3) leads to (5.2).

In the next section we will consider the case ¢ < 0 and use the method of
Liapunov discussed in the previous section to show that (0, 0) is asymptotically
stable. More precisely, there exists a neighborhood, 2, of the origin, (0,0), such
that, if (p,q) € Q, the w(7yp,q)) = {(0,0)}. In a subsequent section, we consider
the question of what the a-limit set of 7(, 4 would be. This is equivalent to
looking wu(y,q)(—t) = (#(—t),y(—t)) as t — oo. Set z(t) = z(~t) for all t € R
such that —t € Ji;, 4y. Then,

At) = —i(—t) and  E(t) = #(—1),

85
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for all t € R such that —t € J, ;). It then follows from (5.2) that z solves the
second order equation
F—p(x* —1)i+2=0. (5.4)

The Lienard system corresponding to (5.4) is then

dx ().
dt y 3 :

dy
dt
where v = —p > 0 for the case p < 0. In Section 5.2 we will show that that the

system in (5.5) has a unique asymptotically stable limit cycle for v > 0. Thus,
the Van del Pol equation in (5.2) has a non—trivial periodic solution.

(5.5)

5.1 Analysis of the Lienard System: Part I

Consider the Lienard system in (5.1),

de (L),
dt_yﬂ?)z’
dy
dt

(5.6)

where p < 0. Observe that (0, 0) is the only equilibrium point of the system. We
will apply Theorem 4.9.15 on page 80 to prove that there exists a neighborhood,
Q, of (0,0) in R? with the property that

(p,9) € 2= w(¥p.q) = {(0,0)}. (5.7)

In order to prove (5.8), define V: R? — R? by

V(z,y) =2*+y?, forall (z,y) € R?, (5.8)

. {'Ug
Viz,y) = 2w<y—u<3—x>>—2xy
$2
= 2uz? (= -1
e (5 -1).

V(x,y) <0, provided that 2* < 3, (5.10)

Next, compute

so that

since we are assuming that p < 0. Define

Q= {(z,y) e R* | V(x,y) < 3}. (5.11)
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It then follows from (5.9) that V' is a Liapunov function in .
Next, we show that

wW(Yp,g)) = 1(0,0)},  for all (p,q) € Q. (5.12)

In order to prove (5.12), we first verify the hypotheses of the S&M Theorem
(Theorem 4.9.15 on page 80) for the semi-orbit 'y(J; o) and the set 2 defined in

(5.11). Since Q is bounded, it suffices to show that
V(Z,q) cQ, forall (pgq) €. (5.13)
Assume that (p,q) € Q. Then,
Vi(p,q) <3. (5.14)

We show that
V(uep,qg(t) <3, forallt>0. (5.15)

If (5.15) not the case, there exists ¢; > 0 such that
V(u(p,q) (tl)) = 3, (516)

and
V(ugp,q(t) <3, for 0<t <t (5.17)

It follows from (5.17) and (5.10) that
V(ug,y ) <0, for0<t<t,
from which we get that
V(up,q ) <V(p,q) <3, for0<t<ty, (5.18)
where we have also used (5.14). I follows from (5.19) and continuity that

V(u(p’q) (t1)) < 3, (5.19)

which is in direct contradiction with (5.16). This contradiction establishes
(5.15), which shows that (5.13) holds true. We can therefore apply the S&M
Theorem to conclude that

wW(Y(p,g)) € M, forall (p,q) € Q, (5.20)
where M is the largest invariant subset of
S ={(z,y) € Q| V(z,y) = 0}. (5.21)
It follows from (5.8), (5.9) and (5.21) that

S ={0,9) €| —V3<y<V3} (5.22)
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Next, let (0,,) € S be such that y, > 0 and write w(,,, () = (z(t),y(t))
for all t € Jig,,,). It follows from the first equation in (5.6) that

z'(0) = yo > 0.

Consequently, by the continuity of the derivative of u (g, ), there exists 6 > 0
such that [0,9) € J(g,y,) and

z'(t) > ? for all t € [0, ). (5.23)

It then follows from (5.23) that
t
x(t) —x(0) = / (1) dr > % t, forallte(0,0),
0

from which we get that
x(t) >0, forallte(0,9),

and so the orbit (g, ), for g, > 0 must leave the set S given in (5.22). Similarly,
the orbit v(g,y,), for yo < 0 must leave the set S. Hence, the largest invariant
set, M, contained in S must be {(0,0)}; in other words, M = {(0,0)}. Hence,
it follows from (5.20) that

W(’Y(p,q)) = {(07 0)}a for all (p, C]) €,

which was to be shown.

5.2 Analysis of the Lienard System: Part II

In this section we show that the w-limit set an orbit, v, q), of the Lienard
system in (5.5),

dx x> )

P (3 - z) ’

dy
dt
where v > 0, is a limit cycle for any (p,q) # (0,0) in a neighborhood of the
origin in R2.
The analysis given in the previous section, shows that, for the system in
(5.24) with v > 0, the equilibrium point (0, 0) is unstable; furthermore, a(v(,,q)) =
{(0,0)} for every

(5.24)

= —:1;’7

(p.q) € Q={(z,y) eR? | 2* +y* < 3}.

In other words, the origin is a source for the system in (5.24) with v > 0. In
this section, we will try to understand the structure of the w-limit set of the
orbit, yp,q), for (p,q) € Q\{(0,0)}. In order to do this, we present the analysis
given by Hirsch and Smale in [HS74, pp. 217-225] for a system similar to the
one in (5.24).



Appendix A

Definitions and Facts from
Real Analysis

In this Appendix, we list all the concepts and results from analysis that are used
in these notes. They may be found in undergraduate texts on real analysis (see,
for example, Bartle’s The Elements of Real Analysis, [Bar76]). Another good
reference is the first three chapters of Spivak’s Calculus on Manifolds, [Spi65].

A.1 Topology of Euclidean Space

The open ball of radius = about p in N—dimensional Euclidean space, R, is
the set
By(p) ={z e RY | |l — p| < r},

where || - || denotes the Euclidean norm in RY; in other words,

||33H:\/$%+$§+---+x?v, for all z € RY.
The closure of B,.(p), denoted by B,.(p), is defined by
Bi(p) = {z € RV | o —p| <r}.

Remark A.1.1. In the one-dimensional case, N = 1, the open ball, B,.(p), for
p € R, will simply be the open interval (p —r,p + 7).

Definition A.1.2 (Open Sets). A subset, U, of RY is said to be open if, for
every p € U, there exists r > 0 such that

B.(p) CU.

Definition A.1.3 (Closed Sets). A subset, K, of RY is said to be closed if its
complement,
Ke={zcR" |2 ¢ K}

is an open subset of RY.

89
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Proposition A.1.4 (Facts About Open Sets). Let U, V, U,, for a in some
indexing set A, denote open subsets of R™. Then,

1. the finite intersection, U NV, is open;

2. the (possibly infinite) union U U, is open;
a€A

3. U°¢ is closed.

Proposition A.1.5 (Facts About Closed Sets). Let K, L, K,, for « in some
indexing set A, denote closed subsets of R™. Then,

1. the finite union, K U L, is closed;

2. the (possibly infinite) intersection ﬂ K, is closed;
aEN

3. K¢ is open.

Definition A.1.6 (Relative Topology). Let X be subset of R™. A subset, Y,
of X, is set to be relatively open in X if there exists an open set U C RY such
that Y = U N X. Similarly, Y is relatively closed in X if there exists a closed
set K C RV, such that Y = K N X. Observe that the empty set, ), and X are
relatively open and closed in X.

Definition A.1.7 (Connectedness). A subset X of R¥ is said to be connected
if the only subsets of X which are both relatively open and relatively closed in
X are ) and X.

Example A.1.8 (Intervals in R). Intervals of real numbers are connected in R.

Definition A.1.9 (Open Cover). Let X be subset of RY. A collection of open
sets, {U, | @ € A}, for some indexing set A, is said to be an open cover for X
if and only if
xc o
acA

Definition A.1.10 (Compactness). A subset, K, of RY is said to be compact
if and only if every open cover for K has a finite subcover; that is, for every
collection of open set, {U, | @ € A}, such that

xc U,
aEN
there exist finitely many indices, aq, as, ..., a,, such that

X C Uy, Ul U+ UU,,.

Example A.1.11 (Examples of Compact Sets). Let a, b and R denote real
numbers with a < b and R > 0.
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1. The closed and bounded interval, [a,b], is compact.

2. Closed and bounded subsets of RN are compact; where a set X ¢ RY is
said to be bounded if there exists R > 0 such that X C Bg(0).

3. Finite sets of points are compact.

Proposition A.1.12. Let U be an open subset of RY and K a compact subset,
K, of U. There exists and open subset, V', of U such that

KcvcVcu,

where V is compact.

Proof: Let U be an open subset of RN and and K C U be compact. Then, for
each z € K there exists a positive real number r, such that

By, () C U.
Consequently, -
B, (x)cU, forallzekK.
Since K is compact, the open cover, { B, (z)},cx , for K has a finite subcover,
B, (z1), Bry(22), ..., By, (x4).
We then have that .
K c | By, (21).
Put :1
V=B (x).
Then V is open with K C V. Furth;r_rilore,

VcC

-

Br,- (ZZ?Z) C U Bgm (.CEZ) cU.
i=1

=1

Observe that the set V is bounded. In fact, from

n
V C U B2r7; (l‘l),

i=1

we obtain that

V. C B,(0),

where

R =

ax ||lz;|| + 2 max ;.
1<ign 1<ikn

It then follows that V is compact. H

Proposition A.1.13. Let K denote a compact subset of RY, and F a closed
subset of RY. If K N F = (), then dist(K, F) > 0; where

dist(K, F) = :celi(ngeF |z — yll.
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A.2 Sequences in Euclidean Space

Definition A.2.1 (Convergence). A sequence of points, (z,,), in RY is said to
converge to x € RV if
lim ||z, —z| =0.
m—0oQ

Definition A.2.2 (Cauchy Sequence). A sequence of points, (z,,), in R is
said to be a Cauchy sequence if, for every € > 0, there exists M € N such that

m,n =2 M= |z, — 2z, <e.

Proposition A.2.3 (Completeness). Evert Cauchy sequence in RY converges;
that is, if (x,,) is a Cauchy sequence in RY, then there exists € RY such that

lim ||z, —z| =0.
m— 00

Definition A.2.4 (Subsequences). Let (z,,) be a sequence of points in RY
and (my) an infinite sequence of natural numbers satisfying my < my41 for all
k € N. Then, the sequence (z,, ) is called a subsequence of (z,).

Proposition A.2.5 (Bolzano—Weierstrass Property of Compact Sets). A sub-
set, K, of RN is compact if and only if every infinite subset of K has a subse-
quence which converges to some point in K.

A.3 Properties of Continuous Functions

Definition A.3.1 (Continuity at a Point). Let U be an open subset of RY. A
function
F:U—R™

is said to be continuous at x € U if and only if

lim {|F(y) — F(z)|| = 0.

ly—=[—0
Definition A.3.2 (Continuity on a Set). Let X be a subset of RN. A function
F: X —>R™

1s said to be continuous on X if and only if the pre-image of every open subset,
V, of R™,
F'(V)y={ze X |F(z) eV},

is relatively open in X.

Theorem A.3.3 (Intermediate Value Theorem). Let X be a subset of R and
I and open interval of real numbers,
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1. If F: X — R™ is continuous and X is connected, then image of X under
F,
F(X)={yeR™|y= f(x), for some z € X},

is a connected subset of R™.

2. Suppose that f: I — R is continuous, and let a,b € I be such that a < b.
It

fla) <y < f(b)

fla) >y > f(b),

for some y € R, then there exists « € (a,b) such that
f@)=y.

Theorem A.3.4 (Extremal Value Theorem). Let K be a compact subset of
RV

1. If F: K — R™ is continuous, then the image of K under F, F(X), is
compact.

2. Suppose that K # 0. Let f: K — R be continuous. Then, there exist x;
and x5 in K such that
F(z1) = max f(z)
and

F(z2) = min f(z)
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