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Preface

Differential equations are widely used by mathematicians, physicists, engineers, biol-
ogists, chemists, and scientists who work in relevant fields. They encounter the use of
differential equations in the study of Newton’s law of cooling, Maxwell’s equations,
Newton’s laws of motion, fluid dynamics equations, equations in plasma dynamics,
equations in stellar dynamics, Hook’s law, Schrodinger’s equation, acoustic wave
equation, equations in chemical kinetics, equations in thermodynamics, Einstein’s
equations for general relativity, population models, epidemics, and so on. For many
years, the author has been encouraged by the graduate students at the University of
Dayton to write a concise and reader-friendly book on the subject of advanced dif-
ferential equations. So this book grew out of lecture notes that the author has been
constantly revising and using for a graduate course in differential equations. The
book should serve as a two-semester graduate textbook in exploring the theory and
applications of ordinary differential equations and differential equations with delays.
It is intended for students who have basic knowledge of ordinary differential equa-
tions and real analysis. While writing this book, the author tried to balance rigor
and presenting the most difficult material in an elementary format by adopting easier
and friendlier notations that make the book accessible to a wide audience. It was the
author’s main intention to provide many examples to illustrate the theory conveyed
in the theorems. The author made every effort to include contemporary topics such
as the use of fixed point theory in several places to prove the existence and unique-
ness, various notions of stability, and the existence of positive periodic solutions on
Banach spaces. What makes the book appealing and distinguished from other books
is the addition of Chapters 8 and 9 on delay differential equations with advanced
topics. The author is convinced that any student who completes the whole book, es-
pecially Chapters 8 and 9, should be ready to carry on with meaningful research in
delay differential systems.

Much of the pedagogical and mathematical development of this book is influ-
enced by the author’s style of presentation. The literature on differential equations is
vast and well established, and some of the ideas found their way into this book.

Since stability is the central part of this book, namely by the Lyapunov method,
we must mention some history. Lyapunov functions are named after Alexander
Lyapunov, a Russian mathematician, who in 1892 published his book The General
Problem of Stability of Motion. Lyapunov was the first to consider the modifications
necessary in nonlinear systems to the linear theory of stability based on lineariz-
ing near a point of equilibrium. His work, initially published in Russian and then
translated to French, received little attention for many years. Interest in Lyapunov
stability started suddenly during the Cold War period when his method was found to
be applicable to the stability of aerospace guidance systems, which typically contain

Xi
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strong nonlinearities not treatable by other methods. More recently, the concept of
the Lyapunov exponent related to Lyapunov’s first method of discussing stability has
received wide interest in connection with chaos theory.

Chapter | deals with various introductory topics, including variation of parame-
ters formula, metric spaces, and Banach spaces.

In Chapter 2 we introduce Gronwall’s inequality that we make use of to prove the
uniqueness of solutions. We introduce theorems on the existence and uniqueness of
solutions, their dependence on initial data, and their continuation on maximal inter-
val.

In Chapter 3 we introduce systems of differential equations. We briefly discuss
how the existence and uniqueness theorems of Chapter 2 are extended to suit systems.
Then we develop the notion of the fundamental matrix as a solution and utilize it to
write solutions of non-homogeneous systems so that they can be analyzed.

Stability theory is the central part of this book. Chapters 48 are totally devoted
to stability. In Chapter 4 we are mainly concerned with the stability of linear systems
via the variation of parameters. The chapter also includes a nice section of Floquet
theory with its application to Mathieu’s equation.

Chapters 5 and 6 are deeply devoted to the study of the stability of linear systems,
near-linear systems, perturbed systems, autonomous systems in the plane, and stabil-
ity by linearization. Chapter 5 is ended with the study of Hamiltonians and gradient
systems. We begin Chapter 6 by looking at stability diagrams in scalar equations and
move into the study of bifurcations as it naturally arises while looking at stability.
Bifurcation occurs when the dynamics abruptly change as certain parameters move
across certain values. We end Chapter 6 by considering stable and unstable man-
ifolds, which then delves into the Hartman—Grobman theorem. The theorem says
that the behavior of a dynamical system in the domain near a hyperbolic equilibrium
point is qualitatively the same as the behavior of its linearization near this equilibrium
point, where hyperbolicity means that no eigenvalue of the linearization has a zero
real part.

Chapter 7 delves deeply into the stability of general systems using Lyapunov
functions. We prove general theorems regarding the stability of autonomous and non-
autonomous systems by assuming the existence of such Lyapunov function. We touch
on the notion of w-limit set and its correlation to Lyapunov functions. The chapter is
concluded with a detailed discussion on exponential stability.

Chapter 8 is solely devoted to the study of delay differential equations. It con-
tains recent development in the research of delay differential equations. We begin
the chapter by pointing out how basic results from ordinary differential equations
are easily extended to delay differential equations. We introduce the method of steps
and show how to piece together a solution. The transition of moving from ordinary
differential equations to delay differential equations was made simple through the
extension of Lyapunov functions to Lyapunov functionals. Then we move on to
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a whole new concept, fixed point theory. The use of fixed point theory alleviates
some of the difficulties that arise from the use of Lyapunov functionals when study-
ing stability. Later on, we apply fixed point theory to the study of stability and the
existence of positive periodic solutions of neutral differential equations and neutral
Volterra integro-differential equations, respectively. We end the chapter with the use
of Lyapunov functionals to obtain necessary conditions for the exponential stability
of Volterra integro-differential equations with finite delay.

Chapter 9 deals with current research concerning the use of a new variation of
parameters formula. The objective is to introduce a new method for inverting first-
order ordinary differential equations with time-delay terms to obtain a new variation
of parameters formula that we use to study the stability, boundedness, and periodicity
of general equations in ordinary and delay differential equations.

A combination of Chapters 1-3, 6, and 7 can be used to deliver a course on non-
linear systems for engineers.

The author has not attempted to give the historical origin of the theory, except
in very rare cases. This resulted in the situation that not every reference listed in
References is mentioned in the text or the body of the book.

Exercises play an essential learning tool of the course and accompany each chap-
ter. They range from routine calculations to solving more difficult problems to open-
ended ones. Students must read the relevant material before attempting to do the
exercises.

I am indebted to Dr. Mohamed Aburakhis, who fully developed all the codes
for all the figures in the book. I like to thank the hundreds of graduate students
at the University of Dayton whom the author taught for the last 20 years and who
helped the polishing and refining of the lecture notes, most of which have become
this book.

A heartfelt appreciation to Jeff Hemmelgarn from the University of Dayton for
carefully reading the whole book and pointing out many typos.

Youssef N. Raffoul
University of Dayton
Dayton, Ohio

June 2021

xiii
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CHAPTER

Preliminaries and Banach
spaces

We briefly discuss basic topics of ordinary differential equations and provide exam-
ples that illustrate the need for a comprehensive and systematic theory of differential
equations. In addition, we introduce metrics and Banach spaces, which we will use
throughout the book.

1.1 Preliminaries

Let R denote the set of real numbers, let / be an interval in R, and consider a function
x : I — R. We say the function x has a derivative at a point t* € [ if the limit

. x(t) —x(")
hm _—

tel, t—1* t—t*

exists as a finite number. In this case, we adopt the notation

. x(t) —x(t*)
¥ = fim 200
tel, t—1* r—t*

’

where x’(¢*) is the instantaneous rate of change of the function x at ¢*. If #* is one of
the endpoints of the interval I, then the above definition of derivative becomes that
of a one-sided derivative. If x"(z*) exists at every point * € I, then we say that x is

d
differentiable on I and write x’(z). Throughout the book, we might use ad to indicate
& & dt

x'(¢). Similarly, if x’(¢) has a derivative function, then we call it the second derivative
of the function x(7) and denote it by x”(¢). For higher-order derivatives, we use the
notations

d"'x
@), xP@),....x™M@), or .
(), x@ (1) (). or =2
The order of a differential equation is defined by the highest derivative present in the
equation. An nth-order ordinary differential equation is a functional relation of the
form

F(t dx &’x d'x —dnx) 0,7eR (1.1.1)
s Xy —/, s s ey =0, .
dt’ dt?’ df3 dtn

Advanced Differential Equations. https://doi.org/10.1016/B978-0-32-399280-0.00007-3 1
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CHAPTER 1 Preliminaries and Banach spaces

between the independent variable ¢ and the dependent variable x, and its derivatives
dx d*x d’x d"x
dt’ dt*’ de3’ 7 dr

Loosely speaking, by a solution of (1.1.1) on an interval I, we mean a function x (¢) =
@(t) such that

F(t.p).¢'(®).....0" 1))
is defined for all t € I and

Ft.p).¢'(®).....¢" (1) =0

for all r € 1. If we require, for some initial time 7y € R, a solution x(¢) to satisfy the
initial conditions

2 dn—l

dx X X
x(t0) = ao, E(¢0)=a1, ﬁ(t0)=a2, .

o4l

(fo) = an—1, (1.1.2)

for constants a;,i =0, 1,2, ...,n—1,then (1.1.1) along with (1.1.2) is called an initial
value problem (IVP).
Following the notation of (1.1.1), a first-order differential equation takes the form

dx
F(t,x, E) =0.

. dx
Hence, if we assume that we can solve for PTe then we have

x'(1)= f(t,x)

for some function f that satisfies certain continuity conditions.
Let x : I — R be a function. A differentiable function z : I — R is called an
antiderivative of the function x on the interval [ if

Z(t)=x(@) forall t 1.

The set of all antiderivatives of x is denoted by

/x(t)dt

and called the indefinite integral of the function x. When we calculate the indefi-
nite integral f 2dt, we in fact solve the first-order differential equation x’(z) = 2.
The family of its solutions is given by #3/3 + ¢, where ¢ is any constant. Thus we
may write the solution as x(r) = t3/3 + ¢, which is a one-parameter family of so-
lutions, the same as the family of all the antiderivatives of £3. Now, if we impose
an initial condition on the differential equation, say x (fy) = x¢, for some initial time
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1.1 Preliminaries 3

to and real number xg, then the constant ¢ is uniquely determined by the relation
X0 = tg’ /3 + c. In this case the differential equation has the unique solution given by
x(1) =13/3 + xo — tg /3. However, without imposing the condition x () = xo, the
differential equation would have infinitely many solutions given by x () = 1>/3 + c.

Differential equations play an important role in modeling the behavior of physical
systems such as falling bodies, vibration of a mass on a spring, and swinging pen-
dulum. To illustrate the need for the theoretical study of differential equations and in
particular nonlinear ones, we examine a few examples.

Consider the first-order differential equation

x'(1) = h(1)g(x), x(ty) =xo, t > 1o,

where /1, g : R — R are continuous.

1. If g(xp) =0, then x (¢) = xq is a solution.
2. In aregion where g(x) # 0, we can divide by g(x) so that

x'(1)
=h(t).
ey M0

Separating the variables and then integrating both sides from 7y to ¢ give
[ d 1
/ M = / h(s)ds.
0w 8x () Jyy
Using the transformation u = x (s) with x(#9) = xo, we arrive at

x(t) d t
/ *_ / h(s)ds.
X0 g(u) )

dG 1
If for some function G, we have — = —, then the above expression implies that
x g

t

Gx(t)) — G(x(ty)) = / h(s)ds

1o
or
t
x(t):G_1<G(x0)+/ h(s)ds),
]

provided that the inverse of G exists. Note that the right side of the above expres-
sion depends on the initial time 7 and the initial value xo. Therefore to emphasize
the dependence of solutions on the initial data, we may write a solution x () in
the form x(¢) = x (¢, 1o, x0).
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I
4
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—_—1n =0

=

=2

FIGURE 1.1

This example shows infinitely many solutions.

In the next example, we illustrate the existence of more than one solution. Consider
the differential equation

3
x'(t) = 5xl/3(z), x(0)=0, r eR.

It is clear that x () = 0 is a solution. Hence we may consider a solution x () = 0 and

let
) 0 fort <O,
x2(t) =
32 fort >0,

which is also a continuous and differentiable solution. Likewise, for #; > 0, we have
0 fort <t,
x3(t) =
(t—1)3% fort>rn.

Continuing in this way, we see that the differential equation has infinitely many solu-
tions. Similarly, if x is a solution, then —x is also a solution (see Fig. 1.1).

In the next example, we show that solutions may escape (become unbounded) in
finite time. The differential equation

X(1)=x3(), x(tg) =x0 >0, 1 > 19

has the solution

1
S Ero—
E +2(tg — 1)

x(t) =

Copyright Elsevier 2022



1.1 Preliminaries 5

. L . 1
We can easily see that the solution is only valid for 7 < g + 22 and becomes un-
X
0

- from the left.
2x;

The most important application in engineering problems is Newton’s law

bounded (escapes) as t approaches 7y +

d’x(1) dx (1)
m? = F[l,x(t), 7]

for the position x(#) of a particle with mass m acted on by a force F, which may be

a function to time ¢, the position x (¢), and the velocity dfigt ) For example, if the force

is only due to gravity, then we have the second-order differential equation

d*x (1)
darz —me

which has the solution
1 2
x(1) = —Egt +cit + e,

where c¢; and ¢ are constants that can be uniquely determined by specifying the
position and velocity of the particle at some instant of time.
In the next example, we consider the problem of leaky bucket.

Example 1.1. We have a bucket with no water flowing into it and having a hole in the
bottom. If Q is the volumetric flow rate, then Qin — Qout = Ostored- Since Qj, = 0,
we obtain Qgiored = — Qout- Let 2 (2) be the height of the water in the bucket at time ¢,
and assume that the initial height at time + = 0 is h. Let v(¢) be the velocity of
the leaked water (flow velocity). The volumetric flow rate Qgoreq can be calculated
by multiplying the velocity by the area of the bucket, that is, Qgiored = Abucket%.
Similarly, Qy is the flow velocity multiplied by the area of the hole Apgje. It follows
that Qout = Anolev(?). For fluids of height X(¢), the velocity of water coming out at
the bottom is v(¢) = «/2gh(t). By rearranging the terms, we arrive at the first-order

differential equation in & given by

‘T#:—kx/%, h(0) = ho, (1.1.3)

A

where k = ﬂ,ﬂg > (. By separating the variables in (1.1.3) and then integrat-
bucket

ing, we arrive at the solution

h(t) = (\/fT— E)z. (1.1.4)

2

Note that the solution A (#) given by (1.1.4) decreases from the initial height /. More-
over, at time t* = 2T‘/%, the water is completely drained (by gravity), 2(t*) = 0, and
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the bucket will remain empty or the height will remain zero after t* = Zkﬂ There-
fore we may write the solution as

h(t,0, ho) =
0, t > 2“/,{%.

Another interesting application is the projectile problem that we analyze in the
next section.

1.2 Escape velocity

Let M and R be the mass and radius of the Earth, respectively. We are interested
in finding the smallest initial velocity for a mass m to exit the Earth’s gravitational
field, the so-called escape velocity. We assume that no external forces are acting on
the system other than the gravitational force. Newton’s universal gravitational law
states that the force between two massive bodies is proportional to the product of the
masses and inversely proportional to the square of the distance between them, where
the mass of each body can be considered as concentrated at its center. For a mass m
with position x above the surface of the Earth, the force F on the mass is given by

Mm
Giv
(R+x)?

where G is the proportionality constant in the universal gravitational law. The mi-
nus sign means the force on the mass m points in the direction of decreasing x. By
Newton’s second law, force F = m% (mass times acceleration). When x = 0, that
is, at the Earth’s surface, the gravitational force equals —mg, where g is the gravita-
tional constant. Therefore

GM

=T =8 8% 9.8 m/s>.

We have the second-order differential equation

d*x _ M
dr? (R +x)?
8
=_m, (1.2.1)
R

where the radius of the Earth is known to be R &~ 6350 km. We transform Eq. (1.2.1)
into a first-order differential equation in terms of the velocity v by noting that % =
‘é—';. If we write v(¢) = v(x(¢)), that is, considering the velocity of the mass m as a
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1.2 Escape velocity 7

function of its distance above the Earth. Then using the chain rule, we have

dv _ dv dx

dt — dx dt
dv
:v—’
dx

since v = ‘fi—f. As a consequence, (1.2.1) becomes the first-order differential equation
dv g 1
dx (14 )2

Suppose the mass is shot vertically from the Earth’s surface with initial velocity
v(x = 0) = vg. Separating the variables and integrating both sides, we obtain

dx
vdv:—g m,

v? ng "
i c
2 R+x

for some constant c¢. Using the initial velocity condition, we find

which gives

2

v,
c:—gR—i—?O.

Substituting ¢ back into the solution and simplifying, we arrive at the solution

gRx
R+x’

2_ 2
v —UO—

The escape velocity is defined as the minimum initial velocity vg, such that the mass
can escape to infinity. Therefore vy = vescape When v — 0 as x — oo. Taking the
limit, we have

gRx 5
0=v5— lim =vy — 28R,
x—o00 R+x
or
2
Vescape — 28R.

With R ~ 6350km and g = 127,008 km/h?, we get Vescape = +/28 R ~ 40,000 km/h.
In contrast, the muzzle velocity of a modern high-performance rifle is 4300 km/h,
which is not enough for a bullet shot into the sky to escape from Earth’s gravity.

Now we formally attempt to qualitatively analyze differential equations.

Copyright Elsevier 2022
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CHAPTER 1 Preliminaries and Banach spaces

Definition 1.2.1. Let D be an open subset of R?, and let f : D — R be a continuous
function. Let (o, xg) € D. We say that x (¢) = x (¢, fy, xo) is a solution of

x'= f(t,x), x(tg) = xo, (1.2.2)

on an interval [ if fo € I, x : I — R is differentiable, (t, x(¢)) e D fort € I, x'(t) =
f(t,x(t)) fort € I, and x(ty) = xo.

Definition 1.2.2. A solution x(¢) of (1.2.2) is said to be bounded on the interval
I = [0, co) if for any #y € [0, 00) and r > 0, there exists a positive number o (ty, )
depending on 7y and r such that |x (¢, 7o, x0)| < «(to, r) for all # > 7y and xo such that
|xo| < r. It is uniformly bounded if « is independent of the initial time 7.

Definition 1.2.3. Let x(¢) and y(¢) be solutions of (1.2.2) with respect to initial
conditions xq and yg, respectively. The solution x(¢) is then said to be stable if for
every ¢ > 0, there exists § = 8(¢, tp) > 0 such that

|x(t) — y(t)| <& whenever |xo — yo| < 9.
Consider the linear differential equation
X' (@) =1, x(t9) = xo. (1.2.3)

It is easy to check that x () = x¢ + (¢ — o) is the solution of (1.2.3). If y(#) is another
solution with y(#y) = yo, then we have y(t) = yo + (t — tp). For any ¢ > 0, let § = ¢.
Then

lx(@) —y@)|=|xo+ ( —1t) —yo— ( —to)| =|xo— yo| <&

whenever |xg — yo| < 8. Hence the solution x(¢) is stable but clearly unbounded.
This simple example shows that the notion of a solution being unbounded does not
automatically imply that the same solution is unstable with respect to another solution
starting at a different initial point. In Chapters 6 and 7 we will discuss boundedness
and stability in more detail. The previous examples illustrate the need for a coherent
theory for addressing the following issues:

1. Existence and uniqueness.
2. Boundedness and stability.
3. The dependence of solutions on the initial data.

1.3 Applications to epidemics

The law of mass action is a useful concept that describes the behavior of a system
that consists of many interacting parts, such as molecules, that react with each other,
or viruses that are passed along from a population of infected individuals to non-
immune ones. The law of mass action was first derived for chemical systems but
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subsequently found wide use in epidemiology and ecology. To describe the law of
mass action, we assume that m substances si, 52, ..., s, together form a product
with concentration p. Then the law of mass action states that Z—’t’ is proportional to
the product of the m concentrations s;,i =1, ..., m, thatis,

14
— =ks182...5n.
dt 152 m

Suppose we have a homogeneous population of fixed size divided into two groups.
Those who have the disease are called infective, and those who do not have the dis-
ease are called susceptible. Let S = S(¢) be the susceptible portion of the population,
and let I = I (¢) be the infective portion. Then by assumption, we may normalize the
population and have S + I = 1. We further assume that the dynamics of this epidemic
satisfies the law of mass action. Hence, for positive constant A, we have the nonlinear
differential equation

I'(ty=ASI. (1.3.1)

Let 1(0) = Iy, 0 < I(0) < 1, be a given initial condition. By substituting S =1 — 1
into (1.3.1) it follows that

I'=x(1-=1), 100)=1I. (1.3.2)

If we can solve (1.3.2) for I(¢), then S(¢) can be found from the relation 7 + S = 1.
We separate the variables in (1.3.2) and obtain

dl

—  —dL.
I(1—1)

Using partial fraction on the left side of the equation and then integrating both sides
yield
Ln|/|—Ln|l —I|=At+c,

or for positive constant c1, we have

1y = ¢
T 1l4cpeM”
Applying I (0) = Iy gives the solution
1(1) = loe™! (13.3)
1= Iy + Iyer” -

Now for 0 < I(0) < 1, the solution given by (1.3.3) is increasing with time as ex-
pected. Moreover, using L’Hospital’s rule, we have

. . Ipe™
lim I()= lim ——% 1,
t—00 t—oo 1 — Ip+ I()e‘)‘t
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Hence the infection will grow, and everyone in the population will eventually get
infected.

1.4 Metrics and Banach spaces

This section is devoted to introductory materials related to Cauchy sequences, metric
spaces, contraction, compactness, contraction mapping principle, and Banach spaces.
Materials in this section will be of use in several places of the book, especially in
Chapters 2, 8, and 9. Throughout the book, by C (I, R"), we denote the space of all
continuous functions f : I — R" on an interval /, possibly infinite.

Definition 1.4.1. A pair (E, p) is a metric space if E isasetand p: E X E — [0, 00)
such that for all y, z, and u in E, we have

(@ p(y,2) >0, p(y,y) =0, and p(y, z) =0 implies y = z;
(b) p(y,2) =p(z,y); and
(€) p(y,2) <p(y,u) +pu,z).

The next definition is concerned with Cauchy sequences.

Definition 1.4.2. (Cauchy sequence) A sequence {x,} C E is a Cauchy sequence if
for each ¢ > 0, there exists N € Nsuch thatn,m > N =— p(x,, x;) < €.

Complete metric spaces play a major role when showing that a fixed point belongs
to the metric space of interest.

Definition 1.4.3. (Completeness of metric space) A metric space (E, p) is said to be
complete if every Cauchy sequence in E converges to a point in E.

Definition 1.4.4. A set L in a metric space (E, p) is compact if each sequence in L
has a subsequence with a limit in L.

Definition 1.4.5. Let { f;,} be a sequence of real functions with f;, : [a, b] - R.

1. {fu} is uniformly bounded on [a, b] if there exists M > 0 such that | f,, ()| < M
foralln e Nandr € [a, b].

2. {f,} is equicontinuous at fy if for each & > 0, there exists § > 0 such that for
alln e N, if r € [a,b] and |ty — t] < §, then | f,,(fo) — fn(?)| < €. Also, {f,} is
equicontinuous if { f;,} is equicontinuous at each #y € [a, b].

3. {f,} is uniformly equicontinuous if for each ¢ > 0, there exists § > 0 such that for
alln e N,ift1, 1 € [a,b] and |t} — 1] < 8, then | f, (1) — fu(t2)| < €.

It is easy to see that { f,} = {x"} is not an equicontinuous sequence of functions
on [0, 1] but each f; is uniformly continuous.

Proposition 1.1. [Cauchy criterion for uniform convergence] If {F,} is a sequence
of bounded functions that is Cauchy in the uniform norm, then {F,} converges uni-
formly.
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Definition 1.4.6. A real-valued function f defined on E C R is said to be Lipschitz
continuous with Lipschitz constant K if | f(x) — f(y)| < K|x —y|forallx,y € E.

It is easy to see that the function f (x) = x? is not Lipschitz on R. This is due to the
fact that for any x and y in R, we have that f(x) — f(y) = [x% — y?| = |x + y||x — y],
and so there is no constant K such that |x> — y?| < K |x — y|. Definition 1.4.6 implies
that f is globally Lipschitz since the constant K is uniform for all x and y in R.

Remark 1.1. It is an easy exercise that a Lipschitz continuous function is uniformly
continuous. Also, if each f;, in a sequence of functions { f;,} has the same Lipschitz
constant, then the sequence is uniformly equicontinuous.

Lemma 1.1. If{f,} is an equicontinuous sequence of functions on a closed bounded
interval, then { f,,} is uniformly equicontinuous.

Proof. Suppose {f,} is equicontinuous on [a, b]. Let ¢ > 0. For each x € K, let
8x > 0 be such that |y — x| < 8, = |fu(x) — fu(y)| < &/2 for all n € N. The
collection {B(x,dx/2) : x € [a,b]} is an open cover of [a, b], so it has a finite
subcover {B(x;,8y;/2) :i =1,...,k}. Let § = min{é,,/2:i = 1,...,k}. Then, if
x,y € [a, b] with |x — y| < 8, then there is some i with x € B(x;, 8y, /2). Since
|x —y| <8 <8y,/2, we have |x; — y| < |x; — x|+ |x — y| <8y, /2 + 8y, /2 = 8y;.
Hence |x; — y| < 8y, and |x; — x| < 8y;. So, for any n € N, we have | f,,(x) — f, (V)| <
| fn () = fn D + [ fu(xi) — fu(W)| < €/2+&/2 =¢€. So {f,} is uniformly equicon-
tinuous. 0

The next theorem gives us the main method of proving compactness in the spaces
we are interested in.

Theorem 1.4.1. [Ascoli-Arzela] If { f,,(¢)} is a uniformly bounded and equicontin-
uous sequence of real-valued functions on an interval [a, b), then there is a subse-
quence that converges uniformly on [a, b] to a continuous function.

Proof. Since {f,(t)} is equicontinuous on [a, b], by Lemma (1.1) {f,(¢)} is uni-
formly equicontinuous. Let #1, 1, ... be a listing of the rational numbers in [a, D]
(note that the set of rational numbers is countable, so this enumeration is possi-
ble). The sequence {f,(71)}52, is a bounded sequence of real numbers (since { f,}
is uniformly bounded), so it has a subsequence {f,, (f1)} converging to a num-
ber, which we denote ¢ (¢1). It will be more convenient to represent this subse-
quence without subsubscripts, so we write fk1 for f,, and switch the index from
k to n. So the subsequence is written as { fn1 (t1)},2,- Now, the sequence { fnl (1p)} s
bounded, so it has a convergent subsequence, say { fnz(tz)}, with limit ¢ (¢,). We con-
tinue in this way obtaining a sequence of sequences {f,"(t)};°, (one sequence for
each m), each of which is a subsequence of the previous one. Furthermore, we have
Sl (tm) = ¢ (tm) as n — oo for each m € N. Now, consider the “diagonal” functions
defined Fi.(t) = f,f(t). Since f,"(ty) — ¢ (1), it follows that F,(t,) — ¢ (1) as
r — oo for each m € N (in other words, the sequence {F; ()} converges pointwise at
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each t,;). We now show that { F;(¢)} converges uniformly on [a, b] by showing that
it is Cauchy in the uniform norm. Let ¢ > 0, and let § > O be as in the definition of
uniformly equicontinuous for { f;, (¢)} applied with ¢/3. Divide [a, b] into p intervals,
where p > b%”. Let &; be a rational number in the jth interval for j =1, ..., p. Re-
call that {F,.(¢)} converges at each of the points &;, since they are rational numbers.
So, for each j, thereis M; € N such that | F,(§;) — Fy(§;)| < &/3 wheneverr,s > M;.
Let M =max{M;:j=1,..., p}.If t € [a, b], then it is in one of the p intervals, say
the jth. So |t — &;| < §, and thus | £ (1) — f ()| =|F- () — F(§;)| < &/3 for ev-
ery r. Also, if r,s > M, then |F,(§;) — Fy(§;)| < ¢/3 (since M is the maximum of
the M;). So for r, s > M, we have

|Fr(t) — Fs(O] = | Fr (1) — Fr(§)) + Fr(§)) — Fs(§)) + Fy(§)) — Fs (1)

S|Fr () — Fr G+ [Fr () — Fy(§))| + [ Fs(§)) — Fs (1)
¢ N € n €
-+ -+-=c
-3 3 3
By the Cauchy criterion for convergence, the sequence {F, ()} converges uniformly
on [a, b]. Since each F,(¢) is continuous, the limit function ¢(¢) is also continu-
ous. O

Remark 1.2. The Ascoli—Arzela theorem can be generalized to a sequence of func-
tions from [a, b] to R". Apply the Ascoli-Arzela theorem to the first coordinate
function to get a uniformly convergent subsequence. Then apply the theorem again,
this time to the corresponding subsequence of functions restricted to the second co-
ordinate, getting a subsubsequence, and so on.

The next criterion, known as the Weierstrass M-test plays an important role in
showing the existence of solutions.

Lemma 1.2. (Weierstrass M-test) Let { f,,} be a sequence of functions defined on a
set E. Suppose that for alln =1, ..., there is a constant M,, such that | f,,(t)| < M,
forallt € E. If

o o0
ZM,, < 00, then an(t)
n=1 n=1

converges absolutely and uniformly on the E.

We remark that the Weierstrass M-test can be easily generalized if the domain of
the sequence of functions is a subset of Banach space endowed with an appropriate
norm.

Here is an example of the Weierstrass M-test.

Example 1.2. For n = 1,2, ..., define the sequence of functions {f,} on R by

1 1
n(t) = m.Then [fn ()] = |t2 +n2| =3

=M, forallt e Rand n > 1. Since
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o o
. 1 . . 1
the series Z — converges, by the Weierstrass M-test the series Z —— con-
n2 2+ n2
.n=1 . . n=.1
verges uniformly on R. Moreover, as each term of the series is continuous and the
convergence is uniform, the sum function is also continuous. (As the uniform limit

of continuous functions is continuous.)
Here is another example with a simple twist to it.

Example 1.3. We prove that the series

2 4yt
n4 + X2
n=1
converges to a continuous function f : R — R.
Let ¢ be a positive constant. Then for all x € [—c, c], we have that

On the other hand, the series
M,=Y —+c*y —
M=) S+t -
n=1 n=1 n=1

converges, so Weierstrass M-test implies that the series converges uniformly to
a function f on the bounded interval [—c, c]. Each term in the series is continuous
and since the uniform limit of continuous functions is continuous, the limit func-
tion f is continuous on [—c, c] for every ¢ > 0. Now since every x € R lies in such
an interval for sufficiently large c, it follows that f is continuous on R. Note that the
series does not converge uniformly on R, so we cannot use the argument that the sum
is continuous on R because the series converges uniformly on R.

A

1
Sn—2+n—4:Mn

n2+x4 n2+x4
nt4+x2'7  pt

Banach spaces form an important class of metric spaces. We now define Banach
spaces in several steps.

Definition 1.4.7. A triple (V,+,-) is said to be a linear (or vector) space over
afield F if V is a set and the following are true.

1. Properties of +

a. + isafunction from V x V to V. Outputs are denoted x + y.

b. forallx,yeV,x+y=y+ x (+ is commutative).

c. forallx,y,weV,x+ (y+w)=(x+y)+ w (4 is associative).

d. there is a unique element of V, which we denote 0, such that for all x € V,
0+ x = x + 0 = x (additive identity).

e. for each x € V, there is a unique element of V, which we denote —x, such
that x + (—x) = —x + x = 0 (additive inverse).
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2. Scalar multiplication

a. - isafunction from F x V to V. Outputs are denoted « - x or ax.
forallo, B € Fandx € V, a(Bx) = (af)x.
forallxeV,1-x=x.
forala,fe Fandx € V, (¢ + B)x =ax + Bx.
forala € Fandx,y e V,a(x +y) = ax + ay.

P20

Commonly, the real numbers and complex numbers are fields in the above defini-
tion. For our purposes, we only consider the field of real numbers F = R.

Definition 1.4.8. (Normed spaces) A vector space (V, +, -) is a normed space if for
each x € V, there is a nonnegative real number ||x||, called the norm of x, such that
forallx,y e Vand o € R,

1. ||lx|| =0 if and only if x =0,
2. Jlex|| = lafllx]l,
. lx+ vyl <lxll + 1yl

Remark 1.3. A norm on a vector space always defines a metric p(x, y) = ||x — y| on
the vector space. Given a metric p defined on a vector space, it is tempting to define
lv]| = p(v, 0). But this is not always a norm.

Definition 1.4.9. A Banach space is a complete normed vector space, that is, a vector
space (X, +, -) with norm || - || for which the metric p(x, y) = ||x — y|| is complete.

Example 1.4. The space (R", 4, -) over the field R is a vector space (with the usual
vector addition + and scalar multiplication -), and there are many suitable norms for
it. For example, if x = (x1, x2, ..., X,), then

1. |lx]| = max |x;,
1<i<n
n
2
in’
i=1
n
3 flxll =" Ixil,
i=1
n
I/p
4. Ixlp= (Y l?) " pz1
i=1

are all suitable norms. Norm 2 is the Euclidean norm: the norm of a vector is its
Euclidean distance to the zero vector, and the metric defined from this norm is the
usual Euclidean metric. Norm 3 generates the “taxi-cab” metric on R2, and Norm 4
is the /” norm.

Throughout the book, it should cause no confusion to use | - | instead of || - || to
denote a particular norm.

2. |xll =

Remark 1.4. Consider the vector space (R”, 4, ) as a metric space with its metric
defined by p(x, y) = ||x — y||, where || - || is any of the norms in Example 1.4. The
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completeness of this metric space comes directly from the completeness of R, and
hence (R”, || - ||) is a Banach space.

Remark 1.5. In the Euclidean space R", compactness is equivalent to closedness
and boundedness (Heine—Borel theorem). In fact, the metrics generated from any of
the norms in Example 1.4 are equivalent in the sense that they generate the same
topologies. Moreover, compactness is equivalent to closedness and boundedness in
each of those metrics.

Example 1.5. Let C([a,b],R") denote the space of all continuous functions
f:la,b] - R".

1. C([a, b], R") is a vector space over R.
2. If | fl| = maxblf(t)l, where | - | is a norm on R”, then (C([a, b],R™), || - |) is
a<t<

a Banach space.
3. Let M and K be two positive constants and define

L={feCUa, bR : I fI=M;|fw) — f(W)| < K|u—vl}.
Then L is compact.

Proof (of part 3). Let {f,} be any sequence in L. The functions are uniformly
bounded by M and have the same Lipschitz constant, K. So the sequence is uni-
formly equicontinuous. By the Ascoli-Arzela theorem there is a subsequence { f;, }
that converges uniformly to a continuous function f : [a, b] — R". We now show that
feL.Well, | f,(¢t)]| < M for each t € [a, b], so | f(t)| < M for each t € [a, b] and
hence || f|| < M. Now fix u, v € [a, b] and & > 0. Since {f;,} converges uniformly
to f, there is N € N such that | f;,, () — f(t)| <e/2forallt € [a,b] and k > N. So
fixing any k > N, we have

Lf ) = fI=1f @) = fa, () + fr, @) = f, W) + f, (V) = f (V)]
< 1f @) = S @+ [ fg @) — frp O]+ [ fp (V) = f (V)]
<e/24+Klu—v|+¢/2=K|u—v|+e.

Since ¢ > 0 was arbitrary, | f (#) — f(v)| < K|u — v|. Hence f € L. We have demon-
strated that { f,} has a subsequence converging to an element of L. Hence L is
compact. O

Example 1.6. Consider R as a vector space over R and define the metric d(x, y) =
|x — |
L+ x—y|
norm on R.

For each x € R, we define || x| = d(x,0). Explain why || - || is not a

Example 1.7. Let ¢ : [a, b] — R" be continuous, and let S be the set of continuous

functions f : [a,c] > R" withc > band f(t) = ¢ (t) fora <t < b.Define p(f, g) =

lf—gll= sup |f(t)—g(@)]for f,g e S. Then (S, p) is a complete metric space
a<t=<c<

but not a Banach space since f + g is not in S.
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Example 1.8. Let (S, p) be the space of continuous bounded functions f : (—oo, 0] —
Rwith p(f.8) =IIf —gl= sup |f(t)—g()|. Then:
0

—o00<t=<

1. (S, p) is a Banach space.
2. Theset L={feS:|fIl<1,|f@w)f()| <|u—v|}is not compactin (S, p).

Proof (of 2). Consider the sequence of functions defined

0 ift <—n,

Ja(t) =
! Lyl if—n<t<0.

Then the sequence converges pointwise to f = 1, but p(f,, f) =1 for all n € N.
So there is no subsequence of {f,} converging in the norm || - || (i.e., converging
uniformly) to f. O

Example 1.9. Let (S, p) be the space of continuous functions f : (—oo, 0] — R”
with

p(f,8) = 27" pu(f. )/ {1 + pu(f. &)},

n=1

where
pn(f,8) = max |f(s)—g(s)l,
—n<s<0
and | - | is the Euclidean norm on R”. Then:

1. (S, p) is a complete metric space. The distance between all functions is bounded
by 1.

2. (S, +, ) is a vector space over R.

3. (S, p) is not a Banach space because p does not define a norm, since p(x,0) =
x|l does not satisfy |lax| = ||| x]|-

4. Let M and K be given positive constants. Then the set

L={feS:|Ifll<Mon(—00,0]|f(u)— f(v)| < Klu—v|}
is compact in (S, p).

Proof (of 4). Let {f,} be a sequence in L. It is clear that if f;, — f uniformly on
compact subsets of (—oo, 0], then we have p(f,, f) — 0 as n — oco. Let us be-
gin by considering {f,} on [—1,0]. Then the sequence is uniformly bounded and
equicontinuous, and so there is a subsequence, say { fnl}, converging uniformly to
some continuous f on [—1, 0]. Moreover, the argument of Example 1.5 shows that
|[f(®)] <M and |f(u) — f(v)|] < K|u — v|. Next, we consider {fnl} on [—2,0].
Then the sequence is uniformly bounded and equicontinuous, and so there is a sub-
sequence, say { fnz}, converging uniformly, say, to some continuous f on [—2,0].
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Continuing this way, we arrive at F, = f,}, which has a subsequence of {f,} con-
verging uniformly on compact subsets of (—oo, 0] to a function f € L. This proves
that L is compact. O

We leave the proof of next result to the reader.

Theorem 1.4.2. Let g : (—o0, 0] — [1, 00) be a continuous strictly decreasing func-
tion with g(0) =1 and g(r) — o0 as r — —o0. Let (S, - |g) be the space of
continuous functions f : (—o0o, 0] — R” for which

[ f(D)]
—oo<t=<0 |8(D)]

|f|g =

exists. Then:

1. (S,]-1g) is a Banach space.
2. Let M and K be given positive constants. Then the set

L={feS:Ifll<Mon(—00,0],|f(u)— f(v)| <Klu—nv|}
is compactin (S, p).

Definition 1.4.10. Let (E, p) be a metric space, and let D : E — E. The operator or
mapping D is a contraction if there exists « € (0, 1) such that

p(D@)., D) = an(, ).

The next theorem is known by the name of Caccioppoli theorem, or the Banach
contraction mapping principle [9]. A proof can be found in many places, such as
Burton [15] or Smart [58].

Theorem 1.4.3. (Contraction mapping principle) Let (E, p) be a complete metric
space, and let D : E — E be a contraction operator. Then there exists a unique
¢ € E such that D(¢) = ¢. Moreover, if ¥ € E and if {,} is defined inductively by
Y1 = D) and Yyr1 = DY), then Y, — ¢, the unique fixed point.

Proof. Let yg € E and define the sequence {y,} in E by y; = Dyg, y» = Dy; =
D(Dyo) = D?yq, ..., y» = Dy,_1 = D"yg. Next, we show that {y,} is a Cauchy
sequence. Indeed, if m > n, then

P (Yns Ym) = p(D" yo, D" yo)
<ap(D" 'y, D" yp)

<" p(Yo, Ym—1)
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<a"{p(yo, y) + o1, y2) + .+ POm—n—1, Ym—n) }
<a"{p(o. YD) +ap (o, y) + ...+ " oo, y1)}
<d"p(o. yD{l+a+...+a™ "1}

Sa”p(yo,yl)l .
—

Thus, since a € (0, 1), we have that

Py ym) —> 0asn — oo.

This shows that the sequence {y, } is Cauchy. Since (E, p) is a complete metric space,
{y,} has a limit, say y in E. Since the mapping D is continuous, we have that

D(y)=D(lim y,) = lim D(y,) = lim y,4+1 =1y,
n—o00 n—oo n—oo

and y is a fixed point. It remains to show that y is unique. Let x, y € E be such that
D(x) =x and D(y) =y. Then

0<p(x,y)=p(D(x), D(y)) <ap(x,y),
which implies that
0<(1—-a)px,y) <0
Since 1 — o # 0, we must have p(x, y) =0, and hence x = y. This completes the

proof. O

Another form of the contraction mapping principle:

Theorem 1.4.4. (Contraction mapping principle, Banach fixed point theorem) Let
(E, p) be a complete metric space, and let P : E — E be such that P™ is a con-
traction for some fixed positive integer m. Then there is a unique x € E such that
P(x)=x.

1.5 Variation of parameters

In this section we develop the variation of parameters formula, which we use, in one
form or another, throughout this book. Consider the nonhomogeneous differential
equation

X @) =a®)x@) + g, x@)), x(tg) =xo, t > 19 >0, (1.5.1)
where g € C([0, 00) x R, R) and a € C([0, 00), R).
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Multiplying both sides of (1.5.1) by the integrating factor e Jp@@du o4 Sbserv-
ing that
d _ ! ot o
o (x(l‘)e ftoa(u)a’u> =x'(1)e f,oa(u)du —adx(t)e ffo a(u)du’
we arrive at

d ot ot
gr (e ) = g xape o

dt

Integration of the above expression from 7y to ¢ and using x (fy) = xo yield

' t .
x(l‘)e—f’oa("‘)d“ =x0+/ g(S,x(S))e_ftoa(u)duds,

]

from which we get

1 t +
(1) = xgelo 4@ 4 / g (s, x(s))ehs aWdugs ¢~ 4>, (1.5.2)

fo

It can be easily shown that if x () satisfies (1.5.2), then it satisfies (1.5.1). Expression
(1.5.2) is known as the variation of parameters formula. Note that (1.5.2) is a func-
tional equation in x since the integrand is a function of x. If we replace the function
g with a function & € C([0, 00), R), then (1.5.2) takes the special form

. t
xX(t) = xpelo 1 4 / h(s)el aWduge > 40 >0 (1.5.3)

0]

Another special form of (1.5.2) is that if the function a(¢) is constant for all > #
and g is replaced with & as before, then from (1.5.3), we have that

t
x(1) = xpe =0 +/ eI p(s)ds, t > 19 > 0. (1.5.4)
fo

It is easy to compute, using (1.5.4), that the differential equation
x'(t) =2x(t) +¢, x(0) =3,

has the solution

13

Bt 1
4 2 4

Remark 1.6. The variation of parameters formula given by (1.5.2) is valid for

x(t) =

geCR xR,R) and a € C(R,R).

Next, we consider the following application regarding the variation of parameters.
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FIGURE 1.2
RC circuit.

1.5.1 RC circuit

Fig. 1.2 shows a resistor R and capacitor C connected in a series. The battery con-
nected to this circuit by a switch provides an electromotive force, or emf force 7.
Initially, there is no charge on the capacitor. When the switch is flipped to (a), the
battery connects, and the capacitor charges. Similarly, when the switch is flipped
to (b), the battery disconnects, and the capacitor discharges with energy dissipated
in the resistor. Our aim is to determine the voltage drop across the capacitor during
charging and discharging.

We start by observing that the voltage drops across a capacitor V¢ and resistor Vg
are given by

respectively, where C is the capacitance and R is the resistance. The current i and the
charge g are related by the relation

. _dq
= —.
dt
From the first equation, we have
ch_dq 1 i 1V
dt ~—dt’'C C CR’
which implies that
dVv,
Vg = RC—E.
dt
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Kirchhoff’s voltage law states that the emf 71 in any closed loop is equal to the sum
of the voltage drops in that loop. When the switch is thrown to (a), this gives

VR + Ve =n.
Substituting Vg into Vi + V¢ = n gives the linear differential equation

dV, 1
— Ve =1

. Ve(0)=0.
dt rC ~"re VO

An application of the variation of parameters formula gives the solution

t
Vc(t)zeft/Rcf 1_¢s/RC g
o RC ’
or
Vc(t)=n(1—e*’/RC).

Thus the voltage starts at zero and rises slowly but exponentially to 1 with character-
istic time scale given by RC. In other words,

Ve() —>n as t — oo.
Now suppose the switch is thrown to (b). Then by Kirchhoff’s voltage law
Ve + Ve =0,
which results in the differential equation

dVe 1
— +Ve—=0, Vc(0)=0.
dt + e c(0)

Then the solution during the discharge phase is given by

Ve(t) =ne "/ RC,

and the voltage decays exponentially to zero with the characteristic time scale given
by RC.

1.6 Special differential equations

Next, we consider second-order nonlinear differential equations of the form
x"=f@t, x,x), (L.6.1)

where f (¢, x, y) is a function of three variables defined in the region D = {(¢, x, y) :

ay<t<ay,by<x<bycy <y<cy}with f, %, and % continuous in D. Little is
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known about how to solve (1.6.1) except in certain particular cases. Two interesting
and useful cases occur when (1.6.1) has one of the following forms:

Ft,x',x")=0 (1.6.2)
or
F(x,x',x") =0. (1.6.3)

For (1.6.2), the transformation x’ = u transforms the original second-order differ-
ential equation into a first-order differential equation F(z, u,u’) = 0, which can be
solved. To see this, we consider the nonlinear second-order differential equation

tx"+2x" +t=1,t>0.

For x’ = u, we have the first-order differential equation tu’ 4+ 2u 4+t = 1. Using the
variation of parameters formula given by (1.5.2), we arrive at

C1 1 t

“=EtIT3

for some constant c;. Since x(t) = f u(t)dt, we arrive at the general solution

(1) c]+t t2+
xl)=——+-——+c
t 2 6 2

for some constant c5.

Equations of the form (1.6.3) can be reduced to first-order equations by the substi-
tution x” = u. Eq. (1.6.3) is now replaced by the equivalent system of two differential
equations

x'=u, FGx,u,u)=0.
By using x as the independent variable we have
o du dudx du
= — = ————— = —1.
dt dxdt dx
Hence (1.6.3) reduces to the first-order differential equation
d
F(x,u, u—u) =0.
dx

As an application, we consider the differential equation
x4+ (x)x+x'x=0, x(0)=0, x'(0)=—1.

Then, under the mentioned substitution, we have the new first-order differential equa-
tion
du

u—+u2x+ux=O
dx
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or
— +xu=—x.

By the variation of parameters, we arrive at the solution

%2
u=—14cez.
Using # = —1 when x = 0, we have ¢ = 0. Now using the transformation x" = u, it
follows that
dx
dar

Using x(0) = 0, we arrive at the solution

x(t) = —t.

1.7 Exercises
Exercise 1.1. Show that the differential equation

xX'(t) = %x1/3(t), x(0)=0, reR

has infinitely many solutions.
Exercise 1.2. Show that the differential equation

x'@)=x%@), x(0)=0, teR
has infinitely many solutions for « € (0, 1).
Exercise 1.3. Find the escape time of the solutions for the differential equation

X' (1) = x2(1), x(ty) =x0 #0, 1 € R.

Exercise 1.4. Show that the solution x (¢, #y, xg) of

X@)=t, x(t)) =x0#0, t>0
is stable but unbounded.

Exercise 1.5. Let x = (x1,x2,...,x5),x; €R,i=1,2,...,n.
n

Show that ||x|| = lez does not define a norm.

i=1
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Exercise 1.6. Consider the following power series L(x), which is also known as
Euler’s dilogarithm function:

S X"
L(x):Zn—z.
n=1

(a) Compute the domain of convergence for L(x). Be sure to give a full analysis of
the endpoints.

(b) Show that L(x) uniformly converges on its entire domain of convergence. (Use
Weierstrass M-test.)

(c) Explain why the L (x) is continuous on its domain of convergence.

Exercise 1.7. Consider the sequence { f,} of functions f, : R — R defined by
nx
V1+n2x2

Find the pointwise limit of this sequence as n — oo. Does the sequence converge
uniformly on R?

falx) =

Exercise 1.8. Show that the space C(/,RR), where I is any compact subset of R,
endowed with the supremum norm

[/ lloo = sup | f (1)l
tel

is a Banach space.

Exercise 1.9. Show that the space Q7 of all continuous T-periodic functions given
by

Qr={feCR,R): f(t+T)= f(T)forallt € R}
with the maximum norm
= 13
1 tg{l&);]lf( )|
is a Banach space.

Exercise 1.10. Show that the space C ([0, 1], R) endowed with the L! norm

1
1 =/O F(0)ldt

is a metric space but is not complete.

Exercise 1.11. For 1 < p < o0, let

lp={a=(a1,a2,...):akeR,Z|ak|p<c>o}
k
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and
1/p
lallp = (" laxl?) .
k
Show that [, endowed with || - ||, is a Banach space.

Exercise 1.12. Prove Remark 1.1.

Exercise 1.13. Find a continuous solution satisfying
X0 +x(0) = f(1), x(0)=0,

1, 0<t<l,

0, t>1.
Is the solution differentiable at t = 1?

where f (1) =

Exercise 1.14. Find a continuous solution satisfying
X' +2tx (1) = f(0), x(0) =2,

t, 0<r<l,

0, t>1.
Is the solution differentiable at t = 1?

where f (1) =

Exercise 1.15. For the SI epidemic model of Section 1.3, use Eq. (1.3.1) and the
relation I + § = 1 to obtain a first-order differential equation in terms of S and §'.
Assume a positive condition S(0) =1 — 7(0) := Sy and find the solution S(¢) and
Jim, S

Exercise 1.16. Letd > 0, and let f : [0, d] — R be continuous. Let k be any constant
and suppose x () solves the differential inequality

x'@) <kx@®)+ f@), t €[0,d].
Show that
x (1) < x(0)eX + fot M9 f(s)ds, t €10, d].
Hint: There is a continuous and nonnegative function g(¢) such that
x'(t)+g@t) =kx(t) + f(1), t €[0,d].

Exercise 1.17. Suppose a function f : [0, d] x R — R is continuous and that f(z, x)
is bounded for all (¢, x) € [0, d] x R, where d is a positive constant. Suppose x = ¢(¢)
solves the differential equation

X)) =xf(@t,x), x(0)=1, t €[0,d].

Show that there is a constant K such that ¢(¢) < X! for all 7 € [0, d].
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Exercise 1.18. In Problems 1-5 solve the differential equation. If no initial condi-
tions are given, find the general solution.

L2 4+t=1,t>0.

22X+ 2x =1,1> 0.

Cxx” —2(x)2 +4x2=0,x(1) =1, x'(1) =2.
sin(x)x” = sin(x), x(1) =2, x'(1) = 1.

tx" —x' =12, t>0.

apwN o
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CHAPTER

Existence and
uniqueness

In Chapter 1 we laid out the basics we need to use in this and the following chap-
ters. This chapter is devoted to the existence and uniqueness and the continuation of
solutions. We limit our discussions and proofs to scalar differential equations, and in
Chapter 3 we indicate how the theory can be naturally extended to vector equations.

2.1 Existence and uniqueness of solutions

This section is devoted to the existence and uniqueness of solutions of the initial value
problem (IVP)

x'= f(,x), x(tp) = xo, 2.1.1)

where we assume that f : D — R is continuous and D is a subset of R x R. In the
case the differential equation (2.1.1) is linear, a solution can be found. However, in
general, this approach is not feasible when the differential equation is not linear, and
hence another approach must be indirectly adopted that establishes the existence of
a solution of (2.1.1). For the development of the existence theory, we need a broader
definition of Lipschitz condition.

Definition 2.1.1. The function f : D — R is said to satisfy the global Lipschitz
condition in x if there exists a Lipschitz constant k¥ > 0 such that
|f(t,x) = f(t,y)| <klx —y| for (r,x), (t,y) € D. (2.1.2)

Definition 2.1.2. The function f : D — R is said to satisfy a local Lipschitz con-
dition in x if for any (#1, x1) € D, there exists a domain D C D such that f (¢, x)
satisfies a Lipschitz condition in x on Dy, that is, there exists a positive constant ki
such that

Lf @, x) = f(z, »)I < Kilx —y|, for (z,x), (z,y) € D1. (2.1.3)

Definition 2.1.1 can be easily extended to functions f : D — R”, where D C
R x R" under a proper norm. Let R = {(¢, x) : |t| < a, |x| < b} be any rectangle
in D.If f and % are continuous on R, which is the case in this chapter, then f and

% are bounded on R. Therefore there exist positive constants .# and % such that
af
|f(t,x)| <.# and Ia—lfl/ (2.1.4)
X

Advanced Differential Equations. https://doi.org/10.1016/B978-0-32-399280-0.00008-5 2 7
Copyright © 2023 Elsevier Inc. All rights reserved.
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for all points (¢, x) in R. Now for any two points (¢, x1), (¢, x2) in R, by the mean
value theorem there exists a constant n € (xp, x2) such that

0
ft,x)— f(t,x)= %(t, n(x1 —x2),

from which it follows that

af
|f(ta .X]) - f(taxz =< |£(tﬂ 77)||x1 - -x2|
< Z\|x1 —x2|. (2.1.5)
We have shown that if f and % are continuous on R, then f satisfies a global Lips-
chitz condition on R.

Example 2.1. Consider f (¢, x) = x?/3 in the rectangle R = {(t,x) : |t| < 1, |x| < 1}.
We claim f does not satisfy the Lipschitz condition on R. Consider the pair of points
(t,x1) and (¢, 0) in R where x; > 0. Then

|f(tsxl)_f(t70) —1/3

|=x —o00 asx; — 07,
1
x1—0

and hence there exists no %" such that (2.1.5) holds.
Remark 2.1. Consider (2.1.1) on the rectangle D C R x R defined by

D ={(t,x): |t —to|l =a, |x —xo| =b},
where a and b are positive constants. Let
T=t—1ty, u=x —x9, and g(t,u) = f(tr +to, u + x0)-
Then the function g is defined on the rectangle
D*={(t,u):—a<t<a, —-b<u<bj,
and the IVP (2.1.1) is equivalent to the IVP problem
u' =g(t,u), u0)=0.

For emphasis, we restate the following definition.

Definition 2.1.3. We say that x is a solution of (2.1.1) on an interval / if x : ] - R
is differentiable, (t, x(¢)) € D fort € I, x'(t) = f(t,x(t)) for t € I, and x(fy) = xg
for (ty, x9) € D.

In preparation for the next theorem, we observe that the IVP (2.1.1) is equivalent
to

t
x(t) =xg +/ f(s,x(s))ds. (2.1.6)
fo
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Relation (2.1.6) is an integral equation since it contains an integral of the unknown
function x. This integral is not a formula for the solution, but rather it provides an-
other relation satisfied by a solution of (2.1.1). We have the following definition.

Definition 2.1.4. We say x : I — R is a solution of the integral equation (2.1.6) on
an interval [ if ty € I, x is continuous on I, (¢,x(t)) € D fort € I, and (2.1.6) is
satisfied forr € 1.

The next theorem is fundamental for the proof of the existence theorems.

Theorem 2.1.1. Let D be an open subset of R2, and let (t9, xo) € D. Then x is
a solution of (2.1.1) on an interval 1 if and only if x satisfies the integral equation
given by (2.1.6) on I.

Proof. Let x(¢) be a solution of (2.1.1) on an interval /. Then #y € I, x is differen-
tiable on 7, and hence x is continuous on /. Moreover, (¢, x(t)) € D fort € I, x(tp) =
x0, and x'(t) = f (¢, x(¢)) for r € I. Now an integration of x'(t) = f (¢, x(¢)) from 79
to t gives (2.1.6) for ¢ € I. For the converse, if x satisfies (2.1.6) for¢ € I, thenty € I,
and x is continuous on /. Moreover, (¢, x(t)) € D fort € I, and (2.1.6) is satisfied
for t € I. Thus x(¢) is differentiable on /. By differentiating (2.1.6) with respect to ¢,
we arrive at x’(t) = f (¢, x(¢)) for all t € I and x(9) = xp + ftg(’ f(s,x(s))ds = xp.
This completes the proof. U

A graduate textbook in differential equations would be incomplete without the
statement and proof of Picard’s local existence and uniqueness using successive ap-
proximations. In the next section we prove similar theorems on Banach spaces using
fixed point theory.

We note that Picard’s local existence and uniqueness theorem and Cauchy—Peano
existence theorem are widely used, and variant proofs of the theorems can be found
in [17], [29], [31], [54], and [70].

The heart of proving our next results is the construction of a sequence of functions
that converge to a limit function that satisfies the IVP (2.1.1), although the members
of the sequence individually do not.

Theorem 2.1.2 addresses the three basic issues:

(1) Members of the constructed sequence {x,} exist for all time.

(2) The sequence converges, and the limiting function satisfies the integral equation
(2.1.6) and hence the IVP (2.1.1).

(3) The limiting function, which is a solution of (2.1.1), is unique.

Theorem 2.1.2. (Picard’s local existence and uniqueness) Let D C R x R be defined
as

D={(x):|t—1t] <a, |x —xo| <b},

where a and b are positive constants. Assume that f € C(D,R) and f satisfies the
Lipschitz condition (2.1.2). Let

M= max |f(t,x)| 2.1.7)
(t,x)eD
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and
h = min{ b} (2.1.8)
= a, —}. 1.
M

Then the IVP (2.1.1) has a unique solution, denoted by x(t, ty, xo), on the interval
|t — to| < h and passing through (ty, xo). Furthermore,

|x(2) —xol = b for |t —to] <h.

Proof. Before we begin the proof, we recommend to look at Fig. 2.1.

X
AN
D-big rectangle
xo+b +
R-middle rect

fo

xo—b +

: : : >
fo—a fo fo+a

FIGURE 2.1

Interval of existence.

First, we note that since f is continuous on D, condition (2.1.7) is automatically
implied. The idea of the proof is to construct a sequence of functions {x,} that con-
verges uniformly to a unique x on the interval |t —tg| < h and is a solution of (2.1.1).
We begin by successively defining a sequence of functions {x,} for |t — 79| < h by
setting

xo(1) = xo,

t
x1(t) =xo + / f (s, x0(s))ds,
fo

t
xn(t)=x0+/ F (s, Xn_1(s))ds. (2.1.9)
fo

According to (2.1.7) and (2.1.8), we have that

|x1(t) —xo| <hM < b for |t — 19| < h.
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t
Therefore / f(s,x1(s))ds can be defined for |t — 79| < h, and hence
0]
|x2(t) — xol <hM <b.
Similarly, we may show that x3(¢), ..., x,(¢) are well defined on |t — f9| < k. Thus
t
|xn (2) — x0| = |/ f(s, x0—1(s))ds| < M|t — to]. (2.1.10)
0]

Next, we show that {x, } converges uniformly to a function, say x, on |t — fp| < h.
Note that

Xp (1) = x0(t) + [x1(2) —x0(@)] + [x2() —x1(D]+ - + [x2 (1) — x4—1 (D],

or
n—1
(1) =x0(t) + Y _[xj41() — x; (D).
j=0
Taking the limit if it exists, we have
n—1
Jim_x, (1) = xo(1) + lim_ Zo[xj+1<r> —x;(0)]. 2.1.11)
J=!

Our next task is to compute |x;41(¢) —x;(¢)|. Using (2.1.9) and then (2.1.2) followed
by (2.1.10) give

t
a(t) — 21 (0)] < / | f(5.x1(5)) = f (5. x0(s)|ds
fo
t
EK/ |x1(s) — xo(s)|ds
fo
t t
§KM/ |s—to|ds=KMf (s —to)ds
to i)

2
t— 1
= KM( 0)

, [t =1l <a.

In a similar fashion, we obtain
t
lx3 (1) — x2()| < / | f(s,x2(5)) — f(s,x1(5))|ds
fo

t
< K/ ‘xz(s) —xl(s)|ds
0]
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t —t 2
51{/ Km0 4
1) 2

(t —to)®
3!

= MK?

, |t =1l <a.
Continuing this way, we arrive at
— tO)j
.' M

lxj (1) — x;—1(1)] §MKj_1(t (2.1.12)

To complete the induction argument, we assume that (2.1.12) holds for j and show
that it holds for j + 1. Using (2.1.12), we arrive at

t
|x,~+1(r>—xj(r)|s/ £ (537 ()) — (s xj—1 ()| ds
1o
t
SK/ |xj(s)—xj_1(s)|ds
0]

' ' PN
SK/ MKjfluds
0]

j!
EPRYES | PRV ES|
_mxi LTy 0T lt—1to] <a.
JG+D G+ -
Next, we substitute (2.1.12) into (2.1.11) and get
. M K@ =)t
i =0+ G lim )G
J:
M (khyiH
<xp+ — lim ZL
K n—>ooj:0 G+ D!

M Kh
< — —1)<oo.
<Xxo+ K(e

Hence, by the Weierstrass M-test, {x, ()} converges uniformly, say to a function x (¢).
Next, we show that x () is a solution of (2.1.1) on D. We have

|x(2) = xol = |x(2) = xn (t) + 2, (1) — x0]
< |x(@) = xp ()] + [x, () — x0]
< |x(@) = x,(0)| + M|z — 10]

for every fixed ¢ € (top — h, to + h). As aresult,

|x(2) —xol = lim [x(r) —x, ()| + M|t —10]
X—> 00
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=0+ M|t — 1ty
<Mh<b

fort € (ty — h, to+ h). So x(¢t) € D. If the sequence {x, (¢)} converges uniformly and
{x, (1)} is continuous on the interval |t — fy| < h, then

t t
lim / f(s,x,(s5))ds =/ lim f(s, x,(s))ds
n— o0 to fo n—o0
by the uniform continuity of f. As a consequence,
x(t) = lim x,41(2)
n—oo

t
=x0+ lim / f(s, x,(s))ds
n—o0 to

t
:x0+/ lim f(s,x,(s))ds
1 n—>oo

0

1
= X0 +/ f(s, lim x,(s))ds
IO n—>0oo
t
= X0 +/ f(s,x(s))ds,
0]
that is,
t
x(t)=x0+/ f(s,x(s))ds, |t —ty| <h. (2.1.13)
fo
The integrand f (s, x(s)) in (2.1.13) is a continuous function, and hence x () is dif-
ferentiable with respect to ¢, and its derivative is equal to f (¢, x(¢)). So the proof of

the existence is complete. It remains to show that the solution x(¢) on D is unique.
Let y(¢) be another solution of (2.1.1) with y(#9) = xo. Then

t
y(#) = xo +/ £ (s, y(s))ds.
fo
Let

N= sup |x@)—y@l.

[t—to|<h

Then by the Lipschitz condition, we have

t
Ix(t) — y(1)] §Kf |x(s) — y(s)|ds (2.1.14)
fo

or

lx(@) —y(OI < KN|t —10].
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The substitution of this estimate into (2.1.14) yields
lx(t) = y()| < KN|t — 10/ (2!) for |t — 1] < h.
Repeating this substitution, we obtain

[t —tol™

(D) = y(@O) < KN——,
m:

m=1,2,...,
for |t — ty| < h. Since the right side of this inequality tends to zero as m — oo, we
have that

N= sup [x()—y(@)|=0.

[t—to|<h

This completes the proof. U

We will give another proof of the uniqueness once Gronwall’s inequality is intro-
duced. To illustrate the above procedure, we provide the following examples.

Example 2.2. We consider the [IVP
x' (1) =2t(1 +x), x(0) =0.

Set xo(t) = 0. Then for any n > 1, we have the recurrent formula

t
xnt) = / 25(1 + X1 (5))ds.
0
For n =1, we have

t
x1(2) :/ 2sds =12,
0

and for n =2,

t4

t
x2(1)=/ 2s(1+s2)ds=t2+
0 2

We leave it to the reader to verify that

() t2+t4+t6+ oy
x,(t) = —F=4...,,—= -

2 31 7l i!
i=0

1.

Definition 2.1.5. A sequence {x,} of functions in C([a, b], R) converges uniformly
tox € C([a, b], R) if lim ||x, — x|| =0.
n— o0

It was established in Example 2.2 that

n 2N\i
xn(t)zz(tﬂ) 1
i=0 :
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and the true solution of the IVP is given by x(¢) = & * 1 on the interval [0, 1]. Thus

1im |, — x| = lim [ max |Z(I2) 1—(et2—1)|]— lim i 1_
" - T nsoo l"_

n—0o0 ~tel0,1] 1
=n

Therefore

25\i
t
lim %, (1) = Tim Z( ) e,

n—oo

Example 2.3. Next, we use Theorem 2.1.2 to find the interval of existence of the
unique solution of
X @) =14x% x(0)=1.
Let
D={(,x):[t| <a, |x — 1| < b},

where a and b are constants. It is clear that

M= max |f(t,x)|=1+1+b)>
(t,x)eD

and
b

. b .
h= mll’l{(l, M} = mll’l{(l, m}

So we must find the maximum of the function g(b) = . Using calculus,

b
1+ (1+b)?
we see that the function g has its maximum at b = +/2 and is given by g(+/2) =
V2

THOLve Thus the interval of existence and uniqueness is

] <

V2 [ V2 V2 ]
—— T E - ’ *
1+ (14 +/2)2 1+ (14722 1+ 1++2)?

Now suppose in Example 2.3 we chose D = {(¢, x) : |[t| < 10, |x — 1| < b}, that
is, a = 10. Then the interval of existence found above is much smaller or included in
(—10, 10). Recall that the interval of existence is included in D.

The next corollary is an immediate consequence of Theorem 2.1.2 and the discus-
sion leading to (2.1.5).

Corollary 2.1. Suppose D CR xR, f € C(D,R), and % is continuous on D. Then
forany (ty, xo0) € D, the IVP (2.1.1) has a unique solution on an interval containing t
in its domain.

As an example, consider

x'(t) =tx'?.
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Then

V- R

flt,x)=tx and o — 2,12

are continuous in the upper half-plane defined by x > 0. We conclude from Corol-
lary 2.1 that for any point (fp, x9), xo > O, there is some interval around ¢y on which
the given differential equation has a unique solution.

Unlike Theorem 2.1.2, the next Cauchy—Peano theorem only guarantees the exis-
tence of a solution and not uniqueness. This is due to the fact that f is not required
to be Lipschitz.

Based on Remark 2.1, we may restate Theorem 2.1.2.

Theorem 2.1.3. If f and % are continuous on the rectangle
D*={(t,x):—a<t<a, -b<x<b},

where a and b are positive constants, then there is a number h in the interval (0, a]
such that the IVP
x'= f(t,x), x(0)=0,

has a unique solution, denoted by x(t, 0, 0), on the interval —h <t < h. Furthermore,
|x(] < b for |t| <h.
Example 2.4. As an application, we consider the IVP
X =t(x+1)?% x(0)=0,

on the rectangle

D*={(t,x):—-1<t<1, -2<x<2}.

2

o ‘We want this solution

It readily follows that the IVP has the solution x(¢) = 3

2

2—12

2
to be in D*. This means that |7| < 1 and < 2. This is true if and only if _ﬁ <

2 2
t < —, from which it follows that 7 = —. If we choose a larger b, then we can
V3 V3
arrive at a larger . However, 4 must be chosen so that 7 < /2. This is due to the fact
that

2

lim —— =o0.
,2_t2

()

Theorem 2.1.4. (Cauchy—Peano existence theorem) Let f : R x R — R be continu-
ous in a neighborhood of a point (ty, xg) € R2. Then there exists a > 0 such that the
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IVP (2.1.1) has a solution ¢ on the interval I := [ty — «, ty + «], that is, there exists
a function (not necessarily unique) ¢ = ¢ (t) defined on I such that

@)= [, o), tel,

and ¢ (ty) = xo.

Proof. Since f is continuous in a neighborhood of the point (¢, xo) € R2, there exists
a positive constant a such that the rectangle

D={(t,x):|t =t <a, |x —xo| <a}

is centered at (fp, xg). Moreover, M = max | £ (¢, x)| exists. Next, we set « : M
(t,x)eD

By Theorem 2.1.1, we know that ¢ = ¢ (¢) satisfies the IVP (2.1.1) if and only if

t
¢(t):xo+/ f(s, ¢(s))ds. (2.1.15)
fo

Since f is uniformly continuous on the compact set D, given ¢ > 0, there exists
& = 8(¢&) such that

|t —f] <8 and |x —X| <& imply |f(t,x) — f(f,X)]| <¢

- 1
for all (¢, x), (t,X) € D. Therefore let e = ¢, = — and § =3,, n = 1,2, .... Choose
n

8
with 1" = 10 and 1) = to + o for 0 < j < k(n) with |¢), — 1" < = M
We define the approximation ¢, on [xg, xo + ] by ¢, (f0) = xo and ¢, (1) = f (t0, x0),

points tj(.")

o<t < t( ") Then it is clear that x(”) =, (tfn)). Continuing in this manner, we get
that

Iy — (n) _(n) (n) (n)
qbn(t)—f(tj ;X ) for 1Sttt (2.1.16)
Note that ¢, is piecewise continuous and may have a jump discontinuity in its deriva-
tive at the partition points, and hence we define
Sp) — Ftpu). 1 <1 <1,

_ )
0, r=x;".

An(l‘)z

As a consequence, we may define

t t
én (1) = xo +/ b, (s)ds = xo +f Lf (s, Pn(s)) + An(s))ds
1o fo

Next, we try to have an upper bound on A, (¢). Note that from (2.1.16) and the defi-

nition of A,,(¢) we have that for t(") <t< t/('_fl,
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18a Ol = | £, x) = f(t,due))], 17 <1 <17,
< =g < ¥ — x|
o _
EM|tj /+1|
Sn

<M—=4,=¢,=

1
n 9
where we have used that

ls = 1" < IxJ)) =XV < 6

By the Ascoli-Arzela theorem, there exists a uniformly convergent subsequence
of ¢, that converges to

@) = klim ¢, (t) for t €[ty —a, to+ o,
—00
that is,

t
G (1) = x0+ / LF (5. g (5)) + A (5)1d.
fo

which converges to

t
(1) =x0+ / £ (s, $(s))ds.

0]
This completes the proof. O
Example 2.5. Consider the IVP

x'(1)y =2tx*3, x(0) =0

af@,x) 4
x  3xl3
continuous at the points where x = 0. Here xo = 0, and no matter how small we

chose b > 0, the interval [—b, b] will always contain 0. Therefore we cannot apply
Theorem 2.1.2. Instead, we will use Theorem 2.1.4. Let a = 1. Then on the rectangle

is not

Then f(z,x) = 2¢x2/3 is continuous everywhere, whereas

D=A{@x):[t] <1, |x| <1},
we have
1
M= max |f(t,x)|]=2 and o =—-=0.5.
(t,x)eD 2

Therefore by Peano’s existence theorem, we have at least one solution x : [—0.5,
0.5] — [—1, 1]. As a matter of fact, the IVP has the two solutions x(¢) = 0 and

x(t) = %, both going through the initial point (0, 0).
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Next, we state and prove Gronwall’s inequality, which plays an important role
throughout this book in proving the boundedness, stability, and uniqueness.

Theorem 2.1.5. (Gronwall’s inequality) Let C be a nonnegative constant, and let
u, v be nonnegative continuous functions on [a, b] such that

t
v(t)<C +/ v(u(s)ds, a <t <b. (2.1.17)

Then
v(1) < Cela®®ds 4 <p <. (2.1.18)

In particular, if C =0, then v =0.
t
Proof. Let C >0, and let h(t) =C —{-/ v(s)u(s)ds. Then
a
() =vu@®) <h@u(t).
So we have the differential inequality
W) —h@)u(t) <O0.

Multiplying both sides of the above expression by the integrating factor e Ja us)ds
we get

(h(r)e—/é’ ”“)df)/ <0.

Integrating both sides from a to ¢ gives
h([)e_fat u(s)ds __ h(a) < O, or h(t) < efa’ M(S)ds'

Finally,

(1) < h(t) < Celan®ds
If C =0, then from (2.1.17) it follows that

t 1 t
v(t) 5/ v(s)u(s)ds < — +/ v(s)u(s)ds, a<t<b
a m a
for any m > 1. Then from what we have just proved we arrive at
1 f’ u(s)ds
v(t) < —elaVP g <t <b.
m

Thus for any fixed ¢ € [a, b], we can let m — oo to conclude that v(¢) <0, and it
follows that v(¢) = 0 for all # € [a, b]. This completes the proof. O
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Now we are in a position to revisit the proof of the uniqueness of the solution in
Theorem 2.1.2 by using Gronwall’s inequality.

Just for a reminder, we assume that the hypotheses of Theorem 2.1.2 hold. Sup-
pose (2.1.1) has two solutions x(¢) and y(¢) and set w(¢) = x(t) — y(¢). Then
w'(t) =x'(t) — y'(t). Therefore

t t
/ w'(s)ds = w(t) — w(ty) = f (f(s, x(s)) — f(s, y(s)))ds with
1

0 fo

w(tg) = x(to) — y(to) = 0.

So we arrive at
1
Iw(t)IS/ Lf (s, x(s)) — f(s,y(s)lds
1
! t
<K [ 1x(s) ~yo)lds
0]
t
= K/ lw(s)|ds.
0]
Applying Gronwall’s inequality with v(t) = |w(#)|, C =0, and u(s) = 1, we get

|w(t)] = 0 for all ¢ such that |t — 79| < h. We conclude that w(¢) = 0 and hence

x(t) = y(2).
The next theorem shows the significance of Theorem 2.1.5.

Theorem 2.1.6. Suppose ¢ (t) is continuous on [0, 00) and differentiable on (0, 00).

If
lim ¢(t) =0
11— 00
and
oo
| < o0,
0
then all solutions of
X"+ (1 +¢)x=0 (2.1.19)

are bounded.

Proof. Multiply both sides of (2.1.19) by x” and integrate the resulting equation from
0 to ¢ to arrive at

/ 2 2 t
(x'(1)) I (x(®) +/ o ()x(s)x'(s)ds =cy,
2 2 0
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where ¢ is a constant. Integrating by parts the third term from the left and rearranging
give

t
2O(1+¢(1) =2 — (1) + / @' (5)x%(s)ds
0

t
<20+ / & (5)x>(s)ds.
0

where c; is a constant. Since lim,_, o ¢ (1) = 0, we may choose fg large enough so
that 1 + ¢ (1) > % for all # > t¢. This translates into

2,01 2 L2
X (f)(E)Ex (l‘)(1+¢(l‘))§262+ @ (s)x~(s)ds
0
or
t
20 a2 [ W66, 120
0
Thus by Theorem 2.1.5 we have that
X2(1) < deye o 19l
< 46262/5OC 1'®)lds — A1 < o0 for some positive constant M

and for all 7 > 0. Since x(¢) is continuous on 0 <t < g and fy is arbitrary, it follows
that x(¢) is bounded. O

2.2 Existence on Banach spaces

In this brief section we discuss the existence of solutions of the IVP (2.1.1) on Banach
spaces using the contraction mapping principle. For reminder, we restate the IVP

x' = f(t, x), x(ty) = xo, 2.2.1)

where we assume that f : D — R is continuous and D is an open subset of R x R.
The next theorem is another version of Picard’s theorem where f satisfies global
Lipschitz condition.

Theorem 2.2.1. (Picard theorem; global version) Let f € C(R x R, R), and let f
satisfy the global Lipschitz condition (2.1.2), that is, there exists a constant K > 0
such that

If(t.x) = f(t,Y)| = K|x —y| forall (t,x),(t,y) €D.

1
Let h = — and ty € (—h, h). Then there exists a unique x : (—h, h) — R satisfying
the IVP (2.2.1).
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Proof. Define the space
B=C(—h, h],R).

Then B endowed with the norm

X||= max |x(¢
lx]] reph,h]' Q)

is a Banach space. By Theorem 2.1.1, we have that

t
x(t) = xg +/ f(s,x(s))ds, t>tg. 2.2.2)
0]

The problem comes down to finding a fixed point of the operator & : B — B defined
by

t
P =x0+ / F(s.x(s))ds.
4]

By a fixed point we mean that there is an element x € B such that &?(x) = x, which
is equivalent to finding a solution of (2.2.2) and therefore of (2.2.1). Note that &?
assigns to any function x € B another function, which we denote by &x. Thus for
Px to be defined, we need to evaluate its value at some ¢t € [—h, h]. It is clear that
& is continuous in x. To show that & (x)(¢) is a contraction, we let x, y € B. Then
for t € [—h, h], we have that

t
| 2(x)(t) — 2(y)@)] S/ [f(s,x(8)) — f(s, y(s))lds
1o

t
<K / x(s) — y(s)lds
0]
<hK|x — ]
< L=y
=3 x—yl.
Thus

12(x) =PI = [Su;?h] | 2@) 1) = 2 (@)
te[—n,

t
<K [ 1x(s) =y lds
fo
< 1I| [
—llx —¥l.
=5 y
Thus & defines a contraction mapping on the Banach space B, and hence it has

a unique x € B that is a solution of (2.2.1) by Theorem 2.1.1. This completes the
proof. O
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Theorem 2.2.2. (Picard Theorem; local version) Let 9 C R x R be an open set con-
taining (0, xo), and let f € C(Z,R) be such that | f| < M for a positive constant M.
Suppose f satisfies the local Lipschitz condition in x on 9 with Lipschitz constant
K > 0. Choose

1
h e (0, ﬁ) so that [—h,h] x {|x —xo| <hM}C @

(note that such a choice of h is possible since the set 9 is open). Then there exists
a unique x : (—h, h) — R satisfying the IVP (2.2.1).

Proof. Let I = [—h, h], where h is as chosen in the hypothesis. Let B={x e R :
|y — xo| < hM}. Define &2 : C(1,B) — C(I,B) by

t
P =x0+ / F(s.x(s))ds.

4]

The problem reduces to showing that & (x) = x. First, we show that & is well-
defined. It is clear from the choice of 4 that if x € C(I,B), then f(¢, x) is well-
defined for all r € [—h, k], and hence xg + fzf) f (s, x(s))ds is well-defined. Moreover,
since | f| < M, we have that xo + f,; f(s,x(s))ds is continuous. Thus Z(x)(¢) is
a continuous map. Finally,

t
|2 (@) = xol s/ £ (5. x(s))|ds < hM.
0]

Thus Z(x)(t) € B for all t € [—h, h], and hence & (x) € C(I,B) assigns to any
function x € B another function, which we denote by &2x. Thus for Zx to be defined,
we need to evaluate its value at some ¢ € [—h, h]. It is clear that &2 is continuous
in x. To show that &(x)(t) is a contraction, we let x, y € C(I,B). Then for each
t € [—h, h], we have that

120(x) =2 = Suph] | 2@) 1) = 2 (@)

te[—h,
t

<K / x(s) — y(s)lds
0]

< Ktrmax|x(s) — y(s)|
Is|<t

1
= Khllx =yl = Sllx =yl

Thus & defines a contraction mapping on the Banach space C(/, B), and hence it
has a unique x : (—h, h) — R that is a solution of (2.2.1) by Theorem 2.1.1. This
completes the proof. O

Consider the differential equation x'(t) = 1 4+ x%. Theorem 2.2.1 cannot be ap-
plied here since f (¢, x) = 1 + x> does not satisfy the global Lipschitz condition on R,
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whereas Theorem 2.2.2 is applicable. Moreover, Theorem 2.2.2 only requires find-
ing 2 € R x R containing (0, xo). In addition, in both Theorems 2.2.1 and 2.2.2 the
initial time #y can be chosen so that 7y # 0.

2.3 Existence theorem for linear equations

In this section we eloquently apply Theorem 1.4.4 to show that the linear non-
homogeneous differential equation

X' (1) = a(®)x () + £(1), (2.3.1)

where a, f € C(R, R), has a unique solution ¢ € C (R, R) with ¢ (tp) = xo9. We have
the following theorem.

Theorem 2.3.1. Let (fy, xo) € R%, and let a, f € C(R,R). Then (2.3.1) has a unique
solution ¢ : (—00, 00) — R with ¢ (tg) = xo.

Proof. Let s, M > 0. Find M such that for a given s, we have |a(t)] < M for t €
[to — s, %0 + 5]. Let B= C([to — s, o + 5], R). Then the space B endowed with the
supremum norm || - || is a Banach space. Theorem 2.1.1 implies that

t t
x(t):xo—i—/ a(u)x(u)du—i—/ fu)du.
o 1o

For x € B, define & : B — B by
t t
@(x)(t):xo—i—/ a(u)x(u)du+/ f(u)ds.
i) o

Clearly, £2(x)(t) is a continuous map. Let x, y € B. Then

|2(x)— 2MI<  sup |2 — 20|

teltg—s, to+s]
sM/ﬂuw>—ﬂmwu
0]
< Mslx — yl
or
12() — P < Mslix — yll.

Now if Ms =« < 1, then & is a contraction, and by Theorem 1.4.3, there is a unique
fixed point ¢ € B, that is, & (¢) = ¢, which is a solution of (2.3.1) on [ty — s, g + 5].
However, we claimed that the solution exists and is unique on (—oo, 00). To show
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this, we use Theorem 1.4.4 by letting s be an arbitrary and find an integer m > 0 such
that 2™ is a contraction:

|22 (x)(1) — P*(0) (1) = | P (P (x)) (1) — P(P()(D)]

t
= sup / la@)|| 2 ) () — P (y)(w)|dul
0

- telto—s, to+s] ‘ /7
< M?|lx = yl|| / Ju — toldu|
0
< M?|lx = yl| |t = 10]/21.
Continuing this process, we claim that
|2 (X)) — 2" (O] < M™ |t — 10| ||x — y||/m!

for positive integer m. The claim is already proved for m = 1, 2. We assume that it
holds for a positive integer k and then show that the result holds for k + 1. Indeed,

|25 ) (1) — P () (0] = | 2(PF (0) (1) — 2(PF () (1))

t
< sup | / lau)|| 2% (x) () — X (y)(w)|dul
fo

telto—s, to+s]
t
k+1 k
< M ||x—y|||/ e — tol*du/ |
fo

< M| =yl e — T (k4 D1

Thus
|2 (X)) — 2" () ()| < M™'s™ ||x — y||/m!,

and for large m, we have

(ms)l’ﬂ

m!

<1,

and the proof is complete by Theorem 1.4.4. O

2.4 Continuation of solutions

As we mentioned before, the interval of existence and uniqueness guaranteed by
Theorem 2.1.1 is, in most cases, shorter than the actual interval of existence
and uniqueness. This is misleading, since usually it is not the maximal interval of
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existence. To see this, we consider
x'(t) =tx, x(0)=1.
Let

D={(@x):t|<a, |x -1 =0},

where a and b are constants. It is clear that

b
h = min{a, M} = min{a,

b
a(l —i—b)}'

Thus for any positive constants a and b, we will always have i < 1, since either h < a

orh < ﬁ < 1/a. On the other hand, the true solution of the IVP is x(¢) = et2/2,
which exists for all € R.
Consider the IVP

x' = f(t, x), 24.1)

In the following theorems, we only consider ¢ > 0 (r < 0 is left as an exercise; see
Exercise 2.17).

Theorem 2.4.1. Suppose D =R xR, f € C(D,R), and % is continuous in D. If a
solution & of (2.4.1)—(2.4.2) exists on [0, a] for some positive «, then it can be con-
tinued to a solution on some longer interval [0, a + r] for some positive constant r.

Proof. Without loss of generality, we take xo = 0. Let
R=[a—a,a+a] x[§(@)—a, (@) +al,

where a is small enough so that @« — a > 0. Since f is continuous on the rectangle R
containing the point (¢, £ («)), we have, by applying Theorem 2.1.2 to the IVP

x' = f(t,x) (2.4.3)

x(a) =£&(), 24.4)
that a solutiop ¢ of (2.4.3)—(2.4.4) exists on some interval [«, o + r]. We claim that
the function & given by
§(1) if0<t=<a,

5= o) fa<t<a+r,

solves (2.4.3)—-(2.4.4) on [0, « + r]. To do so, we must show that the left and right
derivatives exist at & and are equal. Since ¢ (o) = &£(«), the right derivative is given
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by
g f@t9 —E@ _ @ ts) —E@)
m ———=]|im —————
s—0t s s—0t K
o $@E) —d@
= Iim ———
s—0t s

=¢'() = f(o, (@)
= f(o, (@) =& (o).

Similarly, the left derivative is £’ () due to the fact that & is a solution on [0, a]. This
completes the proof. O

Theorem 2.4.2. The maximal interval of existence is open.

Proof. Let J be the maximal interval of existence. If & of Theorem 2.4.1 is in J, then
the same theorem shows that the interval (o — r, @ 4 r) is also in J. Hence J is open.
This completes the proof. U

We have the following theorem.

Theorem 2.4.3. Suppose D =R x R, f € C(D,R), and % is continuous in D. If
x is a solution of (2.4.1)~(2.4.2) on some interval J containing ty =0, then x is the
unique solution on J.

Proof. Suppose J = (a, w). Without loss of generality, let xo = 0. Then Theo-
rem 2.2.1 implies that for some positive constant 4, x is the unique solution on the
closed interval [, h]. We will prove the uniqueness on the half-open interval [0, w).
Suppose there are two distinct solutions z; and zp of (2.4.1)—~(2.4.2) on [0, w). Then
we have z| = z» on [0, /], and there exists t* € (h, w) such that z1 (™) # zo(¢t*). Let

& =inf{r € (0, w) : 71 (t¥) # z2(t7).

It follows that & < & < t*. We claim that & < t*. Since z;(t*) # z2(¢t*) and since
71 and zp are continuous, z| 7 7z on some interval to the left of #*. This proves the
claim. Due to the continuity of z; and z; and the equality z; = z on [0, t*], we must
have z1(t*) = z2(¢*). In addition, we know from Theorem 2.4.1 that the IVP

x'=ft,x), x(€)=z1&)

has a unique solution on some interval, say [§ — B8, & + B], for some positive con-
stant 8. It follows that z; = z» on [&, £ 4+ ], which contradicts the definition of &. This
shows that the solution x is unique on [0, w). Similarly, we may prove the uniqueness
on («, 0]. This completes the proof. O

Theorem 2.4.4. Assume the hypotheses of Theorems 2.4.1 and 2.4.3. If the maximal
interval of existence J = [0, w), where w < 00, then the solution ¢ (t) of x' = f (t, x),
x(0) =0, is unbounded in [0, w).
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Proof. We prove by contradiction by assuming that the solution is bounded on [0, w).
Since f (¢, ¢) is bounded on [0, w), there is a positive constant M such that f (¢, ¢)| <
M. Then by Theorem 2.1.1, we have that

t
() = / F(5. & (s))ds.
fo

Let {t;} T w. Then for any j and k > j, we have that

Tk
(k) — @) = / S, d(s)ds| < M|t; — tl.
Zj

Now the sequence {¢;} is convergent and hence is a Cauchy sequence. Therefore
{¢(¢;} must be a Cauchy sequence and so also convergent. Since the sequence {z;}
was arbitrary and converging to w, we have that lim ¢ (¢) exists. Thus we may

t—w™
extend ¢ to w by letting ¢ (w) be the limit. Now consider the [IVP
x'=f(t,x),
x(w) = ¢ (w).

This IVP has a unique solution on [w —r, w +r] for some positive constant r, which is
an extension of the solution ¢ a little further. Thus [0, w] is not the maximal positive
interval of existence, which is a contradiction. This completes the proof. O

Consider the IVP
X' () =x%, x(0)=1.

The function f(z,x) = x> € C}(R), and according to Theorem 2.1.2, the IVP has
a unique solution on an open interval containing 0. Solving the IVP, we obtain the
solution x(¢) = ﬁ The maximal interval of existence must include t = 0. Thus the
solution is defined on its maximal interval of existence (—oo, 1). Furthermore,

lim x(t) = —o0.
t—1—
According to Theorem 2.4.4, the IVP of Example 2.4 has the maximal interval of
existence (—\/5, «/E). It is the case since
12 12
lim =00 and lim = -0

—(v2) 27! () 2

2.5 Dependence on initial conditions

One of the main characteristics a mathematical model should enjoy is that a solution
should depend continuously on initial conditions. In other words, a small change in
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0.5 {—— (t0,x)=1(0,0) p
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—-0.5 +
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FIGURE 2.2
The three graphs stay close with three different initial conditions (0, 0), (0, 0.1), and
(0.1,0.1).

the initial conditions should result in a small deviation in the solutions. We have seen
that a solution x (¢) of the IVP

x'=f(,x), x(tg) = xg (2.5.1)

depends not only on the time ¢, but also on the initial point (#y, xo). Thus, to empha-
size such dependence, we use the notation x (¢, fg, xo) to denote x(¢). Consider

x'(1) = (x = 1) cos(1), x(to) = xo,

which has the solution
sin(z)

x(t) = (xo— 1)+ 1.

sm(t )

In Fig. 2.2 we plot the graphs of the solution for three different initial conditions,
which shows the sensitivity of the solution to the initial data.

Example 2.6. The scalar (IVP)
X' ) =x2, x(0)=xp, 1>0

has the solution
X0
1 — xot

x(t) =

with maximal interval [0, xi). As the initial value x¢ increases, the maximal interval
of existence shrinks as depicted in Fig. 2.3.
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L 2

el Bl e e

FIGURE 2.3

Dependence on xp.

Example 2.7. In Fig. 2.4 we display the graph of
x" = xsin(x) + ¢
and show its sensitivity to the initial data.

We have the following theorem.

0
Theorem 2.5.1. Let D C R xR, and suppose f and a—f are continuous and bounded

X
in D. Let x and y be two solutions of (2.5.1) passing through the initial conditions
(to, x0) and (t(’)k , xg ), respectively. Assume that the two solutions exist on a common
interval (a, B), where a and 8 are finite. Then to each ¢ > 0, there corresponds § > 0
such that

lto — 5| < 8, |xo — x5 <8 imply |x(1) —y(®)| <€, t,1" € (a, B).

Proof. Since f and % are continuous and bounded on D, there are positive constants
M and K such that

af
lft,x) =M, |£| <K.

By Theorem 2.1.1, we have that for ¢, r* € («, B),

t r*
x(t, ty, x0) = xo —l—/ fs,x(s)ds, y(t*, 15, x5) = x5 —i—/ f(s, y(s))ds.
fo 15
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6
4 i
3232087
— x(0)=—3.23208
—3.23209 — x(0)=—3.23209
2 | -3.23210 X(0)=—-3.23210
1 2 3
= x107°
= 0 I 1 I L
1 2 3 4 5 6
_2 .
4+ )
-6
FIGURE 2.4

Sensitivity of solutions of x’ = x sin(x) + ¢ to the initial data.
By noticing that

t t tx
f (s, x(s))ds = f Fls, x(s))ds + / " f (s, x(s))ds,
fo I fo

t* t t*
/ (s, y(s))ds = f (s, y(s))ds + / F (s, y(s))ds,
ta‘ r(’; t

we arrive at
t
lx (2, 10, x0) — y (™, 15, x3)| < |xo — x5 + ‘/ [ f(s,x(s)) — f(s, y(S))IdS‘
1§

- +

t*
/ |f (s, y(s))lds

t

)
/ |f (s, x(s))lds
1

0

t
<l =i+ K| [ v =yl
i
+ M|t§ — to] + M|t* — 1]

<é+K

t
/ x(s)) — y(s)|ds‘ +2Ms.
15
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Letting v(¢) = |x(t) — y(¢)], C =8 + 2M$, and u(s) = K, we obtain from Theo-
rem 2.1.5 that

lx (2, f0, x0) — y(*, 15, x| < 8(1 + 2M)eX1 =61 < 5(1 4 2M)eK@=P)

or

lx(t, to, x0) — y(t*, 1), x5)| < €

ceK@—=B)

for § < T

. This completes the proof. O

Theorem 2.5.1 shows that the solution x (¢, 7y, xo) of (2.5.1) passing through the
initial data (#o, xo) is a continuous function in (z, ty, xo). We end the chapter with the
following theorem.

Theorem 2.5.2. Let f, g be defined in a region D C R x R and satisfy the hypotheses
of Theorem 2.5.1. Set

M= sup [f(r,u)—g(t,u)l.
(t,uyeD

Let x and y be the solutions of the IVPs
x'=ft,x), x(to) =x0 and y' =g(t,y), y(to) = yo,
respectively. Then the solutions x and y satisfy the estimate

M
lx () — y(0)] < |xo — yoleXl" 0l 4 e (eK""O‘ - 1), (2.5.2)

where K is given in the proof of Theorem 2.5.1.

Proof. Using a similar setup as in the proof of Theorem 2.5.1, we get

t

lx (@) = y(O)] < [xo0 = yol +/ S (s, x(s)) — g(s, y(S))‘dS

fo

t
=< |xo — yol + f fs,x(s)) — f(s,y(s))|ds
fo

t
+/ f(s,x(s)) — g(s, y(S))‘ds
fo

t
=< |xo — yol +/ [le(s) —y()|+ M]ds.
I

0

Let U(t) = |x(¢) — y(¢)| and use an improvisation of Exercise 2.9 to obtain the esti-
mate given by (2.5.2). This completes the proof. O
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Suppose M in Theorem 2.5.2 is small, that is, M < ¢ > 0. If |t — 19| < a for
positive constant a, then inequality (2.5.2) yields

&
x(0) = Y1 = [xo = yoleX + = (57— 1),

and thus if [xg — yg| < 8 for some § > 0, then the two solutions remain close to each
other. In other words, Theorem 2.5.2 says that if two differential equations have their
right-hand sides “close together,” then their solutions cannot differ very much.

2.6 Exercises
Exercise 2.1. Show that f (¢, x) =
the Lipschitz constant K.

is uniformly Lipschitz on R and identify
x2+1

Exercise 2.2. Compute the Lipschitz constant K for each of the functions in the
regions indicated.

1. f@,x) =344 {(t,x) 1 |t] <2, |x| <3}

2. f(t,x)= 12 cos(x) + ¢ sin(x), {(t,x):)t] <2, |x| < 00}.

3. f(t,x)=t|x|, {(t,x): |t]| <1, |x| < oo}

4. f(r,x)=1t%sin(x)cos(x), {(t,x) : |t| <a,|x| < oo} fora positive constant a.
Hint: when you perform | f (¢, x) — f (¢, ¥)|, add and subtract the term sin(x) cos(y).

Exercise 2.3. Apply the Picard iterations to the IVPs

1. X'(t) =tx,x(0) =1,
2. xX'(t)=2t(1+x),x(0)=2,

and show that the obtained {x,(f)} of each iterate converges to the true solution of
each IVP (the true solution is the solution found by solving the IVP).

Exercise 2.4. Use Theorem 2.1.2 to find the interval of existence of the unique solu-
tion of the following differential equations:

. x/(1) =x2, x(0) =2.
LX) =5+x2 x(1)=2.
LX) =x3,x(0)=2.
LX) =14 x2 x(0)=0.
LX) =14+x2x0)=0.

O WN =

Exercise 2.5. Explain why the IVP x’(¢) = tx — sin(x), x(0) = 2, has a unique solu-
tion in the neighborhood of the point (0, 2).
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Exercise 2.6. Let f be scalar and continuous in both arguments. Show that if x is
a solution of the second-order differential equations x”(t) = f (¢, x(¢)), x(t9) = xo,
x"(tp) = x1, then it satisfies

t
x(@)=xo+x1(t —10) +/ (t—s)f(s,x(s))ds. (2.6.1)
0]

Hint: Integrate twice and use the general formula

/0’ [/(;S(g(t,¢)r)dt]ds = /(;t I:\/;tdsil(g(‘[7¢)‘[)d-['

Exercise 2.7. Explain why neither Theorem 2.1.2 nor Theorem 2.1.4 can be applied
to the IVP

x2

x'(t) = - x(0)=1.
Use separation of variables and find the family of solutions

—1

x(t) = m,

for some constant c. Is it possible to find ¢?

Exercise 2.8. Check for the existence and uniqueness of solutions of the following
IVPs and sketch the corresponding rectangle D:

= Dx'()=x2+1,x0)=1.
.t —=Dx'(t)=x%2+1,x(1)=0.
LX) =13x +x2, x(0) =3.
.= Dx'() =1x,x(0)=1.
L2 =x3 =83, x() = 1.

O WOWN=

Exercise 2.9. (Generalized Gronwall’s inequality) Show that if f, u, v are nonnega-
tive continuous functions on [a, b] such that

t
u(t) < f(@) +/ v(s)u(s)ds, a<t<b,
then
? 1
u(t) < f(1) +/ v(s) f(s)ehs D gs q <t <b.

Exercise 2.10. Find all nonnegative continuous functions f : [0, 1] — R such that

t
f(t)S/ f(s)ds, 0<t<1.
0
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Exercise 2.11. Let K, K> be positive constants, and let f be a nonnegative contin-
uous function on [a, b] such that

t
f@) =Ky +K2/ f(s)ds, a<t<b.
a
Show that f satisfies

f@0) = K00,

Exercise 2.12. (Another form of Gronwall’s inequality) Let K1, K> be positive con-
stants, and let Cp be a nonnegative constant. Suppose f is a nonnegative continuous
function on [0, /] such that

t
@) SC0+/ [K1f(s)+ Kzlds, 0 <t <h.
0
Show that f satisfies
K,
Kt e Kyt _
F(0) = Coek1 4 32 (e 1).

Exercise 2.13. Let x be a solution of (2.1.1) and suppose f satisfies the global
Lipschitz condition with constant K for all + € R. Suppose that for all ¢ € R,
fé | f(s,0)|ds < M for positive constant M. Then x(¢) satisfies the inequality

()] < (Ixol + M)t =0,
Exercise 2.14. Consider the system

% =—x3.

y' =—cy +x2ycos?(y).

Use Gronwall’s inequality to show that
(a) y(¢) is bounded for all > 0 whenever c =0 and A > 1,
(b) y(t) > 0 as t — oo whenever c > 0 and A = 1.

Exercise 2.15. Consider the scalar differential equation

1
I = —Db)x, t >0, 2.6.2
x (a+1+t R (2.6.2)

where a is constant. Show that if y(#) = e~ % x and x is a solution of (2.6.2), then
ly(@®)| < |x(0)|eC1n(1+[) for some constant ¢ > 0.
In addition, show that if a < 0, then

|x(t)] > 0 as t — oo.
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Exercise 2.16. Let g : [0, o0) — [0, o0) be given by g(x) = %e‘x. Use the contrac-
tion mapping principle to prove that the graphs of g and the line y = x intersect at
a unique point (a, a).

Exercise 2.17. Prove Theorem 2.4.1 for ¢t <O0.

Exercise 2.18. Consider the IVP
x'(t) = 2tx2, x(t9) = xo.

(a) Use Theorem 2.1.2 to find the largest interval of existence and uniqueness of
solutions.

(b) Solve the IVP.

(c) Find the maximal interval of existence when #y = 0 and x¢ > O and find the
limits at the end points.

Exercise 2.19. Consider the IVP
X =20+ + x2), x(0)=0.

(a) Solve the IVP.
(b) Find the maximal interval of existence.

Exercise 2.20. Finish the proof of Theorem 2.5.2 to obtain (2.5.2).
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CHAPTER

Systems of ordinary
differential equations

We briefly discuss how the existence and uniqueness theorems of Chapter 2 are
extended to systems. Then we develop the notion of the fundamental matrix as a so-
lution and utilize it to write solutions of non-homogeneous systems. The author made
a conscious decision not to dwell too much on the topic of Jordan canonical forms
since it is a well-developed subject in linear algebra.

3.1 Existence and uniqueness

For motivational purpose, we consider the second-order differential equation
x"(t) +a*x(t) =0, (3.1.1)

where a is some nonzero constant. Eq. (3.1.1) is commonly used as a model de-
scribing a mechanical process that periodically oscillates. For example, it is used
to describe oscillations of a pendulum, provided that the angle change is small or
of a spring with a small deflection. We use the transformation x(¢#) = x(¢), which
is the displacement of the oscillating object. (For the pendulum, it is the angle
made with the vertical.) Introducing the second transformation, the velocity or an-
gular velocity x2(r) = x’(t), and differentiating, we get x{(r) = x’(t) = x2(¢) and
xé (1) = x" (1) = —a®x(t) = —a’x) (t). We therefore arrive at two first-order differen-
tial equations

x| =x2,

/ 2
Xy =—axj.

Thus we consider the general system of ordinary differential equations

/
X = filt, x1, ..., %),
!/
Xy = folt, x1, ..., Xn),
/
xn = ,fn(t7xla ""xn)'
Advanced Differential Equations. https://doi.org/10.1016/B978-0-32-399280-0.00009-7 5 7
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Using the vector notations

X1
X2
x=1 .
Xn
and
f1(t,x)
f2(t,x)
ft.x)= ) .
Su(t,X)
the above system can be written in the vector form
X = f(t,x). (3.1.2)
Different norms on R" were discussed in Chapter 1. For x = (x1, x2,...,x,), we

consider the norm

However, in this section, it is more convenient to use the norm that we denote by |x|
given by

n
Xl =) |xil.

i=1
It is assumed that |x;| denotes the absolute value. The two norms are topologically
equivalent in the sense that the open sets in R" are the same under either norm. A set
S in R" is said to be open if for each x* € S, there is a §(¢) > 0 such that x € §
whenever |x — x*| < §(¢). It can be easily shown that ||x|| < |x| < +/n|x]| for all
x € R". This shows the two norms are equivalent. As a direct result of this, if gbi isa
sequence of vector-valued functions such that for some function ¢, ||¢’ — ¢|| — 0,
i — 00, then |¢i — ¢| — 0,1 — 00, and the converse holds too.
Next, we extend some definitions and theorems from Chapter | to systems.

Definition 3.1.1. The function f : D C R x R" — R” is said to satisfy the global
Lipschitz condition in x if there exists a positive constant K (called the Lipschitz
constant) such that

|f(t,x) — f(t,y)| < K|x—y] for (¢,%), (,y) € D. (3.1.3)

If for every subset Q C D, there is a positive constant K such that (3.1.3) holds,
then the function f satisfies a local Lipschitz condition in x. Now we discuss how to
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determine the Lipschitz constant K. Let R C D be such that

R={(x):|t—1t] <a, |x—x¢| < b}

and assume that f and all its partial derivatives % are continuous in R. Then the
J

Lipschitz constant K can be defined as

N N
8 ;
k=33 max /i ’ (.1.4)
P (t,x)ER 3Xj

Throughout this section, we assume f : D — R”" is continuous, where D C R x R”
is open.

Definition 3.1.2. Let (79, xo) € D. We say that x € R" is a solution of the IVP
x' = f(t,%), x(t0) = Xy, (3.1.5)

where Xg = (X1, X02, ..., %0n)", on an interval I if 1p € I, x: [ — R” is differen-
tiable, (¢, x(t)) € D fort € I, x' = f(t,x) for ¢ € I, and x(fy) = Xy.

In preparation for the next theorem we observe that the IVP (3.1.5) given in Def-
inition 3.1.2 is equivalent to the integral relation

t
x(1) =xo + / f(s,x(s))ds. 3.1.6)
fo

We have the following definition.

Definition 3.1.3. We say x: I — R" is a solution of the integral equation given by
(3.1.6) on an interval [ if ty € I, X is continuous on I, (¢,x(t)) € D for ¢t € I, and
(3.1.6) is satisfied for ¢ € I.

The proof of the next theorem is identical to that of Theorem 2.1.1.

Theorem 3.1.1. Let D be an open subset of R and let (tg, xo) € D. Then X is
a solution of (3.1.5) on an interval I if and only if X satisfies the integral equation
given by (3.1.6) on I.

Theorem 3.1.2. (Picard’s local existence and uniqueness) Let D C R x R" be de-
fined by

D={(tx):]t =10l <a, |x—Xo| < b},

where a and b are positive constants. Assume that f € C(D,R") satisfies the
Lipschitz condition (3.1.3) with Lipschitz constant K given by (3.1.4). Let

M = max |f(t,x)| 3.1.7)
(1,x)eD
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and
h = min{ b } (3.1.8)
= a, —j. .
M
Then the IVP
X' = f(1,%), X(t0) = Xo, (3.1.9)
where Xo = (x01, X02, - - ., Xon) T, has a unique solution, denoted by X(t, ty, Xg), on the

interval |t — tyg| < h and passing through (ty, Xo) with |X — Xg| < b.

Proof. We only give a sketch of the proof since it is identical to that of Theorem 2.1.2.
Using Theorem 2.1.1 we have

t
X(1) = X0 + / £ (s, x())ds.
1o

In other words, if x(¢) is a solution to the above integral, then it is to be understood
that

t
%1 (1) = xo1 + / Fiss31(5), - xn (),
o

t
xa(t) = x02 + / Fa(5s31(5), - 0 (),
0]

t
X, (1) = Xon +/ Su(s,x1(8), ..., x,(5))ds.
]

As for Picard’s iterations, we define
t
X1 (1) = xo1 + f F1G52 061 (5), - X (),
to

t
Xk+1,2(t)=x02+f S8, xk,108), ..o, Xk n(8))ds,
0]

t
Xt (1) = x0n + / Fa5 01 (s o X (),
0]

or
t
xk+1(t)=x0+/ F(s,xk(s))ds, k=0,1,....n, (3.1.10)
fo
where
X0 = (X01, X02, - - - » Xon) ",
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and

Xe (1) = (Xe. 1 (1), Xe 2(8), -, X (D)

Now use (3.1.10) and Theorem 2.1.2 to finish the proof. O
To illustrate Picard’s iteration, we present the following example.

Example 3.1. Consider the linear 2 x 2 system

xi(t) =2x1 — 3x2,
x5(t) = x1 — 2x2,

with the initial conditions given by the vector

w-n-(2)-(1)

Setting k = 0, the first iteration is

t

xy,1(6) =1 +f 2-3)ds=1-t,
0
t
x120) =-1 +/ (1-2)ds=—-1-—1.
0
Next, setting k = 1 gives
t
x2.1(t) =1 +/ [2(1 —s) = 3(—=1—8)lds=1+5r+ t2/2,
0
t
x22(1) = —1 +f [(1—s)—2(=1—s)ds =—1+3r +1%/2.
0
Using the method of the next section, we can show that the true solution is
3¢ —2e7!
X= .
el —2e7!
Remark 3.1. It is essential to know that Theorems 2.1.4, 2.2.1, 2.2.2, 2.4.1, 2.4.2,

2.4.3, and 2.5.1 can be easily extended to the IVP (3.1.9). The instructor may assign
them as exercises.

Next, we consider the nth-order differential equation
™) = g(t,x,x/, .. .,x("_l))
and use the transformation

x)=x""Dw), i=1,2,...,n
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to arrive at the following system:

/
X1 = X2,
/
x2 = X3,
/
X, =g(t,x1,x2, ...,xn).

The right side of this system defines a vector function f (¢, x). To fully describe the
solution, we impose the initial conditions

2 D(t0) = xp; for i =1,2,...,n,

where xo; fori =0, 1,...,n — 1 are given constants. Thus our existence and unique-
ness results mean that we can impose initial conditions on the function x and its first
n — 1 derivatives.

Example 3.2. Consider the system

xp=1,
;X3
Xy = >
A
;X2
.X3 =—7
X1
with initial vector
1
xl(;) 1
1 m
)= o0
1 1
X3(;)
Then the function
1
X3
fe,x)=\|
X2

is continuous with continuous partial derivatives on the set D = {(x1, x2, x3) € R3:
x1 > 0}, and hence D is the region of existence of solutions.

To find the maximal interval, we try to solve the system. From xj = 1 we get
x1(t) = t, where we have applied the given initial condition. Substituting x; = ¢ into
the second and third components of the system, and solving for 72, we arrive at

X3 X2

-2,
X A3
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from which we have
d 2 2 2 2
E(xz +x3)=0, or xj +x5=C.
Applying the initial conditions, we get C = 1, that is,
x% + x% =1.

It is clear that x> (¢) = sin(%) and x3(t) = cos(%) satisfy x% + x32 =1 and the initial
conditions. Thus the solution is given by

t
1
x(r) = | sin(3)
cos(%)
and hence the maximal interval of existence is (0, c0). Note that lim+ x(t) does not
t—0

exist.

Theorem 3.1.3. (Global existence) Let B be a positive constant, and let D = R". Let
to > 0, and let J = [tg, B] be an interval in R. Suppose f : J x D — R" is continuous
and satisfies the global Lipschitz condition on J x D with Lipschitz constant k > 0.
Assume the existence of two positive continuous functions M (t) and N(t) such that

[f(t,X)| <M(t)+ N@)|x| on J x D. (3.1.11)
Then the nonlinear initial value problem
X' = f(t,x), x(t)) =X (3.1.12)
has a unique solution on the entire interval J.

Proof. First, we show a solution x : J — R”" exists on [fp, 8]. Due to the continuity
of the functions M (¢) and N (¢), there are two positive constants M| and Np such that
M(s) < My and N(s) < N on [ty, B]. Thus, for rg <t < 8, we have that

t
o)1= [0+ [ Fs.x(e)ds
fo
t
< x| +f (M) + Ni|x(s)|)ds
fo

t
< Ixol + My (B1 —10) + f N1 Ix(s)|ds.
o

Applying Theorem 2.1.5, we arrive at the inequality

X(0)] < [I%0] + M1 (B — 19)]eM1 P10,
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This shows |x(¢)| is bounded on [fg, 8]. Now we show uniqueness. Suppose (3.1.12)
has two solutions x(7) and y(¢) and set w(¢) = x(¢) —y(¢). Then W' (r) = X' (¢) — y'(¢).
Therefore

t t
/ w/(s)ds:w(t)—w(to):/ (f(s,x(s)) —f(s,y(s)))ds with

) 0]

w(tg) =x(t9) — y(t0) =0.

So we arrive at
t
|w(z)] S/ [f(s,x(s)) — f(s,¥(s))|ds
fo
t
<k / 1X(5) — y(s)Ids
4]

t
= k/ |W(s)|ds.
0]

It follows from Gronwall’s inequality that |w(¢)| = O for all ¢ € [tp, 8] and the solu-
tion is unique on [y, B]. This completes the proof. O

3.2 x’=A)x

Consider the linear system of ordinary differential equations of the form

xp=an@®x1(t) +anp®x2() + ..., a1, O)x, (1) + g1(2),
xy = ax (D)x1 (1) + an()x2(t) + ..., a2 (t)x, (1) + g2(1),

Xy, = a1 (Ox1(1) + a2 (O)x2(8) + . .., dun (DX (1) + 80 (1),

where the functions a;;, g;, 1 <i <n, 1 < j <n, are continuous real-valued func-
tions on an interval /. Using vector and matrix notations, the above system is equiv-
alent to the vector equation

X' (1) = A@Dx(1) + g (1), (3.2.1)
where
X1 x|
X = 2 , X = %2 ,
N M
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and
ajl aip - dig g1(1)
a axp - axuy &2(1)
A =] . ) . ], &)= ]
dapl A4p2 -+ Qpp 8n @)

for t € I. Note that the matrix functions A and g are continuous on an interval I if
and only if all their entries are continuous on /.

Definition 3.2.1. We say the n x 1 vector y is a solution of (3.2.1) on [ if y is
continuously differentiable on / and

Yt =A@)y@)+g()
foralltel.

We denote the space of n-tuple continuously differentiable functions x : I — R”
by C 1 (I, R™). Next, we define matrix norm.

Definition 3.2.2. A norm of a square matrix A is a non-negative real number denoted
by ||A||. There are several different ways of defining a matrix norm, but they all share
the following properties:

IlA]l = O for any square matrix.

|A]l = 0if and only if A = 0 (zero matrix).

lkA| = |k|||A]l for any constant k.

|A+ B| < ||A]| + || B|| for square matrices A and B.
IAB < [|AllIB].

agprwN =

Example 3.3. Let A be a matrix with entries a;;, 1 <i <n, 1 < j <n, thatis, A =
(a;j). We define the following possible norms on the matrix A.

1. The 1-norm:
n
I4l11 = max. (;‘mm)
=

(the maximum absolute column sum).
2. The infinity norm:

n

14]loo = max (3" lais1)
1<i<n —
j:

(the maximum of the sums of the absolute values along each row).
3. The Euclidean norm:

IAllE =

(the square root of the sum of squares of all entries).
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Note that if 7 is the identity matrix, then ||I]|1 = ||{||co = 1.

Next, we state and prove our first existence and uniqueness result regarding
(3.2.1).
Theorem 3.2.1. Suppose A(t) and g(t) are continuous on some interval a <t < b.
Then (3.2.1) has a unique solution ¢ (t) on the interval a <t < b with ¢ (ty) = n and
a<ty<bh.
Proof. Let || - || be a suitable matrix norm. For the existence, it suffices to show that

solutions remain bounded for all a <t < b. We know from Theorem 3.1.1 that ¢
given by

t
¢()=n+ / [A(s)p(s) + g(s)]ds
fo
is a solution of (3.2.1) with ¢ (fg) = n. Let

K1 =1nl, K = max |g(t)|(b—a), and K3 = max ||A()]].
tela,bl tela,bl

Then

t
/ [A(5)p(s) + g(s)1ds
1

0

t t
<K, +/ Al (s)|ds +/ lg(s)lds
o fo

o] = Inl+

t 1
< K1 + max IIA(I)II/ ¢ (s)lds + max Ig(t)I/ ds
refa.b] o rela,b] 0
t
<Ko+ K [ 166)ids + max (8016 - a)
1% t€la,b]
t
- (K1 + Kz) + K3/ |6 (s)|ds. (3.2.2)
fo
Applying Theorem 2.1.5 (Gronwall’s inequality) we arrive at the inequality

o) < (K] + K2)3K3(f—t0)

< (K1 + Kz)e’@(”*“). (3.2.3)

From (3.2.3) we see that solutions are bounded for all # € [a, b] and hence exist. This
completes the proof of the existence. For the uniqueness, we assume the existence of
two solutions ¢; and ¢, of (3.2.1) passing through (g, n). Then imitating the proof
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of the existence, we arrive at

[p1(2) — 2()] <

t
| A61916)  ga657105
fo
t
5/ 1AG)I1161(5) — da(s)lds
0]
t
< max ||A(r>||/ 161(5) — da(s)Ids
tela,b] 1
t
< K; f 11(5) — da(s)]ds.
0]

By Theorem 2.1.5 (Gronwall’s inequality) it follows that
|§1(2) — ¢2(1)| =0 forall 7 € [a, b],
and hence ¢1(¢) = ¢o(¢) for all ¢ € [a, b]. The proof is complete. O
As a consequence of Theorem 3.2.1, we have the following corollary.

Corollary 3.1. If A(t) and g(t) are continuous on R, then the unique solution ¢ (t)
of (3.2.1) is defined for all t € R.

In the next discussion, we try to estimate the error between two solutions. Let ¢
and ¢, be two solutions of (3.2.1) with ¢ (fp) = n1 and ¢» (1) = 2, respectively.
Then

[p1(2) — P2 (D)] < |91 (20) — P2(t0)| +

t
/ AG)B1(5) — da(s)ds
I
. 0
<In1 —n2 +/ A |P1(s) — da(s)|ds.
0]
Using Gronwall’s inequality, we arrive at

161(1) — $a ()] < |1 — malelio 1A, (32.4)

which is an estimate of the error between the two solutions at two different initial
conditions.

Example 3.4. Consider the differential system

= —xpsin(t) + 4,

/
X1
xh=—x1+2txp —x3+é,

1
x5 =3xjcos(t) +x2 + 73— 5¢2.
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Consider two solutions ¢1(¢) and ¢;(¢) on the interval (1, 3) with initial vectors

7
P 2)=1 3
-2
and
6.7
h2)=] 32
-1.9
Next, we compute the norm of the matrix
0 —sin(z) O
Alt) = -1 2t —1

3cos(t) 1 1/t

Using the 1-norm, we get

[|A(2)|] = max{l + 3| cos(?)|, |sin(¢)| + 2t + 1,1+ %}
or
[|A(t)|| <max{4,2+2¢,1+ ;}=2+2t <8, 1<t<3.
Using the estimate formula given by (3.2.4), we get
161(1) — $a(1)] < (0.3 4 0.2+ 0.1)e2 14O lds

<0.6¢)2 84

<0.6e372 < 0.643-2 ~ 1790.

Example 3.5. (Pendulum with friction) Fig. 3.1 shows a simple pendulum with mass-
less string of length L and a bob of mass m acting under the external influence of
gravity. Let g be the acceleration of gravity, m be the mass of the bob, L be the
length of the rod, and b be the coefficient of friction (damping), which all are positive
constants. The period is the time it takes for the bob to swing from its farthest right
position to its left farthest position and back. Let s(¢) be the distance along the arc
from the lowest point of the bob at time ¢, with displacement to the right considered
positive. Let 6(¢) be the corresponding angle with respect to the vertical. The gravita-
tional force is directed downward and has the magnitude mg. The force acting in the
tangential direction is —mg sin(#). Then the motion is modeled by the second-order

differential equation

d%s .
7l = —gsin(f).
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FIGURE 3.1
Pendulum with friction.

Now s = L0 as L is the radius of the circle, and so
d%o g .
W = —z Sln(e).

We add damping to the model and assume that the damping force is proportional to
the velocity. As 6 is our independent variable, the damping is represented as the force

proportional to the angular velocity, say, —bz. The negative sign indicates that the

damping force is in the opposite direction of the motion. Then the model takes the
form

mL6” +mgsin(@) +bLO" = 0. (3.2.5)
Assume the initial data
6(10) =60, 6’ (10) = wo. (3.2.6)

To apply Theorem 2.4.4, we put (3.2.5) into a system. Thus we let x; () = 6(¢) and
x2(t) = 0’ (¢) and obtain the nonlinear two-dimensional system

x| =x2,
= —% sin(xy) — L (3.2.7)
L m
with corresponding initial conditions

x1(t0) = 6p, x2(tp) = wo. (3.2.8)
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Let

x2
t, = .
A —£sin(xy) — Zx;

Clearly, f satisfies the global Lipschitz condition on R?. Thus by Theorems 2.4.3 and
2.4.4, the solution exists on some interval [fg, &), @ > 0. We will show that o« = co
by appealing to Theorem 2.4.4. Define the energy function E : [tg, o) x R? — [0, 00)
by

1
E(0) = E(t.x1,x0) = 333(0) + %(1 - cos(xl(t))). (3.2.9)

Then along the solutions of (3.2.7) we have that

4ty =x )+ & sin(xp) x
dt L

=x2 (—§ sin(xy) — Exz) + g sin(x1)xp
L m L
== ——x2 S O.
Let o <t < o and integrate the above inequality from f to ¢ to get
E(t) — E(1) <0

or

E) < %wg n %(1 - cos(eo)).

‘We have from (3.2.9) that %x%(t) < E(t), so that

1 2 &
[x2()] < 2[—0)0 + —(l - cos(@o))] =M.
2 L
Using this in the first equation of (3.2.7), after integrating, we find
lx1(8)] <160 + M(t — 1) for 1o <t <.
Now suppose for contradiction that « < co. Then on [#, ),

Ix1(D] <160l + M(a —19) and [x2(1)| < M.

el :=/x7 +x3 < VM + 60| + M (@ — 19),

which is bounded on [fg, @). This is a contradiction to Theorem 2.4.4, and hence
o = oo. So the maximal interval of existence is [#y, 00). It is worth noting that the
energy function will be referred to as a Lyapunov function, which we will study in
more detail in Chapter 7.

Thus
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In Example 3.5 the energy function had to be chosen just right in order to yield
the right results. Generally speaking, for any second-order differential equation of the
form

X"+ fx)x"+gx)=0 (3.2.10)
and under more conditions on g, the energy function may take the form

X1

E(t):=E(t,x1,x2) = %xg(t) +/ g(s)ds (3.2.11)
0

by transforming (3.2.10) into a system using the transformations
xi(=x""Vw), i=12

On the other hand, if we do not transform (3.2.10) into a system, then we may use
the energy function

x(t)
E(t):=E(t,x) = %(x/)2 +/O g(s)ds, (3.2.12)

where %(x’)2 corresponds to the kinetic energy, and f(;c ®© g(s)ds represents the po-
tential energy.

3.2.1 Fundamental matrix

Solving the non-homogeneous equation
x'(1)=A@Mx(@) +g() (3.2.13)
requires solving the homogeneous system
x'(t) = A@)x(1), (3.2.14)

where A(t) is an n x n matrix of coefficients a;;(¢), which are assumed to be con-
tinuous on an interval /. Recall that a solution x(¢) of (3.2.14) is an n-tuple of C 1
functions x; : I — R. We adopt the notation

x1(1)

x2(1)
x(t) =

xn.(t)

The solution x maybe considered as a C' vector-valued function x : I — R”. The
space of such functions is denoted by C!(I,R"). If .7 is the solution space of
(3.2.14), then .¥ C C' (1, R").
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Definition 3.2.3. We say thata set { 1, f2, ..., fu} of n x 1 vector functions defined
on an interval [ is linearly dependent on I if there exist constants cy, c3, ..., ¢,, Ot
all zero, such that

cfitafp+...+cefu=0

for every t € 1. If the set of functions is not linearly dependent on the interval I, it is
said to be linearly independent.

We have the following important theorem regarding the solution space .&.
Theorem 3.2.2. The solution space . is a linear vector space.

Proof. Let x € C'(I,R") be a solution of (3.2.14). It is clear that x = 0 is a solution
of (3.2.14). If x(t,) = 0 for some ¢, € I, then x(¢) =0 for all ¢t € I. This is true due
to the uniqueness of the solution. Thus the zero solution is in .. Next, we show
that . is closed under addition and scalar multiplication. Let ¢1 (¢) and ¢, (¢) be two
arbitrary functions in ., and let ¢ ¢, be constants in R. Set y(¢) = c1¢1 () + 22 (2).
Then

Y () = (c191(1) + c292(1))
=191 (1) + 295 (1)
=C1A@®)P1(t) + 2 A() P2 (1)

= AD(c11() + 2621
=AM)y().

Next, we show that the set of solutions of (3.2.14) is linearly independent. Let
{91(1), p2(1), ..., u()}

be a set of solutions of (3.2.14). We show that if {¢1(¢), $2(¢), ..., ¢, (¢)} is linearly
independent at some ¢, € I, then the set is linearly independent for all ¢ € I, that is,

c191(t) +c202(1) + ...+ capn (1) =0

only in the case ¢; = ¢y = ... = ¢, = 0. Suppose the contrary, that is, there are c;,
i=1,2,...,n,not all zero such that

c191(t1) + 22 (t1) + ...+ cnpn(t1) =0

for some #; € I, t; # t,. Now we use the same constants c¢; to define a function for all
tel,

x(t) = 11 (t) + 2o (t) + ... + cnp(2). (3.2.15)

Then by the above relation we must have x(¢;) = 0, since it is a solution of (3.2.14).
Thus by uniqueness x(¢) = 0 for all # € . This is a contradiction to the fact that

c191(t) +2¢2(ty) + ...+ Cndu(ts) =0
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only in the case ¢c; = ¢y = ... = ¢, = 0. This completes the proof of the linear in-
dependence. Left to show that .# is an n-dimensional subspace of the vector space
CY(I,R").Letey, e, ..., e, be the standard basis of R". Then by Corollary 3.1 there
exists a set {¢1(t), p2(t), ..., ¢, (t)} of n solutions that form a set of solutions of
(3.2.14) satisfying

¢1(to) = ey, pa(to) = e2, ..., Pp(to) = ey. (3.2.16)

This set of solutions is linearly independent for all # € I and hence forms a linearly
independent set in the solution space .. Let ¢ (¢) be an arbitrary solution of (3.2.14)
and define

b0 = ¢ (to). (3.2.17)
Now since ¢g € R", there are constants ¢;,i = 1, 2, ..., n, not all zero, such that
¢o=cre1 +crex+ ...+ cpey. (3.2.18)

Using the same constants of (3.2.18), we may define a new function ¢ : [ — R”,

Y(t)=c11(t) +c202(t) + ...+ cn@n(t). (3.2.19)

Since each ¢;,i = 1,2,...,n, is a solution of (3.2.14), so is ¥ (¢). By (3.2.16) and
(3.2.18), we have that 1 (#p) = ¢o. This and (3.2.17) imply that ¥ and ¢ have the
same initial condition, and hence by the uniqueness of the solution we have that

() =) forall e R.

From (3.2.19) it follows that the arbitrary solution may be written as

Y@) =c11() + 292 () + -+ + cnpu(1),

which is a linear combination of the solutions ¢;,i = 1, 2, ..., n. Therefore the set of
solutions

{1(1), p2(0), ..., P (D)}

is a basis for the solution space .#. This implies that the dimension of .& is n. This
completes the proof. O

Definition 3.2.4. (Fundamental set of solutions) A set of n solutions of the linear
differential system (3.2.14), all defined on the same open interval /, is called a fun-
damental set of solutions on [/ if the solutions are linearly independent functions on /.

We have the following corollary.

Corollary 3.2. Let A(t) be an n x n matrix of continuous coefficients a;; (t) on an in-
terval 1. If {¢p1(t), da2(2), ..., ¢n(t)} form a fundamental set of solutions on I, then
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the general solution of (3.2.14) is given by

x(1) =c191(t) +c2¢2(t) + -+ + (1)
with constants ¢;,i = 1,2, ...,n.
The following definition is needed for the next theorem.
Definition 3.2.5. Let f and g be two continuous functions on R. Then we write
) =0(gx))
if there exists a positive real constant M and a real number x* such
| f(x)] <Mg(x) forall x> x*.

Theorem 3.2.3. If {¢1(t), p2(2), ..., dn(t)} form a fundamental set of solutions
of (3.2.14) on I and X is the matrix function with columns {¢(t), ¢2(t), ..., P (2)},
then

detX (1) = detX (1g)e0 "A g e, (3.2.20)

Proof. Let the Wronskian w(#) :=det X (¢). Let #p € I and expand X (¢) around #y:

X(t) = X (to) + (t — 10) X (t0) + O((t — 10)?)
= X (to) + (t — 10) A(t)) X (t0) + O ((t — 10)?)
=[I+ (t —10)A(t0) ] X (t0) + O((t — 10)?).

As a consequence, we have
detX (1) = det([l (- to)A(to)DdetX(to)

or
W (1) =det[] + (t — 1) A(10) | W (to).

By the Terence Tao matrix identity, which says
det(C + hB) = det(C) + h tr(adj(C) B) + O (1),
we have that
det(1 + (t — 1) A(10)) W (tg) = W (t)[ 1 + (1 — t0)tr(A(t0)) ]

or

W(t) =W (to)[1 + (t — 10)tr(A(t0))]. (3.2.21)
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Next, we expand W (¢) in Taylor series around fy:
W (1) = W(to) + (¢ — 1) W' (t0) + O ((t — 10)?).
Substituting the value of W (¢) given by (3.2.21) into the above equality gives
W' (19) = W(10)tr(A(10)).
Since t is arbitrary, for any time ¢ € R, we have the equation
W'(t) = W(t)tr(A(t)),
which has the solution

f[; tr(A(s)ds

W(t) = W(ty)e for t € l.

This completes the proof. O

Definition 3.2.6. (Fundamental matrix) A matrix solution & is called a fundamental
matrix solution (or, shortly, fundamental matrix) of (3.2.14) on an interval 7 if its
columns form a fundamental set of solutions. If, in addition, ® (f9) = I, then a funda-
mental matrix solution is called the principal fundamental matrix solution (or, shortly,
principal matrix).

Theorem 3.2.4. The matrix ® is a fundamental matrix of x' = Ax at ty if and only if

(@) @ is a solution of x' = Ax
and
(b) detd (1) 0.

Proof. We know that ®' = A®. Let
® = [¢1(1), $2(0), ..., pu (1)),
where the columns of ® consist of ¢ (7), ¢2(?), ..., ¢u(r). Then
O = ¢ (1), 51, ... 4, (],

and

AD =[A¢1(1), Ado(1), ..., A (D)].

Since two matrices are equal if and only if their corresponding columns are the same,

(1) = AD(1)

Copyright Elsevier 2022



76

CHAPTER 3 Systems of ordinary differential equations

if and only if

/— .
xj—ij

or if and only if each column of @ is a solution.
Condition () is equivalent to the linear independence of

¢1(10), $2(10), - - ., $u (10)-
This completes the proof. O

‘We claim that the matrix

et te!
- (7 )
—e (1 —1)e

is the fundamental matrix for the system

0 1 X1
"(t) = )
To see this, we have

, —e! el —te! —e! (1—=1t)e?!
(1) = = .
el —e'—(1—=1t)et! e!  2el4te!

On the other hand,

(0 1>¢_<0 1> et te” N (=" A-ne
-1 =2) " \-1 2J\_¢e" a-net] \et et —201)°

This proves the claim. For the next two theorems, we suppress the argument ¢.

Theorem 3.2.5. If ® is a fundamental matrix of (3.2.14), then ®C, where C is an
arbitrary n x n nonsingular constant matrix, is a fundamental matrix of (3.2.14).
Conversely, if V is another fundamental matrix to (3.2.14), then there exists a con-
stant nonsingular n x n matrix C such that ¥V = ®C forallt € I.

Proof. Let ® be a fundamental matrix of (3.2.14) on I. Then
(PC) =d'C = (A()P)C = A(t)(PC).
So ®C solves (3.2.14). Next,
det(®C) = detd detC # 0,

and by Theorem 3.2.4, ®C is a fundamental matrix of (3.2.14). Conversely, let ® and
U be two fundamental matrix solutions of (3.2.14). Since ®®~! = I, we have that
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P+ P(@ Y =00r (d 1) = -0 1d'd~!. Now we differentiate &~ W and
obtain
(CID_I\.IJ)’ — (Q_l)/\ll + CD—lqjl
=—o oo w4+ Y
=(-o'Amed + o AW
(—o7'A@D + o7 AWM)W
0.

Therefore integrating the above expression gives ®~'W = C for some n x n
constant matrix C, or ¥ = ®C. Furthermore, as ¥ and ® are fundamental matrix
solutions, we have det® # 0 and detW # 0, and hence detC # 0. This completes the
proof. O

We remark that it is not true in general that C® is a fundamental matrix of
(3.2.14).

Theorem 3.2.6. If © is a fundamental matrix of (3.2.14) on an interval I, then ®c¢
solves (3.2.14) on I for every n x 1 constant vector c.

Proof. Let ® be a fundamental matrix of (3.2.14) on /. Then
(®c) =P'c=(A@)P)c = A@)(Pc).
So ®c solves (3.2.14). [l

Theorem 3.2.7. If ®(¢) is a fundamental matrix of (3.2.14) on an interval I, then
@ (1)c with ¢ = ®~(to)xo is a solution of (3.2.14) with x (ty) = Xo.

Proof. First, ®~!(fp) exists by the definition of a fundamental matrix. Hence by
Theorem 3.2.6 x(t) = <I>(t)<b’1(to)xo solves (3.2.14). Moreover, x(ty) = ®(f) X

L (19)xp = Ix9g = xo. This completes the proof. O
3.2.2 x' = Ax
Now we consider homogeneous systems with constant matrices. In particular, we
look at

x'(t) = Ax(1), (3.2.22)

where A is an n x n constant matrix. The fundamental solution of (3.2.22) can be
constructed from a knowledge of the eigenvalues and eigenvectors of A. We begin
with the following definition.

Definition 3.2.7. Let A be an n x n constant matrix, shortly, a “matrix.” A number A
is said to be an eigenvalue of A if there exists a nonzero vector v such that

Av=2v. (3.2.23)
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The solution vector v is said to be an eigenvector corresponding to the eigenvalue A.
We may refer to A and v as an eigenpair.

Now consider a solution x of (3.2.22) of the form
x(t) = ve
for v € R"” and A € R. Then we have

et = Ave)‘t,

or
(A —Al)v =0 if and only if det(A —Al) =0.
Thus we have the following straightforward result.
Theorem 3.2.8. If Lo, vg is an eigenpair of A, then
x(1) = " vy = vpet?!

is a solution of x' = Ax.
Proof. Let x(t) = ¢*'vg. Then

x' (1) = M vg = Aguoe = Avge™ = Ae* vy = Ax,

as desired. This completes the proof. O
Theorem 3.2.9. (Independent eigenvectors) Let vy, v2, ..., v, be the correspond-
ing eigenvectors to the distinct eigenvalues Ai,M2, ..., p of a matrix A. Then
V1, V2, ..., Vp are linearly independent.

Proof. Suppose vi,vz,...,v; are linearly independent for positive integer j. If
J < p,then v can be written as a linear combination of the vectors vy, v2, ..., v},
that is, there are constants c, ¢, ..., ¢;j such that

Vjt1 =cC1v1 + v+ - -+ cjvj.

Multiply from the left by the matrix A and apply the fact that Av; = A;v; for i =
1,2,...j to arrive at

Avjr1 =Aj1vj41
=Aj+1(clv1 + v +...—|—cjvj)
=ClAj41V1 +C2Ajr v+ ...+ CjAjy1Y;.
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On the other hand,

Ale =A(C]U1 +czv2+...+cjvj)
=c1Av] + cAva + ... —i—CjAvj
=ciAvy +e2dva+ .. Cjdju;.

Subtracting the two equations gives
ctAjr1 —Apvi+ (A jprr — A+ ...+ cj(hjrr —Aj)v; =0.
Since vy, v2, ..., v; are linearly independent, we must have that
ctjr1 —2) =0, c2c(hjr1 —2A2) =0, ..., cj(Aj41 —A;) =0.
Since
Ajr1—A;j#0, forall j=1,2,...,n,
this could only be possible if
c1=¢2,...,¢;=0.

This implies that
vj+1 =0 (zero vector),

which is a contradiction, since v is the eigenvector corresponding to A ;4. This
completes the proof. O

As a result of Definition 3.2.4, Corollary 3.2, and Theorem 3.2.9, we have the
following theorem concerning systems with constant matrices such as (3.2.22).

Theorem 3.2.10. (Distinct eigenvalues) Let A1, A2, ..., A, be n distinct real eigen-
values of the matrix A of (3.2.22), and let K1, K>3, ..., K, be the corresponding
eigenvectors. Then the general solution of (3.2.22) on the interval I = (—00, 00) is
given by

x(1) =c1 K1 + caKoe™, L cnKpen!
for constants c;,i =1,2,...,n.
Remark 3.2. 1f we let
¢ = KM, i=1,2,....n,

then the fundamental matrix & of (3.2.22) is formed by taking its columns to be

@ =[¢1(0), $2(0), ..., ou(1)].
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Example 3.6. (Distinct eigenvalues) Consider the linear system

—4 1 1 X1
=11 5 —1]|x
0O 1 -3 X3

Then the eigenpairs are given by

1 10 1
M=-3Ki=|0], =—4K=|-1], :3=5K3=1(8],
1 1 1

and hence the general solution can be written as

1 10 1
s =c1|0)e P+l =1]e*+c3|8]e.
1 1 1

Moreover, the fundamental matrix ®(¢) is given by

e—3t 108_4t eSt
d)=1] 0 —_e=4 gt |. (3.2.24)

Now suppose we impose that every solution satisfies the initial condition

X01
x(to) :=x0 = | x02
X03

Then by Theorem 3.2.7, the unique solution is
x(1) = (1)@~ (10)xo,

where ®(¢) is given by (3.2.24).

Next, we discuss repeated roots. For example, the system

, (3 —18) (x
() 6229

has the repeated eigenvalue A; = Ay = —-3.If K| = (k' ) is the corresponding eigen-

k2
vector, then we have the two equations 6k| — 18k, = 0, 2k — 6k, = 0, which are both

equivalent to k; = 3k>. As a consequence, we have the single eigenvector K| = (?),

o1 = G) e,

and so one solution is given by
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Since we are interested in finding the general solution, we need to examine the ques-
tion of finding another solution.

In general, if m is a positive integer and (A — A1)™ is a factor of the characteristic
equation det(A — A1) =0, whereas (A — 21)™F1 is not a factor, then A; is said to be
an eigenvalue of multiplicity m. We discuss two such scenarios:

(a) For some n x n matrix A, it may be possible to find m linearly independent

eigenvectors K1, K», ..., K, corresponding to an eigenvalue 1| of multiplicity
m < n. In this case the general solution of the system contains the linear combi-
nation

1K1 + oKy + .+ cnKneA”’.

(b) If there is one eigenvector corresponding to an eigenvalue of multiplicity m, then
we can find m linearly independent solutions of the form

¢1=KyeM,
¢2 = Karte!' + Kppe'',

m= 1 N m -2 N N
— 1 1 1
¢m—Kml(m_ 1)!6’ +Km2(m_2)!e + Kmme™",
where K;; are column vectors, known as generalized eigenvectors. For an illustration
of case (b), we suppose A is an eigenvalue of multiplicity two with only one corre-
sponding eigenvector. To find the second eigenvector, in general, we assume a second
solution of

/

x = Ax
of the form
$ (1) = KteM + P!, (3.2.26)

where

D1 ki

D2 ka

P = and K =
Pn kn

are to be found. Differentiate ¢, (z) and substitute back into x’ = Ax to get
(AK — M K)te" + (AP — A\ P — K)e™ = 0.
Since this equation must hold for all ¢, we have

(A—MDHK =0 (3.2.27)
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and
(A—MI)P =K. (3.2.28)

Eq. (3.2.27) implies that K must be an eigenvector of A associated with the eigen-
value A1, and hence we have one solution ¢ (t) = Ke*!*. To find the second solution
given by (3.2.26), we must solve for the vector P in (3.2.28). Now we go back to find-

ing a second solution for (3.2.24). We already know K given by K. Let P = (g;)

Then from (3.2.28) we have (A + 31) P = K, which implies that 6p; — 18py =3 or
2p1 —6p2 = 1. Since these two equations are equivalent, we may choose p; = 1 and
find p> = 1/6. However, for simplicity, we choose p; = 1/2, so that p» = 0. Using

(3.2.26), we find that
_(3Y, 3 1/2\ _3
¢2(t)_<1)te +<O)e .

Thus the general solution is

x(1) =c191(t) + 22 (t) = 1 G) e 4 62( G) te 3 + (1{)2) e—3’).

Moreover, the fundamental matrix ®(¢) is given by

3e73 3te3 4 Lo
<I>(t)=( X 2 )

et te=3

3.2.3 Exponential matrix e4?

In the previous section we looked at the concept of a fundamental matrix ®(¢) for
the linear system x’(¢) = A(¢)x(¢) and applied it only to constant matrices. In this
section we study in detail such constant matrices; namely, we consider

x'(t) = Ax(t), x(t9) = xo, (3.2.29)
where A is an n x n constant matrix, and x € R”. Note that
llAx — Ayll < Kllx = yl,
where K > 0 is constant, and || - || is the matrix norm of A defined by
|Ax|
llAll=sup ——.
xeRi—{0) |x|

Then by Picard’s theorem (Theorem 3.1.2) there exists a solution on the interval
|t — 19| < h for xg : [—h, h] — R". We may define Picard’s iteration by

t

Xn41(t) =x0 + / Ax, (s)ds, xo(t) = xg, (3.2.30)

fo
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with the understanding that

xi= (@, s .. 0T i=1,2,...,n,

where 4)3 eR", j=1,2,...,n. Setting n =0 in (3.2.30), we get

t
X1 =X —|—/ Axods = xo + (t — tg) Axg.
fo

Similarly, for n = 1, we have
t t
X2 =Xx0 + f Ax1(s)ds = xo +/ A(s — tg)Axods
to to

2
 — I
=x0+ (t —t9)Axo + %Azm)

Using an induction argument, we arrive at

2
r — 1
xnzxo—i—(t—to)Axo—i—(70)A2x0+...+

2 n!
n k
— 1
=§ QAkxo.
k!
k=0

Letting n — oo, we have
x(1) = e 0y,

where
o0
t —to)"
eA(z—zO)zz( 0) A"

n!
n=0

t—1)"
—1) A'xo

(3.2.31)

(3.2.32)

It readily follows from the ratio test that the infinite series in (3.2.32) converges abso-
lutely for all 7 — o € R. Thus e~ exists for all times. Note that the infinite series

given by (3.2.32) can be differentiated term by term, and hence

d St — 1)
—eA“*’()):AZn( 0" 4n
dt = n!
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o k
(t - tO) k
=A Z TA
k=0
— ApAU—10).
This shows that if
x(r) =AUy,
then x (¢) satisfies x’ = Ax. Moreover,

(t — to)? G0k

A?+
n!

x(t) = N0y = [I+(t—l‘0)A+ A +...]x0,

and hence
x(ty) = Ixg = xg.
We have the following definition.

Definition 3.2.8. Let A be an n x n constant matrix. Then we define the exponential
matrix function by ¢4 which is the solution of x’ = Ax, and e4© = I (identity
matrix).
Thus we have already proved that

x(1) = AUy (3.2.33)

is the unique solution of
x'(1) = Ax (1), x(to) = xo,

forall t e R.

Example 3.7. Consider the system

= 2) () o= ()

Then the matrix A is diagonal and given by

Az(g _01).

Since A is a diagonal matrix, by induction we can easily show that

3n 0
n J—
A ——<: ( 1),,),n_l,Z,....
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Hence
tA)? tA)"
1yiay D +...+(n,)
1B ery . yO 0
0 14 G ey

We deduce from the exponential function properties that the exponential matrix e

is given by

and the solution is

3t 2
ecn=(3 2)()

In the next theorem we list some properties of the exponential matrix. For sim-
plicity, we start at the initial time zero, that is, we take #yp = 0. We are concerned
with

x = Ax, (3.2.34)

where A is an n x n constant matrix, and x € R".

Theorem 3.2.11. Let A and B be n x n constant matrices. Then:

d
€)) Eem =Ae t eR;
(2) det(e?) #0, t € R, and e?! is a fundamental matrix solution for (3.2.34);
(3) e =1+ At + 3(AN? + (A3 + -+ H(AD* +
(4) eAleAs = AUTS) 1 s e R;

~1

(5) (eAt) :e_At;
(6) If AB = BA, then ¢’ B = Be?';
(7) If AB = BA, then e*'eB! = ¢(A+B) ¢ R;
(8) If P is a nonsingular matrix, then ePBP™' — peBp—1,

Proof. The proof of (1) is already done. For (2), we already know that ¢4’ solves

(3.2.34). Moreover, at t = 0, ¢4’ = I, and hence det(e4%) = det(]) # 0. By the
uniqueness of solution this must hold for all € R. Now since e’ solves (3.2.34),
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we have that ¢4’ is a fundamental matrix for (3.2.34). The proof of (3) is already

done. For (4), we let L(t) = eA'eS — ¢AU+S) where s € R is fixed, and ¢ € R. Then
L/(l) — AeAleAs _ AeA(tJrs) — A(eAteAs _ eA(l+s))

or L'(t) = AL(t), from which we conclude that L(z) solves (3.2.34). On the other
hand, L(0) = e — ¢ =0, and hence by the uniqueness of solutions we get that
L(t) =0 for all # € R. This completes the proof of (4).

By the proof of (4), we have that

eAte—At — QAI=AL _ JAGH(=D) _

This implies that
-1
(eA’) —e A teR. O
Remark 3.3. In the case where A is an n X n constant matrix, the exponential matrix
is equivalent to
AT = o0 (1),
which is the principal matrix.

Next, we discuss an important topic that relies on the Jordan canonical form,
which helps us find the exponential matrix e4’. The next theorem is well known in
linear algebra, and you may consult Brauer and Nohel [17] for its proof.

Theorem 3.2.12. (Jordan canonical form) For every n x n matrix A, we can con-
struct a matrix C such that

Jb 0 - 0
clac=|2 2 - | (3.2.35)
0 0 Jk
where
Jie = Akl + Ny

with

01 0 O 0 0

0O 0 1 0 0 0

Ny = .
0O 0 0 O 0 1
0 0 0 O 0
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Remark 3.4. (The simplest case) If A has n real and distinct eigenvalues A1, A7,
..., Ay, then the matrix C “1AC willbe a diagonal matrix with entries A;, that is,

A 0 ... 0
clac=|0 *
0 -~ 0 A

In this case the matrix C is formed from the corresponding eigenvectors of the ma-
trix A.

If (3.2.35) holds, then let
B=C"'AcC,
and hence

—1 _
efA:elCBC :CetBC 1.

In Section 3.2.1, we encountered different scenarios on the type and nature of
the eigenvalues when computing the eigenvectors. The next result, called Putzer al-
gorithm, allows us to find the fundamental matrix or, in particular, the exponential
matrix e’ when the matrix is constant, regardless of the order or multiplicities of the
eigenvalues. Putzer’s algorithm depends on the next theorem, known as the Cayley—
Hamilton theorem.

Theorem 3.2.13. (Cayley—Hamilton) Every n X n constant matrix satisfies its char-
acteristic equation

pa(A) :=det(A —AI)=0.
In other words, if
A = (D" (M e e ih e ),
then
pa(A) = (—1)”(A” +e A" A +cn1) =0.

Theorem 3.2.14. (Putzer algorithm) Suppose A is an n X n constant matrix with
eigenvalues A, A2, ..., Ay, which may come in any order or multiplicities. Suppose
w1(@), wa(t), ..., wn(t) satisfy the corresponding initial value problems

Wy =ripr, w1(0)=1; ,u/j:)\juj—i—uj_l, nj(0)=0, j=2,3,....n.
(3.2.36)
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Let the matrices Py, P1, ..., P, be defined recursively by

j
Py=1, szl_[(A—)\kl), j=1,2,...,n.

k=1
Then
n—1
et = ZMH(I)PJ'.
j=0
Proof. Let
n—1
(1) =) pjp1(0)P;.
j=0
Then
n—1
0) =) nj41(0)P
j=0

= 11(0)Py(0) + 112(0) P1(0) + ... + 1n (0) P, -1 (0)
=u1(0)Pp(0)+0+...+0 (by (3.2.36))
=u1(0)I =1 (by (3.2.37)).

Next, we differentiate & with respect to ¢:

n—1
(1))=Y W ()P
j=0
n—1
=M1 Po+ ) wi (OP;. (by (3.2.36)
j=1
n—1
=i Po+ Y (jripjar + )Py, (by (3.2.36)).
j=1
On the other hand,

n—1

A=Y "pjp1 (AP
j=0

From (3.2.37) we have

j—1

i
Pi=[JA-mD=@A-1,D]](A=xD)=(A-xDHPjy.

k=1 k=1

(3.2.37)

(3.2.38)

(3.2.39)
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This implies that
APj =Pjr1+Arj1Pj, j= 1,2,...n—1.
Substituting A P; into A® in the above expression yields

n—1

AdD = ZM;‘H(I)[P]'H + A1l Pyl
=0

A® = A1) Po+ (opa(t) + ur () Pr+ ...
+ Qe (8) + n—1()) Pu—1 + pn (2) Py
By the Cayley—Hamilton theorem P, = 0, and hence the last expression of A® is
the same as the right side of (3.2.39) so that we have ®'(r) = A®(¢) with ®(0) = 1.

Thus expression (3.2.38) holds by the uniqueness of the solution. This completes the
proof. O

Example 3.8. Consider the linear system

satisfying the initial condition

x(0):=xg=1| —1
2

The matrix

2 2 -1
A=12 -1 2
-1 2 2

has the eigenvalues 3, 3, —3. We may order them arbitrarily. Let, for example, A| = 3,
A2 =3, and A3 = —3. Using (3.2.37) with j =1, 2, we see that

Po=1, Py=A—3I, P,=(A—3I)>.
Similarly, by (3.2.36)

=31, ) = 1;
pfz =3u2 + i), n2(0)=0;
,u,/3 =—=3u3z + ua(t), n3(0)=0.
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Solving the above initial value problems gives

N 3 3 3 e
t)= 5 )=t , d )= — — — .
pit) =e”, pa(t)=te”, and p3(t) = —— — 2= + —=
By using (3.2.38) with n = 3, we obtain
2
EAI=ZMj+1(t)Pj=M1Po+M2P1+M3P2,
j=0

and the unique solution is given by
x(t) = eAtxo.

Example 3.9. Assume we have three masses m 1, my, and m3 that are connected to
each other by four springs with spring constants k1, k2, k3, and k4, respectively. As
seen in Fig. 3.2, the first and last springs are attached to two fixed walls, and the
masses slide along a frictionless horizontal surface. Displacement of the masses from
their equilibrium positions is determined by the coordinates x, y, and z, each positive
to the right. The motion of the masses depends strongly on the initial conditions, that
is, by hand, any of the masses is displaced by pulling forward or backward, and we
let them go. Next, we attempt to find the equations of motion. The springs operate
according to Hooke’s law: Force = spring constant multiplied by elongation. The
springs restore after compression and extension. In addition, the first three springs
are elongated by x, y — x, z — y, respectively. Then using Newton’s second law,
Force = sum of the Hooke forces, we arrive at the system of second-order differential
equations

mix"(t) = —kix(t) + ka[y(t) — x(1)],
may” (t) = —ka[y(t) — x(1)] + k3[z(t) — y(1)],
m37"(t) = —k3[z(t) — y ()] — kaz(2). (3.2.40)

System (3.2.40) can be written as a second-order vector—matrix system
Mx"(t) = Ax(1),

where the displacement x, mass matrix M, and stiffness matrix A are given by

X m; 0 0 —k1 —kp ky 0
x=y], M= 0 my 0], A= ko —ky — k3 k3
< 0 0 ms3 0 k3 —k3 — k4
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FIGURE 3.2
Three masses connected by four springs.

FIGURE 3.3
Three identical boxcars connected by identical springs.

Setmi=mo=m3=1,k =2, ky=1, k3 =1, and k4 = 2 in the second-order
vector—matrix system

Mx"(t) = Ax(1).

Then using Putzer’s algorithm, we find the solution

X 1
y|= (a1 cos(t) + by sin(t)) 2
z 1
1
+ (a2 cos(v/3t) + by Sin(\/gt)) 0
-1
1
+ (a3 cos(2t) + b3sin(21)) [ —1 |,
1

where a1, az, b1, by, a3, and b3 are arbitrary constants.

Example 3.10. (Boxcars) A special case of mass-spring system is boxcars. In Fig. 3.3
we assume three identical boxcars on a level track connected by two identical springs.
Excepts for the springs on fixed ends, this problem is the same as in Example 3.9.
With this in mind, we have that k1 = k4 = 0 and k» = k3 = k. In addition, m; = m, =
m3 = m. Consequently, we arrive at the system

Mx"(t) = Ax(1),
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where the displacement X, mass matrix M, and stiffness matrix A are given by

X m 0 O —k k 0
x=|y], M=|0 m 0], A=| k =2k k
z 0 0 m 0 k —k

For illustration, we take % = 1. Then we have the second-order system

-1 1 0
xX'=1 -2 1 |x
0 1 -1
which has the vector solution
X
y|= (a1 +b]t) 1
z 1
1
+ (az cos(t) + by sin(?)) | 0
-1
1
+ (a3 cos(v/3t) + b3 sin(v/31)) [ -2 |,
1
where a1, az, a3, by, by, and b3 are arbitrary constants.
33 x =AM)x+g@)
Now we consider the non-homogeneous system
X' =Al)x + g(@), 3.3.1)

where A(t) is an n X n matrix, and g(¢) is an n x 1 vector, both continuous on some
interval /. It was proven in Theorem 3.2.1 that system (3.3.1) has a unique solution on
I if an initial condition is specified for ¢y € I. We are interested in finding the general
solution of the non-homogeneous system (3.3.1). With the non-homogeneous system

we associate the complementary homogeneous system

x' = A(f)x. (3.3.2)

Knowing the solution of (3.3.2) is enough to find the general solution of (3.3.1), and

such a solution will be given by the variation of parameters formula.
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Definition 3.3.1. Let x; be the homogeneous solution of (3.3.2), and let x;, be the
particular solution of (3.3.1) on an interval /. Then the general solution x : / — R"
of (3.3.1) on the interval I is given by

x(t) = xp(t) + xp(1).

We have seen that if & is the fundamental matrix of the homogeneous system
(3.3.2), then xj;, = ®(¢)k for some constant n x 1 vector k.

Theorem 3.3.1. Let A(t) be an n x n matrix, and let g(t) be an n x 1 vector, both
continuous on some interval 1. Suppose ® is the fundamental matrix of the homoge-
neous system (3.3.2). Then x(t) is a solution of

x'=A@)x +g(), x(to) =x0, t =19, (3.3.3)

on I if and only if x satisfies

t
x(r):qn(t)qr‘(to)onr/ o)D" (s)g(s)ds, (3.3.4)

1o
where ty € I and xo € R".

Proof. First, note that the uniqueness of the solution of (3.3.3) follows from The-
orem 3.2.1. Let ® be the fundamental matrix of the homogeneous system (3.3.2).
Suppose x satisfies (3.3.4). Taking the derivative in ¢ in (3.3.4) gives

t
X' (1) = @' ()P (10)x0 + @' (1) / o (s)g(s)ds + ()D (1)g(r)
(0]
t
= AP )D (to)x0 + A1) D(1) / o (s)g(s)ds + g(1)
fo

t
=AO[@O®™ W) + (1) / O~ (5)g()ds | + (1)
fo
= A@Ox (1) +8(0).

Finally, replacing ¢ by 7o in (3.3.4) gives x (tp) = Ix9 = xo. Now let x (¢) be the unique
solution of (3.3.3), and let us show that it satisfies (3.3.4). As we have mentioned ear-
lier, x; = @ (¢)k for some constant n x 1 vector k. To derive the particular solution x ,
we look for a particular solution of the form

xp (1) =P (Du(t)

for some continuous function u on /. Differentiating x, and plugging back into
(3.3.3), we have

x;, =0 (Ou(t) + @)’ (t)
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or
O (Hu(t) + @ (u'(t) = A@t)D(u(t) + g(@).
Since
(1) = A(OHP(1),
the above expression reduces to
(' (1) =g ().
Multiplying the above expression by @~ 1(¢) from the left, we getu/'(r) = o (1)g()
oru(t) = /l <I>71(s)g(s)ds. Finally, the equality x,(¢) = ®()u(t) gives
fo

t
xp(t)=d>(t)/ o~ (s)g(s)ds.
0]

It follows that the general solution is
t
x(@)=xp(@) +xp(t) =Pk + /to @ (1) (s)g(s)ds. (3.3.9)
Using the initial condition in (3.3.5), we get
x0=P({ty)k+0
or
k=@ (t9)x0.
A substitution of k into (3.3.5) gives (3.3.4). This completes the proof. O
Eq. (3.3.4) is called the variation of parameters formula.

Remark 3.5. In the case where A is an n X n constant matrix the exponential matrix
is equivalent to

M0 = o)™ (10),
which is the principal matrix. In this case, (3.3.4) reduces to or takes the form
t
x(t) = A0y 4 f A9 g (s)ds. (3.3.6)
fo

Example 3.11. Solve

4 2 —15te~ %
X@) = (3 _1) x+ ( 4:6_21 ) , x(0)= (;) .
—4te
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Using Putzer’s algorithm, we find that

.1 < 2 4 65t _26—2t+265t>

et =
T\=3e72 43¢5 6e72 + et

Note that 40 = J. Using formula (3.3.6), we have
1{ e 246 =272 425\ (7
x(t) ==
T\=3e72 43¢5 6e72 + e 3
1 e 201=5) | g50—s) —2e72=9) 4 05(=9)\ [_ 155072
- d
+/,0 7\ Z3e20=5) 4 3,509 e 2—5) 4 5(t—s) _dge=2s §

1 ( (6428 — T12)e™2 +92¢> )

T 14\ (a4 141 4212 + 4665

3.4 Discussion

When the matrix A is not constant and we wish to compute the fundamental matrix
of the system

x = A(D)x, (3.4.1)

where A(t) is an n X n matrix with continuous components on some interval /, then
the Putzer algorithm will not help much. Suppose we are able to find two matrices A
and S such that

A=SAS7!. (34.2)
Then we claim that also
e = Seht ! (3.4.3)

for all ¢. To prove the claim, we use (3.2.32). As a consequence of (3.4.2), we have
that Ar = S(A1)S™!, and hence

Ak = (S(AnSTN)(S(AnS™h) ... (S(ans™h).
Using (3.2.32) with 7 = 0, we get
At 1 2 1 3 1 k
M =T+ A+ SADT+ Z(AD SNt 4

_ 1 201, L 3o-1 1 ko—1
=1+S(ANS™" + 2 SAN?S™ 4+ 2S(A'S ™+ + S S(AntsT
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1 2, 1 3 1 k -1
=S[I+Ar+ E(At) + E(At)‘ +... E(At) +...]8
= Sers! |

as claimed. Thus we state the general theorem.

Theorem 3.4.1. For every n X n matrix A with entries in complex numbers, we can
find an invertible matrix S and an upper triangular matrix A such that (3.4.2) holds.

Another point of discussion is that if we integrate (3.4.1) from 7y to ¢, then we get

. j‘,:) A(s)ds

x(t) = . Now let

f,; A(s)ds )

d(t)=e 3.4.4)

For & (1) to be fundamental matrix solution, we must have
t t
A(t)(/ A(s)ds) - (/ A(s)ds)A(t). (3.4.5)
1) )
Let us see why. Let J = ft; A(s)ds. Then

1 1 1
A e e e e (LA AL

2 3 k

and
d [ awas _ d ! 1 ! 2
el _E(H/m A(s)ds—i—i(/to A(s)ds)

1 t k=1 1 1 k
+...+m(/t0 A(s)ds) A(t)+ﬁ(/to A(s)ds) +)
t 1 t 2
:A(t)+/ A(s)dsA(t)—i—E(/ A(s)ds) A
to : fo
1 t k-1 1, 1t k
+...+m(/to A(s)ds) A(:)+E(/to A(s)ds) A + ...
t 1 t 2
1 t k=1 1/t k
*W(/,o A(s)ds) A(t)—i—ﬁ(/to A(s)ds) +...]A®

t 1 t 2
#A(t)[l—i—/to A(s)ds+2—!(/t0 A(s)ds)

1 ! k—1 1 t k
"+(k—1>!</,0 Aw)ds ) A(t)+E<fto aws) +..]

=A)P().

+.
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Thus if (3.4.5) holds, then ®'(r) = A(r)®(r). We have the following application of
the above discussion.

Example 3.12. Find the fundamental matrix ®(¢) for the system

;_ 1 ¢ X1

= t 1 x2 /]
1t

(1)

(1) = e(/g As)ds

Let

and

Now we verify condition (3.4.5):

¢ t 22 t+13/2 3122
A(t)/ A(s)ds = (1 t) 2\t 2.
fo t U \2p2 3122 14132
On the other hand,
t t 122 t+13/2 3122
(/ A(s)ds)A(t): / (1 ’) (Y 2\
10 22t t 1 3122 14132
The matrix [ A(t)dt has the eigenvalues
2 t2

t
AM=t+—and Ay =1 — —.
1 +2 2 5

Luckily, the corresponding eigenvectors are independent of ¢. The eigenpairs are

1 —1
M,K1=(1>;K2,K2=<]>-
1 -1
)

1/1 1
7]__
H _2<—1 1)‘

Next, we try to diagonalize fot A(s)ds by the transformation

J:H_l(/otA(s)ds)H:: t+% 0

Let

Then the inverse of H is
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As consequence of (3.4.3), we get the exponential matrix of J,

We can now calculate the fundamental matrix @ (z):

t
A(s5)d: _
®(1) =0 O = ol g
f2 t2 tz t2
el ez +e7 7 e2 —e 2
- 2 [2 t2 12 12

3.5 Exercises

Exercise 3.1. Find the region of existence of the following system and then find the
maximal interval of existence:

X} x—;,
R)
xé =1,
Xy = x—lz,
)
with initial vector
x1(3) -1
o® =]z
() 0

Exercise 3.2. Show that ||A||; is a norm, that is, verify all the items in Defini-
tion 3.2.2.

Exercise 3.3. Show that if A is an n x n invertible matrix, then

1
I|A]l >0, and [[A7]|> —.
1Al

Exercise 3.4. Suppose an n x n matrix A(#) and an n x 1 vector g(¢) are continuous
oo

o0
on—o0 <t < oo,/ |A(t)|dt < o0, and/ |g(#)|dt < oo. Show that the solution
—00 —00

¢ (1) of ¥y'(t) = A()y(r) + g(1), exists for —o00 < t < 0o. In addition, compute the
upper bound for |¢(¢)| on —o0 < t < o0.
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Exercise 3.5. In Example 3.4 keep the norm of the matrix A as a function of ¢ and
obtain a slightly better estimate of the error.

Exercise 3.6. Prove that every solution of

x"—x"+ t2x =

exists for all € R.

Exercise 3.7. Use the method of energy function to show that the solutions
x” 4 cos?(x)x’ — sin®(x) =0

exist for all times, that is, the maximal interval of existence is [0, 00).

Exercise 3.8. Obtain two iterations of the 3 x 3 linear system

x1 (1) =5x1 — x2,
x5(t) = —5x3 + 9x3,
xg(t) = —5x1 — x2,

with the initial condition

X01 1
xO)=xo=|x2] =] -1
X03 0

Exercise 3.9. Use Theorem 3.2.10 to solve, for all # > 7y, the linear system

I -1 2\ [x
X=1-1 1 0]]lx
-1 0 1/ \x3
with initial condition
1
x(to):=x0=10
2
Exercise 3.10. Use Theorem 3.2.10 to solve the linear system with the initial condi-
tion
1 —12 =14\ [(x 4
=11 2 -3 x|, xO=x:=] 6
1 1 -2 X3 =7

Exercise 3.11. (a) Let
x'(t) = Ax (1),
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where A is a constant n X n matrix. Suppose A has only one eigenvector K
associated with an eigenvalue 1| of multiplicity three. We can find a second
solution of the form (3.2.26), where the eigenvector P satisfies (3.2.28). Show
that if we assume a third solution ¢3(¢) of the form

2
t
P3(t) = ngklf + Pte* + Qe
then the vector Q is given by the equation
(A—nI1)Q=P.

(b) Find the fundamental matrix for the linear system

1 0 O X1
=12 2 —=1]||x
01 0 X3
Exercise 3.12. (a) Let
x'(1) = Ax (1),

where A is an n X n constant matrix with real entries. Let K be an eigenvector
corresponding to the complex eigenvalue A = o + i (with real « and $). Show
that the corresponding two linearly independent solutions ¢ (¢) and ¢,(¢) are
given by

b1(1) = (Re(K) cos(Bt) — Im(K) sin(,Bt))e"”
and

do (1) = (Im(K) cos(B1) + Re(K) sin(,Bt))e“’.

For example, if K = (211 ), then

1 0
K= (2)+(2) = ek i,

(b) Find the fundamental matrix for the linear system

; 1 2\ (x1
TFloe 1))

Exercise 3.13. Let ® be a fundamental matrix of x’ = Ax, and let C be a nonsingular
matrix with AC = C A. Prove that now C ® is a fundamental matrix of x’ = Ax. (See
Theorem 3.2.5.)

Exercise 3.14. Prove parts (5), (6), and (7) of Theorem 3.2.11.
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Exercise 3.15. Finish the calculation in Example 3.8 and show that
At 1.
e’ =cosh(3t)I + 3 sinh(31)A.

Exercise 3.16. Use Theorem 3.2.14 to compute e’ for

(a)
2 0 0
A=|1 2 0],
1 0 3
(b)
5 —4 0
A=|1 0o 2
0 2 5

Exercise 3.17. Use Theorem 3.2.14 to compute e’ for

S1o—2 2\ [x
=13 5 =3]I|x
3 4 =2 X3

satisfying the initial condition

1
x(0)=xp:={—1
1

Exercise 3.18. Consider two non-homogeneous systems x’ = Ax + g{(¢) and x’ =
Ax + g»>(¢) with solutions z; and z7, respectively. Let g(¢) = g1(t) + g2(¢). Show

that z; + zo solves x’ = Ax + g(r). Here g1, g2 are n x 1 vector functions that are
continuous on R.

Exercise 3.19. Use the variation of parameters formula to solve the given system
subject to the indicated initial condition.

(a)
110 e 0
Yo=[1 1 o)lx+|ex |, xo=[1],
00 3 L
(b)
3 -1 -1 0

=1 1 =1]x+[ 1 |, x0=
1 -1 1 2e!

=S
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Exercise 3.20. Imitate the proof that leads to the variation of parameters formula
(1.5.2) for non-homogeneous scalar differential equations to derive (3.3.6) for the
non-homogeneous system

x'(1) = Ax (1) + g(1), x(to) = xo,
where A is an n X n constant matrix, and g is continuous on some interval /.

Exercise 3.21. Find the fundamental matrix ®(¢) for the system

()

Exercise 3.22. Assume the fundamental matrix ®(¢) of a certain 2 x 2 differential

system is given by
o) = 2t
“\r 2

Find the corresponding system of differential equations.
Exercise 3.23. Write the system
X =—x1 +xe¥, x)=—x,
in the form of
X' () =A@®)x().

Compute the eigenvalues of A(¢) and then find the solution of the system. Are solu-
tions bounded or unbounded?
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CHAPTER

Stability of linear systems

We look at the stability of linear systems via the variation of parameters. The chap-
ter also includes a nice section on Floquet theory with its application to Mathieu’s
equation.

4.1 Definitions and examples

Consider the scalar differential equation
x'=ax, t>0, 4.1.1)

for constant a. Then (4.1.1) has a solution x(¢) = Ce“ for every constant C. Note
that x(#) = 0 is a solution of (4.1.1) since it satisfies both sides of the equation. It is
clear that solutions go to infinity for a > 0 and decay to zero for a < 0 as t — oo.
Thus the behavior of the solutions depends on the sign of the constant a. It seems that
the solution x = 0 is an attractor asymptotically stable in the case a < 0, which we
will discuss in detail in this chapter.

Notice that if a = 0, then solutions are constants. Thus if we start near the zero
solution x = 0, then we stay near the zero solution, and hence the zero solution is
stable but not asymptotically stable.

In the above example, we were able to find the solution. However, this is not the
case for the nonlinear differential equation

x(x—1Dx+2)

¥ = 1 + sin?(x)

, >0, x(0) = xo. 4.1.2)

Eq. (4.1.2) is nonlinear, and the true solution cannot be explicitly found. On the other
hand, we notice that x = —2, 0, 1 are all constant solutions or equilibrium solutions of
(4.1.2). However, we can use calculus to analyze those constant solutions. Note that
the right side of (4.1.2) is continuous on R, and hence a solution exists for all # > 0.
Moreover, any solution passing through (7, xo) is unique. For the next discussion,
we refer the reader to Fig. 4.1.

(a) For x < —2, we have from (4.1.2) that x’ < 0, and hence solutions grow nega-
tively unbounded; in particular, they pull away from the constant solution —2.

Advanced Differential Equations. https://doi.org/10.1016/B978-0-32-399280-0.00010-3 1 03
Copyright © 2023 Elsevier Inc. All rights reserved.
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X0

N
2
-

X0

FIGURE 4.1

Diagram for the constant solutions.

(b) For —2 < x <0, we have from (4.1.2) that x” > 0, and hence solutions increase
toward the constant solution x = 0 and away from the constant solution x = —2.

(c) For 0 < x < 1, we have from (4.1.2) that x” < 0, and hence solutions decrease
toward the constant solution x = 0 and away from the constant solution x = 1.
Note that in (b) and (c) solutions cannot cross the constant solution x = 0 due to
the uniqueness. Finally,

(d) For x > 1, we have from (4.1.2) that x” > 0, and hence solutions unboundedly
increase and away from the constant solution x = 1.

Thus by the above discussion and Fig. 4.1, we see that the constant solution x = 0
is an attractor (asymptotically stable), and the other constant solutions x = —2, 1 are
repellers (unstable), which we discuss later.
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Consider the system of ordinary differential equations
x'= f(t, x), (4.1.3)

where f € C([O, o0) x D, R"), and D C R" is open. We say that a vector x* € R" is
an equilibrium, or constant solution, or equilibrium solution of (4.1.3) if

ft,x*)=0, 0<t <w,

for positive constant w. In practice, it is easier to talk about a zero solution, or x = 0.
To do so, we translate every nonzero equilibrium point to zero by the change of
variables

X)) =x() —x*,

and from (4.1.3) we have that
X)) =) —x") =x'() = f(1,X@1) +x¥).

In this case, x(¢) = 0 is an equilibrium point of (4.1.3), which we may call the zero
solution of (4.1.3). Thus, in most cases, we may require f(¢,0) =0,0 <t < w, when
we talk about the zero solution.

Example 4.1. (Lotka—Volterra predator-prey model) Let x (¢) and y(¢) be the number
of preys and predators at time ¢, respectively. To keep the model simple, we make the
following assumptions:

o The predator species are dependent on a single prey species as its only food supply;
e The prey species have an unlimited food supply; and

e There is no threat to the prey other than the specific predator.

In the absence of predation, the prey population would grow at a natural rate:

dx o 0
— =ax(t), a > 0.
dt
On the other hand, in the absence of prey, the predator population would decline at a
natural rate:
dy

I =—cy(), c>0.

The effects of predator eating prey is an interaction rate of decline (—bxy, b > 0)
in the prey population x and an interaction rate of growth (dxy, d > 0) of predator
population y. Hence we obtain the predator—prey model

dx

22— ax — bxy,

-, =ax —bxy

d

D ey tdxy. (4.1.4)
dt
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The Lotka—Volterra model consists of a system of linked differential equations that
cannot be separated from each other and that cannot be solved in closed form. Thus
we search for the equilibrium solutions by setting the right sides of both equations in
(4.1.4) equal to zero, that is,

x(a—by)=0, y(—c+dx)=0.

From the first equation we obtain x =0, y = a/b, and from the second equation
we get y =0, x = ¢/d. Now if x = 0, then from the second equation we have that
—cy =0, and hence y = 0. Thus we have the equilibrium solution

xF=(0,0).

Similarly, if y = a/b, then — %a n dx% — 0, which implies that x = ¢/d. So the other

equilibrium solution is
x3 = (c/d,a/b).

The first equilibrium solution x} effectively represents the extinction of both
species. If both populations are at 0, then they will continue to be so indefinitely.
The second equilibrium solution x5 represents a fixed point at which both popula-
tions sustain their current non-zero numbers and do so indefinitely. The levels of the
population at which this equilibrium is achieved depend on the chosen values of the
parameters a, b, ¢, and d. We further discuss the stability of both equilibrium solu-
tions x} and x3 and hope that x{ is unstable. (See Fig. 4.2.)

3

FIGURE 4.2

Prey—predator dynamics as described by the level curves. The arrows describe the velocity
and direction of solutionsfora=b=c=d =1.
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Next, we consider (4.1.3) with the initial condition x (fg) = xo with the assumption
that f(z,0) =0.

Definition 4.1.1. The zero solution x = 0 of (4.1.3):

(a) is stable (S) if for all ¢ > 0 and 7y > 0, there is § = §(fy, &) > 0 such that
|x(t0)| < & implies |x (¢, tg, x0)| < &,

(b) is uniformly stable (US) if § is independent of #,

(c) is unstable if it is not stable,

(d) is asymptrotically stable (AS) if it is stable and tl_l)ngo |x(t, t9, x0)| = 0.

(e) is uniformly asymptotically stable (UAS) if it is US and there exists y > 0 such
that for each u > 0, there exists T = T (i) > 0 such that [x(fo)| <y, t =10+ T,
implies |x(¢, tg, x0)| < K.

There are various stability definitions that can be found in many of the referenced
books. As far as this book is concerned, the stability definitions that we have listed are
the most important ones. We furnish a few examples to illustrate the above definitions.

Example 4.2. In this example we show that the zero solution is US and AS but
not UAS. We consider the initial value problem given by

A=0x')=x, x(ty) =x¢, t>19> 1.
For simplicity, we may write our problem as

x’:—tx—l,x(to)zxo, t>10>1. (4.1.5)
Separating the variables in (4.1.5), integrating from 7y to 7, and then applying the

initial data, we arrive at the solution

fo— 1
x(1, fo, x0) = t° X0, 121> 1. (4.1.6)

For any ¢ > 0, set § = ¢, so that for |xg| < § and t > f9 > 1, we have that

(.1 ) ‘to—l ‘ )to—l‘| < 1xo]
x(t,ty, x0)| = Xo| = X Xo| <d=e.
0, X0 1 0 1 0 0

This shows that the zero solution is US. Moreover,

%0l =0,

. . to— 1
lim |x(¢, ty, xp)| = lim ’
t—00 t—>oo| f —

1

and so the zero solution is AS. On the other hand, if we evaluate the solution
to—1 to—1

x(t, tg, x9) = 0 xpatt =to+ T, then we get x(to + T, to, x0) = t—iﬁx

o _

0—

tr—1
1 as tg — oo. This implies that |x(, ty, xo)| £ € for t >ty + T. We conclude that the
zero solution is not UAS. So this example shows that US plus AS do not necessarily

imply UAS.
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Example 4.3. The differential equation
x"=0, x(10) = xo,
has the constant solution x (t) = x(, and hence the zero solution is US but not AS. On
the other hand,
x"=x, x(to) = xo,
has the solution x () = xge’ %, and its zero solution is unstable.

Example 4.4. The differential equation

x'=—x, x(10) = xo,

has the solution
x(t, 10, x0) = x0e~ U7 1 > 19> 0,

and its zero solution is US and UAS. To see this, for any ¢ > 0, we set § = ¢. Then for
|xo| < 8, we have that x (7, 79, x0)| = |xpe 0| < |xo| < & = 8. So the zero solution
is US. For the UAS, we must show that there exists y > 0 such that for each p > 0,
there exists T = T (i) > O such that |x(t9)| < y,t > to+ T, implies |x (¢, to, x0)| < i.
Set § = 1 of the uniform stability, and let y = § = 1. Let T () > —Ln(w). Then for
=10+ T(w),

|x (2, to, x0)| = |xpe 70| < TW) < 0 — ;.

This shows the zero solution is UAS.

42 x'=A(t)x

Now we are in a position to discuss the stability of the zero solution of the linear
system

X' (1) = A()x (1), x(to) = xo, 4.2.1)

where A(¢) is an n x n matrix with continuous entries on [0, c0), using the concept
of the fundamental matrix. We begin with the following theorem.

Theorem 4.2.1. Let O(t) be the fundamental matrix of (4.2.1). Then the zero solution
of (4.2.1)is

(@) stable if and only if there exists a positive constant M such that
D) <M, t>0;
(b) asymprotically stable if and only if

|®(t)] = 0 as t — oo.
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Proof. (a) (<) Let ®(¢) be the fundamental matrix of (4.2.1). Then the unique so-
lution x of (4.2.1) is given by x(t) = ®(f)® ! (f9)xo. Thus for any & > 0 such that

_ &
|xo| <&, setd = ERIIR Then

x()] = 12D (t0)x0l < DM (10)l1x0] < M|D ™ (19)18 = ¢.
(=) Set ¢ =1 from the stability proof. Then
lx (1) = 1@ ()@ ' (to)x0l < 1 for 1 >ty if |xo] <8(1,10),

which implies that

—1
| PP (10)] < 510"

Therefore

|D (1) = | @)D (1) D (10)| < | D (1) D (20)|| D (20)] < >
(1, 1)

|®(t0)| := M.

This completes the proof of (a).
Next, we prove (b). We already know that the zero solution is stable. Now

[x()| = |® @)D (t9)x0| — 0 as 1 — 0o

if and only if
|®(t)] - 0 as t — oo.

This completes the proof. O

Theorem 4.2.2. Let O (t) be the fundamental matrix of (4.2.1). Then the zero solution
of (4.2.1) is uniformly stable if and only if there exists a positive constant M such that

DD ()| <M, t>5>0. (4.2.2)
Proof. (<) Let ©(¢) be the fundamental matrix of (4.2.1). Then the unique solu-
tion x of (4.2.1) is given by x(¢) = () L(s)x(s). Since (4.2.2) holds for all s
such that r > s > 0, we have that
()] = 120D (5)x ()] < [P DD (5)]]xol.

Thus for any ¢ > 0, choosing § = % we get that for |xg| < 8,

()] < [DO]1D" (5)]1x0] < M5 =e.
(=) Set ¢ =1 from the proof of uniform stability. Then

|x(2)| = |<I>(t)d>_1(s)x(s)| <1 for t > s if |x(s)| <&(1),
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which implies that

1
NP ) < ——:=M
PP (s)| = 5D
This completes the proof. O
The next theorem provides necessary and sufficient conditions for the UAS.

Theorem 4.2.3. Let ®(t) be the fundamental matrix of (4.2.1). Then the zero so-
lution of (4.2.1) is uniformly asymptotically stable if and only if there exist positive
constants M and B such that

D)D" (5)| < Me P9 1 >5>0. (4.2.3)
Proof. (<) Let ©(¢) be the fundamental matrix of (4.2.1). Then the unique solu-
tion x of (4.2.1) is given by x(¢) = D()DL(s)x(s). It is evident from (4.2.3) that
the zero solution is US. For all 7 > s > 0, we have that

()] = DO (5)x(s)] < |@@)D (5)]Ix0].
1

As aresult, we may set y = 1. Now we take T (u) = —ELn(%), 0 < < M. Then
for |xo| < 1 and ¢ > 19 + T (), we have

Ix() = @)D (t)xo| < Me P70 = M PTIW < .

(=) Since the zero solution is UAS, there exists y > 0 such that for each u > 0, there
exists T =T (u) > O such that |x(f)| < y, t >t + T, implies |x (¢, tp, x0)| < u. Let
o= % Then |xg| <y and t > tg + T (u) yield

1D () D~ (t0)x0] < . (4.2.4)
Therefore
|G+ TP ') <a<1, t>0. (4.2.5)
For t > ¢y, there is a positive integer k such that
to+kT(w) <t <to+ k+ 1T ().
Now lett, =to+ (k+ 1)T (), n=1,2, ..., k. Then by (4.2.4) and (4.2.5)

1)@ ()| = | @)D (1) P (1) P (tr—1) ... PP (10) |

k—1
<@ @) [ @U@ ()
n=0

§Mozk.
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Let 8 = —#}/)Ln(a) > 0. Then

M
1D ()P (19)| < —a* !
o

= Ke—(k-‘rl)ﬁT(y)

o
<M b
T«
= Le AU,
This completes the proof. O
Example 4.5. The nonlinear system
0 1\ /4
x'(@t) = (__2 Z) (x;)’ t>0,
2 t

has the fundamental matrix

2
t t
() = , t>0.
® <2t 1) ~

By Theorem 4.2.1, its zero solution is unstable, since there is no constant M such that
[P <M.

Example 4.6. The system

X't = (_02 _12> (2) ,t>0,

has the fundamental matrix

() — o' ( cos(t) sin(¢) )
(r)=e . . , >0
—(cos(t) +sin(t)) cos(t) — sin(z)

After some calculations, we can verify that for some positive constant K,
1eN@~ ()l < Ke "™, 125 >0,

and by Theorem 4.2.3 the zero solution is UAS.

4.3 Floquet theory

This section is concerned with homogeneous systems of the form

x'(1) = A)x(1), 4.3.1)
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where the matrix A(¢) is periodic with period 7' (constant), that is,
A(t+T)=A(t) forall r e R.

For the rest of this section, we assume that A(¢) is a periodic matrix with period T .
Our aim is to find an expression for the fundamental matrix in this case. Unlike the
case of a constant coefficient matrix, the fundamental matrix cannot be expressed as
D)= (¢1,-..,¢n) wherethe ¢;, i = 1,2, ..., n, satisfy

¢i (1) = ki,

and (A;, K;),i =1,2,...n, is eigenpairs for the constant matrix A. To reinforce this
notion, we offer the following example.

Example 4.7. Consider the nonlinear system

X () = (Si‘z)(” (2)) (2) 1eR.

Then the corresponding A(¢) matrix is periodic with period T = 27. Moreover, A(?)

has the eigenpairs
. 1 0
(sin(0). (O) ). . (1> )

Without thinking and not paying attention to the fact that A is not a constant matrix,
using the obtained eigenpairs, we form the fundamental matrix

esin(t) 0
O(t) = ( 0 e2’) .

sin(z)
It is clear that the first column ¢ (¢) = (e 0 ) is not a vector solution of the system

sin(¢) 0\ [esin® _ Sin(t)eSin(’) ,

A1 (1) # ¢ (1).

Hence we cannot use the eigenpairs to obtain the fundamental matrix for the periodic
differential system.

since

In other words,

Example 4.7 is a living proof of the need to develop a new approach to find the
fundamental matrix of systems in the form (4.3.1). To motivate the subject, we con-
sider the scalar differential equation

x'(1) =a()x(@), (4.3.2)
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where a : R — R is continuous and periodic with minimal period 7. Then every
solution ¢ (¢) of (4.3.2) has the form

b(1) = celoaw)ds, (4.3.3)

Set the constant ¢ = 1, and for a constant A, we observe that
t+T
f a(s)ds = AT, aconstant,
t

for all r € R, since a(t + T) = a(t). Using (4.3.3) with ¢ = 1, we have
Gl +T)=eh’ O — ojads [T awds — gy (43.4)

The number X in (4.3.4) has a profound effect on the behavior of the solution ¢. At a
glance, if ¢ is periodic with period T, that is, ¢ (r + T) = ¢ (¢), then (4.3.4) implies
that

A.tzl'

This holds if and only if A = % The number A is called a characteristic exponent
for (4.3.2), and e* is called the corresponding characteristic multiplier. More infor-
mation about the form of the solutions can be revealed by letting the new function

p(t) =¢ne™.
Then the function p is periodic with period T since
pU+T)=¢+De D =g e =g n)e™ = p(0).
Thus any solution of (4.3.2) can be written in the form

o (1) = p(t)e™. (4.3.5)

Eq. (4.3.5) is very significant in the sense that it allows us to study the behavior of all
solutions on —oo < t < 4+00. As noted above, ¢ is periodic with period 7 if and only
if A = 2”% Similarly, ¢ (f) — 0 as t — oo and becomes unbounded as t — —oo if
and only if Re A < 0.

Now we go back to the periodic system (4.3.1).

Theorem 4.3.1. Let A(t +T) = A(t) for all t € R. If ®(t) is a fundamental matrix
of (4.3.1), then so is ®(t + T), and there exists a nonsingular constant matrix B such
that

(@) ®(+T) = P()B forall €R;
(b) det(B) = o r(A®)ds,
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Proof. (a) Set Z(t) = ®(t + T). Then
7= t+T)=AC+T)Pt+T)=AO)PC+T)=Z1)Pt +T).

Moreover, det(Z(r)) = det(® (¢ + T)) # 0, since ®(¢) is a fundamental matrix. This
proves that ®(z + T') is also a fundamental matrix. The second part of (a) follows
from Theorem 3.2.5. This completes the proof of (a). For the proof of (b), we let
W (t) = det(®(¢)). From Theorem 3.2.3 we have that

W) = Wrgyeho 40,
and hence

t+T
W+ T) = Wgelo “A0)

— W(to)e(ft; tr(A(s))ds+ftr+T tr(A(;))dS)

— W(gyelo w(A®)ds [T w(Aw)ds

— Wpels u(4®)ds. (4.3.6)
In addition,

Ot +T)=d()B
or
det(®(t + 7)) = det(D(r))det(B).
Thus
W(t 4+ T) = W(t)det(B). 4.3.7)

A comparison of (4.3.6) and (4.3.7) gives

det(B) = oo w(A®)ds
O

Remark 4.1. Note that since the matrix B is constant, we can uniquely determine it
by evaluating both sides of (a) att =0:

B =o' (0)®(T).
We have the following definition of Floquet multipliers.

Definition 4.3.1. Let ®(7) be the fundamental matrix for the Floquet system (4.3.1).
Then the eigenvalues p1, p2, ..., pp of
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B:= o 1 0)®(T)

are called the Floguet multipliers of the Floquet system (4.3.1).
The Floquet exponents are 1, (L2, .. ., \, satisfying

pr=e"T py =T . p,=etnT (4.3.8)

Note that ;, j =1, 2,...,n, may be complex.
Remark 4.2. (i) If ®(0) = I, then from item (b) of Theorem 4.3.1 it follows that

det(B) = l_[ pj = oJo w(A)ds.

j=1

(ii) Since the trace is the sum of the eigenvalues, we also have

tr(B) =) _pj.
j=1

(iii) The exponential exponents are not unique since if p; = e*/T, then p; =
i+ T

(iv) The Floquet multipliers p; are intrinsic parameters of system (4.3.1) and do not
depend on the choice of the fundamental matrix ®(¢).

Proof (of (iv)). Suppose W(t) is another fundamental matrix. Then by Theo-
rem 4.3.1, there is a nonsingular matrix B such that

V(e +T)=V()B.
Now by Theorem 3.2.5
V() =d(1)C,
where C is a nonsingular matrix. Thus
Vit+T)=o@+T)C
or
Y()B=(P(r)B)C.
This gives
P()CB=P()BC, or CB=BC.
As a consequence,
CBC™'=B,

so the eigenvalues of B and C are the same. O
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Theorem 4.3.2. Let p be the Floguet multiplier of (4.3.1) with the corresponding
Floquet exponent . Then there exists a solution x(t) of (4.3.1) such that

@) x(t +T)=px(t);
(b) There exists a continuously differentiable periodic n x 1 vector function p with
period T such that x(t) = e p(1).

Proof. Let p be an eigenvalue of the matrix B with corresponding eigenvector b. Let
@ () be a fundamental matrix of the Floquet system (4.3.1) such that x(¢) = ®(¢)b.
Then

x@+T)=d@+T)b
— ®d(t)Bb
=p®()b
= px(t).
This proves (a). As for (b), we take p(t) = x(t)e *'. Then
p(t +T)=x(t + T)e H+D

— px(t)efﬂ(t+T)

=pe T x(t)e ™

=x(t)e M

= p(),

where we have used p = e’ This shows that p(t) is periodic with period T. As
a result, we have that x(r) = e p(¢). This completes the proof of (b) and the theo-
rem. Il

Remark 4.3. Suppose a Floquet multiplier p is complex. Since p is an eigenvalue of
the matrix B, then so is its conjugate p. Then we have two solutions, x and x. Let
the Floquet exponent i = ¢ + in, and consider the periodic complex vector p(t) =
q(t) +ir(¢). We may write the corresponding two solutions as

x(t) =M p(t) and x(r) =™ p(2).
Explicitly, we have
x(1) =S g () +ir (1))
=¢t! [(q (t) cos(nt) — r(1)sin(nt)) + i (r(1) cos(nr) + q(t) sin(nt))]
and
2(1) =M (q(0) — ir (1))
= e[ (g(0) cos(nn) — r(®)sinGrn)) = i (r(0) cos(r) + g (1) sin(nn) |
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As a consequence, we may write the linearly independent real solutions

xg =Re[e" p(1)] = et [q (1) cos(nt) — (1) sin(nt)], (4.3.9)

x =Im[e p()] = et [q (1) sin(nt) + (1) Cos(nt)]. (4.3.10)

Lemma 4.1. (Logarithmic matrix) If B is an n X n matrix, then there exists an n x n

(complex) matrix C such that B = eC.

Proof. Letdj, j=1,2,...,m, withm < n denote the eigenvalues of B. We already

know that
—1
el P =plelp.

Therefore we may assume that P is in Jordan canonical form, that is,
P =diag(J\, )2, ..., Jn)
with
Jj=MAj+Nj, L; #0,
where J; and N; are defined in Theorem 3.2.12. Suppose that
B=diag(B1, Ba, ..., By),

where

Bj = Ao L ji=1,2,...m.
1
Aj

Letl; xI; be the size of Bj = A;I; + N, where N =0 (zero matrix) for all k > m.
Thus ;" , Ix = n, and so we have constructed a matrix B of size n x n. Thus if we

can prove that for every B, there exists a matrix C; such that B; = e/, then B = €.
Define

Cj = (Ln(Aj)Ij + Lj,
where

m k
(=Nj) N;
Lj=-)Y ——=Lny; + ).

Pl Aj
Recall that at x =0,

o (—x)F
Ln(1+x)=Z p . lxl <1,
k=1
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which implies that
1
l+x=e""0) =14 x—x22423/3+.. )+ 5 —x2)2
1
+x3/3+...)2+§(x — X224+ 38+0)0

Since N'i =0 (zero matrix) for all k > m, we must have
N.
L; J
e = 1 _
or
B] — eLn()‘_[)Ij+Lj ,
where we have loosely used the fact that B; = e"(Bj) This completes the proof. [

Now we are ready to state and prove the Floquet theorem.
Theorem 4.3.3. (Floquet theorem) Every fundamental matrix of (4.3.1) has the form
O (1) = P(1)e",
where P (t) is a T-periodic matrix, and C is a constant n X n matrix.
Proof. Let ®(¢) be a fundamental matrix of (4.3.1). Then
@ OPE+T) =@ )t +T)+d ()Pt +T)
=—0 ' DAOPE+T)+ > LA +T)
=0.
Thus
o! (#)®(t + T) = B (constant matrix),
or
Pt +T)=2()B.

Since ®~!(r) and ®(t + T) are nonsingular, B is also nonsingular. Thus by
Lemma 4.1 B = ¢ for some constant matrix C. Left to show that P(t) is periodic
with period T'. We define P (1) = ®(t)e~C’. Then

P(t+T)=®(t+T)e CFT)
_ q)(t)eCTe—C(t+T)

=d(t)e ¢!
= P(1).

This completes the proof. O
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Example 4.8. Let us find the Floquet multipliers and exponents of

X (1) = -l b 1
T\ 0 Tcos) — 5O J \x2)

We notice that the corresponding coefficient matrix is periodic with period 2. We
easily solve

Xy = (1 +cos(t) — %)xz

using separation of variables and obtain
x2 = 2" T (2 4 cos(t)).

Substituting x; into x; = —x1 4 x2 and then using the variation of parameters for-
mula, we obtain

X = CzeH»sm(t) + Cleil.

Setting ¢1 = ¢ = 1, we obtain the fundamental matrix

o) ot Fsin(®) e’
1= ; .
e L cos(r)) 0

From Definition 4.3.1, we have

4 4 0 % 6271 e—271 eZn 0
B=d7(0)®(T)=d (0)®2n) = = .
1 =1/ 3™ 0 0 e 27

Then the eigenvalues of B, p; = ¢>™ and py = ¢~ >

Floquet exponents p1 = 2m and up = —2m.

T are the Floquet multipliers with

Example 4.9. Find the Floquet multiplier and exponent of
x'(t) = (2 — cos(1))x(1).
Using separation of variables, we find the solution
x(1) = K e —sin®

for some constant K. Set K = 1. Then the Floquet multiplier is p = x~!(0)x(27) =
1¢*", and the Floquet exponent is = 4.

One of the main purposes of Floquet theory is to study the stability of the zero
solution of (4.3.1). It is evident from Theorem 4.3.2 that the behavior of a solution
depends on the Floquet exponent . In fact, from Theorem 4.3.2 we have that

x(t)=e"p(),
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where p(t) is a periodic n x 1 vector. Let x; be the jth component of the vector
solution. Then from Theorem 4.3.2 we have that

xj(t) = pjx;(t)
and

xj(t~|—NT)=,o;-ij(t)—>O as N — oo.

Now we can easily see that each Floquet multiplier falls into one of the following
categories:

(a) If |p] < 1, then Re(u) < 0 and so x(¢) — O as t — o0;
(b) If p = %1, then Re(u) = 0, and so the solution is periodic with period T';
(c) If |p| > 1, then Re(w) > 0, and so x(f) — oo as t — o0.

We have the following general theorem concerning the stability of the zero solution
of (4.3.1).

Theorem 4.3.4. The zero solution of (4.3.1) is

(i) stable if and only if the Floquet multipliers p satisfy |p| < 1 and there is a com-
plete set of eigenvectors for any multiplier of modulus 1;
(ii) asymptotically stable if and only if |p| < 1 for every p.

Proof. Let ®(r) be the fundamental matrix of (4.3.1). Then by the Floquet the-
orem, we have that ®(7) = P(¢)e¢’. Then the solutions of (4.3.1) are given by
x(t) = P(1)e“" xp, where xq € R”. We make two claims:

(1) the stability of the zero solution of (4.3.1) is the same as for
y'(t) =Cy(@), 4.3.11)

which has solutions of the form y () = e“" x. To see this, let M be a positive constant.
Since P(t) is continuous and periodic, we have that || P(¢)|| < M for all t € R. Thus
Ix(t)] = |P(t)e xo| < M||e“ xo|| = M|y(t)|, and this completes the proof of the
first claim.

(2) y(t) = P~ (1)x(r) is a solution of y'(r) = Cy(r). To see this, let y(r) =
P~1(t)x(t). Then

y(1) =P D)@ (1)xo
=P ' )P1)e xy
= ¢ x,,
which is a solution of y'(#) = Cy(¢). This completes the proof of the second claim.

Next, we address the proof of stability.
If |p| < 1 for all Floquet multipliers, then Re(x) < O for all Floquet exponents,
and the zero solution is AS for (4.3.11) and hence for (4.3.1).
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Now we assume that |p| < 1 for all p and there are no generalized eigenvec-
tors (see (3.2.26)) of e¢T corresponding to Floquet multipliers with |p| = 1. Then
Re(w) <0 for all eigenvalues of C, and there are no generalized eigenvectors of C
corresponding to eigenvalues with Re() = 0. As a consequence, we have that ¢’ |
is uniformly bounded. Thus the zero solution is stable for (4.3.11) and hence for
4.3.1).

If p > 1 for some p or if there is a generalized eigenvector of ¢¢7 with p = 1, then
either C has an eigenvalue with Re(ut) > 1 or C has a generalized eigenvector with
Re() = 0. In both cases, |y(¢)| — oo as t — oo. This implies that the zero solution
of (4.3.11) is unstable. On the other hand, since P (¢) is continuous and periodic, we
have that P~1(¢) is also continuous and periodic. Thus

y(NT)= P " (NT)x(NT)xo
for a positive integer N. Therefore
co= lim |y(NT)| <||[P"(NT)|| lim |x(NT)],
and the zero solution is also unstable for (4.3.1). This completes the proof. O

We provide the following example.
Example 4.10. Consider the periodic system with period &
Y= —1+ §sin®(t)  —1— Scos(t)sin(t) (x]) ’
1 — 1 cos(r)sin(r) —1+ 4 cos?(r) X2

By inspection we found the fundamental matrix to be

)2 —t
d)(t):( e sin(t) e cos(t))'

e !2cos(t) e 'sin(r)
We encourage the reader to verify that

(1) = A() D).

Then
B:= o 10)®(T) =D (0)® ()
0 1 0 —e™ " -2 0
L 0f\ g2 0 B 0 —e )’
and thus the eigenvalues of B are given by p; = —e /% and p = —e™™ with

lpil <1,i=1,2. By Theorem 4.3.4 the origin (0, 0) is asymptotically stable.

Copyright Elsevier 2022



122 CHAPTER 4 Stability of linear systems

4.3.1 Mathieu’s equation

We begin by considering the 2 x 2 real entries and constant matrix

D= (Z Z) :
Let L(X) =det(D — AI). Then L(A) can be easily computed to be
L) == (@+d)*+ad —bc= x> —tr(D)A + det(D). (4.3.12)
On the other hand, if A1 and A, are the eigenvalues of D, not necessarily distinct, then
L) =0 —ADA—A2) =22 — (1 + A)A + A1 Ao (4.3.13)
A quick comparison of (4.3.12) with (4.3.13) gives
tr(D) =11 + Az (4.3.14)
and

det(D) = AiAa. (4.3.15)

Next, we consider Mathieu’s equation
x"(1) + (a + Beos(t))x(t) =0 (4.3.16)

with parameters o and 8. Eq. (4.3.16) was discovered by Emile Léonard Mathieu,
who encountered it while studying vibrating elliptical drumheads. It has applications
in many fields of the physical sciences, such as optics, quantum mechanics, and gen-
eral relativity. The equation tends to occur in problems involving periodic motion or
in the analysis of partial differential equations and boundary value problems possess-
ing elliptic symmetry. Using the transformation x; = x, xp = x’, we write (4.3.16) in

the system form
Fon 0 1\ (x1
¥ (0= (—a — Bcos(t) O) (xg) '

It is clear that the system is a Floquet system with a period of 2;r. Let ®(¢) be a fun-
damental matrix. Then the Floquet multipliers p; and p; are the eigenvalues of the
matrix

B=o"(0)®(T).

Since tr(A) = 0, where

0 1
AlD) = (—a — Bcos(t) 0> ’
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by Theorem 4.3.1, we have that

n
det(B) — 1_[ pj= ebe tr(A(S))ds =0 =1.
j=1

Thus by (4.3.15),

pip2=1.

As consequence of (4.3.12)—(4.3.15), the eigenvalues or Floquet multipliers must sat-
isfy the quadratic equation p% — (p; + p2)p + 1 = 0. Letting ¢ := ¢ (o, B) = p1 + 02,
we arrive at the characteristic equation

p? —dp +1=0. (4.3.17)

Eq. (4.3.17) has the roots

1
P12 = §(¢i\/¢2 —4).

Despite the fact that we cannot solve for ¢, we can still deduce some information
about the solutions by considering particular values for ¢. Below we consider several
cases that depend on assigned values of ¢.

1. Case 1: ¢ > 2.
Since p12 = %(qb + /g2 —4), we have p; > 1, and since p;p2 = 1, we have
p1>1>p02>0.As pp = %, we conclude that up, = —p . Thus according to

Theorem 4.3.2, the solution must be of the form
x(t) =ci1e™V pi(1) + coe M pa(2),

where p1(t) and p,(t) are both periodic with period 2. Moreover, the zero solu-
tion is unstable, and solutions are unbounded.
2. Case2: ¢ =2.

Then p; = pp = 1. In this case, Theorem 4.3.2 guarantees one solution of the
form e* p(t). On the other hand, if B has two corresponding linearly inde-
pendent eigenvectors, then we can find two linearly independent 2 -periodic
functions pi(¢) and p(¢), so that the general solution has the form x(¢) =
c1p1(t) + capa(t), since p = 1 implies u = 0. Now if B has only one eigen-
vector, then we end up with a solution of the form p; () and another of the form
tp1(t) 4+ pa(t). This is due to the fact that the Jordan canonical form of the matrix

B is (3 i), and the solution takes the form

|

! M At A At
<I>(t)=P(t)e<O K) = P(t) (60 te )=<p1(t)> (e te )

oM P2 (t) 0 oM
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In conclusion, we have a solution of the form

x(t) = (c1 +c2t) p1(t) + cap2(2),

which is unbounded, and, moreover, the zero solution is unstable.

3. Case 3: ¢ = 2.
Then p; = p = —1. This is similar to Case 3. We know that p = e*T = —1,
which implies that u = iT”, since

The solution is given by

x(t) = (c1 + ) pr (e T +capat)e T,

which is a combination of a periodic solution with period 47 and a nonperiodic
solution. Again, solutions are unbounded, and the zero solution is unstable.

4, Cased: —2<¢p <?2.
Without loss of generality, we may define n by ¢ =2cos(nT), where 0 < nT < m,

so that
1
p=3(0+\0?-4)

=cos(nT) xi sin(nT)
— e:l:inT'

Since ¢ =0, Egs. (4.3.9) and (4.3.10) reduce to
xg =Re[e™ p(1)] = q (1) cos(nr) — r(1) sin(yt),
xp =Im[e' p(1)] = q (1) sin(yt) + r (1) cos (o),

where p(t) = q(¢t) + i r(¢) is periodic with period 2. With this in mind, the
solution takes the form

x(t) = ¢ (q(t) cos(nt) — r (1) sin(nt)) te (q (t) sin(nt) + r (1) cos(nt)).

We easily see that the zero solution is stable and solutions are bounded, but it
is not periodic in general as there are two frequencies 27 and 7. In such a case,
the solution is said to be pseudoperiodic. Next, we examine the period of 1. Now
¢! has the period T := 27” Since 0 < 2cos(nT) < =, or, ¢ # £2, we must have

L 2nT . L 2T | - L
nT # jm, j=1,2,...,0r 7 # jm, which implies that — # T. This gives
J

_ 2
T#2T.T.5T. ...
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Note that in order that T = nT, we must have

_271
n_nT

forn #1, 2.

4.3.2 Applications to Mathieu’s equation
4.3.2.1 Inverted pendulum

An application of Mathieu’s equation is the inverted pendulum depicted in Fig. 4.3.
We assume that the pendulum is frictionless and has a massless rod of length /. If
Fpivot 1s the force acting on the pivot, Ty is the net force to external torque, and / is
the moment of inertia, then by Newton’s second law, we have

d2
Fpivotzma Zmd_l‘g’ (4.3.18)
d*e d?e
Tt =13 =mi*—. (4.3.19)

If F is the force acting on the particle and 7 is the torque, then

T =rFsin(d),
where r is the distance from the axis of rotation to the particle. So the gravitational
torque is
Toray = I Fgray Sin(0) = mgl sin(0).
A
l
0
w

FIGURE 4.3

Inverted pendulum plotted in xy-coordinates.
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Since the harmonic motion of the pendulum can be expressed as y(¢) = A cos(wt),
Eq. (4.3.18) becomes

Fpivot = ma = maw?* A cos(wt).

Now the torque exerted by the pivot, Tyivot is given by
Tpivot = 7 Fyivot $in(0) = —mlw* A cos(wt) sin(6).

Thus the total torque Thet = Tgrav + Tpivot- AS a result, expression (4.3.19) yields the
expression
,d*0 . 5 ,
ml el =mgl sin(6) — mlw*~ A cos(wt) sin(0)
or
d?e g *A .
2t (7 - cos(t)) sin(9),

setting sin(f) ~ 6 for small oscillations, the above expression reduces to

0" + (a + Bcos(t)) =0

. g w?A .
with o = T B= - and period T = 2.

4.4 Exercises

Exercise 4.1. Discuss the flow of solutions around the equilibrium solutions as we
did in Fig. 4.1 for the following systems:

(a)
x'(1) =1 —xP)xe*, x(0)=x9#0;
(b)
X' (1) =x> + x> +6x, x(0)=xy#0.
Exercise 4.2. Discuss the stability as we did in Example 4.2 for the following IVPs:
(a)
(2 +9x' (1) +tx =0, x(0)=xo #0;
(b)

A+x' () =—x, x(tg) =x9, t >1ty> —1.
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Exercise 4.3. Show that the zero solution of
X0 =—x7, x(t9) =x0 #0,

is UAS.
Exercise 4.4. The solution of

X@®)=a®)x@), x(to) =x0#0, t >15>0, (4.4.1)
is given by

x(t) = er-/I/Z) a(s)ds,

where a(t) is continuous for ¢ > 0. Show that the zero solution of (4.4.1) is

(a) stable if and only if there exists a positive constant M such that

t
ef’o “aOds _pprso;

’ —_ Y%

(b) asymptotically stable if and only if
'
/ a(s)ds — —oo as t — o0,
0

(c) uniformly stable if and only if there exists a positive constant M such that
5]
f a(s)ds <M forall0 <t <t < o0;
n
(d) uniformly asymptotically stable if and only if there exist positive constants M
t

and o such that/ a(s)ds < —a(t —ty) + M.

0]

Exercise 4.5. Find the fundamental matrix and study the stability of the zero solution
of the given system for t > 0:

(a)
0 1
YO ( ) <x1>’
_Zt% _% X2
0 1
X (1) = <_§ _m) (2)
12 t

Exercise 4.6. Find the Floquet multipliers and exponents of

cos(t)+sin(t)
x'(t) = [ ZFsin—cos®) 0 <x1> .
1 1 X2

(b)
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Exercise 4.7. Find the Floquet multipliers and exponents of

)
Y= (tee 0 ().
1 —1) \x

Exercise 4.8. Find the Floquet multipliers and exponents of

(a)

x'(t) = cos(3t)x(1);
(b)
X () = (sin(3t) + Cos(3t))x(t);
(c)
X (1) = (—1 + cos(2t)>x(t).

Exercise 4.9. Prove that B; = e"(B)) in the proof of Lemma 4. 1.

Exercise 4.10. Carry out a similar discussion as in Section 4.3.1 for the second-order

Hill equation
X"t +a®)x() =0,
where the function a is continuous and periodic with period 7.

Exercise 4.11. Find the logarithm of the rotation matrix

A cos(t) —sin(z)
“\sin@z)  cos() |

Exercise 4.12. Show that all solutions of (4.2.1) are bounded if and only if its zero

solution is stable.
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CHAPTER

Qualitative analysis of
linear systems

This chapter is exclusively devoted to the study of the stability of linear systems,
near-linear systems, perturbed systems, and autonomous systems in the plane.

5.1 Preliminary theorems

In Section 4.2 of Chapter 4, we discussed the stability, uniform stability, asymptotic
stability, and uniform asymptotic stability of the zero solution of the non-autonomous
linear system

x'=A(t)x

by imposing conditions on its fundamental and principal matrices. In this section, we
give explicit criteria that satisfy the conditions that were imposed only for the linear
system with constant coefficients

x' = Ax, (5.1.1)

where A is an n x n matrix with constant entries. We begin with the following lemma.
Lemma 5.1. Let
rity=1t"e ", >0,

where m is a non-negative integer, and o is a positive constant. Then there exists
a positive constant D depending on m and o such that r(t) < D.

Proof. If m =0 then r(¢) < 1:= D. On the other hand, if m > 0, then by repeated

application of L’Hopital’s rule we have tlim t"e~* = 0. Moreover, since r(0) =0,
—00

r(t) is continuous, and r(t) > 0, we have that r(t) < D for some positive constant D.
This completes the proof. O

Definition 5.1.1. Let A be a square matrix. We define the spectrum of A as
o(A)={\:det(A —ArI) =0}
Thus the inequality
Re(a (A)) <
for some real number ¢ means that all the eigenvalues of A have real parts less than ¢.

Advanced Differential Equations. https://doi.org/10.1016/B978-0-32-399280-0.00011-5 1 29
Copyright © 2023 Elsevier Inc. All rights reserved.

Copyright Elsevier 2022



130 CHAPTER 5 Qualitative analysis of linear systems

The next theorem is concerned with eigenvalues of multiplicity m.

Theorem 5.1.1. Let ) be an eigenvalue of a matrix A with Re(U(A)) < ¢. Then for
any integer m > 0, there exists a positive constant D such that

e < Deb! forall t > 0.

Proof. Let L = o + i with o, 8 € R. If 8 =0, that is, A is real, then since
Re(o(A)) < ¢, we have that o — ¢ < 0. So by Lemma 5.1

M@= < D forall 1> 0.
Multiplying this inequality by e%?, we obtain
"M ="e™ < Deb' forall 1> 0.
Now if B # 0, that is, A is complex, then
[t | = |1 @B = M < DEbt forall 1> 0,
since o = Re(a (A)) < ¢. This completes the proof. O

Theorem 5.1.2. Let ) be an eigenvalue of a matrix A with Re(U(A)) < ¢. Then for
some positive constant D, any solution x of (5.1.1) satisfies

|x(2)| < De*" forall t > 0.

Proof. Let A1, A2, ..., A be eigenvalues of A. We can form a set of fundamental
solution, x1, x2, ..., x, and find an integer N > 0 such that each solution is of the
form x; = MmNt N =1,2,...,k, for integer m. Then by Theorem 5.1.1, we have

that |x;(¢)| < VjeU for positive constants V;. If x is an arbitrary solution of (5.1.1),
then it can be written in the form

x(t) =c1x1(t) +coxa(t) + ...+ cpx,(2).
Then fort > 0,

lx ()] < letllxi O]+ leallxa @)+ ...+ lenl|x, (1]
<|c1|Vies! + |ca|Vaet! + ...+ |cp| Voed!

= (le1lVi + lealVa ..+ lenl Vi ).
This completes the proof. O

The next theorem plays an important role in the study of stability, and its proof
depends on the Putzer algorithm, Theorem 3.2.14.
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Theorem 5.1.3. Let A;, i =1,2,...,k, be the distinct eigenvalues of A, where X;
has multiplicity n;, and ny +no + ... + np =n. If Re(o(A)) < ¢, then there is a
positive constant D such that

A < Déb! forall t > 0.

Proof. From Theorem 3.2.14 we know that

n—1
M= "uinP;, (5.1.2)
j=0
where w1 (t), ua(t), ..., u,(t) satisfy the corresponding initial value problems

wy=2rpr, pi0)=1; ply=rjpuj+pj-1(), nj(0)=0, j=2,3,....n,
and the matrices Py, Py, ..., P, are given by
J
Py=1, szl_[(A—,\jl), i=1,2,...,n.
k=1

Then we may easily verify that

t
pit) = e, uj+1(t)=ekf'+"/0 e Mt i (s)ds

for j=1,2,...,n — 1. Without loss of generality, we may choose the order in {2 ;}
so that the real parts do not decrease, that is, if A; = p; +ioj, then p; < p; 1. We
claim that
i1
()] < — efi' fort >0, j=1,2,...,n. (5.1.3)
G-

Obviously, (5.1.3) holds for j =1, since wu1(¢) = e’ Thus let it hold for Jj. Now
from the above integral defining 141 (t) we have

1 gi—1
Witl (t) = ePi+1t / e—ﬂj+ls.—epj5dsl
! 0 (=D
Since e(Pi—Pi+1)S < | the above integral reduces to
, 1 o 2.
pj+1(t) = e"f“’%f s/ ds = —ePitl!,
! (—=DtJo J!
By our setup, we have p" is the largest of the real parts, and hence

tho
mjr1(t) < Fe"” .
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For any exponent j and any p* > 0, we have
1/ < het!
for all # > 0 and some positive constant /. Thus
[jp1(1) < he® Pt >0, (5.1.4)

Now substitute (5.1.3) into (5.1.2) and then take the matrix norm to get

n—1 n—1
e 1 <D I @IIP < [h Y 11Pj|[]e" == De*". (5.15)
j=0 j=0
This completes the proof. O

As a direct consequence of Theorem 5.1.3, we have the following lemma.

Lemma 5.2. Suppose all the eigenvalues of A have negative real parts. Then there
are positive constants h, K, and p such that

wjs1(t) <he P and ||e*’|| < Ke ™, 1 > 0. (5.1.6)

Theorem 5.1.4. (i) Assume that every eigenvalue of the matrix A has a nonpos-
itive real part and that the eigenvalues with zero real parts are simple. Then
there is a positive constant D such that

lle*|| < D, 1> 0.

Moreover, if x is a solution of (5.1.1), then it is bounded, and the zero solution
is stable.

(ii) If Re(o(A)) < 0, then the zero solution is AS.

(iii) If there is an eigenvalue of A with positive real part, then the zero solution is
unstable.

Proof. If A =ip is a simple pure imaginary, then it contributes a bounded function
of the form ¢#’ to a fundamental set of solutions. Thus we get a fundamental set of
solutions with all elements bounded on [0, c0). Since e is formed from such a set,
an argument similar to the proof of Theorem 5.1.3 shows that

llell <D
for some positive constant D. Now if x is a solution of (5.1.1) with x(f9) = xo, then

x(t) = A1)

xq for t > 1.
Let ¢ > 0 and set § = ¢/D. Then for |xg| < &, we have

lx ()] = [|e*~|||xo| < DS =e.

Copyright Elsevier 2022



5.2 Near-constant systems 133

This proves that the solution is bounded, and the zero solution is stable. The proof of
(1) is complete.

As for (ii), the zero solution is stable by (i) since Re(c(A)) < 0. Thus we may
choose a real number ¢ < 0 such Re(0(A)) < ¢. By Theorem 5.1.3 there is a positive
constant D such that ||e4|| < De! for all + > 0. Hence, for any initial condition
x(0) = xg, the solution x of (5.1.1) satisfies

Ix(2,0, x0)| = |e*" x| < D|xole’’ — Oast — oco.
This completes the proof of (ii). ]

Remark 5.1. Consider two matrices

00 0 1
A=<0 0) andB:(O O)'

It is clear that each matrix has an eigenvalue O with multiplicity 2 (not simple). The
zero solution of the corresponding system x’ = Ax is stable, whereas the zero solution
of x" = Bx is unstable. Therefore careful examination of the stability is required when
dealing with eigenvalues with zero real parts of multiplicity higher than one.

Theorem 5.1.5. If all the eigenvalues of A are distinct with Re(o (A)) < —¢, where
¢ > 0, then the zero solution of (5.1.1) is UAS.

Proof. By Lemma 5.2, we have that
et < Ke ', 1 >0,
and hence
1A < Ke 807 1> 5> 0.
Now if x is a solution of (5.1.1) with x(s) = x¢, then

x(1) =20

xqo for t >,
and the results follow from Theorem 4.2.3, since
A=) = o) o (s).

This completes the proof. O

5.2 Near-constant systems

In this section, we examine when solutions of a linear non-autonomous system be-
have like solutions of an autonomous linear system near zero. We have already seen
that the stability of zero solution of the system

X' () =AM)x()
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does not depend on the sign of the eigenvalues of the matrix A(¢). For example, the
system

—143cos®(t)  1—3cos(r)sin(r)

x'(t) = x(t) (5.2.1)

—1- %cos(t) sin(t) -1+ % sin(¢)

has the eigenvalues
—1+iV/7
A= —
4
and the principal matrix
W) = ( e''cos(t) e! sin(t)) .

—e'/%sin(t) e cos(r)

This tells us that solutions are unbounded and the zero solution is unstable. Thus the
question that we wish to examine is that if, in some sense, the matrix A(¢) is close to
a constant matrix A, then how closely do solutions of the non-autonomous system

x'(t) = A(t)x (1) (5.2.2)
behave like solutions of the autonomous system
x'(t) = Ax(1)? (5.2.3)

We assume that both matrices are n x n and A(¢) has continuous entries on some
interval that includes the initial time 7.

Theorem 5.2.1. Assume that every eigenvalue of the matrix A has a nonpositive real
part and that the eigenvalues with zero real parts are simple. If

/OOIIA(t) —Alldt <E (5.2.4)
0

for some positive constant E, then solutions of (5.2.2) are bounded, and its zero
solution is uniformly stable.

Proof. By Theorem 5.1.4 there is a positive constant D such that
e < D.
Rewrite (5.2.2) as
x'(t) = Ax(t) + (A(t) — A)x(2) (5.2.5)
and set g(r) = (A(l) — A)x(t). If x is a solution of (5.2.2) with x(ty) = xo, then it

satisfies (5.2.5), and by the variation of parameters formula (3.3.6) we have that

t
x(1) = ey + / eI (A(s) — A)x(s)ds. (5.2.6)

fo
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Taking the appropriate norms of both sides of (5.2.6) and estimating give, for
1>1 >0,

t
lx ()] = 1A || xo] +/ e 1| A(s) — All |x(s)lds
1o
t

< DIxo| +/ DI|A(s) — All [x(s)|ds
0]

D||A(s)—Allds

< D|xo|ef’0 (by Gronwall’s inequality) 5.2.7)

< DlxolePE. (5.2.8)

It follows that solutions are bounded and the zero solution is uniformly stable by
choosing § = 57 for any & > 0 with |xo| <. O

Theorem 5.2.2. Assume that all the eigenvalues of the matrix A of system (5.2.3) are
distinct with negative real parts and there is a positive number (to be identified later
in the proof) 0 such that

[|A() — All <0 (5.2.9)
forall t >ty > 0. Then the zero solution of (5.2.2) is uniformly asymptotically stable.

Proof. Since Re(o(A)) < 0, we may choose a real number ¢ > 0 such Re(o(A)) <
—¢. By Lemma 5.2, there is a positive constant K such that ||e4!|| < Ke™¢! for all
t > 0. If x is a solution of (5.2.2) with x(#p) = xo, then it satisfies (5.2.5), and by the
variation of parameters formula (3.3.6), we have that

t
x(1) =0 + / A9 (A(s) — A)x(s)ds.

fo
Let

0<6< i (5.2.10)
K

Taking the appropriate norms of both sides gives, for t > 0,

t
lx ()] = []eA1 0| xo] +/ e 1| A(s) — All |x(s)lds
0]

t
5Ke*¢<’*’°>|x0|+/ Ke 509 0 |x(s)|ds

fo

or

t
Ix(2)|ef 1) §K|xo|+/ Ket$™0) 9 |x(s)|ds.

fo
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Let z(1) = ¢~ |x(¢)|. Then the above inequality reduces to

t
z(t) < K|xo| +k9/ z(s)ds.

Iy

An application of Gronwall’s inequality leads to
2(1) < kx|~ for all > 9 > 0,
and, consequently,
x(1)| < k|xgle®0=9U=0) for all > 19 > 0,

from which we arrive at the uniform stability and uniform asymptotic stability of the
zero solution by imitating the proof of Theorem 4.2.3. This completes the proof. [

Remark 5.2. There is no standard way for forming (5.2.5). It depends on what we
want from the eigenvalues of A and conditions (5.2.4) and (5.2.9).

Example 5.1. We show that the zero solution of the non-autonomous system

S
x'(t) = ; X (5.2.11)

—t
-2+ -3+ %%

1
16(141)2
is uniformly asymptotically stable. We write the system in the form

e”! te”!

x/(t):<02 13>x+[ T e _(02 13)}
_ .  _
= Ax + (A(1) — A)x.

Now the eigenvalues of A are —2 and —1. We easily verify that

e—(t=10) e—3t—rt0)
eAlI0) = t=10=0,
—e—t—t0)  _3,—(t—10)

and
A0 || o < 4e=C=0) 1 > 45 > 0.
Moreover,

1 1 1 1 1
A@)— A = -+ —,—+ —}=— forallt > >0,
[|A(2) [loo maX{3+6e, 16+16} g orallt >ty >

and condition (5.2.10) is satisfied with K =4, ¢ = 1, and 6 = 2. Thus by Theo-
rem 5.2.2 the zero solution of (5.2.11) is uniformly asymptotically stable.
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5.3 Perturbed linear systems

Suppose we know about the stability of the zero solution of the linear system
x'(t)=A@®x(@), t >0. (5.3.1)

The question is, what can we say about the stability of the zero solution of the per-
turbed linear system

x'(1) = A@)x(t) + B(t)x(1), t >0, (5.3.2)

where A and B are n x n continuous matrices on the interval [0, 00)? In other words,
under what conditions on B(¢) is the perturbed system (5.3.2) stable? It turns out that
if, in some sense, the norm of the matrix B is small, then a type of stability of (5.3.2)
can be deduced. Note that in (5.3.2), B(¢) is known as the perturbation term.

Theorem 5.3.1. Assume that the zero solution of (5.3.1) is uniformly sable and that

/OOHB(I)deSE (5.3.3)
0

for some positive constant E. Then the zero solution of (5.3.2) is uniformly stable.

Proof. Let ®(¢) be the fundamental matrix of (5.3.1). Due to the US of the zero
solution, for some positive constant K, we have

| (5)I| < K.

By the variation of parameters formula (3.3.4), we have that

t
x(t):CD(t)CD_l(to)xo—i—/ @ (1) (s)B(s)ds

4]

or
1 ' 1
Ix(@)] = [1P@)P™ (to)lllxol+/ D@D (I B |x(s)|ds
4]
t
=< leol+/ KI[B@s)|| 1x(s)|ds
0]
t o «
<K |x0|ef’0 KlIBE] ds (by Gronwall’s inequality)
< K|xo|eXE, (5.3.4)
which implies the uniform stability. This completes the proof. O

The next example shows that the integrability condition (5.3.3) for || B(¢)]| is nec-
essary.
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Example 5.2. Letting
x| =x2,
the second-order differential equation
x"+x=0

can be written in the matrix form

o= o) (%)
_ (x
X = X3 .

Thus its zero solution is uniformly stable. On the other hand, Theorem 5.3.1 says
nothing about the perturbed system

with

2
x”—;x’—i—x:O, t>0,

, 0 1 0 0
x(t):(_1 O>x+ 0 2 X.
t

00 2
Here B(t) = (0 ;) is the perturbed matrix in the sense that |B(¢)| = A — 0 as
t

t — 00. Moreover,
x o0 2
/ ||B(t)||dt=/ —dt =00
p ot

for any t* > 0, and hence B(¢) does not satisfy condition (5.3.3).
Note that the perturbed system has two linearly independent solutions

xr\ sin(t) — t cos(t) xr\ cos(t) + ¢ sin(z)

x) ¢ sin(¢) A\ t cos(t) ’
and consequently its solutions are unbounded, and as a result, its zero solution is
unstable.

which is equivalent to

Theorem 5.3.2. Assume that the zero solution of (5.3.1) is uniformly asymptotically
stable, that is, if ®(t) is the fundamental matrix of (5.3.1), then by (4.2.3) there are
positive constants K and & such that

oD ()| < Kt ™9, 1 >5>0.
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Suppose

/ IB(O|ldt <y(t—1to) + B, t =1=0, (5.3.5)
0

for positive constants y and B. Then the zero solution of (5.3.2) is uniformly asymp-
totically stable, provided that

v < s
I
Proof. Imitate the proof of Theorem 5.3.1 and get

t
lx(£)]e5 70 < K|xo| + / KeES™0) || B(s)]] |x(s)|ds.
o

Using Gronwall’s inequality along with condition (5.3.5), we arrive at
£
x(0)] < KeXPlxglef V=R, (5.3.6)

The rest of the proof follows along the lines of Theorem 5.2.2 using inequality (5.3.6).
This completes the proof. O

5.4 Autonomous systems in the plane

In most applications, the corresponding modeling systems can be written as two-
dimensional autonomous systems in the form

x'=Px,y), y =0(x,y), (5.4.1)

where P and Q are continuous on some subset of R”. Recall that the system is called
autonomous if P and Q do not depend explicitly on 7. System (5.4.1) can be written
in the form 7’ = f(z), where

x P(2)
- (y) nd /= (Q(z)> '
Thus the second-order differential equation
x" =g(x,x)
can be written in the form (5.4.1) as the system
=y, ¥ =g,y

We begin with the following lemma. We denote the solution of (5.4.1) by the pair
(x(), y(1)), t € (a, b).
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Lemma 5.3. Let (x(¢), y(t)) be a solution of (5.4.1). Then for any constant k, the
pair (x(t + k), y( + k)) is also a solution of (5.4.1).

Proof. Let x1 = x(t + k) and xo = y(¢ + k). Then by the chain rule we have
x;p=x'(t+k)=Px(t+k),yt +k) = P(x1,x2),
xy =y +k) =0 +k),y(+k) =01, x2),

which imply that the pair (x(¢), x2(¢)) is a solution of (5.4.1) fort € (a — k,b — k).
This completes the proof. O

The results of Lemma 5.3 do not hold for non-autonomous systems. To see this,
we consider the system

xX'=ty, y'=y.
It readily follows that
x(t)=@—1e', yt)=eé

is a solution of the system. However, for any nonzero constant k, we have x (¢ + k) =
(t+k—De ™ and x'(t + k) = (t + k)e' T £ 1y(0).

Definition 5.4.1. The solution (x(¢), y(t)) of (5.4.1) as ¢ varies describes parametri-
cally a curve in the plane, which we call a trajectory (or orbit).

Theorem 5.4.1. Different trajectories of (5.4.1) cannot intersect.

Proof. Let C1 and C, be two trajectories represented by (x1(¢), y1(¢)) and (x2(¢),
(1)), respectively, with a common point (xg, yo). Then there are two different times
(otherwise, uniqueness is violated), say #; and #», such that

(x0, y0) = (x1(21), y1(t1)) = (x2(22), y2(22)).

By Lemma 5.3
x()=x1(t+1 —1), yO)=y1(t+1t —1)

is a solution. Since (x(#2), y(#2)) = (x0, Yo), we have that x(¢) and y(¢) must agree re-
spectively with x; () and y,(¢) due to the uniqueness. Thus C| and C; must coincide.
This completes the proof. O

Remark 5.3. Be aware that a trajectory is a curve represented parametrically by one
or more solutions. Thus x(¢), y(¢) and x (¢ + k), y(¢t + k) for k # O represent distinct
solutions but the same trajectory.

Example 5.3. The damped harmonic motion represented by the second-order differ-
ential equation

u' +2u' +2u=0
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can be easily transformed into the planar autonomous system

X =Yy,

y =—2x —2y.
The eigenvalues of the system are found to be . = —1 % i. Hence the solution is

x=e " (c1cos(t) + casin(?)),
y=e"" (—=cysin(t) + cy cos(t)).
To describe the trajectories, we find that
x2+ y2 = (c% + c%)e_zt,
which describes a family of spirals.

We begin a detailed study of the linear plane autonomous system

X' = AX, (5.4.2)

where

is a nonsingular matrix, and

The characteristic equation for this system is

22— (@+dAr+ad—bc=0.

By introducing

p=a-+d,
g =ad — bc,
the characteristic equation becomes
22— pr4q=0.

Let A1 and A; be the roots of this equation,

1
— 2
A= 2 [p P 4q:|. (5.4.3)

141

Copyright Elsevier 2022



142

CHAPTER 5 Qualitative analysis of linear systems

It is obvious that the signs of A1 > and hence the stability of the zero solution depend
on the discriminant

A = p? —4q = (tr(A))? — 4det(A).

Based on Theorem 5.1.4, we can now state the following stability theorem of the
zero solution of (5.4.2).

Theorem 5.4.2. The zero solution of (5.4.2) is
a) asymptotically stable if any of the followings occurs:

i)
A>0,g>0,andp <0,
ii)
A=0, p<0,
iii)
A <0, p<0;
b) stable if
A <0, p=0;
c) unstable if any of the followings occurs:
i)
A>0,g>0,andp >0,
ii)
A=0, p>0,
iii)
A <0, p>0.

Remark 5.4. In the case where p = 0 and g = 0, further analysis is required to deter-
mine the stability of the zero solution.

Note that according to Theorem 5.4.2, the zero solution (0, 0) of the system in
Example 5.3 is asymptotically stable.

Next, we consider the behavior of the trajectories of system (5.4.2) for various
cases of the eigenvalues. In what follows, we use the matrix transformation

Y = BX, det(B) %0,

so that the essential behavior near the critical point (0, 0) remains unchanged.
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1. Real and distinct roots. If we let
_[c Ar—a
B= (c Ay — a) ’
then system (5.4.2) transforms into the system

x = Mx,

Yy =iy,

where, for simplicity, x and y are again used as the new coordinates. For some arbi-
trary constants c1 and c3, the solutions of the system are

x(t) =cret, y(t) = cpe’?. (5.4.4)
Eliminating the time ¢ in (5.4.4) gives
A
y=cx’, (5.4.5)

where c is an arbitrary constant. When A and X, have the same sign, then Eq. (5.4.5)
represent parabolic curves that are tangent to the origin as shown in Fig. 5.1(a). The
origin is called a proper node. We have the following three subcases.

1.(a) If both A1, A, are negative, then the origin is asymptotically stable. In this case,
we have a stable node.

1.(b) If A1, A, are positive, then the origin is unstable. In this case, we have an unsta-
ble node.

1.(c) If A1, X2 have opposite signs, then (5.4.5) represents hyperbolic curves as shown
in Fig. 5.1(b). The origin is unstable and is called a saddle point.

2. Real and equal roots. In this case, A = (a — d)2 + 4bc = 0, which implies that

(a+4d)

A=Ay = 5

=A.

2.(a) If b or c =0 and a = d, then system (5.4.2) reduces to

x' = Ax,

y =Ay.

As before, solving the system and eliminating ¢ lead to the trajectories that are lines

through the origin given by
2
y=—x.
C1

Thus, if A < 0, then the origin is asymptotically stable and is a proper node, as shown
in Fig. 5.1(c). If A > 0, then the origin is unstable.
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(b) This is a more complicated case. If we let

1
b
then system (5.4.2) transforms into the system

x' = Ax,

Y =x+Ay.
For some arbitrary constants ¢ and ¢, the solutions of the system are
x(t) = cre, y() = (c1t + cz)eM. (5.4.6)

The trajectories are shown in Fig. 5.1(d), and the origin is an improper node; it is
asymptotically stable when A < 0 and unstable when A > 0.

3. Complex roots. In this case, we let
M=a+if and Ly =a —if

and choose the matrix

so that system (5.4.2) transforms into

x' = ax — By,

y'=pBx+ay.
3. (a) For a = 0, this system becomes

X/ = _ﬂy’
Y = Bx,
with solutions
x(t) = cycos(Bt) 4+ co sin(Bt), y(t) = cysin(Bt) + ¢ cos(Bt)

for arbitrary constants ¢ and cp. It is easy to verify that the trajectories are circles
given by
x2 + y2 = c% + C%

and are shown in Fig. 5.1(e). In this case the origin is stable but not asymptotically
stable.
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3. (b) For o # 0, the above system has the solutions
x(t) = e (c1 cos(Bt) + casin(B1)), y(t) = e* (c1 sin(Bt) + c2 cos(Bt))
for arbitrary constants c; and c¢;. The trajectories are spirals given by
2y = (cf +c%)e2"”

and are shown in Fig. 5.1(f). In this case the origin is a focal point, which is asymp-
totically stable when o < 0 and unstable when « > 0.

The solutions of a planar system of linear differential equations can be classified
according to the trace and the determinant of the coefficient matrix. This diagram
schematically shows the different types of solutions.

Poincaré Diagram: Classification of Phase Portraits in the (detA, TrA)-plane

detA
0 A=0: detA=1}(TrA)?

| l

spiral sink spiral source

®

center

degenerate sink degenerate source

line of stable fixed points saddle line of unstable fixed points

sink source

TtA

5.5 Hamiltonian and gradient systems

Consider the pendulum with friction discussed in Example 3.5:

xl = X7,
8
xh= -7 sin(x1) — —x2

Define the energy function H : [ty, &) x R?> — [0, 00) by

I
H(x1,x0) = 363(0) + %(1 — cos(xl(t))).
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5.5 Hamiltonian and gradient systems

Then along the solutions of (3.2.7) we have that

iH()Cl, x2) =x2 X5 + g sin(xy) x}
dt L
b
= xz(—% sin(xp) — sz) + %sin(m)xz

_ b,
—__.xz.
m

If the friction b > 0, then %H (t) < 0, and the energy is dissipated. On the other
hand, if b = 0, then the energy is conserved, and theoretically, this solution lies on a
level curve

H(x1(t), x2(t)) = constant := ¢

of the function H (x|, xp) with variables x| and x;. Thus, in the case b > 0, this
solution will not stay on a level curve. Hence centers are possible for (3.2.5).

When the energy is conserved, we obtain an example of a Hamiltonian system. In
our situation the system

xX] =x2,
! (5.5.1)

xy = — £ sin(x)

can be written in the form

, oH

X1 = X» = _—,
i 2 0x2

g . oH
xh=—2sin(x]) = ——.
2 I (x1) ax|

Since the Hamiltonian function conserves the energy, it is constant along solutions.
The level curves are given by

%xgm - % cos(x1 (1)) = c.
System (5.5.1) has the equilibrium solutions (£nm,0),n =0, 1, .... It will be shown
in Chapter 6, when there is no damping or friction, that is, b = 0, then (+nm, 0) are
centers for n = 2,4,6, ... and unstable saddles for n = 1,3, 5, .... Phase portraits
and level curves are shown in Fig. 5.2 for different values of c.

Thus we have the following definition.

Definition 5.5.1. A planar system of differential equations is called a Hamiltonian
system if there exists a differentiable function H (x1, x2) : R2 — R such that

oH
X;([): 9x2° (552)
/ ___0H e
o) =—5

Such a function H(x1, x») is called a Hamiltonian function of system (5.5.2).
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WQV \"/

FIGURE 5.2
Phase portraits and level curves for (5.5.1) for different values of c.

Consider the second-order differential equation of the form
— f0)x" —g(x) =0.
In system form, we have

[
xl = X2,

xy = g(x1) + f(xp)xa.
Let

1 i
H, ) = 230 + (- /O §()ds).

where %(x’ )2 corresponds to the kinetic energy, and — f(;c 2 g(s)ds represents the
potential energy. Then it is easy to verify that

) IH
xl =X =—,
0x2

oH

x;=g(x1) + flxxa=—-—,

8x1

only if f(x) = 0. We conclude that the Newtonian system
X" =g(x)

with g continuously differentiable on R is a Hamiltonian system.
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For the Hamiltonian system (5.5.2), the energy is always conserved. To see this,
let (x1(¢), x2(¢)) be any solution of (5.5.2). Then

L @), w20 = o O
—H(x1(t), x =—x +—x
qr A2 ax; 1 9xn 2
9H OH OH  OH
Z 07O O 9T 1y, (5.5.3)
dx; 0xp  Oxp ° 0xq

That is why a Hamiltonian function is sometimes called an energy function. In appli-
cations, the Hamiltonian function is defined by

H(x,y)=K(x,y)+V(x,y),

where K is the kinetic energy, and V is the potential energy.
Next, we establish conditions for the planar system

xX'=fx,y), Y=gy (5.5.4)

to be a Hamiltonian system. If (5.5.4) is a Hamiltonian system, then there is a function
H satisfying

oH oH
——=Jf(x.y) and —— =g(x,y).
ay ox
Assuming that the function H has continuous second-order partial derivatives, we

arrive at
of 9*H _9*H _ 0g

ax axay - dydx Ay’
Thus we have shown that condition (5.5.5) is a sufficient condition for system (5.5.4)
to be a Hamiltonian system.

The system

(5.5.5)

X =x4+ y2’
y/ =—y— x2
is Hamiltonian since % =1= —g—§ =—(—1).

The next theorem provides necessary and sufficient conditions for the existence
of Hamiltonian function.

Theorem 5.5.1. The planar system (5.5.4) is a Hamiltonian system if and only if

af 98

- 55.6
ax dy ( )

Proof. We already know that if system (5.5.4) is Hamiltonian, then (5.5.6) is true. It
remains to show that if (5.5.4) holds, then there is H (x, y) satisfying

OH
x'(t) = Ty J(x,y)
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and
, oH
YO =—Fr- =8
X
Let us begin with % = —g(x, y). Then a direct integration with respect to x keep-

ing y fixed gives

H(x,y)= —/g(x, y)dx + Ci(y),

where the constant of integration C; may depend on y since H is a function of two
variables x and y. Once we determine C1, we can obtain H. Differentiating the last
expression in H with respect to y and setting it equal to f(x, y) leads to

oH _ 9

@ = 5(—/g(x, y)dx 4+ Cy (y)) = f(x,y) by definition

or
d
Ci(y) = % f g(x, y)dx + f(x,).

Then integrating the last expression with respect to y gives the desired func-
tion C1(y), that is,

d
0= [ (55 [ et nax)ay+ [ rexay,

The proof will be accomplished if we can show C(y) does not depend on x. Equiv-
alently, we can show that the right side of the above expression is independent of x:

%[/f(x,y)dw/(;—y/g(x,y)dX)dy]
[ o [ sy
=/%dy+/%<%/g(x,y)dﬂdy

af g
= | —d —d
/ dx y+/ dy g
af af
= | —dy— | —dy=0.
/Bx Y /8x Y
This completes the proof. O

Example 5.4. We already know that the system

x’=x+y2, y’:—y—xz
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is Hamiltonian since % =1=- % = —(—1). Let us now try to find the Hamiltonian

function H. It follows from Theorem 5.5.1 that

x3

H(x7y)=—/g(x,y)dx+C1(y)=—/(—y—xz)derm(y)=xy+?+C1(y),
where

d d
Ci(y) = 5/g(x,y)dx+f(x,y): 5(/(—y—x2)dx) +x+y%

It follows that C(y) = y3—3 Finally,

Hery) =y + 5 4 2
X, y)=x —+ —=.
Yy Yy 3 3
Next, we try to explore the stability of an equilibrium solution of a Hamiltonian
system. We have seen that the autonomous system (5.5.4) is called Hamiltonian or
conservative if there exists a Hamiltonian function H : 2 — R that is not constant on

any open set in €2, but it follows from (5.5.3) that it is constant on solutions (orbits).

Theorem 5.5.2. Suppose (5.5.4) is a Hamiltonian system. Then none of its equilib-
rium solutions can be asymptotically stable.

Proof. Suppose g is an asymptotically stable equilibrium solution or a point of the
Hamiltonian system given by (5.5.4). Then there is a neighborhood A of ¢ such that
for pe A, ¢(t, p) > q as t — oo, where ¢ (¢, p) is an orbit or trajectory through p.
However, if the system is assumed conservative with Hamiltonian function H, then H
is constant on orbits, so H(p) = H(¢(t, p)) = H(q) for each p € A. This im-
plies that H is constant on an open set, which is a contradiction. This completes
the proof. O

When a Hamiltonian system has an equilibrium point at which the integral has
a minimum, then an inference of stability can be made.

Definition 5.5.2. A function E : Q@ — R is said to have a strong minimum at q if
there is a neighborhood A of g such that E(x) > E(q) for every x € A except for
X =q.

The name strong is implied from the strict inequality.

Theorem 5.5.3. Suppose (5.5.4) is a Hamiltonian system with equilibrium solution q
and Hamiltonian function H. If H has a strong minimum at q, then q is stable.

Proof. Shift the equilibrium solution ¢ to the origin (0, 0). Let A be a neighborhood
of (0, 0). Let ¢ > 0 be small enough such that the set A = {d : ||d|| = ¢} C A. Set

V(d)=H()— H(0).
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Denote the minimum of V on the set A by V.. Now we chose § > 0 with § < ¢, so that
we have V(d) < ¢ if ||d|| < §. Then we have ||d(t)|| < ¢ for all # > 0. This implies
that the origin is stable. This completes the proof. O

Next, we state parallel results concerning strong maximums and saddle points.

Definition 5.5.3. A function E : Q2 — R is said to have a strong maximum at g if
there is a neighborhood A of g such that E(g) > E(x) for every x € A except for
x=q.

The name strong is implied from the strict inequality.

Theorem 5.5.4. Suppose (5.5.4) is a Hamiltonian system with equilibrium solution q
and Hamiltonian function H. If H has a strong maximum at q, then q is an unstable
saddle.

Remark 5.5. Note that if (xg, yo) is a critical point of (5.5.4), then it will also be
a critical point of the Hamiltonian function H. We can use the second derivative test
again to determine whether or not H (x, y) has a saddle at (xp, yp) or a maximum or
a minimum there. The Jacobian at the critical point is

H,y (x0, y0) Hyy (x0, y0) )

J (x0, yo) =
—Hyx(x0,y0) —Hyy(x0, y0)

Furthermore,

2
det.J (x0, Y0) = = (Hay (x0,70) )+ Hux (50, Y0) Hyy (x0, Y0).

Recall from Section 4.3.1 that if A1 and A, are eigenvalues of J (xp, yo), not necessar-
ily distinct, then detJ (xg, yo) = A1A2. Thus if we assume that none of the eigenvalues
of the J (xq, yo) is zero, then we have detJ (x¢, yo) # O.

If detJ (xg, yo) > 0, which is the same as saying that the function H has a strict
minimum or maximum at (xo, o), then (xg, yo) is a stable center for (5.5.4) if both
eigenvalues are negative. This is the case since by Theorem 5.5.2 no critical point of a
Hamiltonian system can be asymptotically stable. If the both eigenvalues are positive,
then (xq, yo) is unstable for (5.5.4).

If det(xg, yo) < 0, the equilibrium point (xp, yo) is unstable saddle for (5.5.4).

Consider the Hamiltonian system given in Example 5.4. We have already found
the Hamiltonian function

3 3
X y
Hx,y)=xy4+ — 4+ —.
(x,y)=xy 3 3

The two equilibrium solutions are (0, 0) and (—1, —1). Define

2
D(x.,y) = Hy  Hyy — (ny) .
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Then
D(x,y)=4xy — 1.

Now D(0,0) = —1, and (0, 0) is an unstable saddle. On the other hand, D(—1—1) =
3 > 0, and since Hyy(—1,—1) = —2 < 0, the Hamiltonian function has a strong
maximum at the equilibrium solution (—1, —1). Thus by Theorem 5.5.4 (—1, —1)
is unstable.

Next, we discuss dissipative systems that we call gradient systems.

Definition 5.5.4. A planar system of differential equations is called gradient if there
exists a differentiable function V (x, y) : R — R such that

X (1) =5,
Co (5.5.7)
X5(t) = — ay

The function V (x, y) is called the gradient function of system (5.5.7).

The name gradient comes from the fact that system (5.5.7) can be written in the

form
X' =-VV,
where
av
X = <x> A
y v
dy

For the gradient system (5.5.7), the energy is dissipated. To see this, assume that V' is
an energy function for system (5.5.7). Then if (x(¢), y(¢)) is any solution of (5.5.7),

then
%V(x(t),y(t)) = %—Zx’+ z—‘y/y’
_ _[(%)2 n (%)2] <0, (5.5.8)
provided that (2—;/)2 + (%)2 £0.

Next, we establish conditions for the planar system

xX'=fx,y), Y=gy (5.5.9)

to be a gradient system. If (5.5.9) is a gradient system, then there is a function V
satisfying

A% A%
—— = f(x,y) and —— =g(x, y).
ax dy
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Assuming that the function V has continuous second-order partial derivatives, we
arrive at
of 9V 0’V og
dy  dxdy  dydx  dx

(5.5.10)

Thus we have shown that condition (5.5.10) is a sufficient condition for system (5.5.9)
to be a gradient system. The system of differential equations

X ==2xy, y=—x>-1)

is gradient since g_f =-2x= g—f. Following parallel steps as in Theorem 5.5.1, we
easily find the gradient function

Vix,y) =x2y —y.

Note that

dv
o= 2xyx’ + (12 = )y = —[4x*y* + (x> = D =—[V2 + Vyz] <0

for sz + Vy2 # 0. As in the case of a Hamiltonian system, if (xq, yo) is a critical point
of (5.5.9), then it will also be a critical point of the gradient function V. Now we state
parallel theorems to Theorems 5.5.3 and 5.5.4.

Theorem 5.5.5. Suppose (5.5.9) is a gradient system with equilibrium solution q and
gradient function H. If H has a strong minimum at q, then q is stable.

Theorem 5.5.6. Suppose (5.5.9) is a gradient system with equilibrium solution q and
gradient function H. If H has a strong maximum at q, then q is an unstable saddle.

Example 5.5. Consider the system

X ==8x3+2x, y=-2y+2,
which is gradient with gradient function

Vix,y)= 2xt + y2 —x?— 2y.

The system has three equilibrium solutions given by (—1/2, 1), (0, 1), (1/2, 1). Using
the second derivative test, we find that V has a strong minimum at (—1/2, 1) and
(1/2,1). Thus by Theorem 5.5.5 the points are stable for the system. The gradient
function V has neither a maximum nor a minimum at (0, 1) and hence nothing can

be concluded about the stability of (0, 1). We will see in Chapter 6 that (0, 1) is
unstable.
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5.6 Exercises

Exercise 5.1. Assume that every eigenvalue of an n x n constant matrix A has a non-
positive real part and that the eigenvalues with zero real part are simple. Suppose that
g : [0, 00) — R" is continuous with

t
/ lg(s)|ds < oo.
0

Then show that every solution of

x'(t)=Ax(t) + g(1)
is bounded on [0, c0).
Exercise 5.2. Prove (iii) of Theorem 5.1.4.

Exercise 5.3. Examine the stability of the zero solution of the given system.

(a)
0o 2 1
X=1-2 0 —1]x;
0 0 -1
(b)
1 2 1
X=16 -1 0 |x;
-1 -2 -1
(c)

x'(t) = (g _21> X.

Exercise 5.4. Show that the zero solution of the non-autonomous system

—14te? 247!
x'(t) = | R E:
2+ a2 —4 + (14172
is stable.

Exercise 5.5. Assume all the eigenvalues of the matrix A of system (5.2.3) have
negative real parts and there is a positive number 0 such that ||A(z) — A|| <0 for ¢t is
sufficiently large. Show that solutions of (5.2.2) are bounded and its zero solution is
asymptotically stable.
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Exercise 5.6. Let A be a constant matrix with Re(p(A)) < 0. Choose constants
K > 0 and o < 0 such that

lle?’|] < Ke*', t>0.

Let C be a continuous matrix-valued function such that for positive constant 3, we
have

B
CHII<—, t=0.
NCOIl < iz
Show that the zero solution of
x'=[A+C(H))x@)
is

1. stableif 8 = —«,
2. unstable if 8 > —«, and
3. asymptotically stable if 0 < 8 < —a.

Exercise 5.7. a) Let A be a constant matrix with Re(p(A)) < 0. Let C be a continu-
ous matrix-valued function on [0, co0). Show that if

o
/ [IC@®Ildt < oo,
0

then the zero solution of
x'=[A+C@)]x(r)
is asymptotically stable.

b) Use the results of part a) to show that the zero solution of

u” (1) + ( +1> W)+ (e +1)u@)=0

2+1
is asymptotically stable for ¢ > 0.
Exercise 5.8. Give an example as an application of Theorem 5.3.2.

Exercise 5.9. Show that all trajectories of the system

(- 6

are periodic and determine their periods.

Copyright Elsevier 2022



5.6 Exercises

Exercise 5.10. Describe the type of stability of the origin of each system and sketch
the trajectories.

(@) x' =x,y =2x +2y;

b)x'=—x,y =x—y;

(©)x'=—-x+2y,y =x—y;

@x'=—x+y,y =2x;

(e)x' =2x —8y,y =x—2y;

(f) x' = —3x + 2y, y = —2x.

Exercise 5.11. Consider the damped harmonic motion represented by the second-
order differential equation

mx" +ax' +kx =0,

where m, a, and k are positive constants. By changing the equation into a system dis-
cuss the nature and stability of the origin in the following cases: a = 0; a® — 4mk = 0;
a*> — 4mk < 0; a*> — 4mk > 0. Interpret the results physically.

Exercise 5.12. Decide whether each system is Hamiltonian or not; in the case it
is, find the Hamiltonian function. Next, find the equilibrium solutions (if any) and
classify their stabilities when possible.

(@) x” + x + x3;

(b) 8”7 + sin(9) = 0;

(©)x" +x*—1;

(d)x” +x2+1.

Exercise 5.13. Decide whether each system is gradient or not; in the case it is, find
the gradient function. Next, find the equilibrium solutions (if any) and classify their
stabilities when possible.

@) x' =—4x(x — 1)(x —2),y =—2y;

(b)x'=1-2x,y =-7-13y;

(c) x' =3 —2y%x,y = —2yx? — 4;

(d) x' =4x3 +4xy, y =2x>+2y — 1.

157
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Nonlinear systems

In general, nonlinear differential equations are important in applications, and their
solutions are not known explicitly. Sometimes these equations may be linearized by
an expansion process in which nonlinear terms are discarded. When nonlinear terms
make vital contributions to the solution, this cannot be done, but sometimes it is
enough to retain a few “small” ones. In this chapter, we look for different ways to
obtain vital information regarding the behavior of solutions.

6.1 Bifurcations in scalar systems

In this section, we limit our discussion to the scalar differential equation

X' = f(x), 6.1.1)

where f : R — R is continuously differentiable. We assume that x* is an equilibrium
solution of (6.1.1). We always assume that the equilibria are isolated, that is, if x* is
an equilibrium, then there is an open interval containing x* but no other equilibria.

Fig. 6.1 shows a generic plot of f(x) for x* =a, b, c. The equilibrium solution
a is an attractor (stable) since arrows to its left and right point toward it. The equi-
librium solution b is a repeller (unstable) since the arrow to its left and the arrow to
its right point away from it. Finally, the equilibrium solution c is semi-stable since
the arrow to its left points toward it and the one to its right points away from it. In
the case of the equilibrium solution a, we may say that it is locally asymptotically
stable with respect to small perturbation or deviation from the equilibrium solution.
To better illustrate the notion, consider the scenario of a population of foxes in a pro-
tected refuge that is in a locally asymptotically stable state a. Suppose a weather
event caused a small number of the foxes to die. Local asymptotic stability means
that the system will eventually return to the original state a. However, if the number
of dead foxes is big, then the perturbation is not small, and in this event, there is no
guarantee that the population of foxes will return to the original state a. In the case of
the population return to state a for all perturbations, no matter how large, the state a
is called globally asymptotically stable. Such topics will be considered in detail in
Chapter 7.

Now we examine the dynamics of (6.1.1) in the neighborhood of its equilibrium
solution x*. If (6.1.1) is in an equilibrium state x* and 7 (¢) represents a small pertur-

Advanced Differential Equations. https://doi.org/10.1016/B978-0-32-399280-0.00012-7 1 59
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FIGURE 6.1
Generic phase line diagram.

bation from that state, then x(¢) = x* 4 5 (). It follows that x"(¢) = (¢). Thus using
Taylor series expansion about x*, we have

X'()=n'@)=f&*+n)

f( ") f”( )

=fOM) + 0 =) + (x4
=[x )+f//(*)2+--
=f@ﬁn+0m%+~u
ﬂ’*>2

If f/(x*) #0, then the term | £/ (x™)n| > | |. Thus we may neglect the term

(0] (172) and higher-order terms for that same reason. Then we arrive at the linearization
of the system about the equilibrium state x* given by

n'(t) = sn, (6.1.2)
where s = f’(x*) is the slope of f(x) at x*. Eq. (6.1.2) has the solution
n(t) = ce*! (6.1.3)

for some constant c. It is clear from (6.1.3) that if s > 0, then solutions grow expo-
nentially, and the equilibrium solution x* is unstable. On the other hand, if s < 0,
then the solutions decay exponentially to zero, and the equilibrium solution x* is
asymptotically stable and hence is stable. If s = 0, then nothing can be said about the
stability. Note that different stabilities may be obtained for different systems when
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s = 0. To see this, we consider the scalar differential equations

X =x2 X ==x% x'=x3, and x' = —x>.

All they share the equilibrium solution x* =0 and s = f'(0) = 0. Consider the first
equation with f(x) = x2. Then f’(x) = 2x, which is negative for x < 0 and positive
for x > 0. Thus by the previous discussion the arrow to its left points toward x* = 0,
and the one to it right points away from it. It follows that x* = 0 is semi-stable. By
similar arguments we find that x* = 0 is semi-stable for the second equation, unstable
for the third equation, and stable for the fourth equation.

Example 6.1. If x(t) represents a population at time ¢, r > 0 is the growth rate, and
K > 0 is the carrying capacity, then the logistics model of the population growth is
given by

X
f = 1——). 6.14

x'=rx( X ) ( )

Setting the right hand of (6.1.4) equal to zero, we arrive at two equilibrium solutions

x*=0, K.
N , 2r
Let f(x) =rx(1 — %). Then f'(x) =r — ?x. It follows from (6.1.2) that

s=f'(0)=r and s = f'(K) = —r.

We conclude that x* = 0 is unstable and x* = K is stable.

Although the dynamics of scalar differential equations is simple, since both so-
lutions converge to a constant or become unbounded as ¢t — oo, they can have some
interesting behaviors if solutions depend on some embedded parameters. To be spe-
cific, when the parameters are varied and pass some critical values, the systems
may experience some abrupt changes or undergo some qualitative changes. These
qualitative changes are called bifurcations, and the parameter values at which the bi-
furcations occur are called bifurcation points. We are interested in scalar differential
equations of the form

x'= f(x, ), (6.1.5)

where f is continuous in both arguments, and i € R is a parameter.

Thus the system is said to undergo a bifurcation as p crosses some critical value
wo if, in some way, the nature of the solutions changes qualitatively between the
regions u < o and © > po.

Three most important one-dimensional equilibrium bifurcations are described lo-
cally by the following differential equations:

x'=p—x%, saddle-node;

x’ = px —x?, transcritical; and

x’ = px —x3, pitchfork.
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X stable

= VE

FIGURE 6.2

Bifurcation diagram determined by x’ = yu — x2. \

We will study each of these in more detail. We begin by considering saddle node
bifurcation, which is the basic mechanism for creation and destruction of fixed points.
As parameter varies, two fixed points move toward each other, collide, and mutually
annihilate, that is, the saddle-node bifurcation results in fixed points being created or
destroyed.

Example 6.2. Consider the scalar differential equation with parameter p
X =p—x% (6.1.6)

Clearly, there are no equilibrium solutions for u < 0, and x* = %,/ for u > 0.
It is clear that s = f'(\/;) = =2/ < 0 and s = f'(—/;) =2,/;x > 0, which
imply that the solid bold branch x = ,/u is stable and the dashed branch x = —,/u is
unstable. The bifurcation diagram is shown in Fig. 6.2, and since there is an exchange
of stability at u = 0, we have a bifurcation at ; = 0. This type of bifurcation is known
by the names saddle node bifurcation, fold bifurcation, turning point, and blue-sky
bifurcation. Note that at the bifurcation point 4 =0, s = f/(0) = 0, and hence the
linearization term disappears when equilibrium solutions coalesce.

Remark 6.1. In (6.1.6) of Example 6.2, if we change the term —x2 to x2, then
x'=p+x2

There are no equilibrium solutions for © > 0, and the curve y = +x2 does not inter-
sect the x-axis. As i \, 0, the graph y = u + x? intersects the origin tangentially, and
we have one equilibrium solution. As p becomes negative, two equilibrium solutions
appear at x = £./—u. Then, using the stability indicator s, we see that x = —/—u
is stable and x = ,/—u is unstable. We conclude there is a saddle node bifurcation at
(0, 0) as indicated in the bifurcation diagram shown in Fig. 6.3.

Next, we discuss a class of bifurcations that occur as stability changes when going
from one equilibrium solution to another. This type of bifurcation is called transcrit-
ical bifurcation.
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x=—/—u
stable
FIGURE 6.3

Bifurcation diagram determined by x’ = p + x2.

5> < x < < v ——> ¢ x
(@) p <0 B u=0 (c)u>0

FIGURE 6.4
Phase portraits for different values of u.

Example 6.3. To illustrate the idea, we consider the population growth model with
carrying capacity

x' = px —x2.
The system has the equilibrium solutions x* = 0, . Using s = f/(x*), it follows that
x* =0 is stable if u < 0 and unstable if u > 0. Similarly, x* = p is stable for u > 0
and unstable for u < 0. Fig. 6.4 shows the phase portraits for different values of w.
Also, Fig. 6.5 shows the bifurcation diagram. The stable branches are shown by bold
solid lines, and the unstable branches are shown by dashed lines.

Next, we discuss a type of bifurcation called pitchfork bifurcation. The name
comes from the shape of the bifurcation diagram that resembles a pitchfork. This
type of bifurcation is common in problems that have a symmetry, for example, the
buckling beam. In the case of pitchfork bifurcation the equilibrium solutions tend to
appear and disappear symmetrically, creating a type of bifurcations that are different
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stable
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,
k4
4

e’
unstable

FIGURE 6.5

Bifurcation diagram that shows (u, x) = (0, 0) is a transcritical bifurcation point.

from those that we have already discussed. Pitchfork bifurcations can come in one of
two types, in the supercritical bifurcation and in the subcritical bifurcation.
Supercritical bifurcation is typified by equations of the form

x = px —x3.
For v < 0, the origin is the only equilibrium solution, and it is stable. On the other
hand, for 1 > 0, the origin is unstable, and the other two equilibrium solutions +, /&
are stable.
Similarly, subcritical bifurcation is typified by equations of the form

x = px + 3.

For u < 0, the origin is stable, and the other two equilibrium solutions +,/u are
unstable. On the other hand, for p > 0, the origin is the only equilibrium solution,
and it is unstable.

Example 6.4. We consider the scalar differential equation

x' = px — x>

It is clear that x* = 0 is an equilibrium solution regardless of the sign of u and x* =
£,/ only if > 0. Note that for any fixed value of u, the function y = ux — x3 is an
odd function in x. Hence critical points will appear and disappear symmetrically with
respect to the origin, or the system has the left-right symmetry. Using s = f/(x*) =
w— 3(x*)2, it follows x* = 0 is stable for 1 < 0 and unstable for u > 0. In addition,
s = f (&) = —2u < 0 implies that the equilibrium solutions £,/ are stable. The
bifurcation diagram is displayed in Fig. 6.6.

Fig. 6.6 indicates that two stable equilibrium solutions or branches are created at
the bifurcation point (0, 0) and still exist after the bifurcation. A similar remark can
be drawn regarding the subcritical bifurcation.
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FIGURE 6.6

Bifurcation diagram determined for x’ = ux — x3; supercritical bifurcation at (0, 0).

The next theorem is the scalar version of the implicit function theorem.

Theorem 6.1.1. For scalar system (6.1.5), suppose that f : R x R — R with contin-
uous first partial derivatives. Suppose xq is an equilibrium solution at (Lo, meaning
that f(xg, no) = 0. Assume that

af
f (x0, o) =0, 8—(xo, o) # 0.
X

Then there exist 8,¢ > 0 and a C'- function
X:(uo—¢e,uo+e)— R
such that x = X is the unique solution of
fx,w)=0
with |x — xo| <8 and |u — uol < e.
For bifurcation theory, we have the following important result.

Corollary 6.1. Suppose that f : R x R — R has continuous first partial derivatives.
Suppose xq is an equilibrium solution at g for (6.1.5). Then a necessary condition
for a solution (xg, o) of (6.1.5) to be a bifurcation point of equilibria is that

af
8_(x0’ o) =0. 6.1.7)
X

The next theorem provides necessary conditions that guarantee the different types
of bifurcation points we have discussed so far.
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Theorem 6.1.2. Suppose that f : R x R — R is continuous in both arguments and
has continuous first and second partial derivatives. Suppose that at (xg, [Lo), | sat-
isfies the necessary bifurcation conditions

d
f(xo0, o) =0, a—f(xo, no) =0.
X

(1) If
9 92
%(xo, o) £0, 8—;;@0, 1) 0,

then a saddle node bifurcation occurs at (xo, |L0).
(2)1If
2 82

d 0
%(Xo, o) =0, ﬁ(m, o) #0, g{(xo, o) #0,

then a transcritical bifurcation occurs at (xg, [Lo)-
(3)1f
af 32 f
_ s = O, _— 5 = O,
o (x0, to) 912 (x0, to)

2 a3f
) 05 a2 ) 07
8XBM(XO 1o) # 0. =3 (x0, o) #

then a pitchfork bifurcation occurs at (xg, (o). In addition,
3
(i) if %(xo, no) < 0, then there is a supercritical bifurcation at (xo, o), and

(ii) if ‘?;TJ; (x0, o) > O, then there is a subcritical bifurcation at (xo, |Lo).
Example 6.5. We consider the scalar system

x'=ux —é*.
Then its bifurcation points must satisfy

ux —e* =0.

Plotting the graphs y = pux and y = e¢*, we see that the line y = x is tangent to the

curve at (x, y) = (1, e). In other words, if we set f(x, u) = px —e*, then f (1, e) =0.

This says that xg = 1 is an equilibrium solution for u = e. Moreover, %(1, e)=0.
. 2

In addition, §£(xo, o) = 1 # 0, and 54 (x0, ;20) = —e # 0, and so by item 1 of

Theorem 6.1.2 there is a saddle node bifurcation at (1, e).

Remark 6.2. Suppose bifurcation for (6.1.5) occurs at (xg, (t9). We may translate to
the origin (0, 0) by the change of variables x — x — xg, 4 — @ — po. Moreover, if
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x = X () is a solution branch, then x — x — x () maps the branch to x = 0. Suppose
we have a saddle node bifurcation. For (0, 0) to be a bifurcation point, we must have

a
J (xo, mo) =0, —f(XO, po) = 0.
ox
Further, suppose that

2
%(0,0)=a7&0, ﬂ(0,0):b;ﬁO.
o dx2

Then if in the Taylor expansion of f (x, ), we neglect quadratic terms in x and cubic
terms in x, then near (x, u) = (0, 0), we obtain

=L 0,04+ 0,0+ 2 2L 00
Fo )y =g 0.0+ 0.0+ 5 5z G0+
=ap—+bx*+---. (6.1.8)

The form ap + bx? in (6.1.8) is called a normal form or representative for scalar
saddle node bifurcations. Thus the original system may be approximated near the
origin by

x =au+ bx’.
The signs of a and b determine the type of bifurcations and the shape of the bifurca-
tion diagrams as shown in Example 6.2 and Remark 6.1.

We end the section with the following application.

Example 6.6. (Bucking of a rod) The potential energy of the system of two rigid rods
of length L connected by a torsional spring with spring constant k is given by the
function

R(x) = %kﬁ +21L(cos(x) — 1),

where X is the strength of compressive force, and x is the angle of the rod to the
horizontal axis. The term %k)c2 is the energy required to compress the spring by the
angle 2x, and 2AL ( cos(x) — 1) is the work done on the system by the external force.
Equilibrium solutions satisfy R'(x) =0 or
. 2AL
x —usin(x) =0, u= T

where u is a dimensionless force parameter. The above equation has the unbuckled
equilibrium solution x = 0. Set

fx, m) =R'(x) = psin(x) —x.
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Then the necessary conditions for an equilibrium bifurcation are

af
—=u—-1=0,
0x H

which occurs at u = 1. By finding the Taylor series of f at (0, 1) we arrive at

1
SO = (= Dx = 2x? o
We can see from Example 6.4 or verifying the conditions of item 3 of Theorem 6.1.2
that there is a pitchfork bifurcation at (x, u) = (0, 1). The bifurcation equilibria near
this point are given for 0 < 4 — 1 < 1 by

x=+6(u—1)4+---.

This can also be seen by plotting the graphs y = x and y = u sin(x).

This simple one-dimensional problem is an illustration for the buckling of an
elastic beam, one of the first bifurcation problems which was originally studied by
Euler in 1757.

X1
X2 n
For the rest of this chapter, if x = | _ |, then |x| = Z |x;|, and for an n x n
: i=1
Xn

n
matrix, A = a;j, |A| = Z laijl.
ij=1

6.2 Stability of systems by linearization

Consider the general system of ordinary differential equations

xp = fi(x1, ..., X)),
x5y = falx1, ..., Xn),
'x;l = .fn(-xla "'7-xn)'
Using the vector notations
X1
X2
X =
Xn
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and
fi(x)
J2(x)
(x) = ,
Su(x)
the above system can be written in the vector form
x' = f(x), 6.2.1)

where f : R" — R" with continuously differentiable components. We assume that
the vector x* = (x, x3, ..., x;;) is a fixed point of (6.2.1).
Define the linear part of f at x* by J(x*), where

G e e e

X1 X2

ey | D e ) o
ORI TGN 8f”(x*)

which is called the Jacobian of f at x*. Since f € C'(R", R"), Taylor’s theorem for
functions of several variables says that

f(x)=J(E*)(x —x*) + g(x) (we have used f(x*) =0), (6.2.3)
where g is a function that is small in the neighborhood of x* in the sense that

g ()]

xox* |x —x*¥|

(6.2.4)

Note that since f(x*) =0, (6.2.3) implies that g(x*) = 0. Our hope is to prove that
if Re(p(J(x*))) < 0 or the origin for

Y =7y
is asymptotically stable, then the equilibrium point x* of (6.2.1) is asymptotically
stable. Note that by introducing the transformation y = x — x* we may assume with-

out loss of generality that the fixed point is at the origin. Thus we have the following
general theorem.

Theorem 6.2.1. Assume that Re(p(A)) < O where A is an n X n constant matrix.
Let U be an open set of R x R" that contains [0, 0c0) x B,(0), where B,(0) = {x €
R”" : |x — 0] < r} for positive constant r. Assume that g : U — R" is continuous in
both arguments and Lipschitz in the second argument such that

lim 18X
m ———
x—0  |x]

=0 uniformly for t € [0, c0) (6.2.5)
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with g(t,0) = 0. Then the origin for the perturbed nonlinear system
x'=Ax+ g, x) (6.2.6)
is asymptotically stable.

Proof. Since Re(p(A)) < 0, we can find constants K > 0 and & < 0 such that
lleA ]| < Kb, 1> 0.

Let x(¢) be a solution of (6.2.6) on some interval (a, b) containing 0 with x (0) = xo.
Then the variation of parameters formula (3.3.6) yields

t
x(1) = A0y 4 f A9 g (s, x(s5))ds. (6.2.7)

fo

Taking the appropriate norms of both sides of (6.2.7) and estimating give, for ¢ > 0,
'
(0] = K |xole™ + / K™V |g(s, x(s))lds, 1 €[0,b).
0
Multiplying both sides by e~5!, we arrive at the expression
'
Ix()]e 5" = K |xo +/ Ke 5%|g(s, x(s))|ds, t €[0,b).
0
Chose n > 0 such that nK < —&. Thus by (6.2.5) we have that
lg(z, x)| < nlx| for (¢, x) €[0,00) x B,(0).
Set 8* =§8/(2K + 1) < 4. Suppose that |xg| < §*, and let (a, b) be the maximal
interval of existence with x (0) = xo.

Let [0, c] € (a, b) be an interval such that |x(¢)| < § for all ¢ € [0, ¢]. This is
possible due to the continuity of x. By the above inequality of g we have that

lg(z, x)| < nlx| forz €0, c].

Then we have
1
KOl = Kixol + [ KeFale(olds, 1 €10.cl
0
Use Gronwall’s inequality and then evaluate the integral to get

1
lx(1)]e 5" < K2|xoln——T[eX — 1]
Kn

= K|xo|eX.
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Since |xg| < 8%, K |xo| < 8, and so |x(¢)|e 5" < 8¢5 It follows that
()] < 8eEHKDT 1 €0, ], (6.2.8)

where £ + Kn < 0.

Of course, we only showed that inequality (6.2.8) holds for |x(#)| < § on [0, c]. It
is left as an exercise to show that the inequality holds on [0, co). This completes the
proof. O

Remark 6.3. (1) If the origin is stable for the linear system x’ = Ax but not asymptot-
ically stable, then it is not necessary that the origin is stable for the nonlinear system
(6.2.6).

(2) If the origin is unstable for the linear system x’ = Ax, then it is unstable for the
nonlinear system (6.2.6).

Remark 6.4. Let D C R" containing the origin. Consider the autonomous system
x' = fx), (6.2.9)

where f : D — R" with continuously differentiable components and f(0) = 0. Let
A = J(0) be the Jacobian matrix of f at x = 0. Rewrite (6.2.9) as

x'=Ax + g(x), (6.2.10)

where g(x) = f(x) — Ax. The differentiability of f implies g(x) = o(]x|) as x — oo.
Therefore g(x) satisfies condition (6.2.5).

The next theorem provides results concerning the UAS of the zero solution. Its
proof is left as an exercise.

Theorem 6.2.2. Assume that Re(p(A)) < 0, where A is an n X n constant matrix (or
the zero solution of the linear part is AS). Assume that a continuous function g(t, x)
satisfies Lipschitz or local Lipschitz condition in the second argument for x € D.
Suppose that

lim 18X
1m
x—0  |x]

=0 uniformly for t € [0, c0) (6.2.11)
with g(t, 0) = 0. Then the origin for the perturbed nonlinear system
x'=Ax+g(t, x)
is uniformly asymptotically stable.
We have the following example.

Example 6.7. The zero solution of the nonlinear non-autonomous system

t
r+1

/

X =—x++ )c2
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is UAS. It is obvious that the zero solution of the linear part x’ = —x is AS. We must

show that condition (6.2.11) holds. Let g(¢, x) = Hlez. Then g is continuous, and

for any open subset D = («, ) C R containing the origin, we have
|g([sx) _g(tv y)' 52:3|x _y| forall (ta-x)s (ta y) S [Os OO) X D

Moreover,

2

Z, . .
m 82, )| < lim r =0 uniformly for ¢ € [0, 00).
x—0 |x| x—0 |x]|

Thus by Theorem 6.2.2 the zero solution is UAS.

The next example shows the needs for a different approach when the eigenvalues
of the matrix A fail to have negative real parts.

Example 6.8. Consider the planar autonomous system

X ==y +x/x24+y2, ¥ =x+y/x2+y2

It is clear that (0, 0) is the only equilibrium point. We rewrite the system in the form
() =0 )0 (s
y 1 0 y WA +y2 '
0 -1
(1)

are £i. Thus Theorem 6.2.1 does not apply. Instead, we use the polar coordinates.
Namely,

The eigenvalues of

x =rcos(f), y=rsin(f), where rP=x>+ y2,

and r =r(t) and @ =0(t) = tan~ ' (2). Thus
d 2 2 d 2
o=
or
xx’ +yy/ =rr.

A substitution of x” and y’ yields

rr’ =x(=y +x/x2 +y2) +y(x + /x> +y?)

= (4D +)2

=rr.
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Thus we have the first-order differential equation
¥ =r2, (6.2.12)

which implies that the function r is increasing. Thus trajectories are spiraling away
from the origin, and hence the origin is unstable. In addition,

Q’ZMZL
)cz-l—y2

Choosing 9(0) = 0, we have 0(¢) = ¢, which indicates trajectories spiral away from
the origin counterclockwise. Note that using separation of variables, (6.2.12) can be
easily solved to find () = ﬁ for some suitable constant k. Notice that r () — oo
ast — k.

Example 6.9. In Example 3.5, we considered a pendulum with friction and arrived at
the planar autonomous system
x| =x2,

b
)= —% sin(x1) = =12, (6.2.13)

It is clear that system (6.2.13) has infinitely many equilibrium points (nw,0), n =
0, 1, ..., which correspond to vertical positions with zero velocity. We will only an-
alyze two equilibrium points (0, 0) and (;r, 0). For the equilibrium point (0, 0), we
write system (6.2.13) in the form

X1 /_ 0 1 X1 g 0
x) \-% -] xn T x1 —sin(xy) )

The linear part has the eigenvalues

b 1.b? g\1/2
M=t (2 — 48
! 2m+2(m2 L)

and

It Z—zz — 4% < 0 (when damping is weak), then the eigenvalues are complex with

negative real parts, and the origin is a stable spiral. If 2—22 - 4% > 0 (when the damping
is strong), that is,
b2

8
— >4=,
m? L
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we have that A, < A1 < 0, and hence the equilibrium solution (0, 0) for system
(6.2.13) is asymptotically stable by Theorem 6.2.1.

The physical and geometrical interpretation for (x1,x}) = (0,0) being a stable
spiral corresponds to the pendulum hanging vertically downward (x; = 0) with zero
velocity (x} = 0), and thus, when the damping is weak, a perturbation will cause the
pendulum to spiral and approach the vertically downward position.

For the equilibrium point (7, 0), we use the transformation

X1\ _ (N T
(2)=0)+ ()
<y1>/ _ y2
2 L sin(y) — Ly, )

To examine this system near (0, 0), we write the above new nonlinear system in y in

the form
2 g _bJ\» L \y1 —sin(y1)/ "
L m

The linear parts have the eigenvalues

in (6.2.13), obtaining

b b? g\1/2
M__EJF(W—MZ) ’
b b? g\1,2
“—‘ﬂ‘(ﬁ“z) '

It is clear that A < 0 < A; and the equilibrium point (0, 0) and hence (7, 0) are
unstable.
Note that we could calculate the Jacobian given by (6.2.2) at (7, 0) and obtain

0 1
J(w,0) = (g b),
L ~m

instead of using transformation.
If we compute J((£nm, 0)), then we will see that (£nm, 0) are stable for n =
2,4, ...and unstable forn =1,3,....

Example 6.10. (Lotka—Volterra predator—prey model) In Example 4.1 we considered
the Lotka—Volterra system

d

d—): =ax — bxy,

d

d—f = —cy +dxy (6.2.14)
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and found that the equilibrium solutions are
x{'=1(0,0) and x3 = (c/d,a/b).

The first equilibrium solution x7" effectively represents the extinction of both species.
If both populations are at 0, then they will continue to be so indefinitely. The second
equilibrium solution xJ represents a fixed point at which both populations sustain
their current, non-zero numbers, and do so indefinitely. The levels of population at
which this equilibrium is achieved depend on the chosen values of the parameters
a,b, c, and d. Now we will further discuss the stability of both equilibrium solutions
x} and xJ and hope that x} is unstable and x3 is stable. The Jacobian matrix is

__(a—Dby —bx
J(x,)’)—< dy —C+dx)'

For x| = (0, 0), we have

J@@:@ i)

with eigenvalues a > 0 and —c < 0. Thus the equilibrium point (0, 0) is a saddle and
hence unstable.
For x3 = (c/d,a/b),

0 -
J(c/d,a/b) = da 0 )

b

which has purely imaginary eigenvalues. Hence linearization is inconclusive. Note
that the use of polar coordinates will not work here in the sense that it is hard, if not
impossible, to obtain any information from it. We look at the vector fields surrounding
the equilibrium point by dividing the region of interest into four quadrants as depicted
in Fig. 6.1. We do so by drawing vertical and horizontal lines through the equilibrium
point (c/d, a/b). Those lines are called the x and y nullclines. We begin by writing
system (6.2.14) in the form

x'=x(a—by), ¥ =y(—c+dx). (6.2.15)

The x nullclines for system (6.2.15) where x" = 0 are x =0 and y = . Trajectories
cross these two lines vertically. Similarly, trajectories cross the y nullclines where
y’ = 0 horizontally. We see that the equilibria are the intersections of the x and y
nullclines. On the ray to the left of the equilibrium and below the line y = a/b, we
have x < % and y = %. We know that the vector field is vertical, and so we only need
to check the sign of y’. From (6.2.15) we have

= y(—ctdx) = L(—c+dx) < L(—c+dS)=0
= — X)=—(—¢C —(— — ) =0U.
y= b b d
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y/\
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FIGURE 6.7

Nullclines and vector field.

Thus in that region, we have that x’ > 0 and y’ < 0. Similarly, if we consider the
region to the left of the vertical line x = 5 and above the horizontal line y = c/d,
then we have that x = 5 and y > 7. Again, the vector field is horizontal, and we only

need to check the sign of x’. From (6.2.15) we have
c a
"= —b —(a—b-)=0.
x' =x(a V) < d(a b)

Thus in that particular region, we have x” < 0, y’ < 0. This task can be easily per-
formed for the other two regions. The complete vector field around the equilibrium
is displayed in Fig. 6.7. To obtain the trajectories, we write the system in the form

d_y_y(—c+dx)
dx ~— x(a—by)
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After rearranging the terms, we get

—b —c+d
(@=by), _(etdn,
y X

Simplifying and then integrating both sides yield
aln(y) — by = —cLn(x) +d x + K for some constant K.

Exponentiating both sides gives

yaefby — xfcedxel(.

We consider the y nullcline where the value of x is fixed at ¢/d. We choose a specific
trajectory by assigning a fixed value for K. Then the right side of the above relation
is positive 8, so that

¥y = Be?. (6.2.16)

The left and right sides of (6.2.16) are the power and exponential functions, respec-
tively. Therefore if we plot them on the same graph, then there can be at most two
crossings, or Eq. (6.2.16) can have at most two solutions for y. Thus along the y
nullcline, there can be at most two crossings. That means that an orbit or trajectory
cannot spiral into or out from an equilibrium point. Otherwise, many values of y
would be required, which is not the case here. This determines that the equilibrium
point (¢/d, a/b) is encircled with periodic trajectories, and hence it is stable. Note
that the periodic trajectories encircling the equilibrium point (c¢/d, a/b) indicate that
a small perturbation from the equilibrium solution puts the populations on a peri-
odic orbit that stays near the equilibrium and the system never returns to equilibrium.
A phase diagram is shown in Fig. 6.8.

6.3 An SIR epidemic model

Here is the perfect place to apply what we have studied so far to an S7R model,
where

S = S(¢) is the number of susceptible individuals (not yet having the disease but
capable of getting it)

I = I(¢) is the number of infected individuals, and

R = R(t) is the number of recovered or removed individuals.

We assume that the total population is constant and everyone is susceptible. Then
S+ I 4+ R = N (constant),

that is,

S + I + R =1 (by normalization).
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FIGURE 6.8

Prey—predator dynamics as described by the level curves. The arrows describe the velocity
and direction of solutions. We chosea=b=c=d =1.

Let

w = birth rate = death rate (because the number of people is constant),
y = removal rate, and

)\ = infection rate.

We assume that all newborns are susceptible and arrive at the epidemic model

SO=ES+I1+Rpu—uS—(SNH,
I'(t)=—pul —yI +ASI,
R'(t)=—puR+ylI.

We have (S + I + R)u = u, since the population is constant and normalized at 1.
The term of S represents the death of susceptible, and the negative implies loss or
removal from being susceptible. On the other hand, the term (S7)A denotes those
who got infected, and the minus represents that they are infected and not susceptible
anymore. Similarly, the term p/ represents those who die from the infection, and the
minus indicates a loss for those who are infected already. In addition, the term y [
indicates those who are removed from the population due to beating the epidemic or
got vaccinated. Finally, the term @R denotes those who are removed due to death.
Keep in mind that minus means loss from a certain class for S, I, and R, and plus
implies gain for the same classes. Thus by only analyzing S > 0 and I > 0 we arrive
at the 2 x 2-planar system

[ — —_
{S_“ S =251, 6.3.1)

I'=—(u+y) +ASI.
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Note that system (6.3.1) is nonlinear and (0, 0) is not an equilibrium solution. Also,
the system is valid in the region 0 < S 4 [ < 1 since we are neglecting R. It is
important to note that the system does not allow those who recover from the epidemic
to become susceptible again. Suppose S(#p) = Sp and I (f9) = Ip. Since the right side
of (6.3.1) is continuous with continuous first partial derivatives, we know that the
solutions S(¢, tg, So) and I (¢, ty, Ip) exist and are unique. Moreover, S(t, fg, So) and
1(¢,t9, So) are continuous and differentiable with respect to all variables. Next, we
examine how big the interval on which the solutions exist. Due to our constraints, we
are interested in the triangular region of existence

T={S,1):5>0,1>0, S+1 <1}.

Along S=0,wehave ' =u>0,0<I<l,and I'=—(u+y)I <0if I > 0.
Moreover,
/
d—I = I— <0
as s
Thus any trajectory that starts on the /-axis moves downward inside 7 in the positive
direction of S.

Now, along I =0, we have §' = u(u — §) > 0,0 <1 < 1, and I’ = 0. Thus any
trajectory that starts on the S-axis moves toward the point (1, 0), at which the line
S + I = 1 intersects the S-axis. Note that (1, 0) is an equilibrium solution.

Along the line S + I = 1, we have

S+D'=8S+1I'=p—nS+0H—-vyl,
and since S + I = 1, this expression reduces to
S+ =—yI <0.

This tells us that any trajectory starting at the line S + I = 1 moves to the left of the
line toward the inside of the triangle 7. We conclude that the triangular region 7 is
positively invariant, that is, if (So, Io) € T, then S(¢, t9, So), 1(z, 10, Ip) € T for all
t > ty. Thus the maximum interval of existence for solutions in T is [#y, 00). From
now on we refer to the triangular region 7T as the feasible region. Next, we search for
the equilibrium solutions (S*, I*) in the feasible region. To do so, we must solve for
S and I by setting the right sides of (6.3.1) to zero, thatis, S'=0, and I’ = 0:

m—uS—ASI=0, and —(u+y)I +1SI=0.
From the second equation we obtain
(~w—y +28)1=0.
Thus if I # 0, then we arrive at

g o HtY
T
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Clearly, $* > 0, and in order for S$* to be in the feasible region, we must have
w+y <A.

Substituting S$* = M}\ﬂ into the equation u — uS* — AS*I™* =0, we arrive at

P K
w+y A

Itis clear I* > 0, since

- "
n+y

I* —%> - —=0.

>|=

K
A
Next, we show that (S*, I*), belongs to the feasible region:

O0<S*+1*= -

A nEy
4 Iz

Aoty
A

w+y u+y
=1.

+
LT

<

Thus the two equilibrium solutions (1, 0) and (S*, I*) belong to the feasible region T'.
Next, we use Theorem 6.2.1 to study the stability of the two equilibrium solutions.
We do not want solutions to approach (1, 0) and stay there. Instead, we rather have
that solutions approach (S*, I'*), that is, we hope for (1, 0) to be unstable.

We begin with (1, 0). The Jacobian matrix is

_(—u—il —1S
J(S’I)_( 9| —(M+y)+)\s>'

Thus
—i —A
J(1,0) =
(1,0) <0 —W+VH4>
with two eigenvalues
di=—p and dp=—(u+y)+ A

Clearly, di <0, and d» > 0 as long as i 4+ y < A. Thus by Theorem 6.2.1 the equi-
librium solution (1, 0) is unstable. Recall that if

-
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is a nonsingular matrix, then the characteristic equation is
A2 —(@+dAr+ad—bc=0.

By introducing

p=a-+d,
q =ad — bc,
the characteristic equation becomes
A2 —pr+qg=0.

The roots of this equation are

|:p:l:,/p2—4qi|. (6.3.2)

N =

Al =
Now the Jacobian at (S*, I'*) is

_ _ * _ *
J(S*J*):( w— Al AS)_

AT* 0

Using (6.3.2), we arrive at the two eigenvalues

=AM £ (A AT — 425 T

d
1,2 5

with negative real parts. Hence by Theorem 6.2.1 the equilibrium solution (S*, I*) is
asymptotically stable.

6.4 Limit cycle

A central issue in the theory of nonlinear systems in differential equations is to de-
termine the existence of closed orbits or limit cycles. Those closed orbits or limit
cycles represent periodic solutions of the system. We consider the two-dimensional
autonomous system

x'=Px,y), y=0x,y), (6.4.1)

where P and Q are continuous on some subset of R?. Systems given by (6.4.1) may
admit solutions that commonly tend to a limiting finite periodic solution. This limit-
ing closed curve in the phase plane is called a limit cycle.

Definition 6.4.1. A limit cycle of system (6.4.1) is a closed curve, and no other
solution that is a closed curve exists in its neighborhood.
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Note that every neighboring trajectory spirals and approaches the limit cycle from
the inside or from the outside as t — oo or as t — —o0.

Definition 6.4.2. If every neighboring trajectory approaches a limit cycle as t — oo
or as t — —oo, then the limit cycle is said to be stable.

It is hard, if not impossible, to determine if a nonlinear system admits a limit
cycle. However, the next result, known as Bendixson—Dulac criteria should provide a
criterion for the nonexistence of limit cycles or closed trajectories of the system given
by (6.4.1).

Theorem 6.4.1. (Bendixson—Dulac theorem) Suppose the first partial derivatives of
P(x,y) and Q(x, y) are continuous on some connected subset U in R2, If

P BQ
Bx 8y

is not identically zero and has the same sign in any open set of U, then system (6.4.1)
has no closed trajectory in U.

Proof. Suppose the contrary, that is, there is a closed curve C in U. Then by Green’s
theorem we have

9P 90
/ P(x. y)dy — Q(x. y)dx = f / Go+ Py, 642
C R 0X

where R is the region enclosed by C. Let x = x(¢), y = y(¢) be a parameterization
of C. Then

/P(x ndy — O(x, y)dx—/ (P—y—Q—)

where T is the period of C. Using (6.4.1), we arrive at

T
/CP<x, Vdy — O(x, y)dx =/0 (PO — QP)di =

Thus from (6.4.2) we have

/ (—+Q)d dy =0,

which can only hold if 38—5 + %—Q is zero or changes sign, which is a contradiction.
Thus C cannot be close, and the system does not admit a limit cycle. This completes
the proof. O

Example 6.11. Let g and h be differentiable functions. Consider the two-dimensional
system

x'=g@), ¥ =+xD)y+hx).
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Then
oP 00

— +—==14x>>0, xeR,
8x+8y +x° > X

and by Theorem 6.4.1 the system does not admit a periodic solution.

The next theorem generalizes Theorem 6.4.1. For its proof, we refer the reader to
Exercise 6.20.

Theorem 6.4.2. (Generalization of Bendixson—Dulac theorem) Suppose the first par-
tial derivatives of P(x,y), Q(x,y), and h(x,y) are continuous on some connected
subset U in R2. If

anpP) 9(hQ)
ax + ay

is not identically zero and of one sign in any open set of U in R?, then system (6.4.1)
cannot have a closed trajectory in U.

We have the following example as an application.

Example 6.12. For constants a, b, c, k, consider the two-dimensional system
x'=(y—a)x, y =bx+cy+ky’.

Then
oP 00

—+—=y- 2ky,
8x+8y y—a+c+2ky

and hence Theorem 6.4.1 is not applicable. Let us try Theorem 6.4.2 with h(x, y) =
x~Ck+D Then

= (c+2ka)x~*+D 20

o(hP) 09(hQ)
0x + d

if ¢ + 2ka # 0, and by Theorem 6.4.2 the system does not admit a periodic solution
in the half-plane x > 0 or x < 0.

In fact, we can do better. If x = 0, then starting from any point on the y-axis, the
equation has a solution that lies on the y-axis. Thus we conclude that the equation
has no closed cycle or trajectory and hence a periodic solution in R?, since otherwise
the uniqueness will be violated.

So far we have discussed results concerning the nonexistence of periodic solu-
tions, or periodic trajectories, or limit cycles. Next, we look at the existence of limit
cycles.

Theorem 6.4.3. A closed orbit or limit cycle of (6.4.1) surrounds at least one equi-
librium point of the system. In other words, if no equilibrium point of the system exists
in a region, then there can be no periodic orbits in that region.
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Let (0, 0) be the only equilibrium solution of (6.4.1). Moreover, suppose any so-
lution of (6.4.1) that starts near the origin will spiral away from the origin. Since there
are no equilibrium solutions, our first thought might be that all solutions of (6.4.1)
have trajectories that spiral out to infinity. However, the next theorem, due to Poincaré
and Bendixson, presents us a different scenario. It shows, under certain conditions,
the existence of a limit cycle. Its proof requires high-level arguments, and we omit it.

Theorem 6.4.4. (Poincaré—Bendixson) Suppose R is a closed bounded region of the
plane enclosed by two simple curves (1 and . If R is free of equilibrium solutions
of (6.4.1) and there is a trajectory C confined to R, then either C is a limit cycle, or
it spirals toward a limit cycle.

The main point of the theorem is that if we find one solution that exists for all ¢
large enough (that is, we let # go to infinity) and stays within a bounded region, then
we have found either a periodic orbit or a solution that spirals toward a limit cycle;
that is, in the long term, the behavior will be very close to a periodic function. We
should take the theorem more as a qualitative statement rather than something to help
us in computations. In practice, it is hard to find solutions and therefore hard to show
rigorously that they exist at all times. Another caveat to consider the theorem is that
it only works in two dimensions. In three dimensions and higher, there is simply too
much room.

As an application, we provide the following example.

Example 6.13.
X =y+xll—x* =y, Y =—x+yll—x* =)’ (6.4.3)

It is clear that (0, 0) is the only equilibrium solution of (6.4.3). Let us pass to polar
coordinates. Namely,

x =rcos(f), y=rsin(0), where r2=x2+ yz,

andr =r(t) and 0 = 0(r) = tan'(2). Thus

d o2, 2 _d,
— "+ =—r
dt( ) dt
or
xx'+yy' =rr'.
A substitution of x” and y’ yields
r=r(l—r?),

M Y
x2+ y?

Copyright Elsevier 2022



6.5 Lotka—Volterra competition model 185

FIGURE 6.9
Limit cycle.

For constants ¢ and k, the solutions are given by

r(t) = ,c>—1,00t)=—t+k, t>0.

1
V14 ce 2

For ¢ = 0, we have that »r =0 and (x(¢), y(¢)) = (cos(¢), —sin(¢)) is a periodic
solution with trajectory given by the unit circle in red (light gray in print version)
in Fig. 6.9. For ¢ > 0, we have 0 < r(¢) < 1, and as ¢ increases, r /' 1, and the
corresponding solution approaches the unit circle from inside of the circle in a spiral
way as t — 0o, as indicated in Fig. 6.9. For —1 < ¢ <0, we have r(¢) > 1, and as
t increases, r \{ 1, and the corresponding solution approaches the unit circle from
outside of the circle in a spiral way as t — oo, as indicated in Fig. 6.9. Therefore
the unit circle x> 4+ y* = 1, given parametrically by (x (1), y(r)) = (cos(t), — sin(z))
is a limit cycle for (6.4.3), and it is asymptotically stable. Note that (0, 0) is the only
equilibrium solution inside the unit circle. As for the construction of the region R, we
let w1 < < o, where 0 < < 1 and 1 <y < 00, and define the annulus region

R={(x,y):,u1<x2+y2=1<uz},

Clearly, R contains no equilibrium solution, and by Theorem 6.4.4, there is a periodic
cycle in R.

6.5 Lotka—Volterra competition model

If two populations x1(¢) and x»(#) were growing logistically and not affecting each
other, their growth can be described by two uncoupled logistic equations
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xj () = rx ()1 = *2).
x50 =1 - 53).

x1(0) >0, x2(0) >0,

where r;,i = 1,2, are the growth rates (birth—death), and K;,i = 1, 2, are positive
constants. If the two populations were competing for the same resources, then the
growth rate of each population is affected by the other. In that case the model becomes

X (1) = rixi(0)(1 = 2 = 21x0(),
(1) = raxa (1) (1 = F2 — 201 (1)),

x1(0) >0, x(0) >0,

where A;,i = 1,2, are positive constants. To simplify the calculations, we convert
the system by using non-dimensional variables by measuring x{ in units of Ky, x7 in
units of K», and time in units of % We let

X1(t) = K1x(1), x2(t) = Kay(), and t = -
r

By the chain rules, it follows that

de_dxldt_dxll
Yas ~ dr ds  dri

or
dx
() =rkK —.
x1 (1) =nK; s
Substituting this back into the first equation of the model, we arrive at
dx
ri Ky i riKix(s)(1 —x(s) — 21 K2y(s)),
from which we get

dx
—o=x@)(1 - x() ~ MKy (s)).

=
Similarly, we obtain

d

==y @(1= ) = 2Kix(),

where r = %
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Interchanging s with ¢ and letting w1 = A1 K> and uy = A2 K, we arrive at the
dimensionless Lotka—Volterra competition model

x'(1) =x(@)(1 —x(1) — u1y (@),
Y (@) =ry@)(1 —y@) — pax (1)), (65.1)
x(0)=x0>0, y(0)=yg>0.

Next, we show that solutions of (6.5.1) are positive and remain bounded for all # > 0.

Proposition 6.1. If x(t), y(¢t) is a solution pair of (6.5.1) with positive initial condi-
tions xo and yo, respectively, then they are positive and bounded for all t > 0.

Proof. Letx(t), y(¢) be asolution of (6.5.1) with positive initial conditions x( and yg.
Dividing the first equation of (6.5.1) by x(¢) and the second equation by y(¢), respec-
tively, and integrating, we get the integral relations

(1) = xgelo (1=x@=m1y())ds

and
y(t) = yoe" Jo (]*y(S)fuzs(s))ds_

We see that if the initial conditions are positive, then the components of the solution
are positive. It is left to show that the solutions remain bounded for all # > 0. Since x
and y are positive, we have that

x(O)(1=x(1) = py@) <x@)(1 —x())
and

ry)(1—y(t) — pax(t)) <ry@)(1 — y(®)).
It follows that

x'(1) <x(@®)(1—x() and y'(t) <ry(®)(1 = y(@)).
From now on, we write x for x(¢) and y for y(¢). Consider the differential equation

7 =z(1 —2), 2(0) = x(0) = xo.

Separating the variables and then integrating, we get [ % = [dt. Using partial
fractions on the left side integral, we obtain Ln| 1ZTZ| =t + C. Taking the exponential
on both sides, solving for z, and then applying the initial condition, we arrive at the

unique solution

xo€’

— > 1last— oo
14+ xp(ef — 1)

(1) =
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Since z is positive and has a limit, we conclude that z is bounded for all ¢ > 0. More-
OVer,

z(t) <1 as t — oo.

From this discussion we arrive at
x(t) <z(t) < 1.
Similar results can be obtained for y(¢). This concludes the proof. O
Setting the right sides of (6.5.1) equal to zero, we obtain the equilibrium solutions
Ep=(0,0), Ey=(0,1), E2=(1,0),
and
E5, which comprises of the solutions (if they exist) of x + u1y =1, uox +y=1.

Next, we use Theorem 6.2.1 to analyze the stability of the equilibrium solutions. The
Jacobian matrix is

_ (1 —2x—pry —H1X
”Ly”‘< —ruay r(=2x—pon)

J(0,0) = ((1) (r))

with eigenvalues A = 1, r, and hence by Theorem 6.2.1 and Remark 6.3 Ey is unstable

or repeller. At Eq,
J(O,l)_—(1 7l 0)
—ruy  —r

with eigenvalues A = 1 — 1 and —r, and hence by Theorem 6.2.1 and Remark 6.3
E is either a saddle or asymptotically stable. Similarly, at E,

(-1 —11
“Lm_<o ru—mJ

with eigenvalues A = —1 and r (1 — ), and hence by Theorem 6.2.1 and Remark 6.3
E» is either a saddle or asymptotically stable. For, E3 we solve the system

For Ey = (0, 0), we have

X+uy=1, pox+y=1
After some calculations, we obtain

1= I — w2
E; = , .
I—pipz 1—pipn
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1
m 1
€
1 \ ' \
1 1
moo L 3
Case: (a) <1, up > 1 Case: (b) 1 >1, up <1
FIGURE 6.10

No equilibrium points in the first quadrant.

The stability of the equilibrium solution of E3 is important to biologists since it shows
the coexistence of both species. We will analyze the stability by considering different
cases that are based on the eigenvalues.

Case (a): ) < 1, up > 1.

In this case the lines x + 1y = 1 and p>x + y = 1 do not intersect in the first quad-
rant, and it follows that E3 is not an equilibrium solution as depicted in Fig. 6.10. In
addition, in Case (a), E» is asymptotically stable, and E is a saddle point. Since the
interior of the first quadrant does not contain any equilibrium solution, it follows from
Theorem 6.4.3 that there is no periodic solution in the first quadrant. Recall that by
Theorem 6.4.3 a closed orbit or limit cycle surrounds at least one equilibrium point.
Thus by Theorem 6.4.3 the omega limit set of any trajectory is the equilibrium solu-
tion E;, and hence E; is globally asymptotically stable; see Fig. 6.11. The biological
meaning is that population x wins the competition. In other words, population y be-
comes instinct.

Case (b): 1 > 1, u2 < 1.
In this case the roles of E| and E; are reversed, but still only one competitor survives.
Next, we consider the cases where E3 is in the first quadrant, that is, E3 is an
equilibrium solution.
It turned out that E3 is an equilibrium solution in two cases.

Case (¢): u1 <1, uo < 1 and Case (d): p1 > 1, o > 1.

Next, we make use of Theorem 6.4.2 (generalization of the Bendixson—Dulac the-
orem) to study the possibilities of the existence of a periodic solution that sur-
rounds E3. Let h(x,y) = xl Then & is a continuously differentiable function in
G={(x,y):x>0,y>0} with

01 1

g[gx(l —x—my)]= 3
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\ Vi
=\
2
FIGURE 6.11
E, is globally asymptotically stable.
and
01 r
5[E’y(1 -y —pax)]=——
Thus
a1 01 1 r
ol Iy )]+ o=yl =y —par)] = =+ D),

which is negative in G. Therefore there is no periodic solution in the first quadrant in
both case (c) and case (d).
Let (x*, y*) be a solution of x + w1y =1, upxx + y = 1, that is, (x*, y*) =

l—p
(1 ullltz’l MIMZ) Then
1_2 * * _ *
J<x*,y*)=( roR L )
—ru2y r(l—=2y" — uox™)
1
(e
—rp2y”* r(1=2y" — popi i)
_ —x* _Mlx*
S \mrpayt =y )7
and tra(J (x*, y*)) = —x* —ry* < 0 for x*, y* > 0 implies that the sum of the eigen-

values is negative. Moreover,

det(J (x*, y*) =rx*y* —ruypuox™y* =rx*y* (1 — pip2).

det(J (x*, y*) — AI) = A2 — tra(J (x*, y*))A + det(J (x*, y*)),
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FIGURE 6.12

Coexistence.

we have that
A+ (K ry A+ rxty* (L — ppo) =0.

It follows that the eigenvalues are given by

L Xyt R VO 4y — Aty (1 — )
- : :

So E3 is asymptotically stable if 1 — pjpus > 0 and a saddle if 1 — 2 < 0.
Fig. 6.12(d) and (f).

If ;112 = 1, then the two lines are parallel or coincident. If coincident, then there
is a line of equilibrium solutions, and if parallel, then cases (a) and (b) apply. In
case (¢), ] —p; >0and 1 — pur >0, so E1 and E; are saddle unstable points. Since
w1 < 1, E3 is an attractor, that is, all solutions tend to E3. In that case the two
populations coexist. See Fig. 6.12(d).
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In case (d), w1 —1 > 0and up — 1 > 0, and hence E; and E, are asymptotically
stable. Also, in case (d) w12 > 1, and so E3 is a saddle point. See Fig. 6.12(f). Here
the initial conditions determine the winner.

6.6 Bifurcation in planar systems

We consider the two-dimensional autonomous system

x'=Px,y,u), ¥y =000,y pn 6.6.1)

depending upon a real parameter ©. We assume that P and Q are continuous in all
arguments on some subset of RZ. As u changes values or signs, the behavior of solu-
tions changes and may result in bifurcation points. For example, as we move across
a particular equilibrium solution, the stability may change from stable to unstable,
and vice versa. We begin by considering the following example.

Example 6.14. Consider the two-dimensional linear system

X=x+uy, y=x-y

(%)

A=£y14p.

If u > —1, then the eigenvalues are real with opposite signs, and therefore the ori-
gin (0, 0) is a saddle point (unstable). For the particular value u = —1, the system
becomes

for parameter p. The matrix

has the eigenvalues

/ /
X =X—-Yy,y =x—Y

and results in the whole line y = x of fixed points. If u < —1, then the eigenvalues
are purely imaginary, and the origin (0, 0) is a center (stable). As u > —1 decreases

to u < —1, the nature of the solution changes at i = —1; as a result, the equilibrium
solution (0, 0) changes from an unstable saddle to a stable center as u passes the
critical value —1. Thus we have a bifurcation at u = —1.

Example 6.15. Consider the planar autonomous system
Y=oy —x( 4y -, Y =x -y 4yt - ).

It is clear that (0, 0) is the only equilibrium point. We rewrite the system in the form

-6 6
y) N1 )\ —yx2+yh))
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The eigenvalues of
A= <M B 1)
1 u

(1) If & < 0, then the trajectories spiral toward the origin, and the origin is asymptot-
ically stable by Theorem 6.2.1.

(2) If i > 0, then the origin is unstable for the nonlinear system.

(3) If © =0, then Theorem 6.2.1 says nothing about the stability or instability about
the origin of the nonlinear system.

are u % i.

Next we examine in more detail the trajectories of the system by using polar
coordinates as we did in Example 6.8. By doing so we arrive at

r'=r(u—r?) and 6’ =1. (6.6.2)

Separating the variables and using partial fractions we arrive at

dr
=t + k for some constant k.
./ r(r— /) + /)

This leads to the solution

L. (6.6.3)
V14 ce™ 21t
Similarly, if we choose 6(0) = 0, then we have 6 () =¢.

Assume that u > 0 and consider the following three cases.

r(t) =

(3a) When ¢ = 0, we have from (6.6.3) r(¢) = /i, which represents a periodic solu-
tion with radius /.

(3b) If ¢ < 0, then (6.6.3) represents an orbit or trajectory that spirals counterclock-
wise toward the circle r(¢) = ,/u from the outside.

(3¢) If ¢ > 0, then (6.6.3) represents an orbit or trajectory that spirals counterclock-
wise toward the circle r () = ,/u from the inside.

Let 0 < u1 < 1 < w2 and define the annulus region
R={(x,y): 1 <x>+y* < pa).

Clearly, R contains no equilibrium solution, and then cases (3a)—(3c) prove that the
circle given by r2(t) = u or x% + y2 = p is a stable limit cycle and the origin is
unstable.

Next, we examine the stability of the origin when p = 0.
In this case (6.6.2) gives
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stable

= VR

stable unstable
FIGURE 6.13
Bifurcation diagram for Example 6.15.
which has the solution
) L
r =
V2t + K

for a suitable constant K. Clearly, r(t) — 0 as t — oo, and hence the zero solution
(or the origin) is asymptotically stable (spirally stable).
Finally, for 4 < 0, from (6.6.2) we have

r'=r(r*+1* and §' =1,

where [> = — . > 0. Separating the variables and using partial fractions, we arrive at
dr
————>- = —dt for some constant k.
r(r +12)

This leads to the solution

cl2e—2%
r(t) = m for some constant c.
Clearly, r(t) — 0, as t — oo, and hence the zero solution (or the origin) is asymp-
totically stable (spirally stable). In conclusion, for u < 0, the origin (0, 0) is stable,
and for u > 0, (0,0) is unstable, and r = ,/u is stable. Thus as u passes through the
critical value u = 0 from negative to positive, the origin changes from stable spiral
to unstable spiral, and there appears a new limit cycle that is a periodic solution. This
type of bifurcation is common and known as Hopf bifurcation.
The bifurcation diagram is shown in Fig. 6.13.

The next theorem provides a necessary condition for the existence of Hopf bifur-
cation. The proof is complicated, and hence we omit it.

Theorem 6.6.1. Consider the two-dimensional autonomous system

x'=Px,y,p), y=0xy, n (6.6.4)
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depending upon a real parameter |1, where P and Q are differentiable in the neigh-

borhood of (0, 0, 0). Assume that for small u,

P(0,0, w) = 00,0, ) =0. (6.6.5)
Let the Jacobian
J(0,0,0) = (g);((%”%’%)) Syy(((()),(()),(())))> = (3] —0w> for some w#0. (6.6.6)
Let
a= 11—6(Pm + Qxxy + Pryy + Qyyy)
+ ﬁ(ny(Pxx + Pyy) = Quy(Qux + Qyy) — Pex Qux + Py Qyy)  (6.6.7)

evaluated at (0, 0, 0) with a # 0. Suppose that
a(Pux + Quy) > 0. (6.6.8)

Then for sufficiently small i < O, there is a unique periodic solution with amplitude
A(w) such that

lim M =c>0.
n—0" /[l
If
a(P/L)C + Q;Ly) <0, (6.6.9)

then the periodic solution exists for u > 0. The stability of the periodic solution is
determined by the sign of

P,ux + Q,uy (6.6.10)

and is the opposite of the stability of the zero solution in the range of | where the
periodic solution exists.

Example 6.16. As an application of Theorem 6.6.1, we consider the system given in
Example 6.14. It readily follows that the Jacobian

J(0,0,0) = (’1‘ _Ml> - (? _01>.

Thus condition (6.6.6) is satisfied with w = 1. After simple calculations, it follows
that (6.6.7) evaluated at (0, 0, 0) implies that a = —1. Moreover,

a(Pux+ Quy) =—1(14+1) <0.

Thus by Theorem 6.6.1, the system possesses a periodic solution for u > 0 that is
stable (spirally stable) since the origin is unstable in the region where  is positive.
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FIGURE 6.14
Buckling beam.

We end this section with an application to Euler’s buckling beam.

Example 6.17. (Euler’s buckling beam) One of the most famous applications to bifur-
cations is the so-called Euler’s buckling beam. Consider different scenarios of beams
in Fig. 6.14, where excessive pressure is applied to the beam. The beam can support a
small force or pressure, but as the force is increased, the beam will go through a qual-
itative change in its vertical standing position. At one point, as we keep increasing
the force, the beam position will get compromised and results in a so-called buck-
ling, that is, there will be a critical value at which if the pressure is increased beyond
it, then the beam will buckle. Fig. 6.14 provides different situations for such buck-
ling beams along with supported ends. As for modeling, suppose we have a beam
of length one unit and the beam is placed along the horizontal axis with one end
supported by a fixed wall and a force F > 0 applied along its axis. Let § > O be the
viscous damping, and let K > O be the stiffness. The small deflection of the beam
is denoted by v(x,t), where x denotes the horizontal axes. After transforming the
model from a partial differential equation to a second-order differential equation, it
was shown in [27] that the amplitude u in variable time ¢ satisfies the second-order
differential equation

1
W' () +8u'(t) — 2 (F — nhHu(r) + 51{714”3(:) =0. (6.6.11)
To better study the differential equation, we put it in the system form

/
X =Yy,

: (6.6.12)
y =n?F —n?)x — 8y — 7K7r4x3,

where the force IF is the only parameter. The system has three equilibrium solutions
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2(F — 72) 2(F — 72)

0,0), ( e ,0), and (—

Note that the equilibrium solutions

2(F — 72) 2(F — 72)

( ) ,0) and (—

are only valid for F > 72,
Now

0 1
JOO=1 sp_n2 s

with eigenvalues

o —8 4+ /82 +4n2(F — n2)
= 3 ,
and, as a consequence, (0, 0) is stable if F < 72 and unstable if F > 2. The physical

implication is that the beam will buckle if F > 72

. ey . )
Now we consider the equilibrium solution ( Z(IIFOTZ ), 0) for F > 72. We translate

it to the origin with transformation

2F — 72) 0
X1 =X — —_—, =
! Kkn2 !

and arrive at the linearized matrix

0 1
J0.0)= _272(F —7%) -8

with eigenvalues

=882 —872(F —7?)
- 5 _

A

It follows that (0, 0) is stable if F > 72 and that the equilibrium solution ( 2“5{;’;2) ,0)

is stable for F > 2. The physical implication is that the beam will buckle if F > 72

Similarly, we can easily show that the equilibrium solution (— %ﬂ’;z), 0) is

also stable for F > 2. Thus we have a pitchfork bifurcation at F = 2. The bifurca-
tion diagram in Fig. 6.15 shows that bending is symmetric and can take place in the
negative direction as well.
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stable

~ [2F-7?)
u= Kn?
2

stable stable 7 unstaIlED‘Ie

stab uz_/%

FIGURE 6.15

Bifurcation diagram for u = i\/@.

6.7 Manifolds and Hartman—-Grobman theorem

In the study of dynamical systems and differential equations, the stable manifold
theorem is an important result about the structure of the set of orbits approaching a
given hyperbolic fixed point. Stable manifolds are directly related to the important
Hartman—Grobman theorem, which states that the flow generated by a smooth vector
field in a neighborhood of a hyperbolic equilibrium point is topologically conjugate
with the flow generated by its linearization. Hartman’s counterexample shows that,
in general, the conjugacy cannot be taken to be C!. However, the stable manifold
theorem tells us that there are important structures for the two flows that can be
matched up by smooth changes of variables.

Let f: E CR" — R" be C! and consider the autonomous nonlinear differential
equation

X = f(x). (6.7.1)

Definition 6.7.1. An equilibrium point xo of (6.7.1) is called hyperbolic if none of the
eigenvalues of the matrix Df (x¢) has a zero real part, where throughout this section,
we adopt the notation

Df (xo) = J (x0).
For example, the system
/ /

x'=y, y=—x—x>=3y

has (0, 0) as its only equilibrium solution. The linearization at (0, 0) is

DF(0,0)= (_01 _13> ,
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which has the eigenvalues

A_—ziﬁ
=0

Thus (0, 0) is a hyperbolic equilibrium solution since none of the eigenvalues has the
zero real part.

Our aim is to show that the local behavior of the nonlinear system (6.7.1) near
a hyperbolic equilibrium point xq is qualitatively determined by the behavior of the
linear system

x' = Ax, 6.7.2)

where the matrix A = Df (xg). Now we define the flow or trajectory of (6.7.1) that
suits our notations for this section. Denote the maximal interval of existence (o, )
of the solution ¢ (¢, xg) of the IVP

x' = f(x), x(0)=x* 6.7.3)

by I (x*) since « or § usually depend on x*. If x* € E and ¢ € I (x*), then the set of
mappings ¢, defined by

¢ (x™) = (2, x™)
is called the flow of (6.7.1). We define the set Q CR x E as
Q={{t,xeRx E:tel(x")).

We leave it an exercise to show that the set €2 is an open subset of R x E and ¢ €
cl).

Theorem 6.7.1. Let E C R" be open with f € CY(E), and let ¢; : E — E be the
flow of (6.7.1) defined for all t € R.

(i) The set S C E is said to be invariant with respect to the flow ¢, if $:(S) C S for
allt e R.

(ii) The set E is said to be positively (or negatively) invariant with respect to the flow
¢ if p:(S) C Sforallt >0 (ort <0).

We furnish the following example.

Example 6.18. Consider the nonlinear system of differential equations

¥ = <X1 +x%)
1
x(0) = <Z> = x*,

with
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Now x} = —x2 has the solution x = be™". Substituting this solution of x5 into the
first differential equation and using the variation of parameters formula, we arrive at
x1 =ae’ + %bz(e’ — e ). Thus

ae' + le el _6—21
Pi(x*) = 37 ).
be™!
Next, we show that the set
S={x eR*:x; =—x3/3})

is invariant under the flow ¢;. Let x* € S. Then a = —b?/3, and it follows that

172 -2t
—zb%e
k) 3
¢,(x)—< bt )eS.

Therefore ¢,(S) C S for all + € R. We will see later that the set S will be called the
stable manifold for system (6.7.1).

We are ready to formally define stable and unstable manifolds.

Consider the linear system given by (6.7.2) and suppose the eigenvalues of A
and their corresponding generalized eigenvectors are A; =« +if; and k; +1 d; for
j=1,2,...,n.Letthose vectors be the columns of the matrix P. Then PlApP =1,
where J is the Jordan form of A. Then the sets

E® :=Spanik;,d;:aj <0},

E" :=Spanik;j,d; :a; > 0},

E®:=Spanikj,d; :a; =0}
are the stable, unstable, and center subspaces for system (6.7.2).

Definition 6.7.2. Suppose that x( is a hyperbolic equilibrium point of (6.7.1).
(i) The stable manifold of xg is the set

W (x0) = {x* € E : lim ¢, (x™) = xq}.
ttoo
(i1) The unstable manifold of x is the set

W' (xo)={x*€E: 1im ¢ (x™) = xo}.
1y —00

We have the following example.
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Example 6.19. Consider the system given in Example 6.18. Then the eigenvalues of
A =Df(0,0) are A = £1. If L = 1, then its corresponding eigenvector is given by
v = (1, O)T. Similarly, v, = (0, I)T is the corresponding eigenvector for A = —1.
Thus

E'={(x,y) eR*:y=0)
and
E*={(x,y)eR*>: x =0).
Now limy o0 ¢ (x*) = X if and only if a + b? /3 = 0. Thus the stable manifold is

WS (xo) = {x* e R?:a = —b?/3}.

Similarly, lim; | o ¢; (x*) = (0, 0) if and only if b = 0. Thus the unstable manifold
is

W (0,0) = {x* e R*: b =0}.

6.7.1 The stable manifold theorem

The stable manifold theorem that we are about to state and give a sketch of its proof
states that (6.7.1) has stable and unstable manifolds W* and W* that are tangent at
Xo to the stable and unstable subspaces E* and E* of the linearized system (6.7.2),
where xg is a hyperbolic equilibrium solution of (6.7.1). Furthermore, W* and W*
are of the same dimensions as E° and E“. Besides, W* and W* are positively and
negatively invariant under ¢;, respectively, and satisfy

lim ¢, (x*) = x¢ forall x* € W*,
ttoo

lim ¢;(x*) =x¢ forall x* e W".
ty—o0
We furnish the following example that should serve as warm up.

Example 6.20. Let g € C'(E), where E C R? is an open set containing (0, 0). Con-
sider the nonlinear system

x'=—x,

y'=y+gk),
where we assume that g(0) := g(0, 0) = 0 and that the function g may contain linear
terms. The only equilibrium solution of the system is the origin and the Jacobian is

-1 0
WQQ_Q@ J'
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Then the eigenvalues of A = Df (0, 0) are A = %1, and the zero equilibrium is hyper-
bolic. If A = 1, then its corresponding eigenvector is given by vy = (0, 1)7. Similarly,
vy = (2, —g’(0))7 is the corresponding eigenvector for A = —1. Thus

E'={(x,y)eR?:x =0}
and
1
ES={(x,y)eR*:y= — 58 O)x}.

To find the stable and unstable manifolds, we directly solve the system. Assume an
initial point x(0) = a, y(0) = b for a, b € R. The first equation in the system has the
solution

x(t) =ae™ .

Substituting x back into the second equation and using the variation of parameters
formula, we arrive at

t
y(t) = be' +e’/ e ‘glae %)ds.
0

Making the substitution u = ¢~%, we arrive at the flow

$1(0) aei[
c) = .
' be' + ¢! fel,t glau)du

If c=(a,b)T € R2 is in the unstable manifold W (0,0), then lim; | _oo ¢ (c) — 0.
Then from the first component of ¢; it follows that lim; | _ ae”' =0 if and only if
a = 0. Substituting @ = 0 into the second component of ¢; and taking the limit, that
is, lim; 4 oo (be1 +e! fet,, g(O)ds) =1lim; | oo be’ =0 (since g(0) = 0), it follows that

W“(0,0) = {(x, y) e R?>: x =0}.

Similarly, if ¢ = (a, b)T € R? is in the stable manifold W* (0, 0), then limy 400 @1 (c) —

0. Then from the first component of ¢, it follows that lim, 4o ae”' =0 for any a.
From the second component of ¢; we have
t
hma@+a/‘gmm)=a (6.7.4)
1100 et

To that effect, we claim that

1
b:—/ g(au)du.
0
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To see that this satisfies (6.7.4), we first notice that

1 e
/ g(au)du =/
0 0

1 1 e
lim et(/ g(au)du —/ g(au)du) =—lim et/ g(au)du.
t1oo —t 0 [ o) 0

e

—t

1
g(au)du—i—/ g(au)du.

Then it follows

We must show that the term e’ foe [ g(au)du is small for all r > T for sufficiently
large T'. Since g is continuous with g(0) =0, given & > 0, there exists § > 0 such that
|g(au)| < & for |au| < 8. Moreover, as 0 < u < e !, we have |au| = |a||u| < |ale™".
Thus we can choose T > 0 sufficiently large so that |ale™ < § for ¢ > T. Therefore
|e’ foe 1 g(au)du| < ¢&. As this can be done for any ¢ > 0, we conclude that (6.7.4)
holds. It follows that the stable manifold is

1
W5(0,0) = {(x, y(x)) e R?: y(x) = —/ g(xu)du}.
0
Note that we could easily use L’Hospital’s rule on lim;4oc €’ foe B g(xu)du to show
that (6.7.4) holds. Next, we show that W* is tangent to E*:

dy

1
—= = o——/o g (xwudu| _,

Making the substitution v = xu, this expression becomes

_|x —0=—> / g'(wyvdv| _
Using L’Hospital’s rule, we find the slope at the origin to be

1 x 1 x ! 1
_x_Z/O g/(v)vdv|X:0 = — lim —2/0 g Wvdv = _)}E% g 0)x — _Eg/(o)'

x—>0x 2x

Thus W¥ is tangent to E° at the origin, and, moreover, W* € C 1
Let g(x) = xe* in Example 6.20. Then g(0) = 0 and g € C'. Furthermore,
ES={(x,y)eR?:y= —%g’m)x} ={(x, ) eRy= —%x},
and

1 1 1 1
y(x) = —/ g(xu)du :/ xueduy = —e* + —e* — —.
0 0 X X

I
203
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Substitute the Maclaurin series for ¢* into the last expression and simplify to get

05 )
Thus
W 0,00 ={(x, y(0) € R? 1 y(x) = _7)‘(1 +2§‘+§)}

In Example 6.20, we were able to compute the solutions to find W* and W*. This
is not the case for most nonlinear systems. The next theorem affirms the existence of
such manifolds in the neighborhoods of hyperbolic equilibrium solution, regardless
of whether solutions can be found or not. We have seen that the stable manifold of
a hyperbolic critical point is the collection of all states that asymptotically approach
that fixed point as time goes to infinity. Knowing the stable and unstable manifolds of
a fixed point can be useful for simple purposes, for example, for knowing which initial
conditions of a system of ordinary differential equations lead to which asymptotic
behavior. It is also very useful for spotting “exotic” behavior in dynamical systems.

As mentioned before, if the equilibrium solution is not the origin, then we use
transformation so that it coincides with the origin. Next, we define the differentiabil-
ity of manifolds.

Definition 6.7.3. (Homeomorphism) Let K; and K> be two subsets of a metric
space X. Then K| and K; are said to be homeomorphic if there is a continuous
one-to-one map g : K1 — K> such that g~! is also continuous.

Such two sets are called homeomorphic or topologically equivalent if there is
a homeomorphism of K onto K>.

Definition 6.7.4. (Differentiable manifold) An n-dimensional differentiable mani-
fold M is a connected metric space with an open covering M = U, U, such that

(1) for all &, Uy is homeomorphic to the open unit ball B = {x e R" : |x| < 1} in R”
centered at the origin, that is, for all «, there exists a homeomorphism g, : Uy — B
of U, onto B, and

2Q)if Uy NUg # ¥ and g4 : Uy — B, gg : Ug — B are homeomorphisms, then
8o (Usy N Up) and gg(Uy N Up) are subsets of R”, the map

g = 8u ogf;1 :glg(Ua N Uﬂ) — ga(Ua N Uﬁ)
is differentiable (or of class C"), and for all x € gg (Ua N Ug), the Jacobian determi-
nant is not zero, that is, detg—i #0.

For complete proof of the next theorem, we refer to [36].

Theorem 6.7.2. Suppose f(0) =0 and let E CR" be an open subset containing the
origin with f € CY(E). Let ¢, : E — E be the flow of (6.7.1) defined for all t € R.
Let

x'=Ax :=Df(0)x. (6.7.5)
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Suppose the linearized matrix Df (0) has k eigenvalues with negative real parts and
n — k eigenvalues with positive real parts. Then there exists a k-dimensional differ-
entiable manifold W* that is tangent to the stable subspace E°* of (6.7.5), and there
exists an (n — k)-dimensional differentiable manifold W" that is tangent to the un-
stable space E" of the linearized system (6.7.5). Moreover,

lim ¢;(p) =0 forany pe W?*,
ttoo

and
lim ¢,(p) =0 forany p e W".
t}—oo

Proof. (We only provide a sketch of the proof) This sketch of the proof is geared
toward giving guidelines on how to find the stable and unstable manifolds.
Since f € CY(E) and f(0) =0, we may write system (6.7.1) as

x'=Ax + F(x), (6.7.6)

where A = Df(0) and F(x) = f(x) — Ax with F € CY(E), F(0) = 0 and
D F(0) =0. There is an invertible n x n matrix C such that

P _ (P O
B=C AC—<O Q)’

where the k x k matrix P has the eigenvalues A;, i = 1,2, ..., k, each with neg-
ative real part, and the (n — k) x (n — k) matrix Q has the eigenvalues A;, i =
k+1,k+2,...,n, each with a positive real part. Make the change of variables
y = C~!x. Then x’ = Ax + F(x) becomes Cy’ = ACy + F(Cy). Multiplying both
sides from the leftby C~! gives y = C"'ACy+C~ ' F(Cy).Set G(y) = C~' F(Cy)
to arrive at

, (P O
y—(o Q)y+G(y). (6.7.7)

Since each step we have made is reversible, solving system (6.7.7) is equivalent to
solving the original system (6.7.6). Next, we labor to find stable and unstable mani-

folds. Define
_ et oo . 0 O
U(t)= ( 0 0) and V(t) = (O 01

(P O)l
Y Q) v +ve.

Fort € R and a € R", define the integral equation

so that

t
u(t,a)=U(t)a + f Uit —5)G(u(s,a))ds
0
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— /OO Vit —s5)Gu(s,a))ds. (6.7.8)
1

Perko showed the integral equation (6.7.8) satisfies (6.7.7) and tlim u(t,a) =0. De-
— 00

fine the iterative scheme for computing the solution:

u(t,a) =0,

t
u Dt a) =U(t)a +f Ut — )G (s, a))ds
0

- /Oo Vit —5)Gw® (s, a))ds.
t

Next, we give some insight on why this integral equation given by (6.7.8) is chosen.
In general, using the variation of parameters formula, the solution of (6.7.7) is

el 0 U fPlt—s) 0
u(t,a)-(o th)a+/o ( 0 L0(—5) G(u(s,a))ds.

Keep in mind that the goal is to remove the parts that blow up as t — oco. Thus we
try to separate convergent and non-convergent parts from the above integral equation.
Below we explain how this is done:

ePt 0 ! eP(t—S) 0
u(t,a)= ( 0 o2 a +f0 0 L0—5) G(u(s,a))ds
eft 0 0 0 tfpa-
= ( 0 O) a—+ (0 te a +/0 0 0 G(M(S’a))ds
t 0 O
0 Qi | Gluls,a)ds
efr o 0 0 tf,pa-
:(0 o)a+<0 o0t a+/0 0 0 Gu(s. a)ds
0 QU9 Gu(s,a))ds

(0 0
( 0 (tx)> G(u(s,a))ds (remove terms that blow up to get)
e
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_ [P0 tf Pu-s
o (o 0

t
=U(t)a +/
0

It is evident that the last n — k components of a do not enter the computation, and so
we take them to be zero. As a consequence, let u(t, a) be given by (6.7.8), and let us
examine what that implies for the initial conditions u (0, @). First, we notice that

Ut —s)G(u(s,a))ds — /00 Vit —s5)Gu(s,a))ds.
13

uj(0,a)=aj, j=1,2,...,k,

W(O,a):—(/(; V(—S)G(u(s,a))ds), j=k+1,...,n.

Hence the last n — k components of the initial conditions satisfy
aj=vja,...ar) =u;j0,ay,...,a,0...,0), j=k+1,...,n.
Finally, the stable manifold W*(0) is defined by

Wo={1,.osy) Y =¥ ), j=k+1,...,n}

Here is the iterative scheme for calculating an approximation to W*:

(1) Calculate the approximate solution u ™ (¢, a).
(2) For each j =k +1,...,n, the function v ;(ay, ..., ax) is given by the jth com-
ponent of ™ (0, a).

To find the unstable manifold W*, do the same by replacing ¢ by —1, that is,
y'==By—-G(®).

Then the stable manifold for this system will be the unstable manifold for (6.7.7).
During the process, we must replace the vector y by the vector (Yk+1,..., Yn, V1,
.., Yx) to determine the (n — k)-dimensional manifold W* by the above process. [

We end this section with the following popular example.

Example 6.21. Consider the planar nonlinear system

2
x| =—X| — X3,
Y =x7+x2

with the only equilibrium solution (0, 0). Then
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The eigenvalues of A are A = 1, —1 with corresponding eigenvectors (?) and (1>,

respectively. Thus the matrix C is given by C = <

and

A=Df(0) = (‘01 ‘f) .

0
1 0
0 1

-1 0 —x2
A=B=<0 1),F(x):G(x)=<x122),
(et 0 (0 0
vo= (% 9). vo= (8 %),

>. It follows that

Since n =2 and k = 1, the last components n — k of the n vector a are zero. So we

take a =

ai

0 ) Our goal is to find the first three successive approximations ul(z, a),

u@(t,a), and u® (¢, a) and use u® (t, a) to approximate the function vy, describing

the stable manifold W*

(6.7.8)

where

1 x2 = Ya(x1). Define the iterate of the function u(#, a) using

—t 4 —(t—s)
u(k+l)(t,a)=<eo 8>a+/0 (e ' s 8) Gw® (s, a))ds

_foo 0
- o
0= (7).

u(l)(t, a)=U(t)a= (e‘(’)m) ,

—t t —(t—s)
u®(t, a) = (eo 8>a+/0 (6 . ’ 8) GV (s, a))ds
(0 0 o)
— 0 el—9 G/ (s,a))ds
t
—t x 0 —t
=(° om) _f (e“)ez%ﬂ) ds:( le —i: 2)’
t 1 —§€ al

0
(,S)) GO (s, a)ds,
e
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—t tf ——s)
u¥(t,a) = <eo 8>a—/0 (e 0 ' 8) G (s, a))ds
{0 0
t
—t t e—([—x)e42xa4 ) O
=<e a1)_/ —— ds—/ o s
0 0 0 ' e'™e ™ ay

_ (e"al + %(e_‘“ - e")af)

1,-2t 2
-3¢ T4

If we approximate u(t, a) by u® (¢, a), then

u(t, a) = (etm + %(eﬂz — et)a?> _ (ul(t,al, O)) ’

_%e_zta% Mz(ﬂdho)

and

Yi1(a1) =u1(0,a1,0), ¥a(ar) =u2(0,a1,0)

are approximated by

1,
Vi(a) =ai, yo(a1) = —391-

Thus the stable manifold is approximated by

‘ 1
WS ={(,y) eR? 1y = —gyf}-

However, since the matrix C = I for this example, the x and y spaces are the same.
It follows that the stable manifold is given by

1
WS ={(x1,x2) eR? 1 xy = —gxz}.
The unstable manifold W* can be found by applying the same procedure to the
system with + — —¢ and x; and x» interchanged. Thus the stable manifold for the
resulting system will be the unstable manifold for the original system. With this in
mind, we arrive at the unstable manifold

1
W“ :{()C],)Cz) GRZ X1 = —gx%}.

Remark 6.5. We used u® (¢, a) to approximate u(t, a), and so
—t 1 ,,—4t —t\ 4 —t
elar+5(e " —e Ha e 'ay
u(t,a)~ 7 B . ,
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X2
A
Eu
Mu
ES
>
MS

FIGURE 6.16

Local approximations of M and M* of Example 6.21.

when |a| = |(a1, 0)7| is small, or when a; is small. Thus the stable manifold can be

approximated by

Yo(a)) = —(/0 V(—S)G(u(s,a))ds)2

_ _</°° 0 0 (g™ —eaf ds)
o \0 e* 2 2
o0 1
= —/ e_‘ve_z‘va%ds = ——a%.
0 3

Fig. 6.16 shows the stable and unstable manifolds in the neighborhood of (0, 0).

6.7.2 Global manifolds

The stable and unstable manifolds of Section 6.7.1 are local since they are defined
in a small neighborhood of the origin. For that reason, they are referred to as the
local stable and unstable manifolds at the origin. In this section, we define the global
manifolds around the origin.

Definition 6.7.5. Let ¢, be the flow of (6.7.1). The global stable and unstable mani-
folds of (6.7.1) at the origin are defined by

G’ (0) = U;<0p; (W?*)
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and
G"(0) = Urzo¢ (W?),
respectively.

The global stable and unstable manifolds are unique and invariant with respect to
the flow. Furthermore, for all x € G*(0), lim;— 0 ¢;(x) = 0, and for all x € G*(0),
limy—, o0 @1 (x) = 0.

For the next theorem, we define a neighborhood around zero. Let § > 0. Define
the neighborhood of the origin by

N5(0) = {x e R" : [|x]| < &}.

Theorem 6.7.3. Assume that the hypotheses of Theorem 6.7.2 hold. Suppose the
linearized matrix D f (0) has k eigenvalues with negative real parts and n — k eigen-
values with positive real parts. Set

Re(Aj) < —a <0< B <Re(An)

forj=1,....kandm=k+1,...,n.
Then, given & > 0, there exists § > 0 such that if p € Ns(0) N W¥, then

¢ (p)| < g™

or all t > 0. In a similar fashion, if p € Ns(0) N WY, then
fe p

g (p)] < eeP
forallt <O.

Theorem 6.7.3 states that if solutions start in the stable manifold W*, then they
approach the origin exponentially. This is displayed in Example 6.19.

The center manifold theorem gives a detailed description of the dynamic of (6.7.1)
in a neighborhood of a hyperbolic equilibrium once the center manifold W€ is deter-
mined.

6.7.3 Center manifold

Theorem 6.7.4. Suppose f(0) =0 and let E C R" be an open subset containing the
origin with f € CY(E). Let ¢, : E — E be the flow of (6.7.1) defined for all t € R.
Let

x'=Ax := Df(0)x. (6.7.9)

Suppose the linearized matrix Df (0) has k eigenvalues with negative real parts,
J eigenvalues with positive real parts, and m =n — k — j eigenvalues with zero
real parts. Then there exists an m-dimensional differentiable manifold W€ (0) that is
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tangent to the center subspace E°* of (6.7.9), a j-dimensional differentiable manifold
W¥(0) that is tangent to the unstable space E" of the linearized system (6.7.9), and
an m-dimensional differentiable manifold W€ that is tangent to the center space E€
of the linearized system (6.7.9). Moreover,

lim ¢;(p) =0 forany p € W,
too

lim ¢;(p)=0 forany pe W",
t}—o0o

lim ¢;(p) =0 forany p e W°.
t|—oo

In other words, the manifolds W*, W, and W€ are invariant under the flow ¢; of
(6.7.1).

Example 6.22. Consider the planar nonlinear system

/
{X]
!

R

with the only equilibrium solution (0, 0). Linearization around the equilibrium solu-

tion gives
0 O
A_Df(O)_(O _1>.

The eigenvalues of A are A =0, —1 with corresponding eigenvectors (é) and (O)

2
X1

—Xx3

1

Thus the stable subspace is E¥ = {(x1, x3) € R%: x| = 0}, and the center subspace is
E¢={(x1,x) € R%:x; = 0}. For constants ¢ and ¢, the system has the solution

c1 _
x1(t) = ——, x()=ce .
1—cyt
Note that if ¢; = 0, then x; = 0. Moreover, to get a better understanding of the dy-
namics of the solution, we eliminate # from both equations and arrive at the following
relation between x| and x»:

1 1

-4+
Xp =cpe ‘1 'L,
Since x1 = 0 for ¢; = 0, we have that the plane curves

1 1

—+
cre 1 1 for x; <O,

0 for x; =0

Xp=W(xy,cp,0)= (6.7.10)
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w*(0)

2
<

w(0)

>
>

FIGURE 6.17
Center manifold.

satisfy

ow
W(0,c1,c2) =0, —(0,c1,¢2)=0.
3X1

Now c1 < O if and only if x; <0 by x1(¢) = 1_”‘ for all ¢+ > 0. It follows that when

cit
x1 < 0 is sufficiently small, (6.7.10) is a local center manifold that is tangent to E°

at the origin. However, since (6.7.10) holds for any c¢; < 0 and c», there are infinitely
many center manifolds, and all have the same orientations as seen in Fig. 6.17.

6.7.4 Center manifold and reduced systems

Let E C R” contain the origin, and let f : E — R” be C?. Consider the autonomous
nonlinear differential equation

x' = fx). (6.7.11)
Since f € C!(E) and f(0) =0, we may write system (6.7.11) as

x' = Ax + F(x), (6.7.12)

where A = Df(0) and F(x) = f(x) — Ax with F € CYE), F(0) =0, and
DF(0) =0. There is an n x n invertible matrix C such that

. (P O
c AC_(O Q),
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where the k x k matrix P has eigenvalues A;,i =1, 2, ..., k, each with zero real part,
and the (n — k) x (n — k) matrix Q has the eigenvalues A;, i =k+ 1,k +2,...,n,
each with negative real part. Make the change of variables

(i) =C 'y, y eRF, zeR"*

and transform (6.7.12) into the form

y =Px+ Fi(y,2),

7 =07+ F(y.2), (6.7.13)
where
oF; oF; .
Fi(0,0)=0, —(0,0) = —(0,0), i =1,2.
dy 0z

If z = h(y) is an invariant manifold for (6.7.13) with
oh
h(0) =0 and 8_(0) =0, (6.7.14)
y

then we define the local center manifold
W={(y.2) eR* xR"* 1y =h(y), |Iyll <8}

for small § > 0. This way, W¢ is tangent to E€ at the origin. We have the following
theorem.

Theorem 6.7.5. For system (6.7.13), there exist 6 > 0 and h € Cl with h(y) defined
forall ||y|| < & such that z = h(y) is a center manifold.

On the center manifold W€, we get the reduced system

y' =Px+ Fi(y,h(y)),

and 7’ can be calculated on the center manifold in two ways: directly from the 7z’
equation above or by differentiating z = h(y), that is,

d
7 =Q0z+ Fa(y,h(y)) and ' = Eh(y) = Dh(y)y' = Dh(y)[Px + Fi(y, h())],

where Dh(y) is the matrix formed by partial derivatives of /(y). Note that in one di-
mension, Dh(y) = h'(y). Expanding & as a Taylor series (noting that the constant and
linear terms vanish), the two equations for z’ provide two different polynomials, and
the coefficients of different monomials can be equated to determine the coefficients
of the Taylor expansion. We end the section with the following two examples.
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Example 6.23. Consider the planar nonlinear system

x'=xy,
y=—x*—y

with the only equilibrium solution (0, 0). Linearization around the equilibrium solu-

tion gives
0 0
A_Df(O)_(O _1>.

The eigenvalues of A are A =0, —1 with corresponding eigenvectors <(1)) and (?)

Thus the stable subspace is E* = {(x,y) € R? : x = 0}, and the center subspace is
E€={(x,y) € R?:y = 0}. Since the matrix A is already in normal form, no coordi-
nate transformation is needed. We consider a center manifold of the form

y=h(x) =ax’® +bx> +cx* + 0(x°). (6.7.15)

There is no constant term and no linear term in A (x) since the center manifold passes
through the origin and should be tangent to E€. Now we calculate the constants. We

have
y=—x?—y=—x?— (ax2 +bx3 + cx4) +O0). (6.7.16)
Next, we differentiate (6.7.15) with respect to ¢. Using the chain rules, we get y' =
dh(x) =x"h'(x) or
dt

Y =x'h'(x) =xyh'(x) = x(ax2 +bx3 fext+ .. .)(Zax +3bx% +dex + ... )
(6.7.17)

Setting the right side of (6.7.17) equal to (6.7.16) and equating the coefficients at
2 .3

x2,x3, and x* give
a=-—1, b=0, and ¢c=-2.
Thus the center manifold is given by
WE={(x,y) eR?:y=—x?—2x%,
and the dynamics on W€ is

¥ =xh(x)=—x> = 2x> + O(x).

Now for x > 0, we have x’ < 0 and x” > 0 if x < 0. Thus the origin is stable, and the
solutions are stable nodes as shown in the graph below, but the motion onto the center
manifold in the y-direction is much faster than the motion on the center manifold,
leading to a phase portrait shown in Fig. 6.18.
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FIGURE 6.18

Exponential collapse of trajectories onto the center manifold and then slow convergence
toward (0, 0) on the center manifold.

The next example shows the need for a transformation.

Example 6.24. Consider the planar nonlinear system

(6.7.18)

{x’:y—x—i—xy,
2

yV=x—y—x

with the only equilibrium solution (0, 0). Linearization around the equilibrium solu-

tion gives
-1 1
A_Df(O)_<1 _1>.

The eigenvalues of A are & = 0, —2 with corresponding eigenvectors G) and <_11> .

Thus the stable subspace is E¥ = {(x, y) € R? : y = —x}, and the center subspace is
ES={(x,y) e R?*:y=x}.

LetC = (_11 i) Then C~! = % <_11 i) Make the change of variable from
X, y coordinates to u, v coordinates by

(1)=c"()=3(2)

or
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Under these transformations, system (6.7.18) in the u, v coordinates becomes
u =uv—v%, vV =—2v+uv—u’

The new system is now in the normal form since

Df(0) = (8 _°2> .

For similar reasons as in the above example, we define the center manifold /(u) by
v(u) = h(u) =au+bud +cut + - .
Then using the chain rule, we arrive at
v = [Zau +3b%u® +deu’ + .. .]u’

= [Zau +3b%u® +deu’ + .. ]

X [u(au2+bu3 +cu4+...) - (au2+bu3 +cu4+...)2]

=2a%u* + (5ab — 2>’ + - - (6.7.19)
On the other hand, using the second equation of the system with v = h(u) gives

v = —2v+uv —u®

:—2(au2+bu3+cu4+...)+u<au2+bu3+cu4+...)—u2

=Qa+Du*+@Q2b—a)u®+ GBc—byu*+---. (6.7.20)
Setting (6.7.19) equal to (6.7.20) and then equating the coefficients at u?, 1>, and u*
give
1 1 3
a=—=, b=——, c=—<,
2 4 8

and it follows that the center manifold in uv coordinates is
WE={u,v)eR*: v=—=u?——u’—Zu*+..}.
The dynamics on the center manifold is
/ 2 13 14 35

U =uv—v'=——u —-u ——-u +---,

2 4 8

which is stable for small u. Finally, the center manifold W€ in the original coordinates
X, y is approximated from replacing # with x 4+ y and v with y — x:

1 1 3
WCZ{(xvY)eRziy—x=—Z(x+y)2—E(x+y)3—a(x+y)4+...}.
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6.7.5 Hartman-Grobman theorem

Consider the nonlinear autonomous system
x' = f(x), (6.7.21)

where ECR", and f: E— R"isa C? function. The Hartman—Grobman theorem
states that near a hyperbolic equilibrium solution x¢, the nonlinear system given by
(6.7.21) has the same qualitative structures as the linearized system

x = Ax, (6.7.22)

where A = Df (xo). In this section, we assume that x is the origin, £ € R" contains
the origin, and f(0) = 0. Recall from Definition 6.7.3 that two sets K; and K; are
said to be homeomorphic if there is a continuous one-to-one map g : K1 — K» such
that g~! is also continuous.

In our case the two autonomous systems (6.7.21) and (6.7.22) are said to be topo-
logically equivalent in a neighborhood of the origin or to have the same qualitative
structure near the origin if there is a homeomorphism H mapping an open set U
containing the origin onto an open set V containing the origin that maps trajectories
of (6.7.21) in U onto trajectories (6.7.22) in V and preserves the orientation. If the
homeomorphism H preserves parameterization by time ¢, then (6.7.21) and (6.7.22)
are said to be topologically conjugate in the neighborhood of the origin.

We have the following example.

Example 6.25. Consider the two linear systems x’ = Ax and y’ = By with

2 -1 30
A—<_1 2>and3—<0 1).

(1 -1\ S B T

It is easy to verify that B = RAR™!. Let y = H(x) = Rx or x = R™'y. Then it
follows that

Define

y'=RAR 'y = By.
Suppose x(0) = xo. Then x (1) = e4’x is the solution of x’ = Ax, x(0) = xo. Simi-
larly, if y(0) = yo, then y = e®’y with yg = Rxo.
Then by (3.4.3) it follows that
y()=H(x()) =Rx() = Relxy = ReAtR_lyo = eB’yo =eB' R

is the solution of x’ = Bx. In other words, H maps the trajectories of x’ = Ax onto
trajectories of x’ = Bx and preserves the parameterization by ¢ since

He’' = eB'H.
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Thus H is a homeomorphism, and x’ = Ax and y’ = By are topologically conju-
gate.

Next, we introduce the Hartman—Grobman theorem, proved independently by
Grobman in 1959 and Hartman in 1960. We only offer an outline of the proof, which
should serve as guidelines on how to find the homeomorphism H. For complete
proof, we refer the reader to [26] or [33]. In plain language the theorem says that if
the linearization matrix has no zero or purely imaginary eigenvalues, then the phase
portrait for the nonlinear system near an equilibrium point is similar to that of its
linearization.

Theorem 6.7.6. (Hartman—Grobman theorem) Let f(0) =0, and let E C R" be
an open subset containing the origin with f € C1(E). Let ¢, be the flow of (6.7.21).
Suppose the linearized matrix D f (0) has no eigenvalue with zero real part (the origin
is hyperbolic). Then there is a homeomorphism H mapping an open set U containing
the origin onto an open set V containing the origin such that for each xqo € U, there
is an open interval Iy C R containing zero such that for all xo € U and t € Iy, we
have

H o ¢y (x0) = ™ H (x0).

In other words, H maps trajectories of (6.7.21) in U onto trajectories (6.7.22) in V
and preserves the orientation and parameterization by time t.

Proof. (Outline) Suppose that

A=Df(©) = (’5 g) ,

where all the eigenvalues of the matrix P have negative real parts and all the eigen-
values of the matrix Q have positive real parts. Let

X0 = <y0) e R",
20

let ¢, be the flow of (6.7.21) and write the solution

x(t. x0) = 1 (x0) = (Y(f’ 0, zO)>

z(t, y0, 20)

for yg and zg in E¥ and E", respectively.
Define locally (¢ = 1) the transformation

P
Tlxo = e" yo+ Y (xo0) .
ez0 + Z(x0)

Now for x € R”, define

(P _ (P(y,2)
Hox) = <w<x)) = (wy, z)) '
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Then
HyoT!=¢% 0 Hy,
which component-wise is equivalent to
" o) =D’y +Y(x), 2+ Z(x)),
QW) =D’y + Y1), e+ Z(x)). (6.7.23)

Next, we define a continuous successive approximation from the second equation by

Yo (x) =z,
U (x)=e 2Pp e’y +Y(x),e22+ Z(x)), k=0,1,....

Then Wy (x) is a Cauchy sequence of continuous functions, which converges uni-
formly as k — oo to a continuous function W(x). We write the first equation in
(6.7.23) by

e Pox)=dE Py+Yi(x), e %2+ Z1 (1)), (6.7.24)

where the functions Y] and Z; are defined by the inverse of T,

-P
Ty =[¢ YT NG9
(2 <eQz+Z1(y,Z)

With this setup, Eq. (6.7.24) can be solved by the method of successive approxima-
tions exactly as above with ®((x) = y. Finally, define the homeomorphism

1 1
H =/ e M HyT ds =/ e Hy o gy (x, y)ds,
0 0

which satisfies
Hod(x,y) =eMH(x,y). O

Remark 6.6. (1) From the computational aspect, Theorem 6.7.6 is difficult to use
since it requires the computation of the flow, which is not possible in most nonlinear
systems.

(2) However, conceptually, it suffices to know that such a homeomorphism exists.
This allows us to understand the dynamics of the nonlinear system near a hyper-
bolic equilibrium solution by simply looking at the eigenvalues of the linear system
x" = Ax, A= Df(0), obtained from linearizing the nonlinear system near the origin.

In the next example, we consider a system for which the flows can be computed.

Example 6.26. Consider
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with
Yo
0) =
x(0) (ZO) )
-1 0
Df(0) = ( 0 1) ,
and hence e’ = e~ !, and e? = e. The equation y’ = —y has the solution y = yge ™.

Substituting this solution into the second differential equation and using the variation
of parameters formula, we arrive at

1
z=2z0¢' + gyé(e’ )

Thus
—t
Yoe
1 (x0) = 1. 20t -2ty )’
zoe' + 3yg(e’ —e™)
andattr=1,Y(x)=0, Z(x) = %yg(e —e72), where x = (v, 2). As a consequence,
V() ="y +Y (), %2+ Z(x)),
which results in
—1 1 2 -2
eV(x)=P(e "y, ez + gyo(e —e ).
Therefore the successive approximations are given by

Wo(x) =z, x=(y,2) €R?,

1
Wy(x) =e "Wo(ey, ez + §y2<e —e%)
1
=e ez + gyz(e —e )]

1
=z+ 30— e)y?,

1
Wy(x)=e'Wi(ely, ez + G e )y?)
1 1
e M(ez + Sl e )y + ;0 - e He 2y
1
=z+30- e ey

1
=z+3(1- e (14 ey,

I
221
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—1 —1 1 —27..2
W30 =€ ey ezt 2(e— ey
1 1
=e [(ez + G e )yt + ;0 - e (1 +e3e 2y
1
=z+4 5(1 —e )2 +e 3y

1
=z+ (01— eHU+e 3470y,

1
Up@) =2+ 31—+ +e 4 @

TR T Y LA R D P by

15
=z+§y as m — 0.

Thus as m — oo,

1
W (y,2) > ¥(y,2)=z+ gyz

uniformly for all (y, z) € R?. Now the functions ¥} and Z; are defined by the inverse

of T,
—p
_ + Y1 (y,
O S
e 224+ 71(y,2)

T_l(y’z):< -1 eye3—1 2)’
¢ tTenaY

which implies that Y1(y,z) =0 and Z|(y, z) = —ery?, where r = 8;_21. To fully
determine ®(y, z), we use (6.7.24):

However,

e Po) = Py +11(x),e 2+ Z1(x))

or
ed(x) = d(ey, ez — eryz).

We define the successive approximations by

Do(y,2) =Y,
Dpr1(y,2) =e ' Dpley, e 'z —ery?), k=0,1,...,
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and get
d(y, )=y, (v.2)€R™

y
Ho(y,z)=< 1 2>,
z+§y

and the homeomorphism H is given by

Thus

1
H(y,z):/ e ASHyTSds
0
1 s e—S
:/ (e g) Hol 1y s
0 0 e Zes+§y2(es_672s)
e 0 ye™$
:/ s o 120 25y, 122 | 98
0o \0 e ze’ +3y°(e’ —e ) + 3yt
_ y
z+%y2 .

Note that HyT* is taken as the composition or Hy is acting on 7°. Let’s dig deeper
and see what subset gets mapped onto the stable subspace E*. Looking at the cor-
responding eigenvector of A = —1, we see that E* ={(y,z) € R?: z = 0}. We are
interested in finding the subset such that

y
H@@=< 12>eF.
z+§y

It readily follows that the subset is

1
(0,0 eRY iz=—2y7),
which is the stable manifold W* by simply taking t — oo in the flow. In other words,
the homeomorphism H maps W* onto E*. In addition, H maps W" = {(y,z) €

R? : y =0} onto E* = {(y,z) € R? : y = 0}. Solving the linearized system y’ = —y,
7 =z,wegety=cie " and z = e’ orz = § for constants ¢, ¢3, and c. Thus

c
H(y,z)=H(y, -),
y
from which it follows that

1 5 c
(y,z+§y )=, ).
y

223

Copyright Elsevier 2022



|
224

CHAPTER 6 Nonlinear systems

M b4

e
-

y

Eu
\ ES

i
/ Y

MS

FIGURE 6.19

Under the homeomorphism H, the phase portrait for the nonlinear system near the origin is
similar to that of its linearization.

Thus
c 1
1= —— =y
y 3

We just showed that, under H, the curve z = f — % y? of the nonlinear system gets

mapped onto 7 = % of the linearized system. (See Fig. 6.19.)

6.8 Exercises

Exercise 6.1. For the following equations, find the equilibrium solutions, sketch the
phase line, and determine the type of stability of all the equilibria.
(@) x' = x4 — x).

b)x' =2x(1—x) — %x.
©x'=@-x)2—x)>.

Exercise 6.2. Find the equilibrium solutions in terms of the parameter p and deter-
mine their stability. Show that the origin is a turning point and sketch a bifurcation
diagram and label all branches as stable or unstable. When possible, identify the type
of bifurcation.

(a) x' = px(1 —x).

(b)x" = (x* = p)(1 = ).

Exercise 6.3. Find the equilibrium solutions, determine their stability, and show that
the origin is a turning point and sketch the bifurcation diagram.

X =p—x%
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Exercise 6.4. For the following equations, show that each of them undergoes a tran-
scritical bifurcation and find the bifurcation value. Sketch the bifurcation diagram.
(@) x’ = px + 2x2.

(b) x' = (24 u)x — 5x2.

Exercise 6.5. Find the equilibrium solution xg at o and use Theorem 6.1.2 to deter-
mine the type of bifurcation at (xo, to) for the scalar system

X =pu+x—e"+1.
Exercise 6.6. Show that
¥ =px +x°
undergoes a pitchfork bifurcation at u = 0 and sketch the bifurcation diagram.

Exercise 6.7. Complete the proof of Theorem 6.2.1, that is, show that inequality
(6.2.8) holds on [0, c0).

Exercise 6.8. Suppose the origin is uniformly stable for the linear system x’ = A(#)x,
where A(?) is an n X n matrix with continuous entries. Suppose that F : [0, c0) x
R" — R" is continuous with

|F(t,x)] <y(t)|x| and /Ooy(t)dt < 00,
0

where the function y (¢) > 0 is continuous. Show that if F(¢,0) = 0, then the zero
solution of

x'=A@)x + F(t,x),
is uniformly stable.

Exercise 6.9. Investigate the stability of each of the equilibrium points for the given
systems:

(@) x'=x —3y+2xy,y =4x — 6y — xy.

(b)x' =6x —5y+x2,y =2x —y+y2.

(¢) x' =x —2y+3xy, y =2x —3y —x2 — y2.

(dx'=x—y,y=x2—y.

e)x' =y*—1,y =x3—y.

(f) x' =8x —y%, y/ = —y +x%

Exercise 6.10. Consider the system

x'=—x+hy,
y =x—y.

Show that
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(1) (0, 0) is asymptotically stable if & =0,
(2) (0, 0) is asymptotically stable spiral if # < 0, and
(3) (0, 0) asymptotically stable node if 0 < h < 1.

Exercise 6.11. Study the stability of the origin for the system
x' =y +hx(x>+y?),
y = —x +hy(x*>+y?).
(Hint: use polar coordinates.)
Exercise 6.12. Study the stability of the origin for the system
X' =-2x—y +x2y,
Y =4x+py—y :
for u # 2.

Exercise 6.13. Use polar coordinates to study the stability of the origin for the system

X ==y —x/x24+y2, ¥y =x—y/x2+y%

Exercise 6.14. Show that the system

x/:y+x( x y)7 y/:_x+y( X" —=y9)

has a limit cycle.
Exercise 6.15. Show that the system
M=y tal—xt—yh, Y =—x byl -a? =y
has a limit cycle.
Exercise 6.16. Consider the system
X =dx +4y —x(x* +y?),
Y =—dx +4y — y(x* + 7).

(a) Show that there is a closed path in the region 1 < r < 3, where r> = x2 + y?.

(b) Find the general solution.
Exercise 6.17. Show that x” 4+ x’ + f(x) = 0 has no periodic solution.

Exercise 6.18. Determine the region on which there is no periodic solution for

x4+ B = Dx' +x=0.
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Exercise 6.19. Consider the predator—prey model
X =x((1=x)=y), Y=ykx—a),a>0,

where x () and y(¢) are the numbers of preys and predators at time ¢, respectively.
(a) Sketch the nullclines and indicate the direction field.

(b) Find and analyze the equilibrium points.

(c) What can you say for each of the casesa > 1,a=1/2,and 0 <a < 1?

Exercise 6.20. (a) Prove Theorem 6.4.2.
(b) Use (a) to show that the system

x' =x(A—ax +by), Y =y(B—cy+dx),

where a, b, ¢, d, A, and B are constants with a, ¢ > 0, has no closed trajectories or
periodic orbits.
(Hint: let A(x, y) = L))

xy
Exercise 6.21. Use polar coordinates to study the stability of the origin for the system

/!
X =—X

y ’ X
Ln(y/x% + y?) Ln(v/x2 +y?)
Exercise 6.22. Consider the nonlinear system

/

, 1 2., .2 1 2, .2
X =}’+Zx[1—2(x +y91 vy =—x+§y[1—(x +y9)l.

(a) Show that (0, 0) is the only critical point.
(b) Show, using polar coordinates (r, 8), that

1 1
rr’ = Zr2[1 +sin?(6)] — Er“.

(c) Find the region R of Theorem 6.4.4.
Exercise 6.23. Consider the nonlinear system
x/=x—y—x3, y/=x+y—y3.

Given that (0, 0) is the only critical point, use polar coordinates to show that there is
a limit cycle in the region

R={(r0):1<r<+2}.
Exercise 6.24. Use Theorem 6.6.1 to show that the system
M=xp—y—xP—xy?—y, YV =x+yu—y —x’y

undergoes a Hopf bifurcation, that is, the system has a stable periodic solution with
radius /L.

Copyright Elsevier 2022



228 CHAPTER 6 Nonlinear systems

Exercise 6.25. Decide if Theorem 6.6.1 applies to the van der Pol equation given in
system form by

XM=y, ¥ =—x—p&*=Dy.
Exercise 6.26. By solving each of the systems below find E¥, E*, M*, and M“.
(@) x'=-2x,y =3x+y.
(b) x"=2x —y,y' = —y.
Exercise 6.27. By solving the following system find E°, E*, M*, and M":
x| =—x1, xXy=x2+x}, x5=0.
Exercise 6.28. Use the method of Example 6.21 to find M*® and M* for
x| =—x1, xh=2x34x%.
Exercise 6.29. Use the method of Example 6.21 to find M* and M* for

3 / 3
X]=—X1— X3, Xp=Xx2+x7].

(Hint: Find the first four successive approximations to uD @, a), u@ ¢, a),u® @, a),
4
ut(t,a).)

Exercise 6.30. In Example 6.23, find the center manifold using
y=h(x)= ax> +bx> +ex* +dxd +ex + 0.

Exercise 6.31. Find the center manifold W€ of the system

x = ny’
Y =—x—y.
Exercise 6.32. Find the center manifold W€ of the system

x'=x+4+2y—xy,
y =2x +4y — y%.

Exercise 6.33. For Example 6.26, verify that
eMH(y.2)=Ho¢(x,y).

Exercise 6.34. Find the homeomorphism H for the nonlinear system

!

Y =y+22
Z =—Z.
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Exercise 6.35. Approximate the homeomorphism H, W*, and W* for the nonlinear

system
yi =1
Yy =—y3+ 3,
7 =z4y;.

Exercise 6.36. Consider the two linear systems x’ = Ax and y’ = By with

-3 0 -1 -2
A_<O 1) andB—(_2 _1>.

Find the homeomorphism H so that ¢'AH = He'5.
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Lyapunov functions

Lyapunov functions are named after Aleksandr Mikhailovich Lyapunov, a Russian
mathematician, who defended the thesis The General Problem of Stability of Mo-
tion at Kharkiv University in 1892. Lyapunov was a pioneer in creating the global
approach to the analysis of the stability of nonlinear dynamical systems. His work,
initially published in Russian and then translated to French, received little attention
for many years. The current use of Lyapunov functions has proved that Lyapunov was
ahead of his time in developing his theory that is being used in many different areas
of sciences. In theory Lyapunov functions are scalar functions that may be used to
prove the stability of equilibrium of a given dynamical system. Since the inception of
Lyapunov functions, their successful usage has been extended to integral equations,
integro-differential equations, and functional differential equations.

7.1 Lyapunov method

The existence of Lyapunov functions is a necessary and sufficient condition for sta-
bility in differential equations. There are no concrete procedures on how to find
Lyapunov functions, but in some cases, the construction of Lyapunov functions is
known. In the particular case of homogeneous autonomous systems with constant
coefficients the Lyapunov function can be found as a quadratic form. As we will see
later, Lyapunov functions allow us to study the stability of nonlinear dynamical sys-
tems when the equilibrium solution of an associated linear differential equation is a
center.
Let D be an open set in R” containing 0, and let 7y be any initial time. Define

V i [tp, 00) x D — [0, 00),

where V is any differentiable scalar function. If i : [tp, 00) x D — D is any dif-
ferentiable function, then V (¢) := V (¢, ¥ (¢)) is a scalar function of it, and using the
chain rule, we can compute its derivative

aVv
at

Advanced Differential Equations. https://doi.org/10.1016/B978-0-32-399280-0.00013-9 23 1
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Let f : [tp, 00) x D — R" with f(¢,0) = 0. Assume the existence of the unknown
solution x : [ty, 00) — D for all (¢*, x¢) € [ty, o©) x D and consider the system

x'=f(@,x), (7.1.1)
where
fi(t, x)
fa(t, x)
fan=|""
fn(t5x)

Then it follows from the above argument that

oV, x(1))

V'(t,x(1) = o filt,x@®) +...

o
L V@xO) ey + 2 (7.1.2)
axn Jat

Thus expression (7.1.2) defines the derivative of the function V (¢, x) along the un-
known solutions of (7.1.1). Note that if VV = grad V = (%, ey %), then expres-
sion (7.1.2) takes the form

VIt x(1)) =grad V- f(t,x) + 88—‘;

@

where “.” represents the dot product.
Suppose we are able to find V such that for any (¢, x) € [#9, 00) x D, we have

AV (t,x(@)) oV (t,x(1))

Al x@) + ..+ Fultox) + 2 <o,
0x1 ot

0xy,

Then along the solutions of (7.1.1), we have V'(¢, ¥ (¢)) < 0. Since V is nonincreas-
ing along the solutions and V is increasing in |x|, with some work, we are able to get
the boundedness of solutions and stability of equilibrium solutions.

The discussion that we gave above regarding the derivative of the function V is
not rigor, and more precise definitions and conditions must be imposed. We start with
the following definition.

Definition 7.1.1. Let D C R" be an open set containing the origin, and let V (¢, x) :
R* x D — R be a given function. Then we define W = R™ x D and

V(t+h, hf(t, -V,
V(%"‘”(t’x(t)):llmso‘ip (t+h,x+ fh( x)) ( x)’ (Gx) e W,

where f is the right-hand side function of (7.1.1).
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Let x(¢) be a solution of (7.1.1) and define

V/(t, x(1)) = limsup Vth x@+h) - V(t,x(t)).
h—0t h

Definition 7.1.2. Suppose V (¢, x) : RT x D — R is Lipschitz in x (uniformly in
t € RT), that is, there exists L > 0 such that for all € RT,

[V(t,x1) = V(t, x2)| < Lllx1 —x2ll, x1,x2€D.

We further assume that V (¢, x) is continuous in ¢ and Lipschitz in x (uniformly
in t) with Lipschitz constant L > 0. We have the following lemma.

Lemma 7.1. Let x(¢t) be a solution of (7.1.1). Then
V'(t,x(t) = V(/7'|'1)(t, x(1)). (7.1.3)
Moreover, if Q : W — [0, 00) is continuous such that
V/(t,x(1)) < —Q(t, x(1)), (7.1.4)

then
5]
Vg, x(t2)) — V(t1, x (1) < —/ Q(t,x()dt, 0<t <t,. (7.1.5)
n

Proof. First, we note that since V is a Lipschitz function, we have
—L|lx1 —x2ll = V(s,x1) = V(s,x2) < Lllx1 —x2|, s 20, x1,x2€ D.
Let x(¢) be a solution of (7.1.1). Then

V(t+h,x(t+h) -V, x@))
=V(@+h,x@t+h)—V(E+hx+hf(,x))
+V(@+h,x+hf(t,x)—V(,x(@)).

Divide the above expression by #, take limsup;,_, ¢+, and then apply the Lipschitz
condition to get

V(t+h,x(t+h)—V(t,x())

lim sup
h—0t h
. V(i+h,x+hf(t,x)—V(,x(@))
<limsup
h—0t h
4L lim lx(@+h) —x@)—hf@E,x@)l
h—0F h
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. V(i+hx+hf@t,x) =V, x@)
= limsup

h—0F h
+LIx" = ft.0ll,

which gives

Vit+h hf(t -V
V'(t, x(¢)) <limsup @+hx+ fh( %)) @, x)
h—0t

=V}t x®). (1.1.6)

In a similar way, but reversing the use of Lipschitz inequality, we get

V(t+h,x(t+h) =V, x(t))

lim sup
h—07F h

) Vit +h,x+hf(t,x))—V(, x(2))
> lim sup

h—0t h

L lim AR —x@) —hf@x@)]
— L lim

h—0t h

. Vit+hx+hf@,x)—V(E x@)
= lim sup

h—07t h
—L|x" = f(t, 0,

which gives

V(t+h,x+hf(t, x)—V(,
V/(t, x () = limsup LU X F fh( X)) = V(t, x)
h—0t

This shows that
V/(t, x(@)) = V(/7,1_1)(f, x(1)).

As for (7.1.5), we integrate both sides of (7.1.4) from #; to ;. This completes the
proof. U

Remark 7.1. Lemma 7.1 states that the derivative of V with respect to (7.1.1) is the
derivative of V along the solution of (7.1.1) and is given by (7.1.2).

The situation is considerably simplified when V is independent of ¢. In this case
(7.1.2) simplifies to

Mfl(t,JC(t))+-~~+ an(t,x(t))- (7.1.8)

Vix®) = 0x1 0x,

Recall that if x* is an equilibrium point of (7.1.1), then the change of variables x =
y + x* translates every nonzero equilibrium solution to the origin.
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Definition 7.1.3. Let D be an open set in R” containing 0. A continuous autonomous
function V : D — [0, 00) is positive definite if

V(0)=0 and V(x) >0 forx #0.
The function V is said to be negative definite if —V 1is positive definite.
Definition 7.1.4. Let D be an open set in R” containing 0. Let
V:D — [0, 00)
have continuous first partial derivatives. If V is positive definite and

v v
ViGx(®) = a(ijq(t))fl (tx(@)+---+ %fn(t,x(t)) =<0

for (¢, x) € [tg,00) x D, and x # 0, then V is called a Lyapunov function for sys-
tem (7.1.1).

If the inequality is strict, that is, V'(x(z)) < 0, then V is said to be a strict
Lyapunov function.

— X

Damping b

FIGURE 7.1

Damping harmonic motion.

Consider the damped harmonic motion depicted in Fig. 7.1, where m, k are pos-
itive constants and a > 0. If x is the displacement of the mass from its equilibrium
position, then applying Newton’s second law to all forces acting on the system, we
arrive at the second-order differential equation

mx" +bx" +kx =0.

We introduce the transformation x; = x and x, = x’ and arrive at the system

, , k b
X|=X2, Xp=——X] — —X2. (7.1.9)
m m

Copyright Elsevier 2022



|
236

CHAPTER 7 Lyapunov functions

Clearly, if b = 0, then linearization gives no information regarding the stability of the
origin. Next, we try to construct a Lyapunov function that overcomes such difficulties.
Since we are dealing with a physical system, we expect that the system energy will
decrease over time to zero. Thus a logical choice for a Lyapunov function would be
the sum of kinetic energy and spring potential energy, that is,

1 1
V(x) = 5m(x’)2 + Ekxz.
Clearly, V is positive definite, and

V' =mx'x" + kxx’

=x'(mx" + kx)
=x'(—=bx")
= —b(x")>.

Later on, we show that this is enough to demonstrate that the origin is stable. We
make the following definitions regarding stability.

Definition 7.1.5.
x'=f(@, x), (7.1.10)

where x(¢) € R". Assume that f is continuous and locally Lipschitz with respect
to x. Let t — x(¢, tg, xo) denote the maximal defined solution of (7.1.10) satisfying
the initial condition x (fg) = xq. Let

¢ : [ty, 00) > R”

be a solution of the differential equation (7.1.10).

(a) We say that the solution ¢ is stable (S) on [fy, 00) if for each & > 0, there is
8 = 6(tp, €) > 0 such that whenever |¢ (tg) — xo| < 8, the solution x(z, fg, xg) is
defined for all ¢ € [ty, 00), and

|p(t) — x(t, 1o, x0)| < & forall t > r1g.

(b) We say that the solution ¢ is uniformly stable (US) on [fy, 00) if it is stable
and given ¢ > 0 as before, § in (a) is independent of #y and such that whenever
| (fo) — xo| < &, the solution x (¢, ty, xo) is defined for all 7 € [1g, 00), and

| (1) — x(¢, tg, x9)| < & forall ¢ > tg.

(c) We say that the solution ¢ is asymptotically stable (AS) on [tg, 00) if it is stable
and given & > 0 as before, there is §; < § such that whenever |¢ (fg) — xo| < 81,
we have tlim |p(t) — x(t, tg, x0)| =0.

— 00
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(d) If ¢ is not stable, then we say that it is unstable, that is, there is some ¢ > 0
such that for every & > 0, there is some point xog with |¢ (f9) — xo| < § such that
|p (1) — x (1, to, x0)| > € for some t] € [y, 00).

(e) We say that the solution ¢ is uniformly asymptotically stable (UAS) on [tg, o) if
itis US and there exists y > 0 such that for each u > 0, there exists T =T (u) >
0 such that |¢ (f9) — xo| < v, t =19+ T, implies |x (¢, to, x0) — P ()| < w.

Since any equilibrium solution can be translated to the origin, we have the equiv-
alent definitions regarding the zero solution x = 0.

Let f : [tg, 00) x D — R" with D C R" containing the origin. Assume the exis-
tence of the unknown solution x : [fg, 00) — D on each (*, x¢) € [tp, 00) x D and
consider system (7.1.1) with the initial condition x (ty) = x¢ and f(z,0) =0.

Definition 7.1.6. The zero solution (x = 0) of (7.1.1):

(a) is stable (S) if for all & > 0 and 7y > 0, there is § = 8(fy, &) > 0 such that
|x(t0)| < & implies |x (¢, tg, x0)| < &,

(b) is uniformly stable (US) if § in (a) is independent of 7y,

(c) is unstable if it is not stable,

(d) is asymptotically stable (AS) if it is stable and tl_l)rgo |x(t, t9, x0)| =0, and

(e) is uniformly asymptotically stable (UAS) if it is US and there exists y > 0 such
that for each > 0, there exists 7 = T'(u) > O such that |x(¢9)| < y,t >t + T,
implies |x (¢, tg, X0)| < U.

Thus x = 0 is stable if solutions starting near x = 0 do not wander too far from
x = 0 in future time. Now x = 0 is asymptotically stable if it is stable, and solu-
tions near xo approach 0 as r — oo. The next result is useful in constructing positive
definite or negative definite functions and is stated in the following theorem.

Theorem 7.1.1. For constants a, b, and c, the function
Vix,y)= ax* + bxy + cy2
is positive definite if and only if
a>0 and 4ac —b* >0
and is negative definite if and only if
a <0 and 4ac —b* > 0.

Example 7.1. Consider the planar system

X =—x—xy?%

Y =—y—yx
Set
Vix,y) =ax? + bxy —I—cy2.
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Computing the derivative of V along the solutions of the system, we obtain
V'(x,y) = =2[2a(x> + x*y?) + bQ2xy + xy° + yx*) +2c(y? + x%yH)].

If we choose b =0, a > 0, and ¢ > 0, then V' is negative definite, and V is positive
definite by Theorem 7.1.1.

7.1.1 Stability of autonomous systems

Let D be an open subset of R” containing 0, and let f : D — R" with f(0) =0.
Assume the existence of the unknown solution x : [fy, o0) — D for each (*, xg) €
[#0, 00) x D and consider the system

x'=f(x), x(0)=xp, t >0, (7.1.11)
where
fix)
f2(x)
fx)= :
fn(x)

Note that Definitions 7.1.3, 7.1.4, and 7.1.6 carry over to the autonomous system
(7.1.11). We make the following definitions regarding an open ball so that we may
state the stability notion in terms of such balls.

Definition 7.1.7. Let x* € R” and r > 0. Then B, (x*) denotes the open ball centered
at x* with radius r, that is,

B.(x")={xeR":||x —x*|| <r}.
Definition 7.1.8. The equilibrium point x* of (7.1.11):

(a) is stable (S) if for each ball B.(x*), there is a ball Bs(x*) (§ < ¢) such that if
x € Bs(x™), then x (¢, xo) remains in the ball B, (x*) for ¢t > 0,

(b) is asymptotically stable (AS) if it is stable and there is a ball B.(x*) such that
for each x € B.(x*), x(t, x9) — 0 as t — o0.

We warm up with the following example.

Example 7.2. The origin (0, 0) is the only equilibrium solution and is a node for the
system
x = —x,
!/
y ==y

We apply Definition 7.1.8. The solution is easily computed and is given by
(x) _[cie™!
y cre!

Copyright Elsevier 2022



7.1 Lyapunov method 239

for x(0) = ¢y and y(0) = ¢;. For all ¢ > 0, let § = & > 0. Then for all ¢ € Bs(0) =
{(x,y) eR?:/x2+y2 < 8} and 1 > 0, we have

el = 220) + 320 = (G + De 2 <5 =e.
It follows that

(x(2,0,c1), y(t,0,c2)) € Bs(0),

and hence (0, 0) is stable. Moreover,
(x(t,0,c1), y(t,0,c2)) = (0,0) as t - o0

shows that (0, 0) is AS.
Theorem 7.1.2. Let V (x) be a Lyapunov function in D, that is, V : D — [0, 00),

V0)=0, V(x)>0, and V' <0 forx #0.
Then the zero solution of (7.1.11) is stable.

Proof. Pick ¢ > 0 such that the ball B.(0) is in D. Let S; be the boundary of B;(0).
Due to the continuity of V at the origin and V (0) = 0, there must be a point on S,

where V attains its minimum, which we denote by m = miSn V(x) > 0. Let B5(0) be
x€S;

another ball in D. Since V (0) = 0 and V is continuous we can choose § > 0 such that
V(x) <m for all x € Bs(0). Our goal is to show that if xg € Bs(0), then x (¢, 0, xg) €
B:(0) forall ¢ > 0. Since V’ < 0, then V (xg) < m implies that V (x(z, 0, xo)) < m for
all # > 0 because the nonpositivity of the derivatives implies that V does not increase
along the orbits with the initial condition xo. This in turn implies that x(z, 0, xo)
cannot cross S, since V(x) > m for all € S,. This implies that the origin is stable.
This completes the proof. U

Example 7.3. Consider the planar system

x'=—y+xy,

y/=x—x2.

Clearly, (0, 0) is an equilibrium point of the system. The linearization theorem, The-
orem 6.2.1, is inconclusive since (0, 0) is a center for the linear part

Moreover, using the method of polar coordinates gives no information about the sta-
bility of the origin. Let us try to construct a Lyapunov function. Let a and b be positive
constants and set

Vix,y) = ax? +by2,
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where a and b are to be determined. It is clear that V (0,0) =0 and V (x, y) > O for
(x, ) #(0,0).

Computing the derivative of V along the solutions of the system using (7.1.8), we
obtain

V'(x,y) = axx’ 4 byy'
=ax(—y +xy) +by(x —x?)
=0

by setting a = b > 0. The simplest choice would be a = % = b. In this case,

1
Vx,y)= 5(x2+y2>.

Thus by Theorem 7.1.2 the origin is stable.
Here is another example.

Example 7.4. Consider the three-dimensional system

Clearly, (0, 0, 0) is an equilibrium solution of the system, and

-2

0 0
J(©0,0,00=11 0 O
0O 0 O

Thus J (0, 0, 0) has the eigenvalues .y =0and A, = A3 =i /2. The linearization the-
orem, Theorem 6.2.1, cannot be applied. Let us try to construct a Lyapunov function.
Let a, b, and ¢ be positive constants and set

Vix,y)= ax’ + by2 + czz,
where a and b are to be determined. It is clear that V(0,0) =0and V (x, y, z) > 0 for
(x,y,2) #(0,0,0). Computing the derivative of V along the solutions of the system

using (7.1.8), we obtain

V'(x,y) =axx +byy +cz7
=ax(=2y +yz) + by(x — xz) +cz(xy)
=2[@a—b+c)xyz+ (—2a + c)xy].

Copyright Elsevier 2022



7.1 Lyapunov method 241

Hence if b=2a and c = a > 0, then V'(x, y,z) =0 forall (x, y,z) € R3, and there-
fore by Theorem 7.1.2 the origin (0, 0, 0) is stable. Furthermore, choosinga =c =1
and b = 2, we see that the trajectories of this system lie on the ellipsoids

PRI Ny
for positive constants k.

Example 7.3 reveals the advantage of the use of Lyapunov functions over lin-
earization since it showed that a center for a linear system is stable for the accompa-
nying nonlinear system.

The next theorem provides criteria for asymptotic stability.

Theorem 7.1.3. Let V(x) be a strict Lyapunov function in D, that is, V : D —
[0, 00),

VO0)=0, V(x)>0, and V' <0 forx#0.
Then the zero solution of (7.1.11) is asymptotically stable.

Proof. Since the origin is stable and V’ < 0 along the solutions of (7.1.11), it follows
that V (x) decreases to the value ¢ as t — 0o. The proof will be complete if we show
that ¢ = 0. Assume for contradiction that ¢ > 0. Then there exists 8 < ¢ (¢ from the
stability theorem) such that V(x) < ¢ for all x € Bg(0). However, then x(¢) cannot
enter Bg(0). Let

m=min{—V': B <|x| <e}.

As —V’ > 0, we have that V/ < —m for all # > 0. An integration of V' < —m from 0

to ¢ yields
V(x(®)) — V(xo) < —mi.
Thus tlim V(x(t)) = —oo, which contradicts the assumption that V is positive defi-
— 00

nite in D and tends to ¢ as t — co. Hence ¢ must vanish.

We next claim that x(¢) — 0 as t — oo. If this is not the case, then there are
constants o > 0 and a sequence #;y — oo such that |x(¢)| > « for all k. Since the
closure Eﬁ (0) is compact and all the points x (#;) € Bﬂ (0), there is a subsequence that
converges to a point z € Bg(0). We may assume that x(#) — z, and we must have
0 # |z| = «. By the continuity of V we have that V (x(#;)) — V(z) > 0. However,
since t; — 00, we must have V (x(#;)) — ¢ = 0, which is a contradiction. Thus the
origin is asymptotically stable. This completes the proof. O

Example 7.5. Consider the planar system

x =—x— xyz,

4 —_—

y = y+3x2y.
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Clearly, (0, 0) is an equilibrium point of the system. The linearization theorem, The-
orem 6.2.1, tells us that (0,0) is AS. We verify the result by constructing a strict
Lyapunov function. Let a and b be positive constants and set

Vix,y) = ax? +by2,

where a and b are to be determined. Clearly, V (0,0) =0and V (x, y) > O for (x, y) #
(0, 0). Computing the derivative of V along the solutions of the system using (7.1.8),
we obtain
V'(x,y) =axx' +yy

= ax(—x —xy”) + by(—y +3x7y)

= —2ax’ — Zax2y2 — 2by2 + 6bx2y2

=—(6x>+2y") <0
unless x = y = 0, where we choose a = 3, b =1 to eliminate the mixed terms. Thus

by Theorem 7.1.3 the origin is asymptotically stable.

Note that the origin (0, 0) of the system in Example 7.1 is asymptotically stable
by Theorem 7.1.3.

Let V(x) be a strict Lyapunov function in D. Then domain of attraction of an
equilibrium consists of all points such that a solution starting at them tends to the
equilibrium. In engineering applications, it is often important to get an estimate of
the size of the domain of attraction. Thus if V is a strict Lyapunov function on a set
D e R", then the origin is asymptotically stable, and the domain of attraction is

N={xeD:V(x)<C}

for some positive constant C.

Example 7.6. Consider the planar system

!/
xX'=—=x-y,

Y=2x—y+y.
Clearly, (0, 0) is an equilibrium point of the system. Set
2
Vix,y) =x2+ y_.
2
Clearly, V(0,0) =0, and V (x, y) > 0 for (x, y) # (0,0). Computing the derivative
of V along the solutions of the system, we obtain
V/(x,y) =2xx"+yy'
=2x(—x =) +yQ2x —y+y")
— 222y
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To keep V'(x, y) < 0, we must restrict y so that —y? 4 y* = y2(—1 4 y?) < 0, that
72 . .
is, —1 < y < 1. On the other hand, to keep the ellipses V (x, y) = x% + )7 = C inside

D={(x,y):xeR, -1 <y <1}, we musttake 0 < C < % Thus for any value of
such C, the origin is asymptotically stable, and the domain of attraction is

- 1
N:{xeD:V(x)§C<E}.
The next theorem only asks for the existence of a Lyapunov function to obtain the

asymptotic stability but with a catch.
Theorem 7.1.4. Let V(x) be a Lyapunov function in D. Let
Z={x:V'(x)=0,x € D}.
Suppose that the only bounded solution of (7.1.11) that remains inside Z all the time
is the equilibrium solution 0. Then the origin of (7.1.11) is asymptotically stable.

Proof. Theorem 7.1.4 is a particular case of Theorem 7.4.2, and we ask the reader to
either wait or flip the pages. O

As an application of Theorem 7.1.4, we provide the following example.

Example 7.7. Consider the planar system

x'=—x -2y,

y =3x —2y.
Clearly, (0, 0) is an equilibrium point of the system. Set
Vix,y)= 5 Ty

Clearly, V(0,0) =0 and V(x, y) > 0 for (x, y) # (0,0). Computing the derivative
of V along the solutions of the system, we obtain
V'(x,y)=xx"+2yy

=x(—x —2y)+2y(3x —2y)

=—(x—2y)".
It is clear that V/(x,y) = 0 if x = 2y. Thus V(x, y) is a Lyapunov function (not
strict) on the set

Z={(x,y) eRz:x:Zy}.

Let (x,y) be a bounded solution (trajectory) in Z, that is, there exists a positive
constant K such that |x|, |y| < K. Substitute x = 2y into the original system to get
x = —2x and y’ = 4y. By straightforward calculations we obtain the solutions

x(t) =x(0)e™% and y(t) = y(0)e*,
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respectively, for ¢+ € R. These functions cannot satisfy |x|, |y| < K, unless x(0) =
¥(0) = 0. To have you more convinced, the solutions must also satisfy x = 2y, or

x(O)e_Z’ =2y (O)e4t,
which can only hold if x(0) = y(0) = 0. Thus the only bounded solution in Z is the
origin, and hence by Theorem 7.1.4 the origin is asymptotically stable.
The next theorem provides criteria for instability of the zero solution of (7.1.11).

Theorem 7.1.5. Let D be an open set in R" containing 0. Let V : D — [0, 00) be
continuous real-valued scalar differentiable function that is positive definite on D. If
V'(x) > 0 for x # 0, then the origin of (7.1.11) is unstable.

Proof. Assume that the zero solution is stable. Then, for ¢ = 1 and #y = 0, there exists
& > 0 such that |xo| < § implies that |x(z, 0, xo)| < 1. Hence for x(t) = x(¢, 0, xo),
V (x(t)) is bounded for ¢t > 0 when |xg| < §. Fix xg with |xo| = % such that V (xg) > 0.
Since V' > 0, it follows that V' is increasing along the solutions. Therefore we have
V(x(t)) > V(xg) >0, t > 0. Since V is continuous and V (0) = 0, there exists p €
(0, 1) such that p < |x(¢)| < 1,¢ > 0. Since V' > 0 along the solutions of (7.1.11) and
positive on the closed and bounded set p < |x(t)] < 1,wehavel = min V’'(x) > 0.

p=lx|=1
Thus
t d t
V(x(t)) — V(xg) :/ %V(x(s))ds 2/ lds =1(t — ty) = 00, t — 00.
0 0

This contradicts the fact that V (x(¢)) is bounded for t > 0 when |xg| < §. It follows
that the zero solution x () = 0 is unstable. [l

Example 7.8. Consider the planar system

Clearly, (0, 0) is an equilibrium point of the system. Linearization will not work here
since there are no linear terms at (0, 0). Set

Vi(x,y) = x? —|—2y2.

Clearly, V(0,0) =0 and V(x,y) > 0 for (x,y) # (0, 0). Computing the derivative
of V along the solutions of the system, we obtain

V'(x,y) =2xx"+4yy
=2x(2xy +x7) +4y(—x* +y°)
=2*+4y5>0, (x,y)#(0,0).

It follows from Theorem 7.1.5 that the origin is unstable.

Copyright Elsevier 2022



7.1 Lyapunov method 245

Example 7.9. We examine the stability and asymptotic stability for different values
of a for the planner system

¥ =ax(x* 4+ y?) — xy?,
Y =ay(x® +y?) +x%y.

Clearly, (0, 0) is an equilibrium point of the system. Linearization will not work here
since there are no linear terms in the neighborhood of (0, 0). Set

Vix,y) =x? +y2.

Clearly, V(0,0) =0 and V(x, y) > 0 for (x,y) # (0,0). Set V() := V(x(r), y(2)).
Then along the solutions of the system we have that

V/(t) =2xx" +2yy
=2x[ax(x* + y?) — xy*] + 2y[ay(x* + y?) + x%y]
=2a(x% + y*)>. (7.1.12)

It is clear from relation (7.1.12) that the origin is stable if @ = 0, asymptotically stable
if a < 0, and unstable if a > 0. In the following, we will use expression (7.1.12) and
try to understand the behavior of the Lyapunov function along the solutions.

We observe that (7.1.12) is equivalent to

V() =2aV%(@),

which is a separable first-order differential equation in V (¢). Thus separating the
variables and then integrating from O to ¢ gives

V(0)

YO= T v ' F

(7.1.13)

Case 1. If a = 0, then from (7.1.13) we have that V (t) = V (0) = x(0)* + y(0)* > 0.
In this case, we have a periodic solution surrounding the origin

24y =i2

for nonzero constant k. Hence the origin is stable.

Case 2. If a < 0, then from (7.1.13) we have that V() — 0 as t — oo, that is,
x2 + y2 — 0 as t — oo, which means that the solutions spiral toward the origin,
and we conclude that the origin is asymptotically stable.

Case 3. If a > 0, then by (7.1.13) V(¢) is not defined for all # > 0. In fact, V() — oo
ast — m from the left. We conclude that the origin is unstable.

The next theorem provides criteria of the instability of the zero solution, which is
different from that given in Theorem 7.1.5.
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Theorem 7.1.6. Let x* be an equilibrium solution of (7.1.11). Let U be a neighbor-
hood of x*. Let V : U — R be a continuously differentiable function on U, except
perhaps at x*. If V(x*) = 0, but there are points arbitrarily close to x* where V is
strictly positive and V' > 0 on U \ {x*}, then x* is unstable for (7.1.11).

Proof. Without loss of generality, we take x* = 0. Let Bg(0) € U, 8 > 0. We may
choose a point xo € Bg(0) close to 0 such that V (xo) > 0. Let (a, b) be the interval
of existence of the solution x(¢) = x(t, x9). The proof will be completed if we can
show that x(¢) is outside the ball Bﬂ (0). Assume the contrary, that is, solutions stay
in Bg(0) for all # > 0. Since B,g (0) is compact, V achieves its maximum, say Vy €
Bg(0). Thus

V(x(t) < Vo, t=0. (7.1.14)

Since V/ > 0 and V is increasing along the solutions and V' > V (xg) > 0, we can
find p > O such that V' (x) < V (xo) for x € B,(0). Then x(¢) is trapped in the compact
annulus p < |x] < B. Let

m=min{V': p < |x| < B}.
An integration of V' > m from 0 to ¢ yields
V(x(t, x0)) = V(xo) +mt,

which contradicts (7.1.14) since the right side goes to infinity as 7 goes to infinity.
Thus the solution x (#) must escape Bg(0), and the origin is unstable. This completes
the proof. O

Lyapunov functions can also be used to determine limit cycles, as the next exam-
ple demonstrates.

Example 7.10. In Example 6.15 we considered the planar autonomous system
=y x4y ), Y =x -y +yr - )

with ¢ > 0 and used polar coordinates to show the existence of a stable limit cycle.
In this example, we use a Lyapunov function to arrive at the same result. Let

Vix,y) =x?+ yz.
Then along the solutions of the system we have the expression
V/(t) =2xx" +2yy
=2x[—y —x (" + 37 — )]+ 2y[x — y(* + 37 — )]

=207 +y? — ) (x* + y?)
=2(u—Vx, »)V(x, y).
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Now since V > 0, the sign of V’ depends on the term u — V(x, y). We have V' =0
if V = or x> + y2 = u, which is a circle centered at the origin with radius . If
0 <V < u, then V' > 0. In this case the trajectories start inside the circle with radius
u and move upward toward it but do not cross it due to uniqueness. If V > u, then
V’ < 0. In this case the trajectories start outside the circle with radius p and move
toward it but do not cross it due to uniqueness. We conclude that x24+yr=pis
a stable limit cycle.

The next example shows the importance of Theorem 7.1.6 and illustrates its usage
as Theorem 7.1.5 is not applicable.

Example 7.11. Considered the planar autonomous system
x =3x+y%, ¥y =-2y+x>.

Clearly, the origin is the only equilibrium point of the system. We easily conclude that
(0, 0) is unstable using the linearization method. Let us see how we can implement
Theorem 7.1.6. We consider the Lyapunov function

2 2
X M
V(X,Y)=7—?~

There are points in the neighborhood of the origin where V is positive, for example,
the points on the x-axis. Since we are only interested what happens in the neighbor-
hood of (0, 0), we limit ourselves to |x| < 1 and |y| < 1. To better understand the
derivative of V, we will utilize the inequality

0<(a—b)?=a>—2ab+b*

for all real numbers a and b, from which it follows that
2 2
ab < 5 + 5
It readily follows that along the solutions of the system,
V' = (3x24+2y%) + (xy? = x3y). (7.1.15)
Next, we compare the term (3x% + 2y?) with (xy? — x3y):
lxy? = x%y| < |xylly — 57|

<=2+ yHEF+ 1D

@+ D) (x+ 1))

=

=

(x4 [yDCxl+1yD

N =N =] =
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1
=5mﬁ+m%+mm

5%mﬁ+wﬁ+§mﬁ+wﬁ
—x2 42
< 3x% + 2y2.
Thus a substitution into (7.1.15) gives
V() > |xy? =3y + (y? = xPy) > 0

for (x, y) # (0, 0). We conclude that V/ > 0 on the set |x|, |y| < 1 minus the origin,
and by Theorem 7.1.6 the origin is unstable. Note that the set U of Theorem 7.1.6 is
defined by

U={x,yeR:|x| <1, |y| <1}.

Theorem 7.1.6 also has its limitation since there may be some points near the
equilibrium solution x* that approach x*, which makes it difficult to have V' > 0 on
a whole neighborhood of x*. The next generalization theorem is due to Cetaev.

Theorem 7.1.7. (C"etaev) Let x* be an equilibrium solution of (7.1.11) contained in
the closure of an open set U, and let E be a neighborhood of x*. Let V : E — R be
a continuously differentiable function on E such that

(1) V and V' are both positive on (U N E) \ {x*}.
(2) V(x) =0 on the part of the boundary of U that is in E.

Then the equilibrium solution x* is unstable.
Proof. Exercise. O

Next, we briefly discuss a special class of Lyapunov functions that includes the
absolute value of the unknown solution. Let x : R — R be continuous. Observing that

= V2 = ()2

and using the chain rule, we arrive at

ilX(t)l = l(xz(t))‘% 2x(1)x'(1))
dt )
— L)lx’(,)
(x2(1))2

_x()
ko

We have the following lemma.
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Lemma 7.2. Let x : R — R be differentiable. Then

o= 2w
—x(@)] = —=x"(1).
dt |x(1)]
Example 7.12. Consider the scalar nonlinear Volterra integro-dynamic equation
/ x(1)
xX'()=ax(@)+b t € [0, 00). (7.1.16)

1+ [y x2(s)ds’
Suppose there exists a constant 8 such that
a+|b|=8.
Consider the function
V(t,x)=|x()].

Then by Lemma 7.2, we have

, d x(@) ,
Vi, x) = E|x(f)| = mx ()
x(1) x(1)
— +b—
lx ()] (ax® 1+ [y x2(s)ds
2 X x(1)
=ax —bh—
@1 Ixl 1+ [ x2(s)ds
bllx|———
Salel bl

<alx|+ |bl|x|
= (a+1bDIx].

Then it follows from Theorems 7.1.2—7.1.5 that the zero solution of (7.1.16) is stable
if B =0, asymptotically stable if 8 < 0, and unstable if 8 > 0.

7.1.2 Time-varying systems; non-autonomous

Now we turn our attention to systems that explicitly include the variable time z.
Such systems are referred to as non-autonomous systems. Thus we consider the non-
autonomous system

x' = f(t, x), (7.1.17)

where f € C([O, o0) X D, R”), where D C R" is open with 0 € D. We say that
avector x* € R" is an equilibrium solution, or constant solution, or equilibrium point
of (7.1.17) if

f(t,x*) =0.

249
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This is the perfect place to make clear that the existence of equilibrium points for
non-autonomous systems may depend on the initial time. To see this, we consider

1
X = (i i) (2) >0, x(0) = xo.

The system has a unique equilibrium solution (0, 0), provided that the matrix is
non-singular, which is the case for ¢ # 1. Thus, in this case, the system attains an equi-
librium solution if and only if the initial time #y > 1.

Definition 7.1.6 of stability carries over to (7.1.17). In addition, the uniform
asymptotic stability for (7.1.17) is equivalent to the asymptotic stability for au-
tonomous system. We begin by considering the initial value time-varying scalar
differential equation

x" = (6t sin(t) — 2t)x, x(to) = xo, to > 0.

Its unique solution passing through (7, xo) is given by

t
x(1) = xo exp( / (65 sin(s) — 2s)ds)
fo
= xo exp (6sin(r) — 61 cos(r) — 12 = 6sin(to) + 610 + 619 c0s(10) + 13 ).
Set
c(ty) =exp (6 sin(r) — 61 cos(t) — 1> — 6sin(ty) + 6tg + 6t cos(fp) + tg).

Then

lx ()] < |xolc(zo)|, = 1o.

Thus for any ¢ > 0, choose (1, &) = % so that

lxo| <86 = [x(1)| <e,
and hence the zero solution is stable but not uniformly stable. Note that c(#y) increases
as tp increases, and hence § shrinks as #( increases and ¢ is fixed. To be more specific,

suppose to =2nmw,n =0, 1,2, ..., and x(¢) is evaluated 7 seconds later in each case.
Then

x(tg + 1) = x (1) VO,
and if x(79) # O, then we get
x(to + 1)
x(t0)

Thus there is no § independent of #y that would satisfy the requirement for uniform
stability.

— 00 as t — oQ.
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Definition 7.1.9. A strictly increasing continuous function W : [0, c0) — [0, 00)
with W(0) = 0 is called a wedge. (In this book, wedges are always denoted by W
or W;, where i is a positive integer.)

Definition 7.1.10. Let D be an open set in R” containing 0. A continuous au-
tonomous function V : [0, 00) x D — [0, 00) is positive definite if

V(t,0)=0 and V(¢,x) >0 forall x #0 and all ¢ € [0, 00).

Thus V (¢, x) is positive definite if and only if there is a wedge independent of time ¢
such that V (¢, x) > W(|x]|) forall x € D.

Definition 7.1.11. Let D be an open set in R” containing 0. Let
V :[0,00) x D — [0, 00)
have continuous first partial derivatives. If V is positive definite and

avi(t, x(1)) A x@) +- -+ av(t, x(1)) £t x(0) + aV(t,x(1)) <0

V/(t,x()) =
@ x(®) 9% 9%, ot

for (z, x) € [tg, 00) x D with x #£ 0, then V is called Lyapunov function for system
(7.1.17).

If the inequality is strict, that is, V'(¢, x(¢)) < O then V is said to be a strict
Lyapunov function.

Definition 7.1.12. Let D be an open set in R” containing 0. Let
V [0, 00) x D — [0, 00).

We say V (¢, x) is:

(a) decrescent in D if there is a wedge W such that
V(t,x) <Wi(x|) forall x € D,

(b) radially unbounded if V(t,x) — oo as |x| — oo, which means that for each
M > 0, there is N > 0 such that V (¢, x) > M for all ¢t € [0, c0) and all x such that
|x| >N,

(c) both positive definite and decrescent if
Wilx]) = V(z, x) < Wa(lx|).

Theorem 7.1.8. Let D C R" be an open set containing the origin, and let V (¢, x) :
[0, 00) x D — [0, 00) be a given continuously differentiable function satisfying

V(t,0)=0, (7.1.18)
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Wi(x]) =V, x), (7.1.19)
and
V'(t,x) <0 forall t >0 and x #0. (7.1.20)
Then the zero solution of (7.1.17) is stable.

Proof. By (7.1.20), we have V'(¢t,x) <0, V is continuous, V(z,0) = 0, and
Wi(lx]) < V(t,x). Let ¢ > 0 and typ > 0. We must find § such that |xg| < § and
t > to imply |x(¢, to, x0)| < €. (Throughout these proofs, we assume that ¢ is small
enough so that |x(z, 79, xo)| < € implies that x € D.) As V is continuous in ¢ and x
and V (¢, 0) = 0, there is § > 0 such that |xg| < § implies V (tp, xg) < Wi (¢). Thus if
t > ty, |xo| <8, and x = x(t, tg, xg), then we have

Willx@®)) = V(t,x) < V(1, x0) < Wi(e).
Applying Wl_l to both sides of the above inequality gives
x| <e.
This completes the proof. O

Theorem 7.1.9. Let D C R" be an open set containing the origin, and let V (¢, x) :
[0, 00) x D — [0, 00) be a continuously differentiable function. Assume that (7.1.18),
(7.1.19), and (7.1.20) hold. If, in addition, V satisfies

V(t, x) < Wa(lx]), (7.1.21)

then the zero solution of (7.1.17) is uniformly stable.

Proof. For a given ¢, we choose § > 0 such that W>(§) < Wi(e), where Wi (|x|) <
Vi, x) < Wa(lx]). If tp > 0, then we have

Wi(lx(@)]) = V(2. x) < V(1. x0)
= Wa(lxol) < W2(8) < Wi(e),

or |x(t)| < &, as required. This completes the proof. O

The next example shows that V' (¢, x) < 0 is not enough to drive solutions to zero.

Example 7.13. Let g : [0, 00) — (0, 8] with g(0) =1 and 0 < 8 < 1. Consider the
non-autonomous first-order differential equation

x'(1)=[g'(0)/g®)]x@). (7.1.22)
It is clear that x(#) = g(¢) is a solution of (7.1.22). Our goal is to construct a function

V(t, x)=a(t)x*t)
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such that V'(z, x) = —a(1)x*(1), where a(1), a(t) > 0 for t € R*, and [~ ar(s)ds <
o0. Along the solutions of (7.1.22) we have

g' (@)
g

V/(t,x) = [d (t) + 2a(t) =—=]x*(1).

By substituting V'(¢, x) = —a(t)x2(r) we arrive at

g' (@)
g@)

a'(t) +2a(t) =—a(t).

It readily follows that the solution is
t
a(t) = [a(0)g*(0) — /0 a(s)g(s)ds1g* (1)
t
> [a(0)g*(0) — B* /0 a(s)dsl/g* ().

Since 0 < g <1 and f Yoioa(s) < 00, we may choose a(0) large enough to imply
that a(¢) > 1 on [0, c0). Thus we have shown that V > 0 and V' < 0 do not imply
that solutions tend to zero. As a matter of fact, there is no wedge W, with V (¢, x) <
W (]x]). Notice that V is not decrescent.

Theorem 7.1.10. Let D C R" be an open set containing the origin, and let V (¢, x) :
[0,00) x D — [0, 00) be a continuously differentiable function satisfying (7.1.18)
and (7.1.19). If; in addition,

V/(t,x) < —W3(|x]|) forall t >0, (7.1.23)

then the zero solution of (7.1.17) is asymptotically stable.

Proof. By Theorem 7.1.8, the zero solution is stable. Therefore given ¢ > 0, there are
8 > 0 and y > 0 such that

y <|x(t,t0,x0)| <&, t>ty, |xo| <§.

Due to (7.1.23) and |x(z, ty, x0)| = y for t > 19, there exists a constant d > 0 such
that

V/(t,x) < —d <0 forall ¢ > 1.

An integration of V' < —d from 1 to ¢ yields
V(ts x(t3 tO? xO)) E V(t()v x()) - d(t - t())

Thus tlim V(x(t)) = —oo, which contradicts the assumption that V is positive def-
—00

inite. Hence no such y exists, and since V (¢, x) is a positive decreasing function, it
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follows that lim V (x(¢)) = 0. Therefore
11— 00
lim x(z, tg, x9) =0
11— 00

which implies that the zero solution is asymptotically stable. This completes the
proof. O

Theorem 7.1.11. Let D C R" be an open set containing the origin, and let V (¢, x) :
[0, 00) x D — [0, 00) be a continuously differentiable function satisfying

V(t,0) =0,

Wi(lx]) = V(. x) = Wa(lx]),
and
V'(t,x) < —Ws(|x|) forall t > 0.
Then the zero solution of (7.1.17) is uniformly asymptotically stable.

Proof. By Theorem 7.1.9, the zero solution is uniformly stable. Let ¢ = 1, and find
6 > 0 of uniform stability and call it . Let y > 0 be given. We must find 7 > 0 such
that

lxol <n, t0>0, and t > 19+ T

imply |x (¢, tg, x0)| < y. Pick u > 0 with W () < Wy(y), so that there is #; > #y with
|x(#1)| < i. Then we have, for t > 1y,

Wi(lx(®)D) < V(¢ x) <V (t, x1)
<Wa(lx1]) < Wa(n) < Wi(y),

or |x(t1)| < y. Since V'(¢, x) < —W3(]x|), and so as long as |x(¢)| > w, it follows
that V'(z, x) < —W3(w). Thus

t
Vit x(0)) < V(t0, x0) — / Ws(lx(s)ds
0]

< Wa(lxol) = W3 () (r — 10)
= Wa(n) — W3(u)(r — 10),

which vanishes at

Wa(n)
t=1ty+ >0+ T,
W3(w)
where T > “;,/32((/'1)) Hence, if T > ‘%—((Z)), then |x(¢)| > u fails, and we have |x(¢)| < y
for all t >ty + T. This proves UAS. O
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Example 7.14. Consider the second-order differential equation
u' +e(t)u=0,
where e is continuously differentiable with
e'(t) <0 and tl_l)rgO e(t)=ey>0.

Making the substitution x = u, y = u’, we arrive at the equivalent system

/ /

xX'=y, y=—e(t)x.
Let

V(t,x) = e(t)x? + y?,

where x = (j}) Then along the solutions we have

V/(t,x) = €' (1)x* 4+ 2e(t)xy — 2e(t)xy
= (t)x?
<0.

It is clear that V (¢, 0) = 0. We will show that the zero solution is uniformly stable us-
ing Theorem 7.1.9 if we show that Wy (|x]) < V (¢, x) < W, (|x]). Since e is decreasing
and its limit at infinity exists and is equal to ep, we may let

¢ =min{ep, 1} and k = max{e(0), 1}.
Then we can define
Wi(Ix]) = c(x* 4+ y*) = c[x|, and Wa(|x|) = k(x* + y?) = kx|,

so that we have Wi (|x]) < e(r)x? + y? < Wa(|x|). This implies that the zero solution
is uniformly stable.

Example 7.15. Consider the system
xp=—x; — e 2y, x5 =x1 — x2.
Here (0, 0) is the only equilibrium solution. Let
V(x1,x) = x12 + 1+ e_Zt)x%.
Then along the solutions we have by Definition 7.1.11 that

V/(t, x1,x2) = —2[x] — x1x2 + x5 (1 +2¢7 )]
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2 2
. X X .
Using x1x2 < 5 + 5, we arrive at

V/(t,x1,x2) = =2(x7 + 23 (1 +2¢7)) + 2x1x2
< —(f 4 x3 +4xze )

< =@} +x3) == =W (lx)).
In addition, if we set
Wi (lx)) = %(x% +x3), Wa(lx]) = + 3,
then we have
Wi(lx]) = V(z, x) = Wa(lx)),
and by Theorem 7.1.11, the origin is uniformly asymptotically stable.

Remark 7.2. Theorems 7.1.8—7.1.10 hold for the autonomous system (7.1.11) with
autonomous V (x).

7.2 Global asymptotic stability

In this section we briefly discuss the notion of global asymptotic stability.

Definition 7.2.1. Assume that the zero solution of (7.1.11) is stable. If |x (¢, #9, xo)| —
0 as t — oo for every x (tp) = xo, then we say that the zero solution is globally asymp-
totically stable (GAS).

Remark 7.3. Theorem 7.1.10 implies the zero solution is GAS if D =R".
In addition, for the next theorem we note that (7.1.19) implies

V(x) = oo as ||x|| = oo,
since Wi (|x|) = o0 as |x| — oo.

Example 7.16. Consider the system
x;=—x1(1 —2x1x2), x5 =—x2.
It is clear that (0, 0) is the only equilibrium solution. Let
1
V(x1,xp) = Exlz —i—x%.
Then along the solutions we have

V' (x1, x2) = —x7 (1 — 2x1x2) — 2x3.
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Now V'(x1,x2) <0if 1 —2x1x2 > 0, that is, if x1x2 < % Thus the origin is asymp-
totically stable but not GAS since we are confined to the bounded region that consists
of all points (x, x2) such that xjx; < % Therefore we cannot conclude that the zero
solution is GAS.

We state the following theorem regarding GAS.

Theorem 7.2.1. Suppose the hypothesis of Theorem 7.1.3 holds with D = R". In
addition, if V (x) is radially unbounded, that is,

V(x) — oo as ||x]|| = oo, (7.2.1)

then the zero solution of (7.1.11) is GAS.

Proof. By Theorem 7.1.2, the zero solution is stable. Suppose there is a solution or
trajectory that does not converge to zero. Since V is decreasing and nonnegative, it
converges to some y as t — oo. Since x does not converge to zero, we have y <
V(x(t)) < V(xp). Let

L={z:y <V(2) <V(x0)}.

Then L is closed and bounded and hence compact. Therefore V attains its supremum
on L, thatis, sup,.; V' =—d <0, or V'(x(t)) < —d for all t > 9. An integration of
V' < —d from O to T yields

V(x(T)) < V(xp) —dT.

This implies that V (xg) < 0 for T > V (xp)/d, which is a contradiction, and hence
every trajectory converges to zero. This completes the proof. O

Basically, the conditions on V imply that every trajectory x(¢) tends to the origin
as t — oo. Since x(¢) is continuous, this requires that x(¢#) remains bounded for all
t > 1o for arbitrary initial conditions x (f9). Hence the purpose of the radial unbound-
edness condition on V is to ensure that x () remains at all times within the bounded
region defined by V (x) < V(xp). If V were not radially unbounded, then not all level
curves given by V (x) < c for positive constant ¢ would be closed curves, and it would
be possible for x(¢) to drift away from the equilibrium even though V’ < 0.

Example 7.17. The zero solution of the system in Example 7.5 is GAS.
Example 7.18. Consider the system

xf X
(+xD?  1+4x5

’ 3 /
x1=(x2— Dxj, xp=~—

It is clear that (0, 0) is the only equilibrium solution. Let

x2
Virnx) = — 43,
1+ xj
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Then along the solutions we have

4
X X2

A+x2?2 1412

Vi(xi,x) =-2

so that V (x1, x2) is a strict Lyapunov function on the set D = R", as required by
Theorem 7.1.3, and the zero solution is AS. However, V is not radially unbounded
since the level curves for V = ¢ are not closed curves for ¢ > 1. Thus it is not possible
to conclude that the zero solution is GAS. Neither is it possible to conclude that
the zero solution is not GAS without further analysis, since we might find another
function V that satisfies all the requirements for the GAS.

Vo=1
0 _vo=1_
—1F
___W=3 _____ [
| ! ! ! !
—10 -5 0 5 10

FIGURE 7.2

Level curves escaping to infinity.

As a matter of fact, according to Fig. 7.2, the zero solution is not GAS since
solutions escape to infinity with the choice of the initial condition (x1 (%), x2(t)) =
(3,3/2).

Remark 7.4. We examine in detail why

V(x1.x0) = —1 4+ 22
1+x12

is not radially unbounded. As mentioned above, the condition that V (x) is radially

unbounded means that all level sets are closed. Letting xp = 0, we try to determine
2

X
the level set V(x) =1 or V(x;,0) = —! 7 =
1+x

1, which cannot hold for finite x.

Thus V is not radially unbounded. Next, we examine the definition of being radially
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unbounded in the context of
V(x) > 00 as ||x]|| = o0.

This means that any combinations of x1, x; that make ||x|| — oo also have to make
V (x) — 00. The Euclidean norm

1G1, 02 = /22 + 02 = V/oo? + 02 — oo

However, in this case, we get for V (x) that

lim V(x;,0) =1 # oc.
X1—>00

It follows that V' is not radially unbounded.

7.3 Instability

We consider once more the non-autonomous system
x'=f(t,x), f(t0)=0, (7.3.1)

where f € C([0,00) x D,R"), and D C R" is open with 0 € D. We have discussed
the instability for autonomous systems, but let us recall that if we negate the definition
of stability, then there are ¢ > 0 and #y > O such that for any § > 0, there are xo with
|xo| < & and #; > 1o such that

[x (1, 70, X0)| > &.
Then the zero solution is unstable. We make the following formal definition.

Definition 7.3.1. The zero solution of (7.3.1) is unstable if there are ¢ > 0 and
to > 0 such that for any 6 > 0, there are xo with |xg| < § and #; > #p such that
lx (11, 20, X0)| > €.

Theorem 7.3.1. Suppose V : [0, 00) x D — [0, 00) is a continuous function locally
Lipschitz in x such that

Wi(lx]) = V(z, x) = Wa(lx)), (7.3.2)
and along the solutions of (7.3.1) we have
V(t,x) = Wa(lx)). (7.3.3)

Then the zero solution of (7.3.1) is unstable.
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Proof. Suppose not. Then for ¢ = min{1, d(0, d D)}, where d D denotes the boundary
of the set D, we can find § > 0 such that |xg| < § and ¢ > 0 imply that |x (¢, 0, x¢)| < &.
We may pick xo such that |xo| = 6/2 and find y > 0 with W (y) = W1(§/2). Then
for x(¢) = x(z, 0, x9), we have V’(z, x) > 0 by (7.3.3), so that

Wa(lx(@)]) = V (1, x(1)) = V(0, x0) = W1(8/2) = Wa(y),
from which we conclude that y < |x(¢)| for t > 0. Thus
V(t,x) = Wa(Ix(1)]) = W3 (y).
It follows that
Wa(lx(D)) = V(t, x(#)) = V(0, x0) + 1 W3(y),

from which we conclude that |x(#)| — oo, a contradiction. This completes the
proof. O

We ask the curious reader to compare condition (7.3.2) with the hypothesis of
Theorem 7.1.6 and try to have an appreciation and some understanding of the differ-
ences between autonomous systems and non-autonomous systems.

In Theorem 7.3.1 we asked for |xg| = §/2, which is too much to ask. This will be
relaxed in the next theorem.

Theorem 7.3.2. Suppose that V : [0, 00) x D — (—00, 00) is a continuous function
locally Lipschitz in x and that there is a sequence x, € D starting at ty > 0 with
V(to, xn) > 0and x, - 0asn — oo. If

Wi(lx) = V(z, x) < Wa(lx])
and if along the solutions of (7.3.1) we have
V'(t,x) = Wa(|x]),
then the zero solution of (7.3.1) is unstable.

Proof. Suppose not. Then there are ¢ and § as in the proof of Theorem 7.3.1. For &,
we may find ¢, and x, with |x,| < and V(¢,, x,) > 0. The rest of the proof is
identical to that of Theorem 7.3.1. This completes the proof. O

7.4 w-limit set

We discuss the Krasovskii—LaSalle invariance principle, which provides a way to
prove the asymptotic stability when V' is negative semi-definite. It is usually much
easier to construct such a function V. We begin with the following definition.
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Definition 7.4.1. Let D be an open subset of R” with 0 € D. A continuous au-
tonomous function V : D — [0, 00) is

(a) positive definite if
V(0)=0 and V(x) >0 forx #0,
(b) positive semi-definite if
V(0)=0 and V(x) >0 forx #0.
To illustrate the differences, consider the two functions
Vilx) = x% and V(x) = x% +x§.

Clearly, both functions are nonnegative. However, it is possible for V; to be zero even
when x # 0. Particularly, if we set x = (0, d) where d € R is any non-zero number,
then Vi(x) = V1(0,d) = 0, whereas V>(x) = 0 if and only if x = 0. We conclude
that V) is positive semi-definite and V; is positive definite.

Remark 7.5. If the signs on V' are reversed in Definition 7.4.1, then V is said to be
negative definite and negative semi-definite, respectively.

Let f:R" — R" be continuous with continuous first-order partial derivatives
with respect to x;,i = 1, 2, ..., n. Consider the initial value autonomous system

x'= f(x), x(t) =xo, t > fo. (7.4.1)

Let x* be an equilibrium solution of (7.4.1).
Let x(¢, t9, xo) be a trajectory of (7.4.1) at time ¢ starting from x( at the initial
time fy. Denote the set of all points lying along the trajectory by x (-, 9, xo)

Definition 7.4.2. (w-limit set) The w-limit set of a trajectory x (-, fo, xg) is the set of
all points z € R” such that

lim x(t,, f0, X0) =z,
n—oQ
where the sequence #, is strictly increasing.

Definition 7.4.3. (Invariant set) The set M € R” is said to be an invariant set if for
all y e M and ¢ty > 0, we have

x(t,t0,y) € M forall t > 1.

Theorem 7.4.1. Let V be a Lyapunov function of (7.4.1) on a bounded open set
U € R" with x* € U. Let ¢ be a positive constant, and set

S={xelU:Vx)<c},

which is closed in R"™. Then S is invariant for t > ty > 0.
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Proof. Letx € S. Since V is a Lyapunov function on U, we have that V (x (z, 9, xp)) <
V(xp) < c for t >ty > 0 as long as the solutions exist. Now since S is closed and
bounded, the existence of solutions holds for all + > ¢y > 0. As a result, x(, ty, x0)
remains in § for all # > 75 > 0. This shows that the set S is invariant. This completes
the proof. O

In Example 7.3 we considered V (x, y) = x>+ y? and obtained V' = 0. As a result
of Theorem 7.4.1, we have that the set

S:{(x,y)eRZ:xz—l—yzfc} for ¢ >0
is invariant.

Theorem 7.4.2. (Krasovskii—LaSalle invariance principle) Let D be an open subset
of R containing x*. Let V : D — R be a positive definite function such that on the
compact set

Q={xeD:Vkx)<r, r>0}
we have V' (x) < 0. Define

S={xeQ, : V' (x)=0}.

Then, as t — 00, the trajectory tends to the largest invariant set inside S, that is, its
w-limit set is contained inside the largest invariant set in S. If S contains no invariant
sets other than x = x*, then the equilibrium solution x* of (7.4.1) is asymptotically
stable.

Proof. Let M be the largest invariant set in S, and let L™ be the w-limit set for the
trajectory x (¢, ty, xo), which is invariant. Since V'(x) <0 and is continuous in 2,

we have that V(x) > b = mgl V(x) > 0. Thus there is a positive constant a such that
xelly

lim V(x(t, tg, x0)) = a.
—>00

Now x(t, f9, Xo) € 2, implies x (¢, fo, xo) is bounded, which implies that L™ exists.
Moreover, L™ € Q,, and x(t, g, xo) approaches L™ as t — oo. For any z € L™, there
is an increasing sequence {#,} such that
lim x(t,, ty, x9) = z.

n—o0

As V (x) is continuous, we have that
V(z) = lim V(x(tn, 10, X0)) = a.
n— oo

Since V(x) =a on Lt and L is invariant, we get that V/(x) =0 for all x € L™ and

LtcMcSce,.
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Thus x(t, 1y, xo) — LT, and hence x(t, ty, xo) — M as t — oo. This completes the
proof. O

We provide a couple of examples.

Example 7.19. Consider the system

x' =y,
Y == —x%) -y
Let D = {(x, y): x>+ y? < 1} and define

x*t xf

Vix, y)—y— i

>t
Then V is positive definite on D. We can easily verify that V/ = —y*. Thus V' =0
along the x-axis, and V' is negative semi-definite. Note that on D, we have V (x, y) <

A —eﬂz—e—f 2 Thus @, = ((v.y) € D: 5 +2 < ). More-
2" a T2 A A T e 7 e
OVEr,

S={(x,») € :V'(x) =0} ={(x,y) €2, :y=0}.

Now V is constant only on solutions that lie on the x-axis, but by the uniqueness
of solutions, the only such solution is the equilibrium (0, 0). Thus M = {(x,y) € S :
x =0, y =0} is the largest invariant subset of S. By Theorem 7.4.2, we have that all
trajectories in S go to (0, 0) as ¢t — oo. Note that the other two equilibrium solutions,
(—1,0) and (1, 0), are outside the set 2.

Corollary 7.1. If the hypotheses of Theorem 7.4.2 hold with D = R" and V (x) is
radially unbounded, then the origin is GAS.

Example 7.20. Consider the system

x' =y,
Y =—hi(x) —ha(y),

where the functions /| and &, are continuous and satisfy
hi(0)=0, uh;(u)>0,i=1,2, for 0 < |u| <a.

Let D={(x,y):|x| <a, |y| <a} and set

y2 X
vww=7+ﬂhmm&
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Then V(0,0) =0and V(x,y) > 0on D. In addition,

Vi(x,y) =hi(x)x" +yy'
=h1(x)y +y[ —h1(x) — ha(»)]
=—yhy(y).

Now V’/(x,y) = 0 implies yhy(y) = 0, and hence y = 0. Thus V' = 0 along the
x-axis, and V' is negative semi-definite. Note that on D, we have

2 a 3
Ve =S +/0 ads = 2a.

Thus 2, ={(x,y) e D:V(x,y) < %az}. Moreover,
S={(x,y)€Q:V'(x) =0} ={(x,y) €Qq:y=0}.
As y(t) =0, we have y'(¢) = 0. The second equation of the system gives
hi(x (1)) +h2(0) = h1 (x(2)) =0,

from which we have x(#) = 0. Hence the only solution that can stay identically in S
is (x (), y()) = (0,0), thatis, M = {(x,y) € S: x =0, y = 0} is the largest invariant
subset of S. Thus the origin is asymptotically stable by Theorem 7.4.2.

u

Now we suppose a = oo and hi(s)ds — oo as |u| — co. Then D = R2, and
0

Vix,y)= y; + f(f h1(s)ds is radially unbounded. Moreover,
S={(x,y) €Q:V'(x) =0} ={(x,y) €21y =0},

and the only solution that can stay identically in S is (x(¢), y(¢)) = (0, 0). Thus the
origin is GAS. Note that we did not have to worry about the set 2, since a = oo or
D =R

We end this section by revisiting the pendulum with friction that we considered
in Examples 3.5 and 6.9.

Example 7.21. In Example 3.5 we considered a pendulum with friction and arrived
at the planar autonomous system

x| = x2,
b
X = —% sin(xp) = . (7.4.2)

We are interested in examining the stability of the zero solution by constructing a suit-
able Lyapunov function. Let D = {(x1, x2) € R?: |x1| < 7} and set

1
Vx), x) = %(1 — cos(x)) + 333
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Then V (0,0) =0, and V (x1, x2) > 0on D — (0, 0). Moreover, along the solutions of
(7.4.2) we have

V'(x1, x2) = % sin(x)x] + x2x5

b
= %xz sin(xp) +x2( — % sin(xp) — n—qxz)

—__.xZ.

Now V' =0 along the x;-axis, and V' is negative semi-definite in D. Let
S={(x,y)eD:V'(x)=0}.

As x7(t) = 0, this implies that xi (t) =0, and x1(¢) is constant. Similarly, for x,(¢) =
0, this implies that xé(t) =0, and hence sin(x1) = 0. However, the only point on the
segment —m < x| < 7 rendering sin(x;) = 0 is x; = 0. Hence the only solution that
can forever stay in S is (x1(¢), x2(¢)) = (0,0). Thus M ={(x,y) € S: x =0,y =0}
is the largest invariant subset of S, and the origin is asymptotically stable by Theo-
rem 7.4.2.

Again, there was no need to construct the set €2, since a = oco.

We end this section by giving an example in which we expose the difficulties
of using Theorem 7.1.3, which requires V to be a strict Lyapunov function, and the
advantage of using Theorem 7.4.2. First, we state the following lemma.

Lemma 7.3. (Young'’s inequality) For any two nonnegative real numbers w and z,
we have
we 7/ 1 1
wz<—+4+— with—-+—=1,¢, fe(l,00).
e f e f

Example 7.22. Consider the autonomous system

x/= —y _x3’ y/ =x5.
We see that (0, 0) is the only equilibrium solution. Let D = {(x, y) € R?: |y|> <1/2}
and set

Vix,y) = x5 +xy3 + 3y2.

We need to show V is a strict Lyapunov function on the set D. Clearly, V (0, 0) = 0.
We need to worry about the mixed term xy3. Let ¢ = 6 and f = 6/5. Then by
Lemma 7.3, for |y| <1, we have

6 18/5

3 3, _ lxI” Syl
X =|x < —
lxy?| = Ixlly’| = ¢ T 7%

6 2

LS
6"

<1
_6)5
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This implies that

3.6

18
2> ?|xy3| 3t

3y
Substituting 3y? into V gives

3 18
Vx,y) >x0+xy* - ng + g|xy3|

2 13

= Zx%+xy? + 0y’ + =1y
5 5

3|.

L2, 13
=X — X
=3 5 by

Along the solutions of the system we have
Vix,y) = —6x% — x3y3 + 3)c6y2 - y4.

Next, we apply Lemma 7.3 to reduce the two mixed terms. Let (x,y) € D. Let e =
8/3 and f =8/5. Then

3x® 5|y 3 5
_33: 3 3<_ <_8 4
[=x "y’ =1x"||y’| < 8+ g _8x+8y,

and similarly, if we let e =8/6 and f = 8§/2, then

3x® Iy 9 3
3x0921 = 31x161vI2 <3 — 2828
[3x7y<| lelyl_[4 +4] 4X+4y
Thus
3 9 5 3
Vi, y)=—6x8+ x84 2x8 244 28
(x,y) x+8x+4x y+8y+4y
27 ¢ 4 5.4 341
< - — — — —
=-g y+8y+4y(4)
27 3
——x8——y4<0
8 16

on D — {(0,0)}. By Theorem 7.1.3, the zero solution is asymptotically stable. Next,
we use Theorem 7.4.2. Let

Vix,y)= X0+ 3y2.
Clearly, V(0,0) =0, and V (x, y) > 0 for (x, y) # (0, 0). Moreover,
V/(x,y)=—6x3<0.

Thus V’ = 0 along the x-axis, and hence V is a Lyapunov function (semi-definite).
Here D = R?, and

S={(x,y)eD:V'(x)=0}.
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As y = 0, this implies that y’ = 0, from which we have x5 =0, that is, x = 0. Thus
M ={(x,y) € §:x =0,y =0} is the largest invariant subset of S, and the origin is
asymptotically stable by Theorem 7.4.2.

7.5 Connection between eigenvalues and Lyapunov
functions

Consider the homogeneous system
x'(t) = Ax (), (7.5.1)

where A is an n X n constant matrix. We are interested in relations between the
existence of a Lyapunov function for system (7.5.1) and its eigenvalues. It turns out
that if all the eigenvalues of A have negative real parts, then there is a strict Lyapunov
function. We begin with the following definition.

Definition 7.5.1. Let x € R", and let B be an n x n constant matrix. We say that B
is positive definite (negative definite) if

xTBx >0(<0) for x #0.

Example 7.23. Let

1 0 0 )
B=1]= 0 1 o and x = x'z
0 0 1 n
Then
1 0 0 x1
xTsz(xl,xz,...,xn) 0 1 T )‘.2
0 0 1)\

=x}4+x3+...4+x2>0 for x #0.
Thus the n x n identity matrix [ is positive definite.

To better understand where we are heading, we assume the existence of a positive
definite symmetric n x n constant matrix B and define

V(x)=x"Bx. (7.5.2)
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Then V (x) is positive definite, and, moreover, along the solutions of (7.5.1) we have
that

V'(x)=TYBx +xT Bx'
=)' Bx +x"Bx’'
= (Ax)" Bx + xT B(Ax)
=xTATBx +xT BAx
:xT<ATB + BA)x. (7.5.3)

Notice that

T
(ATB + BA) —BTA+ATBT
=ATB + BA.

Thus A” B + BA is symmetric, and so is A” B + BA = —C for a symmetric ma-
trix C; we wish —C to be negative definite to obtain stability results concerning
system (7.5.3).

Remark 7.6. If (7.5.2) holds, then there are positive constants «; and o, such that

otlex <xT'Bx Saszx. (7.5.4)

Then W (|x|) = a1x” x and W5 (|x|) = apx” x could serve as two wedges such that
otlex <Vkx) < aszx.
We have the following theorem.

Theorem 7.5.1. Given an n x n constant matrix A and a positive definite symmetric
matrix C, there exists a positive definite symmetric matrix B such that

ATB+BA=-C

if and only if the zero solution of (7.5.1) is asymptotically stable.

Proof. (=) Let V be given by (7.5.2) for a positive definite symmetric matrix B.
Substituting AT B + BA = —C into (7.5.3) gives V'(x) = —x” Cx < 0. Then by
Theorem 7.1.3, the zero solution is AS.

(<) Given A, suppose C is symmetric positive definite matrix. Assume that x =0 is
AS and let ®(¢) be the fundamental matrix of (7.5.1). Then by Theorem 4.2.3, there
exist positive constants K and o such that

NP (5)|| < Ke ™9, t>5.
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In particular, |[eAe™4%|| < Ke™@0=9) ¢t > s, or
[1eA09) || < Ke @09 1>,

Now (eA)T = eAT, and so the same above estimate holds for eAT(’_S). Define
o0 T
B(t) = f e 67D ANy,
'

which exists since ||eA’e™4%|| < Ke™*U=9) ¢ > 5. Differentiate both sides to get

o0 o0
%B(t) =—C-— AT/ AT A= g / AT D CAG=D g A
t t

=—-C— ATB(@t) — B(1)A.

Let u = s — ¢ and rewrite the integral as
o0 T
B(1) = / eA M Cedu,
0

which does not depend on 7 at all, that is, %B(r) =0, or
—C—ATB(t) - B(t)A=0.

Finally, B is symmetric positive definite because C is. To see this,

BT — fw (eAT”CeA”)Tdu
0

o T

:/ (eAM)TcT(eA M)Tdu
0
o T

=/ eA"CeMdu = B.
0

Thus B is symmetric. It remains to show that B is positive definite. Let x € R" and
consider the integrand. Then, for each ¢, we have

xTeA 1 Ce x = (eA’x)TC(eA’x) =ylcy,

and if x # 0, then y # 0; hence, as C is positive definite, y” Cy > 0 for x # 0. Thus
B is positive definite. This completes the proof. O

In Theorem 5.1.4 we showed if Re(c(A)) < 0, then the zero solution of x’ = Ax

is AS. Thus we may reformulate Theorem 7.5.1 in terms of the eigenvalues of the
matrix A.
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Theorem 7.5.2. Given an n x n matrix A and a positive definite symmetric matrix C,
there exists a positive definite symmetric matrix B such that
ATB+BA=-C

Example 7.24. Let us find a strict Lyapunov function to show that the zero solution
of

’r -1 0 X1
(3 5@

is asymptotically stable. Let A = <

if and only if every eigenvalue of the matrix A has a negative real part.

-1 0

o 3>. We will find a positive definite sym-
metric matrix B such that ATB + BA = —1. If B = (a

b [Z>, then the relation
ATB + BA = —I implies that

(—Za +4b —4b+2c

(-1 0
The above equations giVea:%,bz%,andcz % Define
2 1\
V(x1,x2) =x"Bx = (x x2)<3 12)( 1)
1 1 b %)
2 6
P
_3x1+ G + 5
L, xx X
>— —_— —
_12x1+ 6 12

= L+’
—12)61 X2)".

Thus V (x1, x2) is positive definite. On the other hand, after simple calculations, we
arrive at

2
V'(x1,x2) = —X12 - gxg
2
< —Z(xf+x3).
3
Thus V is a strict Lyapunov function, and by Theorem 7.5.2, the zero solution of the

system is AS. We could avoid verifying that V is a strict Lyapunov function and using
Theorem 7.5.2 by finding a matrix B satisfying AT B+ BA = —1I.
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Remark 7.7. To ensure that the symmetric matrix B is positive definite, where B =

a b\ .. . . . .
(b c)’ it is sufficient for its coefficients to satisfy

a>0, ¢>0, ac —b*>0.

In the investigation of stability and boundedness for nonlinear non-autonomous
systems, the effective approach is to study equations related in some way to the linear
equations whose behavior is known to be covered by the known theory. We consider
the perturbed nonlinear system

xX'(t)=Ax(t) + g(t, x(1)), x(to) =xp, t > 10 >0, (7.5.5)

where A is an n X n constant matrix, and g : [0, c0) x R” — R” is a function contin-
X g1(t, x)

x2 82(t,x)
uousint and x. Herex =| _ | and g(¢,x) = . . The perturbation term g

An 8n (ta x)
is assumed to be small in some sense. The next theorem pertains to the stability of
the perturbed nonlinear system (7.5.5).
By |x| we denote the Euclidean norm, and for an n x n matrix C, by |C| we denote
a compatible norm such that |Cx| < |C||x|.

Theorem 7.5.3. Suppose there exists a positive definite symmetric matrix B such that
ATB+BA=—1 (7.5.6)

and

lim 18X
im

=0 uniformly in t € [0.00). (7.5.7)
x—0  |x|
Then the zero solution of (7.5.5) is uniformly asymptotically stable.

Proof. Write x for x(¢) and define the function V by
vV =x"Bx.
Using (7.5.6) and (7.5.7), along the solutions of (7.5.5) we have
V' = (Ax +g(t,x)T B+ xT B(Ax + g(t, x))
=xT(=Dx +2x" Bg(t, x)
< —[x* +2Ix||Bllg (¢, x)I.

Let ¢ > 0. Due to (7.5.7), we may choose ¢ sufficiently small so that for |x| < ¢, we
have
x|

2|B]|g(t, —.
[Bllg(t, x)| < =
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Thus

|x|? |x|?
V/<— 2+—:——
< —lx| 5 5

Since B is symmetric and positive definite, there are positive constants « and 8 such
that

o*xTx <V(x) <BixTx, (7.5.8)

from which we get

a2

B

1
—lxl? < —g V= 2.
As a consequence,
V' < ! V(x)
— 2/32 .
An integration of the above inequality from #( to ¢ yields
I
V) < Vige 7
We have by (7.5.8)

2,02 — 513 (t—10)
a’|x|" = V(x) < Vixpe % .

It follows that
— (-t — L (t—t9)
22 < xf Bxoe ¥ T < [T 1| Bllxgle” 27T

For ¢ > 0 and |xo| < §, we have

1 16 1
x| < —(8|B|d)2 =—|B|2 <¢
o o

for § = “;l—oll/z' Hence the zero solution is uniformly stable. Let § = 1 from the uni-
form stability, so that for |x(#9)| = |xo| < &, we need to show that |x(¢)| < ¢ for
t>1t9g+ T(e).

Set T(e) > —4,32Ln(| B“ﬁ/z) Then

1/2
< 1B e
12
< Bl —T®
T«
<e
This completes the proof. O
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7.6 Exponential stability

We return to the non-autonomous system
X=fx), f(.0=0, (7.6.1)
where f € C([O, o0) X D, R"), and D C R" is an open set with 0 € D.

Definition 7.6.1. We say that solutions of system (7.6.1) are bounded if any solution
x(t, tg, xo) of (7.6.1) satisfies

Ix (2, 10, x0)|| < c(|xo|, 1) forallt = 1o,

where C : RT x R* — R is a constant that depends on #; and xo. We say that
solutions of system (7.6.1) are uniformly bounded if C is independent of .

Definition 7.6.2. Suppose f(t,0) = 0. We say the zero solution of (7.6.1) is a-
exponentially asymptotically stable if there exists a continuous function « () such
that ft:) a(s)ds — oo as t — oo and constants d and C € R™ such that for any solu-
tion x (z, fy, ) of (7.6.1),

Ix(t, 10,91 = € (Il t0) ¢~ 0 “ ) forall € 10, 0.

The zero solution of (7.6.1) is said to be a-uniformly exponentially asymptotically
stable if C is independent of #.

Definition 7.6.3. (Exponential stability) The zero solution of system (7.6.1) said to
be exponentially stable if any solution x (¢, 7o, xo) of (7.6.1) satisfies

X (2, to, x0)|| < c(|xo|, to>e_d(’_’°) forall £ > 1o,

where d is a positive constant, and C : [0, 00) X [0, o0) — [0, 00). The zero solution
of (7.6.1) said to be uniformly exponentially stable if C is independent of #;.

Theorem 7.6.1. Assume that D CR" and V : D — [0, 00) is a continuous function
such that for all (t, x) € [0, 00) x D,

Wi(lx[) =V (¢, x), (7.6.2)
V'(t,x) < —a®)VI(t, x)+ B(1), (7.6.3)
0<V(t,x)—=Vitx)<y(@), (7.6.4)

where a(t), v (t), and B(t) are nonnegative continuous functions, and p, q are posi-
tive constants. Then all solutions of (7.6.1) that start in D satisfy
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t
[xll < WI_I{V(IO’XO)e_f,OOC(S)ds

! ot
+ / ()/(u)oe(u) + ,B(u)) e Ju@®)ds du} (7.6.5)
fo

forall t > t.

In case ¢ = 1, the proof is a simple application of the variation of parameters
formula. On the other hand, if g # 1, then the variation of parameters formula will
not be of much help. Now we prove the theorem.

Proof. For any initial time 79 > 0 and x¢ € D, let x(z, ty, xo) be a solution of (7.6.1)
with x;, = xo. Consider
d

- (efr:)a(s)dsv(t’x)) _ [V’(r,x) +a(t)v(t,x)]e/;gm)ds

IA

( —a@®Vit, x)+ ) +a()V(t, x))efri) a(s)ds
S (a(t)(v(t,x) — Vq(t,x)) +ﬁ(t))e'/;:)a(s)ds
= (a(t)y(t) + ﬁ(:))ef%“(ws_

Integrating both sides from #( to ¢, we obtain, for ¢ € [#g, 00),
1 o
Vi, x)ef’O a(s)ds < V (19, x0)
t ]'u ( )d
+/ (y(u)a(u) +/3(u)) e ™ du. (7.6.6)
fo

It follows that

t t ¢
V(t,x) < Vi, xo)e o 4 f (y@aw + ) el ay
4]
for all ¢ € [19, 00). Inequality (7.6.2) implies that

t

lx@)]) < w™! {V(to,xo)e_"%“(‘”d‘v +/ (J/ot(u) +/3(u)) e~ Jua()ds du}

fo

for all # > #y. This concludes the proof. O

It is easy to see that if Wi(||x]||) = ||x]||? for some positive p, then inequality
(7.6.5) becomes

1
x|l < {V(to,xo)e_froa(s)ds

! 1
+ [ (ywa + pao) e e " 767
fo
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Corollary 7.2. Assume that the hypotheses of Theorem 7.6.1 hold.

() If
t 't
f (y(u)a(u) + ﬂ(u)) e @S iy < M oVE> 10> 0, (7.6.8)
fo
for some positive constant M, then all solutions of (7.6.1) are uniformly bounded.
(ii) If
! u N ¢
/ (y e + ) o “* du < m (7.6.9)
to
for some positive constant M, and
t
/ a(s)ds — oo as t — oo forall t>ty, (7.6.10)
1o
then every solution of solution (7.6.1) decays a-exponentially asymptotically to zero
withd =1/ p.
(iii) If
f@0)=0
and (7.6.9) holds for q positive constant a, then the zero solution of (7.6.1) is expo-
nentially stable.

Proof. Let x be a solution to (7.6.1) that starts in D for all # > #y > 0. Consequently,
the proof of (i) is an immediate consequence of inequality (7.6.7). For the proof
of (ii), we consider the inequality from the proof of Theorem 7.6.1

a(s)ds !

V(t,.xt)ej;) < V(to’x0)+/ ()/(M)Ol(u)—i—ﬂ(u)) e/;’:)ot(s)ds du

1o
for all ¢ € [#g, 00). This yields

t

V(l,x,) < I:V(t()v-x()) +/ (y(u)a(u) +/3(M)> e./lt(u)d(s)ds du]e_fri)d(s)ds

4]
for all ¢ € [tg, 00). Using Wi (||x||) = ||x||?, we have

t

el <[V, x0) + / (v + pa) e a] e a6

fo

The proof of (iii) is an immediate consequence of inequality (7.6.11). This completes
the proof. O

Remark 7.8. If f(t,0) # 0 and (7.6.9) and (7.6.10) hold, then all solutions of (7.6.1)
decay exponentially to zero.
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Example 7.25. For a(t), b(t), h(t) > 0, consider the scalar differential equation
7
x'(@t) = —(a(t) + g)x(t) + b(t)x% O +h() t=1>0, (7.6.12)
with initial condition x(fp) = xo € R. Let V(r,x) = x2. Then along any solution
x :=x(t) of (7.6.12), we have
V/(t, x) =2xx’

=—2(a() + é);ﬂ + 2b(t)x*? 4+ 2xh(1)
<—2(a(®)+ %)x2 +2b(1)x*3 4+ X% + 12 (1).

To further simplify V'(z, x), we use Young’s inequality, which says for any two non-
negative real numbers w and z, we have
we 7/ 11
wz<—+— with—4+—=1.
e f e

f
Thus for e =3/2 and f = 3, we obtain

(x4/3)3/2:| _i 5

1 2
2|b<t>|x4/352[§|b<t)|3+ 77 =3 +§|b<t>|3.

As a result, we have
’ 2, 2.3 2
Vi(t,x) < —2a(t)x” + gb‘ (1) + h“(1). (7.6.13)

It follows that
V/(t,x) < —a(t)x> + B(1), (7.6.14)

where «(t) = 2a(t) and B(t) = %b3 () + h%(r). We can easily check that conditions
(7.6.2)—(7.6.4) of Theorem 7.6.1 are satisfied with Wy (|x|) = x%, ¢ =2, and y = 0.
Next, we choose some convenient values for our variables.

Leta(r) = 4, b(t) =13, and h(t) = 1'/2. Then a (1) = 1, B(t) = 31, and (7.6.14)
becomes V'(z, x) < —tx2 + %t. We note that

t
/t (ya(u) + ,B(M))e_fu'a(s)ds du = g / ue_fut sds g,
fo

fo

5
< A
-3
for all t > 9 > 0. Thus condition (7.6.8) holds. By Corollary 7.2 all solutions of
t 7
x'(1) = —(5 + g)x(t) F13x3(0) 4112, x(t) = x0, t > 10 > O, (7.6.15)

are uniformly bounded.
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On the other hand, if we take a(t) = 1/2, b(t) = e~1"/3, and h(t) = 0, where
k1 > 1, then we have a(z) =1, B(t) = %e”‘”, and

t u l 2 "
/ (va@) + ﬁ(u))effoa(‘v)ds du = / ge_’(luefto ds ;.
0 %

fo(1—k1)

<

T3k —1)
for all # > ty > 0. Hence condition (7.6.9) is satisfied. Finally, (7.6.11) gives the in-
equality

2 to(1—k1) k1 (1—t0)
1) < —_—
[x( )|_(x0+3(lq_1)e )e
2

2 —
=+ 555 )"

from which we arrive at the uniform exponential stability of the zero solution of

5 p
x'(t) = —gx(t) +e‘71’x%(t), x(ty) =xo, t > tH > 0.

7.7 Exercises

Exercise 7.1. Use Lyapunov function to investigate the stability of the origin for each
of the following systems and compare with the linearization method:
@x" =y, y =—x
(b) x' = —xy?, y' =3yx>.
()x' =y—2x,y =2x —y—x>.
(d) x' =x+3y, y =2x.
@ =x 4y, y =x+y.
Ox' =y, y=—x—y—x.
Exercise 7.2. Find the two equilibrium solutions and use Lyapunov functions to
investigate their stability of

x/:y_xz’ y/:x_y2‘
Exercise 7.3. Consider the planar system

¥ = _xy2’

Y =—y—yx’.
Examine the stability of the origin using:

(a) Theorem 6.2.1,

(b) a Lyapunov function.
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Exercise 7.4. Consider the planar system

X =ax(x+y) —xy’,
Y =ay(x+y)+xy%

Examine the stability of the origin for different values of a using:
(a) a Lyapunov function,
(b) the linearization method.

Exercise 7.5. Put the differential equation
4+ &)+ x +x(x—2)=0

into a system and find its two equilibrium solutions and examine their stability using:
(a) a Lyapunov function,
(b) the linearization method.

Exercise 7.6. Use the indicated Lyapunov function V and Theorem 7.1.4 to show
that the origin is asymptotically stable. Show that all solutions tend to the origin as
t — o0.

(@) x' =2y, y' = =3x —3y3, V =3x2 +2y2.

(b)x' = —x+6y,y =—x —2y, V=x2+2y2

()x'=—-2x—y,y =6x—y, V=2x>+y%

@x' =y, y=—x?y—x3, V=x*+2y2

Exercise 7.7. Study the stability of the origin for the planar system

X=x(y—1),

x2

_1+x2’

/

y:

by considering the Lyapunov function V (x, y) = Ln(1 4+ x?) + y2.

Exercise 7.8. Use a Lyapunov function to show the existence of a stable limit cycle
for the system

X=yt+xut—xt—yY), y=—x+ypr—x>—y?)

for u #0.

Exercise 7.9. Consider the planar system

X =x4+gi(x,y), Y=—y+gky),

where g; and g, are continuous on a subset D of R? that contains (0, 0). Suppose
that for a positive constant &,

llgill < k(x> +yH),i=1,2,

with g1(0, 0) = g2(0, 0) = 0. Use Theorem 7.1.6 to show that the origin is unstable.
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Exercise 7.10. Consider the second-order differential equation
x"+g(x) =0,

where g is continuously differentiable, g(0) =0, and xg(x) > 0. Write the equation
as a system and use a Lyapunov function to show that its zero solution is stable.

Exercise 7.11. Consider the second-order differential equation
X"+ f(x)x"+ g(x) =0,

where f(x) and g(x) are even and odd polynomials, respectively.
(a) Show that the equation is equivalent to the system

X'=y—Fx), y =g,
where F(x) = [ f(s)ds.

®) LetG(x) = / g(s)ds and suppose there are positive constants o and 8 such that

0
gx)F(x)>0for0<|x| <o and G(x) < B for |x| < c.
Show that

2

Vix,y) = % +G(x)

is a Lyapunov function in the region A = {o, 8 € R : |x| < «, y*> < B} and that the
origin is asymptotically stable.

Exercise 7.12. Consider the predator—prey model with carrying capacity
x'=x[a —dx —by], y =y[—c+kx],

where x(¢) and y(¢) are the numbers of preys and predators at time ¢, respectively,
with positive constants a, b, ¢, d, and k.

(a) Find the equilibrium point (x*, y*) located in the first quadrant.

(b) Use the transformation

u =Ln(i) and v = Ln(i)
x* y*

to obtain a system in (u, v).
(c) Show that

V(u,v) =kx*(" —u) +by*(e” —v) —kx* — by*
is a Lyapunov function and that the equilibrium solution (x*, y*) is stable.

Exercise 7.13. Prove Theorem 7.1.7.
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Exercise 7.14. Consider the second-order differential equation
4+ (v +x+x3=0

(a) If v =0 and pu > 0, then show that the zero solution is asymptotically stable.
(b) If w =0 and v > 0, then show that the zero solution is stable using an appropriate
Lyapunov function.

Exercise 7.15. Consider the planar system
X' =(x —by)(x*+y* = 1),
Y = (ax + )@ +y* - 1.
Show that the origin is stable if @, b > 0.
Exercise 7.16. Show that the origin is unstable for the planar system
x'=x+y,
y/ =Xx—y+xy.

Exercise 7.17. Suppose f is continuously differentiable and consider the planar sys-
tem

X' =y—xf(x,y),
Y ==x—yf(x, ).

Show that the origin is asymptotically stable if f(x,y) > O and unstable if
fx,y)<O.

Exercise 7.18. Let V = x? 4 y? and consider the system
A==yt -,
Y= nNE+y -1,

Show that the origin is asymptotically stable and find the region of attraction.

Exercise 7.19. Let V = x? + y? and consider the system

!/

X =—x+2x2+y2,

Y ==y+y%
Show that the origin is asymptotically stable and find the region of attraction.
Exercise 7.20. Let V = x2 + y* and consider the system

x' = —x+2y° —2y*,

y =—x—y+xy.

Show that the origin is globally asymptotically stable.
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Exercise 7.21. Let V = ax?" + by2’", a, b > 0 and consider the system

x'=-3x3—y,

Y =—x> =2y

Determine the values of a, b, m, and n, where m and n are positive integers, such that
the origin is globally asymptotically stable.

Exercise 7.22. Decide if the functions given below are radially unbounded or not.

(a)
V(x1,x2) = (x] — x2)°.
(b)
2, .2
X7y +x
Vxnx) = ——"2— + (x) — x2)”.
l—i-x1 + x5

Exercise 7.23. Consider the equation
" / 3
y'+By +y+y"=0, B=0,

which is a particular case of mass-spring nonlinear damper.
(a) Use the transformation v = y’ and obtain a corresponding system in y and v.
(b) Show that

y2 + y4 v2

1% = —
v, v) > + >

is a Lyapunov function.
(c) Decide whether the origin is stable or asymptotically stable.

Exercise 7.24. Consider the non-autonomous system

x'=—x—g@)y,
y=x-y,

where g(¢) is continuously differentiable and, for positive constants k1, k>, satisfies
ki <g(t) <k and g'(1) <g(t)

for all + > 0. Use a Lyapunov function to show that the zero solution is uniformly
stable.

Exercise 7.25. Consider the scalar non-autonomous differential equation

x = —(1 +g(t)>x3,
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where g(t) is continuous, and
g@®) >0 forall t>0.

Use a Lyapunov function to show that the zero solution is uniformly asymptotically
stable.

Exercise 7.26. Let D ={x e R" : |x| <} for § > 0, and let V (¢, x) : [0, 00) x D —
[0, 00) be a continuously differentiable function satisfying

V(t,0)=0,
Wi(lx]) = V(t, x) < Wa(lx]),
and
V(t,x) < =W3(V(t,x)) forall t >0, |x| <.
Show that the zero solution of (7.1.17) is uniformly asymptotically stable.

Exercise 7.27. Put the scalar equation

into a system and find a function that satisfies the requirements of Theorem 7.3.1.
Exercise 7.28. Write the scalar equation
X"+ fxH+egx)=0
as a system. Assume that
xf(x)>0, x’#0, and xg(x) >0, x #0.

Use Theorem 7.3.1 to show that the origin is asymptotically stable.

Exercise 7.29. Use Exercise 7.28 to show that the zero solutions of given differential
equations are asymptotically stable.

(@) x" +x'x'| +x — 5 =0.
() x” + (x")3 4+ x5 — x*sin?(x) = 0.

Exercise 7.30. Consider the system

x|
xy = —x2 + h(x1),

where g and & are continuous and satisfy

18l < |ul/2, [h(u)] < lul/2.

Use the Lyapunov function V (x1, x2) = %()cl2 + x%) to show that the origin is uni-
formly exponentially stable.
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0 1

Exercise 7.31. Let C =1 and A = (_2 _3

). Find a symmetric matrix B such
that ATB+ BA=—1.

Exercise 7.32. Let B be chosen from Exercise 7.31 and set V = x” Bx. Show that
V is an autonomous Lyapunov function in some open set D containing x = 0 for the

system
xy=x2+ fi(t,x),
xhy==2x1 = 3x2+ f(t,x),
where
(t
fim GOy o)
|x|—0 |x]

uniformly for ¢ € [0, 00) x B1(0). Then find a wedge W such that V' (x) < —W(|x]|)
on D.

Exercise 7.33. Consider the pendulum of Example 7.21 and define the function
_ 8 1 7
V(x1,x2) = Z(l —cos(x1)) + 5 Bx

with positive definite matrix B that is to be found.
Hint: See Remark 7.7 and then compute V' along the solutions. Pick the entries of B
to ensure that V is a strict Lyapunov function on the set D — {(0, 0)}.

Exercise 7.34. Use Theorem 7.4.2 to show that the zero solution is asymptotically
stable for

X ==x>+2y°, y=-2x)%

Hint: See Example 7.22.

Exercise 7.35. (Harmonic oscillator) Let
x” +sin(x) = 0.

(a) Can you prove the stability of the origin using linearization? Use an appropriate
Lyapunov function to show that the origin is a stable equilibrium solution.
(b) Add the damping term

x" 4+ ex’ +sin(x) =0.

Study the stability of the origin for & > 0.

Exercise 7.36. Let x(1) = (x1 (), x2(t))T € R? and consider

X1 (1) = x2(t) — x1 (D) |x1 (D)1,
x5 (1) = —x1 (1) — x2(1)[x2(2) |
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8
with initial condition x(f9) = xo € R%. Set D = {(x1,x2) € R* : x} + x5 < §}. Let
V :10,00) x D — [0, 00) be given by V (¢, x) = %(xf + x%). Show that:

(2)

V/(t,x) < —2V32(t,x);
(b)
3/2 4
V(t,x) = Vi, x)=V(t,x) = V7', x) < 7

for (x1,x3) € D.

(c) Refer to a specific theorem in the text to conclude that the zero solution is uni-
formly exponentially stable for any xo € D.

(d) Explain why linearization around the origin cannot be used here.

Hint: Use the inequality

b a b
(a;’ ) =5+ ab>0e>1.

Exercise 7.37. Let x(¢) = (x1(¢), x2(¢))T € R? and consider

x(6) =x2 — g(Ox1 (6] +3),

xX5(1) = —x1 — g(x2(x] +x3)

with initial condition x (fg) = xo € R?, where g(t) is continuously differentiable and
bounded, and g(t) > k > 0 for all # > 0. Set D = {(x1,x2) € R? : x7 + x3 < 1}. Let
V :10,00) x D — [0, 00) be given by V (¢, x) = %(xl2 +x§). Show that the hypothe-
ses of Theorem 7.6.1 are satisfied for (x1, x2) € D and conclude that the zero solution
is uniformly exponentially stable for any x¢ € D.

Exercise 7.38. Consider

x1 () = x2 + x1x3,

x5 (1) = —x1 — x2 + x2x3,

/ 2 2
X3(t) == _.xl _.xZ.

Use Theorem 7.4.2 to show that
x1(t), x2(t) > 0 as t —> oo, and x3(t) — ¢ as t — o0,

for some constant c.

Exercise 7.39. Repeat Example 7.24 for the system
’r -1 0 X1
AT
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Exercise 7.40. Consider the SIR epidemic model of Section 6.3 and let
T={S,1):85>0,1>0, S+1<1}.

Define the function V on T by
Vs, H)=S5-S* S*L(S) I—-I"—TI*L I)
$,H=85-8—-51In - H(I—*.

(a) Show that along the solutions we have

(§ —8%)?2
n—

V/(S, 1) <—
. D= S5

(b) Show that V is positive definite on 7.
Hint: Clearly, V (S§*, I*) = 0. To show that V (S, I) > 0 for (S, I) # (S*, I'**), con-
sider the function

f(X)ZX—X*—x*Ln(i*), O0<x<1,0<x*<1
X

and show it has a minimum of zero at x* and f(x) > 0 for x # x*.

(c) Use Theorem 7.4.2 to conclude that (S*, I*) is asymptotically stable.

Exercise 7.41. Consider the Lorenz system

x'(1)=p(y —x),
Y (@) =rx—y—xz,

Z/(t) =Xy — bZ’
where p, r, and b are positive constants.
1) Show that, for 0 < r < 1, the origin (0, 0, 0) is the only equilibrium solution.
2) Let

1
Vix,y,2) = — (x2 + py* + pzz).
2p

Show that the origin (0, 0, 0) is asymptotically stable for 0 <r < 1.
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CHAPTER

Delay differential
equations

This chapter is introductory to the study of delay differential equations. We will
touch on the existence and uniqueness of solutions and stability using the Lya-
punov method. Toward the end of the chapter, we use the fixed point theory on
Banach spaces developed in Chapter 2 to deduce boundedness and stability results
for neutral delay differential equations. We end the chapter by utilizing Lyapunov
functionals and obtain the exponential stability for totally nonlinear finite delay
integro-differential equations.

8.1 Introduction

Delay differential equations are a type of equation in which the derivative of the un-
known function at a certain time is given in terms of the values of the function at
previous times. In the previous seven chapters, we considered finite-dimensional dif-
ferential systems, where the state at any time can be obtained from a finite set of
values. On the other hand, delay differential equations are infinite-dimensional sys-
tems. As a consequence, delay differential equations present us with some difficulties
when we analyze them. Nevertheless, some known theories for differential equations
can be extended to cover delay differential equations.
For the moment, we consider the scalar delay differential equation

xX'=f@,x@),x(t —1)), (8.1.1)

where T is a positive constant known as the delay. If we set t =0 in (8.1.1), then
we must know the value of the dependent variable x at s, where —t < <0, that is,
we need to define an initial function ¢ : [—7,0] — R. In other words, the initial
function ¢ gives the behavior of the system prior to time 0 (assuming that we start at
time ¢ = 0). In general, for system (8.1.1) to be well posed, we must specify an initial
function and work with the delay system

x'=ft,x@),x(t—1)), 0<19<1=<ty, (8.1.2)

x(s)=¢(s), —1=s=<19 =<0,

where f: [f0,17] x R? — R. Note that system (8.1.2) is referred to as a delay differ-
ential equation with finite delay.

Advanced Differential Equations. https://doi.org/10.1016/B978-0-32-399280-0.00014-0 2 8 7
Copyright © 2023 Elsevier Inc. All rights reserved.
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Initial
function
~—"
Jo(r) fi@) fa(t)
-1 0 T 2t ' >

FIGURE 8.1
The effect of the initial function and the delay and the solution space.

Definition 8.1.1. We say that x : [fp — 7,77] — R is a solution of (8.1.2) if it is
continuous and satisfies (8.1.2) for tg <t <ty and x(s) = ¢(s), —7 < s < 9. If every
two solutions of (8.1.2) agree with each other as far as both are defined, then the
solution is said to be unique.

We may think of the solution of (8.1.2) as a mapping from functions on the inter-
val [t — 7, t] into functions on the interval [¢, f + 7]. In other words, the solutions can
be thought of as a sequence of functions fy(¢), f1(¢), f2(¢), ... defined over intervals
of length 7. The points t = jz, j =0, 1,2, ..., where the solution segments meet are
called knots. Fig. 8.1 illustrates this mapping.

It is to be understood that x’(zg) is the right-hand derivative of x at ty. In most
cases the solution is not differentiable at t+ = ¢y as seen in Fig. 8.1. In the case of
differential equations, we only have to give an initial condition at a single point,
known as the initial time.

For the delay system (8.1.2), we had to specify an initial function on the whole
interval [—t, 9], o < 0. The system inherits being infinite-dimensional from the fact
that the initial function takes infinitely many values at infinitely many points in the
interval [—1, tp].

There are different types of delay differential equations:

X' =ft,x@),x@t—711),....,x(t—1p)), 0<fp<t< ty, (8.1.3)

x(@s)=¢(s), —1<s<1 =0,

where T =max({t;, 1 < j <m}. We can try to solve (8.1.3) for 0 <1y <t <1+,
where r = min{r;, 1 < j <m}. System (8.1.3) is known as a differential equation
with multiple delays. For (8.1.3), the initial function ¢ : [—7, fo] = R™, o < 0. On
the other hand, if a(¢) is a continuous function with a : [0, 00) — (—00, 00), then the
system

Copyright Elsevier 2022



8.2 Method of steps 289

t
x’:a(t)x(t)—lrf fls,x(s)ds, 0<ty<t<ty, (8.1.4)

x(s) =¢(s), —c0<s=<1p=0

is referred to as a Volterra integro-differential equation with infinite delay. System
(8.1.4) is called a Volterra integro-differential equation with finite delay if the lower
limit of integration is ¢ — t, where T > 0, instead of —oo. In this case the initial func-
tion is the same as in (8.1.2). Others may refer to it as a Volterra integro-differential
equation with distributed delay. Finally, if the delay 7 of system (8.1.2) depends on
time, then the system is referred to as a delay differential equation with time-varying
delay or functional delay.

8.2 Method of steps

The Method of steps can be used as a tool for simple delay differential equations to
obtain a solution, given some initial data. The method of steps is best illustrated by
looking at an example.

Example 8.1. (Method of steps) Consider the delay problem

x'==x(t—1),t>0, (8.2.1)

x(s)=¢(s)=10, —1<s<0.
We will try to piece together the solution on [0, 3].

Step 1. In this step, we find the solution on 0 <7 < 1. For 0 <r < 1, we have
—1<1t—1<0,and hence x(t — 1) = 10. Thus from (8.2.1) we obtain

dx

— =-10,

dt
which has the solution

t
x(t):x(0)+/ (—10)du = 10 — 10r.
0

Step 2. Now we find the solution on 1 <t < 2. For 1 <r <2, we have 0 <
t—1<1, and hence x(t — 1) = 10 — 10(r — 1), where we have made use of the
solution from Step 1. Thus from (8.2.1) we obtain

X _ 104100 —1)
dr ’

Copyright Elsevier 2022



290 CHAPTER 8 Delay differential equations

which has the solution

t
x(t) =x(1) +/ [-104+ 10(u — 1)]du
1

=0— 10u +5(u — 1)?|
=—10t — 1) +5@¢—1)?,

where we have used x(1) = 0 from the solution in Step 1.

Step 3. Now we find the solution on 2 < < 3. For 2 <r < 3, we have 1 <
t—1<2,and hence x(r — 1) = —10(t —2) + 5(t — 2)2, where we utilized the solution
from Step 2. Thus from (8.2.1) we obtain

DX 0 —2) — 51 —2)
dr — ’
which has the solution
t
x(t) =x(2) —i—/ [10(u —2) — 5(u — 2)2]du
1
2 5 3
=-5450t-2)"—- g(t—2) ,

where we have used x(2) = —5 from the solution in Step 2.

In Example 8.1
lim x'(t) = lim ¢'(¢) = 10,
t—0~ t—0~
and
lim x'(t) = lim (—10z + 10) = —10.
t—0t t—0t
Therefore the solution is not differentiable at the initial time ty = 0.

Now we consider the basic delay differential equation
X' =f@ x@t—=1)), t>0, x(s)=¢(s), -1 <5 <0. (8.2.2)

If f and ¢ are continuous on R? and R, respectively, then a unique solution defined
by

t
x(t) =¢(0) +_/(; f(s,0(s —1))ds (8.2.3)

exists for 0 <t < t. We may argue using the method of steps to show that a unique
solution exists for all # > 0, which is valid regardless of how small the delay t is.
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Note that if T = 0, then our delay problem becomes an ordinary differential equation.
Consider the delay problem

X =x*t—-1),1>0, x(s)=1, -1 <s<0. (8.2.4)

Using the method of steps, we may find a unique solution. However, if we set 7 =0
in (8.2.4) with x(0) = 1, then the solution of x’ = x2(¢), ¢ > 0, exists only for t < 1.
This example should cement that the existence of solutions in finite delay differential
equations is much easier to obtain, unlike ordinary differential equations.

Example 8.2. Consider the predator—prey model with carrying capacity

/

x' =ax —dx® — bxy, Y =—cy+kxy,

where x(¢) and y(¢) are the numbers of preys and predators at time ¢, respectively,
with positive constants a, b, c,d, and k. The term kxy represents the predator’s
utilization of the prey it captures. Hence there is certainly a delay, say r > 0. As
a consequence, we have the predator—prey delay system

x =ax —dx*—bxy, y =—cy—+kx(t—r)y(—r).

Suppose we are given an initial continuous function (¢1(?), ¢2(¢)) with x(s) = ¢ (s),
y(s) = ¢a(s), —r <s < 0. Then by integrating the linear equation

y =—cy+kpi(t —r)ga(t —r), 0<1<r,

we arrive at the explicit solution of y given by y(¢) := ¢ (¢). Substituting y back into
the equation with x” gives the homogeneous Bernoulli differential equation

x =ax —dx* - bx¢(t), x(0)=¢1(0), (8.2.5)

which can be easily solved using techniques from basic differential equations. To see
this, we let c(t) =a — b¢(t) and v = x~!. Then we have the resulting differential
equation in v,

V() +c(t)v=hb.

Multiplying by the integrating factor, integrating, and simplifying, we arrive at the
solution

#1(0)
e—ﬂ)t c(s)ds +b¢l (0) fé e~ ;C(s)dsdu’

x(t) =

where we have used v = x L.
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8.3 Existence and uniqueness

We examine the existence and uniqueness of systems with constant delays since they
are involved in many applications. For simplicity of notation, we assume that 9 = 0.
This should not cause any difficulties or take away from the meaning of the problem.

Let x be an n x 1 vector-valued function, let D be an open set in R”, and let
f be defined on [0, c0) x D™. Define an initial function ¢ : [—t, 0] = R, where
T =max{t;, 1 <j <m}. Letr =min{z;, 1 < j <m} > 0 and consider the system
with multiple constant delays

X' =f,x(t—11),....,xt — 1), 0=<1=<ty, (8.3.1)

x(s) =¢(s), —t<s5=0. (8.3.2)

We may rename the delays so that they are listed in an increasing order so that T = 1,
andr =11

O<tn<m<---<71y.

Definition 8.3.1. We say that x : [fo — 7,78] — D is a solution of (8.3.1)—(8.3.2),
where 0 < tg <1y, if it is continuous and satisfies (8.3.1) for 0 <t < tg, and x(s) =
@(s), —t <5 < 0. The solution of (8.3.1)—(8.3.2) is said to be unique if every two
solutions agree with each other as far as both are defined.

Theorem 8.3.1. Let f be continuous on [0,t5) x D™, and let ¢ : [-7,0] — D
be continuous on [—t,0]. Then system (8.3.1)—(8.3.2) has a unique solution x on
[—7, B1), where 0 < By <ty. Moreover, if B1 < ty, then x(t) approaches the bound-
aryof D ast — fi.

Proof. Lett € [0, r]. Then every solution resides over the domain of the initial func-
tion, that is,

X =f et —11), .., 0t — Tw))

with x(0) = ¢(0). An integration from O to ¢ gives

t
x(1) = ¢(0) +/0 fl,ou—11),..., 0 —1n))du,

which uniquely defines x(¢) for 0 <t < r, provided that r < ¢y and x(¢) remains
in D. Now that we know x(¢) on [—t, r], we may continue in this fashion on [r, 2r]
as long as 2r < ty and x(¢) remains in D. We continue with this method of steps until
we reach 77 or until x(¢) reaches the boundary of D. This completes the proof. [

Remark 8.1. Suppose at least one of the 1,=0,j=12,...,m. To be specific,
suppose only 71 = 0 and the rest of the delays are distinct and greater than zero. Then
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system (8.3.1) will include a differential equation. In this case proving the existence
and uniqueness requires a Lipschitz condition on f of the form

L@ Yy, y2ys - Yam) — FE 20y 22)5 -+ 2em) | = Klyay —zapl - (8.3.3)
for y(j), z¢j) € R" and positive constant K.

Corollary 8.1. (Uniqueness) In addition to the hypotheses of Theorem 8.3.1, assume
(8.3.3). Then (8.3.1)—(8.3.2) has at most one solution on any interval [—t, B1), where
O<pr <t f-

Proof. The case r > 0 is already covered by Theorem 8.3.1, so we let r = 0. Then
for t € [0, 1],

X' =[x, 0t — 1), ..., 0t —Tw))

with x(0) = ¢(0). Then by Theorem 2.2.1, it has at most one solution. We may repeat
the above process for ¢ € [12, 212], for 72 < ty. We keep repeating the process until
we reach 7. This completes the proof. O

Recall our remark in Chapter 3 that a multivariable function f satisfies a Lipschitz
condition on some region if all its first partial derivatives are continuous on that re-
gion. We have the following example.

Example 8.3. Consider the sun flower model
u”(t) + bu'(t) + csinu(t —r) =0, t >0,

where b, ¢, and r are positive constants. Using the transformation x| = u, x; = u/,
we arrive at the system

x1 (1) =x2,

x5(t) = —c sinx (1 —r) — bxy.
Therefore
Y)2
f(t,yl,yz)=< . >
-7 —csinyo)1 — byay

Clearly, f is continuous, and so are the partial derivatives

h _, oh _, O

—0, =1, = —b.
i1 ay(1y2 ay(ny2

Thus by Corollary 8.1, given any continuous function ¢ : [—r, 0] — R2, the delay
system has at most one solution on [—r, 81) for any 81 > 0.
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8.4 Stability using Lyapunov functions

In this section, we consider general forms of delay differential equations that fall into
the category of functional delay differential equations. A functional delay differential
equation is a delay differential equation where the unknowns are functions. We will
adopt the following notation. For any » > 0, any continuous function x («) defined on
—r <u<A,A>0,and any fixed ¢, 0 <t < A, by x; we denote the function x;(s) =
x(t+s),—r <s <0,thatis, x : [a, b] > R”" is continuous and is the segment of the
function x (s) defined by letting s range in the interval r — r <s < t. We consider the
functional delay differential equation

x'(t)=F(t,x;), t > fo. (8.4.1)

We assume that F is continuous in both arguments and that F' : R x C — R”, where C
is the set of continuous functions ¢ : [—a, 0] — R", o > 0. If #g = —o0, then 1 > 1y
means that ¢t > fy. Let

Ct)={¢:[t —a,t]— R"}.

It is to be understood that C(¢) is C for t = 0. Also, ¢; denotes ¢ € C(t), and
[l¢:]| = max |¢(t)|, where | - | is a convenient norm on R". A solution is denoted
t—a<s<t

by x(fo, ¢1,), and its value by x (¢, 19, ¢4,) or, if there is no confusion, by x(fy, ¢) and

x(t, ty, @).

Definition 8.4.1. Let x(z) = 0 be a solution of (8.4.1).

(a) The zero solution of (8.4.1) is stable if for all £ > 0 and #; > ty, there exists § > 0
such that [¢p € C(#1), ||@|| <§,t > #1] imply that |x(¢, 11, )| < €.

(b) The zero solution of (8.4.1) is uniformly stable if it is stable and if § is independent
of 11 > 1y.

(c) The zero solution of (8.4.1) is asymptotically stable if it is stable and if for each
11 > tg, there is n > 0 such that [¢ € C(#1), ||¢|| < n] imply that |x(¢, #1, )| — 0 as
t — oo. Note that if this is true for every n > 0, then x = 0 is asymptotically stable
in the large or globally asymptotically stable.

(d) The zero solution of (8.4.1) is uniformly asymptotically stable if it is uniformly
stable and if there is n > 0 such that for each y > 0, there exists S > 0 such that
[t1 = ty, 90 € C(t1), ll@ll <n,t >t + S] imply that |x(¢, 1, ¢)| < y. We also note
that if this is true for every n > 0, then x = 0 is uniformly asymptotically stable in
the large.

Let W; : [0, c0) — [0, 00) be continuous with W;(0) = 0, W; (r) strictly increas-

ing, and W;(r) > oocasr — 00,i =1,2,3.
Consider the totally nonlinear differential equation with bounded delay

X)) =—ax () +bx>t —r), t > 19> 0,
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where a, b, and r are positive constants. Consider the Lyapunov-type functional

t
V) = k()] + b / 3 ()\ds.

t—r

Let a > b. Then along the solutions we have

, X
V' (x) = mx/ —bIx(t — )| + bl @)

= |i_|( —ax®(1) + bx3(t —r)) —blx(t = )| + bl (@)

< —alX* )| +blx3 @t — )| = blx> ¢ — )| + bl (@)
=[—a+b]|x*| <0. (8.4.2)

Lett; e R, ¢ € C(t1), and x(¢) = x(¢, t1, ¢). Using the fact that |x(z)| < V(x;) and
integrating (8.4.2) from t; — r to t1 yield

[x(D)] < V(x) < Vi(gy)
4]

=lp()? +bf 193 (s)|ds

n—r

< (L+br)lley 1P (8.4.3)

1/3
Suppose a > b, let ¢ > 0, and choose § = (ﬁ) . Then for ||¢y, || < 8, from
(8.4.3) we have

x() < (1+ br)[(1 +8br)1/3]3 =g,

and the zero solution is uniformly stable. Note that stability is independent of the size
of the delay r.

Integrate (8.4.2) for O to ¢t and obtain V (x;) — V(¢o) < —fot |x(s)|3ds, which
implies that

t
/0 lx(s)PPds < V(o) — V(x1) < V(go) < 00

for all # > 0. Hence x3(¢) € L'[0, 00).

Next, we prove parallel theorems to Theorems 7.1.8-7.1.11 concerning system
(8.4.1).

Theorem 8.4.1. Let D > 0. Suppose V (¢, ;) is a scalar functional continuous in
and locally Lipschitz in W, when t > to and ; € C(t) with ||Y|| < D. Suppose also
that V (t,0) = 0 and

Wiy @D <V, ¥r). (8.4.4)
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(@) Ir
V/(t,¥:) <0 for tg <t < oo and ||Y;]| < D, (8.4.5)

then the zero solution of (8.4.1) is stable.
(b) If in addition to (a),

Ve, ¥1) = Wadlly: D, (8.4.6)

then the zero solution of (8.4.1) is uniformly stable.
(c) Ifthereis M > O such that |F (¢, Y;)| < M fortyg <t < oo and ||y;|| < D, and if

VIt d) < =Wa(lg (1)), (8.4.7)

then the zero solution of (8.4.1) is asymptotically stable.

Proof. Let ¢ > 0 be such that ¢ < D. Let #; > fy. Since V is continuous and
V(t,0) = 0, there exists § > 0 such that ¢ € C(#;) with ||¢, || < § implies that
V(t1, ¢1,) < Wi(e). By condition (8.4.5) we have

W1(|x(tvllv¢tl)|) = V([,x(f,l1,¢[1)) = V(tlv¢tl)
< Wi(e),

from which it follows that

(.t ) < W H(Wi(e)) =e.

This concludes the proof of (a).
As for the proof of (b), we let ¢ > 0 be such that ¢ < D. We find § > 0 with
Wa(8) < Wi(e). Letty > 1 and ¢, € C(t1) with ||¢;, || < 8. Then

Widlx (@, t1, @)D < V&, x: (11, ¢1,)) < V (21, ¢1,)
= W2(8) < Wi(e),

from which it follows that
x(t, 11, ) < W H(Wi(e) =e.

This concludes the proof of (b).

To prove (c), let ; > 1y, and let 0 < ¢ < D. Find § as in part (b) and take n = 4.
Let ¢, € C(11) with [|¢;, || < 8. For simplicity, we write x(t) = x (¢, 1, ¢7,). We will
establish the proof by contradiction. Assume that x(¢) - 0 as ¢t — oo. Then there are
&1 > 0 and a sequence {#,} — oo with |x(t,)| > €. Since |F (¢, Y;)| < M forty <t <
oo and ||Yy|| < D, there are T > 0 and & < &1 with |x(t,)| > ey fort, <t <t,+T.

Copyright Elsevier 2022



8.4 Stability using Lyapunov functions 297

From this and condition (8.4.7) it follows that

t
0<V(t.x) < V(m%)-/ Wa(lx(s)])

ti+T
< Vi) — Z/ Wa(x(s)D)
t

L+T
<Vt dy) - Z/ Wi (2)
1

=V(t1,¢y) — (n — )T Wa(e2) > —00 as n — 00,
a contradiction. This concludes the proof of (c). ]

Theorem 8.4.2. Let D > 0. Suppose V (t, ;) is a scalar functional continuous in
and locally Lipschitz in yr; whent > to and ; € C(t) with ||Y:|| < D. In addition, we
assume that if x : [ty — a, 00) — R" is bounded, then F (t, x;) is bounded on [ty, 00).
Suppose V satisfies V(t,0) =0,

Wiy @D < V@, ¥r) < Wa(llve[D, (8.4.8)
and
VI(t,¥r) < W31 (D). (8.4.9)
Then the zero solution of (8.4.1) is uniformly asymptotically stable.
Proof. We refer to [15]. O

In the next theorem, we use a Lyapunov function and obtain boundedness results
concerning non-homogeneous delay differential equations.

Theorem 8.4.3. Let h > 0 and consider the finite delay differential equation
x'(t) = a(t)x(t) + b(t)x(t —h) +g(1), t >0, (8.4.10)

with x(ty) = ¢(ty), —h <ty < 0. Suppose a(t), b(t), and g(t) are continuous for all
t>0.
Assume that

2a(t) +3+1b(1)| <0, (8.4.11)
b(t)| —e ™" <0, (8.4.12)
and there exists a positive constant L such that
lgI=<L, t=0.

Then all solutions of (8.4.10) are uniformly bounded. Moreover, if g(t) = 0 for all
t > 0, then the zero solution is exponentially stable.
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Proof. Fort >0, let
t
V(t,x;) = x%() +/ e 9x2(s) ds.
t—h

Then along solutions of (8.4.10) we have

V/(t, x) =2a()x>(t) + 2b(0)x(1)x(t — h) + 2x(1)g (1) + x> (1)
t
—e "Xt —h) - / e Ix%(s) ds
t—h
< a(t) + 2+ [bODx*1) + (1b(1)| — e Mx(t — h)

t
— / e~ U9x2(s) ds + g% (7).
t—h
Using conditions (8.4.11) and (8.4.12), we have

V(t.x) + V' (t.x) < 2a(t) + 3+ [b(O)Dx>() + (b(t)| — e x>t — h)
t t
- / e %2 (s) ds + / e 9x2(s) ds + gz(t)
t—h t—h
<g*(n <L~
So we have
V'(t,x)) < =V (t,x;) + L.
It follows from the variation of parameters formula that

x| < [V (0, @™ 4 L2]7

0 12
[0+ [T e agipr e 4 7]
to—h
12
=[@-eMlplP e+ 22|

This gives boundedness. Now if g(#) =0 for all # > 0, then L = 0, and hence the
above inequality gives the exponential stability. O

We end this section by noting that despite the results of Exercises 8.8 and 8.9,
researchers are still trying to substitute delay terms with terms that are independent
of delays and arrive at ordinary differential equations that can be explicitly solved.
This could be a good prospect for research using numerical analysis.
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8.5 Stability using fixed point theory

Lyapunov functions and functionals have been successfully used to obtain bound-
edness, stability, and the existence of periodic solutions of differential equations,
differential equations with functional delays, and functional differential equations.
In the study of differential equations with functional delays by using Lyapunov func-
tionals, many difficulties arise if the delay is unbounded or if the differential equation
in question has unbounded terms. This section is mainly concerned with the asymp-
totic stability of the zero solution of the scalar neutral differential equation

x'(t) = —a(®)x(t) + cO)x'(t — g(1) +q(t, x(@), x(t — g(1))), (8.5.1)

where a(t), c(t), g(t), and g are continuous in their respective arguments. What
makes Eq. (8.5.1) interesting to study is the fact that it cannot be put in the form
of

d
2O+ cOx(t —g@)]=—a®)x®) +q(t, x(0), x(t — g(1))),

and hence a direct integration cannot be performed to arrive at the desired mapping.
We could not construct a suitable Lyapunov functional that yielded any meaningful
results about the asymptotic stability of the zero solution. Hence the construction of
such a Lyapunov functional for Eq. (8.5.1) remains open. Moreover, in this study,
we concentrate on the stability of the zero solution of nonlinear neutral differential
equations with bounded and unbounded delays. To achieve our goal, we make use
of the contraction mapping principle. To justify the need of using fixed point theory
when studying stability, we consider the time-varying delay differential equation

X' (1) = —a(t)x (1) + b(t)x(t — g(1)), (8.5.2)

where a and b are bounded continuous functions, and g is continuously differentiable
and nonnegative.

Theorem 8.5.1. Suppose

g'(t) is bounded, 1 — g'(t) > 0, (8.5.3)
—2a(t)+1<—(1-g'1), (8.5.4)

and
b)) <a(l —g'(t)) for some a € (0, 1). (8.5.5)

Then the zero solution of (8.5.2) is uniformly asymptotically stable.

Proof. Define the Lyapunov functional

t
V() =x2(1t) + / x2(s) ds.

1—g(1)
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Then along solutions of (8.5.2) we have

V(1) = 2x(r>(—a(t>x(r> +b(0)x(t — g(t))) +x2(0) — (1= g/ 0)x?(t — g(1))
< =2a()x*(t) + [b®)|x* (1) + [b(1) x> (t — g(1))
+x2(1) — (1 — g/ ®)x*(t — g (1))
= (=2a(0) + O] +1)x2@) + (16O = (1 = ') )4t — g(1))
< @ = D1 =g O) (¥ 0+~ 1))
< (a— D1 = g'O)x>(®).

The result follows from Theorem 8.4.2. O

We remark that (8.5.4) and (8.5.5) imply that |b(¢)| < @(2a(t) — 1). Thus we see
that |b(¢)| must be bounded by a(¢). In addition, a(¢) must satisfy a(¢) > 1/2.

8.5.1 Neutral differential equations

Conditions (8.5.3) and (8.5.4) are severe since a and b must be bounded and both a
and b must satisfy an upper bound in terms of 1 — g’. To relax the restrictions, we
resort to the use of fixed point theory, namely, the contraction mapping principle. To
better illustrate our procedure, we first consider the scalar linear neutral differential
equation (neutral since there is a delay in the derivative) with unbounded delay

xX'(t)=—a®)x(t) +bE)x(t — g(®)) +c@)x'(t — g(1)), (8.5.6)

where a(t) and b(t) are continuous, c(¢) is continuously differentiable, and g(¢) > 0
for all # € R and is twice continuously differentiable. We note that Eq. (8.5.6) is more
complicated than that we considered in Theorem 8.5.1 since the derivative on the
right side has a delay. Hence the Lyapunov functional that was used in the proof of
Theorem 8.5.1 will not work, and we have to construct a suitable one. However, the
author believes that conditions similar to (8.5.3)—(8.5.5) have to be imposed. Using
fixed point theory, a suitable mapping has to be formulated. To obtain the desired
map, we invert Eq. (8.5.6). During the process of inverting (8.5.6), we have to inte-
grate by parts the term involving x’(t — g(¢)). We begin by requiring that

g #1, YieR. (8.5.7)
Definition 8.3.1 naturally extends to suit Eq. (8.5.6).

Lemma 8.1. Suppose (8.5.7) holds. Then x(t) is a solution of Eq. (8.5.6) if and only
if
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50 = (20 - O gop)e et 4 (e gy

0) =g
t t
- / (r(u) — b(u)x — g(u))e™ Ju®®ds gy, (8.5.8)
0
where
('@ +ecwaw) (1 - g'@) +g"@ew
r(u) = —— . (8.5.9)
(I —g'(u))
Proof. Multiplying both sides of (8.5.6) by eJ0 @45 and then integrating from O to 7,
we obtain

! ! ! u
/ [x(u)efé'““)df] du = / [b(u)x(u — g(u)) + c(u)x' (u — g(u))]efo a(s)ds g,
0 0

As a consequence, we arrive at

1 t "
x()elh O —x(0) = /0 [bx@ = @) + e’ — gw)]eli 4 du.

Dividing both sides of the above equation by elyat)as , we obtain
X () = x(0)e~ Jo a®)ds
! t
+f [b(u)x(u —gW)) + cu)x' (u — g(u))]e—fu a(s)ds gy (8.5.10)
0

Rewrite

! (
/ C(M)x/(u —g(u))e” 1 a(s)dsdu
0

_ /t c@)x"(u —g)A = 8'W) _ tagas
0 (1—g'(w) '

Integrating by parts the above integral with

UG = —_ o= fiatas

1 —g'(u)
and
dV =x"(u—gw)(1 — g (w)du,
we have
! t
/ @ — el ay = D4 gy
0 1—g'(r)
c(0) —f[a(s)ds /Z —f[a(s)ds
— x(—g(0))e Jo — r(u)e Ju x(u—gw))du, (8.5.11)
1—g'(0) 0
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where r(u) is given by (8.5.9). Finally, substituting (8.5.11) into (8.5.10) completes
the proof. O

Next, let ¥ (¢) : (—oo0, 0] — R be a continuous bounded initial function. We say
that x(7) := x(¢,0, ) is a solution of (8.5.6) if x(¢) = ¥ (¢) for t < 0 and satisfies
(8.5.6) forr > 0.

We say that the zero solution of (8.5.6) is stable at 7y if for each ¢ > 0, there
is § =8(¢) > 0 such that [y : [—00, 9] = R with [ ()| <8 on (=00, 1], t > o]
implies |x (¢, tp, V)| < €.

Let C be the space of all continuous functions from R — R and define the set
S= {(p:R—>]R|(p(t)=1//(t)ift§O, 0(t) = Oast — 00, p € C,

and ¢ is bounded].

Then <S - ||> is a complete metric space, where || - || is the supremum norm.
For the next theorem, we impose the following conditions:

e~ Joa®ds 0 a5 1 — o0, (8.5.12)
there is « > 0 such that
1 t
(#‘ +/ Iru) — bQ)le~ B qy <o < 1,1 >0, (8.5.13)
1—-g'(®) 0
and
t—g()—> o0 as t —> o0. (8.5.14)

Theorem 8.5.2. If (8.5.7) and (8.5.12)—(8.5.14) hold, then every solution x(t,0, {)
of (8.5.6) with small continuous initial function \ (t) is bounded and goes to zero as
t — 00. Moreover, the zero solution is stable at tg = 0.

Proof. Define the mapping P : S — S by

(Po)(t)=v () if 1<0
and

= o — [t a(s)ds c(t)
(Pw)(t>—(w(0) 1—g/(0)‘”( g(O)))e 0 +71—g’(t)

t t
— [ [ = b o — e s, 1
0

o —g@))

Itis clear that for ¢ € S, P is continuous. Let ¢ € S with ||¢|| < K for some positive
constant K. Let ¥ (¢) be a small continuous initial function with |{/| < §, § > 0. Then
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using (8.5.13) in the definition of (P¢)(t), we have

c(0) c(t)
P - ik + -2 ik
1PN =10 = =K+
¢ 1
+ [ - ble et auk
0
<10 - O+ ak. (85.15)

which implies that ||(P¢J) (1)|] < K for the right 8. Thus (8.5.15) implies that (P¢)(¢)
is bounded. Next, we show that (P(p) (t) = 0 as t — oo. The first term on the right
side of (Pga) () tends to zero by condition (8.5.12). Also, the second term on the right
side tends to zero because of (8.5.14) and the fact that ¢ € S. It remains to show that
the integral term goes to zero as ¢t — 00.

Lete > 0, and let ¢ € S with ||¢|| < K, K > 0. Then there exists #; > 0 such that
lp(t — g(¢))| < & for t > t1. Due to condition (8.5.12), there exists #, > ¢t such that

t
— [ a(s)d:
e Jyas & fort > . Thus for t > 15, we have

' t
‘/0 (r () — b)) p(u — gu))e™ ““)‘“du)
! t t ,
< K/ ! |r(u) — b(l/l)|e_fu a(S)deM + 8[ |I"(l/t) _ b(ll)|€_f“ a(s)dsdu
0 "

t g fh
<Ke n “(”"’/ I () — bu)|e™ b 49 gy 4 e
0

< aKe ff’l a(s)ds

<&+ we.

+ ae

Hence (P(p) (t) > 0 as t — oo. It remains to show that (P(p) (t) is a contraction
under the supremum norm. Let ¢, n € S. Then

t t
PO® - (P ©)| = {|1_C(—;m| +/0 ) = b le™ 5“5 du g
<alig =il

Thus by the contraction mapping principle, P has a unique fixed point in S, which
solves (8.5.6), is bounded, and tends to zero as ¢ tends to infinity. The stability of the
zero solution at fo = 0 follows from the above work by simply replacing K by ¢. This
completes the proof. O

Example 8.4. Consider the linear neutral differential equation

X (6) = —2x(t) + co x' (¢t — (%)), (8.5.16)
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where c¢ is a constant. Then r(u) = —4cg, and condition (8.5.13) is satisfied for
lcol < . @ €(0,1). Let y(¢) be a given continuous initial function with | (r)| < 6.
Let

S={¢:R—>R|<p(t)=tp(t)ift§0, o(t) — 0ast — 00, g € C,
and ¢ is bounded}.

Define
(Pgo)(t) =@ if t <0
and

(Po)0) = (1= 2000 O )¢~ + 2c09(5)

t
+ f 4cog0(%)e_2(’_”)du, t>0.
0

Then, for ¢ € S with ||¢|| < K, where K > % we have ||(Pg) ()| < K. It

is obvious that conditions (8.5.12) and (8.5.14) are satisfied. To see that P defines
a contraction mapping, let ¢, n € S. Then

(PE)(6) = (Pm)(0)| < 2ol [1E = nll +2leol (1 —e*)[[¢ =l
<4lcol I1E —nll = allg —nll.

Hence by Theorem 8.5.2 every solution x (¢, 0, ¥) of (8.5.16) with small continuous
initial function ¥ (¢) : (—oo, 0] = R is in S, is bounded, and goes to zero as t — oo.

Next, we turn our attention to the nonlinear neutral differential equation with
unbounded delay

xX'(t)=—a(t)xt) +c)x'(t — g(t)) + q(x(t), x(r— g(t))), (8.5.17)

where a(t), c(t), and g(¢) are defined as before. Here we assume that ¢ (0, 0) = 0 and
q is locally Lipschitz continuous in x and y in the sense that there is K > 0 such that
if [x[, [yl, z], lw| = K, then

lg(x,y) —q(z,w)| < Llx —z| + Ely — w| (8.5.18)

for some positive constants L and E.
Note that

lg(x, M| =1q(x,y) —¢(0,0) +4(0,0)]
<1lg(x,y) —q(0,0)[ +1q(0,0)]
< Lix[+ Ely|.
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Let
S={¢:R—>R|||<p||§l{, o) = (1) ift <0, go(t)—>0ast—>oo,<peC}.
Define the map P : § — S by

(Pe))=vy (1) if 1<0

and

- @ — [La(s)ds c(t) 3
(Pfﬂ)(f)—(lﬁ(o) o0 g(O)))e VO T P )

t t
+ f [ —re = gw) +a (@), o — g ek« du, 1 = 0.
0
It is clear that P is continuous for ¢ € S. If P has a fixed point, say ¢, then ¢ is

a solution of (8.5.17). For P to be a contraction, we assume that there is o« > 0 such
that

‘ c(t)

t 1
7/‘+/ (r@)| + L+ E)e Je@@ds gy < o < 1,1 > 0. (8.5.19)
1—g'(1) 0

Theorem 8.5.3. If (8.5.7), (8.5.12), (8.5.14), and (8.5.19) hold, then every solution
x(t,0,%) of (8.5.17) with small continuous initial function ¥ (t) : (—o0,0] - R
goes to zero as t — 00. Moreover, the zero solution is stable at to = 0.

Proof. Let ¢ € S, and let #1 and #, be as in the proof of Theorem 8.5.2. Then for
1>,

1

| / 9(p(). 9 — g™ e O du|

0

1 . t .
< K(L+E)/ effua(s)d&'du_i_g(L_i_E)/ e*fua(s)dsdu
0 f
1 3|
<KL+ E) amds/ eI O gy 4 (L 4 E)a
0

1
<aKe OB L o(L 4 Eya

<e+4+e(lL+ E)a.

This, along with the proof of Theorem 8.5.2, shows that (P¢)(t) — 0 as 1 — oo.
Let ¢ () be a small continuous initial function with || < §, § > 0. Then by using
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(8.5.19) we arrive at

c(0) c(t)

P 1 - ) K
[(Pe) (D] < I( 1—g’(0))| +|1_g,(t)|
4 1
+/ (r@)| + L+ Eye Jua®ds gy g
0
c(0)
<|d- Tg’(()))w +ak, (8.5.20)

which implies that ||(P¢)(#)|| < K with the right choice of § and «. It remains to
show that (P(p) () is a contraction. Let ¢, n € S. Then
|PoY®) = (P®)|

[,
1—¢'(t)

! t
+ /0 19 @), ¢ — gw)) = g (1), nu — g@le™ kO au}

! ot
1E = nll +/0 (Ir(u)||§(u —gw) —n(u— g(u))|e—/ua(s)dsdu

(1) ! 7fta(s)dx
S{|l_7g,(t)|+/(;(|”(u)|+L+E)e u du}”f—ﬂ”
<all¢ —nll.

Thus by the contraction mapping principle, P has a unique fixed point in S, which
solves (8.5.17) and tends to zero as ¢ tends to infinity. This completes the proof. [

8.5.2 Neutral Volterra integro-differential equations

Now we turn our attention to the scalar neutral Volterra integro-differential equation

t

x'(t) =—a(t)x(t) +c(t)x'(t — g(t)) + / k(t,)h(x(s))ds, (8.5.21)
1—g(t)

where 0 < g(¢) < go for some constant gg. Here we assume that g,a,c,h: R - R
and k : R x R — R are continuous. For the next theorem, we make the following
assumptions:

t N ‘
’—] _C(;(t) | +/O [1rs) +fs k(s w)ldu|e™ka@tas < < 1,02 0;

—g(s)
(8.5.22)
for each ¢ > 0, there exist t{ > 0 and T > O such that fort, > ¢y and t > 1, + T, we
have

¢ I o and e a9 0 ag 1 = oo (8.5.23)
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and there is L > 0 such that |x|, |y| < L imply that
[h(x) —h(y)| <|x —y| and h(0) =0. (8.5.24)

Theorem 8.5.4. If (8.5.22)—(8.5.24) hold, then the zero solution of (8.5.21) is asymp-
totically stable at ty = 0.

Proof. Let ¥ : [—go,0] — R be a bounded initial function with || < § for some
positive constant §. Define

s={e:1-g0.00 > Rp) =y if —g0 =1 <0, llgll <L,

peC, (p(t)—>0ast—>oo},

where || - || is the supremum norm.
Define the mapping P : S — S by

(Po)(t) =y (1) if —gy<t<0

and
_ O ~Jfyaws €O
(Pe) )= (40 = = S ¥ 8O )e B0+ 15t — g0
t N "
+ [[-rowe—son+ [ ksonunan]e fawias, =0
0 s—g(s)

where r (1) is defined by (8.5.9). For ¢ € S with ||¢|| < L, we have that for any ¢ > 0,
there exists #; > 0 such that # > #; — go implies that |¢(¢)| < ¢. Similarly, #, > #; and

1
tztz+Timplythate_f’2a(s)ds<£.Thust2t2—|—Tandt1 large enough give
c(0) c(t)

Po)®| <|(1l = ———)|be + | ————
(Pe)DII =< I( l—g/(()))|8 |1—g/(t)|£

1%) s ” ot
+ / [Ir@IL + / (s, ) Ldu |~ 2 at0dug= i €t
0 K

—g(s)

t Ky ;
+/ [|r(s)|8+/ |k(s,u)|5du]e_fs”(“)d”ds
1% 3

5—g(s)
c(0) c(t)

Thus (P(p)(t) — 0 as t — oo. Also, as in the proof of (8.5.15), with the right
choice of §, we have that ||P(¢)|| < L for ||¢|| < L. It remains to show that P is
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a contraction. For ¢, n € S, we have

c(t)
(PO ~ (P =I5 st lle =l

t s '
[ frons [ ida]e i ewiasyc
0 K

—g(s)
<allg —nll.

Hence P has a unique fixed point in S. This completes the proof.

O

We conclude this section by considering Eq. (8.5.21) when there is no delay in the
derivative, that is, c(¢) is identically zero. We use the Lyapunov functional method
to show that the zero solution is asymptotically stable. As we try to show that the
derivative term of the Lyapunov functional is less than zero along the solutions of
the desired equation, an unpleasant condition relating the size of a(¢) to the size of
g(t) arises, which limits the types of equations that can be discussed. In particular,

we consider the scalar Volterra integro-differential delay equation

t

(1) = —a()x (1) + / k(t, $)h(x(s))ds,

1—g(t)

where 0 < g(¢) < go for some constant gg.
Suppose there exists a positive constant 8 such that

|k(t,s)] < B forall t >0,

g <1-8,
and

a(t) > ('Ble)g(t) forall r > 0.

(8.5.26)

(8.5.27)

(8.5.28)

(8.5.29)

Theorem 8.5.5. If (8.5.24) and (8.5.27)—(8.5.29) hold, then the zero solution of

(8.5.206) is asymptotically stable.

Proof. Define

t t
V() =x2(t) + / h(x (v))dvds.
t—g(t) Js

It follows from (8.5.24) and (8.5.27) that along the solutions of (8.5.26)

t

V(1) = 2x(t)[—a(t)x(t) +/

k(t, s)h(x(s))ds]
t—g(t)

t
—(1—=g'@®) h2(x(v))dv + g(1)h*(x (1))
t—g(t)
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t
< —2a(t)x*(t) + 2B1x ()| |h(x(s))|ds
t—g(1)

t
—(1-g'®) B2 (x(s))ds + g ()R> (x (1))
t—g(t)

t
< —2a()x2(1) + B [xz(t) + hz(x(s))ds]
r—g(1)

t
—(1—-g'(0) R (x(v))dv + g(O)h* (x(1))
t—g(t)

t
=220[ 2000+ fg0) +ew] + A=W+ p) | W s)ds
1—g(t

< —yxz(t) for some positive constant y.

Then by (c) of Theorem 8.4.1, the zero solution is asymptotically stable. O

8.6 Exponential stability

In this section we consider the scalar and totally nonlinear Volterra integro-
differential equation with finite delay

t
xX'(t) = —/ a(t,s)g(x(s))ds, (8.6.1)
t—r

where r > 0 is a constant, and a : [0, c0) x [0, 0c0] — (—00, 00). The function g(x)
is continuous in x.

The Lyapunov method allowed us to deduce inequalities that all solutions must
satisfy and from which we deduce the exponential stability and instability.

Let ¢ : [—r, 0] = (—o00, 00) be a continuous initial function with
[l¥|l= max |¢¥(s)].
—r<s<0

It should cause no confusion to denote the norm of a continuous function ¢ :
[—r, 00) = (—00, 00) by
llpll="sup |@(s)I].
—r<s§<00

The notation x; means that x,(t) = x(t + t), T € [-r, 0], as long as x(t 4+ 7) is
defined. Thus x; is a function mapping an interval [—#, 0] into R. We say that x(¢) =
x(t, 19, ¥) is a solution of (8.6.1) if x(¢) satisfies (8.6.1) for t > 17y and x;, = x(¥o +
s)=y(s),s € [—r,0].

Now we turn our attention to the totally nonlinear equation (8.6.1). We will con-
struct a Lyapunov functional V (¢, x) := V(¢) and show that for some positive «,
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under suitable conditions, V'(¢) < —a V() along the solutions of (8.6.1). To rewrite
(8.6.1) so that a suitable Lyapunov functional can be displayed, we let

,
A(t,s) :=/ a(u+s,s)du, t,s >0,
t—s

and assume that
A(t, 1) = /Ora(u +1t,t)du > 0. (8.6.2)
In preparation of the main results, we assume that
xg(x) >x2 if x #£0 (8.6.3)
and there exists a positive constant A such that
g < Alx]. (8.6.4)

It is clear that conditions (8.6.3) and (8.6.4) imply that g(0) = 0. In addition to the
above assumptions, we require that

A(t, s)

IA(,
;t ) 0 forall (r.5) € [0, 00) x [ — 1. 1]. (8.6.5)

Finally, we assume that for 1 <« <2,
A% (1 — (@ = Dr/a,2) = A%(1,2) (8.6.6)

forallt € [0,00) and z € [t — r/a,t — (¢ — 1)r/a]. As a consequence of (8.6.5), we

have
// At 8A( % 2(x(2))dz ds
—r Jt+s

/ f Alt, z) )2(x(z))dsdz
t—r J—r

t a z
=/ At 2) =" ( ) g (@) —1+r)dz
t—r
<0, (8.6.7)
which plays an essential role in the proof of the next lemma. We note that g(x) =

x(sin?(x) + 1) satisfies (8.6.3) and (8.6.4). To construct a suitable Lyapunov func-
tional, we put (8.6.1) in the form

d t
x'()=—At, 0g(x 1)) + Ef A(t,5)g(x(s))ds. (8.6.8)
t—r
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Lemma 8.2. Let (8.6.2)—(8.6.5) hold, and suppose that 0 <r < 1/2 with

[+ 122+ 1](/(;ra(u +1,0)du)’ < fora(u cendus T 869
If
t 2
V(t):(x(t)—/ A(t,s)g(x(s))ds)
t—r
0 t
+[ / A%(1,2)g% (x(2))dz ds, (8.6.10)
—r Jt+s

then along the solutions of (8.6.1) we have
V(@) < —A@l, V().

Proof. Let x(t) = x(t, 1y, ¥) be a solution of (8.6.1) and define V() by (8.6.10).
Then along solutions of (8.6.1) we have

t
VO =2(x() - [ 4698w Do)
t—r
0
+rAY(L g () - f At 1 +5)87 (x(t +9))ds

/ / 240,222 )g2< (2)dz ds
—r Ji+s

< =A@, 0)[x*(0) - 2x(t)/ A(t, $)g(x(s))ds] +ra? A%(t, t)x* (1)
t—r

0
—/ A%(t,t 4 $)g%(x(t + 5))ds — A(t, 1)x>(t) by (8.5.6)

—r

t t
—2A(t,t)x(t)/ A(t,s)g(x(s))ds+2A(t,t)g(x(t))/ A(t,s)g(x(s))ds
t—r t—r
t
=—A(t,t)V(t)+A(t,t)(/ A(t,s)g(x(s))ds)2
t—r

t 0 pt
—2A(, t)x(t)/ A(t,s)g(x(s))ds + Al(t, t)/ / A%, Z)gz(x(z))dz ds
t—r t+s
t

+2A(1,1)g(x(1)) A(t,5)g(x(s))ds

t—r

+ (rA2 A%, DX (1) — AL, DX (1))

0
—/ A%t t 4 )82 (x(t +5))ds. (8.6.11)
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In what follows, we perform some calculations to simplify (8.6.11). First, if we let
u=t-+s,then

0 t
—/ A2(t,t+s)g2(x(t+s))ds=—/ A%(t, )% (x(s))ds. (8.6.12)
t—r

—r

Also, by Holder’s inequality we have that

t t
A(t,t)(/ A(t,s)g(x(s))ds)2 < A(t,t)r/ A%(t,5)g%(x(s))ds.  (8.6.13)
t—r t—

r

Finally, we easily observe that

A(t,t)/o /t; A%(1,2)g%(x(2))dz ds < A(t, )r /tt A%(1,5)g%(x(s))ds (8.6.14)
and
—2A(t, )x(1) /t 7 At,5)g(x()ds < A*(1, )% (1)
+r[ A%(t,5)g(x(s))ds. (8.6.15)

Similarly,

t
2A(t,t)g(x(t))/ A(t,$)g(x(s))ds < W2 A% (1, 1)x> (1)
t—r
t
+r/ A%(t,5)8%(x(s))ds.  (8.6.16)
t—r

Invoking (8.6.12) and substituting expressions (8.6.12)—(8.6.16) into (8.6.11)
yield

V(1) < =A@, OV @)+ [(r + DAZA% (1, 1) + A%(1, 1) — AL, 0)]x* (1)
1

+2rAGt, 1) +2r — 11 | A%(t,$)g%(x(s))ds

t—r

< —A@t, )V (t) by (8.6.9). (8.6.17)

O

Theorem 8.6.1. Assume that the hypotheses of Lemma 8.2 and (8.6.6) hold, and let
1 < «a <2. Then any solution x(t) = x(t, to, ¥) of (8.6.1) satisfies the exponential
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inequality

tf(%)r
Ix(1)] < 0 Als.5)ds (8.6.18)

—1
fortzto—i—(a

).

o

Proof. By changing the order of integrations we have

0 t t z—t
/ / A%(t,2)8%(x(2))dz ds = / / A%(t,2)g%(x(2))ds dz
—r Jit+s t—r J—r
t
=f A%(t,2)8*(x(2)) (z — t +1r)dz. (8.6.19)
t—r

oa—1

Forl <o <2,ift — r <z <t,then ( )r <z —t+r <r.Expression (8.6.19)
o

yields

0 t t
f / A%(t,2)g*(x(z))dz ds = / A%(1,2)8*(x(2))(z — t +r)dz
—r Jt+s t—r

t—z t
= / A%(t, )% (x(2))(z — t +1)dz + f A%(t, )8 (x(2)(z — t +1)dz
t r—

r
r o

t
> f A2, 282 (X () — 1 + Pz
—

1 t
e a )r/ A%(t,2)8%(x(2))dz. (8.6.20)
t r

Let V() be given by (8.6.10). Then

0 t
V) > / / A%(t,2)8%(x(2))dz ds
—r Jt+s

o
= (

_ t
” 1)r / A%(t,2)8%(x(2))dz. (8.6.21)
-5

Using (8.6.6), this implies that, for | <o <2,

t—r+r/a
V(- (—Dr/a)>(a— l)r/a/ A2(t,2)g%(x(2))dz
t—r
t—rja
> (e — Dr/a / A%(t,2)8%(x(2))dz. (8.6.22)
t—r
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Note that since V'(¢) <0, for ¢ > 19 + (

)r we have that

O<V(t)+V(t—(

)r) < 2V(t — ( )r)

In summary, (8.6.11), (8.6.21), and (8.6.22) imply that

! 2
V(t)+V(t—( L= (x(t)—/ A(t,s)g(x(s))ds)
t—r

-1 =z
—i—/ / Az(t,z)gz(x(z))dz ds—l—(a—a )r/ Az(t,z)gz(x(z))dz
—r Ji+s t—r

t _ t
> (x| AGogeonas) + S [ R 02ewu:
t—r

Ta
_r

YA, )8 (x(2)dz
t—r

t _ t

= (x0- [ acogxonds) + D [ 200800
—-r t—r
tt )

= (x() - / A, 98 (x(5)ds )
t—r

. t
+ (a_l)(/ A(t,s)g(x(s))ds)2 (by Holder’s inequality)
o t—r

a—1 5 1 a—1 (! 2
= 1+“a_1 x (t)+[\/ilx(z) —\/;f A1, 5)g(x(s))ds]
= 1+t e

o

a—1
L —x*(1). (8.6.23)
Z gt

Thus (8.6.23) shows that

a—1

« 2(t)<V(t)+V(t—(
1421

)r)

<2V(r—(

)r)
An integration of (8.6.17) from #¢ to ¢ yields the inequality

V(t) < V(t())g_fli) A(S-,S)ds.

As a consequence,

(t _( )r) <V(to)e ft e A(s,s)ds
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and
+ el _1 l—(aa;l)r
(O] < | 2—=V(tp)e 2 Jo A(s,)ds
Ta
a—1 )
fort > 19+ ( )r. This completes the proof. 0
o

Remark 8.2. It is clear that inequality (8.6.18) implies that the zero solution of (8.6.1)
is asymptotically stable, provided that

o0
/ A(t, t)dt — oo,

and exponentially stable if

1—(%yr
/ A(s,s)ds > B(t — to)
1

0

a—1

forall t >ty + ( )r and a constant 8 > 0.

2
sin“(x) 5
As an example, we take g(x) = x( 7 4+ 1). Then g(0) =0, xg(x) > x-, and
5 1
lg(x)] < Z|x|. Choose a(t,s) = 3 and r = 3 Next, we make sure that (8.6.7) is
satisfied:

0 t t
/ f A(t,z)%gz(x(z))dz ds = —a2/ (z—t4+7r)g%(x(z))dz < 0.
—r Jt+s t—r

Thus we have shown that the zero solution of the nonlinear Volterra integro-
differential equation

t : 2
x'(1) :—%/ ]x(s)(w + ds
=3

is exponentially stable.

8.6.1 Instability

We turn our attention to the instability of the zero solution of (8.6.1). We start with
the following lemma.

Lemma 8.3. Suppose (8.6.3), (8.6.4), and (8.6.5) hold and there is a positive constant
D > r such that

’
r—D

<At 1) < —A*(t,0)[(1+1)* + DA?]. (8.6.24)
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If

t 2
V) = (x(t) _ / A, s)g(x(s))ds)

t—r

t
-D / A% (1, 2)8° (x(2))dz, (8.6.25)

t_

then along the solutions of (8.6.1) we have

V() > —A(t, )V (1).

Proof. Let x(t) = x(t,ty, ) be a solution of (8.6.1) and define V() by (8.6.25).
Then along solutions of (8.6.1) we have

t
Vi =2(x(0) - / A(t,s)g(x(s))ds)[—A(r,r)g(xa))]
t—r
~ DA, g (x(1)) — D / 24(1,2)° ( Z)g% (2)dz

t

>2(x(n) - / A(r,s)gu(s))ds)[—A(r,r)g(x(r))]—DAz(t,ngz(x(r))
t—r

=—A(t, 1)V (1)

t t
— A(t, t)[—(/ A(t,s)g(x(s))ds)2 + D/ A%, z)gz(x(z))dz]
t—r t—r

t

—2A@, D)[x@) —gx()] | A, 5)g(x(s))ds

t—r

+ (=A@, 1) = MDA (t,0)x*(1). (8.6.26)
First, we remark that, as a consequence of (8.6.5), we have
—D[ A2 ( 0D 2 x(2)dz 2 0.
‘We note that
2A(1, 0)[g(x (@) — x(1)] /,tr A(t,5)8(x(s))ds
<2|A@, D)I(g(x)| + [xD] /t; Az, 5)g(x(s))ds|

t
§2|A(t,t)IIXI(1+)»)I/ A(t, 5)g(x(s))ds|
t—r
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t
< A%, +A)2x2(t)+(/ A(t, 5)g(x(s))ds)”
t—r
t
5A2(t,z)(1+/\)2x2(t)+r/ A%(t, )8 (x(s))ds.
t—r
Similarly,

Al / " A8 (5)ds): = r A ) / " R0 6)ds.
Hence (8.6.26) reduces to
VI(t) > —A(t, )V (1) — {A@t, 1) + (1 + 1)2A%(t, 1) + DA2A2(t, 1)}x2 (1)
+[A@.0¢ — D) —r] / t A%(t,5)g"(x(s))ds
>—A, )V (). - (8.6.27)
This completes the proof. O

Theorem 8.6.2. Suppose hypotheses of Lemma 8.3 hold. Then the zero solution of
(8.6.1) is unstable, provided that

o
—f A(s,s)ds = oo.
fo
Proof. An integration of (8.6.27) from #j to ¢ yields

1
V() > Vg)e o200 (8.6.28)

Let V(¢) be given by (8.6.25). Then
t t 2
V() =x2@t) — 2x(t)/ A(t, s)g(x(s))ds + [/ Alt, s)g(x(s))ds]
t—r t—r
t
-D / A (1, 2)8* (x(2))dz. (8.6.29)
t—r

Let 8 = D — r. Then from

NN

—a———=b)*>0

(ﬂa NG ) =
we have

2ab < a2+§b2
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With this in mind, we arrive at

t

t
—ZX(I)/ A(t,5)g(x(s))ds <2|x(1)]| A(t, s)g(x(s))ds|
t—r

1—r

B

t
< %xz(t) + 7[/t Alt, s)g(x(s))ds]2

—r

1
<+ ér/ A2(t, 5) g2 (x(5))ds.
:3 r t—r
A substitution of the above inequality into (8.6.29) yields

t

V() <x*(0) + %xzm +(B+r — D) f A%(t,5)g” (x(s))ds
t—r

= —IB + r.xz(t)

B

P 2w
=——x(t).
D—r

Using inequality (8.6.28), we get

()] z,/? VIR

D—r

_ Vl/z(to)e_%fflo A(s,s) ds.
D

This completes the proof. O
sinz(x)
100

101 1 1 1 . .
lg(x)| < ﬁ|x|. Choose a(t, s) = —3 r=—,and D = 1 Then (8.6.24) is satisfied.

8
Also, it is clear that (8.6.7) holds.
Thus we have shown that the nonlinear Volterra integro-differential equation

Lo L sin?(x(s))
X (l) = E/I_%x(s)(w + l)dS

As an example, we take g(x) = x( 4+ 1). Then g(0) =0, xg(x) > x2, and

is unstable.
We end this section with the following open problem.

Open Problem. In light of this research, what can be said about the exponential sta-
bility and instability of the zero solution of the nonlinear Volterra integro-differential
equation with infinite delay

t
x'(t) = —/ a(t,s)g(x(s))ds?

—00
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8.7 Existence of positive periodic solutions

We consider the nonlinear neutral differential equation with functional delay

x'(1) = —a®)x (1) +c(O)x'(t — g(1) + q (1, x(t — g(1))), (8.7.1)

which arises in food-limited population models. For system (8.7.1), there may be a
stable equilibrium point of the population. In the case the equilibrium point becomes
unstable, there may exist a nontrivial periodic solution. Then the oscillation of solu-
tions occurs. The existence of such a stable periodic solution is of quite fundamental
importance biologically since it concerns the long-time survival of species. The study
of such phenomena has become an essential part of the qualitative theory of differen-
tial equations. One of the most used models, a prototype of (8.7.1), is the system of
Volterra integro-differential equations

N()=—y ()N (1) +oe(t)/ B(s)e PONC=s) g
0

where N () is the number of red blood cell at time ¢, o, B,y € C(R,R) are
T-periodic, and B € L'(R") is piecewise continuous. This is a generalized model
of the red cell system introduced by Wazewska-Czyzewska and Lasota

n(t) = —yn(t) +ae P,

where «, B, y, and r are constants with r > 0. The existence of positive periodic
solutions was established for the neutral logistic equation with distributed delays

n 0 m 0
X0 =x0[a) =Y jm(r)/T x(+0)di 0) =Y b,-(r)/f X (+6)dv;0)]
i=1 - j=1 -4

(8.7.2)
where the coefficients a, a;, and b; are continuous periodic functions with the same
period. The values T;, f"j are positive, and the functions u;, v; are nondecreasing with
fBT’_ du; =1 and fi)’fj dv; = 1. Eq. (8.7.2) is of logistic form, and hence the method

used to obtain the existence of positive periodic solutions will not work for our model
(8.7.1). For example, in the above equation the transformation x () = eV ® was used
to put (8.7.2) in the form

n 0
N =at) = (o) / N 4,11 6)
-1

i=1
m 0
=D b / . N'(t +0)eN ) dv; (9). (8.7.3)
j=1 -7

Eq. (8.7.1) represents a generalization of the hematopoiesis and blood cell production
models.
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The Krasnoselskii fixed point theorem has been extensively used in differential
and functional differential equations by Burton [16] to prove the existence of periodic
solutions. Also, Burton was the first to use the theorem to obtain stability results
regarding solutions of integral equations and functional differential equations. For a
collection of different type of results, we refer the reader to [16] and the references
therein. The author is unaware of any results regarding the use of Krasnoselskii to
prove the existence of a positive periodic solution.

Theorem 8.7.1. (Krasnoselskii) Let M be a closed convex nonempty subset of a
Banach space (IB, Il ||). Suppose that A and B map M into B and satisfy the following
conditions:

(i) A is compact and continuous,
(ii) B is a contraction mapping,
(i) Ifx,y € M, then Ax + By € M.

Then there exists z € M such that z = Az + Bz.

For T > 0, define Pr ={¢p € C(R,R),¢p(t + T) = ¢(¢)}, where C(R, R) is the
space of all real-valued continuous functions. Then Pr is a Banach space when en-
dowed with the supremum norm

x|l = max |x(7)| =max |x(z)].
t€l0,T] teR

‘We assume that
at+T)=a@), ct+T)=c@), gt +T)=¢g@), g)>g*>0  (8.7.4)

with continuously differentiable c(#), twice continuously differentiable g(¢), and con-
stant g*. Usually, a(z) is assumed to be positive, but here we only require that

T
/ a(s)ds > 0. (8.7.5)
0

It is interesting to note that Eq. (8.7.1) becomes of advanced type when g(z) < O.
Since we are searching for periodic solutions, it is natural to require that g (¢, x)
is continuous in both arguments and periodic in ¢. Also, we assume that for all
0<t<T,

g #1. (8.7.6)

Lemma 8.4. Suppose (8.7.4)—(8.7.6) hold. If x(t) € Pr, then x(t) is a solution of
Eq. (8.7.1) if and only if

_ c(t)
x(t) = mx(t —g(1)
t+T eftua(s)ds
+ / [ — gw) + g, x — gy du, (877
t

efOTa(s)dx -1
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where

(¢ +emam)(1-¢®) +¢"0e®
(=g '

Proof. Let x(t) € Pr be a solution of (8.7.1). Multiply both sides of (8.7.1) with
eJoa®)ds and then integrate from ¢ to ¢ + T to obtain

4T . , 4T
/ [x(u)efO “(S)ds] du =f [c(u)x/(u —g())
1 !

+ g, x(w). x(u = g@))) | el “ O du.

r(t) = (8.7.8)

As a consequence, we arrive at
x(t + T)efoH—T a(s)ds _ x(t)efO[ a(s)ds

+T ]
:/ [C(u)x/(u —gw)+qu,x(u— g(u)))]efo a(s)ds g,
t

By dividing both sides of the above equation by o™ a5 and the fact that
x(t + T) =x(t) we obtain

_ t+T
(1= fTawas) ! / " —
x=(1-e ) , [e@'(u = g )
g G, x (), x(u — g(u)))]e*fzf”“WSdu. (8.7.9)

Rewrite

t+T .
/ c)x(u — gQuyye= i a®s gy
t

= /I+T c@u)x'(u — gu)(1 — g/(”))e*f,f”““)dsdu
i (1—g'(u) '

Integrating by parts the above integral with

_ c(u) . LerTa(x)ds
1 —g'(u)

and

dV =x'(u—gw)(1 — g'(w)du,
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we obtain

t+T t 1
/t c(u)x (u — g(u))effﬁT a(s$)ds g, — 1—6(730))60 — g(t))(l _e +T a(s)ds)

+T ,
B / e b 9Oy — gu))du,
t

where r(«) is given by (8.7.8). Finally, due to the integration over one period and the
periodicity of all functions, we have that

e—quT a(s)ds e~ ffrT a(s)ds

1— efftHTu(x)dx o efftHTu(s)dx (eftHTa(s)ds _ 1)

eft"u(x)dx eft"u(x)dx

- eleTa(s)ds 1 - efoTa(s)ds _1 '

This completes the proof. O
To simplify notation, we let

¢ S a(s)lds

L (8.7.10)
efOTa(s)dx -1
and
o= Jo ! la(s)lds
M= (8.7.11)
efoTa(s)ds 1
Let
efuta(s)ds
G(t,u) = (8.7.12)

efoTa(s)ds _ 1'

It is easy to see that for all (¢, u) € [0,2T] x [0, 2771,
m<G(t,u)<M,
and for all ¢, u € R, we have
Gt+T,u+T)=G(t,u).

We obtain the existence of a positive periodic solution by considering two cases:
t
@0=—D
1—g'()
c(t) -
1—g'@) ~

and
(b)-1=

Copyright Elsevier 2022



8.7 Existence of positive periodic solutions 323

For some nonnegative constant L and positive constant K, we define the set
M={¢ePr:L=|lpll =K},

which is a closed convex bounded subset of the Banach space Pr. In addition, we
assume that there are constants 0 < 8 < o < 1 such that

c(1)
0<B<s—<a<l, (8.7.13)
1—g'()
and for allu e Rand p € M,

(1-p8)L (1-a)K
T <q(s,p)—r(s)p < T (8.7.14)

where M and m are defined by (8.7.10) and (8.7.11), respectively. To apply Theo-
rem 8.7.1, we need to construct two mappings: one is a contraction, and the other is
compact. Thus we define the map A : Ml — Pr by

1+T
(Ap)(1) = / G(t.5)lg(s, o(s —g(s)) —r($)e(s —g(s))lds, t eR. (8.7.15)
t

In a similar way, we set the map B : Ml — Pr by
c(®)
1—g'(t)

It is clear from condition (8.7.13) that B defines a contraction mapping under the
supremum norm.

Bp)(t) = ot —g@)),teR. (8.7.16)

Lemma 8.5. If (8.7.4)—(8.7.6), (8.7.13), and (8.7.14) hold, then the operator A is
completely continuous on M.

Proof. Fort € [0, T], which implies thatu € [¢,t + T] C [0, 2T], and for ¢ € M, we
have by (8.7.13) that

t+T
[(Ap)(1)] < II/ G, 9)g(s, (s —g(s)) —r(s)els — g(s))] ds||
t

(1-u)K
<TM——7—FF—-—.
MT

From the estimate of |A@(¢)] it follows that
c(t)
1—g'@)

for some positive constant Q1. This shows that A(M) is uniformly bounded. It re-
mains to show that A(M) is equicontinuous. Let ¢ € M. Then a differentiation of

A < (1 — )K < 01
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(8.7.13) with respect to ¢ yields
Ap)' (1) =G(t,t + Dlg(t, ot — g(1))) —r(Oet — )]+ a®)(Ap)(1).
Hence by taking the supremum norm in the above expression we have

0
l(Ap)'|| < - T lla () Q1.

Thus the estimation on |(A¢@)’(7)| implies that A (M) is equicontinuous. Then by the
Ascoli—Arzela theorem, we obtain that A is a compact map. Due to the continuity of
all terms in (8.7.13) for ¢ € [0, T], we have that A is continuous. This completes the

proof. O

Theorem 8.7.2. If (8.7.4)—(8.7.6), (8.7.13), and (8.7.14) hold, then Eq. (8.7.1) has a
positive periodic solution z satisfying L <z < K.

Proof. Let ¢, Y € M. Then by (8.7.13) and (8.7.16) we have that

Bo) )+ A0 = ot~ g(1))
1-¢g'@)
t+T
+ / G, $)q(s. 9(s — g(5))) — r($)p(s — g(s)]ds
t
(1—a)K
<K+ MT— =K.
MT
On the other hand,
B (1) + A0 = — 4 — gt
1—g'(t)

t+T
+ / G(t,9)[q(s, (s — g(5))) —r($)e(s — g(s))]ds
t

t+T
ZﬂL-I-m/ [q(s, (s — g(5))) —r(s)p(s —g(s))]ds
t

(1-pL _

> BL+mT e

L.

This shows that Bo + Ay € M. All the hypotheses of Theorem 8.7.1 are satisfied,
and therefore Eq. (8.7.1) has a periodic solution, say z, residing in M. This completes

the proof. O
For the next theorem, we assume that there are constants —1 < 8 < «a < 0 such
that
c(t)
1<p< <a <0, (8.7.17)
1—g'(t)
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and for all u e R and p € M,

w M (8.7.18)
mT

< —_ <
<q@s,p)—r(s)p = UT

where M and m are defined by (8.7.10) and (8.7.11), respectively.

Theorem 8.7.3. If (8.7.4)—(8.7.6), (8.7.17), and (8.7.18) hold, then Eq. (8.7.1) has a
positive periodic solution z satisfying L <z < K.

Proof. The proof follows along the lines of Theorem 8.7.2, and hence we omitit. [l
Example 8.5. The neutral differential equation

2
cos® 1 5719

1 1
/lz__'zt t _/t_ -~
Xt = =5 s Ox () + o2 =)+ ST 00 T 25

has a positive m-periodic solution x satisfying
1

— <x<2.

10— —

To see this, we let

cos2(s) 1
q(s,p)= m —, () = —SIH X(s), and T=g(t) =7
Then
c(t) 1
—=— <,
1—g'(t) 50
and

(1) = ——sin(0)
= ——sin“ ().
"= 1000
A simple calculation yields
4.030 < M <4.032 and 1.74 <m < 1.75.

Let K =2 and L = {5, and define the set M = {{ < v < 2}. Then for p € [15.2],

we have
60y —ropp= S5O L LG, ]
s, 0)—r(s)p=——"—+ —sin“(s —
%5, p P=521100 " 100 P35
0
1 1 1 (1 - l_C ’(t))K
=007 <— O
=100 750 " 25 = MT
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On the other hand,

cosZ(u) n 1 . 2( )o+ 1
—_— — SN~ (u —
o2 +100 ' 100 P35

1 (=0

q(s,p) —r(s)p =

LI 1-¢"(1)
25 mT

We see that all the conditions of Theorem 8.7.2 are satisfied, and hence (8.7.19) has
a positive m-periodic solution x satisfying % <x <2

8.8 Exercises

Exercise 8.1. Use the method of steps to find the solution of the delay differential
equation with delay 1,

X'==tx(t=1),t>0; x(s)=p(s) =12, —1<s5<0,
on the interval [0, 3] by considering the subintervals [0, 1], [1, 2], and [2, 3].
Exercise 8.2. Consider the delay differential equation with delay 1,
x'=ax(@®)+bx(t—1), t >0,
with initial function
x($)=@@)=1+t, —-1<s5<0,

where a and b # 0 are constants. Use the method of steps to find the solution on
the interval [0, 2] by considering the subintervals [0, 1] and [1, 2]. Is the solution
differentiable at the initial time #y = 0? What about the differentiability at r = 1?

Exercise 8.3. Consider the delay differential equation with delay 1,
X=x®)+xt—-1),t>0,
with initial function
x(s)=p@s)=t, —1<s=<0.

Use the method of steps to find the solution on the interval [0, 3]. Is the solution
differentiable at the initial time #y) = 0? What about the differentiability at r = 1?

Exercise 8.4. Solve the Bernoulli equation (8.2.5).
Exercise 8.5. Repeat Example 8.3 for the delay second-order differential equation
mu” (t) +bu'(t) +qu'(t —r) +cu(t) =0, t >0,

where m, b, ¢, c, and r are positive constants.
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Exercise 8.6. Consider the delay second-order differential equation
u () +au'(t)+bu'(t—r)=0, t >0,

where a, b, and r are positive constants. Write the delay equation into a system in x
and y and use the Lyapunov-type functional

0 pt
V(xt,yt)=y2+bx2+y/ / yz(u)du ds, y>0.
—r Jt+s

(i) Show that if
y =b and —a + br <0,

then the zero solution is uniformly stable.
(i) Choose

—2a
y>band —+y+b<0
r

and show that the zero solution is asymptotically stable and uniformly asymptotically
stable.

Exercise 8.7. Give an example of application of Theorem 8.7.3.
Exercise 8.8. Consider the delay differential equation
x'(t)=—ax@)+bx(t —r), t >15>0,

where a, b, and r are positive constants. Consider the Lyapunov-type functional

t
Vi(x;) =x2(1) +b/ x2(s)ds.
t—r

(i) Show that if a > b, then all solutions are bounded, and the zero solution is uni-
formly stable.

(ii) Show that if a > b, then the zero solution is uniformly asymptotically stable, and
x2(1) € L'[0, o0).

(iii) Use part (i) to show that all solutions of

X)) ==2x@®)+x(t—1), x(t) =0(s), —1<s5s<0,1>0,
are bounded.
(iv) Replace the delay term x (¢ — 7) in the delay differential equation given in (iii)
with
/ 1 2.1
x(t) —tx'(t) + ET X

and show that the solutions of the resulting equation are unbounded regardless of the
size of the delay .
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Exercise 8.9. Consider the finite delay differential equation
, 1
x'(t)=-3x@t)+ —-x(t—-1), t >0, (8.8.1)
e

with x(¢) = ¢(s), —1 <5 <O0.

(a) Use Theorem 8.4.3 to show that all solutions of (8.8.1) are bounded and its zero
solution is exponentially stable.

(b) Replace the delay term x (¢ — 1) in (8.8.1) with x(¢) — x'(r). Are the solutions of
the resulting equation bounded?

(c) Now replace the delay term x (¢ — 1) in (8.8.1) with x(z) — x'(¢) + %x” and show
that the solutions of the resulting equation are unbounded.

Exercise 8.10. Construct an example that satisfies the hypotheses of Theorem 8.5.5.

Exercise 8.11. Let 2 > 0 and consider the finite delay differential equation
xX'(t)=a)x(t) +b®)x(t —h)+g(), t >0, (8.8.2)

with x(fo) = ¢. Suppose a(t), b(t), and g(¢) are continuous for all # > 0. For some
T > 0, define the continuous function

efol c(s)ds 0 083
1) = > 0.
O = L e Tty (8.8.3)
with
|b(D)] < h& (1), (8.8.4)

where c(t) :=2a(t) 4+ |g(¢)|. Use the functional

t
V(t, x:) = x2(t) +hs(t)/ x2(s) ds
t—h

to show that every solution of (8.8.2) with x(f9) = ¢ satisfies the inequality
1/28_%ft10a(s)ds7

¢ U
[lx(®)] < [V(Zo, ®) +/ lg(u)] effo a(s)ds du]
fo

1
where a(t) = c(t) + 2h&(t) and V (1, p) = (pz(()) + h&(t) / ’ (pz(s)ds.
to—h

Exercise 8.12. (Big project) Develop similar results as in Section 8.6 for the totally
delayed differential equation

xX'=ax(@t—r), t>0,

where a € R, and r is a positive constant.
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CHAPTER

New variation of
parameters

In this chapter we introduce new variation of parameters formula and apply the idea
to ordinary and delay differential equations. The results of this chapter are totally new
and should serve as foundations for future research.

9.1 Applications to ordinary differential equations

It is customary in a nonlinear differential equation to add and subtract a convenient
term that allows us to invert the equation in question and obtain a variation of parame-
ters formula, which can be used to obtain different results on the solutions. However,
the added term will cause restrictions on the coefficients, and as a result, limit the
class of equations that can be considered. In this section we adopt the terminologies
of Chapter 2 with respect to definitions of solutions and other important matters. We
just try to avoid redundancies and repetitions. Consider the simplest ordinary differ-
ential equation

x'(t) = ax(t), x(0)=xo, 9.1.1)
which has the solution
x(t) = xpe™ = 0ast — oo,
provided that
a<0.

Suppose a : R — R is continuous and consider the ordinary differential equation with
variable coefficient

x'®)=a®)x@), x(0)=xo, 9.1.2)
which has the solution
ot
x(t) = xoefo alds _, () as t — oo,
provided that
t
f a(s)ds — —oo. 9.1.3)
0
Advanced Differential Equations. https://doi.org/10.1016/B978-0-32-399280-0.00015-2 3 29
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Condition (9.1.3) implies that the function a(#) can be positive or oscillates for a short
time. Now let

v:[0,00) > R
be a continuous function. Multiply both sides of (9.1.1) by

e/é v(s)ds

and then integrate from O to any ¢ € [0, T):
t u t u
/ eJo VO () dy :/ ax(u)elo VOB gy
0 0

Integrating by parts the left side and simplifying, we get
t
x(t) = xpe ™ Jo Vs 4 / x () (v(u) + a)e_fut s gy 9.1.4)
0

Expression (9.1.4) is a new variation of parameters formula for (9.1.1) and of
Volterra-type integral equation. Note that if

v(t) = —a,
then (9.1.4) becomes the regular solution x(¢) = xge® of (9.1.1). In a similar fashion,
x'(t) = a(t)x(1), x(0) =xo,

has the solution
! 1
x(t) = xge~ o v®ds / x(u) (v(w) + a@))e™ O gy, 9.1.5)
0

Again, letting
v(t) = —a(r),

!
we get the regular known solution x () = xoefﬂ a(s)ds

vided that

,and x(¢) — 0 as t — oo, pro-

t
/ a(s)ds — —oo.
0
Again, (9.1.5) is a new variation of parameters formula that we will analyze when
considering nonlinear equations. In the mean time, for (9.1.5), by setting up the

proper spaces and using the contraction mapping principle, we can show that
x(t) = 0 as t — oo, provided that

t
f |U(u) +a(u)|e_fu’”mdsdu <a,0<a<l,
0
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and

t
/ v(s)ds — oo.
0

Suppose f : R x R — R is continuous and consider the nonlinear differential equa-
tion

x'(t) = f(,x(1)), x(0) = xq, for a given constant xq. 9.1.6)

Then multiplying by a function fé v(s)ds the solution of (9.1.6) is given by

ot 1 't
x(1) = xpe~ Jov@ds 4 / (x)v@) + £, x@)))e O gy, (9.1.7)
0

Next, we will use (9.1.7) to define a mapping on the proper space and show that the
zero solution is AS. Let % be the set of all real-valued continuous functions. Define
the space

S ={¢:10,00) >R/p €, |¢p(®)| <L, ¢(t) > Oast— oo}.

Then
- 1D

is a complete metric space under the uniform metric

(@1, ¢92) = ||p1 — P2ll,
where

@]l = supflp ()] : 1 = 0}.
Let f be locally Lipschitz on the set .#, such that

f(,0)=0, 9.1.8)
that is, for any ¢ and ¢, € ., we have

|f (&, ¢1) — f (1. 92)| = A (D)|I¢1 — 2] .1.9)

with continuous A : [0, 0c0) — (0, o). Assume that for ¢ € ., we have that
t
Ixole™Jo v®ds L/ (0 @)] + 2))e™ O gy < L. (9.1.10)
0
Note that (9.1.10) implies that

! t
/ (lv@)| +)L(u))e_fu vOds gy <o < 1.
0

Copyright Elsevier 2022



332

CHAPTER 9 New variation of parameters

Theorem 9.1.1. Assume (9.1.8)—(9.1.10). Suppose there exists a positive constant k
such that

o~ Jov(s)ds <k (9.1.11)

Then the unique solution of (9.1.6) is bounded, and its zero solution is stable.
If, in addition,

13
/ v(s)ds — oo, (9.1.12)
0
then the zero solution of (8.5.2) is asymptotically stable.

Proof. For ¢ € .7, define the mapping ¢ : .¥" — . by

1 ! 1
(Pp) (1) = xpe™ o5 / (¢ v + £, p@))e” O du.  9.1.13)
0
It is clear that (P¢)(0) = xg. Now for ¢ € ., we have that

! t
|(Bp) (1) < |X0|k+/0 (I¢ v @) +Mu)|¢(u)|)e—fu v)ds g,

Consequently,

1 1
1B < lxolk + /0 ()| + 2@))e™ L "% gy g,

and
IBPI < |xolk + xl|¢]l < L, dueto (9.1.10) and ¢ € .. (9.1.14)

Since P8 is continuous, we have that 3 : . — .. Next, we show that *J3 is a con-
traction.
For ¢y, ¢ € .7, from (9.1.13) we have that

1 i1
|(Bp1) (1) — (PBp2) ()] < /0 (@) + 2@))e™ he "4 qu| gy — go|
<allp1 — pall.

This shows that 3 is a contraction. By Banach’s contraction mapping principle, 13 has
a unique fixed point x € .%, which is a bounded continuous function. Moreover, the
unique fixed point is a solution of (9.1.6) on [0, 00). Let x be the unique solution. Let
& > 0 and choose § = 81;—“. If |xo| < &, then by (9.1.14) we have that

(I = a)|lx]| = |xolk < 8k

or

x|l <e.
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The proof of
[x()] — 0ast— o0

rests on condition (9.1.12), and we refer to the proof of Theorem 8.5.2. This com-
pletes the proof. O

To see the benefits of our new inversion method, we consider a particular non-
linear equation and rewrite it so that we can invert the usual way. Consequently, the
contraction mapping principle will no longer work. Let

[, x)==x>+ 1, x),
where h(t, x) satisfies a smallness condition. Thus we consider
x' =—=x3+h@,x). (9.1.15)

Due to the absence of a linear term, we borrow one and try to invert the old way. We
write (9.1.15) in the form

X =—x+x—x3) +h(x) (9.1.16)

and then use the variation of parameters formula to obtain

t
x(1) = xpe™! +/ e I [x(s) = x>(s) + h(s, x(s))]ds. (9.1.17)
0

It is naive to believe that most maps can be defined so that they are contractions, even
with the strictest conditions. To that effect, consider

glx)=x —x3.

Then for x, y € R with |x|, |y| < g we have that

x2+y2>

Ig(x)—g(y)|=|x—x3—y+y3|Slx—yl<1— 5

and the contraction constant tends to 1 as x> + y> — 0. As a consequence, the
regular contraction mapping principle failed to produce any results. Using (9.1.7),
(9.1.15) has the solution

13 t 13
x(t):xoe_f()v(s)ds+/ (x ) v() — x> () + hu, x(w)))e ™ " gy (9.1.18)
0

Now using the contraction mapping principle, we would have to show that a function
of the form

fx) =vr)x —x°
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is a contraction. This is true on some bounded and small set, provided that v is of
sufficiently small magnitude.

Thus using (9.1.18) we can easily obtain stability and boundedness results regard-
ing (9.1.15) under the right conditions.

9.1.1 Periodic solutions

Next, we apply our new method to linear or nonlinear differential equations to show
the existence of periodic solutions without the requirement of some classic condi-
tions. To better illustrate our approach, we let f :R x R— R anda:R — R be
continuous and consider the nonlinear differential equation

X' =a®x@)+ f,x), (9.1.19)
where f is continuous in x. For T € R, we assume the periodicity condition
at+T)=a() and f(t+T, )= f(t,-). (9.1.20)

Let BC be the space of continuous bounded functions ¢ : R — R with the maximum
norm || - ||. Define

Pr={¢p € BC.¢(t+T)=¢(1)}.

Then Pr is a Banach space endowed with the maximum norm

lxll = max |x(z)].
1€[0,T]

Also, we assume that
T
efo a®s 4 (9.1.21)

Throughout this section, we assume that a(¢) £ 0 for all ¢ € [0, T']. Now (9.1.19)
is equivalent to

I:x([)e_fol a(s)ds:l/ = (1, x(t))e_f(; a(s)ds.

Integrating this expression from ¢t — T to ¢ and using the fact that x (r — T) = x(¢)
give

T - t ot
x(t) = (1 _ el “(”f“) : / £, x(u))elua®ds gy (9.1.22)
t—T

Theorem 9.1.2. Assume (9.1.20) and (9.1.21). Suppose the function f is Lipschitz
continuous with Lipschitz constant k. If

k(1 — e )™

t n
/ e(/t:“(‘v)dsdu <«
—T

fora € (0, 1), then (9.1.19) has a unique periodic solution.
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Proof. Define B3 by the right side of (9.1.22). It is easily verified that (B¢)(t + T) =
(Pp) (1), and hence P : Pr — Pr. The rest of the proof is a direct application of the
contraction mapping principle on the set Pr. O

On the other hand, if we take a function v(¢) as before and assume that v € Pr

with v(¢) % 0 for all ¢ € [0, T'], then we obtain the following variation of parameters
formula:

T _ t
x() = (1 —elo ”(S)ds> : f [x(u)v(u) + x(u)a(u)
T
T f(u, x())el ““)‘“du]. (9.1.23)

Theorem 9.1.3. Suppose v(t) # 0 for all t € [0, T] and the function f is Lipschitz
continuous with Lipschitz constant k. If

‘(1 . efOT v(x)ds)_l

! 1
/ la@)| + [v(r)] +k]\efu“<s>d5du\ <a
t—T

for a € (0, 1), then (9.1.19) has a unique periodic solution.

Proof. The proof is similar to that of Theorem 9.1.2. O
Note that (9.1.23) can now handle equations of the form
x'(t) =cos(®)x(t) + f(t,x(1)).
We easily see that
| el ads _y _ ofi" eostras _

and hence (9.1.22) cannot be used.

9.2 Applications to delay differential equations

We begin by considering the following totally delayed nonlinear differential equation:
x'(t) = a(®)l(x,), 9.2.1)
where x,(t) = x(t — r) for r > 0 constant, and / = /(¢) is a continuous function

satisfying some conditions to be imposed later. Let ¢ : [—r, 0] — R be a continuous
initial function. We rewrite (9.2.1) in the form

t
O =at+nrikx)— % / a(s +r)l(x(s))ds
t—r
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=a(lt+r)x@)—a(lt+r)x@) —1(x@))]

t
— %/ a(s +r)l(x(s))ds. 9.2.2)
t—r

Note that we added and subtracted a(¢ + r)x, so that the inversion is possible. Thus
by the variation of parameters formula we obtain the integral

x(t) = Y ()l s

t 1
_ / i atundu g o 4y (s) — 1(x(s))1ds
0

t d s
_/ ef.;t“(””)d”—/ a(u+r)l(xw))duds. (9.2.3)
0 ds s—r

The appearance of the term x(s) — [(x(s)) in (9.2.3) is a direct consequence of the
borrowed term. In addition, to get any meaningful results, we would have to assume
that /(x(¢)) is odd. Otherwise, x(s) — [(x(s)) will not define a contraction. Next, we
invert our way by assuming v : [0, c0) — R to be a nonnegative continuous func-
tion such that 0 < fooo v(s)ds = m < oo. To solve (9.2.1), we apply an inversion

technique that starts by multiplying both sides by elo? and then integrates them. We
simplify the notation here and drop the ds at the end of the exponent:

t ) i1 t S
/ eo Yx'(s)ds = )c(t)ef0 Y —x(0) — / xvelo ¥ ds.
0 0

Therefore (9.2.1) becomes

ot 1 s Lo
x(t)el” =x(0)—|—/ xuefo”ds+/ el va(s)i(x,) ds,
0 0

t t
x(t) = x(0)e= oV / xve= 5 vds +/ el vas)l(x,) ds. 9.2.4)
0 0

By imposing adequate conditions on v (), a(t), and [(¢), we will prove the existence
of bounded solutions to (9.2.1). To this end, we will use the right-hand side to define
a contraction map on a complete metric space .. The resulting unique fixed point
will be the solution we are looking for. Let K > O be a constant and fix an initial
continuous function W : [—r, 0] — R with |¥ (¢)| < K fort € [—r, 0] and | W (0)| > O.
Define the space

S =x:[-r,o0) > R|x¢€ ¢ -r, ), Xl < K, x =W on [—r, 0]}, (9.2.5)

where €![—r, o0) denotes the space of continuously differentiable functions, and
|l - loo is the supremum norm. By general principles, it follows that . is a complete
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metric space. Define the map 33 on . by

ot ! 't ! ot
B(x) ;=x(0)e—/o“+/ xve_fxuds+/ e s Vas)i(x,) ds. 9.2.6)
0

0
The following lemma can be adapted to several different situations.

Lemma 9.1. Let {1, &2, &3} be a triple of positive numbers such that 1 + &3 + €3 <
1 =6 for fixed 0 < § < 1. Assume that |V (0)| < e1 K and m is small enough such that
|1 —e™™| < &3. Assume that [(y) is Lipschitz on [— K, K] and satisfies |[(y)| < C;|y|
for y € [-K, K] and for some positive constant C;. Suppose that a € L'([0, 0))
and fooo la(s)|ds < 2—3[ Then the map B has range in . and is a contraction. This
implies that (9.2.1) has a unique solution in ..

Proof. We use the hypotheses of the theorem to bound each of the summands on the

right-hand side of (9.2.6). The first term satisfies the bound

‘x(O)e—fo’” <¢K,

since |e_fs' Y] < 1. The second summand can be bounded by

t
[y
/xve Js Vds
0

The conditions stated above allow us to bound the third summand by

t .
< ||x||oof ve IV ds < (1= e™)x]lo0 < £2K.
0

<e&3llxlloo < &3K.

! 1
‘/ el Ya(s)l(x,)ds
0

Therefore
IPx)| <Ker +Kez +Kez <(1-8K. 9.2.7)

This implies [|P(x)|]lco < (1 — §)K so that B3 has the range in ..
The contraction part follows similarly:

t + t
B0 — PO < — ] ( /0 ve R vds + ¢ /0 |a<s>|ds) 92.8)
<|x =yl <82 +C12—3[)
<(1=8)x—y.

Therefore ||B(x) — L)oo < (1 —8)|lx — ¥Y|loo, and P : .¥ — ¥ is a contrac-
tion. [l

Now we consider a slightly more general equation

x'() =a)g(x,) +b1)G(xr), 9:2.9)
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where a, b, g, G are all continuous on [—r, 00). Let us denote the right-hand side of
(9.2.9) by L(x,). On the same space .¥ as before, we define the new map

t + t "
xve_fvvds—i—/ e_ff VL(xr)ds. (9210)
0

R(x) = x(0)e " +f

0
Impose the same conditions on v as in Lemma 9.1. The only difference now is the
third term. We impose the following conditions:

C1- The functions g and G are Lipschitz on [— K, K]. Explicitly, there are positive
constants C, and Cg such that [g(y)| < Cgly| and |G ()| < Cgly| forall y €
[—K,K].

C2- a,be L'([0,00)), [y la(s)|ds < 2%, and [ |b(s)|ds < ot

Lemma 9.2. Using the notation and definitions from Lemma 9.1, under conditions

CI1-C2, the map B : & — & is a contraction.

Proof. The only difference is the third summand in the definition of &f3 We bound it
as follows:

! t
/ e s VL(x,)ds
0

<k(c,2 4052 = Kes,
- 820, 2Cq

and the rest follows similarly to the proof of Lemma 9.1. O

As a consequence, we find that (9.2.9) has a unique bounded solution in ..

9.2.1 The main inversion

Now we present a more general way of inverting (9.2.9), which starts by rewriting it
as

x'(1) = (a+b)gx,) +b(G(x,) — g(xr))
' 9.2.11)

d
Z_E c(p+r)gx(p))dp +c+r)gx(t)) + bl(x,),
r—r

where ¢ =a + b and [ = G — g. Now multiply both sides by elov and integrate as
before to solve for x(¢). We get

1 ! 1
x(t) =x(0)e_f0 v +/ xve ks Vds

0

t ; N
—f e—fs“<dif C(p+r)g(x(p))dp) ds (9.2.12)
0 S Js—r

t ; t ;
+/ c(s +r)gxe ks “ds—i—/ e s Vbi(x,)ds.
0 0
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Apply integration by parts in the middle line to get
t
x(t) = x(O)e_ff; v +/ xve= i Vds
0
t t t
— F(t)+e J"F(0) +f ve s VF(s)ds (9.2.13)
0
! t ! 1
+/ c(s + r)g(x)eif-v Vds +/ e s Vbl (x,)ds,
0 0

where F(t) = ftt_r c(p+r)gx(p)dp.
Again, we consider the same space .# and define the new map

¢ 1 .
Por) =x(0)e 07 4 / v s
0
t t .
_F(’”e—f"”F(OH/ ve™ s VF(s)ds (9.2.14)
0

! 1 ! t
+/ c(s + r)g(x)eifs Vds +/ e s Vbl (x,)ds.
0 0

We need to impose a different set of conditions on the summands on the right-hand
side of (9.2.14) to get a contraction mapping of .&. First, label the terms on the
right-hand side as 1-7. The new bounds on the absolute values the terms now are as
follows:

D1- The first two summands are bounded exactly as before, that is, x(0) = ¥ (0) <
e1K and [|[v||;1 =m > 0,sothat 1 —e™™ < 5.

D2- To bound F(r), assume that [ |c|dt < [¢° |aldt + [§ |b|dt < Tice +C
C; and Cg are the Lipschitz constants of the delayed functions. The third and
fourth terms are each bounded above by 3 K.

D3- The definitions above produce an upper bound for the fifth term equal to me3 K,
where m = [;° |v|dt.

D4- The sixth term is again bounded above by &3 K.

D5- The upper bound on b above implies that the seventh term is also bounded above
by &3K.

. Here

Therefore
Bx)| < K(e1 + &2 + (m +4)e3). (9.2.15)

Theorem 9.2.1. If the bounds D1-D5 above hold and there is 0 < § < 1 such that
e1t+ery+(m+4)e3 <1—34, thenthe map B : ¥ — & is a contraction with a unique
fixed point. This fixed point is a solution to (9.2.9) that belongs to ..

Example 9.1. Let «, 8 > 0 be such that

x=e%g(x,)+e P Gx,), (9.2.16)
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where o and  are big enough so that ! + ! < Cgifcc;
previous conditions. Eq. (9.2.16) is a first-order differential equation with exponen-
tially damped time-delayed terms. Theorem 9.2.1 implies the existence of a solution

t0(9.2.16) in .7.

. This equation satisfies the

9.2.2 Variable time delay

Here we consider r = r(t) variable. We impose conditions on it later on. We want to
find solutions to

X =a®)gxt —r@))) +bO)G(x(t —r())). (9.2.17)
We still denote x(t — r(¢)) by x,-. The same strategy as before gives

x'(1) = (a +b)g(x) +b(G(x) — g(x,))
=c(t)g(x;) + bl(x;) (9.2.18)

_cg(xy)

= (1 —r") +bl(x,).
1—r

Denote f = 1= and f, = f(t — r(¢)). Now we rewrite (9.2.18) as follows:

—

x'=frg0r) A =)+ (f() — f)g(x,) (1 — 1) + bl(x)
=(frgx)(1—r) — fFOHg(x®))) + f()g(x(1))
+(f () — f)gGe) (A —r) + bl(x,)
t
= —(% / f()gCx(s))ds) + f()g(x(1))
t—r(t)
+(f(t) = f)g(xr) (1 —7') + bl(x,).

To simplify the upcoming expression, assume that r(0) = 0. The inversion gives

(9.2.19)

t ! t
x(t) :x(O)eifO v —i—/ xve )5 Vds
0

t t "
- / s+ /0 ve B [ rospdpds - ©220)
t—r(t S—r(s

! ot
+ /0 eV (F$)g () + (f(5) = fr)g(r)(1 = F) + bl (x,))ds.

The most important condition to be imposed on r is |r'(¢)| < x < 1 for some «
small and positive. This condition allows us to get uniform pointwise upper bounds
on the function f = ﬁ From the definition of . we impose that r(¢) < r for all
t > 0. Now we impose bounds on the different terms.

E1- The first two summands are bounded exactly as before, that is, x(0) = ¥ (0) <
e1K and |[v||;1 =m > 0,s0othat 1 —e™ < ég3.
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E2- To bound f(¢), assume that

/ |f|dt§(1—/<)’1/ |c|dt§(1—lc)l(/ |a|dt+/ |b|dt>
—r —r 0 0

< £3
= (=) (Cy +Co)

This suffices to bound all the terms in the last line as well.

Theorem 9.2.2. Define the map B on . by the right-hand side of (9.2.20). Suppose
there are constants {€1, €2, €3} such that bounds E1-E2 above are satisfied and such
that ey + &>+ %83 <1—46forsome0 <6 < 1. Then'y :.¥ — . is a contraction.
This implies that (9.2.17) has a unique solution in ..

9.3 Exercises
Exercise 9.1. Give the details for the proof of Theorem 9.1.3.

Exercise 9.2. Use our new inversion to show the existence of periodic solutions to
x'(1) =a)g(x) +b(nG(t,xL), 9.3.1)

where x; = x(t — L), and a(t), b(t) are continuous periodic functions with period
L > 0. We assume that g = g(t,x) =g(t+ L,x) and G =G(t,x) =G(t + L, x).
We also assume that g and G are Lipschitz on [0, L] (and extended periodically) with
constants C, and Cg, respectively.

Exercise 9.3. Consider the equation
X =—a®)x@)+cx't —g@®)+q@, xt —gt))). (9.3.2)

For T > 0, define Pr ={¢p € CR,R),p(t+T) = ¢ (¢)}, where C(R, R) is the space
of all real-valued continuous functions. Then Pr is a Banach space endowed with the
supremum norm

[[x]| = max |x(¢)] =max|x(?)].
t€[0,T] teR
Assume that
a(t+T)=a@), ct+T)=c@), gt+T)=g@), gt) >g*>0 9.3.3)

with continuously differentiable ¢ (), twice continuously differentiable g (), and con-
stant g*. We suppose that ¢ (#, x) is continuous in both arguments and periodic in ¢.
Usually, a(t) is assumed to be positive, but here we only assume that

T
/ a(s)ds > 0.
0

I
341

Copyright Elsevier 2022



342

CHAPTER 9 New variation of parameters

Choose a positive function v(¢) = v(t + 7). Multiply both sides of (9.3.2) by ef(; v
and integrate by parts between r — T and ¢.

(1) Obtain a variation of parameters formula.

(i1) Use the results of part (i) to define a mapping 3 on Pr = {¢p € C(R,R), ¢ (t +
T) = ¢ ()} and show that 3 : Pr — Pr.

(iii) Impose additional conditions and prove theorems parallels to Theorems 8.7.2
and 8.7.3.
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Autonomous systems, 139, 238, 261

B

Banach space, 10, 13-17, 43, 323
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Bifurcation, 161

Blue-sky bifurcation, 162
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C

Cauchy sequence, 10
Cauchy—Peano theorem, 36
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Finite dimensional, 287

Fixed point, 17, 18, 344, 345
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Floquet multipliers, 114
Floquet theorem, 118
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Fold bifurcation, 162
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Global Lipschitz, 58

Global Lipschitz condition, 27, 63
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Hopf bifurcation, 194
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Implicit function theorem, 165
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Infinite delay, 289

Infinite delay integro-differential equations, 318
Infinite dimensional, 287

Initial function, 287

Instability, 259

Integral equation, 29
Integro-differential equations, 315, 319
Intrinsic, 115

Invariant set, 261

Jacobian, 169
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Kinetic energy, 71, 148
Krasnoselskii, 324
Krasovskii-LaSalle invariance principle, 260

L

Law of mass, 8

Leaky bucket, 5

Left-hand derivative, 46

Level curve, 147

Limit cycle, 182

Linearly dependent, 72

Linearly independent, 72

Linearly independent eigenvectors, 78

Lipschitz, 11
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Lyapunov method, 231

M

Mass matrix, 90, 92

Mass-spring system, 91

Mathieu’s equation, 122

Matrix norm, 65

Maximal interval, 46, 47, 62, 70, 99
Method of steps, 289-291, 326
Multiple delays, 288

Near constant systems, 133

Negative definite, 235, 261

Negative definite matrix, 267

Negative semi-definite, 261

Neutral differential equations, 300

Neutral Volterra integro-differential equations, 306
New variation of parameters, 329

Newtonian system, 148

Non-autonomous, 136, 155, 249, 259, 273
Non-homogeneous differential equation, 18, 44
Norm, 14

Normal form, 167

Nullclines, 175

0

Onto, 204

Open ball, 238

Open covering, 204

Orbit, 140

Order of a differential equation, 1
Ordinary differential equations, 1

P

Pendulum with friction, 68
Periodic solutions, 335

Perturbed, 137

Picard’s theorem, 29

Picard’s theorem for systems, 59
Picard’s theorem global version, 41
Picard’s theorem local version, 43
Pitchfork bifurcation, 163
Poincaré-Bendixson, 184

Positive definite, 235, 251, 261
Positive definite matrix, 267
Positive periodic solutions, 319
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