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Preface

PHILOSOPHY

The evolution of differential equations courses I described in the Preface to the first edition
of this book has progressed nicely. In particular, the quantitative, graphical, and qualita-
tive aspects of the subject have been receiving increased attention, due in large part to the
availability of technology in the classroom and at home.

As before, this text presents a solid yet highly accessible introduction to differential equations,
developing the concepts from a dynamical systems perspective and employing technology to
treat topics graphically, numerically, and analytically. In particular, the book acknowledges
that most differential equations cannot be solved in closed form and makes extensive use of
qualitative and numerical methods to analyze solutions.

The text includes discussions of several significant mathematical models, although there is
no systematic attempt to teach the art of modeling. Similarly, the text introduces only the
minimal amount of linear algebra necessary for an analysis of systems.

This book is intended to be the text for the one-semester ordinary differential equations course
that is typically offered at the sophomore-junior level, but with some differences. The prereq-
uisite for the course is two semesters of calculus. No prior knowledge of multivariable calculus
and linear algebra is needed, because essential concepts from these subjects are developed
within the text itself. This book is aimed primarily at students majoring in mathematics, the
natural sciences, and engineering. However, students in economics, business, and the social
sciences who have the necessary background should also benefit.

USE OF TECHNOLOGY

This text assumes that the student has access to a computer algebra system (CAS) or perhaps
some specialized software that will enable him or her to construct the required graphs (solu-
tion curves, phase planes, etc.) and numerical approximations. For example, a spreadsheet
program can be used effectively to implement Euler's method of approximating solutions.
Although Iuse Maple® in my own course, no specific software or hardware platform is assumed
for this book. To a large extent, even a graphing calculator will suffice.

xi



PEDAGOGICAL FEATURES AND WRITING STYLE

This book is truly meant to be read by the students. The style is accessible without excessive
mathematical formality and extraneous material, although it does provide a solid foundation
upon which individual teachers can build according to their taste and the students’ needs.
(Feedback from users of the first edition suggests that students find the book easy to read.) Every
chapter has an informal Introduction that sets the tone and motivates the material to come.
I have tried to motivate the introduction of new concepts in various ways, including refer-
ences to earlier, more elementary mathematics courses taken by the student. Each chapter
concludes with a narrative Summary reminding the reader of the important concepts in the
chapter. Within sections there are figures and tables to help students visualize or summarize
concepts. There are many worked-out examples and exercises taken from biology, chem-
istry, and economics, as well as from traditional pure mathematics, physics, and engineering.
In the text itself, I lead the student through qualitative and numerical analyses of problems
that would have been difficult to handle before the ubiquitous presence of graphing calcula-
tors and computers. The exercises that appear at the end of each content section range from
the routine to the challenging, the latter problems often requiring some exploration and/or
theoretical justification (“proof”). Some exercises introduce students to supplementary con-
cepts. I have provided answers to odd-numbered problems at the back of the book, with more
detailed solutions to these problems in the separate Student Solutions Manual. Every chapter
has at least one project following the Summary.

I have written the book the way I teach the course, using a colloquial and interactive style.
The student is frequently urged to “Think about this,” “Check this,” or “Make sure you under-
stand.” In general there are no proofs of theorems except for those mathematical statements
that can be justified by a sequence of fairly obvious calculations/algebraic manipulations.
In fact, there is no general labeling of facts as theorems, although some definitions are stated
formally and key results are italicized within the text or emphasized in other ways. Also,
brief historical remarks related to a particular concept or result are placed throughout the text
without obstructing the flow. This is not a mathematical treatise but a friendly, informative,
modern introduction to tools needed by students in many disciplines. I have enjoyed teaching
such a course, and I believe my students have benefited from the experience. I sincerely hope
that the user of this book also gains some insight into the modern theory and applications
of differential equations.

KEY CONTENT FEATURES

Chapters 1-3 introduce the basic concepts of differential equations and focus on the analytical,
graphical, and numerical aspects of first-order equations, including slope fields and phase lines.
In later chapters, these aspects (including the Superposition Principle) are generalized in natural
ways to higher-order equations and systems of equations.

Chapter 4 starts with methods of solving important second-order homogeneous and nonhomoge-
neous linear equations with constant coefficients and introduces applications to electrical circuits



and spring-mass problems. The theoretical high point of the chapter is the demonstration
that any higher-order differential equation is equivalent to a system of first-order equations.
The student is introduced to the qualitative analysis of systems (phase portraits), the existence
and uniqueness of solutions of systems, and the extension of numerical methods for first-order
equations to systems of first-order equations. Among the examples treated in this chapter
are predator-prey systems, an arms race illustration, and spring-mass systems (including one
showing resonance).

Chapter 5 begins with a brief introduction to the matrix algebra concepts needed for the sys-
tematic exposition of two-dimensional systems of autonomous linear equations. (This treatment
is supplemented by Appendix B.) The importance of linearity is emphasized, and the Super-
position Principle is discussed again. The stability of such systems is completely characterized
by means of the eigenvalues of the matrix of coefficients. Spring-mass systems are discussed in
terms of their eigenvalues. There is also a brief introduction to the complexities of nonhomo-
geneous systems. Finally, via 3 x 3 and 4 x 4 examples, the student is shown how the ideas
previously developed can be extended to nth-order equations and their equivalent systems.

Chapter 6 reveals the Laplace transform and its applications to the solution of differential
equations and systems of differential equations. This is perhaps the most traditional topic
in the book; it is included because of its usefulness in many applied areas. In particular,
students can deal with nonhomogeneous linear equations and systems more easily and handle
discontinuous driving forces. The Laplace transform is applied to electric circuit problems, the
deflection of beams (a boundary-value problem), and spring-mass systems. However, in the
spirit of the rest of the book, Section 6.6 shows the applicability of the Laplace transform
to a qualitative analysis of linear differential equations (transfer functions, impulse response
functions).

Chapter 7 presents systems of nonlinear equations in a systematic way. The stability of non-
linear systems is analyzed. The important notion of a linear approximation to a nonlinear
equation or system is developed, including the use of a qualitative result due to Poincaré and
Lyapunov. Some important examples of nonlinear systems are treated in detail, including the
Lotka-Volterra equations, the undamped pendulum, and the van der Pol oscillator. Limit cycles are
discussed.

Appendices A-C present important prerequisite/corequisite material from calculus (single-
variable and multivariable), vector/matrix algebra, and complex numbers, respectively. Appendix
D supplements the text by introducing the series solutions of ordinary differential equations.

SECOND EDITION FEATURES

® Overall, there has been a strengthening of the exposition, ranging from individual
words to entire paragraphs. The result is increased clarity.

® First-order initial-value and boundary-value problems are now in a section of their own.



m The discussion of compartment problems has been expanded and appears in a separate
section.

® To improve the flow of the exposition, some text material on error in numerical
approximation has been removed to Section A.3.

m The treatments of undetermined coefficients and variation of parameters have been
expanded, and each topic has a section of its own, with helpful tables and examples.

m Spring-mass problems are now in a separate section.
m There are new examples and figures in this edition.

= Many new exercises have been added (with a few culled). All exercises are now divided
into A, B, and C problems, and the range of problems from drill exercises (A) to
challenging problems (C) has been increased.

® One project has been replaced.

SUPPLEMENTS

= Instructor’s Solutions Manual Contains solutions to all exercises in the text. This is
available free to instructors who adopt the text.

® Student Solutions Manual Provides complete solutions to every odd-numbered
exercise in the text.
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CHAPTER 1

Introduction to Differential Equations

INTRODUCTION

What do the following situations have in common?
® An arms race between nations
m Tracking of the rate at which HIV-positive patients come to exhibit AIDS
® The dynamics of supply and demand in an economy
® The interaction between two or more species of animals on an island

The answer is that each of these areas of investigation can be modeled with differential
equations. This means that the essential features of these problems can be represented using
one or several differential equations, and the solutions of the mathematical problems provide
insights into the future behavior of the systems being studied.

This book deals with change, with flux, with flow, and, in particular, with the rate at which
change takes place. Every living thing changes. The tides fluctuate over the course of a day.
Countries increase and diminish their stockpiles of weapons. The price of oil rises and falls.
The proper framework of this course is dynamics—the study of systems that evolve over time.

The origin of dynamics (originally an area of physics) and of differential equations lies in
the earliest work by the English scientist and mathematician Sir Isaac Newton (1642-1727)
and the German philosopher and mathematician Gottfried Wilhelm Leibniz (1646-1716) in
developing the new science of calculus in the seventeenth century. Newton in particular was
concerned with determining the laws governing motion, whether of an apple falling from a
tree or of the planets moving in their orbits. He was concerned with rates of change. However,
you mustn’t think that the subject of differential equations is all about physics. The same types
of equations and the same kind of analysis of dynamical systems can be used to model and
understand situations in biology, economics, military strategy, and chemistry, for example.
Applications of this sort will be found throughout this book.

Copyright © 2009, Elsevier Inc. 1



n CHAPTER 1: Introduction to Differential Equations

In the next section, we will introduce the language of differential equations and discuss some
applications.

BASIC TERMINOLOGY

Ordinary and Partial Differential Equations
Ordinary Differential Equations

Definition 1.1.1

An ordinary differential equation (ODE) is an equation that involves an unknown function of a single
variable, its independent variable, and one or more of its derivatives.

m Example 1.1.1 An Ordinary Differential Equation
Here's a typical elementary ODE, with some of its components indicated:

unknown function, y |

dy
3L =
a ~7
independent variable, t 1 .

This equation describes an unknown function of t that is equal to three times its own deriva-
tive. Expressed another way, the differential equation describes a function whose rate of
change is proportional to its size (value) at any given time, with constant of proportionality
one-third. |

The Leibniz notation for a derivative, %, is helpful because the independent variable (the
fundamental quantity whose change is causing other changes) appears in the denominator,
the dependent variable in the numerator. The three equations

dy

L4y = e
dx-l—xye

X" (t) — 5x(t) + 6x(t) = 0

x2

dx 302 441+2
dat~  2(x—1)

leave no doubt about the relationship between independent and dependent variables. But in
an equation such as (w')? 4 2t3w’ — 4t?w = 0, we must infer that the unknown function w is
really w(t), a function of the independent variable ¢.



1.1 Basic Terminology _

In many dynamical applications, the independent variable is time, represented by ¢, and
we may denote the function’s derivative using Newton’s dot notation,! as in the equation
X+ 3tx+2x = sin(wt). You should be able to recognize a differential equation no matter what
letters are used for the independent and dependent variables and no matter what derivative
notation is employed. The context will determine what the various letters mean, and it's the
form of the equation that should be recognized. For example, you should be able to see that
the two ordinary differential equations

d’u _du d’y dy
A s —3=+7u=0 and (B) oo =3 —7
W gz g =0 ad Bga =3

are the same—that is, they are describing the same mathematical or physical behavior. In
Equation (A) the unknown function u depends on ¢, whereas in Equation (B) the functionyisa
function of the independent variable x, but both equations describe the same relationship that
involves the unknown function, its derivatives, and the independent variable. Each equation
is describing a function whose second derivative equals three times its first derivative minus
seven times itself.

The Order of an Ordinary Differential Equation
One way to classify differential equations is by their order.

Definition 1.1.2

An ordinary differential equation is of order n, or is an nth-order equation, if the highest derivative of the
unknown function in the equation is the nth derivative.

The equations

ﬂ+2 =e
dx =

wH? + 283w — 42w =0

x2

dx 32 +4t+2
dt—  2(x—1)

are all first-order differential equations because the highest derivative in each equation is the
first derivative. The equations

X" (t) — 5x'(t) + 6x(t) = 0

" In this notation, x = dx/dt, ¥ = d?x/dt2,and X = d3x/dt3.



- CHAPTER 1: Introduction to Differential Equations

and
X+ 3tx + 2x = sin(wt)

7

are second-order equations, and e~*y® + (sinx)y”” = 3e* is of order 5.

A General Form for an Ordinary Differential Equation

If y is the unknown function with a single independent variable x, and y® denotes the kth
derivative of y, we can express an nth-order differential equation in a concise mathematical
form as the relation

F(x’ y/ y/! V/// y///l ey }/(nil), y(n)) =0

or often as

y(n) — G(x, y y/, y//, }/W, o y(nfl)) )

The next example shows what these forms look like in practice.

m Example 1.1.2 General Form for a Second-Order ODE

2
If y is an unknown function of x, then the second-order ordinary differential equation 2% +

oA = + sin x can be writt 2@ *d o sinx =0
==Y written as 2 -5 +e* ;- —y — sinx = 0 or as

2y + ey —y —sinx = 0.

FCayy' v
[ |

Note that F denotes a mathematical expression involving the independent variable x, the
unknown function y, and the first and second derivatives of y.

Alternatively, in this last example we could use ordinary algebra to solve the original differen-

1 1
tial equation for its highest derivative and write the equation as y” = 5 sinx + 5¥ = Ee"y’ .

G,y

Partial Differential Equations

If we are dealing with functions of several variables and the derivatives involved are partial
derivatives, then we have a partial differential equation (PDE). (See Section A.7 if you are not
familiar with partial derivatives.) For example, the partial differential equation <5 — 5 % = 0,
which is called the wave equation, is of fundamental importance in many areas of physics
and engineering. In this equation we are assuming that u = u(x, t), a function of the two
variables x and t. However, in this text, when we use the term differential equation, we'll mean
an ordinary differential equation. Often we'll just write equation, if the context makes it clear
that an ordinary differential equation is intended.



1.1 Basic Terminology -

Linear and Nonlinear Ordinary Differential Equations
Another important way to categorize differential equations is in terms of whether they are
linear or nonlinear.

Definition 1.1.3

If y is a function of x, then the general form of a linear ordinary differential equation of order nis

an@y™ +ap_1 0y 4 a0y + a1 @Y +ag@y = f(x). (1.1.1)

What is important here is that each coefficient function a;, as well as f, depends on the
independent variable x alone and doesn’t have the dependent variable y or any of its deriva-
tives in it. In particular, Equation (1.1.1) involves no products or quotients of y and/or its
derivatives.

m Example 1.1.3 A Second-Order Linear Equation

The equation x” + 3tx’ + 2x = sin(wt), where w is a constant, is linear. We can see the form
of this equation as follows:

az(t) ar (1) ao (1) f®
—~ = I ~ = , —~ = —_——
1 «x"4+ 3t x4+ 2 -x=sin(wl).
The coefficients of the various derivatives of the unknown function x are functions (some-
times constant) of the independent variable ¢ alone. [ |

The next example shows that not all first-order equations are linear.

m Example 1.1.4 A First-Order Nonlinear Equation (an HIV
Infection Model)

The equation ‘% =s+1T (1 - ﬁ) — uT models the growth and death of T cells, an impor-

tant component of the immune system.? Here T(t) is the number of T cells present at time

t. If we rewrite the equation by removing parentheses, we get % =s+1T — ( L ) T? — uT,

Tmax

and we see that there is a term involving the square of the unknown function. Therefore, the
equation is not linear. [ |

In general, there are more systematic ways to analyze linear equations than to analyze non-
linear equations, and we’ll see some of these methods in Chapters 2, 5, and 6. However,
nonlinear equations are important and appear throughout this book. In particular, Chapter 7
is devoted to their analysis.

2 E. K. Yeargers, R. W. Shonkwiler, and J. V. Herod, An Introduction to the Mathematics of Biology: With Computer Algebra Models (Boston:
Birkhauser, 1996): 341.



n CHAPTER 1: Introduction to Differential Equations

Systems of Ordinary Differential Equations

In earlier mathematics courses, you have had to deal with systems of algebraic equations,
such as

3x—4y =-2
—5x+2y=7.

Similarly, in working with differential equations, you may find yourself confronting systems
of differential equations, such as
dx _ 3x +
e Y
dy
2 —x—3
a7

or

X = —sx + sy

y=—-xz+rmx—y

z=uxy—bz
where b, r, and s are constants. (Recall that x = %, y = %, and z = Z—f) The last system arose
in a famous study of meteorological conditions.

Note that each of these systems of differential equations has a different number of equations
and that each equation in the first system is linear, whereas the last two equations in the second
system are nonlinear because they contain products—xz in the second equation and xy in the
third—of some of the unknown functions. Naturally, we'll call a system in which all equations
are linear a linear system, and we'll refer to a system with at least one nonlinear equation as a
nonlinear system. In Chapters 4, 5, 6, and 7, we'll see how systems of differential equations
arise and learn how to analyze them. For now, just try to understand the idea of a system of
differential equations.

Exercises 1.1

A

In Problems 1-12, (a) identify the independent variable and the dependent variable of each
equation; (b) give the order of each differential equation; and (c) state whether the equation
is linear or nonlinear. If your answer to (c) is nonlinear, explain why this is true.

1.y =y—«?
2. xy =2y



(S0~

© o N o

B
1.

2.

x4+ 5x=e""
LG +x=3y

S &y +y) =2y
d2r 3dr +sint
a7 _gdr
dr? dt

. y(4)+xy///+ex=0
Y+ kY (2 — 1) + 3y = —2 cost
X =2kt Atk —ex=1+1

10.
11.
12.
13.

x4 2x0) = xet

e +3xy=0
2R” —4tR" + R +3R = ¢
Classify each of the following systems as linear or nonlinear:
dy
a. —=x—4
dt &
@ sy
dt Y
b. Q = Q- 3t2R
R =3Q+5R

C.x=x—xy+z
y=-2x+y—yz
z2=3x—-y+z

d. f=2x—ty+t’z
y=-2tx+y—z
Z=3x—13y+z

For what value(s) of the constant a is the differential equation

d*x P dx
_ A a—1x
2 + (a a)x i te

a linear equation?
Rewrite the following equations as linear equations, if possible.

dx X
a. a —ln(2 )

2 for x=1.

xt—1
, { 1 for x#1

1.1 Basic Terminology
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SOLUTIONS OF DIFFERENTIAL EQUATIONS
Basic Notions

In past mathematics courses, whenever you encountered an equation, you were probably
asked to solve it, or find a solution. Simply put, a solution of a differential equation is a function
that satisfies the equation: When you substitute this function into the differential equation,
you get a true mathematical statement—an identity.

Definition 1.2.1

A solution of an nth-order differential equation F(x,y,y,y",y", ...,y D,y™y = 0, or y™ = G(x,y.7.7",
Y”,...,y®= D) on an interval (a, b) is a real-valued function y = y(x) such that all the necessary derivatives of
y(x) exist on the interval and y(x) satisfies the equation for every value of x in the interval. Solving a differential
equation means finding all possible solutions of a given equation.

Even before we begin learning formal solution methods in Chapter 2, we can guess the
solutions of some simple differential equations. The next example shows how to guess
intelligently.

m Example 1.2.1 Guessing and Verifying a Solution to an ODE

The first-order linear differential equation ‘fi—lf = kB, where & is a given positive constant, is a

simple model of a bank balance, B(t), under continuous compounding t years after the initial
deposit. The rate of change of B at any instant is proportional to the size of B at that instant,
with k as the constant of proportionality. This equation expresses the fact that the larger the
bank balance at any time ¢, the faster it will grow.

You can guess what kind of function describes B(¢) if you think about the elementary functions
you know and their derivatives. What kind of function has a derivative that is a constant
multiple of itself? You should be able to see why B(t) must be an exponential function of the
form ae!’, where a is any constant. By substituting B(t) = ae into the original differential

equation, you can verify that you have guessed correctly. The left-hand side of the equation

becomes d(fftkt), which equals kae®, and the right-hand side of the equation is k(aett). The

left-hand side equals the right-hand side for all values of t, giving us an identity.

Anticipating an idea we'll discuss later in this section, we can let t = 0 in our solution
function to conclude that B(0) = ae"© = a—that is, the constant a must equal the initial
deposit. Finally, we can express the solution as B(t) = B(0)ekt. [ |

u_n

Note that in Definition 1.2.1 we say “a” solution rather than “the” solution. A differential
equation, if it has a solution at all, usually has more than one solution. Also, we should pay
attention to the interval on which the solution may be defined. Later in this section and in
Section 2.8, we will discuss in more detail the question of the existence and uniqueness of
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solutions. For now, let’s just learn to recognize when a function is a solution of a differential
equation, as in the next example.

m Example 1.2.2 Verifying a Solution of a Second-Order Equation

Suppose that someone claims that x(t) = 5¢3' — 7e?! is a solution of the second-order linear
equation x” — 5x" 4+ 6x = 0 on the whole real line—that is, for all values of ¢ in the interval
(—00, 00). You can prove that this claim is correct by calculating x'(t) = 153 — 14¢?' and
x”(t) = 45¢3 — 28¢?! and then substituting these expressions into the original equation:

X (t) ¥/ () x(t)

X" (1) — 5x'(t) + 6x(t) = (45¢3" — 28e%') — 5(15e3 — 14e?!) + 6(5¢3 — 7¢?t)

= 45¢3 — 28¢?' — 7563 4 70e*! + 30e3 — 4267
= —3063" 4+ 42¢% + 3063 — 42¢% = 0.

Because x(t) = 5e3' — 7¢?! satisfies the original equation, we see that x(t) is a solution. But
this is not the only solution of the given differential equation. For example, you can check

thatx, (t) = —me3' + %ezt is also a solution. We'll discuss this kind of situation in more detail
a little later. [ |
Implicit Solutions

Think back to the concept of implicit functions in calculus. The idea here is that sometimes
functions are not defined cleanly (explicitly) by a formula in which the dependent variable
(on one side) is expressed in terms of the independent variable and some constants (on
the other side), as in the solution x = x(t) = 5e3' — 7e?' of Example 1.2.2. For instance,
you may be given the relation x> + y> = 5, which can be written in the form G(x,y) = 0,
where G(x,y) = x? + y?> — 5. The graph of this relation is a circle of radius +/5 centered at
the origin, and this graph does not represent a function. (Why?) However, this relation does
define two functions implicitly: y1 (x) = +/5 — x? and y2(x) = —+/5 — x2, both having domains
[—+/5, +/5]. More advanced courses in analysis discuss when a relation actually defines one or
more implicit functions. For now, just remember that even if you can’t untangle a relation to
get an explicit formula for a function, you can use implicit differentiation to find derivatives
of any differentiable functions that may be buried in the relation.

In trying to solve differential equations, often we can't find an explicit solution and must be
content with a solution defined implicitly.

m Example 1.2.3 Verifying an Implicit Solution

We want to show that any function y that satisfies the relation G(x,y) = x> +y?> —5=0isa

solution of the differential equation Z—ch = —’—yc.
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First, we differentiate the relation implicitly, treating y as y(x), an implicitly defined function
of the independent variable x:

1) iG(x )—i<x2+ 2—5>—i<0>—0
dx 24 T dx Y Tdx T

Chain Rule
—

@2+ 2% — Y=o
Vix “ax )7

32+ 29 — 0
ydx_ '

*z—ix = —’—yc and proving that any function

defined implicitly by the relation above is a solution of our differential equation. |

Now we solve Equation (3) for %, getting Z—Z =

Families of Solutions I

Next, we want to discuss how many solutions a differential equation could have. For example,
the equation (y')2 + 1 = 0 has no real-valued solution (think about this), whereas the equation
[Y'| + |yl = 0 has exactly one solution, the function y = 0. (Why?) As we saw in Example 1.2.2,
the differential equation x” — 5x" 4+ 6x = 0 has at least two solutions.

The situation gets more complicated, as the next example shows.

m Example 1.2.4 An Infinite Family of Solutions

Suppose two students, Lenston and Cindy, look at the simple first-order differential equation

% = f(x) = x> — 2x + 7. A solution of this equation is a function of x whose first derivative

equals x2 — 2x + 7. Lenston thinks the solution is %3 —x? + 7x, and Cindy thinks the solution

. .3
is % — x2 4+ 7x — 10. Both answers seem to be correct.

Solving this problem is simply a matter of integrating both sides of the differential equation:

d
y:/dy:/édx:/x2—2x+7dx.

Because we are using an indefinite integral, there is always a constant of integration that we
mustn’t forget. The solution to our problem is actually an infinite family of solutions, y(x) =
§ — x? + 7x + C, where C is any real constant. Every particular value of C gives us another
member of the family. We have just solved our first differential equation in this course without
guessing! Every time we performed an indefinite integration (found an antiderivative) in

calculus class, we were solving a simple differential equation. |

When describing the set of solutions of a first-order differential equation such as the one in the
previous example, we usually refer to it as a one-parameter family of solutions. The parameter
is the constant C. Each definite value of C gives us what is called a particular solution of
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FIGURE 1.1
Integral curves of % = x2 — 2x + 7 with parameters 15, 0, and —10

the differential equation. In the preceding example, Lenston and Cindy produced particular
solutions, one with C = 0 and the other with C = —10. A particular solution is sometimes
called an integral of the equation, and its graph is called an integral curve or a solution
curve.

Figure 1.1 shows three of the integral curves of the equation Z—ch = x2—2x+7, where C = 15,0,
and —10 (from top to bottom).

The curve passing through the origin is Lenston’s particular solution; the solution curve
passing through the point (0, —10) is Cindy’s.

Exercises 1.2

In Problems 1-10, verify that the indicated function is a solution of the given differential
equation. The letters a, b, ¢, and d denote constants.

A
1. Y +y=0;y =sinx
2. x" —5x +6x=0; x = —we3 + %ezt

1 2
3. 7(@) —x@—l—y=0;y=x2

4 \dx dx
dR

4, t— —R=1t2sint; R = t(c — cost)
dt
d4y

5, — =0 y=at3 +bt2+ct+d
drt v
d

6. d—;:at—kbr;r:cebt—%t—b%

7. xy/ =2 =0;y =Inx?)

ax —ax
8y =a/T+ () Zy=" J;e
a
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9.

x SINE

xy —sinx =0;y =[] Tdt [Think of the Fundamental Theorem of Calculus. See Section A.4]

10. y"+2xy) =0,y = [3 ¢~ dt [Think of the Fundamental Theorem of Calculus. See Section A 4]

11.

For each function, find a differential equation satisfied by that function:

a.y=c+ ; where ¢ is a constant

b. y = ¢™ sin bx, where a and b are constants
C. y = (A + Bt)e!, where A and B are constants
d. y(r) =e 3t 4+ flt uy(u)du

In each of Problems 12-15, assume that the function y is defined implicitly as a function of
x by the given equation, where C is a constant. In each case, use the technique of implicit
differentiation to find a differential equation for which y is a solution.

12.
13.
14.
15.
16.

xy—Ilny=0C

y +arctany = x + arctanx + C

y3 —3x+3y=5

1+x2y+4y=0

Ij a function y satisfying x? 4 y? — 6x + 10y + 34 = 0 a solution of the differential equation
y 3—x

—~ = —— 7 Explain your answer.
dcx y+5 b v

2
. Verify thaty = % + %‘/xz + 14 Iny/x ++x2 + 1 is a solution of the equation

2y =xy' +In(y).

. Write a paragraph explaining why B(t) in Example 1.2.1—a solution of the differential equation

i kB—can't be a polynomial, trigonometric, or logarithmic function.

. a. Why does the equation (' )2 + 1 = 0 have no real-valued solution?

b. Why does the equation |y’| + |y| = 0 have only one solution? What is the solution?

. . d .
. Explain why the equation d—f = ./—|x — t| has no real-valued solution.

If ¢ is a positive constant, show that the two functions y = Ve2 —x2 and y= —/c2 —x2 are both
solutions of the nonlinear equation y@ + x = 0 on the interval —¢ < x < ¢. Explain why the
solutions are not valid outside the open interval (—c, ¢).

a. Verify that the function y = In(|Cyx|) + C, is a solution of the differential equation y’ = % for

each value of the parameters Cy and C, and x in the interval (0, co).

b. Show that there is only one genuine parameter needed for y. In other words, write
y = In(|C1x]) 4+ C, using only one parameter C.
dy

Find a solution of
dx

constants.
Find a second degree polynomial y(x) that is a (particular) solution of the linear differential
equation 2y’ —y = 3x2 — 13x + 7.

+ y = sinx of the form y(x) = ¢ sinx + ¢, cosx, where ¢; and ¢, are
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9. Show that the first-order nonlinear equation (xy’ — y)2 - )2 — 1 = 0 has a one-parameter family
of solutions given by y = Cx 4 +/C? + 1, but that any function y defined implicitly by the relation
%2 + y2 = 1is also a solution—one that does not correspond to a particular value of C in the
one-parameter solution formula.
10. Find a differential equation satisfied by the function

t
y(t) = cost + / (t — wyy(uwdu.
0

C
1. Consider the equation xy” — (x + n)y’ + ny = 0, where n is a nonnegative integer.
a. Show that y = ¢* is a solution.
2 x3 n

X X
b. Show thaty = 1+x+5+§+~--+—'isasolution.

INITIAL-VALUE PROBLEMS AND BOUNDARY-VALUE
PROBLEMS

Now suppose that we want to solve a first-order differential equation for y, a function of
the independent variable t, and we specify that one of its integral curves must pass through
a particular point (tg, yp) in the plane. We are imposing the condition y(ty) = yo, which is
called an initial condition, and the problem is then called an initial-value problem (IVP).
Note that we are trying to pin down a particular solution this way. We find this solution by
choosing a specific value of the constant of integration (the parameter).

Next, we will see how to solve a simple initial-value problem.

m Example 1.3.1 A First-Order Initial-Value Problem

Suppose that an object is moving along the x-axis in such a way that its instantaneous velocity
at time t is given by v(t) = 12 — t2. First, we will find the position x of the object measured
from the origin at any time ¢ > 0.

Because the velocity function is the derivative of the position function, we can set up the

first-order differential equation % = 12 — t? to describe our problem.

Simple integration of both sides yields

dx 3
= = | —=dt= [ 12—-t*dt =12t — — + C.
x(t) fdx /dtdt / todt t 3 +C

This last result tells us that the position of the object at an arbitrary time ¢t > 0 can be described
by any member of the one-parameter family 12t — % + C, which is not a very satisfactory
conclusion. But if we have some additional information, we can find a definite value for C
and end the uncertainty.
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Suppose we know, for example, that the object is located at x = —5 when t = 1. Then we can
use this initial condition to get
13 35
-5 =x(1)= 12(1)—?+C, or — 5= ?—FC
This last equation implies that C = _TSO, so the position of the object at time ¢ is given by the

3
particular function x(t) = 12t — % — 53—0 =12t — (“gﬂ.

We selected the initial condition x(1) = —5 randomly. Any other choice x(ty) = xo would
have led to a definite value for C and a particular solution of our problem. |

An Integral Form of an IVP Solution

If a first-order equation can be written in the form y’ = f(x)—that is, if the right-hand side
is a continuous (or piecewise continuous) function of the independent variable alone—then
we can always express the solution to the IVP y' = f(x), y(xo) = yo on an interval (g, b) as

y(x) = /f(t)dt+)’o (1.3.1)
X0

for x in (a,b). Note that we use the x value of the initial condition as the lower limit of
integration and the y value of the initial condition as a particular constant of integration. We
use t as a dummy variable. Given Equation (1.3.1), the Fundamental Theorem of Calculus (FTC)
(Section A.4) implies that Y’ = f(x), and we see that y(xg) = fx?f(t)dt +7y =0+ 7y0 = yo,
which is what we want. This way of handling certain types of IVPs is common in physics
and engineering texts. In Example 1.2.4, the solution of the equation with y(—1) = 2, for
example, is

X

y(x):/t2—2t+7dt+2

—1
t3
2
- (— —2 4 7t> +2
t=x 3

t3
= <— — 2+ 7t>
3 t=—1

x3 2, -25 Lo x3 2,5 +31
== —x x)—|— = ——X X+ —.
3 3 3 3

You should also solve this problem the way we did in Example 1.3.1—that is, without using
a definite integral formula.

Families of Solutions II

Although we have seen examples of first-order equations that have no solution or only one
solution, in general we should expect a first-order differential equation to have an infinite set
of solutions, described by a single parameter.

Extending the discussion in Section 1.2, we state that an nth-order differential equation may
have an n-parameter family of solutions, involving n arbitrary constants C;, Cy, Cs, ..., Cy



1.3 Initial-Value Problems and Boundary-Value Problems

(the parameters). For example, a solution of a second-order equation y” = g(¢, y, ') may have
two arbitrary constants. By prescribing the initial conditions y(tg) = yo and y'(tp) = y1, we
can determine specific values for these two constants and obtain a particular solution. Note
that we use the same value, ty, of the independent variable for each condition.

The next example shows how to deal with a second-order IVP.

m Example 1.3.2 A Second-Order IVP

We will show in Section 4.1 that any solution of the second-order linear equation y” +y = 0
has the form y(t) = A cost+Bsint for arbitrary constants A and B. (You should verify that any
function having the form indicated in the preceding sentence is a solution of the differential
equation.) If a solution of this equation represents the position of a moving object relative to
some fixed location, then the derivative of the solution represents the velocity of the particle
at time t. If we specify, for example, the initial conditions y(0) = 1 and y'(0) = 0, we are
saying that we want the position of the particle when we begin our study to be 1 unit in a
positive direction from the fixed location and we want the velocity to be 0. In other words,
our particle starts out at rest 1 unit (in a positive direction) from the fixed location.

We can use these initial conditions to find a particular solution of the original differential
equation:

1. y(0) = 1 implies that 1 = y(0) = A cos(0) + Bsin(0) = A.
2. Y'(0) = 0 implies that 0 = y'(0) = —Asin(0) + B cos(0) = B.

Combining the results of (1) and (2), we find the particular solution y(t) = cost. |

Definition 1.3.1

Finding the particular solution of the nth degree equation

F(t, v, )// }///, y///, o ,y(nfl)’y(n)) -0

such that y(to) = yo,y'(to) = y1, ¥"(to) =y, ..., and y"~D (i) = y,_1, where yo, y1, ..., yn—1 are arbitrary
real constants, is called solving an initial-value problem (IVP). The n specified values y(tg) = yo.Y (to) = y1,
Y'(to) =2, ..., and y"~D(1y) = y,_; are called initial conditions.

Right now we can’t be sure of the circumstances under which we can solve such an
initial-value problem. We will discuss the existence and uniqueness of solutions of single
equations in Section 2.8. Then in Section 4.9 we will consider IVPs for systems of differential
equations.

Boundary-Value Problems
For second- and higher-order differential equations, we can also determine a particular solu-
tion by specifying what are called boundary conditions. The idea here is to give conditions
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that must be satisfied by the solution function and/or its derivatives at two different points of
the domain of the solution.

Definition 1.3.2

A boundary-value problem (BVP) is a problem of determining a solution to a differential equation subject to
conditions on the unknown function specified at two or more values of the independent variable. Such conditions
are called boundary conditions.

The points chosen depend on the nature of the problem we are trying to solve and on the
data we are given about the problem. For example, if you are analyzing the stresses on a
steel girder of length L whose ends are imbedded in concrete, you may want to find y(x),
the bend or “give” at a point x units from one end if a load is placed somewhere on the
beam (Figure 1.2). Note that the domain of y is [0, L]. In this problem it is natural to specify
y(0) = 0 and y(L) = 0, reasonable values at the endpoints, or boundaries, of the solution
interval. Graphically, we are requiring the solution y to pass through the points (0, 0) and
(L, 0). (See Problem C2 in Exercises 1.3 for an applied problem of this type.)

The next example shows that, just as in the case of an initial-value problem, without further
analysis we can’t be sure whether there are solutions of a particular BVP or whether any
solution we find is unique. In general, BVPs are harder to solve than IVPs. Although BVPs
will appear in this book from time to time, we'll focus most of our attention on initial-value
problems.

As the next example shows, some boundary-value problems have no solution, others have
one solution, and some have (infinitely) many solutions.

m Example 1.3.3 A BVP Can Have Many, One, or No Solutions

We'll use the second-order differential equation from Example 1.3.2, y” +y = 0, which has
the two-parameter family of solutions y(t) = ¢; cost + ¢ sint.

Now let’s see what happens if we impose the boundary conditions y(0) = 1, y(r) = 1. The
first condition implies that 1 = y(0) = ¢; cos(0) + ¢, sin(0) = ¢1, and the second condition
tells us that 1 = y(r) = ¢1 cos(7) + ¢ sin(w) = —c;. Because we can't have ¢; equaling 1 and
—1 at the same time, this contradiction says that the boundary-value problem has no solution.

Beam
0 X L
\\ + ,I
L y(x) e
e * ___________________
FIGURE 1.2

A solution y(x) satisfying the bounaary conditions y(0) =0 andy(L) = 0
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On the other hand, the boundary conditions y(0) = 1, y(27) = 1 lead to a different conclu-
sion. If we use the first condition, we get 1 = y(0) = ¢1 cos(0) + ¢; sin(0) = ¢;. The second
condition yields the result 1 = y(27) = ¢; cos(2m) +c¢; sin(27) = ¢;. The fact that we can't pin
down the value of ¢, tells us that any value is all right. In other words, the BVP has infinitely
many solutions of the form y(t) = cost + ¢, sint.

Finally, if we demand that y(0) = 1 and y(%/4) = 1, we find that 1 = y(0) = ¢; cos(0) +
¢y sin(0) = ¢; and

1=y (%) = c1 cos(m/4) + ¢ sin(%) =0 (?) +c (g)

VI (V2
27“2(7)

which implies that c; = /2 — 1. Therefore, this BVP has the unique solution y(t) = cost +
(«/5 — 1)sint. [ |

You should realize that for a general nth-order equation (or for a system of equations), there are
many possible ways to specify boundary conditions, not always at the endpoints of solution
intervals. The idea is to have a number of conditions that will enable us to solve for (specify)
the appropriate number of arbitrary constants.

The following example shows how boundary conditions occur naturally in the solution of an
interesting problem.

m Example 1.3.4 A Practical BVP

The Car and Driver magazine website (January 23, 2005) reports that the two-passenger Ferrari
F430 will go from 0 to 60 (mph) in 3.5 seconds. Assuming constant acceleration, we ask how
far the car travels before it reaches 60 mph.

If s(t) denotes the position of the car after t seconds, then we must calculate s(3.5) — 5(0), the
total distance covered by the car in the 3.5-second interval. We know the acceleration can be

described as a(t) = ZTZZS, which in this problem equals some constant C; and we know that

s(0) = s'(0) = 0—that is, our initial position is considered 0, and the velocity when we first

put our foot on the gas pedal is also 0. The last bit of information we have is that s'(3.5),

the Velociqu at the end of 3.5 seconds, is 60 mph. Thus, we have a second-order differential
d-s

equation o7 = C, initial conditions, and some boundary conditions, and we must solve for

the unknown function s(t).
Now the basic rules of integral calculus tell us that when we find the antiderivative of each
side of the differential equation in the last paragraph, we get

d?s
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. . . 2 . .
where C; is a constant of integration. But [ %dt = %, SO fT; = Ct + C;. Integrating each side

of this last equation gives us

Ct?
s(t) = - + Cit + Cs.

Thus, we have an expression for s(t), but it contains three arbitrary constants. Now we can
use the condition s(0) = 0 to write
C(0)?

0=s(0) = 3 + C1(0) + Cy,

which boils down to 0 = C,, so we can say

Ct?
S(t) = T + Clt.

Because s'(0) = 0, we can see that 0 = s'(0) = (Ct + C1)|;—¢ = C1, and thus s(t) = %‘2

We still have one unknown constant, C, in our formula, but we know that at the end of
3.5 seconds, the velocity is 60 miles per hour. We have to be careful of our units here. We don't
want to mix seconds and hours. To make all our units consistent, we'll convert 3.5 seconds
to 7/7200(= 3.5/3600) of an hour. Then we can claim that 60 = s'(7/7200) = C - (7/7200),

so we have
60(7200
C= % = 61,714.3 (miles/hr?),
Ct?
s(t) = - = 30,857.2t2,
and

7 7 \?
s[—— ) =30857.2( ——) =0.291667... mile ~ 154 feet.
7200 7200

We have shown that in going from 0 to 60, the 2005 Ferrari F430 will travel approximately
154 feet. -

General Solutions

If every solution of an nth-order differential equation F (x,y,y’,y",y”, ..., y"V,y™) =0o0n
an interval (4, b) can be obtained from an n-parameter family by choosing appropriate values
for the n constants, we say that the family is the general solution of the differential equation.
In this case, we will need # initial conditions or n boundary conditions (or a combination of
n conditions) to determine the constants.

Sometimes, however, we can’t find every solution somewhere among the members of an
n-parameter family. For example, you should verify that the first-order nonlinear differential
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equation 2xy’ 4+ y? = 1 has a one-parameter family of solutions given by y = gﬁ—;i However,

for all values of x, the constant function y = 1 is also a solution, but it can’t be obtained from
the family by choosing a particular value of the parameter C. Suppose we could find a value

of C such that gﬁ—: = 1. Cross-multiplication givesus Cx — 1 = Cx + 1, so that —1 = 1!

Also, y(x) = kx? is a solution of x?y”" — 3xy’ + 4y = 0 for any constant k and for all values of
x, but y(x) = x? In |x| is also a solution for all x. (Check these claims.) Of course, because the
equation is second-order, we should realize that a one-parameter family can't be the general
solution.

A solution of an nth-order differential equation that can’t be obtained by picking particular
values of the parameters in an n-parameter family of solutions is called a singular solution.
WEe'll see in Chapter 2 that some of these singular solutions are created when we perform
certain algebraic manipulations on differential equations.

Solutions of Systems of Odes

For a system of two equations with unknown functions x(t) and y(¢), a solution on an interval
(a,b) consists of a pair of differentiable functions x(t), y(t) satisfying both equations that
make up the system at all points of the interval. Initial conditions are given as x(fp) = xo and

y(to) = Yo.

m Example 1.3.5 A System IVP

In Section 4.9, we will see why the only solution of the linear system

@——Sx—i-
dr Y
dy

2 —=—x—-3
dt X Y

satisfying the conditions x(0) = 0 and y(0) = 7 is {x(t) = 272 — Ze™¥, y(1) = 22
+ Ze~4t}

3 .
Verify that these functions constitute a solution and accept the uniqueness as a fact for
now. [ |

You can think of the solution pair in the preceding example as coordinates of a point (x(t), y(t))
in two-dimensional space, R?. As the independent variable t changes, the points trace out a
curve in the x-y plane called a trajectory. The positive direction of the curve is the direction it
takes as t increases. Figure 1.3a shows the curve in the x-y plane corresponding to the system
solution in Example 1.3.5, together with arrows indicating its direction. The initial point
(x(0),y(0)) = (0,7) is indicated. Looking at the solution formulas for x(t) and y(t), we see
that tl_lglo x(t) =0= tl_1)nolo y(¢), so that the curve tends toward the origin as t increases.

Figure 1.3b shows x plotted against ¢, and Figure 1.3c shows y plotted against ¢.



FIGURE 1.3a

7 7 7 7
Plot of (x(t), y(t)) = <5e—2t - Ee_4t’ Ee—zt + Ee_4t) inthe x-y plane, —0.1 <t < 4

FIGURE 1.3b
Plotofx(t) = 5e™2t — Ze™4, —0.1 <t <4

FIGURE 1.3c
Plotofy(t) = Se 2t + Ze™4, —0.1 <t <4
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A very important, dynamical way of looking at the situation in the preceding example is to
think of the curve in Figure 1.3a as the path (or trajectory) of an object or quantity whose
motion or change is governed by the system of differential equations. Initial conditions specify
the behavior (the value, rate of change, and so on) at a single point on the path of the moving
object or changing quantity. The proper graph of the solution of the system in Example 1.3.5
is a space curve, the set of points (t, x(t), y(t)). We'll see further graphical interpretations of
system solutions in Chapter 4. Boundary conditions also determine certain aspects of the
path of the phenomenon under study.

Similarly, each solution of the nonlinear system
X = —sx+ sy
y=—xz+1x—y
z=uxy—bz

where b, r, and s are constants, is an ordered triple (x(¢), y(t), z(t)), and initial conditions have
the form x(tp) = xo, y(to) = yo, and z(tp) = z¢. Boundary conditions in this situation can take
various forms. The trajectory in this case is a space curve, a path in three-dimensional space.
The true graph of the solution is the set of points (¢, x(t), y(t), z(t)) in four-dimensional space.
These points of view, especially the idea of a trajectory, are very useful, and we'll follow up
on these concepts in Chapters 4, 5, and 7.

Exercises 1.3

1. Consider the equation and solution in Problem A4 in Exercises 1.2. Find the particular solution
that satisfies the initial condition R(w) = 0.

2. Consider the equation and solution in Problem Ab in Exercises 1.2. Find the particular solution
that satisfies the initial conditions y(0) = 1,y'(0) = 0,y”(0) = 1, and y"’(0) = 6. [Hint: Use the
initial conditions one at a time, beginning from the left.]

3. Consider the equation and solution in Problem A6 in Exercises 1.2. Find the particular solution
that satisfies the initial condition r(0) = 0. (Your answer should involve only the constants a
and b.)

4. Consider the equation and solution in Problem A8 in Exercises 1.2. Find the particular solution
that satisfies the initial conditions y(0) = 2,y(0) = 0.

5. Find constants A, B, and C such that 1 — %x + %eﬁx + Ax? 4 Bsinx + C cos x is a solution of the

8
IVP)/// _ Gy// =3 — cosx, y(0) = 0, y/(O) =0, y”(O) =1.

1. A particle moves along the x-axis so that its velocity at any time t > 0 is given by
v(t) = 1/(t2 + 1). Assuming that the particle is at the origin initially, show that it will never get
past x = 7/2.
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10.

. Show that the functions y; (x) = 0 and y2 (x) = (x — x0)3, each defined for —oo < x < o0, are both

solutions of the initial-value problem

dy 2/3
— =3 , =0.
i y(x0)

. Show thaty = exsz e~ dt is a solution of the IVP y =1+ 2xy,y(1) =0.
. The differential equation of a family of curves in the x-y plane is given by

Y" = —24 cos(mx/2).

a. Find an equation for the family and give the number of parameters involved.
b. Find a member of the family that passes through the points (0, —4) and (1, 0) and that has a
slope of 6 at the point where x = 1.

. Isit possible for the differential equation corresponding to a three-parameter family of solutions to

be of order four? Explain.

. Barry leaves his home at noon and drives to his aunt’s house, arriving at 3:20 PM. He started from

a parked position and steadily increased his speed in such a way that when he reached his aunt’s
house he was driving at 60 miles per hour. (The house had been repainted recently, and Barry
didn't recognize it.) How far is it from Barry’'s home to his aunt’s house?

. A 727 jet needs to be flying 200 mph to take off. If the plane can accelerate from 0 to 200 mph in

30 seconds, how long must the runway be, assuming constant acceleration?

. An automobile website reports that a 2008 Mercedes-Benz SLR McLaren will go from 0 to 62

(mph) in 3.8 seconds.

a. Assuming constant acceleration, how far will the car travel before it reaches 60 mph?

b. The car's “carbon ceramic” brakes are applied when the car is going 62 mph. Assuming
constant deceleration, how long will it take the car to stop if it stops (according to the report)
in 114 feet?

a. Show that the functions x(t) = (A + Bt)e3! and y(t) = (3A + B + 3Bt)e3! are solutions of the
system

K=y
Y = —9%x + 6y

for all values of the parameters A and B .
b. Find the solution to the system in part (a) with x(0) = 1 and y(0) = 0.
Show that the functions x(t) = e~*/1%sint and y(t) = j5¢~*/1(~10 cos ¢ + sin t) are solutions of
the initial value problem

dx _
a7
dy

i (1.01)x — (0.2)y; x(0) =0,y(0) = —1.
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11. A mathematical model of an idealized company consists of the equations

u

_—= k " 0 = A
i au, u(0)
W —ku, w(0) =0

dt — ’ e

Here u(t) represents the capital invested in the company at time ¢, w(t) denotes the total dividend
paid to shareholders in the period [0, t], and a and k are constants with 0 <k < 1.

a. Solve the first equation for u(t). (See Example 1.2.1.)

b. Substitute your answer for part (a) in the differential equation for w and integrate to find w(t).
(Distinguish between w(t) for0 <k < 1andfork =0.)

1. Let W = W (¢) denote your weight on day t of a diet. If you eat C calories per day and your body
burns EW calories per day, where E represents calories per pound, then the equation
dd—"t‘/ = k(C — EW) models your change of weight.3 (This equation says that your change of
weight is proportional to the difference between calories eaten and calories burnt off, with

constant of proportionality k.)

a. Show that W = % + (WO - % e~ *Et ig g solution of the equation, where Wy = W(0), your
weight at the beginning of the diet.

b. Given the solution in part (a), what happens to W(t) as t — oco?

c. If Wo =1801b, E = 20 cal/lb, and k = 1/3500 Ib/cal, then how long will it take to lose 20 1b?
How long for 30 Ib? 35 Ib? What do your answers seem to say about the process of weight
loss?

2. Solve the equation EI Z% = —%, with the boundary conditions y(0) = 0,y’(0) = 0; y(L) = 0,
¥ (L) = 0. (This problem arises in the analysis of the stresses on a uniform beam of length L and
weight W, both of whose ends are fixed in concrete. The solution y describes the shape of the
beam when a certain type of load is placed on it. Here, E and I are constants, and the product £ I
is a constant called the flexural rigidity of the beam.) [Hint: Integrate successively, introducing a
constant of integration at each stage. Then use the boundary conditions to evaluate these
constants of integration. |

3. The logistic equation ZT = ky(t) (1 - 71570) is used to describe the growth of certain kinds of

human and animal populations. Here, k and M denote constants describing characteristics of the
population being modeled.

a. Show that the function y(t) = satisfies the logistic equation with y(0) =

M
1+A-

_M
1+Ae—kt

3 A. C. Segal, “A Linear Diet Model,” College Mathematics Journal 18 (1987): 44—45.
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b. A study of US. population data? indicates that the solution given in part (a) provides a good fit
if M =387.9802, A = 54.0812,and k = 0.0270347. Using technology, plot the graph of y(t)
using these values of M, A, and k. (Here, t denotes the time in years since 1790, the year of the
first U.S. census.)

c. In 1790, the U.S. population was 3,929,214. In 1980, the figure was 226,545,805; while for 1990,
the population was 248,709,873. By evaluating the function plotted in part (b) at t = 0, 90, and
100, compare the values (in millions) given by y(t) to the actual populations. [Check the official
website of the Bureau of the Census for additional information: www.census.gov.|

d. According to the model with parameters as given in part (b), what happens to the population
ofthe US. ast — o0?

4. The equations

daT*

— =kVTy — 8T*
dt 110

dvy - v

ar !

are used in modeling HIV-1 infections.® Here, T* = T*(r) denotes the number of infected cells,
To = T(0) is the number of potentially infected cells at the time therapy is begun, Vi = V1 (¢) is
the concentration of viral particles in plasma, k is the rate of infection, ¢ is the rate constant for
viral particle clearance, and § is the rate of loss of virus-producing cells.

a. Imitate the analysis shown in Example 1.2.1 and solve the second equation for Vi (¢),
expressing your solution in terms of Vo = V1(0).

b. Using the solution found in part (a), show that the solution of the differential equation for T*
can be written as

kToVo

— (e—Ct _ e—ét)'

T*(t) = T*(0)e ™% +

c. What does the solution in part (a) say about the number of infected cells as t — oco?

5. Consider the linear equation x2y” + xy’ — 4y = x3 (*). Let ygr be the general solution of the
“reduced” (or “complementary”) equation x2y” + xy’ — 4y = 0 and let yp be a particular solution
of (*). Show that ygr + yp is the general solution of (*). [For this problem, define the general
solution of a second-order ODE as a solution having two arbitrary constants. A particular solution,

of course, has no arbitrary constants.]

4 E. K. Yeargers, R. W. Shonkwiler, and J. Vi, Herod, An Introduction to the Mathematics of Biology: With Computer Algebra Models (Boston:
Birkhduser, 1996): 117.

5 A S. Perelson, A. U. Neumann, M. Markowitz, J. M Leonard, and D. D. Ho, “HIV-1 Dynamics in Vivo: Virion Clearance Rate, Infected Cell
Life-Span, and Viral Generation Time,” Science 271 (1996): 1582—1586.



SUMMARY

The study of differential equations is as old as the development of calculus by Newton and
Leibniz in the late seventeenth century. Motivation was provided by important questions
about change and motion on earth and in the heavens.

An ordinary differential equation (ODE) is an equation that involves an unknown function,
its independent variable, and one or more of its derivatives:

F(x’ y' y/r y/// }/W, ey Y(nfl), y(n)) = 0.

Such an equation can be described in terms of its order, the order of the highest derivative of
the unknown function in the equation.

Differential equations can also be classified as either linear or nonlinear. Linear equations
can be written in the form

an @Y™ + an_ 1 YD 4+t a0y + a1 @)Y + ao(x)y = f(x)

where each coefficient function g;(x) depends on x alone and doesn’t involve y or any of
its derivatives. Nonlinear equations usually contain products, quotients, or more elaborate
combinations of the unknown function and its derivatives.

A solution of an ODE is a real-valued function that, when substituted in the equation, makes
the equation valid on some interval. A given nth-order ODE may have no solutions, only one
solution, or infinitely many solutions. An infinite family of solutions may be characterized by n
constants (parameters). These arbitrary constants, if present, may be evaluated by imposing
appropriate initial conditions (usually n of them, involving behavior of the solution at a
single point of its domain) or boundary conditions (at two or more points). Solving a
differential equation with initial conditions is referred to as solving an initial-value problem
(IVP). Solving a differential equation with boundary conditions is referred to as solving a
boundary-value problem (BVP). In general, BVPs are harder to solve than IVPs. The result of
solving either an IVP or a BVP is called a particular solution of the equation or an integral of
the equation. The graph of a particular solution is called an integral curve or solution curve.
In Chapters 2 and 3, we'll discuss the question of existence and uniqueness for IVPs: Does the
equation or system have a solution that satisfies the initial conditions? If so, is there only one
solution?

If every solution of an nth-order ODE on an interval can be obtained from an n-parameter
family by choosing appropriate values for the n constants, then we say that the fam-
ily is the general solution of the differential equation. In this case we need n initial
conditions or n boundary conditions to determine the constants. However, sometimes
there are singular solutions that can’t be found just by choosing particular values of the
constants.
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Just as high school or college algebra introduces systems of algebraic equations, the study
of certain problems often leads to systems of differential equations. These, in turn, can be
classified as either linear systems or nonlinear systems. We can specify initial or boundary
conditions for systems. Whether we're considering single equations or systems of equations we
are dealing with dynamical situations—situations in which objects and quantities are moving
and changing. In such a dynamical situation, it is often useful to focus on a trajectory—
for a single equation, a curve made up of points (x(t),x'(t)), where x is a solution; for a
system of two equations, the set of points (x(t), y(t)), where x and y are solutions of the
system.

PROJECT 1-1

Draw Your Own Conclusions

Even before you learn techniques for solving differential equations, you may be able to ana-
lyze equations qualitatively. As an example, look at the nonlinear equation Z—t = y(1 —yp).
You are going to analyze the solutions, y, of this equation without actually finding
them.

In what follows, picture the t-axis running horizontally and the y-axis running vertically.
a. For what values of y is the graph of y as a function of t increasing? For what values of
y is it decreasing?

b. For what values of y is the graph of y concave up? For what values of y is it concave
down? (What information do you need to answer a question about concavity?
Remember that y is an implicit function of t.)

c. Say you are given the initial condition y(0) = 0.5. Use the information found in parts
(a) and (b) to sketch the graph of y. What is the long-term behavior of y(t)? That is,
what is tlim y(t)?

—00

d. Say you are given the initial condition y(0) = 1.5. Use the information found in parts
(a) and (b) to sketch the graph of y. What is the long-term behavior of y(t)? That is,
what is tlim y(1)?

— 00

e. Sketch the graph of y if y(0) = 1. (Look at the original equation.)

f. If y(¢) represents the population of some animal species, and if units on the y-axis are
in thousands, interpret the results of parts (c), (d), and (e).



CHAPTER 2

First-Order Differential Equations

INTRODUCTION

The various examples in the preceding chapter should have convinced you that there are
different possible answers to the question of what the solution or solutions to a differential
equation look like. In this chapter, we'll examine first-order differential equations from both
the analytic and the qualitative point of view.

First, we'll learn analytic solution techniques for two important types of first-order equa-
tions. For these kinds of equations, we'll come up with explicit or implicit formulas for
their solution curves. This method of solution is often referred to as integrating a differential
equation.

Next, there is a qualitative way of viewing differential equations. This is a neat geometrical way
of studying the behavior of solutions without actually solving the differential equation. The
idea is to examine certain pictures or graphs derived from differential equations. Although
we can do some of this work by hand, computer algebra systems and many graphing calcu-
lators can produce these graphs, and you'll be expected to use technology when appropriate.
There are also specialized programs just for doing this sort of thing. (Follow your instructor’s
guidance in using technology.)

After the analytic and qualitative treatments in this chapter, Chapter 3 will focus on some
numerical solution methods concerned with approximating values of solutions. As we'll
see, both qualitative and numerical methods are necessary, because it is often impossible
to represent the solutions of differential equations—even first-order equations—by formulas
involving elementary functions.’

" In general, “elementary functions” are finite combinations of integer powers of the independent variable, roots, exponential functions,
logarithmic functions, trigonometric functions, and inverse trigonometric functions.

Copyright © 2009, Elsevier Inc. 27



m CHAPTER 2: First-Order Differential Equations

SEPARABLE EQUATIONS

The simplest type of differential equation to solve is one in which the variables are separable.
Formally, a first-order differential equation &y _ p (x,y) is called separable if it can be written

dy_

in the form f(x)g(y), where f denotes a function of the independent variable x alone and

g denotes a functlon of the dependent variable y alone. For example, the equation 7. dy _ g V2
is separable.

If y(x) is a nonconstant solution of the equation % = f(x)g(y) and g(y(x)) is nonzero on an
interval (g, b), we can divide both sides of the equation by g(y(x)) (a process called separating
variables) to get

1
gy (x)) dx

)

If F(x) is an antiderivative of f (x) and G(y) is an antiderivative of ——
sides of the preceding equation to obtain

1
/ 80/() dx / Y= /f(x)dx,

or G(y(x)) = F(x) + C, where the constants of integration associated with G and F have been
combined in the single constant C (note how we have used the Chain Rule in working with

G(y(x)):

( 5, We can integrate both

L dy
g(y(x)) dx’

There are three things to be careful about: (1) Not every first-order differential equation
is separable; (2) even after you have separated the variables and integrated, it may not be
possible to solve for one variable (say y) in terms of the other (say x); you may have to express
your answer implicitly; (3) you may not be able to carry out the integration(s) in terms of
elementary functions. We'll see examples of these situations.

d . dy
EG(y(x)) =G (y(x))dx =

Also, note that in a separable equation y’ = f(x)g(y), a solution of g(y) = 0 is also a solution
of the differential equation—possibly a singular solution (see Section 1.2). If g(y) = 0, then
y' = 0, implying that y is a constant. Conversely, if y(x) = ¢ is a constant solution, theny’ = 0,
which implies that g(y) = 0 because f(x) = 0 is unlikely in a physical problem. This says that
the zeros of g are constant solutions; and, in general, they are the only constant solutions.

The preceding analysis can be refined by considering three cases for a separable differential
equation dy =f)g): (1) @) = 1; (2) f(x) = 1; (3) neither (1) nor (2). In case 1, the
equation takes the simple form Zx f ). If f(x) is continuous on some interval a < x < b,

then the IVP & dx = f(x), y(xo) = yo has a unique solution on (g, b) given by y(x) = yo + fxo
f(r)dr.|[See Equation (1.2.1). The uniqueness of this solution will be discussed in Section 2.8. |
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m Example 2.1.1 A Separable Equation: Case 1

The initial-value problem % = —x3 4 cosx,y(1) =1 is a case 1 situation with f(x) = —x> +
cosx, a continuous function for all real values of x. We can solve the IVP by integrating both
sides of the equation to obtain the general solution and then substituting the initial condition.
Alternatively, we can use the simple solution formula

X x4 5
yx) =1 —I—/ (—r3 + cosr)dr = y + sinx + (Z —sin 1>.
1

4 — 1, or more accurately as
g(y) dx

g(y(x)) dx = 1. Integrating both sides with respect to x, we get [ —— g(y(x)) dx Ldx = [1dx. 1f we make
the substitution y = y(x), then dy =y’ (x) dx = % dx, and we have IW dy = [1dx =x+ C.
This gives us a solution (possibly implicit) of our case 2 ordinary differential equation (ODE).
Letting G(y) = f =) dy, we can express the solution of the ODE in the form G(y) = x + C.
If we are given the initial condition y(x9) = yo, we choose the constant of integration C

so that G(yo) = xo + C. Finally, if G has an inverse, we can write y(x) = G~ !(x + C) =
G 1(x + G(yo) — x0). |

The next example—so basic, yet so important in many applications—is one we've seen before.
Back in Chapter 1, we guessed at the solution and then verified that our guess was correct. Note
thatin this example we use the fact that the logarithmic and exponential functions are inverses
of each other.

In case 2 we have j = g(y). We can rewrite the equation as

m Example 2.1.2 Solving a Separable Equation, Case 2—Example
1.2.1 Revisited

The way the balance B(t) of a bank account grows under continuous compounding demon-
strates the “snowball effect”: The larger the balance at a given time, the more rapid the
growth—that is, the greater the rate of growth. In the language of differential equations,
this becomes ‘jff = rB, where r, the constant of proportionality, is the annual interest rate
(expressed as a decimal). If the initial balance (the principal at t = 0) is positive, we want to

find the balance at time t.

Separating the variables, we can write d—B =rdt, sothat [ %B = [rdtand In|B| = 1t + C. Then
we exponentiate: e/" Bl = ¢t+C — e”ec or |B| = Ke", where K = ¢, a positive constant.
Given that the initial balance was positive, we realize that B must be positive, so that we
can just write B(t) = Ke'', with K > 0. Finally, we can bring in the positive initial balance
to write B(0) = Ke® = K, so that our final formula is B = B(t) = B(0)e". For example,
if we invest $1000.00 at 4% interest compounded continuously for 6 years, we will have
(1000)e©96 ~ $1271.25 in our account. (You should use your calculator or CAS to verify

this.) |

Of course, there is another way to do the preceding problem, but you have to know the
formula for the balance B, () if you invest P dollars at interest rate r compounded n times a
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year for t years. This formula is
r\nt
B, (1) = p(l n ;) .

Continuous compounding involves compounding infinitely often, compounding at every
instant of the year. Mathematically, we want

Tim B,(0) = lim P(1+ %)"t =p-lim (1+ %)m =p-{lim (1+ %)n}t

n—o00 n—oo
=P-{e'} = Pe = B(0)e".

You may have seen this derivation in calculus class, as well as the fact that if you invest $1.00
for 1 year at 100% interest compounded continuously, you will have $e(~ $2.72) at the end
of the year.

Case 3—% = f(x)g(y), where neither f nor g is a constant function—is the most interesting

case. Now we can separate variables to write

1 dy / 1 dy / / 1 /
=/ —-dx = dx, and [ —dy = dx.
8(y) dx J&) gy dx f@)dx, an ™ fx)dx

The case 3 example that follows adds the use of technology.

m Example 2.1.3 A Separable Equation and the Graph of a Solution
Suppose that an insect population P shows seasonal growth modeled by the differential

equation ‘fi—f = kP cos(wt), where k and w are positive constants. (The cosine factor suggests

periodic fluctuation.)

You should be able to see that the equation is separable: ‘Zi—lt) = f(P)g(t), where f(P) = P and
g(t) = kcos(wt). (We could have stuck the constant k with the factor P, but if we think ahead,
we'll realize that there’s one less algebraic step if we keep the constant with the cosine term.)
Separating the variables, we get %P = kcos(wt)dt, so that [ %P =k [ cos(wt)dt, or In|P| =
% sin(wt) + C.

Exponentiating, we see that P(t) = Rex ™), where R > 0. (This is a population problem,
s0 R > 0 is a realistic assumption.) Letting Py = P(0) denote the initial insect population, we

koo .
have P(t) = Pyew S™@) a5 the solution.

Graphing the solution curve for Py = 100, k = 2, and w = 7 (Figure 2.1), we can see that the
population varies periodically, fluctuating from a minimum value of 10067 (approximately
53) to a maximum value of 100e 7 (approximately 189). |
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FIGURE 2.1
The solution of the IVP ‘fi—f = 2P cos(xt); P(0) = 100

Sometimes, as the next example shows, it may not be easy to find an explicit solution for a
separable differential equation.

m Example 2.1.4 A Separable Equation with Implicit Solutions

The equation gg: =7 +y2 can be written as = f(x)g(y), where f(x) = x? and g(y) = ; +1y2'
Separating the variables, we get (1 4y )dy = x?dx.
Integrating both sides, we find that y + § = + C, or % — (y + L ) = C. This gives the

solution implicitly. (See Chapter 1, right after Example 1.2.2.) To get an explicit solution, we
must solve this last equation for y in terms of x or for x in terms of y. Either way is acceptable,
although solving for x as a function of y is easier algebraically. But even if we don’t find an
explicit solution, we can plot solution curves for different values of the constant C. (This may
be a good time to find out how to graph implicit functions using your available technology.)
In Figure 2.2 we use (from top to bottom) C = -7, —5,-3,0, 3,5, and 7.

A

S

FIGURE 2.2
dy _

Implicit solutions of =  the curves % F—|r+3 v

\_/

1+2
C=-7,-5, 3035and7 —4<x<4,-4<y<4 [ ]
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The third concern we mentioned earlier is that you may not be able to integrate one or
both of the sides after you have separated the variables. We will address this problem
next.

m Example 2.1.5 A Function with No Explicit Integral
The differential equation % = tis clearly separable—we can write eV dy = tdt. However,
we can't carry out the integration | e dy on theleft-hand side because there is no combination

. . . . 2 .
of elementary functions whose derivative is e7?". Consequently, we are forced to write the
family of solutions as

2 t2 2 2
/e_ydy=5+C, or 2/e_ydy=t +K,

where K = 2C. [ |

2
Integrals of the form [ ah e~? dy have many applications in mathematics and science, especially
in problems dealing with probability and statistics. For instance, the error function erf (x) =
\/Lﬁ fg e‘yzdy appears in many applied problems and can be evaluated easily by any CAS.

Dealing with separable equations often requires some algebraic skills and some integration
intuition, although technology can help in tough situations. The next example introduces a
common algebraic problem.

m Example 2.1.6 Using Partial Fractions

The equation % + 1 =22 looks simple enough but requires some algebraic manipulation

dz
z2—1

. . . . 1 1 1 1 . . .
tial fractions (see Section A.5), we can write >— as 5 (Z_—l — z+—1), SO integration gives us

f% (Z_Ll - ZJ%I) dz = [1dt, or%(ln |z — 1| —In|z + 1|) = t+C;. Multiplying both sides of this

to get a neat solution. Separating variables, we get

= dt. Using the method of par-

last equation by 2 and then simplifying the logarithmic expression, we getIn | 5=
Exponentiating, we find that Z—% = Ke?'. Finally, solving this last equation for z (a bit

14+Ke?t
1—Ke2t’

Z_l‘ = 2t+Cs.

tricky—so do it), we conclude that z =

a one-parameter family of solutions.

Note that in going through the process of separating variables, we divided by z2 — 1, implicitly
assuming that this expression was not zero. Going back to this, we see that the constant
function z=1 corresponds to K = 0 in our one-parameter family, whereas z=—1 is a singular
solution. (Why?). |

As simple as separable equations may seem, they have some very important applications. The
calculations and manipulations involved in the next example may seem tedious, but they
should remind you of things you have seen in previous classes. The analysis at the end of the
example should convince you that a graphical approach can be enlightening.
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m Example 2.1.7 A Model of a Bimolecular Chemical Reaction

Most chemical reactions can be viewed as interactions between two molecules that undergo a
change and result in a new product. The rate of a reaction, therefore, depends on the number
of interactions or collisions, which in turn depends on the concentrations (in moles per liter)
of both types of molecules. Consider the simple (bimolecular) reaction A + B — X, in which
molecules of substance A collide with molecules of substance B to create substance X.

Let's designate the concentrations at time 0 of A and B by « and B, respectively. We'll assume
that the concentration of X at the beginning is 0 and that at time ¢ it is x = x(t). The con-
centrations of A and B at time t are, correspondingly, « — x and 8 — x. Note that @« —x > 0
and g — x > 0 (Why?). The rate of formation (the velocity of reaction or reaction rate) is given
by the differential equation % = k(e — x)(B — x), where k is a positive number called the
velocity constant. The product on the right-hand side of the equation reflects the interactions

or collisions between the two kinds of molecules. We want to determine x(t).

Separating variables and integrating, we get

fd—x =/kdt.
(¢ —=x)(B—x)

To simplify the integrand WM, we use the technique of partial fractions so that we can
write
d 1 1
/ x _ / dx n /‘ dx _ /k dr
(@—x)(B—-x) B-aJa—x a—-pJp—x
or )
—ﬂ_aln(a—x)— a—,Bln('B_x) =kt+C,

which simplifies to

1 o—X
a—ﬁln<ﬂ—x):kt+c'

The initial condition x(0) = 0 leads us to conclude that

Then

SO

In <;:i) =(a—PBkt+1In (%)
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x(t)A
40 -
30
20
10 -
g 1I0 1I5 2I0 2I5 3I0 SIS;
FIGURE 2.3

Solution of the VP %% = 0.0006(250 — x)(40 — x); x(0) = 0
0<t<350<x<40

or
A% _d@pkt
B—x B
A few more algebraic manipulations lead to the solution
of (1 — elPkr)
B — qe@—Pkt

x=x() = (2.1.1)
Formula (2.1.1) does not seem very informative as far as understanding the nature of the
chemical reaction goes, but Problem B9 of Exercises 2.1 suggests some useful ways of ana-
lyzing the formula. A CAS-generated graph of a solution (Figure 2.3) of the equation with
a = 250, B = 40 and k = 0.0006 is more informative, showing the steady rise in the
concentration of molecule X to what is called an equilibrium value of 40. (We'll explore the
idea of an equilibrium value in Section 2.6.) The particular solution shown corresponds to
x(0) = 0.

Of course, as we've noted previously, the right-hand side of the original differential equation
is positive, so we know ahead of time that the concentration function is increasing. Also, you
can calculate ‘;273‘ from the original differential equation to see why the graph of x is concave
down. Rememberthatk > 0and 0 <x <o, 0 <x < 8. [ |

Exercises 2.1
A

Solve the equations or IVPs in Problems 1-9 by separating variables. Be sure to describe any
singular solutions where appropriate.

d A—-2

1. & _ y, where A is a constant
dx x
dy _ —xy

Tdx T x+1
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13.
14.
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V=304 y@=0

dy _ (y-DHy-2

dx X

(cotx)y +y=2; y(0)=—
2

, sint cos“ x
cos“t
xzyzy/+1 =y

' +y=y% y(1)=05

7z = 10x+z
10.
11.

Solve the equation y’ = 1 + x + y2 + xy2. [Hint: Factor cleverly ]

Solve the equation (3’ Y24 (x+ Y)Y + xy = 0. [Hint: Solve this quadratic equation for y’ by
factoring or by using the quadratic formula, and then solve the two resulting differential equations
separately.]

An equation of the form dy/dx = f(ax + by) can be transformed into an equation with separable
variables by making the substitution z = ax + by or z = ax + by + ¢, where c is an arbitrary
constant. For example, the equationy’ = (y — x)2 is not separable, but the substitution z = y—x
leads to the separable equation z’ 4+ 1 = z2, which was solved as Example 2.1.6. Then substitute
the original variables for z. Use this technique to solve the equations in Problems 12-14.

Yy —y=2x-3
x+20y =1 y0) =—
y = A +2y—1

A homogeneous equation has the form dy/dx = f (x, y), where f (x, y) can be expressed in the
form g(y/x) or g(x/y)—that is, as a function of the quotient y/x or the quotient x/y alone. For

example, by dividing numerator and denominator by x2, we can write the equatlon dy _ 2y in

the form gg: = 23 ((yy //;C)) =g ( E)- Any such equation can be changed into a separable equation by

making the substitution z = y/x (or z = x/y). Making the substitution z = y/x in our example we

dy (Product Rule)
have = dx( z) = Z+x ( ) S0 that our equation becomes x + z=

separating variables, (2 e 2) dz =1 3 dx. After integrating, remember to replace zbyy/x (or x/y).
Use this technique to solve the equatlons in Problems 15-18.

15. o =
Y =1
16, 5= =&
3t+x
x oy
17. y =547
Y =S4y

18.

dy P42y —x?
dx — x242xy —y2
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B

1. Suppose that f is a function such that f(x) = fg f(t)dt for all real numbers x. Show that f(x) = 0.
[Hint: Use the Fundamental Theorem of Calculus to get a differential equation. Then think of an
appropriate initial condition.]

. . x2 +x

2. Consider the equation x = T
a. Find a one-parameter family of solutions.
b. Can you find a solution satisfying the initial condition x(0) = —12 If so, give it. If not, give a

reason.

c. Find a singular solution.

3. a. Solve the initial value problem x = x2, x(1) = 1.
b. If the solution in part (a) is valid over an interval I, how large can I be?
c. Use technology to draw the graph of the solution x(t) found in part (a).
d. Solve the initial value problem x = x2, x(0) = 0.

4. The equation

aQ  Q
dP~  1+4cP
is one model used to estimate the cost of national health insurance? where Q(P) represents the
quantity of health services performed at price P, P represents the proportion of the total cost of
health services that an individual pays directly (“out of pocket expenses,” or coinsurance), and c is
a constant.
a. Solve the equation for Q.
b. If Q(0)/Q(1) is approximately 2, what is the value of ¢?
c. Using the value of ¢ found in part (b), determine Q(0.20) in terms of Q(0). What does your
answer tell you about the effect of a 20% coinsurance (versus no coinsurance)?

5. A quantity y varies in such a way that % = _1;1702 (y —20).If y = 60 when t = 30, find the value of
t for which y = 40.

6. In analyzing the change in the percentage of red blood cells in a hospital patient undergoing

surgery, the following equation has been used®

dH  H

dvi, ~  EBV’
where H denotes the hematocrit (percentage of red blood cells in the total volume of blood), Vi,
represents the volume of blood loss, and EBV is the patient’s estimated total blood volume.

a. Solve the differential equation for H.

2 A\ J. Kroopnick, “Estimating the Cost of National Health Insurance Using Three Simple Models,” Math. and Comp. Ed. 30 (1996): 267—271.
3 M. E. Brecher and M. Rosenfeld, “Mathematical and Computer Modeling of Acute Normovolemic Hemodilution,” Transfusion 34 (1994):
176-179. Also see “Calculus in the Operating Room” by P. Toy and S. Wagon, Amer. Math. Monthly 102 (1995): 101.
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b. If the patient’s total blood volume of 5 liters is maintained throughout surgery via the injection
of saline solution, and the initial value of H is 0.40, what is the patient’s volume of red blood
cells at the end of the operation?

The volume V of water in a particular container is related to the depth h of the water by the
equation 4 dh =16y4—(h—2)2.IfV =0when h = 0, find V when h = 4.

The slope m of a curve is 0 where the curve crosses the y-axis, and %" =14+ m2 Findmasa
function of x.

Consider Formula (2.1.1), the solution to Example 2.1.7.

a. Ifa > B, factor e@=Ak from the numerator and denominator and show that x(t) — g as
t — 00.
b. If o < B, explain what happens to e©@~A*! as t — oo and show that x(t) — a as t — oo.

Solve the initial value problem dQ = Q; iﬁ? Q(1) = 1 explicitly for Q(t) and state the interval for
which the solution is valid.

. A police department forensics expert checks a gun by firing a bullet into a bale of cotton. The

friction force resulting from the passage of the bullet through the cotton causes the bullet to slow
down at a rate proportional to the square root of its velocity. It stopped in 0.1 second and
penetrated 10 feet into the bale of cotton. How fast was the bullet going when it hit the bale?

. The relationship between the velocity v of a rifle bullet and the distance L traveled by it in the

barrel of the gun is established in ballistics by the equation v = b‘ﬂln , Where v = % andn < 1.
Find the relationship between the time ¢ during which the bullet moves in the barrel and the

distance L covered.

. In trying to determine the shape of a flexible nonstretching cable suspended between two points

A and B of equal height, we can analyze the forces acting on the cable and get the differential
equation

where k > 0 is a constant.

a. Use the substitution p(x) = dy/dx to reduce the second-order equation to a separable
first-order equation.

b. Express the general solution of the equation in terms of exponential functions. (You may need
a table of integrals here. Your CAS may evaluate the more difficult integral in an awkward way.)

When the drug Theophyllin is administered for asthma, a concentration in the blood below
5mg/liter of blood has little effect, while undesirable side effects appear if the concentration
exceeds 20 mg/liter. Suppose a dose corresponding to 14 mg/liter of blood is administered
initially. The concentration satisfies the differential equatlon dC —%, where the time t is
measured in hours.
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a. Find the concentration at time ¢.

b. Show that a second injection will need to be given after about 6 hours to prevent the
concentration becoming ineffective.

c. Given that the second injection also increases the concentration by 14 mg/liter, how long is it
before another injection is necessary?

d. What is the shortest safe time that a second injection may be given so that side effects do not
occur?

e. Sketch graphs of the situations in parts (b), (c), and (d).

5. One method of administering a drug is to feed it continuously into the bloodstream by a process
called intravenous infusion. This process may be modeled by the separable (and linear)
differential equation dd—g = —uC + D, where C is the concentration in the blood at time ¢, u is a
positive constant , and D is also a positive constant, the rate at which the drug is administered.

a. Find the equilibrium solution of the differential equation, the solution such that ‘2—? =0.

b. Given C = Cy when t = 0, find the concentration at time ¢t. What limit does the concentration
approach as t — oo? Compare with your answer to part (a).
c. Sketch the graph of a typical solution.

6. Let & = p(1 - P).

a. Find all solutions by separating variables. (You will have to integrate by using partial fractions.)
b. Let P(0) = Py. Suppose 0 < Py < 1. What happens to P(t) ast — oo?
c. Let P(0) = Pg. Suppose Py > 1. What happens to P(t) ast — oco?

LINEAR EQUATIONS

We introduced the idea of a linear differential equation in Section 1.1. Now let’s see what we
can do when the order of the differential equation is 1.

Definition 2.2.1

A linear first-order differential equation is an equation of the form

d
a1(x)£ +ap()y = f(x),

where a1, ag, and f are functions of the independent variable alone.

After dividing through by a; (x)—being careful to note where this function is zero—we can
write the equation in the standard form
d
d—y + P(x)y = Q(x), (2.2.1)
X
where P and Q are functions of x alone. In this standard form, if the function Q(x) is the zero
function, we call Equation (2.2.1) homogeneous. Otherwise, we say that the equation is
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nonhomogeneous. (Don't confuse this terminology with the use of the term homogeneous as
explained before Problems A15-A18 in Exercises 2.1.) In certain applied problems, Q(x) #
0 may be referred to as the forcing term, the driving term, or the input, as we'll see in
Example 2.2.5, for instance. The solution y can be called the output.

For example, % + sin(x)y = e~* is linear with P(x) = sinx and Q(x) = e*. The equation
x% +y? = 0 is not linear, because even when we divide by x (assuming that x is nonzero),

we get % + (%) y = 0. The function Q(x) can be taken as Q(x) = 0, but the coefficient of y, £,
is not a function of x alone.

However, even the complicated-looking equation 2123 + 3t222% = (22 can be made linear.
Just divide by 3t%z? to get % +(%)z= 13, so that P(t) = £ and Q(t) = 3 3. Of course, we

must consider the cases t = 0 and z = 0 separately.

The Superposition Principle

In some applications, it is useful to think of a linear first-order equation in terms of an
operator, or transformation, L, that changes a differentiable function y into the left-hand
side of Equation (2.2.1): L(y) = % + P(x)y. Then Equation (2.2.1) can be expressed simply
as L(y) = Q(x). For example, if the nonhomogeneous linear equation in standard form is

% —y = x, then we have the operator L defined as L(y) = (% —y. If y(x) = x2, for instance,

then L(y) = 2x — x2. A solution y of the differential equation g—g; —y = x would have to satisfy
L(y) = x. (We can see that y = x? is not a solution.)

In this general context, suppose y; is a solution of L(y) = Q;(x),y, is a solution of L(y) =
Q2 (x), and ¢y, ¢y are arbitrary constants. Then c1y; + ¢2y2 is called a linear combination of
y1 and y,, and we have

d
L(c1y1 + c2y2) = E(Cl)’l + c2y2) + P(x) (c1y1 + c2y2)

d d
—aZ hd P P
irme +c 2 + c1P(x)y1 + caP(x)y2

d d
=0 (EYI + P(x))’l) + <EY2 + P(x))’z)

=c1Q1 +¢2Q2 = c1L(y1) + c2L(y2).

Any operator that satisfies the condition L(c1y1 + ¢2¥2) = ¢1L(y1) + c2L(y2) is called a linear
operator. Otherwise, it is called nonlinear. We can describe this situation by saying that
adding two inputs (Q; and Q;) of a linear equation gives us an output that is the sum
(y1 + y2) of the individual outputs.

The general form of this last observation is called the Superposition Principle and, as we
will see later, it applies to linear equations of any order. In particular, when f(x) = 0, we see
that any linear combination of solutions to a homogeneous linear equation is also a solution.
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SUPERPOSITION PRINCIPLE FOR HOMOGENEOUS EQUATIONS
Suppose y1 and y, are solutions of the homogeneous linear first-order differential equation

dy
a1(x)% +apx)y =0

on an interval (a, b). Then the linear combination ¢y (x) + ca2y2 (x), where ¢; and ¢, are arbitrary
constants, is also a solution on this interval.

The next two examples should clarify the difference between linear and nonlinear operators.

m Example 2.2.1 A Linear Operator

We can check that y; = ¢~ is a solution of the homogeneous linear equation L(y) =y’ +y =
0 = Q; and that y, = sinx is a solution of L(y) = y’ +y = cosx + sinx = Q;. (Note: The
same left-hand side but different right-hand sides.) You should see that y; +y, = e™* 4 sinx
is a solution of the equation y’ +y = Q1 + Q2 = 0 + cosx + sinx = cosx + sinx—that is,
that L(y1 +y2) = Q1 + Q2 = L(y1) + L(2). u

However, not every operator defined by a first-order equation is linear.

m Example 2.2.2 A Nonlinear Operator
Now consider the operator defined as T(y) = xy’ + y? and suppose that T(y;) = 0 and

T(y2) = 0. Then
T(y1i+y2)=x(n+ }’2)/ +(n+ Yz)z
=x) + 05 + 91 13 + 27
T(y1) T(y2)
/ 2 / 2
= (0 + 1) + (5 +2) +20112
=04+0+2y1y2 =212 #T (1) + T (12) .-

The equation T(y) = xy’ +y? = 0 is nonlinear, and the operator T is not a linear operator. l

The Integrating Factor

Note that if the equation % + P(x)y = Q(x) is homogeneous, then the equation is separable.
(Do you see why?) Clearly, the more interesting problems are those for which Q(x) is not
the zero function. In addition to their applicability to significant problems, linear first-order
equations are nice because you can always solve them explicitly and find the general solution.
This is done by a clever technique, the use of something called an integrating factor—a
special multiplier function that has been used to solve first-order linear equations since the
late 1600s.



2.2 Linear Equations

We will demonstrate the method in the next example, at the same time explaining its
effectiveness.

m Example 2.2.3 Using an Integrating Factor

Suppose we want to solve the linear nonhomogeneous equation y’ +xy = 2x. One way would
be to reach into our sleeve and pluck out the magic function u(x) = ¢’/2, an integrating factor
for this equation. Now we get an equivalent differential equation by multiplying each side of

the original equation by u(x):
exz/zy’ + xexz/zy — 2xe* /2,

“Why would we do such a crazy thing?” you're probably asking yourself. Well, just notice that

/!
if we assume that y = y(x), an implicit function of x, the Product Rule gives us (exz/ 2y> =

xexz/zy + e/ 2y/, the left-hand side of our new differential equation. This observation tells us

that the left side is an exact derivative and enables us to write the differential equation in a
2 ! 2 . .
more compact form: (ex / zy) = 2xe* /2. (Be sure that you see this.) Now we can integrate each

side with respect to x to get e*’/2y = [2xe¥’/2dx = 2¢*’/2 + C. Solving for y by multiplying

—x2/2

each side of this last equation by e ,wegety(x) =2+ Ce=*/2, valid for —oo < x < co.

We see from the closed-form solution that all solutions approach 2 as x — +o0: If y(x) is any
solution of the differential equation y’ + xy = 2x, then lim y(x) =2 = lim y(x). Figure 2.4
X—>00 X—>—00

shows five solutions of this linear equation.

From top to bottom, the five particular solutions plotted correspond to C = 4, 2,0, —2, and
—4, respectively. The choice C = 0 gives us the asymptotic solution y = 2.

Finally, you may have recognized that our original equation is actually a separable equation.
You should solve by separating variables and then compare your solution to the one we have
given.

—6—4—2&/2 4 6

FIGURE 2.4
Solutions of the IVPy' + xy = 2x; y(0) = —2,0,2,4,and 6
~6<x<6-2<y=<6 u

=Y
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Rationale

Now let's step back and look at this integrating-factor technique in more generality. Suppose
we have written a linear first-order differential equation in the standard form % + Px)y =
Q(x). Let’s take P(x), the coefficient of y in the equation, and form the new function u(x) =
e/P@dx (Note that in Example 2.2.3, P(x) = x and e/P@dv = gfxdx — /24K \where we
chose K= 0 for convenience.) The Chain Rule and the Fundamental Theorem of Calculus tell
us that

4 ( fP(x)dx) — oJPwix % < / P(x)dx) = o/ PWEp(y).

dx

Then, if we multiply each side of the standard form equation by u(x) = e/P®4*, we have
efp(x)dxcdl_a): + efp(x)de(x)y — efp(x)dXQ(x)

and we can rewrite the last line as
d

- ( e fP(x)dxy> = /PWEQ ().

If we integrate both sides of this equation, we get
o/ P@x, _ /efp(x)de(x)dx +C
so we can multiply each side by e=/?®% to find that
y = e JP@dx, /e'/)P(x)de(x)dx + Ce~ [P (2.2.2)

This is an explicit formula for the general solution of any first-order linear differential equation
in standard form. Even if the integrals involved can’t be evaluated in closed form, they can
still be approximated by numerical methods usually learned in a calculus course. (Try out
the formula on Example 2.2.3.) Do not bother memorizing this formula. Just remember that
any linear first-order equation has an explicit general solution and understand how to find the
appropriate integrating factor.

Technically, there is an infinite family of integrating factors for a given linear equation (so
we should say an integrating factor, rather than the integrating factor), but we can always
take the family member with K = 0: If R(x) is an antiderivative of P(x) (so that R'(x) = P(x)),

then u(x) = e/PWdx — GRO)FK _ oR(0 K and ,u(x)% + pn(x) P(x)y = u(x)Q(x) has the form
ek ieR(x)Z—g: + eR(x)P(x)y} =K {eR(x)Q(x)}. Because X is always positive, we can cancel it out

in the last equation to get ‘f—x (ef™y) = eRWQ(x), and we can continue to the solution as
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before. The constant K disappears and plays no part in the final stage of the solution, so we
can take its value to be 0 from the very beginning.

Now that we know how to choose an integrating factor and find an explicit solution, let’s
practice.

m Example 2.2.4 Using an Integrating Factor

Let’s try the integrating-factor technique on the linear equation x% — 2y = x3¢7?*. The

. : . 2
standard form of the equation is Zﬁ (2)y = x%e~2*. Our integrating factor is u(x) = e/~ 3% =

x
—21n|x| — x2

Multiplying both sides of the equation in standard form by this factor, we get x~2 2% dy —2x 3y =

e~2*, Recognizing the left side as the derivative of the product u(x)y = x~2y, we can write the

differential equation as L (x~2y) = e~ 2.
Integrating both sides, we find that x2y = fe"*dx = —1e¢=2* + C. Now we can solve for y
and see thaty = —Jx%e~ 2" 4 Cx?. |

The next example, an important application of linear differential equations to electrical
network theory, shows that the details of using an integrating factor may get messy.

m Example 2.2.5 A Circuit Problem

As a consequence of one of Kirchhoff’s laws in physics, suppose we know that the current
I flowing in a particular electrical circuit satisfies the first-order linear differential equation
Ldl +RI = vp sin(wt), where L, R, vy, and w are positive constants that give information about
the circuit. (See Problems B9-B11 of Exercises 2.2 for related problems.) Let’s try to find the
current I(t) at time t, for t > 0, given that I(0) = 0. This initial condition says that at the
beginning of our analysis (¢t = 0), there is no current flowing in the circuit.

First, we divide both sides of the differential equation by L to get our equation in standard

form: 4 + (R)1 = (%) sin(wt). Now, in terms of the standard form [Equation (2.2.1)], we

make the 1dent1ﬁcat10ns P(t) = R/L, a constant function, and Q(t) = (vo/L) sin(wt). In this
problem, the forcing term Q(t) represents an (alternating) electromotive force supplied by a
generator. Next, we compute the integrating factor

w(t) = p/P@dt _ ef%dt _ e%t_

Multiplying each side of the equation in standard form by w(t), we get

dl R d
e};tdt telt (Z) I = (Ufo) el'sin(wt), or % (e%tl) = (%0) el! sin(wi).

Integrating each side yields et = (%) fe%t sin (wt) dt.
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To evaluate this last integral, we have three choices: (1) integrate by parts twice, (2) use a table
of integrals, or (3) submit the integral to a computer algebra system capable of integration.
In any case, we get

+C

R, Vo Ret! sin(wt) wel! cos(wt)
- () [ ey et
L L(’,f—2 +a)2) (’z—z +a)2)

Ry

-3

. [% sin(wt) — wcos(wt)i| + C.
1z

To find the general solution, we multiply each side of this last equation by e Tlo get
(2)
L
(54
Now we use the initial condition 1(0) = 0:

_ @

R . _Ry
I(t) = . [f sin(wt) — a)cos(a)t)] + Ce T,

: [% sin(w - 0) — w cos(w - 0)} + Ce0

so that C =
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In the preceding example, we call the term we 1t (or its constant multiple) in the formula
for I(t) a transient term because it eventually goes to 0. “Eventually” means as t — oo. The
trigonometric terms make up the steady-state part of the solution and have the same period
as the original forcing term. (Can you see that this last claim is true?)

Exercises 2.2
A

For Problems 1-18, solve each equation or initial value problem.

1.y +2y=4x
2. )/—l—zxyzxe_x2
3. k42 =13
4.y +y = cosx
5.1 =-3y+t3—¢2
dx  «x
6. i —s?
7. y =x(@y —xcosx)
8. (1+x2)) —2xy = (1+x2)?
9. t(x' —x) = (1 +t2)et

-
e

Q — (tant)Q =sect; Q(0) =0

. xy) +y—¢e* =0; y(a) = b [a and b are constants.]

. = DInx =2y

.y + ay = ™ [Consider two cases: m # —a and m = —a.]

, 1—2x
.Y+ 5 y=1
x

tx' — <H—Ll> =t;x(1)=0

16. y = (2x 4 y3)y’ [Hint: Think of y as the independent variable, x as the dependent variable, and
rewrite the equation in terms of dx/dy.]

17. x(e¥ —y") = 2 [Use the hint from Problem 16.]
18. y(x) = fg y()dt + x + 1 [Use the Fundamental Theorem of Calculus to get an ODE ]

= e e
W N =

iy
1SN

-
o

B

An equation of the form y’ + a(x)y = b(x)y" is called a Bernoulli equation (named for Jakob
Bernoulli, 1654-1705, one of a family of noted Swiss scientists/mathematicians). Notice that
ifn = 0 orn = 1, we just have a linear equation. Now if n is not equal to 0 or 1 and we
divide both sides of the equation by y", we can let z = y! =" and get a linear equation in the
variable z. We solve the linear equation for z in terms of x and then return to the original
variables x and y. This substitution method was found by Leibniz in 1696. For example,
Y —y = xy? is a Bernoulli equation with a(x) = —1, b(x) = x, and n = 2. Divide by y? and the
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equation becomes y=2y’ —y~! = x. Lettingz = y~!, we get the linear equation —z' — z = x,
orz +z = —x. Solving for z, we find that z = 1 — x + ce™*. Since z = y~!, we conclude that
y=(1-x+ ce_x)_l. Note that we divided by y? and that y = 0 is a singular solution. Find
all solutions of each Bernoulli equation in Problems 1-6.

1.

2.

9.

10.

No R o

4
y'=—y -6’
t
1
dy 3
a‘f')’—xy
V=¥
Y =2+

Y’ = x3y2 + xy [Hint: Consider x as the dependent variable.]
In trying to regulate fishing in the oceans, international commissions have been set up to
implement controls. To understand the effect of such controls, mathematical models of fish
populations have been constructed. One stage in this modeling effort involves predicting the
growth of an individual fish. The von Bertalantfy growth model is reflected in the Bernoulli
equation (see above):

aw

=W —pw,

where W = W (t) denotes the weight of a fish and «, 8 are positive constants.

a. Find the general solution of the equation.

b. Calculate Wy, = tl—i>rgo W (t), the limiting weight of the fish.

c. Using the answer to part (b) and the initial condition W(0) = 0, write the formula for W (¢) free
of any arbitrary constants.

d. Sketch a graph of W against ¢.

Show that if a linear first-order differential equation is homogeneous, then the equation is
separable.

When a switch is closed in a circuit containing a resistance R, an inductance L, and a battery that
supplies a constant voltage E, the current I builds up at a rate described by the equation

L% + RI = E. [In Example 2.2.5, the electromotive force on the right-hand side of the equation is
not constant. Instead of a battery, there is a generator supplying an alternating voltage equal to
(vo/L) sin(wt).]

a. Find the current I as a function of time.
b. Evaluate lim I(t).

t—00
c. How long will I take to reach one-half its “final” value?
d. Find I if Iy = I(0) = E/R.

In an electrical circuit, when a capacitor of capacitance C is being charged through a resistance R
by a battery which supplies a constant voltage E, the instantaneous charge Q on the capacitor
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satisfies the differential equation

a. Find Q as a function of time if the capacitor is initially uncharged—that is, if Qp = Q(0) = 0.
b. How long will it be before the charge on the capacitor is one-half its “final” value?

11. In Problem 10, determine Q if Qg = 0 and if the battery is replaced by a generator that supplies an
alternating voltage equal to Eq sin(wt).

12. In analyzing the effect of advertising on the sales of a product, we can extract the following model
from work done by the economists Vidale and Wolf 4:

§-f— @—f—)\ S=r1A
dt M o

Here, S = S(t) denotes sales, A = A(t) indicates the amount of advertising, M is the saturation
level of the product (the practical limit of sales that can be generated), and r and A are positive
constants. Clearly, the solution of this linear equation depends on the form of the advertising
function A.

a. Solve the equation if A is constant over a particular time interval and zero after this:

A for 0<t<T
0 for t>T.

At) =

(You really have to solve two equations and then combine the solutions appropriately.)

b. Sketch a typical graph of S against t. (Choose reasonable values for any constants in your
solution.)

13. In the study of population genetics, biological units called genes determine what characteristics
living things inherit from their parents. Suppose we look at a gene with two “flavors” A and a that
occur in the proportions p(t) and g(t) = 1 — p(t), respectively, at time ¢ in a particular population.
Suppose that we have the relation % = v — (u + v)p, where u is a constant describing a “forward
mutation rate” and v is another constant representing the “backward mutation rate.”

a. Determine p(t) and q(t) in terms of p(0), 4(0), u, and v.
b. Show that lim p(t) = v/(u 4+ v) and lim q(t) = p/(u + v). These are called the equilibrium
t—00 t—00

gene frequencies.

14. If V = V(t) represents the value of a bond at time ¢, r(¢) is the interest rate, and K (t) is the coupon
payment, then ‘fi—\t/ + K(t) = r(t)V describes the value of the bond at a time before maturity.

4 M. L. Vidale and H. B. Wolfe, “Response of Sales to Advertising,” in Mathematical Models in Marketing, ed. Robert G. Murdick (Scranton, PA:
Intext Educational Publishers, 1971): 249-256.
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a. If T is the time of the bond’s maturity and V(T) = Z, show that
—[Trx)d T T r(x)dx
V()= e Jo T0dx (7 4 / K(uyels "@dxgy ).
t
b. What does V (t) look like if you have a zero-coupon bond—that is, if K(t) = 07

C

1. Prove that any Bernoulli differential equation y’ + a(x)y = b(x)y", where n # 0, 1, can be converted
into a linear equation by the special substitution y = u!/1=™_(See the paragraph at the
beginning of the B exercises.)

2. A disease has spread throughout a community. The number of infected individuals I in the
community at any time ¢t > 0 is given by % — k(P + )] = —kI?, where 1(0) = Iy, P is the
population of the community at t = 0, r is the constant growth rate of the community, and k is a
constant. Show that

t —1
[ GkPot+(1/2)let? [Ii Tk / GkPou+(1/2)kr® du] _
0 0

[Hint: The differential equation is a Bernoulli equation, as discussed in Problem C1.]
3. Suppose you have a linear first-order differential equation in the standard form % + P(x)y = Q(x),
where Q(x) is not the zero function.

a. Looking at the general solution given by Equation (2.2.2), show that the term Ce—/P®4x {5 the
general solution, yg, of the homogeneous equation you get by setting Q(x) = 0.

b. Show that the term e~ /JP@dx . [o/P@dxQ(x)dx is a particular solution, ypny, of the original
nonhomogeneous equation. (Thus, we can express the general solution, ygNy, of the
nonhomogeneous equation as follows: ygnH = yGH + ¥pNH-) (See Problem Cb of Exercises 1.3.)

c.. Examine the result of part (b) in light of the Superposition Principle.

COMPARTMENT PROBLEMS

In analyzing certain systems in biology and chemical engineering, researchers encounter a
class of problems called mixing problems or compartment problems.

Suppose we have a single container, or compartment, containing some substance. Now think
of some other substance entering the compartment at a certain rate, and imagine that a
mixture of the two substances leaves the compartment at another rate. For example, we could
be talking about a tank of water into which some chemical is introduced via a pipe. What
emerges from the tank through another pipe will be a mixture of the water and the chemical.
In biology and physiology, the compartment may be the bloodstream or a particular organ,
such as the kidneys. In fact, mathematical analyses in these research fields often regard the
organism under study as a whole collection of individual components (compartments). In
the human body, these could be different organs or groups of cells, for example.
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A one-compartment model

To get our bearings, we can start with a simple one-compartment model (Figure 2.5).

We have a single tank with a certain amount of material in it. The amount of substance (or
the concentration of the substance) that is added to the tank is called the inflow, and the
amount (or concentration) of substance leaving the tank is called the outflow. We assume
that there is a thorough mixing process taking place in the tank—an almost instantaneous
uniform blending of the two substances. To model this process using a differential equation,
it is important to focus on three different rates associated with this situation: (1) the rate of
inflow, (2) the net rate at which some aspect of the mixture in the tank is changing, and (3)
the rate of outflow of the mixture.

The basic principle we will use in solving compartment problems is the Balance Law (or
Balance Equation):

Net Rate of Change = Rate of Inflow — Rate of Outflow. (2.3.1)

As our first example, let’s look at a simple model of medicine in the bloodstream.

m Example 2.3.1 Medicine in the Bloodstream

Intravenous infusion is the process of administering a substance into the veins at a steady rate.
(See Problem C5 of Exercises 2.1.) Suppose a patient in a hospital is receiving medication
through an intravenous tube that drips the substance into the bloodstream at a constant rate
of I milligrams (mg) per minute. Also suppose that the medication is dispersed through the
body and eliminated at a rate proportional to the concentration of the medication at the time.
In this problem, concentration is defined to be

Quantity of medication

Volume of blood plus medication’

where we assume that the volume V of blood plus medication remains constant. The problem
is to find the concentration of the medication in the body at any time t. To do this, we can
consider the bloodstream as a single compartment and examine a differential equation that
models the process.
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If we let C = C(t) denote the concentration of the medication at time ¢ (in mg/cm?), then
the Balance Law (2.3.1) leads us to the relation

VdC =1—-kC
at '
where k is a positive constant of proportionality that depends on the specific medication and

the physiological characteristics of the patient.

mg
Note that the left-hand side of the differential equation is in units of cm? x €2 = & and

that the right-hand term I is also in mg/min. Because C is expressed in units of Crrnn—gg,, we see
that the appropriate unit for k, representing a removal rate, must be cm?/min. (Be sure that
you understand this “dimensional analysis.”)

This is a linear equation that we can write in the standard form

An integrating factor for this equation is u = eVt — o Multiplying each side of this last
differential equation by p gives us

or

and

o) = —%/I Va=e ¥ | L (L) ¥ 4o =L +ac
=e v e =e i Ve Oé—k oe .

Using the implied initial condition C(0) = 0, we find that o = —%, so that we can write our
solution as

Note what happens as time goes by. Analytically, [lim C@t) = £ This says that the concentra-
—00

tion of medication in the patient’s body reaches a threshold, or saturation level, of é Figure 2.6
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2 6 10 14 18 22 26 30¢

FIGURE 2.6
Ct)=20(1—-¢92),0<t<300=<C=<20

is a graph of the concentration when I = 4, V = 1, and k = 0.2, showing a saturation level
of 20 mg/cm?3.

[ |
In compartment model problems, it is often important to determine how long it may take for
a certain result to occur.

m Example 2.3.2 Air Pollution

By 10:00 P.M. on a lively Friday night, a club of dimensions 30 feet by 50 feet by 10 feet is
full of customers. Sadly, many of these customers are smokers, so cigarette smoke containing
4% carbon monoxide is introduced into the room at a rate of 0.15 cubic foot per minute.
Suppose that this rate does not vary significantly during the evening. Before 10:00 there is
no trace of carbon monoxide in the club; and, fortunately, this club is equipped with good
ventilators. These ventilators allow the formation of a uniform smoke-air mixture in the room,
and they provide for the ejection of this mixture to the outside at the rate of 1.5 cubic feet per
minute—that is, at a rate 10 times greater than that of the arrival of pollutants.

You want to dance and socialize, but you also want to preserve your health. A prolonged
exposure to a concentration of carbon monoxide greater than or equal to 0.012% is considered
dangerous by the Health Department. Knowing that the club closes its doors at 3 A.M., will
you allow yourself to stay until the end? To be more precise, you want to find the time when
the concentration of carbon monoxide reaches the critical concentration of 0.012%.

The key to this type of single-compartment problem is the fundamental relation we saw used
in the preceding example:

Net rate of change = rate of inflow — rate of outflow.

Let C(t) be the concentration of carbon monoxide in the club (the grams of carbon monoxide
per cubic foot of air, abbreviated g/ft?) at any time t, where t = 0 represents 10 P.M.
Then Q(t), the amount of pollutant in the room at time ¢, is described by the equation
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Q(t) = (volume of room) x C(t). Because the room is 30 x 50 x 10 = 15,000 cubic feet, this
expression for the amount of monoxide in the room at time t becomes Q(t) = 15,000 C(t).

Now the rate at which carbon monoxide is entering the room is given by

ft3 g g
0.15—— 0.04—3 = 0.006——.
min ft min

Similarly, the rate at which carbon monoxide is leaving the room (via the ventilators) is
3
(1585) cw.

The Relationship (2.3.1) tells us that the rate of change of the amount of carbon monoxide
in the room is equal to the rate at which the pollutant is introduced minus the rate at which
it leaves:

d%it) = % {15,000 C(t)} = rate of inflow — rate of outflow

3 3
- <o.15ft—,> (0.04%) — (1.5ﬁ—,) C()
min ft min

= 0.006 — 1.5C(t) g/ min

so we have the differential equation
d
15,000E C(t) = 0.006 — 1.5 C(?).
This is a linear equation, and we can write it in the form

%C(t) + (0.0001)C(t) = (4 x 1077).

e0.000lt

An integrating factor is u(t) = e/ (©-000Ddt — , so the last equation has the form

% {60'0001tC(t)} — (4 X 10—7) 60'0001t.

Integrating, we find that

C(t) — (4 % 1077) 670'0001): /e0.000IIdt

0.0001¢t
= (4 x 1077) g 00001 (£ |},
0.0001

= 0.004 + o - ¢~ 00001
where o = (4 x 1077) k.
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Because we are told that C(0) =0, we have 0 =C(0) = 0.004 + «, which gives us the information
that « = —0.004. Therefore, we can write the solution of our differential equation as

C(t) = 0.004 (1 — ¢ 00001)

Because we want to know the time t at which the concentration equals 0.012%, we must solve
the equation C(t) = 0.00012 for t. Hence, we must have

0.00012 = 0.004 (1 — ¢~ 20901")
0.03 = 1 — ¢—0-0001¢
200001t _ 1 _ 03 = 0.97
—0.0001t = In(0.97)

[ In(0.97)
~ (—=0.0001)

sot = 304.59 minutes ~ 5.08 hours ~ 5 hours, 5 minutes. Therefore, the critical concentration
of carbon monoxide is reached at 3:05 A.M. That’s cutting it too close! |

The next example shows a different sort of compartment and alerts us to the fact that not all
compartments have constant “volumes.”

m Example 2.3.3 Fairness in Employment

Suppose that a government agency has a current staff of 6000, of whom 25% are women.
Employees are quitting randomly at the rate of 100 per week. If we know that replacements
are being hired at the rate of 50 per week, with the requirement that half be women, what is
the size of the agency staff in 40 weeks, and what percentage is then female?

This is a compartment problem, with the agency as the compartment. We note that, in contrast
to the previous examples, our compartment size (agency staff size) varies with time. Let W (t)
be the number of women at time ¢, with W (0) =25% of 6000 =1500. Now the net change in
total staff is 50 — 100 = —50 people/week, so that the staff size at time t is 6000 — 50t people.
Summarizing this information, we have

aw W)
— = 25 women/week — | 100 people/week - ——————women/people
dt 6000 —50¢
rate of inflow of women rate of people leaving ]
rate of change =50% of all replacements proportion of women on staff
in no. of women at time of leaving

rate of women leaving
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or

dw N 100 W — 25
dt 6000 — 50¢ T

The integrating factor is x(t) = (6000 — 50 t) 2, so we get W (t) = %(6000 —501t) 4+ C(6000 —
50t)2. Because W (0) = 1500, we find that C = —1/24, 000. Thus, W(t) = %(6000 —50¢1) —
37655 (6000 — 50 £)?; and when t = 40 we get a staff total equal to 6000 — 50(40) = 4000 and
W (40) = 2000 — 2000/3, so that the staff is about (2000 — 2000/3)/4000 = 1/3 or 33%%

female.

After we've treated systems of equations in Chapter 5, we'll be able to solve multicompartment
problems.

Exercises 2.3

A

1.

Suppose a population has a constant per capita birth rate b > 0 and a constant per capita death
rate d > 0. Using the balance Equation (2.3.1), write a differential equation for the population p(t) at
time ¢. (Do not solve this equation.)

. In Problem 1, suppose the per capita death rate d is not constant, but is instead proportional to the

population p(t). Write (but do not solve) a differential equation for the population p(t).

. In Problem 1, suppose the per capita birth rate b is not constant, but is instead proportional to the

population p(t). Write (but do not solve) a differential equation for the population p(t).

. Suppose a country with constant per capita birth and death rates b and d, respectively, has an

influx of immigrants at a constant rate I (not a per capita rate, but a constant rate). Write a
differential equation for the size of the population p(t).

. A study of the population of Botswana from 1975 to 1990 leads to the following model for the

country’s growth rate: ‘2—1; = kP — at, where t denotes time in years with 1990 corresponding to

t = 0, P(0) = 1.285 (million), k = 0.0355, and & = 1.60625 x 10~3. (The term kP reflects births
and immigration, while the term at captures deaths and emigration.)

a. Find a formula for P(t).
b. Estimate Botswana's population in the year 2010.

. A tank with a capacity of 100 gallons is half full of fresh water. A pipe is opened which lets treated

sewage enter the tank at the rate of 4 gal/min. At the same time, a drain is opened to allow 3
gal/min of the mixture to leave the tank. If the treated sewage contains 10 grams per gallon of
usable potassium, what is the concentration of potassium in the tank when it is full? (Be careful of
your units!)

. A tank having a capacity of 100 gallons is initially full of water. Pure water is allowed to run into the

tank at the rate of 1 gallon per minute. At the same time, brine (a mixture of salt and water)
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containing 1/4 pound of salt per gallon flows into the tank at the rate of 1 gallon per minute.
(Assume that there is perfect mixing.) The mixture flows out at the rate of 2 gallons per minute.
Find the amount of salt in the tank after t minutes.

. Suppose you have a 200-gallon tank full of fresh water. A drain is opened that removes 3 gal/sec
from the tank and, at the same moment, a valve is opened that lets in a 1% solution (a 1%
concentration) of chlorine at 2 gal/sec.

a. When is the tank half full and what is the concentration of chlorine then?
b. If the drain is closed when the tank is half full and the tank is allowed to fill, what will be the
final concentration of chlorine in the tank?

. A tank contains 50 gallons of fresh water. Brine (see Problem 3) at a concentration of 21bs/gal (that
is, 21bs of salt per gallon) starts to run into the tank at 3 gal/min. At the same time, the mixture of
fresh water and brine runs out at 2 gal/min.

a. How much liquid is there in the tank after 50 minutes?
b. How many pounds of dissolved salt is in the tank then?

. In alarge tank are 100 gallons of brine containing 75 pounds of dissolved salt. Water runs into the
tank at the rate of 3 gal/min, and the mixture runs out at the rate of 2 gal/min. The concentration is
kept uniform by stirring. How much salt is there in the solution after 1.5 hours?

. A swimming pool holds 10,000 gallons of water. It can be filled at the rate of 100 gal/min and
emptied at the same rate. Right now, the pool is filled, but there are 20 pounds of an impurity
dissolved in the water. For the safety of the swimmers, this must be reduced to less than 1 pound.
It would take 200 minutes to empty the pool completely and refill it, but during part of this time the
pool could not be used. How long will it take to restore the pool to a safe condition if at all times the
pool must be at least half full?

. Assuming the information in Example 2.3.3, what would have been the percentage of female staff
members after 40 weeks if it had been required that all new employees were women?

. Suppose that the maximum concentration of a drug present in a given organ of constant volume V/
must be cmax. Assuming that the organ does not contain the drug initially, that the liquid carrying
the drug into the organ has constant concentration ¢ > cmax, and that the inflow and outflow rates
are both equal to r, show that the liquid must not be allowed to enter for a time longer than

(=)
—In{ ——).
T C — Cmax

. A tank that holds 100 gallons is half full of a brine solution with a concentration of % pound of salt
per gallon. Two pipes lead into it at the top, one supplying a brine solution of % Ib/gal and the other
pure water. Each pipe has a flow of 4 gal/min. One pipe leads out at the bottom and removes the
mixture at 3 gal/min. What is the concentration of the mixture that first flows out the overflow pipe
at the top? Assume uniform mixing.
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SLOPE FIELDS

Now that we have become familiar with the basic concepts of ordinary differential equations
(ODEs) and have learned how to solve separable and linear equations, we can consider a
qualitative approach to understanding solutions of first-order equations. This is a graphical
approach to an equation that provides insights into the behavior of solutions, even when we
may not know the techniques for solving the equation.

Let's look at first-order equations of the general form

dy
b =f(x,y).

Many equations can be written in this way, with the derivative isolated. For example, we could
have % =f,y) =3y —4x, Y =gy = /&y, Y =F@x) =2x3— 1,01y = G@y) =2 —y°.
Now remember what a first derivative tells us. One interpretation of a derivative is as the slope
of the tangent line drawn to a curve at a particular point. The equation y’ = f(x, y) means that
at the point (x, y) of any solution curve of the differential equation, the slope of the tangent
line is given by the value of the function f at that point—that is, the slope is given by f (x, y).
Remember that there may be a whole family of solution curves as well as singular solutions.

For a first-order differential equation, a set of possible tangent line segments (sometimes
called lineal elements), whose slopes at (x, y) are given by f (x, y), is called a slope field (or
direction field) of the equation. Visually, this establishes a flow pattern for solutions of the
equation. A slope field includes tangent line segments for many solutions of the equation, but
the general shapes of the integral curves should be clear. You can think of these outlines as the
“ghosts” of solution curves, and they may reveal certain qualitative aspects of the solutions,
even if a closed form solution is difficult or impossible to find.

Our first example will indicate how to generate a slope field.

m Example 2.4.1 A Slope Field

To get a feeling for these ideas, let’s get a piece of graph paper and plot some tangent line
segments for the first-order linear equation y’ — y = x, which we can writeasy’ = f(x, y) = x+y.
To make things a bit easier, we can construct a table (Table 2.1).

We've made things even easier for ourselves by choosing points at which the slopes are 0,
1, and —1. Now we can draw some tangent line segments corresponding to these slopes
(Figure 2.7a).

Note that we have drawn the little tangent line segments so that the midpoint of each segment
is the point (x, y). We have used portions of the slope field given by f(x,y) = 0 and f(x,y) =
+1. Figure 2.7b is a computer-drawn direction field for the same ODE, with some solution
curves superimposed on the slope field.

Note that as x — —oo, the solution curves seem to be approaching a straight line as an
asymptote. The solution curves seem to be veering away from this line as x — +o0. If you
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Table 2.1 Slopes at Points (x, y)
fory =x+vy

Point y=x+y
x y (x,9) Slope at (x, y)
-3 3 (=3,93) 0

1 -1 (1,1 0

0 0 0, 0) 0

0 1 ©,1) 1

1 0 (1,0 1

2 —1 @, 1) 1
-1 2 (-1,2 1

0 -1 (0 -1 —1
—1 0 (1,0 —1

2 -3 (2,-3 —1

look very closely, you may be able to guess that the straight lineisx+y = —1,ory = —1—x.In
Section 2.2 we learned how to find the general solution, y = —x— 1+ Ce, for this linear equa-
tion. The straight liney = —1 —x is the particular solution of the ODE corresponding to C = 0,
a solution of the initial-value problem (IVP) y’ — y = x, y(0) = —1. Also note that if y is the
general solution and C # 0, then xEIJPoo y(x) = o0 if C > 0 and xEIJPOOy(x) =—-00ifC< 0.1

Although the slope field suggests some features of the solution curves, we have to be careful
not to read too much into it. In the preceding example, without the analytic form of the
general solution or some sound numerical evidence, we can’t be sure that y doesn’t have
vertical asymptotes, so that y — £00 as x approaches some finite value xo.

Note that in Example 2.4.1 we used portions of the slope field given by f(x,y) = 0 and
(x,y) = %1. For any first-order equation ' = f(x,y), if we look at the set of points (x,y)
such that f(x,y) = C, a constant, we get an isocline—a curve along which the slopes of
the tangent lines are all the same. (The word isocline is made up of parts that mean “equal”
and “inclination” or “slope.”) Isoclines are used to simplify the construction of a slope field
because once you draw the isoclines, you can quickly and easily draw, for each C, a series
of parallel line segments of slope C, all having their midpoints on the curve f(x,y) = C. In
Example 2.4.1 the isoclines are the curves x + y = C, which are straight lines through (0, C)
and (C, 0) with slope —1.
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FIGURE 2.7a

Some lineal elements fory’ — x +y
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FIGURE 2.7b

Slope field fory’

—10 <y < 10 and five computer-generated solution curves

X+y,—-6=<x=<6,



2.4 Slope Fields m

It is important to realize that an isocline is usually not a solution curve but that through any
point on an isocline, a solution to the differential equation passes with slope C. However, as
we'll see in Section 2.5, isoclines corresponding to C = 0—called nullclines—turn out to be
important solutions (equilibrium solutions) of equations in which the independent variable
does not appear explicitly—that is, equations of the form y' = f(y).

The next example has something important to say about the difference between equations of
the general form y’ = f(x, y) and equations of the special form y’ = f(y).

m Example 2.4.2 A Special Slope Field

The slope field (Figure 2.8) corresponding to the equation x’ = f(x) = —2x reveals something
interesting about certain kinds of equations and their corresponding slope fields. (Don't be
confused by the labeling of the axes. Here, we are assuming that ¢ is the independent variable
and x is the dependent variable: x = x(¢).) First of all, note that algebraically we can write the
equation in the form F(x,x') = ' + 2x = 0, or ' = f(x) = —2x. In other words, we have a
first-order equation in which the independent variable t does not appear explicitly. This says

that the slopes of the tangent line segments making up the slope field of this equation depend
only on the values of x.

In the slope field plot given in Figure 2.8, if you fix the value of x by drawing a horizontal
line x = C for any constant C, you will see that all the tangent line segments along this line
have the same slope, no matter what the value of t. Another way to look at this is to realize

X
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FIGURE 2.8
Slope field forx’ = —2x, —4 <t <4,—-6<x<6
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that you can generate infinitely many solutions by taking any one solution and translating
(shifting) its graph left or right. (See Problem C1 of Exercises 2.4.) |

Autonomous and Nonautonomous Equations

A differential equation, such as the one in the preceding example, in which the independent
variable does not appear explicitly is called an autonomous equation. If the independent
variable does appear, the equation is called nonautonomous. This definition is valid for an
equation of any order.

For example, y = y? — t? is nonautonomous because the independent variable t appears
explicitly, whereas y’ = 3y* + 2sin(y) is autonomous because the independent variable (¢, x,
or whatever) is missing. Note that the independent variable is always present implicitly (in the
background), but if you don't see it “up front,” the equation is autonomous. Example 2.3.1
discusses a nonautonomous equation. If we look carefully at its slope field (Figure 2.7b), we
see that the slopes change as we move along any horizontal line.

Autonomous equations arise frequently in physical problems because the physical compo-
nents generally depend on the state of the system, but not on the actual time. We can define the
state of a system loosely as the set of values of the dependent variables in the system. For exam-
ple, according to Newton'’s Second Law of Motion (to be discussed and applied to spring-mass
problems in Chapter 4), an object of mass m falling under the influence of gravity satisfies
the autonomous equation ¥ = —g, where x(¢) is the position of the mass measured from the
earth’s surface and g is the acceleration due to gravity. Gravity is considered time-independent
because the mass follows the same path no matter when the mass is dropped.

Now let's see how to recognize the correspondence between first-order differential equations
and their slope fields.

m Example 2.4.3 Matching Equations and Slope Fields

d«  , de
(A)E_x —t= and (B)dt_x -1

Looking at the two differential equations and the accompanying slope fields 1-4, let’s try to
match each equation with exactly one of the slope fields (Figures 2.9a-d).

We can start with Equation (A) and note that it is a nonautonomous equation. This tells us that
we should not expect equal slopes along horizontal lines. As we move horizontally—that is,
if we fix the value of x and vary the value of t—the value of the slope changes according to
the formula x> — t2. This analysis eliminates slope fields 2 and 3 because the inclinations
of the tangent line segments clearly remain constant along horizontal lines. Now if we write
Equation (A) in factored form, % = (x + t)(x — t), we can see that the tangent line segments

must be horizontal where x = t or x = —t because that’s where the slope % equals 0. (These



FIGURE 2.9a
Slope field 1

FIGURE 2.9b
Slope field 2

are the nullclines—isoclines corresponding to C = 0.) Looking carefully at slope fields 1 and
4, we see that field 4 exhibits a series of horizontal “steps” forming an X through the origin. If
we look closely, it seems that these horizontal line segments lie on the linesx = t and x = —t,
so we conclude that Equation (A) corresponds to slope field 4.



FIGURE 2.9¢
Slope field 3

FIGURE 2.9d
Slope field 4

Equation (B) is autonomous because the independent variable t does not appear explicitly. The
corresponding slope field must show equal slopes along any horizontal line. Only fields 2
and 3 exhibit this behavior. What else can we look for? Well, if we factor Equation (B) to get
% = (x + 1)(x — 1), we realize that the slope field must show horizontal line segments when
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% equals 0—that is, where x = 1 or x = —1. Slope field 2 has horizontal tangents at x = 1
but doesn’t have them at x = —1. Only slope field 3 shows zero slopes along both horizontal
lines x = 1 and x = —1, so we conclude that Equation (B) must match up with slope
field 3. [ |

The next example shows an advantage—and a possible drawback—of using slope fields.

m Example 2.4.4 A Slope Field for an Autonomous Equation

The first-order nonlinear autonomous equation y’ = y* + 1 looks innocent, but (surprise!) it
has the one-parameter family of implicit solutions:

%E In (%) + %E larctan (yﬁ+ 1) + arctan (yﬁ — 1)] =t+C.

(The equation is separable, but the integration required to solve it is tricky. Use your CAS
to evaluate the integral, but don’t be surprised if your answer doesn't look exactly like the
one given here.) Without looking at the solution formula, you can see immediately that the
differential equation has no constant function as a solution: If y is constant, then y’ = 0; but
the right-hand side of the differential equation, y* + 1, can never be zero. In fact, this simple
analysis shows that any solution y must be an increasing function. (Why?)

The fearsome formula describing a family of implicit solutions gives little useful infor-
mation. However, let’s take a look at the equation’s slope field (Figure 2.10). First of all,
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FIGURE 2.10

Slope field fory’ =y* +1, -4 <t <4,-3<y<3
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the autonomous nature of the equation is clear from the fact that along any horizontal line,
the inclinations of the tangent line segments are equal.

Furthermore, it should be evident that any solution curve is increasing. In fact, any solution
curve has vertical asymptotes holding it in on the left and on the right. Of course, we can't
tell whether this last statement is true by merely looking at the slope field. A purely graphical
analysis can’t reveal this. But the slope field does give us an idea of what to expect when we
try to solve the equation analytically or to approximate a solution numerically. |

As we will see in later chapters, a type of slope field can help us analyze certain systems of
differential equations as well.

Exercises 2.4

A

In Problems 1-15, first sketch the slope field for the given equation by hand, and then try
using a computer or graphing calculator to generate the slope field. Sketch several possible
solution curves for each equation. (Your graphing calculator or CAS may have trouble with
Problems 5 and 10.)

1.y =x
dx

2. — =t
gt
.

3. —=t-2
£,
x

4. — =1-0.01
dt *

5. Q' =Q

6.y =y—x
dr

7. r—=—t
A

8. X _-

dx y
d 2
o W _2

Tdx T «x
10. y' = max(x, y), the larger of the two values x and y
11. Y =x? +y2
12. ¥ =1 -t

dy ty
13. = =
gt 2 -1
P
14. 5= 2P(1 — P)
15. Use technology to determine the slope field for the equation y’ = £3X Describe the nullclines of

cosy”
the equation.

16. In any way your instructor tells you, manually or using technology, sketch the slope field for each
of the following equations and then sketch the solution curve that passes through the given point

(%0, 70)-



17.

18.
19.

. Describe the isoclines of the equation y’ =
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dy

a. oo =x% @0, y0) = (0,-2)
X
dy
b. — = —xy; (xo, =(,3
Ix xy; (%0, Y0) = (0, 3)
The German physiologist Gustav Fechner (1801-1887) devised the model expressed as Z—’; = %

where k is a constant, to describe the response, R, to a stimulus, S. Use technology to sketch the
slope field for k = 0.1.

Y+t

y—t-

Which of the equations in Problems 1-15 are autonomous? If you have done some of these
problems, look at their slope fields to confirm your answers.

Describe the isoclines of the equation % =

. A bimolecular chemical reaction is one in which molecules of substance A collide with molecules

of substance B to create substance X. The rate of formation (the velocity of reaction) is given by a
differential equation of the form % = k(o — x)(B — x), where « and B represent the initial amounts
of substances A and B, respectively, and x(t) denotes the amount of substance X present at time t.
(See Example 2.1.7))

a. Use technology to plot the slope flield when @ = 250, 8 = 40, and k = 0.0006.

b. If x(0) = 0, what seems to be the behavior of x as t — o0?

. The one-parameter family y = % represents a solution of Z—)l’ = f(t,y). Sketch (by hand) the slope

field of the differential equation.
1

S

. Describe the nullclines of the equation xy% =y? —x%.

Describe the nullclines of the equation in Problem B1.

In your own words, explain the important differences in the slope fields for the following forms of
first-order differential equations:

a. y =fy

by =f®
c.y =f)

. Match each of the Equations (1)—(3) with one of the accompanying slope fields.

dy
dt
dy
dt
dy
dt

a. :y+1

b. =y—t

=t+1



Slope field 1

Slope field 2



Slope field 3

Slope field 4
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8. By looking at the slope field for each of the following equations, describe the behavior of solutions
of each equation as t — oo. How do your answers seem to depend on initial conditions in each

case?
a. y =3y
dar
b. — =P -P
I ( )
c.y=et+y
d. y =3sint+1+y

9. Examine the slope field for the first-order nonlinear equation % = ¢~ 2% Based on this
examination, what can you say about the solutions to this equation? (You may want to look at
parts of various quadrants more closely.) In particular, what can you say about the behavior of
solutions as x — +o00? (Be careful: Some solutions become infinite as x approaches finite values.)

10. Consider the autonomous equation % =x(1 —x)(x+1).

Use technology to determine the slope field of this equation.
Describe the behavior of a solution satisfying x(0) = 0.7.
Describe the behavior of a solution satisfying x(0) = 1.3.
Describe the behavior of a solution satisfying x(0) = —0.7.

. Describe the behavior of a solution satisfying x(0) = —1.3.

© a0 o p

1. If o(t) is a solution of an autonomous differential equation x” = f (x) and k is any real number, show
that ¢(t + k) is also a solution. [Hint: Use the Chain Rule]

2. Use the result of Problem C1 to show that if sin ¢ is a solution of an autonomous differential equation
x’ = f(x), then cos t is also a solution. [Hint: How are the graphs of sine and cosine related?]

PHASE LINES AND PHASE PORTRAITS
The Logistic Equation

When we are dealing with an autonomous first-order equation, a qualitative analysis can be
used quite effectively to provide useful information about solution curves.

We'll begin to examine this new analysis technique by using an important population
growth model, first studied by the Belgian mathematician Pierre Verhulst in 1838 and later
rediscovered independently by the American scientists Raymond Pearl and Lowell Reed
in the 1920s.

m Example 2.5.1 The Qualitative Analysis of the Logistic Equation

The autonomous differential equation ’fi—lt) = P(1 — P), a particular example of something
called a logistic equation, is useful, for instance, in analyzing such phenomena as epidemics.
(We dealt with this equation in another way in part (b) of Problem B8 in Exercises 2.4.) In
an epidemiological situation, P could represent the infected population (or the percentage of
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the total population that is infected) as a function of time. We'll work more with this kind
of model later, but for now let’s ignore the fact that this is a separable equation that we can
solve explicitly and see what basic calculus can tell us.

First of all, the right-hand side represents a derivative, the instantaneous rate at which P is
changing with respect to time. From calculus, we know that if the derivative is positive, then P
is increasing, and if the derivative is negative, then P is decreasing. Now when is dP/dt positive?
The answer is when P(1 — P) is greater than zero. Similarly, dP/dt is negative when P(1 — P)
is less than zero. Finally, we see that dP/dt = 0 when P(1 — P) = 0—that is, when P = 0 or
P = 1. These two critical points split the P-axis into three pieces (Figure 2.11): —oo < P < 0,
0O<P<1l,and1 <P < o0.

What is the sign of dP/dt when P satisfies —co < P < 0? Well, for these values of P, P is
negative and 1 — P is positive, making the product dP/dt = P(1 — P) negative. This means that
P is decreasing. When P is between 0 and 1, we see that P is positive and 1 — P is positive, so
dP/dt is positive and P is increasing. Finally, when P is greater than 1, we see that P is positive
and 1 — P is negative, so dP/dt is negative and P is decreasing.

We can redraw Figure 2.11 with arrows indicating whether P is increasing or decreasing on
a particular interval for P. The direction of any arrow shows the algebraic sign of dP/dt in a
subinterval and so indicates whether P is increasing or decreasing: — means “positive deriva-
tive/increasing P” and < means “negative derivative/decreasing P.” Figure 2.12 is called the
(one-dimensional) phase portrait of the differential equation ‘fi—lz = P(1—P). The horizontal
line itself is called the phase line.

We can actually do a little more in this situation. If we differentiate each side of our original
differential equation with respect to t, we get

&P _ db (1—2P) = P(1 — P)(1 — 2P)
2~ dr - '

where we have replaced dP/dt by the right-hand side of the original differential equation.
(Check all this!) Remember that the second derivative of a function tells us about the concavity
of the function: P is concave up when d?P/dt?> > 0 and P is concave down when d?P/dt*> < 0.

—< P<0 0<P<l1 I<P<w»
: : P
0 1
FIGURE 2.11
P-axis divided by critical points
< >t < P

FIGURE 2.12
Phase portrait of & = P(1 — P)
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Table 2.2 Table of Signs

PlInterval P 1-P 1-2P P’=P(1-P)(1-2P) Concavity

(—o0,0) - + + — Down
(0,3) + + + + Up
(3.1 + - — Down
(1, 00) + - - + Up

| | | | | P
bl
il
$388
Pl
O R Y
ARV VRN
C N N N N N
e e e e .,
- ___Al
1 ! ~ 1 1 ___Az
1 2 3 4 1 0
FIGURE 2.13

Sketch of three solutions of ‘;—It) = P(1 — P), based on the phase portrait and concavity
Initial conditions are P(0) = 0.2,2,and 5,0 <t <4,0<P <5

. .- . 1 42p
Using the critical points O, 5 and 1 of s

(Table 2.2).

as a guide, we can construct the table of signs

We have to remember that ¢ is the independent variable in this problem and P is the dependent
variable. It's easy to lose sight of this because the (autonomous) form of this differential
equation makes us focus on P alone.

On the basis of our analysis of ‘fi—lt) and ‘;275, let’s take a look at what the graph of P could look
like in the t — P coordinate plane (Figure 2.13). We'll focus on the first quadrant because t > 0
and P > 0 are realistic assumptions when one is dealing with a population growth model.
Note that the phase line (representing the P-axis) is now drawn vertically and placed next to

the graph and that we've marked the important values from our previous investigation of ‘Zl—f
d2p

and e
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The graph indicates the change of concavity at P = % Notice how the three solutions we
have sketched seem to approach P = 1 as an asymptote as ¢ increases. In terms of a realistic
scenario, this says that if the initial population is below 1 (the unit could be thousands or
millions), the population will increase to 1 asymptotically. On the other hand, any population
starting above 1 will eventually decrease toward 1. If we had drawn the rest of the phase line
(for P < 0) and solutions in the fourth quadrant (t > 0,P < 0), we would have seen these
solutions moving away from the t-axis. We'll say more about this phenomenon in the next
section. |

The logistic equation, which is commonly used to model population growth when resources
(such as food) are limited, is usually written as ‘fi—lt) =1P(1— %), where 1 is a per capita growth
rate balancing births and deaths and k represents the theoretical maximum population that
a given environment (forest, petri dish, etc.) can sustain. The value k is called the carrying
capacity. This model will reappear from time to time in this text.

Sometimes an autonomous differential equation will contain a parameter whose possible
values affect the behavior of solutions.

m Example 2.5.2 An Equation with a Parameter

Consider the equation x’ = x? — ax = x(x — a), where a is a constant. There are two apparent

critical points: x = 0 and x = a. The first challenge is to position the critical points properly
on the x-axis.

First, let’s assume that a > 0. Then the phase line is

0 a
° . X

Ifx <0O,thenx—a<0Oandx =x(x—a) > 0.1f0 <x <a,thenx >0andx —a < 0, so
x(x —a) < 0. Finally, if x > a, we havex > 0 and x —a > 0, so x(x — a) > 0. Thus, ifa > 0,
the phase portrait is as shown in Figure 2.14.

Now suppose a < 0. The phase line is

a 0

X

Ifx <a,thenx <Oandx—a <0,s0x" =x(x —a) > 0. Whena < x < 0, we have x < 0 and
x—a>0,s0x(x—a) <0.Ifx >0, thenx —a > 0, sox(x —a) > 0. Fora < 0, the phase
portrait is as shown in Figure 2.15.

[ N}

[ IS
=

FIGURE 2.14
Phase portrait of x' = x2 — ax,a > 0
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[ X

[ BN

FIGURE 2.15
Phase portrait ofx’ = x2 — ax,a < 0

0

FIGURE 2.16
Phase portrait ofx’ = x2 — ax,a = 0

There is one last case, a = 0. Now there is only one critical point, and it is easy to see that the
phase portrait is as shown in Figure 2.16.

In summary, we see that the presence of parameters in a differential equation may affect the
behavior of its solutions. Sketches of typical solution curves corresponding to a > 0, a < 0,
and a = 0 are left as an exercise (see Problem A16 of Exercises 2.5). |

Exercises 2.5

A

Draw phase portraits for each of the equations in Problems 1-13.

L e el =
B W N =R O

iy
ol

16.

© ONOoOaARXDN =

dy 5
2221
dt Y
y =y’ -p?
X =x+1Dx-3)
X = cosx
Y =e—1
YV =y1 =2 -y
y=siny
, X
x'=1-

1+x
y =y~

. y=sinycosy

x==3x(1—-x)(3 —x)

S Va))

X =x(1 =€

. The equation in Problem 11 could represent a model of a population that can become extinct if it

drops below a particular critical value. What is this critical value?

. Consider the equation x = 1 + % COS X.

a. Draw the phase portrait of this equation.
b. What does your qualitative analysis tell you about solutions of this equation?

Consider the equation x’ = x2 — ax of Example 2.5.2. For the casesa > 0,a < 0,and a = 0, sketch

solution curves that illustrate Figure 2.14, Figure 2.15, and Figure 2.16, respectively.
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1. Using one of Kirchhoff's laws in physics, we find that the current, I, flowing in a particular electric
circuit satisfies the equation 0.5% + 10I = 12. (The resistance is 10 ohms, the inductance is 0.5
henry, and there is a 12-volt battery.)

a. Sketch the phase portrait of the equation.
b. If the initial current, 1(0), is 3 amps, use part (a) to describe the behavior of I for large values
of t.

2. Example 2.1.7 and Problem B1 of Exercises 2.4 indicated that a type of chemical reaction can be
modeled by the equation % =k —x)(B —x).

a. Ifa = 250, B = 40, and k is a positive constant, produce the phase portrait of the equation.
b. Ifx(0) = 0, how does x behave as t — 00?

3. A skydiver's velocity v > 0 satisfles the equation % = 9.8 — ¢ - v2, where ¢ > 01is the (per unit
mass) coefficient of friction.

a. Draw the phase portrait for v > 0.
b. Find and classify the positive equilibrium solution.

d
4. Consider the equation d% = (1+p)2.

a. What happens to solutions with initial conditions y(0) > —1 as t increases?
b. Describe the behavior of solutions with initial conditions y(0) < —1 as t increases.

3
5. Consider the equation fi—lz = (1 - 1%) (g - 1) P53, with P(0) = 3.

a. Use the phase portrait for this equation to give a rough sketch of the solution P(t).
b. What happens to P(t) as t becomes very large?

6. For each of the phase portraits shown below, write down a corresponding first-order equation of
the form &’ = f(x).

0 1

a. ® ? 3 X
=5 5

b. L ° X
2 7

c. ® ° x

7. Given the following phase portrait for % = f(y), make a rough sketch of the graph of f (),
assuming that y = 0 is in the center of the phase line.

>

a 0 b c

< 1 <
T

8. Given the following phase portrait, find a first-order ODE that is consistent with this phase
portrait.

(=3
[ 1)
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. Consider the equation x’ = (2« — 1)x + 1, where « is a parameter. Describe the behavior of
solutions x(t) of this equation as t — oo, noting how this behavior depends on the value of a.
2. Consider the equation x’ = (a2 — 1)x + 1 + «, where « is a parameter. Describe the behavior of
solutions x(t) of this equation as t — oo, noting how this behavior depends on the value of a.
3. The Landau equation arises in the analysis of the dynamics of fluid flow. It is % = ax — bx3, where
a and b are positive real constants.

. Draw the phase portrait of Landau's equation.

. What happens to x as t increases if x(0) = \/% + ¢, where ¢ is a small positive quantity?
. What happens to x as ¢t increases if x(0) = 0?

. How does x behave as t increases if x(0) = \/% —&?

a0 oo

EQUILIBRIUM POINTS: SINKS, SOURCES, AND NODES

Let's take another look at Figure 2.13 and focus on the critical points—the places where ‘;—It) =0.
Geometrically, these are the horizontal lines P = 0 and P = 1, which represent the functions
P(t) = 0 and P(t) = 1, constant solutions of the differential equation ‘é—I; = P(1 — P). These
values of P are called equilibrium points or stationary points of the autonomous differential
equation. We also say that P(f) = 0 and P(t) = 1 are equilibrium solutions or stationary
solutions of the equation. Assuming that the solutions of an autonomous differential equa-
tion describe some physical, economic, or biological system, we can conclude that if the
system actually reaches an equilibrium point P, it must always have been at P—and will
always remain at P. (Think about this. You have ‘fi—lz = 0 at an equilibrium point.)

We can go further in this analysis and classify equilibrium points for autonomous first-order
differential equations. It turns out that there are only three basic kinds of equilibrium points:
sinks, sources, and nodes.

If we look at the equilibrium point P = 1 in Example 2.5.1, we see from Figure 2.13 that
the solution curves near the line P = 1 seem to swarm into (or converge to) the horizontal
line. We call P = 1 a sink. A little more accurately, an equilibrium solution P = k is a sink if
solutions with initial conditions sufficiently close to P = k are asymptoticto P = kast — oo.
This idea of being “sufficiently close” can be made mathematically precise, but we will just
consider the situation intuitively. Sinks are also called attractors or asymptotically stable
solutions. The term sink is meant to suggest the drain of a bathroom or kitchen sink: Along
the sides, water that is close enough will flow into the drain.

On the other hand, we see different behavior near P = 0. As we look along solution curves
from left to right, they seem to be moving away from the line P = 0. The equilibrium point
P = Qs called a source. In other words, an equilibrium solution P = k is a source if solutions
with initial conditions sufficiently close to P = k are asymptotic to P = k as t - —oo—that
is, as we go backward in time. A source is also called a repeller or an unstable equilibrium
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solution. Here, we can think of a faucet discharging water or a hand-held hair dryer putting
out streams of hot air.

If we had another equilibrium point such that nearby solutions showed any other kind of
behavior—perhaps somewhat like a sink and somewhat like a source at the same time—
we would call that equilibrium point a node. (See Example 2.6.2 and Figure 2.16.) More
technically, we can refer to a node as a semistable equilibrium solution.

A Test for Equilibrium Points

We can test equilibrium points/solutions for autonomous first-order equations using a
criterion that should remind you of the First or Second Derivative Test from calculus:

Derivative Test

If x* is an equilibrium point for the autonomous equation ‘é—; = f(x), it is true that (1) if
f' (x*) > 0, then x* is a source; (2) if f (x*) < 0, then x* is a sink; and (3) if f'(x*) = 0, the
test fails—that is, we can’t tell what sort of equilibrium point x* may be without further

investigation.

In Example 2.5.1, we saw that P = 0 and P = 1 were equilibrium points. Because f(P) =
P(1 — P), we have f'(P) = 1 — 2P, so f’(0) = 1 > 0 indicates that P = 0 is a source and
f/(1) = —1 < 0 shows that P = 1 is a sink.

We can understand why the Derivative Test works by using the concept of local linearity: Near
an equilibrium solution x*, we can approximate f (x) by the equation of its tangent line at x*.
(See Section A.1 if necessary.) Therefore, if x is close enough to x*, we can write

dx
dt =f) ~f(") +f (") — ") = /@) (x — x¥)
because f(x*) = 0 when x* is an equilibrium solution. Now use Table 2.3 to compare the

signs of f/(x*) and (x — x*).

The first row of signs in Table 2.3, for example, tells us that if (x — x*) is positive—so that
a solution x is slightly above the equilibrium solution—and f’(x*) > 0, then % > 0, which

Table 2.3 Signs of &

@-x  fay F
+ + +
+ _ _
_ + _
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means that the solution x is moving away from x*. This last statement says that x* must be a
source. Similarly, the third row of signs indicates that if x starts out below x* and f'(x*) > 0,
then x falls away from x* as ¢ increases, so x* is a source. The remaining two rows describe a
sink.

The next two examples show us the power and the limitations of the Derivative Test.

m Example 2.6.1 Using the Derivative Test

If we examine the autonomous equation % = x—x> = x(1 —x?), we see that the equilibrium
points are x = 0, x = —1, and x = 1. Can we determine what kinds of equilibrium points
these are without any kind of graph?

Yes, we just apply the Derivative Test given previously. First of all, we have % = f(x), where
f(x) =x—x3,50 f'(x) = 1 — 3x2. Because f'(0) = 1 > 0, we know that x = 0 is a source. The
fact that f'(—1) = —2 < O tells us that x = —1 is a sink. Finally, because f'(1) = —2 < 0, we
see that x = 1 is another sink.

The phase portrait shown in Figure 2.17 reflects this information. Finally, the slope field
(Figure 2.18) confirms our analysis.

@ —
=

-1

FIGURE 2.17

Phase portrait of % =x—x3
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m Example 2.6.2 Failure of the Derivative Test

Let’s look at the first-order nonlinear equation % = f(x) = (1 — x)2. The only equilibrium
solution is x = 1, and we have f'(x) = 2(1 — x)(—1) = 2(x — 1). Because /(1) = 0, our test
doesn’t allow us to draw any conclusion. However, we can examine the behavior of f'(x) near
x = 1 to get an idea of what's going on.

We can see that f’(x) is greater than zero for values of x greater than 1, so x = 1 looks like a
source; but values of x just below 1 give us negative values of the derivative, so x = 1 looks like
a sink. This ambivalent behavior enables us to conclude thatx = 1 is a node. Figure 2.19 shows
the phase portrait of this equation. Figure 2.20 shows the slope field with some particular

solutions superimposed.

Notice that solution curves starting above the line x = 1 seem to flow away from the line
x = 1, whereas those starting below the equilibrium solution flow toward the line x = 1. In
other words, the point x = 1 is neither a sink nor a source. It is a node. [ |

In analyzing an autonomous first-order differential equation fi—’f = f(x), it is useful to sketch
the phase line using the graph of f(x). First of all, equilibrium points are the zeros of f.
Furthermore, regions where f is positive and regions where f is negative correspond to parts
of the phase line where the arrows point to the right and to the left, respectively.

o —

FIGURE 2.19
Phase portrait of % =(1-x)
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A fx)

FIGURE 2.21

f(x) = x — x3 compared to the phase line of d—’t‘ =x—x3

m Example 2.6.3 Using the Graph of f (x) to Sketch the Phase Portrait

Let’s return to the equation in Example 2.6.1, % = x — x>, this time focusing on what the
graph of f(x) = x — x> reveals. Figure 2.21 shows the graph of f(x) aligned with the phase
portrait of the differential equation.

Note the equivalence between equilibrium points and the zeros of f and the correspondence
between regions of positivity and negativity for f(x) and the directions of the arrows on the
phase line. u

Equilibrium solutions and their nature will be particularly useful when we discuss qualitative
aspects of systems of linear and nonlinear equations in Chapters 4, 5, and 7.

Exercises 2.6

A

For Problems 1-15, find the equilibrium point(s) of each equation and classify it as sinks,
sources, or nodes.

Ly =ya-y?
2. X = cosx
3.y =e -1
4.7 =y -1
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5. k=ax+bx’,a>0b>0
6. x=x3-1

7. k=x2—x3

8. y=10+3y —?

9. x=x2 —x)(4 —x)

10. & = —a3

11 k=3

12. y=yIny+2)
13. x = x — cosx [Hint: Either use technology to find the equilibrium point explicitly (via a solve
command) or graph y = x and y = cos x separately to estimate the graphs’ point of intersection.]

14. x = x — e~ ¥ (Use technology—see the preceding exercise.)
15. &’ = x(x 4+ 1)(x — 0.5)°

16. A lake has two rivers flowing into it, one discharging a certain amount of water containing a
concentration of pollutant and the other discharging an amount of clean water per day. Assuming
that the lake volume is constant, the total amount of pollution in the lake, Q(t), can be modeled by
the balance equation ‘fi—? = D(Q* — Q), where D is a positive constant involving the two rates of
flow into the lake and the lake's volume and Q* is a positive constant involving volume, rates of
flow, and the pollutant concentration.

a. What is the equilibrium solution of this equation?

b. Isthe solution found in part (a) stable or unstable? (For example, a sink would indicate that
the clean river input reduces the long-term amount of pollution in the lake.)

1. The following equation has been proposed for determining the speed of a rowing boat®:

M% = % — bSu?, where u(t) denotes the speed of the boat at time ¢; M, its mass; and P, S, and b

are positive constants describing various other aspects of the boat and the person rowing it.
a. Determine the equilibrium speed of the boat.
b. Determine whether the speed found in part (a) is a sink or a source.
c. Interpret the result of part (b) physically.
2. Given % = f(x) and the following graph of f (x),
a. Sketch the phase portrait of the equation.

b. Identify all equilibrium points and classify each as a sink, a source, or a node.

5 M. Mesterton-Gibbons, A Concrete Approach to Mathematical Modelling (New York: John Wiley & Sons, 1995): 32-34; 53-56; 130-132.
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S(x)4

=Y

3. A population growth model that is fairly simple yet amazingly accurate in predicting tumor
growth is described by the Gompertz equation, d—ff = —aN In(bN), where N(t) > 01is
proportional to the number of cells in the tumor and a, b > 0 are parameters that are determined

experimentally. [Benjamin Gompertz (1779-1865) was an English mathematician/actuary.]

a. Sketch the phase portrait for this equation.

b. Sketch the graph of f(N) against N.

c. Find and classify all equilibrium points for this equation.
d.

For 0 < N < 1, determine where the graph of N(t) against ¢t is concave up and where it is
concave down. (You may want to review Example 2.5.1.)

e. Sketch N(t).

4. Find an equation x = f(x) with the property that there are exactly 3 equilibrium points and all of
them are sinks.

1. A population of animals following the logistic growth pattern (see Section 2.5) is harvested at a
constant rate—that is, as long as the population size, P, is positive, a fixed number, h, of animals is

removed per unit of time. The equation modeling the dynamics of this situation is ‘2—1; =7rP(1 — %)
—hforP > 0.

a. Show thatif h < ’f, there are two nonzero equilibrium solutions.

b. Show that the smaller of the equilibrium solutions in part (a) is a source, whereas the larger of
the two is a sink.

2. Consider the equation x = —x3 + (1 + a)x? — ax, where « is a constant.

. If o < 0, find all equilibrium solutions of this equation and classify them.
If 0 < a < 1, find all equilibrium solutions and classify them.

If @ > 1, find all equilibrium solutions and classify them.

Describe the equilibrium solutions if « = 0.

Describe the equilibrium solutions if « = 1.

oo
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BIFURCATIONS
Basic Concepts

To get an idea of what this topic is all about, let’s go back to elementary algebra and look at
the quadratic function f(x) = x? + x + ¢, where c is a constant. We should realize that the
zeros of this function depend on the parameter c. To see this, let's write

) 1\° 1
x“+x+c= x+5 + c=4 (2.7.1)

2. . . . .
Clearly, the term (x + %) is always nonnegative, so that if ¢ > %, the expression (2.7.1) is
always strictly greater than zero, and the quadratic equation x? +x +c¢ = 0 has no real solutions.
Ifc = %, then the equation has x = —% as its only root, a repeated root. Finally, if ¢ < %,

we have two solutions, x = —% + % — c. Verify all the assertions in this paragraph. Figure 2.22
shows the graph of y = x? + x + ¢ for three values of c.

The important point in this example is that % is the value of the parameter ¢ at which the
nature of the solutions of the quadratic equation changes. We say that ¢ = % is a bifurcation
point because as ¢ decreases through 41'1' the solution x = 0 splits into two solutions. (The
word bifurcation refers to a splitting or branching.)

We can see the effect of the bifurcation most clearly by plotting the solution x against the
parameter c—in our example, showing the graph of the relationship x = —% + % —c

(Figure 2.23). This graph showing the dependence of a solution on a parameter is called
the bifurcation diagram for the equation x?> + x 4 ¢ = 0. Be sure you understand what this
diagram tells you. Note, in particular, what happens as ¢ passes through the value %.

Application to Differential Equations

This sort of qualitative change caused by a change of parameter value is particularly interesting
when we observe it in an autonomous differential equation. What changes for such an ODE
at a bifurcation point is the number and/or nature of the equilibrium solutions.

y y y

1 1 1 1 1
-2 -1 1x . —05 x 1
c=0 €=g €=3

FIGURE 2.22
Graphs ofy = x> + x + ¢

* Denotes an optional section.
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X
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FIGURE 2.23
Bifurcation diagram forx2 +x +¢ = 0

Definition 2.7.1

Given a family of autonomous differential equations % = f(x, ») containing a parameter 1, a bifurcation point
(or bifurcation value) is a value A of the parameter for which the qualitative nature of the equilibrium solutions
changes as A passes through Ag. The actual change in the equilibrium solutions is called a bifurcation.

The real significance of bifurcations was first revealed in Euler’s 1744 work on the buckling of
an elastic straight beam or column under a compressive force. [The great Swiss mathematician
Leonhard Euler (1707-1783) has been called “the Shakespeare of mathematics.”| The normal
upright position represents an equilibrium position. The parameter here is the force F exerted
on the top of the column. For certain values of F, say F < F*, the column maintains its vertical
position; but if the force is too great, say F > F*, the vertical equilibrium position becomes
unstable, and the column may buckle. The critical force F* is the bifurcation point. The
equilibrium situation changes as the size of the force passes through the value F*.

F<F*
| F>F*

The next example reveals the bifurcation point for a simple first-order equation of a type we've
discussed before (Example 1.2.1).
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y ¥ y
a<( a=( a>(
FIGURE 2.24

d
E=fp)=aywy

m Example 2.7.1 A Bifurcation Point for a Linear Equation
The equation % = ay expresses the fact that at any time t, some quantity y grows at a rate
proportional to its size at time t. The parameter a is the constant of proportionality that

captures some growth characteristic of the quantity.

Setting % = 0, we find that the equilibrium solutions are described by ay = 0. If a = 0, then
every value of y is an equilibrium point. If a # 0, then y = 0 is the only equilibrium point. For
the equation % = ay = f(y), we have f'(y) = a; and we use the Derivative Test of Section 2.6
to conclude thatifa > 0, then y = 0 is asource, and ifa < 0, theny = 0 is asink. Clearly,a = 0
is a bifurcation point, because the number and nature of the equilibrium solutions change
as a passes through 0. Figure 2.24 shows graphs of f (y) against y for the three possibilities for
a and the corresponding phase portraits.

We can show the dependence of the equilibrium points on a by drawing a bifurcation diagram,
plotting y(t) against a (Figure 2.25). The y-axis itself represents all the solutions y = C, where
C is any constant, for a = 0. It is usual in bifurcation diagrams to use solid curves to indicate
stable equilibrium solutions (sinks) and dashed lines to denote unstable solutions (sources).
Arrows indicate the directions of change of some solutions with time.

Ny

FIGURE 2.25
Bifurcation diagram for % =ay [ |
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m Example 2.7.2 A Bifurcation Point for a Nonlinear Equation

Now let'slook at the first-order nonlinear equation Z—JYC = ay—y> = f(y). Thisis the Landau equa-

tion, which appeared in Problem C3 of Exercises 2.5; it arises in the study of one-dimensional
patterns in fluid systems. Here y = y(t) gives the amplitude of the patterns, and « is a small,
dimensionless parameter that measures the distance from the bifurcation. [L. D. Landau
(1908-1968) was a Russian physicist who won the Nobel Prize in 1962.]

We see that % = 0 implies thatay —y> = y(@ —y?) = 0,50y =0,y = /o, and y = —/«x are
the only equilibrium points. Looking at these points, we can see (because of the radical sign)
that we have three cases to consider: (1)« =0, (2) « > 0, and (3) @ < 0.

When a = 0, there is the single equilibrium pointy = 0. Then we have f'(y) = a—3y? = —3y?,
so f(0) = 0 and we can't determine the nature of the equilibrium solution y = 0 from the
Derivative Test. However, we can see that when « = 0, the differential equation is % = -3,
whose solution tends to zero as x becomes infinite in the positive direction. (Look at the slope
field or a phase portrait.) Thus, y = 0 is a sink.

If o is less than zero, then y = 0 is the only equilibrium point because /o and —./« are
imaginary numbers. For this case, we see that f/(0) = « < 0, so y = 0 is a sink.

However, if « is greater than zero, then the equation has three distinct equilibrium points:
y=0,y = Ja,andy = —/a. We see that /' (0) = @ > 0, so y = 0 is a source; f' (Vo) = —2a <
0, so y = /o is a sink; and f'(—/@) = —2a < 0, so y = —./a is also a sink.

Note how the value of « determines the number and the nature of the equilibrium solutions of
our equation. Clearly, @ = 0 is the only bifurcation point for our original equation. Figure 2.26
shows two representations of our situation: graphs of f (y) against y for the three descriptions
of « considered above and corresponding phase portraits.

We can also show this dependence of the equilibrium points on « by means of a bifurcation
diagram, in which we plot y against « (Figure 2.27).

S f() f)
0 0 Ve \G
y y y
a<() a=( a>()
FIGURE 2.26

f)y=ay—y3 sy
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y=—\a (sink)

FIGURE 2.27
Bifurcation diagram for % —ay—y3

There are different kinds of bifurcations. Figure 2.27 shows a pitchfork bifurcation,
named for obvious reasons. (See Problem C1 of Exercises 2.7 for a generalization of this
example.) [ |

A laser—the word stands for light amplification by stimulated emission of radiation—is a
marvelous device that produces a beam of intense, concentrated pure light that can be used to
cut diamonds, destroy cancerous cells, perform eye surgery, and enhance telecommunications
when used in fiber optics. Basically, an external energy source is used to excite atoms and
produce photons (light particles) that have the same frequency and phase. A. Schawlow and
C. Townes received a patent for the invention of the laser in 1960, and the first laser was built
by the American physicist T. H. Maiman in the same year. The mathematical model of a laser
that follows is an important scientific example that illustrates another type of bifurcation. It is
more complicated than the previous two examples because the bifurcation behavior depends
on the values of two parameters.

m Example 2.7.3 A Laser Model That Has a Transcritical Bifurcation
A simplified model of the basic physics behind a laser is given by the equation

i = f(n) = Gn(Nog — n) — kn = (GNy — k)n — Gn?.

In this equation, n = n(t) represents the number of photons at time ¢, Ny is the (constant)
number of “excited” atoms (in the absence of laser action), and G and k are positive param-
eters related to the gain and loss, respectively, of photons that have the same frequency and
phase. We emphasize that we have two parameters in our equation, and we will see that our
bifurcation analysis depends on the value of Ny in relationship to them.

We can write the equation as n=n(GNy — k — Gn), so setting 11 equal to zero gives us n=0 or
GNo—hk—Gn=0.Thistells us that the equilibrium solutionsaren = 0Oandn = (GNy — k) /G =
No — (k/G), where Ny # k/G.
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Looking at the first equilibrium solution, n = 0, we will see that this equilibrium solution
is a sink when Ny < k/G—that is, when GNy — k < 0. From the original equation, we have
f(n) = (GNg —k)n — Gn?, so f'(n) = (GNo —k) — 2Gn. Then f(0) = GNy —k < 0, so
n = 0 is indeed a sink by the Derivative Test. Physically, this means that there is no stimulated
emission and no photons are produced that have the same frequency and phase. The laser
device functions like a light bulb. Similarly, we can determine that n = 0 is a source when
No > k/G.

Focusing on the second equilibrium point, n = Ng — (k/G), where Ny # k/G, we see that
/ k k
f'(No =) =(GNo~1)—2G(No ~ = | = ~GNo +F.

If Ng < k/G, then —GNy + k > 0 and therefore n = Ng — (k/G) is a source. If Ny > k/G,
then —GNp + k < 0 and therefore n = Ny — (k/G) is a sink. The physical interpretation
of this last fact is that the external energy source has excited the atoms enough so that some
atoms produce photons that have the same frequency and phase. The device is now producing
coherent light.

Finally, if Ng = k/G, then our original equation reduces to 1 = —Gn?, so we get only one
equilibrium solution, n = 0, which is a sink if we consider only positive values of n. Because
of this change in the nature and number of equilibrium solutions, we can interpret No = k/G
as our bifurcation point (called the laser threshold). The bifurcation diagram (Figure 2.28)
summarizes this model.

The physical interpretation is that when the amount of energy supplied to the laser exceeds a
certain threshold—that is, when Ny > k/G—the “light bulb” has turned into a laser. Notice
that at the bifurcation value Ny = k/G, the two equilibrium solutions merge, and when
they split apart, they have interchanged stability. Such a bifurcation is called a transcritical

Laser

Light bulb
kIG Ny

FIGURE 2.28
Bifurcation diagram for the laser model 6

6 Adapted from Figure 3.3.3 in S. H. Strogatz, Nonlinear Dynamics and Chaos: With Applications to Physics, Biology, Chemistry, and
Engineering (Reading, MA: Addison-Wesley, 1994): 55.
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bifurcation. For Ny > k/G, the equilibrium solution n = 0 becomes unstable by transferring
its stability to another equilibrium solution, n = Ny — (k/G), the straight line with slope 1 in
Figure 2.27. ]

Exercises 2.7

A

For each of the following equations in Problems 1-6, (1) sketch all the qualitatively different
graphs of f(x) against x as the parameter c is varied; (2) determine the bifurcation point(s);
and (3) sketch the bifurcation diagram of equilibrium solutions against c.

d
1. gf:xz—c
2. —x:1+cx+x2
[ciit
3. é;tc:x—cx(l—x)
4, —x=x2—2x+c
gt
x
5. ?zx(x—c)
6. d—f:cx—x2
B

1. Consider the logistic equation (see Example 2.5.1) with a constant harvesting (hunting, fishing,
, dP ) .
reaping, etc) rate h : — = P(5 — P) — h. Does there exist a maximum harvest rate h* beyond
which the population will become extinct for every initial population Py = P(0)?
2. Construct the bifurcation diagram for the equation ' = « — e‘xz, where o > 0.

dx
3. Construct the bifurcation diagram for i x(c — x2), where ¢ is a parameter.

dx
. Construct the bifurcation diagram for i x(x? —1—a), —00 < a < 00.

3

. Construct the bifurcation diagram for the equation x’ = 3x — x> — «, where « is a parameter.

. The Landau equation x = (R — R¢)x — kx3, where k and R, are positive constants and R is a
parameter that may take on various values, is important in the field of fluid mechanics.

a. If R < R, show that there is only the equilibrium solution x = 0 and it is a sink.

b. I R > R. , show that there are three equilibrium solutions, x = 0,x = /(R — R¢)/k, and
x = /(R — R;)/k, and that the first solution is a source while the other two are sinks.

c. Sketch a graph in the R-x plane showing all equilibrium solutions and label each one as a sink or
a source. How would you describe the bifurcation point R = R:?

2. The following equation occurs in the study of gene activation:

dx 4x2
X+ —.
dt 14+ x2
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Here x(t) is the concentration of gene product at time t.

a. Sketch the phase portrait fora = 1.

b. There is a small value of «, say «g, where a bifurcation occurs. Estimate ag and sketch the
phase portrait for some « in the open interval (0, ).

c. Draw the bifurcation diagram for this differential equation.

EXISTENCE AND UNIQUENESS OF SOLUTIONS

This is the time to acknowledge that we have been avoiding a very important question: When
we're trying to solve a differential equation, how do we know whether there is a solution? We
could be looking for something that doesn't exist—a waste of time, effort, and (these days)
computer resources.

We've already noted in Section 1.2 that the equation (y')2 41 = 0 has no real-valued solution.
You can easily check that the IVP y’ = %yl/ 3,y(0) = 0 has three distinct solutions: y = 0,y =
—x3/2, and y = x3/2.

Calculators and computers can mislead. They may present us with a solution where there
is none. If there are several possible solutions, our user-friendly device may make its own
selection, whether or not it is the one that we want for our problem. A skeptical attitude and
a knowledge of mathematical theory will protect us against inappropriate answers.

First, let’s look at what can happen when we try to solve first-order initial-value problems.
Then we'll discuss an important result guaranteeing when such IVPs have one and only one
solution.

m Example 2.8.1 An IVP with a Unique Solution on a
Restricted Domain

We'll see that for each value of xg, the initial-value problem x = 1 4+ x2,x(0) = xo has a
unique solution but that this solution does not exist for all values of the independent variable
t. The slope field for this equation (Figure 2.29) gives us some clues.

To see things clearly, we can focus on the initial condition x(0) = 0. There seems to be only
one solution satisfying this condition, but the direction field suggests that the solution curve

X
may have vertical asymptotes. Separating variables, we see that | T+ = [dt, which gives

us arctanx = t + C, or x(t) = tan(t + C). The initial condition x(0) = 0 implies that C = 0,
so that the solution of the IVP is x(t) = tan t. But this solution’s domain is the open interval
(—m/2,7/2). Recall that the function approaches +o0o as t — +7/2. (We say the function
“blows up in finite time.”) Therefore, the unique solution of our IVP doesn't exist outside the
(time) interval (—m/2, 7/2). |

* Denotes an optional section.
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FIGURE 2.29

Slope figld forx’ =1 +x2; -3 <t<3,-3<x<3

Now even if we have determined that a given equation has a solution, a second important
concern is whether there is only one solution. This question is usually asked about solutions
to initial-value problems.

m Example 2.8.2 An IVP with Infinitely Many Solutions
The nonlinear separable differential equation x’ = x/3 has infinitely many solutions satisfying

x(0) = 0 on every interval [0, 8]. To prove this claim, we actually construct the family of
solutions of the IVP.

For each number ¢ such that 0 < ¢ < 8, we can define the function

0 for0<t<c

X (1) = 1 3
E(t—c) c<t=<§g.

You should verify that each such function satisfies the differential equation with x(0)=0.
(You should even be able to show that such a function is differentiable at the break point c.)
Because there are infinitely many values of the parameter ¢, our IVP has infinitely many
solutions. Figure 2.30 shows a few of these solutions with g = 7. [ |

An Existence and Uniqueness Theorem

For first-order differential equations, the answers to the existence and uniqueness questions
we have just posed are fairly easy. We have an Existence and Uniqueness Theorem—simple
conditions that guarantee one and only one solution of an initial-value problem.
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Existence and Uniqueness Theorem

Let R be arectangular region in the x-y plane described by the two inequalitiesa < x < b
andc <y < gi. Suppose that the point (xg, yo) is inside R. Then if f(x, y) and the partial

derivative )—j(a y) are continuous functions on R, there is an interval I centered at x = xg
ay

and a unique function y(x) defined on I such that y is a solution of the initial-value
problem y’ = f(x,y), y(x0) = yo.

XA
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4

2

11 2 3 4 5 6 7 ¢
Figure 2.30

Solutions of the VP x' = x/3,x(0) = 0
The functions xc (t)forc = %, %,1,2, and
38=7 -1<t<7

The preceding statement may look a bit abstract, but it is the simplest and probably the
most widely used result that guarantees the existence and uniqueness of a solution of a first-
order initial-value problem. Using this theorem is simple. Take your IVP, write it in the form
Y =f(x,y),y(x0) = yo, and then examine the functions f (x, y) and 3—); the partial derivative of
f with respect to the dependent variable y. (If you don’t know about partial derivatives, see
Section A.7 for a quick introduction.)

Figure 2.31 gives an idea of what such a region R and interval I in the Existence and Uniqueness
Theorem may look like.

YA
DA€ I
d h \
p . I(xo,:yo) b
R
—I—
22 i
FIGURE 2.31

Region of existence and uniqueness: R = {(x,y)|la < x < b,c <y < d}
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It's important to make the following comments about this fundamental theorem:

1. If the conditions of our result are satisfied, then solution curves for the IVP can never
intersect. (Do you see why?)

2. If f(x,y) and df /9y happen to be continuous for all values of x and y, our result does
not say that the unique solution must be valid for all values of x and y.

3. The continuity of f (x, y) and df /dy are sufficient for the existence of solutions, but they
may not be necessary to guarantee existence. This means that you may have solutions
even if the continuity condition is not satisfied.

4. Note that this is an existence theorem, which means that if the right conditions are
satisfied, you can find a solution, but you are not told how to find it. In particular,
you may not be able to describe the interval I without actually solving the differential
equation.

The significance of these remarks will be explored in some of the following examples and in
some of the problems in Exercises 2.8. First, let’s apply the Existence and Uniqueness Theorem
to IVPs involving first-order linear ODEs.

m Example 2.8.3 Any “Nice” Linear IVP Has a Unique Solution

Because linear equations model many important physical situations, it's important to know
when such equations have unique solutions. We show that if P(x) and Q(x) are continu-

d
ous (“nice”) on an interval (a, b) containing xp, then any IVP of the form d—y + Px)y =
x

Q(x), y(xo) = yo, has one and only one solution on (a, b).

In terms of the Existence and Uniqueness Theorem, we have

f@x,y) = —Px)y+ Q(x) and g—];(x, y) = —Px).
But both P(x) and Q(x) are assumed continuous on the rectangle R = {(x, Y)a<x<b,
¢ <y < d} for any values of ¢ and d, and f(x, y) is a combination of continuous functions.
(There are no values of x and y that give us division by zero or an even root of a negative
number, for example.) The conditions of the theorem are satisfied, and so any IVP of the form
described previously has a unique solution.

In Section 2.2 we showed how to find a solution of a linear differential equation explicitly.
Now we see that, given an appropriate initial condition, we have learned how to find the
unique solution. ]

Now let’s go back to re-examine examples we discussed earlier.

m Example 2.8.4 Example 2.8.1 Revisited

Assume that x is a function of the independent variable t. If we look at the IVP x’ = 1 +x2,
x(0) = xo, in light of the Existence and Uniqueness Theorem, we see that f(t,x) = 1 +x2, a
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. . . . 0 .
function of x alone that is clearly continuous at all points (¢, x), and —f = 2x, also continuous
for all (¢, x).

The conditions of the theorem are satisfied, and so the IVP has a unique solution. But even

0 . .
though both f (¢, x) and il are continuous for all values of t and x, we know that any unique
x
solution is limited to an interval

m— 1w Qn+1
<("2 )”,("er )”>, n=0, £1, £2, £3,. ..,

separating consecutive vertical asymptotes of the tangent function. (Go back to look at the
one-parameter family of solutions for the equation, and see comment 2 that follows the
statement of the Existence and Uniqueness Theorem.) |

Next, we scrutinize Example 2.8.2 in light of the Existence and Uniqueness Theorem.

m Example 2.8.5 Example 2.8.2 Revisited

Here, we have the form x' = x?/3 = f(x), with x(0) = 0, so we must look at f(x) and g—f;
But % =f'(x) = %x’l/ 3 = ﬁ;, which is not continuous in any rectangle in the t-x plane
that includes x = 0 (that is, any part of the ¢t-axis). Therefore, we shouldn’t expect to have

both existence and uniqueness on an interval of the form [0, 8]—and in fact we don't have
uniqueness, as we saw.

However, if we avoid the t-axis—that is, if we choose an initial condition x(tp) = xg # 0—
then the Existence and Uniqueness Theorem guarantees that there will be a unique solution
for the IVP. Figure 2.32a shows the slope field for the autonomous equation x” = x2/3 in the
rectangle —1 <t < 5, 0 < x < 3. This rectangle includes part of the t-axis, and it is easy to
visualize many solutions starting at the origin, gliding along the t-axis for a little while, and
then taking off. Figure 2.30 shows some of these solution curves.
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/ /24 /o / / /[ / / L e ! ‘s
/?1 /‘ﬂ 7‘5-/ /?1 /ﬁ /‘ﬂ /?1 /‘ﬂ /?1 /‘ﬂ /?1 /ﬁ /‘ﬂ /?1 /‘ﬂ /?1 ; /e //42 -4 ; //4 //n E ‘1 //4 //n
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FIGURE 2.32a FIGURE 2.32b

Slope field forx’ = x2/3, -1 <t <5,0<x<3 Slope field forx’ = x2/3, —1 <t <5, 1<x<3
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Figure 2.32b, on the other hand, shows what happens if we choose a rectangle that avoids
the t-axis. It should be clear that if we pick any point (tp, xp) in this rectangle, there will be
one and only one solution of the equation that passes through this point. ]

Exercises 2.8
A

For each of the followinginitial value Problems 1-8, determine a rectangle R in the appropriate
plane (x-y, t-x, etc.) for which the given differential equation would have a unique solution
through a point in the rectangle. Do not solve the equations.

141 0y =3
Tdt T x’ -
dy 5
2. =~ = Zyl/5 y0) =0
Frimirid y(0)
d
3. Ld—f=x, x(0) = 0
t
4.y =—-,y(0)=0.2
y
By = — =1
SRS RTIPIIVE A

T
6. x' =tanx, x(0) = 5

dy
7. (1+I)E =1-y
, Xty
=
9. What is the length of the largest interval I on which the IVP y’ = 1 + 2, y(0) = 0 has a solution?
10. Show that y = —1 is the only solution of the IVPy = ¢t (1 +y), y(0) = —1.

d.
11. What is the solution to the IVP & _ x2/3,x(0) = x if xg < 0? Compare your answer to the
answer(s) in Example 2.8.2. What has changed?

B

1. Lookatthe VP Q' = |Q — 1], Q(0) = 1.

a. Explain why the conditions of the Existence and Uniqueness Theorem do not hold for this
equation.

b. Guess at a solution of this initial value problem.

c. Explain why the solution you found in part (b) is unique.
2. Consider the equation y = ,/|y| + k, where k is a positive constant.

a. Solve the equation. (You will get an implicit solution.)
b. For what initial values (tg, yo) does the equation have a unique solution?

c. For what values of k < 0 does the equation have unique solutions?
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3. The parabola y = x2 and the line y = 2x — 1 are both solutions of the equation y’ = 2x —2/x2 —y
and satisfy the initial condition y(1) = 1. Does this contradict the Existence and Uniqueness

Theorem?

d
4. Consider the equation % +x2y3 = cosx.

a. Does this equation have a unique solution passing through any point (xo, yo)?
b. Try to solve the equation using the ODE solver in your CAS. Comment on the result.

d
1. Consider the initial value problem d—y = P(x)y2 + Q)y, y(2) = 5, where P(x) and Q(x) are
X

third-degree polynomials in x. Does this problem have a unique solution on some interval
|x — 2] < haround x = 27 Explain why or why not.

2. Consider the nonlinear equation d—x = (@ — x)(B — x), where « and B are positive constants. (See
Example 2.1.7.) Without solving thé equation, show that the solution of any IVP involving this
equation is unique.

3. Consider the equilibrium solution P = b of the logistic equation (Section 2.5) d—P =kP(b —P),

where k and b are positive constants. Is it possible for a solution near P = b to reach (i.e., equal) this
solution for a finite value of x? [Hint: Use the uniqueness part of the Existence and Uniqueness
Theorem.|

4. Why can't the family of curves shown in the following be the solution curves for the differential
equation y’ = f(t, y), where f is a polynomial in ¢ and y?

YA

RN\

5. Example 2.8.3 indicates that the linear IVP j’ =y, y(0) = 1 has a unique solution. Ignoring the fact
that you can actually solve this equation, prove the following properties of y(t):

a. For allreal values of t, y(¢) y(—t) = 1.
b. y(t) > 0for all real numbers ¢.
c. Forall real numbers t1 and tp, y(t1 + t2) = y(t1) - y(t2).

6. Suppose that a differential equation is a model for a certain type of chemical reaction. Could the
fact that the equation does not have a solution indicate that the reaction cannot take place? Would
the fact that the equation has a solution guarantee that the reaction does take place?



SUMMARY

Perhaps the easiest type of first-order ODE to solve is a separable equation, one that can be

written in the form d—i = f(x)g(y), where f denotes a function of x alone and g denotes a

d
function of y alone. “Separating the variables” leads to the equation [ % = [f(x)dx. It is
8

possible that you cannot carry out one of the integrations in terms of elementary functions or
you may wind up with an implicit solution. Furthermore, the process of separating variables
may introduce singular solutions.

Another important type of first-order ODE is a linear equation, one that can be written in the
form a; (x)y’ + ao(x)y = f(x), where a;(x), ap(x), and f(x) are functions of the independent

variable x alone. The standard form of such an equation is d_fc + P(x)y = Q(x). The equation

is called homogeneous if Q(x) = 0 and nonhomogeneous otherwise. Any homogeneous
linear equation is separable.

d
After writing a first-order linear equation in the standard form % +P(x)y = Q(x), weintroduce
an integrating factor, u(x) = e/PCodx, multiply each side of the equation by . (x), and see that
d
the equation can be written as E(eﬂ) Wdxyy = o/P@dxQ(yx). Integrating each side and then

multiplying by e~ /P®4x, we get an explicit formula:

y = e—fP(x)dx . /efP(x)de(x)dx + Ce™ fP(x)dx.

d
A typical first-order differential equation can be written in the form d_y = f(x,y). Graphically,
x

this tells us that at any point (x, y) on a solution curve of the equation, the slope of the tangent
line is given by the value of the function f at that point. We can outline the solution curves
by using possible tangent line segments. Such a collection of tangent line segments is called
a direction field or slope field of the equation. The set of points (x, y) such that f(x,y)=C,
a constant, defines an isocline, a curve along which the slopes of the tangent lines are all the
same (namely, C). In particular, the nullcline (or zero isocline) is a curve consisting of points
at which the slopes of solution curves are zero. A differential equation in which the indepen-
dent variable does not appear explicitly is called an autonomous equation. If the independent
variable does appear, the equation is called nonautonomous. For an autonomous equation,
the slopes of the tangent line segments that make up the slope field depend only on the values
of the dependent variable. Graphically, if we fix the value of the dependent variable, say x, by
drawing a horizontal line x = C for any constant C, we see that all the tangent line segments
along this line have the same slope, no matter what the value of the independent variable,
say t. Another way to look at this is to realize that we can generate infinitely many solutions
by taking any one solution and translating (shifting) its graph left or right. Even when we
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can't solve an equation, an analysis of its slope field can be very instructive. However, such a
graphical analysis may miss certain important features of the integral curves, such as vertical
asymptotes.

An autonomous first-order equation can be analyzed qualitatively by using a phase line or
phase portrait. For an autonomous equation, the points x such that % = f(x) = 0 are
called critical points. We also use the terms equilibrium points, equilibrium solutions, and
stationary points to describe these key values. There are three kinds of equilibrium points for
an autonomous first-order equation: sinks, sources, and nodes. An equilibrium solution y
is a sink (or asymptotically stable solution) if solutions with initial conditions “sufficiently
close” to y are asymptotic to y as the independent variable tends to infinity. On the other
hand, if solutions “sufficiently close” to an equilibrium solution y are asymptotic to y as
the independent variable tends to negative infinity, then we call y a source (or unstable
equilibrium solution). An equilibrium solution that shows any other kind of behavior is
called a node (or semistable equilibrium solution). A simple (but not always conclusive)
test is as follows:

If x* is an equilibrium point for the equation ‘fj—} = f(x), it is true that (1) if f'(x*) > 0,
then x* is a source; (2) if f'(x*) < 0, then x* is a sink; and (3) if /' (x*) = 0, then we can't
tell what sort of equilibrium point x* may be without further investigation.

Suppose that we have an autonomous differential equation with a parameter «. A bifurcation
point «g is a value that causes a change in the nature of the equation’s equilibrium solutions
as « passes through the value «y.

When we are trying to solve a differential equation, especially an initial-value problem, it is
important to understand whether the problem has a solution and whether any solution is
unique. There are simple conditions that guarantee that there is one and only one solution of
an initial-value problem:

Let R be a rectangular region in the x-y plane described by the two inequalities a <
x < b, ¢ <y < d. Suppose that the point (xg, yo) is inside R. Then, if f(x,y) and % are
continuous functions on R, there is an interval I centered at x = xp and a unique function
y(x) defined on I such that y is a solution of the initial-value problemy’ = f(x, ), y(x0) = yo.

PROJECT 2-1

The Price Is Right

Let p(t), s(t), and d(t) denote the price, supply, and demand of a commodity at time t. Allen’s
Speculative Model in economics assumes that s and d are linear functions in p(t) and p’(t):

s(t) = a1p(t) + axp'(t) + as (*)
d(t) = bip(t) + bap'(t) + b3, (**)
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where the ajs and b;s are constants.

The Economic Principle of Supply and Demand, which guarantees a state of dynamic
equilibrium, is

d(t) = s(b). (**%)

a. By combining (*), (* *), and (* * *), find a single linear differential equation
involving p(t).

b. Assuming that a; # b1, a; # by, and as # bs, solve the equation you found in part
(a) with the initial condition p(0) = po.

. . . . as — b3
c. Interpret the solution in economic terms if pp = ——.
1 — a1

b1 —ax

d. Suppose that b > 0. What happens to the price as t increases without bound?
2 — a2

b1 —ax

5 < 0. Now what happens to the price as t increases without
2 — a2

e. Suppose that

bound?

f. Suppose that s(t) = 30 + p(t) + 4p'(t) and d(t) = 48 — 2p(t) + 3p'(t), where s and d
are given in thousands of units. If p(0) = 10 monetary units, find the price at any later
time t. What happens to the price as t increases?

PROJECT 2-2

Cultured Perils

A continuous culture device, or chemostat, is a well-stirred vessel that contains microorgan-
isms and into which fresh medium (nutrient) is pumped at a constant rate F. The contents
of the growth vessel are pumped out at the same rate, so the volume V remains constant.
Microbiologists and ecologists use the chemostat as a laboratory simulation of an aquatic
environment, and it has also been used to model the waste water treatment process. (See the
accompanying schematic diagram.)

Nutrient Vol y
reservoir Fdp olume

v
,_‘—-;‘

Growth
vessel
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Around 1950, the biologist Jacob Monod developed a mathematical model” for the contin-
uous culture of a single species of microorganism whose growth is dependent solely on a
single nutrient supplied at a constant rate via the input to the growth vessel.

Chemostat experiments® with a certain strain of Escherichia coli (E. coli) led to the particular
equation
d 0.81(10 —
e _(08100-x) )
dt 3+ (10 —x)

where x(t) denotes the concentration of the organism at time t; and D = é, the pump rate
divided by the volume, is a parameter under control of the experimenter.

We want to study the effects of varying D. Intuition suggests that if the pump is allowed to
run too fast, then the E. coli will eventually approach extinction in the chemostat because
they are being pumped out at a faster rate than they can grow and reproduce. On the other
hand, if the pump is run slowly enough, the E. coli should be able to grow at a rate sufficient
to overcome washout and should be able to thrive in the growth vessel indefinitely.

Our problem is to determine which values of D result in extinction and which result in
survival. This can be done by studying Equation (*), treating D as a bifurcation parameter
(see Section *2.7).

a. Using technology, study solutions to Equation (*) for parameter values of 0.8, 0.7,
0.4, and 0.5. For each choice of D, use several different initial conditions xg. What are
your observations?

b. Find the equilibrium solutions X as a function of the parameter D and determine
whether they are sinks, sources, or nodes. (Assume that the only meaningful
equilibrium solutions are those for which 0 < % < 10.) Construct the bifurcation
diagram for Equation (*). (See Section *2.7.) At what value of D does a bifurcation
occur? Explain the significance of this bifurcation with regard to the fate of the E. coli.

c. Use technology to test the validity of your bifurcation analysis in part (b) by
examining the solutions of Equation (*) again, choosing various values of D very
close to the bifurcation value you found in part (b). Are your observations as
expected?

d. Assuming that the growth vessel is kept at a volume of 20 liters, at what speed should
the chemostat pump be run in order to maintain a steady-state E. coli population of
8ug/liter? A population of 4.5ug/liter?

7 J. Monod, “La technique de culture continue: Théorie et applications,” Annales de L Institut Pasteur 79 (1950): 390-410.
8'S. R. Hansen and S. P. Hubbell, “Single Nutrient Microbial Competition: Agreement Between Experimental and Theoretically Forecast
Outcomes,” Science 20 (1980): 1491-1493.



CHAPTER 3

The Numerical Approximation of Solutions

INTRODUCTION

Historically, numerical methods of working with differential equations were developed when
some equations could not be solved analytically—that is, with their solutions expressed in
terms of elementary functions. Over the past 300 years, mathematicians and scientists have
learned to solve more and more types of differential equations. However, today there are still
equations that are impossible to solve in closed form (for instance, Example 2.1.5). In fact,
very few differential equations that arise in applications can be solved exactly; and, perhaps
more important, even solution formulas often express the solutions implicitly via complicated
combinations of the solution and the independent variable that are difficult to work with. Take
alookback at the solution in Example 2.4 .4, for instance. In this chapter we will describe some
ways of getting an approximate numerical solution of a first-order IVP y' = f(x,y), y(x0) = yo.
This means being able to calculate approximate values of the solution function y by some
process requiring a finite number of steps, so that at the end of this step-by-step process we are
reasonably close to the “true” answer. Graphically, we are trying to approximate the solution
curve with a simpler curve, usually a curve made up of straight line segments.

The very nature of what we will be trying to do contains the notion of error, the discrepancy
between a true value and its approximate value. Error is what stands between reality and
perfection. It is the static in our telephone line, the wobble in a kitchen chair, a slip of the
tongue. Although there are various ways to measure error, we will focus on absolute error,
which is defined by the quantity |true value — approximation|, the absolute value of the
difference between the exact value and the approximate value. We'll have more to say about
error in the following sections.

Let’s see how all this applies to a first-order IVP y’ = f(x, y), y(x0) = yo.

EULER’'S METHOD

One of the easiest methods of obtaining an approximation to a solution curve is attributed to
the mathematician Euler. He used this approach to solve differential equations around 1768.

Copyright © 2009, Elsevier Inc. 99



CHAPTER 3: The Numerical Approximation of Solutions

A modern way of expressing his idea is to say that he used local linearity. Geometrically, this
simply refers to the fact that if a function F is differentiable at x = x¢p and we “zoom” in on the
point (xo, F(x0)) lying on the curve y = F(x), then we will think we're looking at a straight line
segment. Numerically, we're saying that if we have a straight line tangent to a curve y = F(x) at
a point (xo, F(xo)) = (xo, y0), then for a value of x close to xg, the corresponding value on the
tangent line is approximately equal to the value on the curve. In other words, we can avoid
the complexity of dealing with values on what may be a complicated curve by dealing with
values on a straight line. (See Section A.1 for more details on this topic.)

Using the familiar “point-slope” formula for the equation of a straight line, we can derive the
equation of the line T tangent to the curve y = F(x) at the point (xo, yo):

T(x) = F'(x0) (x — x0) + F(x0) =y’ (x0)(x — x0) + Yo. (3.1.1)
Now we can express the idea of local linearity by writing

~ ' (x0)(x — x0) + Yo

y(x)
~—~—
value on the curve  value on the tangent line

where the symbol ~ means “is approximately equal to.” Figure 3.1 shows what we are saying.

Note that because the curve we're using as an illustration is concave down near the point
(%0, y0), the tangent line lies above the curve here, so the value T(x) given by the tangent line
is greater than the true value y(x) for x near xo.

Now let’s look at an IVP y" = f(x,y), y(xo) = yo so that we can write y; = y'(x0) = f(x0, yo)-
In what follows, we assume that there is a unique solution ¢ in some interval containing
x9. Suppose we want to know the height of the solution curve corresponding to a value x;
that is close to xg, but to the right of xo. We can describe such a new value of the independent
variable as x; = xo + h, where h > 0 is the size of a small “step.” Now let’s try to approximate

74 T =y

(. T(x))

Error V=F®)

(. F(x))

(x5 ¥o)

|
|
|
|
|
|
|
1
X

FIGURE 3.1
Local linearity
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¢(x1), a value on the actual solution curve, by some value y; on the tangent line to y = ¢(x)
at xo:
p(x1) ~ y1 = ¢ (x0)(x1 — X0) + Yo
= f(xo0,y0) (xo + h — x0) + Yo
= f (x0,y0) * h + yo.
Therefore, we can write
@(x1) ~y1 = f(x0,y0) - h + yo

and we have a good local linear approximation of ¢(x) at x = x; if we choose h small enough.
Figure 3.2 illustrates what's going on.

We can repeat the process using (x1,y1) as our jumping-off point, realizing that the value y;
is only an approximation. Using Equation (3.1.1) again, with (xo, yo) replaced by (x1, y1), we
see that the line through (x1, y1) with slope equal to f(x1, y1) has y values given by

f&1yD) (& —x1) 1. (3.1.2)

We should realize that the point (x1, y1) is not expected to be on the actual solution curve, so
in general f(x1,y1) # f(x1, ¢(x1)), the slope of the actual solution at x;.

For convenience, suppose that we want to approximate the solution curve’s height corre-
sponding to a value x, that is the same distance from x; as x; is from xy. That is, we take a
step to the right of size h : xp = x; + h = (xo + h) + h = xo + 2h. We can approximate ¢(x,),
the actual value of the solution function at x = x;, by using Equation (3.1.2):

e(x2) A yy =f(x1,y1) - h+ 1.
Similarly, for x3 = x, + h = (xo + 2h) + h = x¢ + 3h, we approximate ¢(x3) as follows:

@(x3) ~y3 =f(x2,72) « h+ya.

YA

(xp ) =3, 5" () i+ 3,)

FIGURE 3.2
A local linear approximation of a solution
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Y slope = f(x;, ;)
slope =/ (x;, ) OO0 Actual
: (¥ y3)| solution
slope =/ (3, 7)1 \\"2 %) y=¢(x)
EDY : ! (x5, 0(x3))
! (X, 9(x,))
1(x), @) !
| | |
o)
. l l l
T h T e s
XO xl Xz x3 X
FIGURE 3.3
A three-step linear approximation
Figure 3.3 shows what we are doing.
Continuing in this way, we generate a sequence of approximate values y1, ¥, ¥3, . . ., ¥ for the
solution function ¢ at various equally spaced points x1, x2, X3, . . ., Xu:
V41 = Vi + h 'f(xkl }’k): (313)
—— —— ——

new approx. value  old approx. value ~ step size

where x, = xp + kh, k =0, 1,...,n. If you go back through the derivation, you'll realize that
Formula (3.1.3) is valid for h < 0 also. Note that if the points x;, are equally spaced with step
size h and we want to get from (xo, o) to (x*,y*) along the approximating polygonal curve,
then we must haven = £ 72 steps. For example, if we start at xo = 2 and want to approximate
©(2.7) using steps of size h = 0.1, we can reach x* = 2.7 by taking n = ngz = 7 steps. In

practice, once we have chosen the step size h, the number of steps needed, n, will be obvious.

If we stand back from all these equations and look at Figures 3.2 and 3.3 again, we can
see that what we are doing is using the slope field for our IVP as a set of stepping stones.
We “walk” on a tangent line segment for a short distance, stop to look forward for the next
step, jump to that step, and so on. We are approximating the flow of the solution curve
by using flat rocks set into the “stream.” If you play “connect the dots” with the points
(%0, ¥0), (x1,¥1), (x2,¥2), - . ., (Xn, yn), you see a polygonal line (called the Euler polygon or the
Cauchy-Euler polygon) that approximates the actual solution curve. Figure 3.4 shows this
for the initial-value problem y’ = x? +y,y(0) = 1, where we try to approximate y(1) with
different step sizes h = 1, 0.5, and 0.25.

We can look at this approximation process, Formula (3.1.3), in another geometrical way.
Suppose we have the differential equation ' = f(x,y). Then the Fundamental Theorem of
Calculus tells us that
Xe+1 Xe+1
Vi1 = Vie X Y Xpey1) — y) = / Y (x)dx = / fxp)dx.

Xk Xk
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The actual solution of the VP y' = %2 + y,y(0) = 1, and three Euler approximations (h = 1, 0.5, and 0.25) on the
interval [0, 1]
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Approximation of an integral by a rectangular area

But Formula (3.1.3) requires us to replace y,+1 — y, by h - f (xx, y&). This means that we are
approximating |, ;k"“ f(x,y)dx by h - f (xy, y.). Figure 3.5 shows the geometry of the situation
in the interval [xy, x,1].

We have approximated the area under the curve Y = f(x,y(x)) by the area of the shaded
rectangle—a rectangle formed by using the height of the curve at the left-hand endpoint of
the interval. Thus, Euler's method amounts to using a (left-hand) Riemann sum approximation
to the area under a curve.

If y is the solution of the equation y’ = f(x, y), we can view Euler’s method in yet another way
by considering the Taylor expansion of y(x) about x = x;, (see Section A.3):

h? h?
V(1) = () + 9 ()b + )’,/@k)? = y () + f (0, y ()P +Y//(§k)?

Vi1

with x, < &, < x;,4.1. Assuming that y(x) has a bounded second derivative and realizing that
h? < h for small values of h, we see that Euler's method is essentially using a first-degree
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Taylor polynomial to approximate the solution curve:

YKre1) = y(xx) + f (%, y(x)) b

The approximation processes we have been describing (and will describe later in this chapter)
are subject to two basic kinds of error: truncation error, which occurs when we stop (or
truncate) an approximation process after a certain number of steps, and propagated error,
the accumulated error resulting from many calculations with rounded values. (See Section A.3
for further remarks about these types of errors.) We must be aware that there is usually a trade-
off in dealing with error. If we try to reduce the truncation error and increase the accuracy
of our approximation by carrying out more steps (for example, by taking more terms of a
Taylor series or more steps in Euler's method), we are increasing our calculation load and
consequently running the risk of increasing propagated error. Figure 3.6 shows the trade-off in
general terms.

Clearly, at each stage of Euler's method, we choose to round off entries in a certain way.
Even if we assume for the sake of simplicity that round-off error is negligible, our use of
local linearity—using straight lines to approximate curves—introduces truncation error. Now
suppose that we are given the value, y(xp), of a solution at an initial point and want to
approximate the value, y(b), at some later point b = x¢ + nh. First, there is local truncation
error at each step, defined as y(xj41) — yx+1 foreach k(k = 0,1, 2,...,n— 1). This is the error
introduced in computing the value y;,; from the value yy, assuming that yy is exact. Then we
have the cumulative truncation error, defined as y(b) — y, = y(xx) — y» which is the (total)
actual error in the value of y(xo +nh), or y(b), caused by all the previous approximations—that
is, by the cumulative effect after n steps of the local errors from previous steps. (This is not
just the sum of all the local truncation errors. Life isn't that simple.)

In any case, a mathematically rigorous analysis of the errors produced shows that the local
truncation error at any step of Euler’s method behaves like a constant multiple of h?, which is smaller
than h when h is small:

. M.,
|local truncation error at step k| = |y(xr+1) — Vit1l < ?h ,

Error

Number of steps or terms

FIGURE 3.6
Total error = round-off error + truncation error
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where M = max |y”(x)|. This follows easily from the Taylor series expansion
Xjp <X<Xpt1
h2
Y1) = y o) +f (o y G+ (€10 =
Vie+1

given previously.

It is also true that for Euler’s method, the cumulative truncation error is no greater than a
constant multiple of the step size h:

|true value — approximation| = |y(b) —yu| < K - h,

where K is independent of h but depends on |y”(x)| and the interval [xo, b]. Because the
cumulative error is bounded by a constant multiple of the first power of the step size h, we say
that Euler’s method is a first-order method. (The number K is a maximum bound. In practice,
the actual error incurred in a problem will usually be less than this bound.) Intuitively, we can
reason as follows: There are n = b‘% steps in the Euler method approximation, each having
a local error less than or equal to some multiple of h?. If K* is the largest of the multipliers,
then the cumulative error is less than or equal to b‘% -K*h? = Kh.

Therefore, if we ignore round-off error as essentially a statistical problem outside our range of
interest right now, we can make the total error as small as we wish by making h “sufficiently
small”—that is, by making the number of steps “sufficiently large.” This is not very satisfactory
because a larger number of steps does require more calculating time by hand or by computer,
and in real-life problems, the larger number of steps often leads to a “snowballing” of round-
off error. Take another look at Figure 3.6.

If you want to understand and improve the accuracy of your approximations, here are two
rules of thumb you can use: (1) Start your calculations with many more decimal places than
you need. (2) Keep on redoing your calculations with a step size h equal to one-half its
previous value. If you reach a stage at which the new result agrees with the previous one to
d decimal places after appropriate rounding, then you can assume that you have d decimal
place accuracy. (Look at Example 3.1.4 for a slight variation of this rule.)

Euler's method is not very accurate and is not used widely in practice. But the method is
simple and displays the essential characteristics of more sophisticated methods. In the next
section we discuss an improved method, one that uses Euler’s basic idea in a more efficient
way.

This is enough theory for now. Let's see how this “method of tangents” works with a simple
initial-value problem.

m Example 3.1.1 Euler’s Method with Error Analysis
Suppose we're given the IVP % =12 + x, x(1)=3. We want to use Euler’s method to

approximate x(1.5).
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This is a first-order linear equation whose particular solution for the initial condition x(1) = 3
isx(t) = —t? — 2t —2+8e'~ L (Verify this.) Thus, the actual value of x(1.5) is —(1.5)2 —2(1.5) —
2+ 8e(1971 = 5939770 .... We'll use the actual value to see how good an approximation
Euler’s method gives us.

In our problem, f(t, x) = t? + x, so Euler’s formula (3.1.3) becomes
Xep1 = X+ he (G + x), (3.1.4)

where t, = to +kh, k = 0,...,n,tp = 1, and xp = 3. (By now you should be comfortable
with the switch from the traditional x-y coordinates to t-x coordinates.) Suppose we take
h = 0.1—that is, our step size is one-tenth of a unit. Because our target t = 1.5 is 0.5 unit
away from our initial point t = 1, we'll need n = 5 steps of size h = 0.1 to reach this with
Euler’s process (Figure 3.7).

Using Formula (3.1.4), let’s generate our approximate values, stepping fromt = 1tot = 1.5:
x1 = X0 + (0.1)(t5 +x0) = 3 + (0.1)(1* + 3) = 3.40
X2 = x1 + (0.1)(t7 +x1) = 3.40 + (0.1)(1.1% 4 3.4) = 3.861
X3 =X + (0.1)(t3 4+ x2) = 3.861 + (0.1)(1.2% 4 3.861) = 4.3911
x4 = x3 + (0.1)(5 +x3) = 4.3911 + (0.1)(1.3% + 4.3911) = 4.99921
x5 = xg + (0.1)(t7 4 x4) = 4.99921 4 (0.1)(1.4” + 4.99921) = 5.695131.

Thus, Euler’'s method gives the approximation 5.695131 for the value x(1.5). In this example,
the absolute error is |true value — approximation| = |5.939770 — 5.695131| = 0.244639.

XA
Actual
solution x(7)
(1.5, x(1.5))
(1.4, x(1.4))
1.3,x(1.3
(1‘2,x(1.2))( X(13) (1.5, x5)
(1.1, x(1.1)) (1.4, x4) X
(1.3,x3) | !
(1,3) (1.1:,x1) (12, %) E ! E
1 1 1 ! 1
R N S B SR
=1 #=11 =12 K=13 =14 =15 t
FIGURE 3.7

A five-step approximation
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Table 3.1 Euler's Method for & = ¢ + x,x(1) = 3,
with h = 0.05

k tr X, True Value Absolute Error
0 1 3.000000 3.000000 0.00000

1 1.05  3.200000 3.207669 0.00767

2 1.1 3.415125 3.431367 0.01624

3 1.15 3.646381 3.672174 0.02579

4 1.2 3.894825 3.931222 0.03640

5 1.25 4.161567 4.209703 0.04814

6 1.3 4.447770 4.508870 0.06110

7 1.35 4.754658 4.830040 0.07538

8 1.4 5.083516 5.174598 0.09108

9 1.45  5.435692 5.543997 0.10831

10 1.5 5.812602 5.939770 0.12717

If we try again, using a step size only half the size of the step we used before—that is, using a
step size h = 0.05—it will take twice as many steps to bridge the gap between the initial value
t = 1 and the final value t = 1.5. Table 3.1 shows the result of a spreadsheet calculation of
Euler’s method for this new sequence of steps. If you have access to a spreadsheet program,
you'll find it fairly easy to use it to set up Euler's method.

Note that the number of calculations (steps) has doubled, but the absolute error has been
cut almost in half. Also note the cumulative growth of the error in the last column.

If we cut the step size in half again, working with & = 0.025 this time, we can see a pattern
emerging (Table 3.2).

Note that the absolute error increases as a function of k, the number of steps. Furthermore, the
differences between successive errors are increasing slightly. For example, if you subtract the
error for k = 9 from the error corresponding to k = 10, you get 0.0030, whereas subtracting
the k = 10 error from the k = 11 error yields 0.0032.

If this error pattern seems vaguely familiar, it may be because you have seen error analysis
applied to left- and right-hand Riemann sum approximations in calculus. |

Let’s try another problem. Practice makes perfect—or at least we can approximate perfection.
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Table 3.2 Euler's Method for & = 2 +x,x(1) = 3, with
h =0.025
k ty X, True Value Absolute Error
0 1 3.000000 3.000000 0.0000
1 1.025  3.100000 3.101896 0.0019
2 1.05 3.203766 3.207669 0.0039
3 1.075 3.311422 3.317448 0.0060
4 1.1 3.423098 3.431367 0.0083
5 1125  3.538926 3.549563 0.0106
6 1.15 3.65904 3.672174 0.0131
7 1.175 3.783578 3.799345 0.0158
8 1.2 3.912683 3.931222 0.0185
1.225  4.046500 4.067957 0.0215
10 1.25 4.185178 4.209703 0.0245
11 1275  4.32887 4.356620 0.0277
12 13 4.477733 4.508870 0.0311
13 1.325  4.631926 4.666620 0.0347
14 1.35 4.791615 4.830040 0.0384
15 1.3756  4.956968 4.999306 0.0423
16 14 5.128158 5.174598 0.0464
17 1.425 5.305362 5.356098 0.0507
18 1.45 5.488761 5.543997 0.0552
19  1.475 5.678543 5.738489 0.0599
20 15 5.874897 5.939770 0.0649

m Example 3.1.2 Euler’s Method with Error Analysis

Consider the IVP % = %, y(1) = 0, and suppose we want to approximate y(2).

You should recognize the solution of this IVP as y = Int, so we're really trying to approxi-
mate In2 = 0.69314718056. ... (Hint: If you check this “exact” answer on your calculator
or CAS, realize that these devices are using very sophisticated approximation methods
themselves!)
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If we take h = 0.05, we'll need 20 steps to stretch from t = 1 to t = 2. In our example, Euler’s

method gives us the formula

0.05
Ver1 = Ve + ——
2

fort; =14 0.05k(k =0,...,20). Table 3.3 gives the results.

Table 3.3 Euler's Method for % = % y(1)=0,withh =

0.05

k ty Vi True Value Absolute Error
0 1 0.000000 0.000000 0.00000
1 1.05  0.050000 0.048790 0.00121
2 1.1 0.097619 0.095310 0.00231
3 115 0.143074 0.139762 0.00331
4 1.2 0.186552 0.182322 0.00423
5 1.25  0.228219 0.223144 0.00507
6 1.3 0.268219 0.262364 0.00585
7 1.35  0.306680 0.300105 0.00658
8 1.4 0.343717 0.336472 0.00724
9 1.45  0.379431 0.371564 0.00787
10 1.5 0.413914 0.405465 0.00845
11 155  0.447247 0.438255 0.00899
12 16 0.479506 0.470004 0.00950
13  1.65 0.510756 0.500775 0.00998
14 17 0.541059 0.530628 0.01043
15 1.75  0.570470 0.559616 0.01085
16 1.8 0.599042 0.687787 0.01126
17 1.85  0.626820 0.615186 0.01163
18 1.9 0.653847 0.641854 0.01199
19 195  0.680162 0.667829 0.01233
20 2 0.705803 0.693147 0.01266
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The solution curve y=Int is concave down, so the approximating tangent lines all lie
above the solution curve, leading to an approximation of In 2 that’s too large. Just as in
Example 3.1.1, the errors increase with the value of k, but this time, if you subtract suc-
cessive errors (corresponding to successive values of k), you'll see that the differences are
decreasing. (To gain some insight into this phenomenon, compare f(x, y) in Examples 3.1.1
and 3.1.2.)

Changing to h = 0.025 and n = 40 yields the approximate value 0.699436, whereas set-
ting h=0.01 and n= 100 gives us an approximation of 0.695653. Of course, technology
(a spreadsheet) was used to obtain the last two approximations. |

Next, we'll see what happens when we are given an equation whose solution we
don't know.

m Example 3.1.3 Euler’'s Method—Unknown Exact Solution
Suppose we're given the IVP y' = \/x +y, y(5) = 4, and we want to find y(4).

The first thought that should occur to us is that the equation is neither separable nor linear.
Are we in trouble here? No, not if we understand Euler’s method.

In our problem, f(x,y) = \/x + y, so Formula (3.1.3) takes the form

Ver1 = Vi + hy/Xe + Vo

where x;, =5+ kh, k=0, 1,...,n. As usual, n denotes the number of steps we choose.

Let's start off by choosing five steps to get us from the initial point x = 5 to our destination
x = 4. Each step has to have length 0.2, and because we are moving backward from the initial
point, we musttakeh = —0.2 in the formula. We'll carry out this first attempt at approximation
by hand and then use a spreadsheet when the calculations become more numerous (and
more tedious).

The formula gives us
y1=Yo+hyxo+y=4+(-02)v5+4=34
Y2=y1+hyx1+y1 =344+ (—0.2)v/4.8 +3.4 =2.82728716

V3 =y2 + hy/xa +y2 = 2.82728716 + (—0.2)v/4.6 + 2.82728716 = 2.28222616

Va =7y3 + hy/x3 + 3 = 2.28222616 + (—0.2)v/4.4 + 2.28222616 = 1.76522612

Vs = Va + hy/xa + ya = 1.76522612 + (—0.2)+/4.2 + 1.76522612 = 1.27674987.
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These calculations tell us that y(4) ~ 1.27674987. The true answer is 1.34042895566892. .. .!
Therefore, when we round the “true” answer to eight places, the absolute error is
[1.34042896 — 1.27674987|=0.06367909. If we choose h= — 0.01 and use 100 steps, a
spreadsheet calculation gives us an approximation of 1.337296, with an absolute error of
0.0031. [ |

So far we've been cheating a bit, discussing the numerical solutions of equations for which
we could find an analytic solution (even if implicit). Knowing the exact solution enabled us
to analyze the error—the gap between the true solution value and the approximate value of
a solution at a point. However, it’s time that we consider a more typical example.

m Example 3.1.4 Euler’'s Method—A Completely Unknown

Solution
The initial-value problem % =y2 —t2,y(0) = %, cannot be solved by any of the methods we
have discussed so far, although this special type of Riccati equation® does have a series solution
in terms of Bessel functions (see Section D.3). Nevertheless, we can approximate the solution
att = 1 (for example) so that it is accurate to, say, three decimal places.

“Without the exact answer as a guide, how do we know that these three decimal places are
accurate?” you may be asking. Let’s skip the detailed formula and see what happens for
different step sizes (Table 3.4). We have rounded the approximations in the last column to
six decimal places.

Table 3.4 The IVP % = )2 —¢2,y(0) = 1: Ap-
proximate Values of y(1) for Various Step Sizes
Step Size  Number of Steps  Approximate Value
1/100 100 0.512113
1/1000 1000 0.506106
1/2000 2000 0.505769
1/4000 4000 0.505600
1/8000 8000 0.505515
1/16,000 16,000 0.505473
1/20,000 20,000 0.505464

" This answer is obtained by making a substitution to transform the given equation into a separable equation (see the explanation that
precedes Problems A12—-A14 of Exercises 2.1), solving the equation to get an implicitly defined solution to the IVP, and then solving for the
value of y when x = 4. Solving the implicit relation for y requires a calculator or CAS with a “solve” function for general equations. Even this
“true” answer is only an approximation (although presumably a very accurate one) because the algebraic equation can’t be solved exactly.

2 See Chapter 2, Section 5 of Ordinary Differential Equations: A Brief Eclectic Tour by David Sanchez (MAA, 2002) for an informative discussion
of this important class of differential equations.
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We have reached a stage at which the first three digits of the approximate values do not seem to
be changing. The last approximate value agrees with the previous one to three decimal places
after appropriate rounding, so we can assume that the approximation is 0.505, accurate to
three significant digits. The idea—a rule of thumb based on mathematical analysis—is to keep
on using smaller step sizes until there are changes only past the decimal place in which we
are interested. Then we can be sure of those decimal places that do not change. |

Stiff Differential Equations

We can encounter difficulty in applying Euler’s method (and some other methods) to approx-
imate solutions when these solutions have components whose time scales differ widely. For
instance, the solution of the circuit problem in Example 2.2.5 had two components: (1) a
transient term of the form Ce™, with C > 0 and a > 0, that decreased rapidly to zero as t — oo
and (2) a steady-state term of the form A sin(wt) + B cos(wt) that oscillated with time. Instead
of approximating the steady-state part of the solution, Euler’s method may allow the error
associated with the transient part to dominate, producing meaningless results.

Equations exhibiting this characteristic behavior include many that arise in electrical circuit
theory and in the study of chemical reactions. The term stiff is used because these numerical
difficulties occur in analyzing the motion of spring-mass systems with large spring constants—
that is, systems with “stift” springs. (The stiffness of a spring depends on the materials of which
itis made and on the specific manufacturing processes used.) In Chapters 4 and 5, we'll discuss
spring-mass problems in greater detail.

For now, let’s look at an example that highlights the difficulty.

m Example 3.1.5 A Stiff Differential Equation
Suppose we look at the IVP % + 501 = sin(xt), 1(0) =0, which is just the equation in
Example 2.2.5with L=1, R=50, vg =1, and w = . According to that example, the solution is

I(t) — —50t } )

1
—— 150sin(nt) — 7w cos(rt) + e
(2500~|—7‘[2){ ot ot

(Check this for yourself.) Note both the transient component and the steady-state part.

Now suppose that we want to approximate the solution at t = 2. To understand the accuracy
of the approximation, we can first use the solution formula to find the exact answer,
-7

[12)= ——
2) 2500 + 72

1
(1 — W) = —0.001251695566....
e

For further comparison with approximations, here are some actual values of I at intermediate
points between 0 and 2:

1(0.5) = 0.01992135365. .. 1(1.0) = 0.001251695566....
I(1.5) = —0.1992135365.. . ..

* Denotes an optional section.



Table 3.5a h = 0.1

k t i

0 0 0

5 05 —1.26575
10 1.0 1316.73504
15 15  —0.13483x 107
20 2.0 0.13807 x 100

Table 3.5b h = 0.05
k4 i

0 0 0

10 05 0.09262
20 1.0 418748
30 15  241.37834
40 20  13,920.24471

Table 3.5¢ h = 0.01

k ty iy,

0 0 0

50 0.5 0.01994
100 1.0 0.00125396
150 1.5 —0.01994
2000 2.0 —-0.00125396

3.1 Euler's Method

Euler’s method yields the formula i, = i, + h(sin(xt;,) — 50i;). Table 3.5a displays the
results of using Euler’s method with h = 0.1, Table 3.5b shows the results when h = 0.05,
and Table 3.5¢c shows what happens when h = 0.01. We omit the error column in each table
because the discrepancies or agreements between actual values of I and approximate values

are fairly obvious in each table.
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You can see that the errors in approximating I1(2) are horribly large for h = 0.1 and h = 0.05,
whereas there is very little error when we have reduced h to 0.01. Comparing the graph of
the actual solution curve for I(t) with the graphs of the approximation curves given by Euler’s
method for these three values of h is a real eye-opener (see Figures 3.8a, 3.8b, and 3.8¢). In
each graph, the blue line is the actual solution curve, and the black line is the approximation.
Note that the scales are different from graph to graph.

Figure 3.8c shows that you can hardly distinguish between the actual solution curve and
its Euler method approximation when h = 0.01. The choice of the interval [0, 0.35] for t
was made after some experimentation. Using the technology available to you, you should
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look at the graphs of the approximations on larger intervals. For larger values of ¢, beginning
around ¢ = 1, you will find that the approximation curves are rather alarming distortions of
the steady-state solution. |

See Section A.3 for a further discussion of approximation error. In subsequent sections of this
chapter, we will investigate improved algorithms.

Exercises 3.1

In the following problems, being asked to do a problem “by hand” or “manually” means that
each step should be written out and that, although calculators may be used to do arithmetic,
no calculator routine or CAS program for Euler’s method should be used. This is the opposite
of being allowed to “use technology.”

A

For each of Problems 1-3, use Euler’s method by hand with the given step sizes to approximate
the solution to the given initial value problem over the specified interval. Include a table
of values, and give a sketch of the approximate solution by plotting the values you have
calculated.

by _

1. dt_tz—yz,y(O)zl;Oftf1,h=0.25
d _ am

2. = M y0)=2;0<t<2,h=05
dy _ am

3. E:e Vy)=21<t<3,h=0.5

4. Compare your answers to Problems 2 and 3 and explain what you see.

5. If y is the solution of the IVP % = cost, y(0) = 0, use Euler's method manually with h = /10 to
approximate y(sr/2). What is the absolute error?

. Approximate y(1.4) by hand if y is the solution to the IVP % =x3, y(1) =1.Use h =0.1.

. Given Zy = % y(0) = 1,use h = 0.1 to approximate y(1) manually.

6
7 it
X

8. Giventhe IVPy = ysin3t, y(0) = 1, use technology to approximate y(4) using 20 steps.

9. Giveny' = 1/(1 + x2), y(0) = 0,use h = 0.1 to approximate y(1) manually. How can you use your
result to compute 7?

10. Consider the IVPy’ = x2 + y,y(0) = 1. By hand, approximate y(0.1), y(0.2), and y(0.3) using both
h = 0.1 and h = 0.05 for each approximation.

11. Consider the IVPy' =y2,y(0) = 1.

a. Using h = 0.2, approximate the solution y over the interval [0, 1.2] by hand.
b. Show that the exact solution is given by y = ﬁ
c. Compare the values found in part (a) with values given by the formula in part (b). Explain any

strange numerical behavior. [Hint: A slope field or solution graph may help.]
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B

1. In Problem B1 of Exercises 2.3, you were given the following model for the population of Botswana:

‘fi—f = 0.0355P — 0.00160625 t, with P(0) = 1.285 (million). The value ¢t = 0 corresponds to 1990.

a. Use technology and Euler's method with h = 0.01 to approximate P(1), the population in 1991.
b. Using the approximation for P(1) found in part (a) as your starting point and h = —0.01,
approximate P(0).

In the area of pharmacokinetics, the Michaelis-Menten equation % = X—fﬁ describes the rate at
which a body processes a drug. Here x(t) is the concentration of the drug in the body at time ¢,
and K and A are positive constants. [The equation was developed by the biochemical/medical
researchers Leonor Michaelis (1875-1949) and Maud Menten (1879-1960).]

a. For a particular controlled substance, let A = 6, K = 1, and x(0) = 0.0025. Use technology and
Euler's method with h = 0.1 to evaluate x for t = 1, 2, 3, 10, and 20. Estimate how long it takes
for the concentration to be half of its initial value.

b. For alcohol, let A = 0.005, K = 1, and x(0) = 0.025. Use technology and Euler's method with
h = 0.01 to evaluate x for t = 0.01, 0.02, 0.03, 0.04, and 0.05. Estimate how long it takes for the
concentration to be half its initial value.

In modeling aircraft speed and altitude loss in a pull-up from a dive, basic laws of physics yield the
differential equation

v —gVsind
do ~ kV2 —gcos6’

where 6 denotes the dive angle (in radians), V = V() is the speed of the plane, g = 9.8 m/s? is the
acceleration constant, and k is a constant related to the wing surface area. For a particular plane,
k = 0.00145, 09 = —0.786, and V(6p) = Vo = 150m/s. Use h = 0.006 (which divides 6y evenly)
and n = 131 to estimate V(0), the plane's speed at the completion of its pull-up—that is, when it
levels out to 6 = 0. (Of course, use technology!)

Consider the IVPy’ = 1 — t + 4y, y(0) = 1. Using technology and h = 0.1, approximate the
solution on the interval 0 <t < 1. What error ismade att = 1/2 and t = 17

Use Euler’'s method manually with both h = 0.5 and h = 0.25 to approximate x(2), where x(t) is
2
the solution of the IVP % = % x(0) = 1. Solve the equation exactly and compare the absolute

errors you get with the different values of h.
Consider the IVPy" = y(1 — yz), y(0) = 0.1. Note that the equation has three equilibrium
solutions.

a. Use a phase portrait analysis or a direction field to predict what should happen to the solution.
b. Use technology and Euler's method with h = 0.1 to step out to x = 3. What happens to the
numerical solution?

Suppose &’ = x3.

a. Find an expression for x” in terms of x, assuming that x is a function of t.
b. Suppose x(0) = 1. Is the solution curve concave up or concave down? Use the result in part (a)
to justify your answer.
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c. Does Euler’s method overestimate or underestimate the true value of the solution at t = 0.1?
Explain. (Don't actually carry out Euler's method.)

. Consider the IVPy’ =%, a < 1,y(0) = 0.

a. Find the exact solution of the IVP,
b. Show that Euler's method fails to determine an approximate solution to the IVP.
c. Show what happens if the initial condition is changed to y(0) = 0.01.

. a. Sketch the direction field for y = /1 —y2.
b. Verify that a solution for this equation satisfying the initial condition y(0) = 0 is given by

sint 0<t<in
y:

T <t

Nl—=

c. Describe the behavior of Euler's method when h = 0.4. Could you have predicted this behavior
without any calculations?

. Describe a class of differential equations for which Euler's method gives a completely accurate
numerical solution—that is, for which y;, exactly equals the true solution ¢(x,) for every k.

[Hint: Try to think of differential equations for which all solution curves coincide with the tangent
line segments.]

. Consgider the stiff differential equation % = —100y + 1, with y(0) = 1.

a. Solve this IVP and calculate the exact value of y(1).

b. Use technology and Euler’s method to approximate y(1) with & = 0.1, 0.05, and 0.01.

c. Use technology to plot the exact solution and an approximate solution of the equation over the
interval [0, 0.03] on the same set of axes. Do this for each of the three values of h mentioned in
this problem.

. The equation y’ = —50(y — cosx) is stiff.

a. Use software to solve the equation with the initial condition y(0) = 0. Then calculate the exact
value y(0.2).

b. Use Euler's method and technology to approximate y(0.2) with step size h = 1.974/50. What
is the absolute error?

c. Use Euler's method and technology to approximate y(0.2) with step size h = 1.875/50. What
is the absolute error?

d. Use Euler’'s method and technology to approximate y(0.2) with step size h = 2.1/50. What is
the absolute error now?

e. Using technology, plot the three approximation curves found in parts (b), (c), and (d) on the
same axes. Use the interval [0, 1]. Would you call the Euler method solution of the equation
“sensitive to step size"?



CHAPTER 3: The Numerical Approximation of Solutions

4. The second-order IVP y” = F(x,y,7'),y(a) = c1,y (a) = c; may be written as two simultaneous
first-order equations: y’ = u, v’ = F(x, y, u), where y(a) = c1, u(a) = c3.

a. Devise a procedure for approximating y and y’ when x = a + h.

b. Use the method found in part (a) to approximate the solution of the IVP
Y =x+y,y0) =y 0) =0atx=1.

c. Given that the exact solution of the IVP in part (b) is y = 1e¥ —
approximate value of x(1) found in part (b) to the exact value.

$e* — x, compare the

THE IMPROVED EULER METHOD

In Euler’s original method, the slope f(x,y) over any interval x;, < x < x,,1 of length h is
replaced by f (xi, y), so that x always takes the value of the left endpoint of the interval. (As
noted just before Example 3.1.1, if y' =f(x), a function of x alone, then Euler's method is
equivalent to using a left-hand Riemann sum to approximate a definite integral.)

Now instead of always using the slope at the left endpoint of the interval [x, x4 1], we can
think of using an average derivative value over the interval. The improved Euler method
involves two stages that will be combined into one approximation formula. The first stage
involves moving tentatively across the interval [xy, x41] using Euler’s original method, thereby
producing a guess, or trial value, y41 = y, + h - f(xy, yr). Note that the values f (x, y,) and
f(X11, Ver1) approximate the slopes of the solution curve at (xy, y(xy)) and (Xp11, ¥(Xe11)),
respectively. Now the second stage looks at the average of the derivative f (xy, y,) and the guess
f&r1, Ver1) = f &1, Y + hf (X, y)) and uses this average to take the real step across the
interval.

Guess (tentative step): Jrr1 =y + h - f (X, V1)

f s Vi) + f (o1, Vet 1) }
2

Real step: y,. 1 =y, +h {

TG vi) + f o1, Vie + - f (Xges Vi)
2

:yﬁh{ } (3.2.1)

h
=Vet s {f s vi) + f @t Ve + B - f Go 7)) }-

Formula (3.2.1) describes the improved Euler method [or Heun’s method, named for Karl
Heun (1859-1929), a German applied mathematician who devised this scheme around
1900]. It is an example of a predictor-corrector method: We use y;.1 (via Euler's method)
to predict a value of y(x,11) and then use y;11 to correct this value by averaging.

Look carefully at Equation (3.2.1). If f(x, y) is really just f(x), a function of x alone, then
solving the TVP y’ =f(x,y), y(x0) =xo, amounts to solving the equation y’ =f(x), which is
a matter of simple integration. In Section 1.3 [Equation (1.3.1)] we saw that we can write
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the solution as

X nmloex
y(x) =/ fmdt+yo = Zf ' f®dt + yo,
*o k=0

Xk

where x,, = x. In this case, Formula (3.2.1) reduces to

h
Vierl = Vet 3 {f ) + f (1)}

and the Fundamental Theorem of Calculus tells us that on the interval [x, x,.1],

X1 ~— h
/ f@) dt = y(ps1) — y() = Yer1 — Ve = > {f ) + f@es1) } -

k

In other words, in this situation we are using the Trapezoid Rule from calculus to approximate
each integral on [xy, x+1].

Next, we see some illustrations of why this method is called “improved.”

m Example 3.2.1 The Improved Euler Method

Let's use the improved Euler formula, Equation (3.2.1), to calculate an approximate value of
the solution of the IVP y =y, y(0) = 1, at x = 1. Of course, you realize that this is just a
roundabout way of asking for an approximation of that important mathematical constant e.
(Right?)

Let’s start with h=0.1, so we'll need 10 steps to reach x =1 from the initial point x = 0.
Thus, in Formula (3.2.1) wehavexp = 0,90 =1, h=0.1,x, =0+ kh =kh (k =0, ..., 10),
and f(x,y) =y. When we put all this information together, we see that the formula takes a
simplified form:

h
Vert = Vet 5 (Ve + e + hyw) }
h
=Vt {2+ hye} =y + (0.05)(2. 1)y, = 1.105 .

Therefore, the calculations are

y1 = 1.105y = 1.105(1) = 1.105
y2 = 1.105y; = (1.105)? = 1.221025
y3 = 1.105y; = (1.105)3 = 1.349232625

Y10 = 1.105y9 = (1.105)1° =2.71408084661.
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Comparing this approximation to the actual value 2.71828182846 (rounded to 11 decimal
places), we find that the absolute error is 0.00420098185. (In Problem A4 of Exercises 3.2,
you'll be asked to try this with the original Euler method.)

Using 20 steps, a CAS gives the approximate value 2.71719105435, so the absolute error is
now 0.00109077410. Note that when we doubled the number of steps from 10 to 20, the
result was that the absolute error was roughly one-fourth what it was before. |

Now let’s revisit Example 3.1.1 to see how the improved method compares with the original
process of approximation.

m Example 3.2.2 The Improved Euler Method—Example 3.1.1
Revisited

We want to approximate x(1.5), given the IVP % =t2 + x, x(1) = 3. The actual value is
5.939770.... We'll start with h = 0.1, so we'll need five steps to stretch between t = 1 and
t=1.5.

For this problem, the improved Euler formula is
h
Xer1 =¥+ 5 {(6 +xi) + t g + x5+ 1 (57 + x) )

h
=%+ 5 [+ A+ + @2+ hx)
= x4 (0.05) {t7, | + 1.167 + 2.1},
whereto =1,11 = 1.1, 1 = 1.2, t3 = 1.3, t4 = 1.4, and t5 = 1.5. Therefore,

x1 = 3+ (0.05){(1.1)? + 1.1(1)?> + 2.1(3)} = 3.4305
X2 = 3.4305 + (0.05){(1.2)% + 1.1(1.1)? + 2.1(3.4305)} = 3.9292525

X3 = 3.9292525 + (0.05){(1.3)2 + 1.1(1.2)? + 2.1(3.9292525)}
= 4.5055240125

x4 = 4.5055240125 + (0.05){(1.4)? + 1.1(1.3)? + 2.1(4.5055240125)}
= 5.16955403381

x5 = 5.16955403381 + (0.05){(1.5)> 4+ 1.1(1.4)> + 2.1(5.16955403381)}
= 5.93265720736.

To five decimal places, we have x(1.5) ~ 5.93266. The absolute error is 0.00711. When we
employed Euler’s method in Example 3.1.1, the error was 0.244639.

If we use 10 steps in the improved Euler method, then we getx(1.5) ~ 5.943455, with absolute
error 0.00369, compared to the Euler method’s error of 0.12717. |

Now let’s go back and redo another earlier example with the new method.
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Table 3.6 Improved Euler Method with h = —0.2

k Xk Vi True Value Absolute Error
0 5.0 4.000000 4.000000 0.000000

1 4.8 3.413644 3.413384 0.000260

2 4.6 2.854277 2.853750 0.000527

3 4.4 2.322249 2.321444 0.000805

4 4.2 1.817952 1.816857 0.001100

5 4.0 1.341827 1.34043 0.00140

m Example 3.2.3 Improved Euler Method—Example 3.1.3

Revisited
In Example 3.1.3 we discussed the IVP y" = \/x + 7, y(5) = 4, with the goal of approximating
y(4). If we apply the improved method to the problem, with five backward steps, each of
length 0.2—that is, with h = —0.2—we get the values shown in Table 3.6.

Thus, y(4)~1.341827 by the improved method, compared to the “true” answer
1.34042895566892 and the original Euler method approximate value 1.27674987. [ ]

An analysis of error shows that the local truncation error at any stage of the improved Euler
method behaves like a constant multiple of h3 and that the cumulative truncation error is no
greater than a constant multiple of the square of the step size h: |true value — approximation| <
K - h?, where K is a constant that depends on the function f (x, y), on its partial derivatives, and
on the interval involved but does not depend on h. We say that the improved Euler method
is a second-order method.

In the next section, we’ll look at a fourth-order method and a powerful combination of fourth-
and fifth-order techniques.

Exercises 3.2
A

Use the following table to enter the data from Problems 1 and 2.

TRUE = Euler's = Absolute Improved | Absolute
VALUE | Method Error Euler Method Error

h=0.1
h=0.05
h =0.025
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1. Use the improved Euler method to redo Example 3.1.1 with h = 0.1, 0.05, and 0.025.

2. Use the improved Euler method to redo Example 3.1.2 with h = 0.1, 0.05, and 0.025. (You'll also
have to use Euler's method for h = 0.1.)

3. a. Find the exact solution to the IVP % =t+x,x0) =1
b. Apply the improved Euler method with step size h = 0.1 to approximate the value x(1).

c. Calculate the absolute error at each step of part (b).

4. Using technology, redo Example 3.2.1 with both Euler's method and the improved Euler method,
using a step size of h = 0.01—that is, using 100 steps. For each method, calculate the absolute
errors incurred in approximating y(0.01), y(0.02), . .., y(0.99), y(1.0). (A spreadsheet program can
be particularly useful here.)

. Redo Problem B1 in Exercises 3.1 using the improved Euler method.
. Redo Problem B3 in Exercises 3.1 using the improved Euler method.
. Redo Problem B8 in Exercises 3.1 using the improved Euler method.

w N =

1. Redo Problem C2 in Exercises 3.1 using the improved Euler method.

MORE SOPHISTICATED NUMERICAL METHODS:
RUNGE-KUTTA AND OTHERS

Modern computers (and even hand-held calculators) have many algorithms for solving dif-
ferential equations numerically. Some of these are highly specialized and are meant to handle
very particular types of ODEs (such as stiff equations—see Section 3.1) and systems of ODEs.
Euler’s method and its improved version are useful for illustrating the idea behind numerical
approximation, but they are not very efficient in terms of approximating a solution of an IVP
very accurately and with a minimum number of steps.

A very good method, implemented in many computer algebra systems and in calculator
firmware, is the fourth-order Runge-Kutta method (RK4), which was developed in an 1895
paper by Carl Runge (1856-1927), a German applied mathematician, and was generalized
to systems of ODEs in 1901 by M. Wilhelm Kutta (1867-1944), a German mathematician and
aerodynamicist. As the description indicates, in this method the total accumulated error is
proportional to h*, so reducing the step size by a factor of % produces four more digits of
accuracy—for example, reducing the step size from h = 0.1 to h = 0.01 generally decreases
the total error by a factor of 0.0001. (The local truncation error behaves like h>.) There are
also second- and third-order Runge-Kutta methods. (Euler’s method can be called a first-order
Runge-Kutta method.)

Now suppose we have an IVP y’ =f (x, y), y(x0) = yo. The RK4 formula is a bit strange-looking,
but not if we realize that it is approximating the value y(x;11) by a weighted average, yj.+1,
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of values of f(x,y) calculated at different points in the interval [xy, x;,1]. For each interval
[k, xr+1], we calculate the following slopes in the order given:

my = f (X, i)

my =f x—i—ﬁ +Em
2= k 21}/k 5
ms =f x—i—h +hm
3= k 2,}/k 5M2

ma = f(xp, + h, yp + hms) = f (Xps1, Yp + hms). (3.3.1)
Then the classical fourth-order Runge-Kutta formula is

h
Vir1 = Ve + g(ml +2my + 2m3 + my), (3.3.2)

where the sum (m; 4+ 2my + 2ms + my4)/6 is a weighted average of slopes.

The value m; is the slope at x; calculated by Euler's method. Then m; is an estimate of
the slope at the midpoint of the interval [xy, x 1], where Euler’s method has been used to
estimate the y value there. Now mj3 is a value for the slope at the midpoint of [xy, x;41] using
the improved Euler’s method. Finally, my is the slope at x;,1 calculated by Euler’s method,
using the improved slope m3 at the midpoint to step to xj4 1.

Perhaps this formula won't be so alarming if we look at the simplified situation when f (x, y)
is independent of y in the equation y" = f(x, ). If f (x, y) = g(x), then the Formula (3.3.1) for
my, my, msz, and my reduce to

my = g(xy)

my = +h
2 =8\ Xk 5

e — h
3=8 xk+§

my = g(x, +h) = g(xp41)

so Formula (3.3.2) becomes
h h h
Vit = Vet 1800) + 28 | %+ 5 ) + 28 (e + 5 ) + 8(%t1)

h h
=+ S {g(xk) +4g (xk + 5) +g(xk+1)}
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and you may recognize the expression % { g(xp) + 4g (xk + %) + g(xp11) } as a form of Simpson’s

Rule for approximating | x’;’” ! g(x)dx. (Note that x;, + % in the expression is the midpoint of the
interval [xy, x,11] because h = x3,11 — xy,.)

To get a feel for the calculations, let’s choose an example that we've seen before.

m Example 3.3.1 RK4—Example 3.1.1 Yet Again

Let’s approximate x(1.5) by the Runge-Kutta method if we are given the IVP ‘Zi—f = 1> +x
x(1) = 3. We'll use h = 0.1, so we need five steps.

Just to get the idea, let’s focus on the interval [to, t;] = [1, 1.1]. We calculate
my = f(to, x0) =f(1,3) = (1 +3) =4
h h
my = f|to+ E,XQ + Eml =f(1+0.05,3+0.05(4))
=1.05% + 3.2 = 4.3025
h h
ms = f|to+ E,xo + Emz =f(1+40.05,3+40.4317625)

= 1.05%2 + 3.215125 = 4.317625
mg = f(to + h, xo + hms) = f(t1, x0 + hms) = f(1.1,3 + 0.4317625)

= 1.1 4+ 3.4317625 = 4.6417625

o)
0.1
x(1L1) & 21 = 3+ == (4 + 2(4.3025) + 2(4.317625) + 4.6417625)
0.1
=3+ ?(25.8820125) = 3.431366875.
The actual value of x(1.1) (from the solution formula x(t)= — t> — 2t — 2 + 8¢!!) is

3.4313673446.... Here, the absolute error is 0.0000004696. (This is an amazingly close
approximation!)

Table 3.7 shows, for the same value h = 0.1, the exact values and the approximate values
given for this problem by Euler’s method, the improved Euler method, and the Runge-Kutta
method. We can see how accurate the Runge-Kutta method is at each step. |

As accurate as the classical Runge-Kutta method is, improvements are possible. For example,
a very popular method, the Runge-Kutta-Fehlberg algorithm, combines fourth-order and
fifth-order methods in a clever way announced by E. Fehlberg in 1969. The rkf45 method, as
its computer implementation is known, uses variable step sizes, choosing the step size at each
stage to try to achieve a predetermined degree of accuracy. Such clever numerical techniques
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Table 3.7 Comparison of Methods with h = 0.1
ty True Value of Euler’s Improved Runge-Kutta
x(tg,) Method Euler Method Method

1 3.00000 3.00000 3.00000 3.00000
1.1 3.43137 3.40000 3.43050 3.43137
1.2 3.93122 3.86100 3.92925 3.93122
1.3 4.50887 4.39110 4.50552 4.50887
1.4 5.17460 4.99921 5.16955 5.17460
1.5 5.93977 5.69513 5.93266 5.93977

are called adaptive methods. They may be useful, for example, in handling stiff differential
equations (Section 3.1).

A more dramatic problem that can be handled by adaptive methods is that of calculating
a flight path from the earth to the moon and back,® which involves solving a system of
differential equations numerically. In deep space, the driving force (the gravitational potential
gradients of earth, Venus, and the sun) varies slowly, so a relatively large step size can be used
in solving the system. However, near the earth or the moon a relatively small step size is
needed to achieve the same accuracy. (If this small step size is used for the entire flight, the
calculation will be unnecessarily long; but if the spacecraft gets too close to the earth and the
step size is too large, the calculation results in giving the craft too great a kinetic energy and
the craft zips out of the earth-moon system at the speed of light.)

Exercises 3.3

In the problems that follow, it is assumed that you have versions of the Runge-Kutta Fourth-
Order method (RK4) and Runge-Kutta-Fehlberg (rkf45) method available to you. Use the
following table to enter the data from Problems 1 and 2. You may go back to earlier examples
to find needed values.

A
TRUE | Euler’s Improved RK4
VALUE | Method @ Euler Method | Method
h=0.1
h =0.05
h =0.025

3 The astronauts of Apollo 13, whose engine failed on the flight to the moon, had to follow such a flight path. The spacecraft had to be swung
around by the gravity of the moon and return to the vicinity of the earth without further thrust by its rocket motors.
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1. Use the RK4 method to redo Example 3.2.1 with h = 0.1, 0.05, and 0.025. (Using the improved Euler
method, the cases h = 0.1 and h = 0.05 have been done for you in the example.)
2. Use the RK4 method to redo Example 3.2.2 with h = 0.1, 0.05, and 0.025.
3. Use the rkf45 method to approximate the solution of y =y, y(0) = 1,att = 1, with h = 0.1. (That is,
approximate the value of the constant e. See Example 3.3.1.)
4. a. Find the exact solution of the IVP % =t+x,x0) =1
b. Apply the 1kf45 method with step size h = 0.1 to approximate x(1), calculating the absolute
error at each step.
5. a. Find the closed-form solution of the equation % = —x?,
b. Using the rkf45 method with h = 0.1, approximate the value x(1) if x is the solution of the IVP
b — 2, x(0) = 2.
6. Approximate y(0.8) using the rkf4b method with h = 0.01 if y is the solution of the IVP % = sin(xy),
y(0) = 0.

1. A daredevil named Patrice goes skydiving, jumping from a plane at an initial altitude of 10,000 feet.
At time ¢ her velocity v(t) satisfies the initial value problem % = f(v), v(0) = 0, where

f(w) =32 = (0.000025) - (100v + 1002 + v3).

If she does not open her parachute, she will reach a terminal velocity when the forces of gravity and
air resistance balance.

a. Use the 1kf45 method to approximate her velocity at times t = 5, 10, 15,16, 17, 18, 19, and 20,
and so guess at her terminal velocity (accurate to three decimal places).
b. Use technology to graph Patrice’s velocity over the interval [0, 30].

2. In 1927, British scientists Kermack and McKendrick laid the foundations for the theory of
epidemiology by presenting data on the number of deaths resulting from a rat-spread plague in
Bombay (now Mumbai) during the period December 1905-July 1906. They gave the following
equation for the total number of deaths as of week t:

dR
- =890 sech?(0.20t — 3.4),

where sech t denotes the hyperbolic secant function.

a. Assuming that R(0) = 0, use the rkf4b method to fill in the following table.

t (weeks) Actual Deaths Predicted Deaths

1 4
5 68
10 425
20 6339

30 9010




b. According to the Kermack-McKendrick model, what is the asymptotic value of R—that is,
lim R(t)?
t—00

3. In using Runge-Kutta methods (including Euler's method and Heun's method), it is important to
realize that the error depends on the form of the equation as well as on the solution itself. To see an
example of this, note that y(x) = (x + 1)2 is the solution of each of the two problems

Y =2x+1), y0)=1
Y =2y/(x+1), y0)=1.

a. Show that Heun's method is exact for the first equation.
b. Show that the method is not exact when applied to the second equation, even though it has the
same solution as the first equation.

4. Consider the IVP % =x2,x(0) = 2.

a. Use Euler's method with h = 0.1 to approximate x(1). Does your answer seem strange?

b. Use the 1kf4b method with h = 0.1 to approximate x(1). Compare your answer to the answer in
part (a)—if your calculator or CAS gives you a meaningful answer in both cases.

c. To help explain your difficulties in parts (a) and (b), find the closed-form solution of the IVP.

d. Use your answer to part (c) to explain why your answers to parts (a) and (b) are both wrong.

e. How do you think you may be able to avoid the difficulty uncovered in part (d)? Maybe by
changing step size? Try to solve the problem again using the rkf45 method.

Cc

1. Consider the generalized logistic equation

B
dt M

a. Letk=1,M = 5,and P(0) = 1. Find numerical approximations to the solution in the range
0 <t < 10 for the parameter pairs (¢, 8) = (0.5, 1), (0.5, 2), (1.5, 1), (1.5, 2), (2, 2).

b. Estimate a parameter pair (r, ) that yields approximately the values P(0) = 1, P(2) = 2.4,
P4)=2.9.

SUMMARY

Even if we can solve a first-order differential equation, we may not be able to find a closed-form
solution. This difficulty has led to the development of numerical methods to approximate a
solution to any degree of accuracy. Leaving aside input error, there are two main sources of error
in numerical calculations done by hand, calculator, or computer: round-off error and truncation
error. Round-off error is the kind of inaccuracy we get by taking a certain number of decimal
places instead of taking the entire number. In particular, remember that our calculator or
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computer is limited in the number of decimal places it can handle. Truncation error occurs
when we stop (or truncate) an approximation process after a certain number of steps. Finally,
we must be aware that there is usually a trade-off in dealing with error. If we try to reduce the
truncation error and increase the accuracy of our approximation by carrying out more steps
(for example, by taking more terms of a Taylor series), we are increasing calculation load and
consequently running the risk of increasing propagated (cumulative) error. (See Section A.3.)

Euler’s method uses the idea that values near a point on a curve can be approximated by
values on the tangent line drawn to that point. If we want to approximate the solution of the
IVPy = f(x,y),y(xo) = yo on an interval [a, b], we first partition [a, b] by using n + 1 equally
spaced points:

A=X0 <X] <X <+ <Xn_1 <Xp=>0,

where xj;1 —x; = % =hfori=0,1,...,n— 1. Then, if y; is an approximate value for y(x;),
we can define the sequence of approximate solution values as follows: yj, 1 = y, + hf (xz, ¥r)-
Generally speaking, you can increase the accuracy of the approximation (reduce the error) by
making the step size h smaller—that is, by making the number of steps n larger. For Euler’s
method, a first-order method, the cumulative truncation error is bounded by a constant
multiple of the step size: [true value — approximation| < K - h, where K is independent of
h but depends on [y’ (x)| and the interval [xo, b]. In practice, the actual error incurred in a

problem will usually be less than this bound.

An improvement of Euler’s method called Heun’s method guesses a value of y(x;) and then
uses yy, to correct this guess by an averaging process. The algorithm can be expressed as follows:

Guess (tentative step): Jp11 = Vi + h - f (xp, V1)

[ e vie) + f Grege1s Preg1) }

Real Step: y,11 =y, +h { 5

—y+h {f(xk/ V) +f(xk+1£)/k +h-f(xR Vi) }

h
=Vet 5 {f o yie) + f G vie + 1 f (s 1)) } -

For the improved Euler method, the cumulative truncation error is no greater than a constant
multiple of the square of the step size h: |true value — approximation| < K - h?, where K is
a constant that depends on the function f (x, y), on its partial derivatives, and on the interval
involved but not on h. We say that the improved Euler method is a second-order method.

There are many more sophisticated algorithms for solving differential equations numeri-
cally. Two very effective methods implemented in many computer algebra systems and even
some calculators are the fourth-order Runge-Kutta method and the Runge-Kutta-Fehlberg
algorithm. The rkf45 method, as the computer implementation of this last algorithm is
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known, uses variable step sizes, choosing the step size at each stage to try to achieve a
predetermined degree of accuracy. Such clever numerical techniques are called adaptive
methods.

PROJECT 3-1

Euler Backwards Is More Than reluE

A stiff differential equation, such as the one discussed in Example 3.1.5, does not respond
well to Euler’s method unless the step size is small, in which case the number of steps (and
the accumulated round-off error) may be large. The solution of a problem that is stiff is
impractical with numerical methods not designed specifically for such problems.

Suppose we have used the points ty, t1, . . ., t, = bto divide the interval from ¢y to b into n equal
subintervals of length h, as we would for Euler’s method. Then the differential equation % =

f(t,y) at the point t;, can be written in the form %(tk) = f(t, y(t)). Instead of approximating

t Y (Wet1)—y (%)
h

the derivative in the last equation by the forward difference quotien , as we did for

M)
h

Euler’'s method, we use the backward difference quotien , so we get the formula

Y () — y(te—1)
h

ory(tx) = y(ty—1) + hf (t, y(t)). Replacing k by k + 1, we get the backward Euler formula:

d
d—f(tk) = F (B y(t) ~

Vir1 = Ve + hf (g1, Ve 1)-

This is also called the implicit Euler method because the quantity y;; appears on both sides
of the equation and has to be solved for.

a. By hand, use h = 0.1 in the backward Euler method on the stiff problem y’ = —2y,
y(0) = 3, to approximate y(1). Compare your values to those given by the usual Euler
method.

b. By hand, use h = 0.1 in the backward Euler method to approximate y(0.5) if
y' = 25 cos(y), y(0) = 1. Use your calculator or CAS equation solver to find y;,; at
each step, keeping all digits shown for use in the next step.

c. Find out whether you have the backward Euler method available on a computer. If
not, look for a numerical method described as being designed for stiff differential
equations (maybe under the name LSODE) or perhaps a “multi-step” algorithm. Use
such a method to check your answers to part (b).
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CHAPTER 4

Second- and Higher-Order Equations

INTRODUCTION

In Chapters 2 and 3, we analyzed first-order equations graphically, numerically, and
analytically and introduced qualitative concepts that will be useful in later chapters.

In this chapter, we will make the jump from first-order equations to higher-order equations,
especially second- and third-order equations. We'll start by investigating types of second-order
equations that occur frequently in science and engineering applications. These equations have
a fully developed theory that generalizes to higher-order equations of the same type.

Most of the chapter, however, will be devoted to a systems approach to higher-order equations.
In particular, we will see how any higher-order differential equation can be written as a system of
first-order differential equations and then learn how to handle such systems qualitatively and
numerically. In fact, if we use a graphing calculator in our study of differential equations, this
device will require us to input a higher-order equation as a system of first-order equations.
As we'll see in Section 4.10, the numerical methods studied in Sections 3.1, 3.2, and 3.3 can
be applied in a natural way to the systems representation of any higher-order differential
equation.

To illustrate the systems approach, we'll analyze some very interesting and important examples
such as spring-mass problems, predator-prey relations, and arms races.

HOMOGENEOUS SECOND-ORDER LINEAR EQUATIONS
WITH CONSTANT COEFFICIENTS

A very important application of differential equations is the analysis of an RLC circuit con-
taining a resistance R, an inductance L, and a capacitance C. (We have already seen some
first-order examples in Chapter 2.) In electrical circuit theory, if I = I(f) represents the cur-
rent, Kirchhoff’s Voltage Law leads to the equation LZTZZI + R% + %I = 0 when the voltage applied
to the circuit is constant (for example, when a battery is used). We describe any equation of
the form ay” + by’ + ¢y = 0, where a4, b, and ¢ are constants, a # 0, as a homogeneous

Copyright © 2009, Elsevier Inc. 131
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second-order linear equation with constant coefficients. In this section, we are going to
develop a technique for solving any equation of this type.

Extending the way we considered a first-order linear equation in Section 2.2, we see that a
linear second-order equation with constant coefficients can be viewed in terms of an operator
L transforming functions that have two derivatives: L(y) = ay” + by’ + ¢y. To solve a homoge-
neous equation, we must find a function y such that L(y) = 0. There is a natural extension of
the Superposition Principle (see Section 2.2) for homogeneous equations:

SUPERPOSITION PRINCIPLE FOR HOMOGENEOUS EQUATIONS:
Suppose y; and y, are solutions of the homogeneous second-order linear differential equation

ay' +by +cy=0

on an interval I. Then the linear combination c1y1 (x) + ca2y2 (x), where ¢; and ¢, are arbitrary
constants, is also a solution on this interval.

(You'll be asked to prove this in Problem B1 of Exercises 4.1.)

If we consider a homogeneous first-order linear equation with constant coefficients, ay’ +

by = 0, where a # 0, we know that the general solution is y = Ce_% ! In 1739, aware of this
solution, Euler' thought of solving an nth-order homogeneous linear equation with con-
stant coefficients by looking for solutions of the form y = e*!, where 1 is a constant to be
determined. Let’s see how this works for the equation

ay’ +by +cy=0, (4.1.1)

where a, b, and ¢ are constants. But we should be aware that, although (for example) the
combination of exponentials y(t) = 3¢ — 2¢ is a solution of the equation y” — y = 0, the
similar equation y” +y = 0 has solutions that are combinations of sin t and cos t. As we'll see,
if we start by focusing on exponential solutions, the trigonometric possibilities will appear
also. The exponential and trigonometric solutions are related in an important way, through
the use of complex numbers.

If we assume that y = ¢’ is a solution of Equation (4.1.1), then y’ = Ae** and y” = A2e*.

Substituting these derivatives into (4.1.1), we get a (A%e*) + b (re*") + ¢ (¢*') = 0, which
simplifies to (aA? + b 4 ¢) e = 0. Because the exponential factor is never zero, we must
have (ar? + b +¢) = 0.

The Characteristic Equation and Eigenvalues

We have just concluded that if y = ¢! is a solution of Equation (4.1.1), then A must satisfy
the equation ar? + bi + ¢ = 0, which is called the characteristic equation (or auxiliary

" In a letter to John (Johannes) Bernoulli, who first solved the important type of differential equation devised by his brother Jakob. See the
start of the “B” problems in Exercises 2.2.
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equation) of the differential Equation (4.1.1). The roots of this characteristic equation will
reveal to us the nature of the solution(s) of (4.1.1). Note that we can go straight from the
ODE to the characteristic equation as follows:

ay// + by/ + Cy — 0
—— —— ——
a-2nd derivative b-1st derivative ¢-0th derivative
? ? ?
a-2nd-degree term b-1st-degree term ¢-0th-degree term
2 —~ =
ar + b + c = 0

Because the characteristic equation of our second-order ODE is a quadratic equation, we know
that there are two roots, called characteristic values or eigenvalues,2 say A and X,. There are
only three possibilities for these eigenvalues: (1) The eigenvalues are both real numbers with
A1 # X2; (2) the eigenvalues are real numbers with A1 = A3; or (3) the eigenvalues are complex
numbers: ; = p+gi and A, = p — gi, where p and ¢ are real numbers (called the real part and
the imaginary part, respectively) and i = /—1. In possibility (3), we say that A1 and A, are
complex conjugates of each other. (Now would be a good time to review the quadratic formula
and its implications. See Appendix C, especially Section C.3, for more information about
complex numbers.)

Real but Unequal Eigenvalues

In possibility (1), where A; and A, are unequal real numbers, then both y; (t) = ¢** and
y2(t) = e*2' are solutions of (4.1.1). By the extension of the Superposition Principle given
earlier in this section, any linear combination of the form y(t) = c1e*'* + c,e*?! isalso a solution,
where ¢; and ¢, are arbitrary constants. It can be shown (see Section 4.2 for the details) that
this is the general solution of (4.1.1)—that s, if the eigenvalues of (4.1.1) are real and distinct,
then any solution of (4.1.1) must have the form y(t) = cie*'! 4 c,e*?* for some constants c;

and ¢,. The next example shows how to solve equations of the form (4.1.1) using eigenvalues.

m Example 4.1.1 The Characteristic Equation—Unequal
Eigenvalues

Let's solve the homogeneous linear second-order equation with constant coefficients 6y” +
13y’ — 5y = 0. We find that the characteristic equation of this ODE is 6A% + 131 — 5 = 0:

6y” + 13y’ + —5y = 0
—— —— ~——
6-2nd derivative 13-1st derivative —5-0th derivative
¢ ¢ ?
6-2nd-degree term 13-1st-degree term —5-0th-degree term
’-/? —~ = ——
6L + 131 + (—=5) = 0

2 In German, the word eigen means “own, proper, inherent, special, characteristic,” etc.



CHAPTER 4: Second- and Higher-Order Equations

Using the quadratic formula, we find

_ —13+,/132-4(6)(-5) —13+£+289 -13+17 1 5

—or ——,
2(6) 12 12 3 2

A

so that we have two distinct real eigenvalues, A; = % and A, = —2, and we can write the

-3,
. . t st
general solution of our equation as y(t) = cie3 + cye” 2. [ |

Real but Equal Eigenvalues

Next, we consider possibility (2), that the eigenvalues are real numbers with A; = A,. In this
situation, we get only one solution, y = ¢*!, where A is the value of the repeated eigenvalue.
To obtain the general solution in this case, we have to find another solution that is not merely
a constant multiple of ¢** (or else the “two” solutions can be merged into a single solution
requiring only one arbitrary constant). Again, Euler comes to the rescue (this time in 1743),
suggesting that an independent® second solution might be found by considering functions
of the form y, (t) = u(t)e*', where u(t) is an unknown function that must be determined.

Rather than deriving the consequences of Euler’s assumption in the general case (see Problem

C3 in Exercises 4.1), we'll illustrate his ingenious technique by an example.

m Example 4.1.2 The Characteristic Equation—Equal Eigenvalues
The equation y” — 4y’ + 4y = 0 has the characteristic equation A2 — 4A +4 = (A — 2)?> =0,
so A = 2 is a repeated eigenvalue. We know that y; = ¢! is one solution of the differential
equation. Taking Euler’s advice, we consider y; (t) = u(t)e*.

Now, by the Product Rule and the Chain Rule, y, = 2ue?' + v'e?' and y; = 4ue® + 4u'e* +
u”e?!. Substituting y, and its derivatives into our original differential equation, we obtain

Vs — 4yh +4ys = (due® + 4u'e® +u"e®) — 4(2ue® + u'e®') + 4(ue®)
— u//eZt =0.

Therefore, we must have 1" (t) = 0, and two successive integrations give us t/(t) = A and u(t) =
At + B, where A and B are arbitrary constants. Our conclusion is that y,(t) = (At +B)e?’ is a
solution of the original ODE that is not a constant multiple of y; = e?‘. The Superposition
Principle tells us that the general solution is given by

y(®) = c1y1(8) + caya(t) = c1e* + ca(At + B)e* = (Cit + Cp) e*,

where C; = ¢2A and C; = ¢1 + ¢, B are arbitrary constants. [ |

3 Two functions f1 and f; are called (linearly) independent on an interval I if one is not a constant multiple of the other. Equivalently,
if c1 and ¢, are constants, then the only way for c1 f1 + caf> to be the zero function on I'is if c; = ¢ = 0. It can be shown that Euler’s
technique produces a new solution independent of the first.
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Complex Conjugate Eigenvalues

When the eigenvalues are complex numbers—; = p + ¢i and A, = p — gi, where p and q are
real numbers—the two corresponding solutions of the differential equation ay” + by’ +cy = 0
arey, (t) = et and y,(t) = eP~9_ At this point, a crucial fact to know is Euler’s formula,*
which defines the exponential function for complex values of the argument (exponent):

Pt = oP (cos(q) + i sin(q)).

(If we let p = 0 and g = 7, we get a particularly elegant formula connecting five of the most
significant constants in all of mathematics: e”' + 1 = 0. Also see Section C.4.)

Using Euler’s formula, we can write the solutions as
pi(t) = ePTIE = gPleli — o (cos(qt) + i sin(qt))
and
y2(t) = eP=aDt = gPtp=(aDi — ppt (cos(—qt) + i sin(—qt))
= e/ (cos(qt) — i sin(qt)),

where we have simplified y, (t) by recognizing that the cosine is an even function and the sine
is an odd function. If we combine these complex-valued solutions carefully (see Problem C1
in Exercises 4.1), we find that

y() = e (Cy cos(qt) + Cysin(qr)),

a real-valued function, is a solution of ay” + by’ + ¢y = 0 for all constants C; and C,. In fact,
y(t) = e”‘(Cl cos(qt) + C, sin(qt)) is the general solution of the homogeneous equation
when the characteristic equation has complex conjugate roots p % qi.

Now let’s practice with complex eigenvalues.

m Example 4.1.3 Complex Conjugate Eigenvalues

The equation X 4+ 8% + 25x = 0 models the motion of a steel ball suspended from a spring,
where x(t) is the ball’s distance (in feet) from its rest (equilibrium) position at time t seconds.
Distance below the rest position is considered positive, and distance above is considered
negative. We want to describe the motion of the ball by finding a formula for x(¢).

The characteristic equation is A2 4+ 8A + 25 = 0. The quadratic formula gives us
g

_ —84,/82-4(1)(25) -8++/—36 —8+0Gi
o 2 o 2 T2

A

= —4 =+ 3i,

4 Euler discovered this formula in 1740, while investigating solutions of the equation y" +y = 0. For a marvelous account of this formula
and its consequences, see Dr. Euler’s Fabulous Formula: Cures Many Mathematical llis by Paul J. Nahin (Princeton: Princeton University Press,
2006).
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FIGURE 4.1

Graph of §e~4! sin(3t), the solution of the IVP
¥4+ 8t+25x=0; x(0) = 0,%(0) =4; 0 <t <15

so the eigenvalues are A1 = —4 + 3i and A, = —4 — 3i. Using the solution formula derived
previously, with p = —4 and g = 3, we see that x(t) = e~ %' (C; cos(3t) + C, sin(3t)) for
arbitrary constants C; and C,.

Suppose that we specify initial conditions, say x(0) = 0 and x(0) = 4. These conditions say
that the ball is at its equilibrium position at the beginning of our investigation and that the
ball is started in motion from its equilibrium position with an initial velocity of 4 ft/sec in
the downward direction. Applying these conditions, we have

x(0) = =9 (Cy cos(0) + C, sin(0)) = C; =0
and

%(0) = e~ (=3C; sin(0) + 3C; cos(0)) — 4e 4 (C; cos(0) + C, sin(0))
=3C, — 4C; = 4.

Therefore, C; = 0,C; = %, and the solution of our IVP is x(t) = %e“” sin(3t). The graph of
this solution (Figure 4.1) shows that the motion is dying out as time passes—that is, x — 0
ast — oo.

As we'll see later in this chapter, the differential equation has a term in it that represents air
resistance, and this results in what is called damped motion. |

The Amplitude-Phase Angle Form of a Solution

In working with a differential equation part of whose solution is a linear combination of
cos wt and sin wt, where w is a parameter, we can use a basic identity to write the trigonometric
part of the solution as a single trigonometric function. This will enable us to “read” the
solution more clearly and visualize its graph more easily.

Specifically, we show that
€1 COS wt + ¢ sin wt = M cos (wt — ¢), (4.1.2)
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(Cla CZ)

FIGURE 4.2
Amplitude-phase angle

where M is a constant depending on ¢; and ¢, and ¢ is an angle depending on ¢; and ¢y,
where not both ¢; and ¢, are zero. To see this, we write

. C1 €2 .
1 coswt + ca sinwt = 1/c3 + ¢ | ——= coswt + ———sinwt |. (4.1.3)

[2 . 2 [:2 4 2
%) 1 +¢

We note three things about the right-hand side of (4.1.3): (1) ‘

<1;
) R Jet N
+ (—2> = 1; and (3) the right-hand side resembles the trigonometric

“(JT) Jara

identity cos(A — B) = cos A cos B+sin A sin B, where B = wt. To see the similarity indicated in

<1and‘

(3) more clearly, we choose an angle ¢ (measured in radians) such that cos ¢ = % and
Vet
sing = ﬁ We may be tempted to define ¢ = tan—! ( ) but as we'll see in Example

1
4.1.4(b) the value of the quotient ¢, /c; does not determine the quadrant in which ¢ lies.

The range of the inverse tangent is assumed to be the open interval (—m/2, 7/2), which may
not be consistent with the true location of ¢. The necessary adjustments are indicated in the
summary later in this section.

The angle ¢, called the phase angle, always exists because of properties (1) and (2).
The quantity M = ,/cf + c% is the amplitude. The expression M cos(wt — ¢) is called the
amplitude-phase angle form of the solution ¢; cos wt +¢; sin wt. We see that M cos(wt — ¢) =
M cos (w [t — g]) has period 27 /w and that the graph of M cos(wt — ¢) is the graph of
M cos(wt) shifted ¢/w units to the right.

Figure 4.2 illustrates the situation for a first-quadrant point (cy, ¢3).
m Example 4.1.4 The Amplitude-Phase Angle Forms of Solutions

(a) The initial-value problem X + 256x = 0,x(0) = 1/4,x'(0) =1 has the solution
x(t) = lcos 16t + 116 sin 16¢. To write this solution in the amplitude-phase angle form

M cos(16t — ¢), we first calculate M = ,/cl + 02 —,/ < 16 r. Next, we note that
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(c1,¢2) = (1/4,1/16) is in the first quadrant, and we determine the phase angle ¢ by the equa-
i _ /4  _ 417 : _1/16  _ J17 L _
tions cos¢ = N and sin¢g = NIt which indicate that ¢ = 0.2450

1
radian. Therefore, we can write the solution as 1£67 cos(16t — 0.2450).

(b) The solution of the IVP y” + 9y = 0,y(0) = —0.3,y’(0) = 1.2 is y(t) = — 0.3 cos 3t +

0.4 sin 3t. The amplitude of this solution is M =,/C% + c% =/(=0.3)2 4 (0.4)2 = 0.5. The

point (c1,¢2) =(—0.3,0.4) lies in the second quadrant, and the unique solution of the
equations cosqﬁ:% = —0.6 and sing = 8% = 0.8 is approximately 2.2143 radi-

ans (= w — sin_1(0.8)). Thus, y(t) = 0.5cos(3t — 0.2143). Note that in this example
tan~! (c2/c1) = tan"! (0.4/—0.3) = —0.9273, an incorrect answer that places ¢ in the fourth
quadrant. However, ¢ can be calculated correctly as tan~! (0.4/ — 0.3) + 7. |

We can summarize the process of expressing a solution in amplitude-phase angle form as
follows.

AMPLITUDE-PHASE ANGLE FORM
€1 cos wt + ¢ sin wt = M cos(wt — ¢)

— 2 2
M= /ci +c;5

c
tan¢ = 2
1

6= tan~1(cp/c1) if ¢1>0
a tan_l(cz/cl)+n if ¢1<0

Summary

We can summarize the situation for homogeneous linear second-order equations with constant
coefficients as follows:

Suppose that we have the equation ax” + bx’ 4+ cx = 0, where 4, b, and ¢ are constants, a # 0,
and A; and 1, are the zeros of the characteristic equation ai? 4+ bx + ¢ = 0. Then

1. If there are two distinct real eigenvalues—A1, A,, with A1 # Ay—corresponding to our
equation, the general solution is

At

x(t) = c1eMt + cret?t.

2. If there is a repeated real eigenvalue A, the general solution has the form

x(t) = c1e™ + cat e = (c1 + cot) M.

3. If the eigenvalues form a complex conjugate pair p % gi, then Euler’s formula can be
used to show that the (real-valued) general solution has the form

x(t) = €’ (c1 cos(qt) + co sin(qt)).
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Exercises 4.1

A

Find the general solution of each of the equations in Problems 1-10.

1.y -4y +4y=0
2. ¥4+4x—5x=0
3.8 -2 +2x=0
4. x" +5¢ +6x=0
5 X4+2x=0
6. X—x=0
7.9 +4y=0
8. 6k—11x+4x=0
9. 7 —47+20r=0
10. y" + 4ky’ — 12k%y = 0 (k is a parameter)
11. Solve the IVP X — 3% 4+ 2x =0, x(0) =1,%(0) = 0.
12. Solvethe IVPy” —2y' +y =0, y(0) =0,y (0)=0.
13. Solve the IVPy” — 4y’ + 20y =0, y(n/2) =0,y (n/2) = 1.
14. Write each of the following functions in amplitude-phase angle form.
a. x(t) = 3 cos5t — 7sin 5t
b. y(t) = +/3 cos 14t + sin 14t
c. x(t) = —6cos 5t + 6sin 5t
d. y(t) = +/3 cos 6t — sin 6t
B

1. a. Show thatif 4, b, and ¢ are constants and y is any function having at least two derivatives, then
the differential operator L defined by the relation L(y) = ay” + by’ + cy is linear: L (c1y1+
c2y2) = c1L (y1) + c2L (y2) for any twice-differentiable functions y; and y, and any constants
c1 and cy.
b. Show that if y; and y, are two solutions of L(y) = 0, then the function c;y; + ca2y» isalso a
solution of L(y) = 0.

As we noted at the beginning of Section 4.1, if I = I(t) represents the current in an electrical
. . . , . . 2

circuit, then Kirchhoff’s Voltage Law gives us the equation L% + R% + %I = 0 when thevoltage

applied to the circuit is constant. In this equation, L is the inductance, R is the resistance, and

C is the capacitance. Use this equation in Problems 2-3.

2. An RLC circuit with R = 10 ohms, L = 0.5 henry, and C = 0.01 farad has a constant voltage of
12 volts. Assume no initial current and that % = 60 when the voltage is first applied. Find an
expression for the current in the circuit at time t > 0.

3. An RLC circuit with R = 6 ohms, L = 0.1 henry, and C = 0.02 farad has a constant voltage of
6 volts. Assume no initial current and that % = 60 when the voltage is first applied.

a. Find an expression for the current in the circuit at time ¢t > 0.
b. Use technology to graph the answer found in part (a) for 0 <t < 0.5.
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c. From the graph in part (b), estimate the maximum value of I and find the exact value by
calculus techniques applied to the expression found in part (a).

d. At what time is the maximum value found in part (c) achieved? (You can use a calculator or a
CAS for this.)

According to Newton's Second Law of Motion (see Section 4.8 for a further discussion), if an
object with mass m is suspended from a spring attached to the ceiling, then the motion
of the object is governed by the equation mX + ax + kx = 0. In this equation, x(t) is the
object’s distance from its rest (equilibrium) position at time t seconds. Distance below the
rest position is considered positive, while distance above is considered negative. Also, a is
a constant representing the air resistance and/or friction present in the system and k is the
spring constant, describing the “give” in the spring. (Recall that mass = weight/g, where g is
the gravitational constant—32 ft/sec? or 9.8 m/sec?.) Use this equation to do Problems 4-7.

4.

[ury

An object of mass 4 slugs (= 1281bs/32 ft/secz) is suspended from a spring having spring constant
64 Ibs/ft. The object is started in motion, with no initial velocity, by pulling it 6 inches (watch the
units!) below the equilibrium position and then releasing it. If there is no air resistance, find a
formula for the position of the object at any time ¢ > 0. (Note that the problem statement contains
two initial conditions.)

. A 20-g mass hangs from the end of a spring having a spring constant of 2880 dynes/cm and is

allowed to come to rest. It is then set in motion by stretching the spring 3 cm from its equilibrium
position and releasing the mass with an initial velocity of 10 cm/sec in the downward (positive)
direction. Find the position of the mass at time ¢ > 0 if there is no air resistance.

A %—kg mass is attached to a spring having a spring constant of 6 Ibs/ft. The mass is set in motion

by displacing it 6 inches below its equilibrium position with no initial velocity. Find the subsequent
motion of the mass if a, the constant representing air resistance, is 4 Ibs.

A %—kg mass is attached to a spring having a spring constant of 8 Newtons/m. The mass is set in

motion by displacing it 10 cm above its equilibrium position with an initial velocity of 2 m/sec in
the upward direction.

a. Find the subsequent motion of the mass if the constant representing air resistance is 2 Newtons.

b. Graph the function x(¢) found in part (a) for 0 <t < 3,2 <t < 3,and 3 < t < 4. Describe the
motion of the mass in your own words.

c. Estimate the greatest distance of the mass above its equilibrium position.

. The equation 8" = —46 — 56’ represents the angle 6(t) made by a swinging door, where 6 is

measured from the equilibrium position of the door, which is the closed position. The initial
conditions are #(0) = 5 and 6/(0) = 0.

a. Determine the angle 0(¢t) as a function of time (¢t > 0).

b. What does your solution tell you is going to happen as t becomes large?

c. Use technology to graph the solution 6(t) on the interval [0, 5].

. We know that y; (t) = eP*(cos(qt) + isin(qt)) and y, (t) = eP*(cos(qt) — isin(qt)) are complex-valued

solutions of the homogeneous Equation (4.1.1) when the eigenvalues are complex conjugate
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numbers p + gi. In what follows, you may assume that complex constants are valid in the
Superposition Principle.

a. Calculate Y1 = Y192 and show that Y; is a real-valued solution of (4.1.1).
b. Calculate Y, = £ 21}/2 and show that Y> is a real-valued solution of (4.1.1).

c. Calculate Y = ¢1Y7 + ¢ Y7 and conclude that Y is a real-valued solution of (4.1.1) for arbitrary
real constants ¢; and cj.

dl 17 _
2. Given the equation Ldt2 +RG; +¢I=0,

a. For what values of R will the current subside to zero without oscillating? [Hint: Oscillation is
equivalent to having trigonometric functions in the solution.]
b. For what values of R will the current oscillate before subsiding to zero?

3. Suppose that we have a constant-coefficient equation ay” + by’ + cy = 0 whose characteristic
equation has a repeated root . Then we know that y; (t) = €' is a solution of the equation. If we
form the new function y, (t) = u(t)e™, where u(t) is unknown, we want to determine u(t) so that y,
is a solution of the differential equation, but is not a constant multiple of y; .

a. Show that any constant-coefficient equation ay” + by’ + ¢y = 0 whose characteristic equation
has a double root r must have the form y”” — 2ry’ +r2y = 0.

b. Find y} and yj and then substitute y, and these derivatives into the equation y” — 2ry’+
r2y = 0. Simplify the result.

c. Solve the equation you get in part (b) for u(t).

4. Consider the equation ay” + by’ + cy = 0. Another approach (c. 1748) to the situation in which the
characteristic equation has a double real root A* is due to the French mathematician d’Alembert
(1717-1783). He proposed splitting this root into two “neighboring” roots A* and A* + &, where ¢ is
small.

% * . X 2 te i .
a. Show that ¢*"t, e(*"+€)t and also the combination ye(t) = M% are solutions of the

“perturbed” equation ay” + (b — ea) y’ + (c + ear*)y = 0. [Use the result of Problem C3a.]
b. Show that as ¢ — 0, y¢(t) becomes the function te*"t which is a solution of the original equation.

NONHOMOGENEOUS SECOND-ORDER LINEAR
EQUATIONS WITH CONSTANT COEFFICIENTS

The Structure of Solutions

If we take the same RLC circuit that we considered at the beginning of the preceding section and
hook up a generator supplying alternating current to it, Kirchhoff's Voltage Law will now take
the form LZIZI + R Aake I = dt , where E is the applied nonconstant voltage. Such an equation
is called a nonhomogeneous second-order linear equation with constant coefficients. (The
nonzero right-hand side of such an equation is often called the forcing function or the input.
The solution of the equation is the output. See Section 2.2.)

To get a handle on solving a nonhomogeneous linear equation, let’s think a bit about the
difference between a nonhomogeneous equation ay” + by’ + ¢y = f(t) and its associated
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homogeneous equation ay” 4+ by’ 4+ ¢y = 0. If y is the general solution of the homogeneous
system, then y doesn't quite “reach” all the way to f () under the transformation ay” + by’ +cy.
It stops short at 0. Perhaps we could enhance the solution y in some way so that operating on
this new function does give us all of f. We have to be able to capture the “leftover” term f (t).

For nonhomogeneous second-order equations, the proper form of the Superposition Principle
is the following: If y; is a solution of ay” +by’ +cy = f1(t) and y; is a solution of ay” + by’ +cy =
f2(t), then y = c1y1 + coy2 is a solution of ay” + by’ + ¢y = c1f1(t) + c2f2(t) for any constants
¢1 and ¢;. (See Section 2.2 for the first-order Superposition Principle.)

Here's a fundamental fact about linear equations:

The general solution, ygnu, of a linear nonhomogeneous equation ay” +by’ +cy = f(t)
is obtained by finding a particular solution, ypnp, of the nonhomogeneous equation
and adding it to the general solution, ygy, of the associated homogeneous equation.

We can prove this easily using operator notation, where L(y) = ay” + by’ + ¢y:
1. First note that L(yg) = 0 and L(ypnn) = f(¢) by definition.

2. Thenify = ygu + ypnn, we have L(y) = L(ycu + yenn) = L(ycn) + L(ypnn) =
0+ f(t) =f(t), soy is a solution of the nonhomogeneous equation.

3. Now we must show that every solution of the nonhomogeneous equation has the
form y = ygu + ypnu- To do this, we assume that y* is any solution of L(y) = f(¢t) and
let z = y* — ypnu. Then

L) =L(y* —yonu) =L (y*) = L(yenn) =@ —f() =0,

which shows that z is a solution to the homogeneous equation L(y) = 0. Because
z = y* — ypnn, it follows that y* = z 4 ypNi, where z is a solution of L(y) = 0. (See
Problem C5 of Exercises 1.3 and Problem C3 of Exercises 2.2 for related results.)

Let’s go through some simple examples to get a feel for the solutions of nonhomogeneous
equations.

m Example 4.2.1 Solving a Nonhomogeneous Equation

If we are given the nonhomogeneous equation y” + 4y’ + 5y = 10e~2* cosx, the general

solution will be made up of the general solution of the associated homogeneous equa-
tion and a particular solution of the nonhomogeneous equation: yoNu = Ycu + YPNH.
The characteristic equation A2 4+ 4% + 5 = 0 has roots —2 =+ i, so we know that yoH =
e~2% (c] cosx + ¢, sinx). We can verify that a particular solution of the nonhomogeneous
equation is 5xe~2* sin x. Therefore, the general solution of the nonhomogeneous equation is
Y = e 2 (c1 cosx + ¢o sinx) + 5xe" %  sin x. ]

In the preceding example, a particular solution appeared magically. The next example hints
at how we may find ypny by examining the forcing function on the right-hand side of the
equation. Sections 4.3 and 4.4 will provide systematic procedures for determining a particular
solution of a nonhomogeneous equation.
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m Example 4.2.2 Solving a Nonhomogeneous Equation

Suppose we want to find the general solution of y” 43y’ +2y = 12 ¢'. Because the characteristic
equation of the associated homogeneous equation is A% + 31 + 2 = 0, with roots —1 and —2,
we know that the general solution of the homogeneous equation is ygy = c1e ™! + coe 2.

Now we look carefully at the form of the nonhomogeneous equation. In looking for a par-
ticular solution ypnyy, we can ignore any terms of the form e ! ore™2! because these are part
of the homogeneous solution and won’t contribute anything new. But somehow, after dif-
ferentiations and additions, we have to wind up with the term 12¢'. We guess that y = ce'
for some undetermined constant c. Substituting this expression into the left-hand side of the
nonhomogeneous equation, we get (ce') + 3(ce') + 2(ce') = 6cet. If we choose ¢ = 2, then
ypnn = 2é! is a particular solution of the nonhomogeneous equation.

Putting these two components together, we can write the general solution of the nonhomo-
geneous equation as yoNH = YGH + YPNH = cret 4 cre 2t 4 26t [ ]

The intelligent guessing used in the preceding example can be formalized into the method of
undetermined coefficients, which will be discussed in the next section. But, as we'll see, this
method is effective only when the forcing function f(t) in the equation ay” + by’ + ¢y = f(t)
is of a special type.

Exercises 4.2
A

For each of the nonhomogeneous differential equations in Problems 1-5, verify that the
given function y,, is a particular solution.

1y +3y +4y =3x+2;pp = %x— %

2.y — 4y =2e3%;y, = %e3x

3.3y +y —2y=2cosx;yp = —% cosx + % sinx

4.y +5) + 6y =22 +26yp = tx2 + 15x — 15

5.y +y=sinx;y, = —%xcosx

6. Ifx1(t) = %et is a solution of ¥ + x = e! and x5 (t) = —te~ ! is a solution of ¥ + x = e~ ¢, find a
particular solution of X 4+ & = e* 4 e~* and verify that your solution is correct.

7. Given that yp = xZ is a solution of y” +y' — 2y =2 (14+x— xz), use the Superposition Principle to

find a particular solution of y +y" — 2y = 6 (1 +x — x?) and verify the correctness of your solution.
8. Ify; =1 +xisasolutionof y” —y' +y =xand y, = e>* isa solution of y”" —y’ +y = 3¢?* find a
particular solution of y”” —y’ 4+ y = —2x + 4e2*. Verify the correctness of your solution.

o

Find the general solution of the equation given in Problem A1.
Find the general solution of the equation given in Problem A2.
Find the general solution of the equation given in Problem A3.
Find the general solution of the equation given in Problem A4.
Find the general solution of the equation given in Problem Ab.

R wNe
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6. Find the general solution of the equation y” +y’ — 2y = 6(1 + x — x2) given in Problem A7.

. Find the general solution of the equation X + x = e' + e~¢ given in Problem A6.

8. Find the form of a particular solution of y” — y = x by intelligent guessing and use this information
to solve the IVPy”" —y = x, y(0) =y’ (0) = 0.

~N

1. Suppose x(t) satisfies the initial-value problem

72, 0<t<1

. 2
X+nrmx=f0) =
f 0, t>1

with x(0) = 1 and x(0) = 0. Determine the continuously differentiable solution for ¢ > 0. (This
means that the solution has a continuous derivative function. Note that it will have a discontinuous
second derivative at t = 1.)

THE METHOD OF UNDETERMINED COEFFICIENTS

As we saw in Section 4.2, to find the general solution of a linear nonhomogeneous equation
with constant coefficients ay” + by’ + ¢y = f(t), we must find a particular solution ypnyy of
this equation and add it to the general solution ygy of the associated homogeneous equation
ay” + by +cy=0.

The method of undetermined coefficients is the systematic version of the “intelligent guess-
ing” discussed in the preceding section. It was developed by Euler in his 1753 study of the
motion of the moon. This technique uses the forcing function f(t) on the right-hand side of
the differential equation to suggest a form for ypnp. This trial solution (guess) will contain
undetermined constants that can be evaluated by substituting the suggested function ypny
into the nonhomogeneous equation. (Look back at Example 4.2.1 and Example 4.2.2.)

For example, if the forcing function f (¢) is a polynomial of degree 1, it is reasonable to suspect
that ypny is also an nth degree polynomial a,t" +a,_1t" = 4 - - - + a1t +ag whose coefficients
an, An-1, . - ., a1, ap we must determine. As we'll see, sometimes it's more intelligent to assume
the degree of the trial solutionisn + 1 orn + 2.

m Example 4.3.1 Finding ypng by the Method of Undetermined

Coefficients
Consider the equation y”” — )’ — 2y = 3x? — 2x + 1. The characteristic equation of the asso-
ciated homogeneous equation is A2 — A — 2 = 0, with roots A; = — 1 and A, =2, so ycH is

c1e™* + ce?*. Because the forcing function is 3x? — 2x + 1, we guess that

2
YPNH = d2X”~ + d1X + do.

Then we calculate ypy;; = 242x + a1 and ypy;; = 2a2. Substituting these derivatives into the
differential equation, we get

2a; — (2ax + a1) — 2(ax* + a1x +ag) = 3x> — 2x + 1,
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or, after collecting like terms,
—2asx? 4+ (=2a; — 2a1) x + (2as — a1 — 2ag) = 3x> — 2x + 1.
Equating the coefficients of like powers of x, we find
—2ay =3,—2a; —2a; = —3,2a; —a; —2a9 = 1.

The first equation yields a, = —3/2. Substituting this value for 4, into the second equation
gives a; = 5/2. Finally, we solve the third equation for ag in terms of a; and a; to find
ap = (1+ay —2ay)/(—2) = —13/4.

Now that we have determined the coefficients of our polynomial ypN1, we see that ypng =
—%xz + %x — %. Thus, the general solution of the nonhomogeneous equation is
3 5 13
+ =cre * +ce?* — Zx? + Zx— —.
YGH T VPNH 1 2 5 5 2
[ |

The guesswork involved in the preceding example was a bit misleading. We assumed that the
degree of the undetermined polynomial was less than or equal to the degree of the polynomial
on the right-hand side of the equation. (It is possible that some of the coefficients were
zero.) This assumption was valid in this example because the left-hand side of the differential
equation y”" —y’ — 2y = 3x? — 2x + 1 contained a term of the form cy. If we suppose that y
is an nth degree polynomial, then the calculation of y” reduces the degree of y by 2, but the
term —2y restores a polynomial of degree n to the result. However, if this constant multiple
of y were missing (that is, if c = 0), we should guess that y is a polynomial of degree n + 1. If
the y’ term were also missing, then the degree of our trial solution should be n + 2.

If the equation is ay” + by’ + ¢y = ant" + ay_1t""' + - + ajt + ap, assuming that a # 0,
Table 4.1 summarizes our choice of a polynomial trial solution.

Table 4.1 Degree of Polynomial Trial Solutions

Degree of Trial Solution

b#0,c#0 n
b=0,c#0 n
b#0,c=0 n+1
b=0,c=0 n+2

m Example 4.3.2 A Particular Solution of ay” + by’ + cy = f(t)

When ¢ =0
If we want to find a particular solution of the equation y” — 7y’ = t2 + 2t + 3, we realize that
choosing a trial solution of the form a,t? + a;t + ap won't work: Substituting such a second-
degree polynomial into the left-hand side of the equation yields a linear result because of the
differentiations. Therefore, we guess (see Table 4.1) that ypny = ast® + axt? 4+ at + ag. Then
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Yony = 343 t2 + 2a>t +a; and Yonn = 6ast + 2a. Substituting ypyy into the equation and

collecting terms, we find
—2last® + (6az — 14ax)t + (2ay — 7ay) = t* + 2t + 3.
Equating coefficients of equal powers of t, we have

—2las =1,6as — 14a, =2, 2ap; —7a; = 3.

Solving this system of equations, we conclude that a3 = —1/21,a, = —8/49, and a; =
—163/343, so ypNH = —%t3 — %tz — %t. We can take ag to be zero because it is a “free”

variable and cannot be determined. (Also, noting that ygy = c1e’* + ¢, we see that any

nonzero value of ap would be absorbed by ¢, in assembling ycni.)

In general, the key idea behind the method of undetermined coefficients is that all the deriva-
tives of the forcing function f(t) should have the same form as f(t) itself. If this is true, the

method will work. If this is not true, we should not use the method.

If we think about functions whose derivatives have the same forms as themselves, we realize
that we are limited to polynomials, exponential functions, linear combinations of sines and
cosines, or combinations of sums and products of these functions. For example, the method
of undetermined coefficients applies to equations whose forcing terms are

_3,
—21° — 613 +4,
7 .
2 cos4t — § sin 4t,
25¢! sint,
t2e3' + (1 — t3) cos 5t.

Table 4.2 provides suggestions for forms of particular solutions.

By the Superposition Principle (see Section 4.2), forcing functions that are linear combina-
tions of the forms on the left side of Table 4.2 require the same linear combinations of the

¢ # 0, a constant K, a constant

Table 4.2 Trial Particular Solutions for Nonhomogeneous Equations

f@ Form of Trial Solution

Pp(t) = apt" +an_1t" V- Fart+ag Qut) = cmt™ + 1t L+ it oo

(See Table 4.1)
Ceat K eat
acosrt + bsinrt acostt+ Bsinrt
eR! (a costt + bsinrr) eRt (a cosrt + Bsinrt)

Py (t)e‘” Qm (t)eat
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corresponding trial solutions: If forcing function f (t) suggests a trial solution of form F; (t)
and forcing function f,(t) suggests a trial solution of form F;(t), then a forcing function
of the form c1f1(t) + c2f2(t) requires a trial solution of the form ¢ F; (t) + c2F2(t). This
result generalizes to any finite linear combination ¢;f1(t) + c2f2(t) + - - - + cfi () of forcing
functions.

m Example 4.3.3 Undetermined Coefficients with an Exponential
Forcing Function

We can easily verify that xgiy = ¢1 cos 2t + ¢, sin 2t for the equation X + 4x = 3e?’. To find

a particular solution of the nonhomogeneous equation, we choose a function of the form

x = Ke?!', where K is an undetermined constant. We calculate x = 2Ke?!, ¥ = 4Ke?!; and

substitution into the nonhomogeneous equation gives us 4Ke?! 4 4Ke?! = 4¢?!, or 8Ke*! =

4e’,s0 K = 1/2.

Thus, a particular solution is x,(t) = 2e t, and the general solution of the nonhomogeneous
equation is x(t) = ¢y cos 2t + ¢ sin 2t +3 Lo2t, [ |

m Example 4.3.4 Undetermined Coefficients with a Trigonometric
Forcing Function

A 2560 b car supported by a MacPherson strut (a particular type of shock absorbing system)

is traveling over a bumpy road at a constant velocity v. The equation modeling the motion is

. Tt
80X + 10,000x = 2500 cos <?> ,

where x represents the vertical position of the car’s axle relative to its equilibrium position,
and the basic units of measurement are feet and feet per second where appropriate. (Note that
the coefficient of ¥ is 2560/¢ = 2560/32 = 80, the mass of the car.) We want to determine
how the velocity affects the way the car vibrates.

The general solution of the associated homogeneous equation is xgq = ¢ sin (Sﬁt> +

Cy COS (5\/_ t) Table 4.2 suggests we choose a trial solution of the form xp = Asin (”gt) +

Bcos (Z2). If we examine the left-hand side of the differential equation, we can simplify
our work. We notice that if the trial solution x contains a sine term, then ¥ yields a sine
term and 10,000x contributes another sine. Because there is no multiple of sin (%) in

the forcing function, we conclude that A = 0, giving the trial solution the simpler form

Bcos (Z2).

Now &p = —ZBsin () and ¥p = — (2 ) B cos (Z). Substituting these derivatives into the

nonhomogeneous equations and collecting terms, we find

TV 2 Ut Ut
10,000—80(E) Beos (=~ ) =2500cos (== ),
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x(t) =C1 sin (5\/&) -+ ¢ cos (5\/§) + 10’00025+0(%})2 Cos (T[TU[) ,x(O) =0, x(O) =0,0<t<5
v = 15 (solid curve); v = 21 (dashed curve)

_ 2 _ 2500 t
SOB = 2500/[10,000 —80 (%) ] Therefore, xpni1 = 10,000 80()? cos (%) and the general

solution of our equation of motion is

2500 t
x(t) = ¢y sin (5\/§t) + ¢o cos (5\/§t) + 5 COS (ﬂ)
10,000 — 80 (%”) 6

Clearly, the first two trigonometric terms help describe the bumpy ride, but they have fixed
amplitudes |¢1| and |¢,|, so the ride can't get alarmingly bumpy. However, the amplitude of

the last term is given by #gg(m)ﬂ which grows larger and larger as the denominator
,000-80(°¢

expression 10,000 — 80 (%”)2 gets closer and closer to zero. Thus, we get unbounded vibrations

2 . . .
when 10,000 — 80 (%)” = 0—that is, when v = /2298 ~ 21.35 ft/sec. The dimensional
equation mlillres = mifies . ;ffc - 5 allows us to express our answer as 52—180 . ¥ . @ ~ 14.56

miles per hour.

Assuming the initial conditions x(0) = 0 and %(0) = 0, Figure 4.3 shows two graphs of x(t)
against t, the solid graph having v = 15 ft/sec and the dashed line graph using v = 21 ft/sec.
You can see that the car’s vibrations become wilder over time for a speed close to 21.35 feet
per second. |

The preceding example illustrates the phenomenon of resonance, the presence of oscillations
of unbounded amplitude. We will encounter resonance again in Example 4.8.4 and discuss
it further in the section following that example.

As indicated earlier, the Superposition Principle allows us to handle more complicated
combinations of basic forcing functions.

m Example 4.3.5 Undetermined Coefficients with a Linear
Combination of Forcing Functions

Suppose we have the equation y” 4y’ — 2y = x? + 2 sinx — cos x +¢3*. In this case, the forcing

function is a linear combination of familiar terms from the left-hand side of Table 4.2, so



4.3 The Method of Undetermined Coefficients

we choose a trial solution y}, that is a combination of the second, third, and fourth entries of
Table 4.2 (second column):

p = (Ax? + Bx + C) + (Dsinx + E cosx) + Fe3*.
Y

Consequently, y, = 2Ax+ B+ D cosx —Esinx+3F ¢ andy, = 2A+B—Dsinx —E cosx +
9F ¢3*. When we substitute these derivatives in the nonhomogeneous equation and collect
terms, we get the equation

—2Ax? + (2A — 2B)x + (2A + B — 2C) + (=3D — E) sinx + (—=3E + D) cosx + 10F ¢>*
=x2 +2sinx — cosx + &%,

Matching the coefficients of like terms on each side, we get the system

1. —2A=1 [The coefficients of x? must be equal.]
2.2(A—B)=0 [The coefficients of x must be equal.|

3. 2A+B—2C =0 [The constant terms must be equal.|

4. -3D—-E=2 [The coefficients of sin x must be equal.]
5. 3E+D=-1 [The coefficients of cos x must be equal.]

6. I0F =1 [The coefficients of e>* must be equal.]

Working from the top down, we find A = —-1/2,B=A=-1/2,C=-3/4,D=-7/10,E =
1/10, and F = 1/10. Therefore,

1o 1 3 7 . 1 L1
=—X —=X— - — —S8Inx — COS X —e
VPN =75 27410 10 10

The general solution of the associated homogeneous equation is c1e* + cpe3*, so the general
solution of the nonhomogeneous equation is
1, 1.3 7 1 1 5,

X 3x :
y(x) =cC1e" + e X X 1 sinx + 1 + 1

There is an exception to the neatness of Table 4.2, however. If any term of the initial trial
solution is also a term (or a multiple of a term) of ycn(t), then the trial solution must be
modified by multiplying it by t", where m is the smallest positive integer such that the product
of t™ and the trial solution has no terms in common with ygy (). The next example illustrates
this change of strategy.

m Example 4.3.6 Undetermined Coefficients—An Exception to the
General Rule

Let's solve the equation y” + 4y = 3 cos 2x + 2x2. The general solution of the homogeneous

equation y” + 4y = 0 is ¢; sin 2x + ¢, cos 2x. Ordinarily, we would choose a trial solution

of the form A sin 2x + B cos 2x + Cx? + Dx + E. However, the expression A sin 2x + B cos 2x
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duplicates the terms of ygy. To deal with this, we choose a modified trial solution of the
form

yp = x (Asin 2x + B cos 2x) + Cx? + Dx + E,

noting that the second-degree polynomial does not have to be changed. Then y, =
x (2A cos 2x — 2B sin 2x) + (Asin 2x + Bcos 2x) + 2Cx + D and

¥p = x (—4Asin 2x — 4B cos 2x) + (2A cos 2x — 2B sin 2x)
+ (2A cos 2x — 2B sin 2x) + 2C.

Substituting these derivatives in the nonhomogeneous equation and collecting terms, we get
—4Bsin 2x + 4A cos 2x + 4Cx? + 4Dx + (4E + 2C) = 3 cos 2x + 2x2.

Equating coefficients of equal terms give us the equations —4B = 0,4A = 3,4C = 2,4D = 0,
and 4E + 2C = 0, with solutions A =3/4,B=0,C = 1/2,D = 0, and E = —1/4. Therefore,
after some simplification, ypny = 2xsin2x 4+ 3x2 — 1 and yenn = c1 8in 2x + ¢ cos 2x +
3

3,4i 1,2 1
4xsm2x+2x 7 |

Exercises 4.3

A

For each of the equations in Problems 1-10, find ycn and the expression in terms of undeter-
mined coefficients that you would use to find ypnp. Do not actually determine the

coefficients.
1. y"+3y =3
2. 9" =7y =(x—1)?
3.y 47y =X
4. y" — 8y 4+ 16y = (1 — x)e**
5. ¥/ + 25y = cos 5x
6.y +y=xe*
7. ¥ 46y + 13y = e~ 3* cos 2x
8. Y/ —4y 43y =3¢ +2e* +x3e
9.y’ 4+ k%y = k, where k is a parameter

—-
e

4y” + 8y = «xsinx

Find the general solution of each of the equations in Problems 11-20 by using the method
of undetermined coefficients.

11,y =2y — 3y = et

12. ¥ — 3%+ 2x =sint

13. x” — 2x" + 2x = ' + tcost

14. &' 4+« = 412!

15. ¥ +x = 4sint
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16. ¥ —x=2¢' — 12

17. y" + 10y’ + 25y = 4e™>*

18. 6% — 1lx+4x =t

19. ¥4 3%+ 2x = tsint

20. ¥ + 5y + 6y = 10(1 — x)e— ¥

. Solve the IVP " 4+ w2y =t (sinwt + cos wt) ; y(0) = 0,'(0) = 0.
. Solvethe IVPy” +y' +y = t?e~ L cost, y(0) = 1,y'(0) = 0 using a CAS. [Warning: Serious mental
injury may result from attempting to do this manually.]

B
1. Solve the IVPy” — 3y’ — 4y = 3¢**; y(0) = 0,y/(0) = 0.
2
3

As mentioned at the beginning of Section 4.2, if =I(t) represents the current in an
electrical circuit, then Kirchhoff's Voltage Law gives us the nonhomogeneous equation
L‘;TZZI + R% + %I = ‘fi—’f, where E is the applied nonconstant voltage. In this equation, L is
the inductance, R is the resistance, and C is the capacitance. Use this equation in Problems
4-6.

4. An RLC circuit has a resistance of 5 ohms, an inductance of 0.05 henry, a capacitor of 0.0004 farad,
and an applied alternating voltage of 200 cos(100 t) volts.

a. Without using technology, find an expression for the current flowing through this circuit if the
initial current is zero and % (0) is 4000.
b. Check your answer to part (a) by using technology.

5. Look for a particular solution of y” + 0.2y’ +y = sin(wx) and investigate its amplitude as a function
of w. Use technology to graph the particular solution for values of w that seem significant to you
and describe the behavior of this solution.

6. In her dorm room, a student attaches a weight to a spring hanging from the ceiling. She starts the
mass in motion from the equilibrium position with an initial velocity in the upward direction. But
during this experiment, there is rhythmic stomping (dancing or pest control?) from the student
upstairs that causes the ceiling and the entire spring-mass system to vibrate. Taking into account
air resistance and this “external force,” she determines that the equation of motionis ¥ + 9x + 14x =

1 sint, with x(0) = 0 and £(0) = —1.

a. Solve this equation for x(t), the position of the weight relative to its rest position.
b. Use technology to graph x(t) for 0 <t < 10.

7. Consider the equation
Y/ +y=F(@), whereF(t) =
y(0) =y'(0) = 0, and y and y’ are continuous at 7.

a. Plot the forcing function against t.
b. Solve the initial-value problem for 0 <t < 7.



CHAPTER 4: Second- and Higher-Order Equations

c. Solve the initial-value problem for t > 7, determining the constants from the continuity
conditions at t = 7.

d. Combine your answers to parts (b) and (c) into a single solution Y to the original IVP and plot Y
against t.

1. Find the general solution of y” — 3y’ + 2y = 4sin> 3x. [Hint: Use trigonometric identities to reduce
the forcing function to a linear combination of functions in Table 4.2.]

2. Find the general solution of y” + 4y = sin? x. (See the hint for the preceding problem.)

3. Find the general solution of y” + 4y = cosx cos 2x cos 3x. (See the hint for Problem C1.)

4. Find the general solution of y” + A%y = ZkN:1 aj, sinkret, where A > 0 and A # kx for
k=1,2,...,N.

5. Consider the equation ay” + by’ + ¢y = g(t), where a, b, and ¢ are positive constants.

a. If Y1 (¢) and Y (¢) are solutions of the given equation, show that Y7 (t) — Y, (t) - 0 ast — oo.
[Hint: Show that v/b2 — 4ac < b.]

b. Is the result of part (a) true if b = 0?

c. If g(t) = K, a constant, show that every solution of the given equation approaches K /c as
t — oo. What happens if c = 0? What if b = 0 also?

A special type of second-order differential equation with variable coefficients is the Cauchy-
Euler equation (or Euler’s differential equation): x?y” + axy’ + by = 0, where a and b are
real constants. The substitution x = ¢* reduces the equation to a second-order linear ODE
with constant coefficients. Use this method to transform each of the following equations and
then solve the resulting constant-coefficient equation.

6. X2y +xy +4y=1

7. %% +5x) — 6y = 5 —12

VARIATION OF PARAMETERS

There are various techniques for finding a particular solution of the nonhomogeneous equa-
tion. The method of variation of parameters (or variation of constants) was developed by
the French-Italian mathematician Joseph Louis Lagrange (1736-1813) in 1775.

Let’s look at the nonhomogeneous equation ay” + by’ + ¢y = f(t) and assume that y; (t)
and y,(t) are two known solutions of the homogeneous equation ay” + by’ 4+ ¢y = 0 that
are independent of each other. Then we know that c¢;y; (t) + c2y2(¢) is also a solution of the
homogeneous equation for any constants ¢; and ¢,. Lagrange’s idea was to look for a particular
solution of the nonhomogeneous equation of the form ¢ (¢)y1 (t) + ca2(t)y2(t), where ¢ (t) and
¢, (t) are unknown functions that must be determined. By substituting this trial solution into
the original nonhomogeneous differential equation, we will obtain one equation that must be
satisfied by ¢; () and ¢, (t); but, because we have two unknown functions, this single equation is
not enough. We need two equations to determine these functions completely, and Lagrange’s
method imposes an additional condition, one chosen to simplify the calculations involved.
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Rather than go through this method in complete generality, we'll illustrate the technique in
specific examples.

m Example 4.4.1 Using Variation of Parameters

Suppose we want to solve y”’+3y'+2y = 3¢~ +x. The characteristic equation of the associated
homogeneous equation is A? + 34 + 2 = 0, with roots —2 and —1. Then y; (x) = e~?* and
y2(x) = e~ are two independent solutions of the homogeneous equation, and the general
solution of the homogeneous equation is ycy = c1e~2* 4 cye™*, where ¢; and ¢ are arbitrary
constants. Now assume that y = C1y; + Coy, = C1e=2* + Coe™ is a particular solution of
the nonhomogeneous equation, where C; = C;(x) and C; = C,(x) are unknown functions.
Differentiating, we obtain

Y = —=2C1e™ 4 Cle ™ — Cre™ + Che™
= (—2C1e™ % — Cre™™) + (Cle * + Che ™).

To avoid messy higher derivatives (and being aware that we're looking for a particular solution),
Lagrange’s method requires that we impose the condition

Cle™ + Che™ = 0. (*)
Accepting this condition, we have ) = —2Cje=?* — Cye™*, from which we calculate y” =

4Cre™ 2 — 2Cl e ?* 4 Cre™™ — Che™. Substituting these expressions for y, ', and y” into the
equation y” 4 3y’ + 2y = 3e=?* + x, we find that

(4Cie > — 2Che™ +Cre™* — Che ™) + 3 (—2Cie > — Cae™) +2 (Cre™® + Cye™)

=3¢ +x,
or
—2Cje ™ — Che™ =3¢ 2" +x. (**)
Equations (*) and (* *) form a system of equations that we must solve for C| and Cj:
Cre ¥ 4 Che™ =0 (*)
—2Cje > — Che™ =3¢ 2 +x. (**)

Adding (*) and (* *) gives us —Cje™ " = 3¢~ + x, so that C] = —3 — xe?".

Integration (by parts, manually, or by CAS) yields C; (x) = —3x—%e?*+1¢?*. In using variation
of parameters, we make all constants of integration 0 because we want only a particular
solution. Next, we use (*) to find that C) = " (—Cje %) = " (37 % +x) = 3¢~ + xe".
Integration gives us Co(x) = —3e ™ + xe¥ — e*.

Finally,
1
yenn = Ciy1 + Caya = (—3x - gez" + Zezx) (e7) + (-3¢ +xe — ) (7)
= —3xe ¥ — Sta- 3¢ X fx—1=—3xe 2 -3+ 51
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so that yoni = c1e™® + e + 5 — ?‘1 — 3xe~2* is the general solution of the original

nonhomogeneous equation. (Note that the term —3¢~2 in ypnH has been absorbed by the
term c1e%* in ygu.) [ ]

m Example 4.4.2 Using Variation of Parameters

The equation X¥+x = tan t cannot be solved by using the method of undetermined coefficients
because the forcing function f(t) = tan t cannot be expressed as a linear combination of one
of the basic forms given in Table 4.2. However, Lagrange’s method works.

The general solution of the associated homogeneous equation ¥ +x = 0 is ygu(t) = ¢1 sint +
¢ cost, where ¢; and ¢, are arbitrary constants. Therefore, we try to find functions C; = C; (t)
and C; = Cy(t) such that xp(t) = Ci(t)sint + Cy(t) cost is a particular solution of the
nonhomogeneous equation. To do this, we must first calculate

x=Cjcost+ Cysint —Cysint + Cy cost
= (C; cost — Cy sint) + (C1 sint 4+ C» cost).

Before calculating ¥ and increasing the complexity of the expressions we have to use, we
impose the condition

Cysint + Gy cost = 0. ™
In particular, this condition ensures that ¥ will contain no second derivatives of C; or C,.

Now differentiating the simplified expression for & gives us ¥ = —C; sin t+C; cost—C, cos t —
C; sint. Substituting for x and ¥ in our original equation yields

i+x=(—Cysint+ Cycost — Cycost — Cysint) + (Cysint + C, cost) = tant,
or
Cicost —Cysint = tant. (*)
Now (*) and (**) give us a system of simultaneous equations for C; and C;:

Clsint—l—Cp_cost:O
Cycost— Cysint =tant |~

Multiplying the first equation by sint and the second by cost and then adding, we find
C1 (sinz t + cos? t) = tant cost, or C1 = sint. Thus, because we need only a particular solu-
tion, we can take the constant of integration to be zero and get C; = — cost. Using Equation
(*), we derive C; = —Cysint/cost = —sin? t/cost = (cos’ t — 1)/cost = cost — 1/cost.
Then C; = [ (cost — 1/cost)dt =sint — [sect dt =sint — In[sect + tant|.

Therefore, a particular solution of our original nonhomogeneous equation is given by
xpNH = C1(t) sint+Cy(t) cost = —costsint+ (sint — In[sect + tant|) cost = — cos ¢ sin t+
(sint — In|sect + tan t|) cost = —In|sect +tant|cost, and ygNp(t) = c1sint + ¢y cost —
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In|sect + tant|cost. (Note that because the last term is not a constant multiple of cost, it
doesn’t get absorbed by the term c¢; cost.) |

m Example 4.4.3 Using Variation of Parameters

We cannot use the method of undetermined coefficients to solve the equation y” — 3y’ +2y =
sin (¢7*) because the forcing function f(x) = sin (¢™) does not fit any of the patterns in
Table 4.2. So we try variation of parameters.

We find that ygy = c1€* + coe?*, so we assume that a particular solution of the nonhomoge-
neous equation has the formyp = C;e* +Cye%*, where C; and C; are undetermined functions
of x. Then y, = (Ci1e* 4 2C2e**) + (Ce* + Che?) and, assuming
Cle* + Che? = 0, (*)
Vp = C1e* + Cle* +4Cye®* + 2Che?*. Substituting in the nonhomogeneous equation, we get
[(C1+C))e" + (4C, + 2C)) *] — 3[Cre* + 2Cre™]
+2[Cie* + Czezx] = sin (™)

or, simplifying,

¢'C + 2¢**C) =sin (e*). (**)
Subtracting Equation (*) from (**) gives us ¢**C, = sin(e™™), or C,=;e **sin (e™).
Then, from Equation (*), C; = e (—e*C)) = —e* (e **sin(e™™)) = —e “sin(e™¥).
Therefore, C; = [sin(e™)(—e¥)dx and C; = — [e *sin(e™™) (—e™™) dx. Making the
substitutions u = e ¥,du = —e ¥dx in each integral we find C; = —cos(e™) and
C, = —sin(e” ) + e cos( *). Therefore, ypng = Cre* 4+ Cre*™ = [—cos(e7)]e" +
[—sin (e7) + e  cos (e7¥)] e** = —e**sin (e77), and the general solution is

YONH = YGH + ypN1 = c1€* 4 c2e? — e sin (™).
[ |

The preceding three examples involved quite a bit of algebra and calculus, but the method
of variation of parameters is guaranteed to work. Even if the integrations of C](x) and
C)(x) can’t be done in closed form, we can still use numerical methods such as Simp-
son’s Rule to approximate the solution. The next example illustrates this kind of integration
difficulty.

m Example 4.4.4 Variation of Parameters—No Closed Form Solution
Let’s solve the equation y” + )" — 2y = Inx. The characteristic equation of the associated
homogeneous equation is A2 + A — 2 = 0, with roots —2 and 1, so we know that ygy =
c1e=% + ¢,e*, where ¢; and ¢, are constants.
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Next, we consider y=Cie=2* + C,e*, where C; and C, are unknown functions of x.
Differentiating, we get

Y = (=2C1e™* + Cae*) + (Ce 2 + Che¥) = —2Cre™ 2 + Cae”
because we must assume that
Cie ™ +Che* = 0. (#)
Then y” = 4Cie™ % — 2C/1€_2x + Cre* + Che.

After substituting these expressions for y, y/, and y” into the equation y” +y — 2y = Inx,
we get

—2Cje ™ + Che* =Inx. (##)

Now we must solve the following system for C} and C}:

Cle ™ 4 Che* =0 (#)

—2Cje ™ 4+ Che* =Inx. (#4)

Subtracting (# #) from (#) gives us 3Cje™>* = —Inx, so that C; = —1e*Inx and C; (x) =
—% [e*Inxdx = —%ezx Inx + % / %dx.This integration was done manually (integration by

parts: u = Inx, dv = e**dx, etc.). A CAS might give an answer in terms of the “exponential

. ” . . . er
¥ntegral, which you may not recognize. In any case, the integral | “-dx cannot be expressed
in closed form.

e *Inx, and an

Equation (#) tells us that C) = ¢~ (—Cje™*') = —e™* (—%ez’c Inx) = %ﬁ

integration by parts leads to the conclusion that C,(x) = —%e‘x Inx + % f eT X.

The next to the last step is to calculate

1, 1 [ e* e
YPNH = C1)1 + C2Y2 = —ce lnx+g de ()

1 _, 1 fe™ "
+ (—ge Inx + §/de) (%)

Inx e 2 [ & e ™
= —— —dx 4+ — | —dx.
2 + 6 / X + 3 / X

Finally, the general solution is given by the formula

Inx e 2 [ e e
YGNH = YGH + VpNH = €162 + 68 — — + / de + — / de-

2 6 ]

Another important feature of variation of parameters is that the method remains valid for
a linear equation whose coefficients are continuous functions of the independent variable.
Specifically,
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Suppose p(t) and q(t) are continuous functions and f(t) is continuous or piecewise
continuous. If ygr1 = ¢1y1(t) + c2y2(t) is the general solution of y” + p(t)y’ + q(t)y = 0,
then we can express the general solution of y” + p(t)y’ + q(t)y = f(t) asy = ycu +
C1(®)y1(t) + C2(t)y2(t), where C1(t) and C,(t) can be found by the method of variation
of parameters.

Of course, in the context of an equation with nonconstant coefficients, finding linearly inde-
pendent functions such that ygi = ¢1y1(t) + c2y2(f) can be difficult. Rather than focus on
specialized techniques, we will be content to illustrate what to do once we have ygy.

m Example 4.4.5 Variation of Parameters—Nonconstant
Coefficients

It is easy to see that y;(x) = x and y,(x) = 1/x are linearly independent solutions of the

differential equation x?y” + xy’ —y = 0. If we suppose the functions are not independent,

then x = ¢/x for some constant ¢ and every x # 0. Now let x = 1 and x = 2, forcing the
contradiction that ¢ must be equal to both 1 and 4. Thus, the functions are independent and

YGH = C1X + 2 /x.

Now we use the method of variation of parameters to find the general solution of x?y” 4-xy’ —
y=ux,x#0.

We start with a trial solution yp = Cix + C,/x, where C; = C;(x) and C; = C,(x). Then
¥p = C1 + Cix — Cy/x*+C)/x = (C1 — Ca/x*) 4+ (Cix + C}/x), where we impose the
condition

C/
/x + 2 — O *
i+ 2 )
before calculating the next derivative.

Now yp = C} + 2C, /x> — C) /x*. Substituting in the nonhomogeneous equation, we get
X2 [C] +2Cy/x* — Cy/x*] +x[C1 — Co/x*] — [Cix + Co/x] =x,
or
x°Cy—Chy=x. (**)

Equations (*) and (**) must be solved for C| and C}: Multiplying (*) by x gives usx>C} +C) =
0, and adding this result to (**) yields 2x>C} = x, from which it follows that C; (x) = J In |x].
Then Equation (**) yields C, = x?>C}] —x, or Cy = x?(1/(2x)) —x = —x/2, s0 C; = —x?/4.

Therefore, ypnir = Cix+ Cy/x = (x/2) In |x| —x/4 and yong = c1x+c2/x 4 (x/2) In |x|, where
the term —x/4 of ypnir has been absorbed into the term c¢;x from ygyy. [ |

In summary, the method of variation of parameters works for all second-order linear differ-
ential equations provided that the coefficients are continuous functions of the independent
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variable. In those (limited) situations in which the method of undetermined coefficients can
be used (Section 4.3), that method is usually easier than variation of parameters.

Exercises 4.4
A

Find the general solution of each of the equations in Problems 1-10 by using the method of
variation of parameters.

-

¥ =2 4 x = %
Y’ + 4y = 2tanx
F+r= ﬁ
Y//+2}’/+Y= %
V' + 4y + 4y = 3xe
Y +y=secx

V' +2y +y=e¢*Inx
Y —y =sin?x

Y =3y + 2y =cos(e7¥)
y//+3y/+2y=ﬁ

©CXNAR ODN

-
e

B

Find the general solution of each of the equations in Problems 1-5. Linearly independent
solutions for the associated homogeneous equation are shown next to each nonhomogeneous
equation.

2y —xy +y=xy1 =x,y2 =xlnx

S22y 43y —y = =Vap =
Y/ =2y + Sy =xlnxy =xy =x
V' E by =t A0y = U0E, ) = o8
.y —2(tanx)y’ = 1;y; = C(a constant), y, = tanx
. Consider the equation x2y” — 4xy’ + 6y = 0.

-

e

OO WN

a. Show that the general solution of this equation is y = c1x3 + cx?.
b. Use the result of part (a) to find the general solution of

X%y — 4axy’ + 6y = x*.

7. Find the general solution of x2y” — 4xy’ + 6y = x* [part (b) of the previous problem] by reducing
this Cauchy-FEuler equation to one with constant coefficients via the substitution x = ¢*. (See
Section C of Exercises 4.3.)

1. Show that the solution of the IVP y” + a2y = F(x), y(0) = y'(0) = 0, is

1 X
y= 7./. F(u) sina(x — u)du.
aJo
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2. Suppose y” + a(x)y’ + b(x)y = 0 has continuous coefficient functions a(x) and b(x) on an interval I.
Assume y1 (x) is a solution of the equation and is nonzero on a subinterval J of I.

a. Letya(x) = y1 (x)u(x), where u(x) is a nonconstant function. Assuming that y, (x) is a solution of
the differential equation, show that

o [ a(x)dx
u(x) =c1 f zidx + ¢y,
Yy @)
where ¢ and ¢, are arbitrary constants.

b. Show that y; (x) = y1(x) f e f2 ‘z(x))dx

3. If the solution of y”” + p(x)y’ + q(x)y = 0is ay (x) + By2(x), show that the general solution of
Y +p@)y +qx)y =r(x) is

dx defines a solution on J that is independent of y1 (x).

r(x )y1 (x) 1) / r(x)yz(x)

y=carn +62Yz(x)+1’2(x)/ W (y1, }’2)

where W (y1,y2) = y1(0)y5 (x) — y2(x)y} (x) is called the Wronskian of y; (x) and y, (x) and is not the
zero function. Discuss the case in which W (yl, yz) is identically equal to zero.

4. An alternative method of solving a Cauchy-Euler differential equation x2y” + axy’ + by = 0 (see
Section C of Exercises 4.3), where a and b are real constants, requires the substitution y = x",

where x > 0.

a. Ify = x", calculate y’ and y” and show that for y to be a solution of the Cauchy-Euler equation, r
must satisfy the indicial equation

P2 +@—Dr+b=0.

b. Show that if the indicial equation has real roots ry # rp, then y; = x’! and y, = x"2 are linearly
independent solutions of the differential equation.

c. Show that if the indicial equation has complex conjugate roots r1 = « + i and r, = o — Bi, then
y1 = x% cos(BInx) and y, = x sin(81n x) are solutions. [Note: x0EP — yopFiBInX for x5 0]

HIGHER-ORDER LINEAR EQUATIONS WITH CONSTANT
COEFFICIENTS

Linearity is such a marvelous property that we can generalize our work in the preceding few
sections in a very natural way. The details may get a bit complicated, but the theory is crisp
and clear.

Ify is a function that is n-times differentiable and ao, a1, ay, . . ., a, are constants, a, # 0, then
we can define the nth-order linear operator L as follows:

L) = any™ + an_1y" VY + -+ ay” + a1y + aoy.

Any nth-order linear differential equation with constant coefficients can be expressed con-
cisely as L(y) = f(t). If f(t) = 0, then the equation is called a homogeneous nth-order
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linear equation with constant coefficients. If f(¢) is not the zero function, then we have a
nonhomogeneous nth-order linear equation with constant coefficients.

An important property of such nth-order equations is the (extended) Superposition Principle:

Superposition Principle

If y; is a solution of L(y) =f]- forj=1,2,...,nandcy, cy,...,cy are arbitrary constants, then c;yy +coys +-- -+
cnyn is a solution of L(y) = c1f1 + cofs + - - - + enfn—that is,

L{ciyr +cay2 + -+ 4 cnyn) = c1L(y1)+ c2L(y2) + -+ - + cnL(yn)

=c1ft +cafa + - +cnfa.

First, let’s look at an nth-order homogeneous linear equation with constant coefficients

any™ + an1y"V + -+ azy” +ary +aoy = 0.

For such an equation, there’s a neat algorithm for finding the general solution, a generalization
of the procedure we've already seen: First, find the roots of the characteristic equation a,A" +
A A" 4 a1 h 4+ ag = 0. You should see how to form this equation.

Focus on the fact that the characteristic equation of an nth-order linear equation is an nth-
degree polynomial equation. Realize that once a polynomial has degree greater than or equal
to 5, there is no longer a general formula that gives the zeros. (Even the formulas that exist
for the zeros of third- and fourth-degree polynomials are very unwieldy.) In general, the
only practical way to tackle such equations is to use approximation methods. A CAS or a
graphing calculator should have various algorithms implemented to solve (or approximate
the solutions of) polynomial equations.

Next, group these roots as follows:

1. Distinct real roots
2. Distinct complex conjugate pairs p % ¢i
3. Multiple real roots

4. Multiple complex roots
Then the general solution is a sum of n terms of the forms

1. ¢ie! for each distinct real root A;
2. e (c1 cos gt + c; sin qt) for each distinct complex pair p + gi

3. (c1 +cat + - - + gpt*71) e*it for each multiple real root A;, where k is the multiplicity
of that root

4. ef'(c1 cosqt + ¢ sinqt) + t e’ (c3 cos gt + casingt) + - - - + t*1eP (cop—y cOs gt + cop,
sin qt) for each multiple complex pair of roots p + i, where k is the multiplicity of
the pair p £ gi
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Now let’s see how to use this procedure to solve some higher-order homogeneous linear
equations with constant coefficients.

m Example 4.5.1 Solving a Fourth-Order Homogeneous Linear
Equation
Let’s find the general solution of the fourth-order equation

x@® —3x" +2x = 0.

The characteristic equation is A* —312 +2A = A(A3 —3142) = 0, whose roots are 0, 1, 1, and
—2. (Verify this.) Thus, we have two distinct real roots and another real root of multiplicity 2.

According to the process described here, the general solution is
x=c1e%" + e 2 + (c5+cat) el =1 +coe 2 + (5 + cat) €.
(You should check that this is a solution, manually or by using a CAS.) |

m Example 4.5.2 Solving an Eighth-Order Homogeneous Linear
Equation

The equation 64y® +48y® +12y™® 43" = 0 should be interesting to tackle. The characteristic

equation is 64A8 4 48A° 4+ 1244 + 12 = 0. A CAS gives the roots 0, 0, i/2, —i/2,i/2, —i/2,i/2,

and —i/2. Grouping these, we see that 0 is a real root of multiplicity 2, whereas the complex

conjugate pair +i/2 (= 0 £ i/2) has multiplicity 3. Therefore, the form of the general solution

of this eighth-order equation is

t t
y(t) =(c1 + cat) et + €0t (03 cos (5> + ¢4 sin <5>> + et

5 COS ! + ¢ sin d +t2e% [ ¢7 cos ! + cg sin !
> 2 6 2 ’ 2 8 2

5 t N
= ¢1 + ¢t + (c3 + cst + ¢7t°) cos 5 + (ca + cot + cgt?) sin 5

For the nonhomogeneous case, once again the theory is simple:

The general solution, ygnp, of an nth-order linear nonhomogeneous equation
any™ + ay_1y" Y 4+ ...+ a2y’ + a1y’ + apy = f(t) is obtained by finding a partic-
ular solution, ypnh, of the nonhomogeneous equation and adding it to the general
solution, ycy, of the associated homogeneous equation: yoNu = YcH + YPNH-

As before, the challenge is to find a particular solution of the nonhomogeneous equation. But
once again we can use the method of variation of parameters or the method of undetermined
coefficients (“educated guessing”).

If we look back at Section 4.4 to see the number of calculations required to implement
variation of parameters, we realize that the work can be formidable for equations of order 3
and above. But there is no need to do problems of higher order manually because any CAS
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will use the appropriate method efficiently to give us a general solution or solve an IVP. (One
of the best methods for handling single linear equations and systems of linear equations is
the Laplace transform, which we’ll study in Chapter 6.) For now we'll just give an example of
solving a higher-order linear equation, with some of the gory details left out.

m Example 4.5.3 Solving a Nonhomogeneous Third-Order Equation
Suppose we want to find the general solution of y”” —y” — 6y’ = 3t> 4 2. The first thing to do
is to find the general solution of the associated homogeneous equation y”” —y” — 6y’ = 0. The
characteristic equation is A3 — A2 — 64 = A(A2 =1 — 6) = A (A — 3) (A + 2) = 0, with roots
0, 3, and —2, so the general solution of the homogeneous equation is ¢1e%! 4 c2e3 + c3e72,
or cj + 83" + cze 2L,

Next, we look for a particular solution of the original nonhomogeneous equation. Examining
theright-hand side of the equation, we can guess that a particular solution will be a polynomial
in t. If the degree of this guessed-at polynomial is #, then the three individual derivative terms
making up the differential equation will leave behind polynomials of degrees n—3, n—2, and
n — 1. In order for the combination y”” — y” — 6y’ to produce the second-degree polynomial
3t% + 2, we must have n — 1 = 2—that is, the polynomial we're looking for must be a third-
degree polynomial, say y(t) = At3 + Bt?> + Ct + D, where A, B, C, and D are undetermined
coefficients. (Think about the reasoning that led to this form for y.)

Substituting this guess into the nonhomogeneous equation, we find that
—18At? — (12B + 6A)t + (6A — 2B — 6C) = 3t* + 2.
Equating coefficients of terms of equal degree on both sides, we get the algebraic equations
—18A =3 [Second-degree terms must match.]

—(12B+ 6A) =0 [First-degree terms must match.]

6A — 2B — 6C =2 [Constant terms must match.]

Starting from the top, we can solve the equations successively to obtain A = — é B= ﬁ and
_ _19

C=—5.

Therefore, ypnu = —%t3 + ﬁtz — %t and the general solution of the nonhomogeneous

equation is given by
1 1 19
P —t

3t -
= = + =c1 + e’ +c3e .
Y = YGNH = YGH + VPNH = €1 + €2 3 5 2 36

As we might suspect from the discussion at the end of Section 4.4, variation of parameters
can be used for all higher-order linear differential equations, provided that the coefficients
are continuous functions of the independent variable.
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Exercises 4.5
A

Find the general solution of each of the higher-order equations in Problems 1-10, using a
graphing calculator or CAS only to solve each characteristic equation.

[N

y/// _ 2)’” _ 3)/ -0
y/// _ 3)/” + 3}// —y=0
y/// + zy// + yl — 0
y/// + 4y// + 13}/ — O
Y/ =12y +22y — 20y =0
Y@ 42y +y=0
y® —13y" 436y =0
y® 413y +36y =0
y@® =3y 12y =0
. y(S) + 2}/// + }/ -0

CONSaR WD

[
o

B
1. Find the general solution of the following equation, using technology only to solve a
characteristic equation:

yD —14y© 80y — 242y 4 41993 — 416y” + 220y’ — 48y = 0.

2. Apply your CAS solver to find the general solution of the equation in the preceding problem.
3. The author of a classic differential equations text® once wrote
In preparing problems and examinations ... teachers (including the author) must use some
restraint. It is not reasonable to expect students in this course to have computing skill and
equipment necessary for efficient solving of equations such as

4.317@ + 2.179@ + 1.416@ + 1.295ﬂ +3.169y = 0.
dx4 dx3 dx? dx
Demonstrate that technology has advanced in the past five decades by feeding this equation into
your CAS and obtaining the general solution. (You may have to use some “simplify” commands to
get a neat answer.)

4. Solve the IVP 3y + 5y +y —y = 0,y(0) = 0,y (0) = 1,y"(0) = —1.

5. A uniform horizontal beam sags by an amount y = y(x) at a distance x from one end. For a fairly
rigid beam with uniform loading, y(x) typically satisfies an equation of the form d4y/dx* = R,
where R is a constant depending on the load being carried and on the characteristics of the beam
itself. If the ends of the beam are supported at x = 0 and x = L, then y(0) = y(L) = 0. The

extended beam also behaves as though its profile had an inflection point at each support so that

y//(o) — y//(L) =0.

5 Ralph P. Agnew, Differential Equations, 2nd ed. (New York: McGraw-Hill, 1960): 176.
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©oNe

10.
11.
12.

C
1.

a. Use the multiple eigenvalue of the associated homogeneous equation to find the general
solution of the homogeneous equation.
b. Show that the sag (vertical deflection) at point x is

1
ﬂR(x“—2Lx3+L3x), 0<x<L.

Solve the IVP y®) =y": y(0) = 0,y/(0) = 1,y”(0) = 0,y"(0) = 1,y (0) = 2.

For all positive integers n > 2, find the general solution of the equation x™ = x("=2).
Find the general solution of the equation y”’ — 2y” —y' + 2y = &*.

Find the general solution of the equation ¥ + 57 — 6j = 9¢3.

Find the general solution of the equation y”" + 6y” + 11y’ + 6y = 6x — 7.

Find the general solution of y”/ — 5y” — 2y’ + 24y = x2¢3*.

Solve the initial value problem y” + 5y” — 6y’ = 3¢*,y(0) = 1,y (0) = 3/7,y"(0) = 6/7.

Use the method of undetermined coefficients to solve the equation

y@® 49" =3x2 + 4sinx — 2 cosx.

. Consider the IVP y® + 8y” + 16y = 0, with y® (0) given for k = 0, 1, 2, 3. For what initial values

"(0) and y"(0) will solutions of this equation be periodic?
Y

. Consider a third-order differential equation y” + py” + qy’ +ry = g, where p, q, r, and g are

continuous functions. SUppose y gy = c1y1 + c2¥2 + ¢3y3 is known.

a. Write down a form for ypNp in terms of the known solutions of the homogeneous problem and
unknown coefficient functions Cy, C», and Cs.

b. Derive a system of equations that determines Cy, C,, and Cs. This system should involve
Cy,C,, Chyiyi andy!,i=1,2,3.

c. Solvey” — 2y” —y' + 2y = € by using the results of parts (a) and (b).

Find a formula involving integrals for a particular solution of the equation

/" 3x2 /"

X3y Y 4+ 6xy — 6y = g(x),x > 0.

[Hint: Verify that x, x2, and x3 are solutions of the homogeneous equation.]

HIGHER-ORDER EQUATIONS AND THEIR
EQUIVALENT SYSTEMS

To see where we're headed, think back to the first time you had to solve the following kind
of word problem:

Lenston has 21 coins, all nickels and dimes, in his pockets. They amount to $1.75.
How many dimes does he have?
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The first time you saw this problem, you were probably shown a solution like this one:

Let x be the number of dimes. Then the total amount corresponding to dimes is 10x
cents. The number of nickels must be 21 — x, so the amount corresponding to nickels is
5(21 — x) cents. Because the total amount of money in Lenston’s pockets is $1.75—or
175 cents—we have the equation 10x+ 5(21 —x) = 175, equivalent to 5x+ 105 = 175,
which has the solution x = 14. Thus, Lenston has 14 dimes (and 21 — 14 = 7 nickels).

A bit later in your algebra course, you could have seen the same problem again, but this time
you were probably shown how to turn this problem into a system problem:

Let x be the number of dimes and let y be the number of nickels. Then the words of
the problem tell us two things, one fact about the number of coins and one fact about
the amount of money: (1) x +y = 21 and (2) 10x 4+ 5y = 175. In other words, viewed
this way, the problem gives us the system of equations

x+y=21
10x + 5y = 175.

This system can be solved by elimination (multiply the first equation by —5 and then
add the result to the second equation) or by substitution (solve the first equation for
x, for example, and then substitute for x in the second equation).

The most important consequence of looking at our problem as a system problem is that the
system has a very nice geometrical interpretation as a set of two straight lines (Figure 4.4).
The solution of the system (and of our original problem) is given by the coordinates of the
point where the lines intersect: x = 14,y = 7.

Similarly, for differential equations, a systems approach has certain advantages, especially the
graphical interpretation of a problem and its solution. Also, certain problems may naturally
occur in system form. For example, we may want to compute the trajectory of a baseball.

10
L
-8 —4 4 8 12 16
—10F
FIGURE 4.4

Graphs of x +y = 21 and 10x + 5y = 175
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In this case, it is natural to consider the components, u and v, of the ball’s velocity in
both its horizontal (x) and vertical (y) directions, respectively. A system® arising from this

problem is
du .
mu— = —Fp sin@ — Fp cos 6
dx
dv
mva = Fp cos 6 — Fpsin — mg.

Similarly, in an ecological study, we may want to analyze the interaction of two or more
biological species, each of which needs its own equation to represent its growth rate and its
relationship to the other species.

Conversion Technique I: Converting a Higher-Order
Equation into a System

Now that our previous discussion has prepared us to see even simple problems as sys-
tems, we can tackle some higher-order differential equations. The key here is the following
result:

Any single nth-order differential equation can be converted into an equivalent system
of first-order equations. More precisely, any nth-order differential equation of the form

x™ =F (t,x,x', x", .. .,x(”*l))

can be converted into an equivalent system of n first-order equations by letting

x1=x,% =x,x3=x", ..., xp =2V,

Here, equivalent means that a function x = u(t) is a solution of ™ = F (t,x,x,.. .,x(”_l))
if and only if the ordered n-tuple of functions (u(t), v/ (t), ..., u V(1)) is a solution of the
system x} = x2,X5 = x3,...,X, = F(t,x1,%2,...,%,). In particular, our substitution scheme
indicates that any solution of the single nth-order equation is the first component of the
n-tuple that’s the solution of the system and vice versa.

After looking at some examples of how this conversion technique works, we’ll introduce the
geometric/graphical significance of this method.

m Example 4.6.1 Converting a Second-Order Linear Equation

As we saw in Section 4.1 and will see again in Section 4.7 and its exercises, the second-order
. . 2 . .
linear equation 2‘;73‘ + 3% + x = 0 could represent the motion of a weight attached to a

spring, the flow of electricity through a circuit, or other important phenomena.

6 Robert B. Banks, Towing lcebergs, Falling Dominoes, and Other Adventures in Applied Mathematics (Princeton, NJ: Princeton University
Press, 1998).
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Using the substitutions described previously, we introduce new variables x; and x,: Letx; = x
and x; = %' Now isolate the highest derivative (the second) in the original equation, and
then substitute the new variables in the right-hand side:

) Lxyde 1,
iz 2dt 2
o B a1
dt? 2dt 2
(3) dz—x = —§XQ — l)ﬁ
dt? 2 2
In terms of the new variables, we see that dditl = % = xp and dstz = % (%) = % = [from

step (3) above] — %xz — %xl. From this, we see that our original second-order equation
leads to the following system of linear first-order equations in two unknown functions x;
and x;:

dx1
A) L —
(A) dt =

dx 3 1
B) —==—Zux,— =
(B) % 2T M

This system is equivalent to the original single differential equation in the sense that any
solution x(t) of the original equation yields solutions x; (t) = x(t) and x,(t) = %x(t) of the
system, and any solution (x;(t), x2(t)) of the system gives us a solution x(t) = x1(t) of the
original equation.

Let's follow up on the first part of that statement. From our work in Section 4.1, we know
that x(t) = /2 4 2¢7! is a solution of the original second-order equation. Then the pair
x1(t) = x(t) = e 2+ 2¢tand x,(t) = % x(t) = —3e /2 — 2¢7" constitutes a solution of
the system. (Verify this!) |

Let’s look at a few more examples of this technique of converting a higher-order equation

into a system of first-order equations.

m Example 4.6.2 Converting a Second-Order Nonlinear Equation

Suppose we have the second-order nonlinear equation y” = y3 + (y)3. Letx; = yand x; = y'.

ro_ ) /o o a3 a3 N3 _ 43 : /o a3 /\3 /
The:?xl 3_)/ =x2,¥" =x5,y° = x7, and (y')° = x5, so we can rewrite y" = y° 4 (y')° as x),
=x7 +Xx3.

Finally, putting these pieces together, we can write the original equation as the following
equivalent nonlinear system in x; and x,:

xl = X2

/ 3 3
x2 =x1 +x2.
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m Example 4.6.3 Converting a Third-Order Equation
The nonautonomous third-order linear equation
Bx  dx dx

E—F+2tﬁ—3x+6=0

can be changed into a system of first-order equations as follows: Let x; = x,xy = %, and
xgz‘fo.Thendditl=%=x2,‘%2=%(%)=%=@,and%:%(%):%.
Solving the original equation for ‘237;‘ and then substituting the new variables x1, x», and x3,
we have

Bx  dx dx

=— -2

ﬁ a2 dt+3x—6:x3—2tx2+3x1—6.

Putting all the information together, we see that the original third-order equation is equivalent
to the system of three first-order equations

dx1

Y

dXQ

i

dx3

? =x3 — 2txy + 3x1 — 6.

To be mathematically precise, we can describe this system as a three-dimensional nonautonomous
linear system with independent variable t and dependent variables x1, x», and x3. |

As we'll see later in this chapter, an autonomous system has a nice graphical interpreta-
tion that gives us a neat qualitative analysis. We lose some of this power when we are
dealing with a nonautonomous system. But even when we are confronted with a nonau-
tonomous equation, a simple variation of the conversion technique we've been illustrating
will allow us to transform the equation into an autonomous system. To convert a sin-
gle nonautonomous nth-order equation into an equivalent autonomous system (one whose
equations do not explicitly contain the independent variable t), we need n + 1 first-
order equations: x; = x,x=x",x3=x",..., %, =x""Y,x,,1 =t. We see this in the next
example.

m Example 4.6.4 Converting a Nonautonomous Equation
into an Autonomous System

. . 2 .
The nonautonomous second-order linear equation 2 ZT;C +3 % —+x = 50sint could be handled

in the same way as the equation in Example 4.6.3, but instead we’'ll demonstrate the extension
of the conversion technique.
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Start by letting x; = x and x, = % as before, but also introduce x3 = t. Then

dxq _dx_x
e a7
dxy —d2x— 1 de x4+ 50sint | = 1( 3x; —x1 + 50sinx3)
dt — di2 2 dt ) 2 >
and
dx3_
a7’

so the equivalent system is

dx1
— =X
a7
do _ L 3, + 50sinx3)
— =—(—x;1 —3«x sin x
i 2 1 2 3

dX3

dt
Our second-order equation has been replaced by an equivalent autonomous three-dimensional
system. If we had not used the third variable x3 and had written our equation as a sys-
tem of two equations, the second equation would have been nonautonomous. We would
have had

dx1 de 1 .
— =xp and — = —(—x; —3x 50 sin t
I 2 Tl (—x1 2+ )

as the system, with the explicit presence of ¢ in the second equation making this equation
(and therefore the system) nonautonomous. [ |

Of course, we should be able to convert an initial-value problem into a system IVP as well.
If you think about this, we would expect that the original initial conditions would have to
expand to cover each first-order equation in the system. The next example shows how this
works.

m Example 4.6.5 Converting a Second-Order Initial-Value Problem

The nonautonomous second-order linear IVP y” — xy’ — x?y = 0; y(0) = 1,)’(0) = 2 can be
transformed into a system IVP as follows. Let u; = y and u, = y’. (We're using a different
letter for the new variables to avoid confusion with the original independent variable x.) We
see thatu) =y = up and v}, = y" = xy’ + x?y = xuy + x*u;. Then, because u; = y,y(0) = 1
implies that u1(0) = 1; and y’(0) = 2 implies that u,(0) = 2 because u, = y’. Therefore, the
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original IVP becomes the system IVP
u) =up
Uy = xuy +x%u; w1 (0) =1, u(0) =2.

Note that because each equation in the system is first-order, we need only one initial condition
for each new variable. What would the equivalent autonomous system look like? |

Conversion Technique II: Converting a System into a
Higher-Order Equation

We showed in Examples 4.6.1-4.6.5 how higher-order equations can always be transformed
into equivalent first-order systems. However, the reverse process may be difficult or impossible
for some systems.” The next example illustrates how a linear system can be represented by a
single higher-order equation.

m Example 4.6.6 Converting a System into a Single Equation
Can you convert the system

(1) V==

2) Z=w

(3) w =x-3y—6z—3w,
where y, z, and w are functions of x, into an equivalent single higher-order equation?

Sure, you can. Just look back at what we did in our earlier examples, but start with the last
equation and work backward: Differentiating Equation (2) gives us 2’ = w’. But Equation
(1) says that z2” = ()" =y, so that w’ = y”’. Now we use this last fact to rewrite Equation
(3) as
Y =x—3y—6z—3w
=x—3y—6y —3Z [from (1)and (2)]
=x—3y—6y —3y" [from (1)]

ory"” + 3y” + 6y’ + 3y = x, a third-order linear nonautonomous differential equation. M

Looking Ahead

Now that we've seen how to transform any differential equation of order greater than 1 into
a system of first-order equations, how can we use this information to gain insight into the
behavior of solutions of higher-order equations?

7 See, for example, Section 6.4 of Differential Equations: A Dynamical Systems Approach: Higher-Dimensional Systems by J. H. Hubbard and
B. H. West (New York: Springer-Verlag, 1995).



4.6 Higher-Order Equations and Their Equivalent Systems

The next section will exploit the geometric (graphical) aspects of an autonomous system of
equations and give us qualitative tools for analysis. We'll see that the qualitative approach will
give us useful information not easily obtained otherwise. We'll also discuss important applied
examples, both linear and nonlinear. Later in Chapter 4, we'll deal with numerical approxi-
mations to solutions of systems of equations. Chapter 5 will explore linear autonomous
systems thoroughly, and Chapter 7 will introduce valuable methods for analyzing nonlinear
systems of equations.

Exercises 4.6

A

Write each of the higher-order ODEs or systems of ODEs in Problems 1-11 as a system of
first-order equations. If initial conditions are given, rewrite them in terms of the first-order

system.
2
1. % —Xx =
2. (x”)2 (sint)x’ = x cost
3. x2y" —3xy' + 4y = 51nx
4. ¥ + @2 +xx—1)=0
5. x" —tx 4% —5x+t2=0
6. Y +y=0
7. w® — 20" + 50" + 3w — 8w = 6sin(4r)
8. 7+y=t y0)=1y(0)=0
9. ¥ +3x +2x=1; x(0)=1,x0)=0
2
10. % = —X, th = y [Hint: Write each second-order equation as two first-order equations.]
d?y _ x 2 _
xS oy =4y, 285 4 (4) =x

(Convert each second-order equation into two first-order equations.)

Write each of the systems of equations in Problems 12-16 as a single second-order
equation, rewriting any initial conditions as necessary.

12.
13.
14.
15.
16.

B

Z}[/:x, ‘;’f:—y; y(0) =0,x(0) =1
fl;_zv—l,gz_l—i-Zu

¥ =x+yy=x—y

b _ 7y —4x—13,% = 2x — 5y +11; x(0) = 2,9(0) =3
x' =y +sinx,y = cos(x +y)

1. The equatlon d t2 + 4 ; +4x=0 describes the position, x(t), of a particular mass attached to a

spring and set in motlon by pulling it down 2 ft below its equilibrium position (x = 0) and giving it
an initial velocity of 2 ft/sec in the upward direction. Some air resistance is assumed. Express this
equation as a system of first-order equations and describe what each equation of the system
represents.
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-

. The equation y

. In electrical circuit theory, the current I is the derivative of the charge Q. By making this natural

substitution Q' = I in the equation
/! / 1
LQ"+RQ + EQ=E(t),

transform the equation into an equivalent system of two first-order equations.

. An object placed in water, pushed down a certain distance below the water and then released, has

its bobbing motion described by the equation

dy (g
— +|=]y=0,
dr? (50 ) !
where y is the vertical displacement from its equilibrium position, g is the acceleration due to

gravity, and sg is the initial depth. Express this equation as a system of first-order equations.
d’x

. The second-order nonlinear equation £-5 + % sin x = 0 describes the swinging of a pendulum,

di?
where x is the angle the pendulum makes with the vertical, g is the acceleration due to gravity, and

L is the pendulum’s length. Convert this equation into a nonlinear system of first-order equations.
" 1y — cos y = 0 describes a geometrical model of crystal growth. Express this
third-order equation as a system of three first-order equations.

. The equation y® + 1" —y'y"") —y' = 0, where A is a positive parameter, arises in a nonlinear

“boundary layer” problem in physical oceanography. Write this equation as a system of four
first-order equations.

. Rewrite the system IVP given in Example 4.6.5 as an equivalent autonomous system.
. Consider the equation y” +y = 0.

a. Convert this equation into a system with variables u and v.
b. Use the result of part (a) and the Chain Rule to conclude that u? + v2 is a constant.

. Write the following system of equations as a single fourth-order equation, with appropriate initial

conditions:
dix + 2ﬂ + 8x = 32t
dt? dt -
d? d
drzy + 3;? —2y =60e”"; x(0) = 6,x'(0) = 8,y(0) = —24, and y'(0) = 0.

. Suppose you are given the linear system of first-order equations

td—x = —3x + 4y
dt

td—y = —2x + 3y.
dt

Introduce a new independent variable w by the substitution w = Int (or t = ¢*) and show that this
substitution allows you to write the system as a new system with constant coefficients.



4.7 The Qualitative Analysis of Autonomous Systems

3. Consider the system

X =f(xy)
Y =8y,

where x and y are functions of ¢. Assume you can use the first equation to express y explicitly as a
function of x and x, say y = F(x, x") for some function F(u, v) of two variables.

a. Find an expression for y’ = dy/dt by differentiating the equation y = F(x, x") via the Chain Rule
for functions of two variables (see Section A.7).

b. Substitute the expression for y’ found in part (a) into the second equation of the original system
and set the right-hand side equal to g(x, y) = g(x, F(x, x)).

c. Observe how the results of parts (a) and (b) yield a second-order equation solely in terms of x
and x’.

THE QUALITATIVE ANALYSIS OF AUTONOMOUS
SYSTEMS

In this section, we investigate the graphical representation of a system of first-order equations.
Because many systems—especially nonlinear systems—cannot be solved in closed form, the
ability to analyze systems graphically is very important. The first thing we have to realize is that
the very useful graphical tool of slope fields can’t be applied directly to higher-order equations;
this technique depends on a knowledge of the first derivative alone. However, there’s a clever
way of using our knowledge of first-order qualitative methods in the analysis of higher-order
differential equations.

For convenience, we'll spend most of our time analyzing autonomous two-dimensional
systems, although we will also tackle some nonautonomous systems and some three-
dimensional systems toward the end of this section.

Phase Portraits for Systems of Equations

Suppose we have an autonomous system of the form

dx
I =fCxy)
(4.7.1)
Y g
a8V
For example, let’s take the system
dx
a7’
dy
— =—17x—-2
dt T

and work with it throughout our initial discussions.
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First, we can eliminate the variable ¢ by dividing the second equation by the first equation:

d;
dy _dy dt _ G _ gy (4.7.2)
dx dt dx % fe,y o

(See Section A.2 for a reminder of the Chain Rule used in this process.) For our example,
g, y) = —17x — 2y and f(x,y) =y in (4.7.2), and we get

dy —17x—2y

dx Y '
Now we have a single first-order differential Equation % = )%E;;;
If we could solve Equation (4.7.2) for y in terms of x, or even implicitly, we would have a
solution curve in the x-y plane. The plane of the variables x and y (with x- and y-axes) is called
the phase plane of the original system of differential equations. As we saw in Section 1.3,
each individual solution curve in the phase plane, x = x(t),y = y(t), is called a trajectory
(or orbit) of the system of equations. Although the independent variable ¢ is not present
explicitly, the passage of time is represented by the direction that a point (x(t), y(t)) takes on
a particular trajectory. The way the curve is followed as the values of ¢ increase (offstage) is
called the positive direction on the trajectory. The collection of plots of the trajectories is
called the system’s phase portrait or phase-plane diagram. (You may want to review the
qualitative analysis for first-order equations in Section 2.5.)

in the variables y and x.

Even if we can't solve the system, we can look at the slope field of the single Equation (4.7.2),
the outline of the phase portrait of the system. If we give some initial points (x},y}) =
(xi (to) , yi (to)) ,i=1,2,...,n, through which we want the trajectories to pass, we can plot a
few specific trajectories and get a less complicated view of the phase plane. Let’s do this for
the system we've been discussing.

m Example 4.7.1 Phase Portrait—One Trajectory
Our system is

dx
a7
dy
— =—17x— 2y,
dt Y
which gives us the first-order equation % = # when we eliminate the variable t. Using

a calculator or CAS to draw a piece of the slope field for this first-order equation can result
in an erroneous plot (see Problem B5 in Exercises 4.7). Your technological device may have
a problem at points (x, y) with y = 0. If you draw the slope field by hand, be sure to place
vertical tangent line segments along the x-axis (where y = 0), corresponding to an undefined
(or infinite) slope when y = 0. It is better to use technology that takes the pair of equations
given previously as input.



FIGURE 4.5a
Slope field for gxz - L;c—zz

0<t=<5-1<x<1-4<y<4

FIGURE 4.5b
Trajectory for{% =7, % = —17x — 29, x(0) = 4,(0) = 0}
0<t<5-2<x<4-12<y<7?

Figure 4.5a shows the slope field, and Figure 4.5b shows a single trajectory satisfying the
initial condition x(0) = 4, y(0) = 0—that is, a trajectory passing through the point (4, 0) in
the x-y (phase) plane—superimposed on the slope field.

Because the trajectory starts at (4, 0), you can see that the positive direction on the trajectory
is clockwise, and the curve seems to spiral into the origin. (Try using technology to draw the
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trajectory for 0 < t < b, letting b get larger and larger.) To get an accurate phase portrait, you
may want to use the slope field to suggest good initial points to use. Each dynamical system
has its own appropriate range for ¢. |

Now let’s look at a more elaborate phase portrait, one showing several trajectories.

m Example 4.7.2 Phase Portrait—Several Trajectories

The system consists of the two equations (1) ‘;—’f = x+yand (2) % = —x + y. Whatever
quantities these equations describe, certain facts should be obvious from the nature of the
equations. First of all, from Equation (1), the growth of quantity x depends on itself and on
the other quantity y in a positive way. On the other hand, Equation (2) indicates that quantity
y depends on itself positively, but its growth is hampered by the presence of quantity x—a
larger value of x leads to a slowdown in the growth of y.

Let'slook at the phase portrait corresponding to this problem. For our system, Equation (4.7.2)
looks like

dy
@ _ E _ X +vy
dx  dx x+y
dt
This first-order equation is neither separable nor linear, but it is homogeneous and can be solved
implicitly. (See the explanation for Problems A15-A18 of Exercises 2.1.) Figure 4.6a shows
several trajectories, obtained by specifying nine initial points (x(0), y(0)), superimposed on
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FIGURE 4.6a

Trajectories for [ % =x+y, % =—x+ y]

(x(o)/ )’(0)) = (_1/ _1)/ (_1/ O)r (_1/ 1)/ (0, _1)/ (O/ 0)1 (0/ 1)/ (1r _1)/ (1/ O)r and(l, 1)
0<t<4
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FIGURE 4.6b

Trajectories for { % =x+Y, % =—x+ y}

(x(0),y(0)) = (0, 60), (25, 100), (50, 140), and (0, 160)
0<t<1.2

d —x+ . . .
the slope field for % = - +)/y' Because points on a trajectory are calculated by numerical

methods, your CAS may allow you (or require you) to specify a step size and the actual
numerical approximation method to be used. Numerical methods for systems of differential

equations will be discussed in Section 4.10.

Each point on a particular curve in Figure 4.6a represents a state of the system: For each value
of t, the point (x(t), y(t)) on the curve provides a snapshot of this dynamical system. If the
variables x and y are supposed to represent animal or human populations, for example, then
the proper place to view the trajectories is the first quadrant. Figure 4.6b describes the first
quadrant of the phase plane for our problem, with four trajectories determined by four initial
points.

These trajectories tell us that for the initial points chosen, the quantity y increases to a maxi-

mum value and then decreases to zero, while the quantity x also increases until it reaches its
maximum level after quantity y has disappeared. |

Other Graphical Representations
Using technology again in our preceding example, we can graph x(t) and y(¢t) in the ¢t-x and
t-y planes, respectively. Figures 4.7a and 4.7b show solution curves with x(0) = 50 and
y(0) = 140, respectively.
These graphs show clearly that the quantity y reaches a maximum of about 164 when t ~ 0.4
and that the x quantity hits a peak of about 800 when t &~ 2. Note that the horizontal and
vertical scales are different for Figures 4.7a and 4.7b.
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FIGURE 4.7a
x(t); x(0) = 50
0<t<2355
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y(t); y(0) = 140
0<t<l1
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FIGURE 4.8
Solution of{% —x+y, ¥ = —x+y;x(0) = 50, y(0) = 140}
0<t<1

Viewed another way, the system in the preceding example had three variables—the indepen-
dent variable t and the dependent variables x and y. To be precise about all this, we state that
a solution of our system is a pair of functions x = x(t),y = y(t), and the graphical representation of
such a solution is a curve in three-dimensional t-x-y space—a set of points of the form (t, x(t), y(t)).
Figure 4.8 shows what the solution with initial point (0, 50, 140) looks like for our problem.
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Your CAS will probably allow you to manipulate the axes and get different views of this space
curve. Figure 4.6a represents the projection of several such space curves onto the x-y plane,
a much less confusing way of viewing the behavior of the system. These projections can be
thought of as the shadows that would be cast by the space curves if a very bright light were
shining on them from the front (the x-y face) of Figure 4.8.

Note that because the system we started with in the preceding example is autonomous, the
solution curves are independent of the starting time. This means that if you pick a starting point
(x*, y*) at time t*, then the path of a population starting at this point is the same as the path
of a population starting at the same point at any other time t* *. Geometrically, this says that
there is only one path (trajectory) through each point of the x-y plane. This is a consequence
of an Existence and Uniqueness Theorem for systems that we'll see in Section 4.9. (Look back
at Section 2.8 for the theorem that applies to first-order ODEs.)

From the slope field and phase portrait in Figure 4.6a, it seems clear that all trajectories
(solution curves of the single differential equation) are escaping from the origin as t increases.
The variable ¢ is behind the scenes in a phase portrait, but you should experiment with
different ranges of t in your CAS or graphing calculator to verify the preceding statement. The
critical point or equilibrium point (0, 0)—where both dx/dt = 0 and dy/dt = 0—is called a
source in this case. We have used this terminology before (for the one-dimensional case, in
Section 2.6), we will use it in this chapter, and we'll see it again as part of the discussion of
systems in Chapter 5.

The algebra of finding equilibrium points (or equilibrium solutions) is trickier now because
we must solve a system of equations. For example, if we want to find the equilibrium solutions
of the nonlinear system of differential equations {x = x —y, y = 1 — xy}, we must solve the
algebraic system

(1) x—-y=0
(2) 1—xy=0.

We can solve Equation (1) for y, finding that y = x, and then substitute for y in the second
equation. We get 1 —x? = 0, which implies that x = +1. Because y = x, the only equilibrium
points are (—1, —1) and (1, 1).

Before we move on, let’s look at the system {& =4 — 4x? —y?, = 3xy}. Any equilibrium
solution has to satisfy the equations

(A) 4—4x>—y*>=0
(B) 3xy = 0.

Equation (B) tells us that we have two possibilities: (i) x = 0 or (ii) y = 0. [We can eliminate
x =y = 0 because (A) wouldn't be satisfied with this choice.] If x = 0, substituting in (A)
gives us 4 — y2 = 0, so y = +2. Then we have two equilibrium solutions, (0,2) and (0, —2).
Alternatively, if y = 0, substituting in (A) yields 4 — 4x2 = 0, so x = +1. Now we have the
remaining two equilibrium solutions, (1, 0) and (-1, 0).
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The next example presents a simple system model of an arms race. Models of this general
form were proposed by the English scientist Lewis F. Richardson (1881-1953) in the 1930s.
As a Quaker, he was greatly interested in the causes and avoidance of war. We'll see how a
qualitative analysis helps us to understand the situation being modeled.

m Example 4.7.3 An Arms Race Model

Let's look at an autonomous linear system:

d—x=7y—4x—13
dt
ﬂzzx—Sy—i—ll.
dt

The functions x(t) and y(t) could represent the readiness for war of two nations, X and Y,
respectively. This readiness might be measured, for example, in terms of the level of expendi-
tures for weapons for each country at time t. To get the first equation, this model assumes that
the rate of increase of x is a linear function of both x and y. In particular, if y increases, then
so does the rate at which x increases. This makes sense, doesn't it? But the cost of building up
and maintaining a supply of weapons also puts the brakes on too much expansion. The term
—4x in the first equation suggests a sense of restraint proportional to the arms level of nation
X. Finally, the constant term —13 can represent some basic, constant relationship of nation
X to nation Y—probably some underlying feelings of good will that diminish the threat and
therefore decrease dependence on weaponry. The second equation can be interpreted in a
similar way, but here the positive constant 11 probably signifies a grievance by Y against X
that results in an accumulation of arms. Now what does this model tell us about the situation?
We don’t know how to solve such a system, but we can still learn a lot about the arms race
between the two nations.

As in Example 4.7.1, we can start constructing the phase portrait of the system by eliminating
the variable t:
dy
dy 4  2x—=5y+11
dx  dx — 7y—4ax—13
dt
Now we can look at the slope field and some trajectories corresponding to this single equation
(Figure 4.9). Several initial points were chosen. (Try a smaller set of initial points yourself.) For
this to be a realistic model of an arms race, the values of x and y should be positive; hence,
our focus on the first quadrant.

First of all, note that one solution of the system is the pair of functions x(t) =2, y(t) = 3.
In this phase portrait, if we look hard enough, we may notice that the points (x(t), y(t)) on
every trajectory seem to be moving toward the point (2, 3) as t increases. (To verify this last
statement, you should plot the phase portrait for 0 < ¢ < b and let b increase.) The point
(2,3) is an equilibrium point—as we've seen previously, a point (x, y) at which both dx/dt
and dy/dt equal 0. The behavior of trajectories near this point entitles it to be called a sink. In
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FIGURE 4.9

Trajectories for % =7y —4x— 13, % =2x—5y+ 11}
Initial points (i,7),i=0,1,2,3;j=1,2,3,4

0<t<5

real-life terms, this means that the arms race represented by this system would stabilize as time
passes, approaching a state in which the level of military expenditures for nation X would be
2 and the level for nation Y would be 3, where the units could be millions or billions. [ |

A Predator-Prey Model: The Lotka-Volterra Equations

An important type of real-life problem that can be modeled by a system of differential equa-
tions is a predator-prey problem, in which we assume that there are two species of animals,
X and Y, in a small geographical region such as an island. One species (the predator) thinks
of the other species (the prey) as food and is very dependent on this food supply for survival.

Let x(t) and y(t) represent the populations of the two species at time t. We can make the
following reasonable assumptions:

1. If there are no predators, the prey species will grow at a rate proportional to its own
population (assuming an unlimited food supply).

2. If there are no prey, the predator species will decline at a rate proportional to the
predator population.

3. The presence of both predators and prey is beneficial to the growth of the predator
species and is harmful to the growth of the prey species.

The third assumption says that interactions (or close encounters of the hungry kind) between
the predator and prey lead to a decrease in the prey population and to a resulting increase
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in the predator population. As we will see, these contacts are indicated mathematically by a
multiplication of the variables that represent predator and prey. These assumptions lead to a
system of nonlinear first-order differential equations such as the following:

dx

d
— = 02x—0.0021, d—}; = —0.1y + 0.001xy. (4.7.3)

For this system, how can we see that x(t) is the size of the prey population at any time t and
y(t) is the number of predators at time t?

First of all, note that if there are no predators—that is, if y is always 0—the system reduces
to dx/dt = 0.2x, dy/dt = 0. This says that the prey population would increase at a rate that
is proportional to the actual prey population at any time. Also, the predator population is
constant—at zero. This is realistic and consistent with assumption 1. Furthermore, if there are
no prey—that is, if x = 0—the system becomes dx/dt = 0, dy/dt = —0.1y, which means that
the number of predators would decrease at a rate proportional to the predator population,
where 0.1 is the constant of proportionality, the predator’s intrinsic death rate. Again, this is
realistic because in the absence of a crucial food supply, the bottom line would be starvation
and a net decline in the predator population.

The intriguing terms in (4.7.3) are the terms involving the product xy. We've already sug-
gested that these terms represent the number of possible interactions between the two species. To
illustrate this point, suppose there were four foxes and three rabbits on an island. If we label
the foxes Fq, F2, F3, and F4 and the rabbits R;, Ry, and R3, then we have the following pos-
sible one-on-one encounters between foxes and rabbits: (F1, R1), (F1,R2), (F1,R3), (F2,R1),
(F2,Ry), (F2, R3), (Fs, R1), (F3, Ry), (F3, R3), (Fa, R1), (Fa, Ry), and (F4, R3). Note that there are
4 x 3 = 12, or x times y, possible interactions. Of course, we can have two foxes meeting
up with one rabbit or one fox coming upon three rabbits, and so on, but the idea is that
the number of interactions is proportional to the product of the two populations. The coefficient of
xy in the first equation, —0.002, is a measure of the predator’s effectiveness in terms of prey
capture, whereas the coefficient 0.001 in the second equation is an indicator of the predator’s
efficiency in terms of prey consumption.

This nonlinear system is a particular example of a system called the Lotka-Volterra

equations:
dx_ aix —a
P 2XY
dy
—=-b baxy,
i 1y + 02Xy

where a; and b; are positive constants. [Alfred Lotka (1880-1949) was a chemist and demog-
rapher and Vito Volterra (1860-1940) was a mathematical physicist. In the 1920s they derived
these equations independently—Lotka from a chemical reaction problem and Volterra from
a problem concerned with fish catches in the Adriatic Sea.] In general, there is no explicit solu-
tion of the Lotka-Volterra equations in terms of elementary functions. We'll discuss numerical
solutions of systems in Section 4.10.
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However, as the next example shows, we can understand the relationship between the two
species by using a qualitative analysis.

m Example 4.7.4 Qualitative Analysis of a Predator-Prey Model

Figure 4.10 shows the trajectory corresponding to our system

L P 0.002xy
dt

b _ —0.1y + 0.001xy
dt '

with x(0) = 100, y(0) = 25, and 0 < ¢t < 52. What does this picture tell us? First, realize that
the horizontal axis (x) represents the prey; the vertical axis (y), the predators. Our starting
point, corresponding to t = 0, is (100, 25), and the direction of the trajectory is counterclock-
wise. To see the direction, use technology to look at partial trajectories such as those given by
0<tr<10,0<t<150r0<t<25.

Figure 4.10 illustrates a cyclic behavior that seems a bit too neat to be found in the wild.
However, regular population cycles do seem to occur in nature.® In our graph, both prey and
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FIGURE 4.10

Trajectory for[ dx _ 0.2x — 0.002xy, & = 0.1y + 0.00Lxy; x(0) = 100, y(0) = 25]
0<t<52

8 Examination of the records of the Hudson’s Bay Company, which trapped fur-bearing animals in Canada for almost 200 years, suggests a
periodic pattern in the number of lynx pelts harvested from about 1845 to the 1930s. The lynx, a cat-like predator, has the snowshoe hare as

its main prey. For an analysis of the data, see J. D. Murray, Mathematical Biology I: An Introduction (Third Edition) (New York: Springer-Verlag,
2002): 83-84.
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predator populations increase as the number of prey increases, but when the prey population
exceeds about 350, the predators seem to overwhelm their prey to the extent that there are
more and more predators but a declining prey population. The predators continue to increase
until their number is about 260, at which time the effect of a dwindling food supply catches
up to the predators and their population begins to decline. The predators may starve or start
killing each other as competition for diminishing resources grows fierce. Finally, the predator
population is low enough for the prey population to recover, and the cycle begins again.

Figure 4.10 highlights the point (100, 100) because x = 100, y = 100 is an equilibrium solution
of the system, called a center in this case. (Verify the preceding statement.) If this system were
to have initial point (100, 100), neither population would move from this state. The origin is
also an equilibrium point. |

Other Graphical Representations

With the aid of technology, we can look at plots of x(t) against t and y(t) against ¢ separately
(Figures 4.11a and 4.11b). Compare these graphs, noting the way in which one population
lags behind the other over time. The trajectory (Figure 4.10) gives the big picture, the state
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FIGURE 4.11a

x(t), prey population
x(0) =100;0 <t <200
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FIGURE 4.11b
y(t), predator population
y(0) =25;0 <t <220
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FIGURE 4.12
Predator and prey population vs. t

(x(t), (1)) of the ecological system as time marches on, whereas Figures 4.11a and 4.11b show
the individual population fluctuations. Figure 4.12 exhibits the cyclic nature of the predator
fluctuation and that of the prey fluctuation on the same set of axes. Each graph in this example
was done by a CAS using a numerical approximation to the actual system solution.

Three-Dimensional Systems

We have been focusing on second-order equations and their equivalent systems, but the tech-
niques we have discussed apply to any differential equation of order greater than 1. The main
difficulty with equations of order 3 and higher is that we lose some aspects of the graphi-
cal interpretation of the solution. Let’s look at the next example, which presents us with a
three-dimensional system.

m Example 4.7.5 A System of Three First-Order Equations

We want to examine the behavior of the three-dimensional system

x=—-01x—y
y=x—0.1y
z=-0.2z.

A Three-Dimensional Trajectory

The complete picture of this linear system is given by the set of points (¢, x(t), y(t), z(t)), a
four-dimensional situation. Assuming that x, y, and z are functions of the parameter ¢t and that
we have the initial condition x(0) = 5, y(0) = 5, and z(0) = 10, we get the three-dimensional
trajectory shown in Figure 4.13. This is a projection of the four-dimensional picture onto
three-dimensional space, just as the two-dimensional phase portraits we've seen previously
are projections of three-dimensional curves onto two-dimensional planes.

By plotting this with your CAS and rotating the axes (if possible), you should be able to see
that the solution spirals into the origin in the x-y plane, while it moves toward the origin in
the variable z as well.
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FIGURE 4.13

Anx-y-z plane trajectory for the system

{x=—-0.1x—y,7 =x—0.1y,z2 = —0.2z; x(0) = 5,y(0) = 5,2(0) = 10}
0<t<15

FIGURE 4.14

Anx-y plane trajectory for the system
{x=—-01x—y,7=x—-0.1y,z=—0.2z; x(0) = 5,y(0) = 5,2(0) = 10}
0<t<15

A Two-Dimensional Trajectory

Now we can, for example, project the three-dimensional spiral (in x-y-z space) onto the x-y
plane (Figure 4.14).

If you increase the range of t, you will get a tighter spiral and see that the origin is a sink for
this system. |

In this section, we have seen how any differential equation of order greater than 1 can be
turned into an equivalent system of first-order equations. We've looked at different ways to
view such systems graphically. In later sections, we will discuss other aspects of first-order
equations that can be extended to systems. In particular, we'll investigate questions of the
existence and uniqueness of solutions and the numerical approximation of solutions of
systems.
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Exercises 4.7

A

Assume that each function in Problems 1-7 is a function of time, t. For each of these initial
value problems, (a) convert to a system, (b) use technology to find the graph of the solution
in the phase plane, and (c) show a graph of the two components of the solution relative to

the t-axis.

1. X" +x' =0; x(0)=1,x0)=2

2.T—r=0; r(0)=0,70)=1

3. j+y=0; y(0)=2,y0)=0

4. y"=—-4; y0) =y ©0)=0

5, X—x=0;, x(0)=1, x(0)=1

6. " =2 +x=0; x(0)=-1,x'(0)=-1

7. %" =x—x3 x0)=0, ¥(0)=1

B

1. Read the explanation before Problem A15 of Exercises 2.1 and solve the equation

dy _ —x+y
dc = x4y
that arises in Example 4.7.2.

2. Consider the specific Lotka-Volterra Equations (4.7.3) in Example 4.7 4.

a. Find the first-order differential equation that defines the trajectories of this system in the phase
plane.
b. Solve this separable equation to find the implicit algebraic equation of the trajectories.

3. The equation QO +9Q + 14Q = % sin t models an electric circuit with resistance of 180 ohms,
capacitance of 1/280 farad, inductance of 20 henries, and an applied voltage given by E(t) = 10
sint. Q = Q(r) denotes the capacitance, the charge on the capacitor at time ¢, and Q(¢) denotes the
current in the circuit. Assume Q(0) =0 and Q(0) =0.1.

a. Express this IVP as a system of two first-order equations, with the appropriate initial conditions.
b. Use technology to graph the solution of the system in the phase plane, with 0 <t < 8.
c. Use technology to graph the solution of the original second-order equation relative to the t-axis,
considering first the interval 0 <t <2 andthen0 <t < 8.
d. Describe the behavior of the capacitance as t — oo.
4. Find all equilibrium solutions of each of the following systems.

X=x—-3y,y=3x+y

X =2x+4y,y =3x+ 6y
F=-2rs+1,§=2rs — 3s
. x' =cosy,y =sinx—1

F=x—phy=x>—y

~0 Qa0 g

=1-55=r3+s
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5. Find all the equilibrium points of the system

¥ = x2y3

/ 2

Y =—x%

and sketch the phase-plane diagram for this system.

. Convert the equation x” + x’ — x + x3 = 0 to a system and find all equilibrium points.
) 2 . . . .
. The equation % + k2 sin 6 = 0 describes the motion of an undamped pendulum, where 6 is the

angle the pendulum makes with the vertical. Convert this equation to a system and describe all its
equilibrium points.
3. Consider the differential equation x”” + A — ¥ = 0, where A is a parameter.

N =

a. Sketch the phase-plane diagram for A > 0.
b. Sketch the phase-plane diagram for A < 0.
c. Describe the significance of the value A = 0.

SPRING-MASS PROBLEMS
Simple Harmonic Motion

We have seen spring-mass problems before (for example, in the exercises for Section 4.1 and
Section 4.2). The treatment in this section represents a systematic exposition of this important
model and demonstrates the usefulness of a qualitative approach.

To start with, suppose we have a spring attached to the ceiling and a weight (mass) hanging
from the bottom of the spring, as in Figure 4.15a.

If we set the mass in motion by giving it an upward or downward push, we can use Newtonian
mechanics and the qualitative analysis of systems of ODEs to investigate the forces acting on
the mass during its motion. We want to describe the state of this system, giving the mass’s
position and velocity at any time t. First, we'll assume that there’s no air resistance, friction,
or other impeding force. The resulting situation is called simple harmonic motion or free
undamped motion.

C———

——1——8— - —— Equilibrium (rest) position

FIGURE 4.15a
Spring-mass system, mass in the equilibrium position
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o
——1— =% — 1~ Equilibrium position
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I
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J— -:- ——— =

FIGURE 4.15b
Spring-mass system, mass displaced from the equilibrium position

Fundamental to understanding the mass’s movement is Newton’s Second Law of Motion,
which can be stated as F = m - a, where F is a force (or sum of forces) acting on a body
(such as the weight hanging from the spring), m is the body’s mass, and a is the acceleration
of the body. If x denotes the displacement (distance) of the mass from its equilibrium (rest)
position, where a move downward is considezred a positive displacement (Figure 4.15b), we
ex.

Now note that if you pull down on the weight (stretching the spring in the process), you
can feel a certain tension—a tendency for the spring to pull the weight back up. Similarly,
if you push up on the weight, thereby compressing the spring, you feel a force that tends to
push the weight down. This behavior is described by Hooke’s Law: The force F (called the
restoring force) exerted by a spring, tending to restore the weight to the equilibrium position,
is proportional to the distance x of the weight from the equilibrium position. Stated simply,
force is proportional to stretch. Mathematically, we write F = —kx, where k is a positive constant
called the spring constant. Note that if x is positive, then the restoring force is negative, whereas
if x is negative, then F is positive.

can write this expression for the force as m -

Because we are ignoring any other kind of force acting on the weight, we can equate the two
expressions for the force to get

d%x
m- F = —kx,
which we can write in the form
d? k
ﬁ—l—ﬁx:O, where g = - (4.8.1)

We saw this kind of homogeneous second-order linear equation in Section 4.1; and from
our work in Section 4.6 we know how to convert this equation into an equivalent system
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of first-order equations. Earlier in this section, we learned how to understand what a phase
portrait is telling us. Now let’s analyze this problem qualitatively.

m Example 4.8.1 A Spring-Mass System—Simple Harmonic Motion

. .2 . . .
Given the equation ‘;t—ﬁ‘ +pBx =0, where 8 = %, weletx; = xandx; = x. Weseethatx; = x = x»
and %, = ¥ = —Bx (by solving the second-order equation for the second derivative) = —fx1,

so we have the two-dimensional system

5(71 = X2
) (4.8.2)
Xy = —,Bxl.

First of all, note that x, represents the velocity of the mass: x, = X, the rate of change of the
position, or displacement of the mass. Using the language developed in Example 4.7.1, we
say that if we could solve the System (4.8.2) for x; and x,, then the ordered pair (x; (¢), x2(¢)),
consisting of the mass’s current position and velocity, would give the state of the system at
time f.

Now we can look at some trajectories in the phase plane of (4.8.2)—that is, some solu-
tion curves in the x;-x, plane. Using initial points (x1(0),x2(0)) = (1,0), (0, 1), and (2, 0),
Figure 4.16 shows what these curves look like when g = % and we take the interval 0 < t < 10.
You should use technology to plot your own trajectories, with different initial points and
smaller ranges for t. |

Analysis

Is this the behavior you would expect from a bouncing mass? First of all, note that the origin
is a special point, an equilibrium solution, because both equations of our system vanish at

FIGURE 4.16
Trajectories for {5c1 =X,k = —%xl } initial points (1, 0), (0, 1), (2,0); 0 <t < 10
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(x1,x2) = (0, 0). Physically, this means that a mass-spring system that starts at its equilibrium
position (x(0) = 0) and has no initial push or pull (x(0) = x,(0) = 0) will remain at rest
forever, which makes sense.

Now look closely at a typical closed orbit, as one of these elliptical trajectories is called.
Assume that x; = 0 and x; is positive—that is, the mass is at its equilibrium position and is
given an initial tug downward. When the mass is at rest (x; = 0) and it is pushed or pulled in
a downward direction (dx;/dt = x, > 0), the flow moves in a clockwise direction (note the
direction of the slope field arrows), with x, decreasing and x; increasing until the trajectory is
at the x; -axis. Physically, this means that the mass moves downward until the spring reaches
its maximum extension (x; is at its most positive value), depending on how much force was
applied initially to pull the mass downward, at which time the mass has lost all its initial
velocity (that is, x, = 0). Then the energy stored in the spring serves to pull the mass back
up toward its equilibrium position, so that x; is decreasing at the same time that the velocity
X7 is increasing—but in a negative direction (upward). Graphically, this is taking place in the
fourth quadrant of the phase plane. When the flow has reached the state (0, x,), where x; is
negative, the mass has reached its original position and has attained its maximum velocity
upward.

As the trajectory takes us into the third quadrant, the mass is overshooting its original position
but is slowing down: x; < 0 and x, < 0. When the trajectory has reached the point (x3, 0),
where x; is negative, the spring is most compressed and the mass is (for an instant) not
moving.

As the trajectory moves through the second quadrant, the mass is headed back
toward its initial position with increasing velocity in a downward (positive) direction:
x1 <0 and x, > 0. Finally, the mass reaches its initial position with its initial veloc-
ity in the positive (downward) direction—x; =0, x, > 0—and the cycle begins all over
again.

This analysis seems to say that the mass will never stop, bobbing up and down forever.
This apparently nonsensical conclusion is perfectly reasonable when you realize that a
real mass-spring system is always subject to some air resistance and some sort of friction
that slows the system down and eventually forces the mass to stop moving. Our analysis
assumes no such impeding force, so the conclusion is rational, even though the assumption is
unrealistic.

Another View—Solution Curves

As we did in Examples 4.7.1 and 4.7.3, we can use technology to plot each solution of our
system against t. Figures 4.17a and 4.17b show the solution with g = %,xl(O) =1, and
x2(0) =1, corresponding to a spring-mass system that starts 1 unit below its equilibrium
position and has been given an initial velocity of 1 in a downward direction. We should
not be surprised at the appearance of these solution curves. The closed orbits in Figure 4.16
reflect the periodic nature of the motion of the mass. Such motions are called oscillations.
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FIGURE 4.17a
x1 (t), displacement
x1(0)=1,0<t<25
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FIGURE 4.17b
x2 (1), velocity
x2(0)=1,0<t<25

—_

Using methods that we saw in Section 4.1, we can determine that when 8 = %, the general
solution of System (4.8.2) is

x1(t) = (; V10sin (%«/ﬁt) + C, cos (%«/ﬁt)
xz(t):Clcos< \/—t> Os1n< \/—t>

and we can see that the explicit source of the oscillations is the trigonometric terms. The par-
ticular system solution shown in Figures 4.17a and 4.17b corresponds to the initial conditions
x1(0) = 1, x2(0) = 1, so C; = Cy = 1. (Verify this.)

Remembering the discussion of the equivalence of a second-order equation and a system in
Example 4.6.1, we realize that

x1(t) = (; \/_Osm< \/—t> + C; cos <%\/ﬁt>
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is the general solution of the original single differential equation % + px = 0, where 8 = %
(Review Section 4.1. It happens that x,(t) = dx;/dt is also a solution, but this is true only
because the equation is homogeneous.)

Free Damped Motion

Now let’s look at a more realistic version of a spring-mass system. This time we'll assume
the existence of a combination of air resistance and some friction in the spring-mass sys-
tem, called a damping force, to slow the mass down. To dramatize the situation, you
may think of the mass as being immersed in a bucket of water, oil, or maple syrup, so
that any initial force imparted to the mass is opposed by a force in the opposite direction
as the mass meets resistance. The motion that results is called free damped motion. For
instance, the damping produced by automobile shock absorbers provides a more comfor-
table ride.

The damping force works against the motion of the mass, so when the mass is moving down
(the positive direction), the damping force acts in an upward direction, and when the mass
is moving up (the negative direction), the damping force acts in a downward direction. In
algebraic terms, this damping force’s sign must be opposite to the sign of the direction of the
velocity. For small velocities, experiments have shown that the damping force is proportional
to the velocity of the mass. We can express the last two sentences mathematicallyas F = —« %,
where « is a positive constant of proportionality called the damping constant. Realizing that
both the spring’s restoring force and this damping force are opposed to the mass’s motion,
we can use Newton's Second Law of Motion to derive the equation

. d*x dx -
¢ —_ = —— — P
dt? dt
which we can write in the form
d? d k
Ef + bd—f +c¢s=0, where b= % andc = poed (4.8.3)

Now we can convert this second-order differential equation into a system and analyze our
problem qualitatively.

m Example 4.8.2 A Spring-Mass System—Free Damped Motion

. . 2 . . . .

The second-order linear equation % + b% + ¢x = 0 is equivalent to the two-dimensional
system

dx1

— = X7

dt

(4.8.4)
dx
2 _ —bxy — cx1.

dr
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FIGURE 4.18
Trajectory for the system
. dx1 dx; 1
D. fi I — =Xy, —— = ——xp — 2x1; =1, =
lamped free motion { T T 22— x1(0) x2(0) 0}
0<t<25

Phase Portrait Analysis

To understand the motion of the mass, we'll look first at the trajectory we get when we
take b= i,c = 2,x1(0)=1, and x,(0) = 0 (Figure 4.18). In particular, you should see
that the mass starts off 1 unit below its equilibrium position with no initial velocity in any
direction.

The direction of the trajectory in Figure 4.18 indicates very dramatically that the state of
the system is spiraling into the origin—that is, x;(t) — 0 and x,(t) — 0 as t — oo. Every
time the spiral trajectory in Figure 4.18 crosses the x;-axis (so that x; =0), the mass is at its
equilibrium position—on its way up when the velocity x, is negative and on its way down
when x; is positive. (Remember our agreement on which direction is positive and which
direction is negative.) This type of spiral clearly indicates why we can say that the origin is a
sink for the system.

Another View

We can also look at the graphs of x; (t) against t (Figure 4.19a) and x, (t) against ¢ (Figure 4.19b)
for the same system. The oscillations shown in Figures 4.17a and 4.17b reflect the behavior
of the system in a different way.

The mass reaches its equilibrium position when the x; (t) curve crosses the t-axis. If x; (t*) = 0,
then look at Figure 4.19b to see what the value of x, (t*) is. If x, (t*) > 0, for example, the mass
is on its way down. Also note how Figures 4.18, 4.19a, and 4.19b show that the successive
rises and falls get progressively smaller.

The figures all reflect the initial conditions and seem to say that the mass eventually comes
to rest at its equilibrium position. If you were to hit a brass gong with a special ceremonial
hammer, the vibrations would be loud at the beginning but would gradually fade to nothing.
This is roughly what we are seeing here.
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FIGURE 4.19a
x1(t), displacement

x1(0) =1
0<t<25
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FIGURE 4.19b
x7 (1), velocity

x2(0)=0
0<t<25

A Look at the Actual Solution

The curves in Figures 4.19a and 4.19b are not periodic, despite their resemblance to familiar
trigonometric curves that are. In Section 4.1 we saw how to determine that the solution of

our IVP dtz + 4dt dx 4 2x =0, with x(0) = 1 and & 4 (0) = 0, is given by
V127
x(t) = el=80) (cos( 127 t) 7 sm( 127 t))

which is not a pure trigonometric function because of the exponential factor. You should Verify
that this is a solution. In terms of our System (4.8.4), we have x; () = x(t) and x,(t) = dt
(Do the differentiation to see what x,(t) looks like.)

The exponential factor e(=51), called the time-varying amplitude, forces the decay of the
oscillations indicated by the trigonometric terms. Figure 4.20 shows the graph of the solution

x(t), together with the graphs of e(=59 and —e(~51),
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FIGURE 4.20
1 1
The graphs of x(t), e(= 59, and —e(=59)

u
Different Kinds of Damping

You should be aware that there are different kinds of damped motion. The behavior of a
damped system described by the equation m% + a% + kx = 0 depends on the relationship
among the three constants m, «, and k—the mass, the damping coefficient, and the spring
constant, respectively. The example we've just analyzed is a case of underdamped motion,
occurring when the damping coefficient is relatively small compared to the other constants:
o’ < 4mk, technically. The other two possibilities, overdamped motion («? > 4mk) and
critically damped motion (a? = 4mk), are explored in Problems Al and A2 in Exercises 4.8.
We'll give a detailed explanation of the significance of the relationship among m, ¢, and k in
Chapter 5.

Forced Motion

Sometimes a physical system is subject to external forces, which must appear in its mathe-
matical representation. For example, the motion of an automobile (whose body-suspension
combination can be considered a spring-mass system) is influenced by irregularities in the
road surface. Similarly, a tall building may be subjected to strong winds that will cause it to
sway in an uncharacteristic way.

We're going to look at an initial-value problem related to Example 2.2.5 and to Problems B9-
B11 in Exercises 2.2. This discussion will involve an important type of second-order linear
equation with a forcing term.

m Example 4.8.3 Forced Damped Motion

Suppose we have an electrical circuit with an inductance of 0.5 henry, a resistance of 6 ohms,
a capacitance of 0.02 farad, and a generator providing alternating voltage given by 24 sin (10t)
for ¢t > 0. The alternating voltage is the external force applied to the circuit, and the resistance
is a damping coefficient. Then, letting Q denote the instantaneous charge on the capacitor,
Kirchhoff’s Law gives us the equation

?’Q  dQ .
O'SW + GE + 50Q = 24 5sin 10t,
or
d’Q dqQ

—p +12—5 +100Q = 48sin 10t.
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Let’s assume that Q(0) = 0 and ‘Z—?(O) =0.

This second-order nonhomogeneous equation is equivalent to the nonautonomous system

dx1

—_ =X

dt 2

dx; .

W = 48sin 10t — 12x, — 100x,

with initial conditions x1(0) = 0 and x,(0) = 0. (You should work this out for yourself.)

Phase Portrait

The phase portrait (Figure 4.21a) corresponding to this system, for 0 < t < 0.94, is inter-
esting. At first, we suspect that we may get a spiral opening outward. But with an expanded
range for t—say, from 0 to 5—the phase portrait resembles a closed orbit around the origin
(Figure 4.21b). We can understand the initial “blip” by using the explicit solution found by
the techniques discussed in Section 4.2:

1 2
Q@) = Ee‘“ (4 cos 8t + 3sin 8t) — 5 cos 10t.

As in Example 2.2.5, we see that there is a transient term, %e_Gt(él cos 8t + 3 sin 8t), that

becomes negligible as ¢t grows large (Why?), and a steady-state term, %cos 10¢, that controls
the behavior of Q(t)(= x1) eventually. This steady-state term is periodic with the same period
(21—8 = Z) as the forcing term and has the amplitude % The current in the circuit is given by
_ dQ _
I= a = X2. ]
Let's look at one other example of a spring-mass system. First, we suppose that there is no
air resistance or friction. Next, we assume that the spring to which the mass is attached is
supported by a board. Now we set the mass into motion by moving the supporting board up

and down in a periodic manner. This situation is described as driven undamped motion or

FIGURE 4.21a
Trajectory for the system

{dditl —x2, ®2 — 485in10¢ — 12x; — 100x1;x1 (0) :0:x2}

0<t=<094
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FIGURE 4.21b
Trajectory for the system

{% —x2, ®2 — 485in10¢ — 12x, — 100x1;x(0) = 0 :xz(O)}
0<t<5

forced undamped motion. As in the preceding example, a force external to the spring-mass
system itself is being applied to the system, and we want to understand the behavior of the
system.

When we apply Newton's Second Law of Motion, an analysis similar to that provided in
Example 4.8.1 gives us the equation

d’x
m- F = —kx +f(t),
which we can write as
2
d_x + Bx = F(t) where B= k and F(t) = @ (4.8.5)
de? m m

The forcing function f(t) (or F(t)) describes the external force that jiggles the supporting
board up and down rhythmically. Remember that we are assuming that this force is periodic,
s0 f (t) is sometimes positive and sometimes negative—that is, sometimes the board is moved
downward, and sometimes it is moved upward. (Did you ever see the toy consisting of a paddle
with a rubber ball attached to it by an elastic cord?)

The next example gives us the qualitative analysis of this problem.

m Example 4.8.4 Forced Undamped Motion

The system equivalent to our problem is

an
a2

(4.8.6)
dxz
— = F(t) — Bx1.

dt
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Let's take § = 4 and assume that the forcing function is F(t) = cos(2t). Furthermore, let’s
assume that the mass starts from its equilibrium position, x; (0) = x(0) = 0, and that it has
no initial motion before the external force is applied—that is, x,(0) = d—x(O) = 0. Figure 4.22

t
shows the phase portrait corresponding to this IVP for 0 < t < 20.

Analysis

Note that because the initial point is the origin, it is obvious that the spiral trajectory is
moving outward—that is, in a clockwise direction. (You should contrast this with Figure 4.18
in Example 4.8.2.) Figure 4.22 indicates that both the displacement of the mass and its
velocity are growing without bound. The graphs of x;(t) and x,(t) against t (Figures 4.23a
and b) confirm this.

The Actual Solution

The solution of the system we have chosen as an example is x1 (t) = x(t) = i sin(2t). (Check
that this is a solution of the IVP.) The sine term contributes an oscillation between —1 and 1,

FIGURE 4.22

Trajectory for the system

{dditl = X2, % = cos2t — 4x1;x1(0) =0 = xz(())}
0<t<20

FIGURE 4.23a
x1(t), displacement

x1(t) in Example 4.8.4,0 <t < 30
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X2/
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FIGURE 4.23b
x5 (1), velocity

x7 (t) in Example 4.8.4,0 <t < 30

FIGURE 4.24
x1(t) = x(t) = £ sin(21),0 <t <30

but the factor £ affects the amplitude of the oscillations: |x(t)| = |%][sin (2¢)], so that —% <
x(t) < f‘; for t > 0, and x(t) gets larger and larger in both the positive and negative directions
as t gets larger.

Figure 4.24 shows how the linear factor £ magnifies the oscillation caused by the trigonometric
factor. =

Resonance

A situation in which we have unbounded oscillation, as shown in the preceding example, is
called resonance. This is particularly important because all mechanical systems have natural
or characteristic frequencies—that is, each atom making up the system is vibrating at a
particular frequency, and the composite system has its own characteristic frequency. Recall
that if a function g is periodic with period T (so that T is the smallest number for which
gt + T)=g(t) for all t), then its frequency f is the number of cycles per unit of time: f =
%. Resonance occurs when the frequency of an external force coincides with the natural
frequency of the system, thereby amplifying it. You may have experienced having the windows
in your home rattle when a heavy vehicle drives by. Going faster than a certain speed in a
car may cause a disturbing rattling. In the preceding example, the natural frequency of the
system is % cycles per unit of time, which is equal to the frequency of the forcing function
F(t) = cos(2t).
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An unfortunately frequent physical consequence of such amplified vibration is the destruction
of the system. In a spring-mass system, the spring could break. A serious situation can occur
when numbers of people march in step over a bridge and the frequency of the vibrations set
up by the marching feet causes resonance and the collapse of the bridge. (This is why military
columns and parade marchers “break step” when crossing a bridge.) As another example, in
1959 and 1960, several models of the same plane crashed, seeming to explode in midair. The
Civil Aeronautics Board (CAB) determined that the disintegration of the planes was due to
mechanical resonance: A component within the planes, when not fastened securely, generated
oscillations that acted as an excessive external force on the wings, breaking them within
30 seconds.” Similarly, resonance occurs when the ocean’s waves hit a human-made barrier
or when wind swirls around a bridge support or tower.

A less disastrous example of resonance is the shattering of a glass by a powerful singer hitting a
very high note. The external force here is the sound wave that amplifies the natural frequency
of the glass.

It should be pointed out, however, that resonance can also be our friend. The great scientist
Galileo (1564-1642) made the following observation about resonance used in the ringing
of heavy, free-swinging bells in a tower:

Even as aboy, Iobserved that one man alone by giving these impulses at the right instant
was able to ring a bell so large that when four, or even six, men seized the rope and
tried to stop it they were lifted from the ground, all of them together being unable to
counterbalance the momentum which a single man, by properly timed pulls, had given it.

A parent pushing a child’s swing, timing the pushes to coincide with the swing’s motion, is
using resonance to increase the amplitude of each swing.!! A motorist rocking his or her car
to get it out of a muddy rut or a snow bank is applying an external force to amplify the car’s
natural frequency. Tuning a radio depends on resonance.

Exercises 4.8

A

1. The IVP ¥ + 20x 4+ 64x = 0, with x(0) = 1/3 and x(0) = 0, models the motion of a spring-mass
system with a damping force. The initial conditions indicate that the mass has been pulled below
its equilibrium position and released.

a. Express this IVP as a system of two first-order equations, with the appropriate initial conditions.
b. Use technology to graph the solution of the system in the phase plane.

9 For examples of resonance, see Alice B. Dickinson, Differential Equations: Theory and Use in Time and Motion (Reading, MA: Addison-
Wesley, 1972): 100 ff.

10 Galileo Galilei, Dialogues Concerning Two New Sciences, translated by H. Crew and A. DeSalvio (New York: Macmillan, 1914), “First
Day,” 98.

™1 See, for example, “How to Pump a Swing” by S. Wirkus, R. Rand, and A. Ruina, College Math. J. 29 (1998): 266—275.
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c. Use technology to graph the solution of the original second-order equation relative to the t-axis.
d. Comparing the results of parts (b) and (c) to the appropriate graphs in Examples 4.8.1 and 4.8.2,
why do you think that the motion shown in this problem should be called overdamped?

2. Consider the spring-mass system modeled by the IVP X + cx + 0.25x = 0, with x(0) = % and
x(0) = %. Here, ¢ is a positive parameter.

a. Express the IVP in terms of a system of first-order equations, including initial conditions.

b. For each of the values ¢ = 0.5, 1, and 1.5, use technology to graph the solution of the system in
the phase plane, 0 < t < 20.

c. For each of the values ¢ = 0.5, 1, and 1.5, use technology to graph the solution of the original
equation with respect to ¢ on the interval

0<t<20.

d. Based on your answers to parts (b) and (c), describe how the nature of the solution changes as
the value of ¢ passes through the value 1? (When ¢ = 1, the system is critically damped.)

3. Consider the following model of a spring-mass system: ¥ + 64x = 16 cos 8t, with x(0) = 0 and
x(0) = 0.

[+}]

. Express the IVP in terms of a system of first-order equations, including initial conditions.

b. Use technology to graph the solution of the system in the phase plane.

c. Use technology to graph the solution of the original second-order equation relative to the t-axis.
d. What is the relationship of the graph in (c) to the two half-lines x = t and x = —¢ for ¢t > 0?

1. A spring having a spring constant of 250 is used in a simple set of scales to measure the weights of
objects placed on the pan. The pan (of mass 0.5kg) rests on top of the spring (see the following
illustration).

Mkg

|z A

A block of mass M kg is placed on the pan, causing the spring to oscillate. There is a damping force
of 10v Newtons, where v m/sec is the speed of the pan.

a. Determine the differential equation of motion for the subsequent damped oscillations.

b. Show that the general solution of the equation found in part (a) has the form x = Aoe_%
cos(nt + ¢), where Ag is the initial amplitude. Hence, find an expression for n in terms of M.

c. Find, in terms of M, the time it takes for the system to settle down to oscillations of only 25% of
the initial amplitude.

d. What effect would removing the damping force have on the system?
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2. A particle is in simple harmonic motion along the y-axis. At t = 0,y = 3 and v = dy/dt = 0. Exactly
1/2 second later, these values repeat themselves. Find y(t) and v(t).

Cc

1. Convert each of the following systems to a single second-order equation. Then interpret each
equation to determine which (if any) cannot represent a spring-mass system. Explain your
reasoning.

a. Q =-6Q+3R
R'=-Q-2R

b. x=3x—y
y=x+3y

EXISTENCE AND UNIQUENESS

Now that we've learned how to convert higher-order equations to equivalent systems of first-
order equations and we’ve seen some qualitative analyses of these systems, it's time to ask that
important question we first considered in Section 2.8 in the context of first-order equations:
How do we know that a given higher-order equation or equivalent system has a solution—and
do we know that any such solution is unique?

We don't want to waste human and computer resources searching for a solution that may
not exist or that may merely be one of many solutions. For now we'll focus on second-order
equations and their corresponding systems. In Chapter 5 we'll look at generalizations to
higher-order equations and larger systems.

The first example shows that when there is one solution of a system, there may be many.

m Example 4.9.1 A System IVP with Many Solutions

Let’s look at the initial-value problem
t2x” — 2tx’ + 2x = 0, with x(0) = 0 and x(0) = 0.

This is equivalent to the system IVP

X] =x2
;2 2 .
Xy = ?xz — t—2x1, with x1(0) = 0 = x,(0).

Then x(t) = 0 and any function of the form x(t) = Kt? (where K is any constant) are solutions
of the original IVP. (Verify this.) With respect to the equivalent system of equations, x; (t) = 0,
x2(t) = 0, is a solution, and any pair of functions x; (t) = Kt?, x(t) = 2Kt is a solution. What
we are saying here is that our IVP has infinitely many solutions. |

* Denotes an optional section.
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In contrast to the IVP in the preceding example, we can have a system of differential equations
with no solution.

m Example 4.9.2 A System IVP with No Solution
Let’s look at the IVP

1
X} = —, &5 = 2x1 — x2, withx1(0) = 0 and x2(0) = 1.

X1

When we examine this situation carefully, we see that if x; (t) is part of a solution pair for this

IVP, then x] doesn't exist for t = 0 because x} (0) = m and x; (0) = 0. This says that there
1

is no solution to this IVP. |

What we want in most real-life situations is one and only one solution to an initial-value
problem. The next example shows such a case.

m Example 4.9.3 A System IVP with a Unique Solution
The IVP {% =y, % =x; x(0)=1, y(0) = 0} has the unique solution x(t) = % (et + e“),

y(t) = % (¢! —e™"). You may recognize x and y as the hyperbolic cosine (cosh) and hyperbolic
sine (sinh), respectively.

This system is equivalent to the single equation X —x = 0, or X = x, withx(0) =1 and x(0) = 0,
and it isn't too difficult to guess what kind of function is equal to its own second derivative.
Problem A1 in Exercises 4.9 will ask you to explore this further. |

An Existence and Uniqueness Theorem

At this point we have seen that the possibilities for second-order IVPs are similar to those we
saw in Section 2.8 for first-order IVPs. We can have no solution, infinitely many solutions, or
exactly one solution. Once again we would like to determine when there is one and only one
solution of an initial-value problem.

The simplest Existence and Uniqueness Theorem for second-order differential equations or
two-dimensional systems of first-order equations is one that is a natural extension of the
result we saw in Section 2.8. We'll state two forms of this.

Existence and Uniqueness Theorem
2, . é
Suppose we have a second-order IVP “% =f(t,y,y), with y(to) = yo and y(tg) = yo. If f, %
and % are continuous in a closed box B in three-dimensional space (t-y-y space) and the
point (to, yo, yo) lies inside B, then the IVP has a unique solution y(t) on some t-interval

I containing tg.

Equivalently,
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Existence and Uniqueness Theorem
Suppose we have a two-dimensional system of first-order equations

dx1 -
— =f(t,x1,%2)
I ft,x1,x2
dxz
— = g(t, x1,%2),
dt 8
of dg of ag

~_ o~ and -2 are all continuous in a box
0x1’ 0x1’ 0xo 00X
B in t-x; — x; space containing the point (to, 9, x9), then there is an interval I containing

to in which there exists a unique solution x; = y1(t), x2 = y2(t) of the IVP.

where x; (to) = x9 and x5 (to) = x9. If f, g,

Many Solutions

We can write the equation in Example 4.9.1 in the form ¥ = f(t,x, %) = %, SO we see
that f does not exist in any box in which t = 0. Therefore, we should not expect exactly one
solution, and, in fact, although there is a solution to the IVP with initial conditions x(0) = 0
and x(0) = 0, any such solution is not unique.

No Solution

In Example 4.9.2, we can use the system form of our Existence and Uniqueness Theorem to
see that the function f(t, x1,x2) = 1/x] does not exist at the point (t,x7,x9) = (0,0, 1), so
once again we are not guaranteed exactly one solution—and, in fact, there is no solution of
the IVP.

Exactly One Solution

Finally, if we examine the IVP in Example 4.9.3 from either the single-equation or the systems
point of view, we should see that in this situation we are guaranteed the existence of one and
only one solution of the initial-value problem. (Check this.)

The nice thing about these questions is that in most common applied problems, the functions
and their derivatives are well behaved (continuous, etc.), so that we do have both existence
and uniqueness.

Exercises 4.9
A

1. In Example 4.9.3 you saw an IVP for a system of equations that was equivalent to the single
equation IVP x” —x = 0, or x”" = x, with x(0) = 1 and x’(0) = 0. Using the technique of Section 4.1,
show that x(t) = % (¢! + e ") is the solution of the IVP x” — x = 0 with x(0) = 1 and x"(0) = 0.

2. Verify that each of the following initial value problems has a solution that is guaranteed unique
everywhere in three-dimensional space.

a. xj =xp, &5 =3x1 —5x2; x1(0) =1, x2(0) =0
b. x} =x%, Xy = sinxg —xg_; x1(0) =0, x2(0) =0
c. x] =x§, Xy =txp —x2; x1(0) =0, x2(0) =1
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3. For each of the following equations, determine intervals in which solutions are guaranteed to exist.

. y(iu) + 4)//// +3y=t

.y + (sint)y” + 3y = cost
1t — 1)y® ety + 412y =0
) )/W + ty” + tzy/ + t3y —Int

o oo

1. Show that the initial value problem
{w' =y —4t,(x—3)y = —4x +sint; x(0) = 3,y(0) = 0}

has no solution. Does this contradict the existence part of the result we have given in this section?
Explain.
2. a. Show that {x; (1) = e~ "sin(3t),y1(t) = e~' cos(31)} and

[xz(t) — e DsinB3(t — 1)), y2(0) = e~V cos(3(t — 1))]

are solutions of the system

d—x——x+3
ar — Y
dy

= _3x—y.
dt Ty

b. Use technology to draw the graphs of each of the solutions in part (a) in the x-y phase plane.
c. Explain why the solutions in part (a) don't contradict the uniqueness part of the result in this
section.

oy

. Consider the equation
szy(S) — (6sinx)y” + 2xy” + er3y/ + (Bx -5y =0.

Suppose that Y (x) is a solution of this equation such that Y(1) =0, Y/(1) =0, Y”(1) = 0,
Y”(1) =0,Y® (1) = 0,and Y (1) = 0. Why must Y (x) be equal to 0 for all values of x?
2. Use technology to plot some trajectories of the nonautonomous system

@_(l_t) —
dt ol
dy

Your graph should show some intersecting curves. Does the graph contradict the existence and
uniqueness theorem? Explain.
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3. Consider the system

xX=y

p=—x+0—x>—yy.

a. Let D denote the region in the phase plane defined by x2 + y2 < 4. Verify that the given system
satisfles the hypotheses of the Existence and Uniqueness Theorem throughout D.

b. By substitution, show that x(t) = sint, y(¢t) = cost is a solution of the system.

c. Now consider a different solution, in this case starting from the initial conditions x(0) = 1/2,
y(0) = 0. Without doing any calculations, explain why this solution must satisfy x(0)2 +
y(t)?2 < 1 for all real values of t.

NUMERICAL SOLUTIONS

The difficulty of finding closed-form solutions of single differential equations is compounded
when it comes to systems of equations. We've already seen some useful ways in which systems
are analyzed qualitatively. However, you should realize that a graphing calculator or computer
produces phase portraits by using numerical methods. As for any computer graph, individual
points are calculated and then connected by a series of small line segments that give the
impression of a continuous curve.

Now it is time to see that any of the numerical techniques introduced for first-order equations
in Sections 3.1, 3.2, and 3.3 can be extended to systems of first-order equations in a natural way.
In this section, we'll work with two-dimensional systems, leaving the obvious generalizations
to Chapters 5 and 7. Even though it is important to be able to solve simple numerical prob-
lems by hand, most systems of differential equations are solved using numerical methods
implemented on computers.

Euler’'s Method Applied to Systems

Let's start by recalling Euler’s method for solving the first-order initial-value problem y’ =
fx,y), ¥ (x0) = yo. This algorithm was originally given as Formula (3.1.3):

Vir1 = Vi + R f G i)

Here, h is the step size and y, denotes the approximate value of the solution at the point
Xp = xo + kh.

Now suppose we have a system of two first-order differential equations

dx
I =f(t,x,y)
dy
- = t/ ’ ’
T 3t x,y)
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with x(to) = xo and y(tp) = yo. If we let t, = to + kh, x, =~ x(,), and y;, = y(t;), we can apply
Euler’s algorithm to each equation separately to get the result

X1 = Xp + h - f (G Xpes i)

Vier1 = Vie + B+ f (tes Xpey Yi).- (4.10.1)

Let’s see how this method works on a system we've already seen.

m Example 4.10.1 Euler’'s Method for a System—by Hand

As a simple illustration of Euler's method applied to a system, let's approximate the solution
of the IVP of Example 4.9.3 at t = 0.5. The system, which we know has a unique solution, is

dx dy

n :yla =x; x(0) =1,y(0) =0.

Equations
When we use a step size h = 0.1, the algorithm given by Equation (4.10.1) looks like

Xp1 = X + (0. 1)yy

Yier1 = Vi + (0.1)xy,
where xp = x(0) = 1 and yo = y(0) = 0.
Calculation

We approximate the solution at t = 0.5 by taking five steps:

x1 =x0+ (0.1)yo =14 (0.1)(0) =1
y1 =y0 + (0.1)xo =04 (0.1)(1) = 0.1

X2 =x1 + (0.1)y; = 1+ (0.1)(0.1) = 1.01
y2 =91+ (0.1)x; = 0.1+ (0.1)(1) = 0.2

x3 =x2 + (0.1)y2 = 1.01 + (0.1)(0.2) = 1.03
3 =7y2 + (0.1)x; = 0.2 + (0.1)(1.01) = 0.301

x4 = x3 + (0.1)y3 = 1.03 + (0.1)(0.301) = 1.0601
y4 =3 + (0.1)x3 = 0.301 4 (0.1)(1.03) = 0.404

X5 = x4 + (0.1)y4 = 1.0601 + (0.1)(0.404) = 1.1005
s = ya + (0.1)x4 = 0.404 + (0.1)(1.0601) = 0.51001
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Result

These calculations indicate that x(0.5) ~ 1.1005 and y(0.5) ~0.5100. But to four decimal
places, the exact solution is x(0.5) = cosh(0.5) = (%) (exp(0.5) + exp(—0.5)) = 1.1276 and
y(0.5) = sinh(0.5) = () (exp(0.5) — exp(—0.5)) = 0.5211. Thus, the absolute error is 0.0271
for x and 0.0111 for y.

If we cut our step size in half, letting h = 0.05 and using technology, we need 10 steps and
find that our approximations are x(0.5) ~ 1.1138 and y(0.5) ~ 0.5151, to four decimal places.
Now the error—0.0130 for x and 0.006 for y—is roughly half of what these errors were when
h = 0.1. Having computer resources at our command, it’s hard to resist another run, this time
with h = 0.01. Taking 50 steps, we have x(0.5) ~ 1.1248 and y(0.5) ~ 0.5198, with errors
0.0028 and 0.0013 for x and y, respectively. You should experiment with a few other values
of h on your own CAS or graphing calculator. |

Problem A1 in Exercises 4.10 asks you to write the system form of the improved Euler method
(Heun's method).

The Fourth-Order Runge-Kutta Method for Systems

As an additional example, let’s look at the system form of the Runge-Kutta algorithm intro-
duced in Section 3.3. (As we mentioned in that discussion, it was Kutta who generalized the
basic method to systems of ODEs in 1901.)

We start with the same general first-order system we considered before:

dx
I =f(t,x,y)
dy

-5 = t/ ’ ’
T 3t x,y)

with x(tg) = xo and y(to) = yo. Again, let t;, = to + kh, x;, =~ x(t;), and y, = y(&). Then the
system version of the classic Runge-Kutta Formula (3.3.2) is

1

Xpt1 = X + g(ml + 2my + 2ms3 + my)
1

Ye+1 = Ve + E(Ml + 2Mj + 2M3 + My),

where

my = hf(tkr Xkes yk)

h mq My
=h 5 o i I
my f<k+2xk+2)’k+2>

m M
ms = hf(tk + h, x, + 72,)/;4 + 72>

my = hf (ty + h, X + m3, Y + M3) = hf (g1, X + m3, Y + M3).
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and
My = hg(te, Xk, Vi)

h my My
My=hg |tp +=, 0, +—,p+ —
2 g(k ?_xk 2 Ve 2)

h my M2
Ms=hglt+ =, —=, —=
3 g<k+2xk+2 Yk+2>

My = hg(ty, + h, x, + m3, Y + M3) = hg(tpg1, X + m3, ¥ + M3).

Now let’s put this algorithm to use—with the aid of technology, of course.

m Example 4.10.2 Using Runge-Kutta (RK4) and a CAS

Let’s look again at the initial-value problem analyzed in Example 4.7.1. The system IVP is
% =y, % =x; x(0) = 1, y(0) = 0, and we want to approximate x(0.5) and y(0.5). Rather
than wearing ourselves out trying to implement the fourth-order Runge-Kutta method by
hand, we can enter the equations and initial conditions into our CAS, specify the method (in

whatever way you must describe the RK4 method), and choose a step size h = 0.1.

What we get is an approximation for x(0.5) of 1.1276 and an approximation for y(0.5) of
0.5211, both rounded to four decimal places. To four decimal places, the absolute error for
each approximation is 0! |

Our final example shows how the Runge-Kutta-Fehlberg fourth- and fifth-order algorithm
works on an interesting system application.

m Example 4.10.3 Using Runge-Kutta-Fehlberg (rkf45) and a CAS

The Japanese-born British mathematician E. C. Zeeman (1925- ) developed a simple
nonlinear model of the human heartbeat:

ed—x =—3—Ax+0)
dt

de

o=

where x(t) is the displacement from equilibrium of the heart’s muscle fiber, ¢ = ¢(t) is the

concentration of a chemical control at time ¢, and ¢ and A are positive constants. Because the

levels of ¢ determine the contraction and expansion (relaxation) of the muscle fibers, we can
think of ¢ as a stimulus and of x as a response.

X,

We want to investigate the nature of the model’s solution, and for convenience we'll assume
that e~ 1.0 and A~ 3. Also, let x(0) ~ 1.7 and ¢(0) ~ 0.3. (The initial conditions were deter-
mined after experimenting with various values on a CAS.) The calculations producing the
graphs and the values discussed next were carried out using the rkf45 method for the
system.
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1.7,¢(0) = 0.3}

Table 4.3 Solution Values of {% =—x3=3x+0),

de — ;x(0) = 1.7, ¢(0) = 0.3}

t x(t) c(t)
0 1.7000 0.3000
p) 0.7499 2.9990
4 —1.8417 0.4728
6 —-1.1132 —2.5911
8 1.9436 —1.2862
10 1.3384 2.0618

4.10

Numerical Solutions

Because one important feature of a heartbeat is that it is periodic (lub-dub, lub-dub, ...), the
solution should reveal this in the x-c phase plane—and in fact it does (Figure 4.25). Both the
systole, corresponding to a fully relaxed heart muscle, and the diastole, indicating a state of full
contraction, are labeled on Figure 4.25.

We see that the heart muscle starts at (1.7,0.3) and, under the influence of increasing c,
contracts until it is fully contracted at D. Then the muscle begins to relax until it attains
systole at S, returns to the initial point, and (we hope) begins the cycle again. Superimposing
the trajectory on the slope field makes it easy to see the direction of the trajectory, but the

numerical values in Table 4.3 also

tell the story.
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FIGURE 4.26a

Graph of x(t) vs. t for the system VP
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FIGURE 4.26b
Graph of c(t) vs. t for the system VP

{% — (x> =3x+c), dt—x,x(O)—17c(O)—03}

0<t=<30,-4=<c=<4

If we examine the signs of x and ¢ as t increases, we see that the points (x, ¢) are moving
counterclockwise through the quadrants of the x-c plane. Looking carefully at the data in the
table, we can see that the trajectory returns to its initial point (1.7, 0.3) sometime between
8 and 10. In fact, a more detailed analysis reveals that the solution of our IVP has period
approximately equal to 8.88. (See Problem C2 in Exercises 4.10.)

Solving the system with rkf45 and then plotting x against ¢t (Figure 4.26a), we see the peri-
odic nature of the heart muscle’s expansions and contractions. Figure 4.26b shows how the
electrochemical activity represented by the variable ¢ also varies periodically.

We will investigate interesting nonlinear systems again in Chapter 7. |

Just as for a single first-order equation, we can use spreadsheet commands to carry out the
calculations needed to approximate the solutions of systems. Systems versions of the standard
numerical techniques may be a bit more difficult to program, may require more intermediate
storage, and may take a little more time, but they work well. Graphing calculators also handle
systems of differential equations. In fact, as we remarked in the Introduction for this chapter,
they usually deal with a single higher-order equation by requiring the user to write it in terms
of a system and then solving the system numerically.
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Whatever technology you use, try to understand what methods have been implemented by
reading your documentation or checking out your software’s “Help” features.

Exercises 4.10

All problems are to be done using technology, unless otherwise indicated.

A

. a. Extend the improved Euler method given by Formula (3.2.1) to a system of two first-order

equations.

b. By hand, re-do Example 4.10.1, using h = 0.1 to find approximations to x(0.5) and y(0.5).

c. Calculate the absolute error in part (b).

d. Use technology and the improved Euler method with h = 0.1 to check your answers to part (b).

Consider the system x” = x — 4y, Y’ = —x + y, with x(0) = 1 and y(0) = 0. The exact solution is

x() = (et +e31),y(t) = (7t —&3).

a. Verify that the exact solution of the IVP is the solution given above.

b. Approximate the value of the solution at the point ¢ = 0.2 using Euler's method with h = 0.1.
Compare your result with the values of the exact solution, calculating the absolute error.

c. Approximate the value of the solution at the point t = 0.2 using a fourth-order Runge-Kutta
method with h = 0.2. Calculate the absolute error.

Consider the initial value problem y” +y" — 2y = 2x, with y(0) = 1 and y’(0) = 1.

a. Convert this problem into a system of two first-order equations. (Choose your new variables
carefully)

b. Determine approximate values of the solution at x = 0.5 and x = 1.0 by using Euler's method
withh =0.1.

c. Determine approximate values of the solution at x = 0.5 and x = 1.0 by using the fourth-order
Runge-Kutta method with h = 0.1.

In Example 4.8.2 you were told that the solution to the IVP

P Ldx 0, with (@) =1, i0) = 0
a2 = 4dt o - -

is

x(t) =

(—51) (127 cos (%\/ﬁt) ++/127sin (é«/ﬁt))

—e
127

a. Convert this IVP into a system of first-order equations.

b. Determine the approximate value of the solution at t = 0.6 by using the Runge-Kutta-Fehlberg
method (rkf45), if available. Otherwise, use the highest-order Runge-Kutta method available to
you, with h = 0.01. Compare your values with the exact solution above.
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1. A particle moves in three-dimensional space according to the equations

dx dy o dz
—-— =Yz, _—— , _—— .
a " ar a7

a. Assuming that x(0) = 0, y(0) = 5, and z(0) = 0, use the Runge-Kutta-Fehlberg method, if
available, to approximate the solution at t = 0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9, 1.0, 5.0, and
37. (Otherwise use the highest-order Runge-Kutta method available to you, with h = 0.01.)
Describe what these values seem to be telling you about the motion of the particle.

b. Now assume that x(0) = y(0) = 1 and z(0) = 0. Approximate the solution at t = 0.1, 0.2, 0.3,
1.5,1.6,1.7,1.8, and 1.9 using the same procedure you used in part (a). What seems to be

happening?
2. The system
dx =7 4x — 13
a =Y
ﬂ =2x—5y+11
dr Y

appeared in Example 4.7.3, where it was described as a possible arms race model.

a. Suppose that x(0) = 1 and y(0) = 1. Use technology and the Runge-Kutta-Fehlberg
fourth-fifth-order method (or a reasonable substitute) to estimate x and y for
t=1,2,3,4,5,10,15, and 20.

b. On the basis of the values found in part (a), guess at lim x(t) and lim y(¢).

t—00 t—00

3. The Lotka-Volterra system (Section 4.7)
X =3x — 2xy
y=05xy—y
has solutions (x(t), y(t)) that are periodic because a given trajectory always returns to its initial
point in some finite time t* : x(t + t*) = x(t) and y(¢ + t*) = y(t). By using technology and the rkf45
method, estimate the smallest value of t* to two decimal places if x(0) = 3 and y(0) = 2. (Try

different values of t # 0 until you get x(t) ~ 3 and y(¢) ~ 2.0.)
4. The equations

x=y

y=—0.25y — 2x; x(0) = 1,y(0) =0
represent a certain spring-mass system with damping. As usual, assume that the positive direction
for x(t) and y(t) is downward and time is measured in seconds.

a. Using technology, approximate x(t) and y(t) for t = 1, 2, 3, 4 and interpret the position and
velocity in each case.

b. Estimate (to the nearest hundredth of a second) the time when the mass first reaches its
equilibrium position, x = 0.
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d? 2dy

5. Emden'’s equation dx—g +i T y" = 0, where n is a parameter, has been used to model the
thermal behavior of a spherical cloud of gas.!? When the cloud of gas is a star, the first zero of the
solution, multiplied by 1010 ¢m, represents the radius of the star. In modeling the bright component
of Capella, the astrophysicist A. S. Eddington took n = 3 in Emden’s equation and used the initial

conditions y(0) = 1,y'(0) = 0.

a. Express Eddington’s version of Emden’s equation as an equivalent system of two first-order
equations in the variables u and v.

b. Approximate the radius of Capella by determining (approximating) the first value of x for which
y(x) = 0.

Cc

1. A famous model for the spread of a disease is the S-I-R model. At a given time ¢, S represents the
population of susceptibles, those who have never had the disease and can get it; I stands for the
infected, those who have the disease now and can give it to others; and R denotes the recovered,
people who have already had the disease and are immune. Suppose these populations are related
by the system

ds = (—0.00001)SI

dt

da = (0.00001)SI — 1
dt 14
dR 1

da 14

with S(0) = 45,400, I(0) = 2100, R(0) = 2500.

a. Add the three differential equations and interpret the result in terms of a population.

b. Use your CAS to plot S, I, and R as functions of ¢ on separate graphs. [Warning: Some
mathematical software (such as Maple) may reserve the letter I for the imaginary unit «/—1.
If this is your situation, use IN to denote the infected population. ]

c. Use your CAS to plot phase portraits in the S-I, S-R, and I-R planes.

d. Use a powerful numerical method (with h = 0.1 if appropriate) to approximate the values of S, I,
andRatt=1,2,3,10,15, 16, and 17 days. What do you see?

e. Approximate the value of t at which I = 0.

2. Use the rkf45 method to show why the period of the trajectory in Figure 4.25 is approximately 8.88.
(Use the method suggested in Problem B3.)

3. Investigate the Zeeman heartbeat model in Example 4.10.3 with ¢ = 0.025, A = 0.1575, and
(%0, ¢g) = (0.45, —0.02025).

a. Use the 1kf4b method to approximate x(t) and c(t) for t = 0.01,0.02, ..., 0.10 seconds. What do
your calculations tell you about the direction of the solution curve in the x-¢ plane?
b. Draw the trajectory corresponding to the initial conditions given above.

12 See H. T. Davis, Introduction to Nonlinear Differential Equations and Integral Equations (New York: Dover, 1962): 371ff.
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c. Approximate the period of the trajectory found in part (b).
d. Estimate the coordinates of the diastole and the systole.

4. Alunar lander is falling freely toward the surface of the moon. If x(t) represents the distance of the
lander from the center of the moon (in meters, with ¢ in seconds), then x(t) satisfies the initial-value
problem

d2x 4.9044 x 1012

dr2 — x2 '

with x(0) = 1,781,870 and x’(0) = —450. (The value x(0) represents the fact that the retro rockets
are fired at t = 0—when the lander is at a height of 41,870 meters from the moon'’s surface, or
1,781,870 meters from the moon's center.)

a. Determine the value of t when x(t) = 1,740,000—that is, when the craft has landed on the
lunar surface.
b. What is the lunar lander’s velocity at touchdown?

SUMMARY

For second-order homogeneous linear equations with constant coefficients—equations of the
form

ax”" +bx' +cx =0,

where a, b, and ¢ are constants, a # 0—we can describe the solutions explicitly in terms of
the roots of the associated characteristic equation ai? + b + ¢ = 0 as follows:

1. If there are two distinct real roots—A1, Ap with A1 # Ay—then the general solution is
x(t) = c1e™t + et
2. 1If there is a repeated real root A, then the general solution has the form
x(t) = c1e™ + cate’t = (c1 + cat) €.

3. If the roots form a complex conjugate pair p % gi, then the (real) general solution has
the form x(t) = e (cl cos(qt) + ¢ sin(qt)). Here, we need Euler’s formula to deal with
complex exponentials.

The general solution, ygnp, of a linear nonhomogeneous system is obtained by find-
ing a particular solution, ypNy, of the nonhomogeneous system and adding it to the
general solution, ygy, of the homogeneous system: yoni=ycH + ypna. A particular
solution can be found using the method of undetermined coefficients or variation of
parameters.



For a linear equation of any order, we have the Superposition Principle: If y; is a solution of
L(y) =fiforj=1,2,...,n,andcy, cy, ..., ¢y are arbitrary constants, then c1y1 +coy2 +- - -+cnyn
is a solution of L(y) = c1f1 + caf> + - - + ¢nfn. That is,

L(ciyr +caya+ -+ +capn) =1l (y1) + 2L (y2) + -+ + cal () = c1fi + c2fa + -+ + cafan-

As a consequence of the Superposition Principle, the formula ygnir = Yo + yeni is valid for
a linear equation of any order n. We have an algorithm to find the general solution ygy of the
associated nth-order homogeneous equation a,y™ +a, 1y =D+ .- +ayy” +a1y +apy =0,
where y is a function of the independent variable t and ay,, a,—1, . .., a1, ap are constants.

First, find the roots of the characteristic equation
anA" + an A"+ agd +ag = 0.

Use a CAS to solve the equation if n is greater than or equal to 3. Next, group these roots as
follows: (a) distinct real roots; (b) distinct complex conjugate pairs p & gi; (c) multiple real
roots; (d) multiple complex roots. Then the general solution is a sum of n terms of the forms

1. ¢;e! for each distinct real root A;
2. " (cy cosqt + ¢y sin qt) for each distinct complex pair p =+ gi

3. (cl +ct 4+ cktk_l) e*i* for each multiple real root A, where k is the multiplicity
of that root

4. ef'(cy cos gt + ¢y sin qt) + te” (c3 cos gt + ca singt) + - - - + t7LeP (cop_1 cos gt
+ cop, sin gt) for each multiple complex pair of roots p + gi, where k is the multiplicity
of the pair p £ ¢i

To find a particular solution of the nth-order nonhomogeneous equation, we can use the
method of undetermined coefficients or variation of parameters as we did in the second-
order case (although more work is involved).

The most important fact in this chapter is that any single nth-order differential equation
can be converted into an equivalent system of first-order equations. More precisely, any
nth-order differential equation

x™ =F (t, x,x,x, ... ,x("‘l))

can be converted into an equivalent system of first-order equations by letting x; =x,
xy =x,x3 =x",...,%, = x" D However, to convert a single nonautonomous nth-order equa-
tion into an equivalent autonomous system (one whose equations do not explicitly contain the
independent variable t), we need n+ 1 first-order equations: x1 = x,x; = ", x3 = x”, ..., x, =
x(=1, xp+1 = t. Thesystem is linear or nonlinear, autonomous or nonautonomous, according
to the nature of the individual equations in the system. Linear systems are easier to calculate
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with and understand than nonlinear systems. Similarly, autonomous systems are nicer than
nonautonomous systems.

Converting a single higher-order equation to a system often provides graphical insights that
cannot be obtained from the one equation. This conversion also allows us to use the first-order
methods in Chapters 2 and 3 to understand higher-order equations.

A two-dimensional system has the form

x' = F(t,x,y)
Y =G, x,y).

A particular solution of such a system consists of a pair of functions x(t), y(t) that, when
substituted into the equations of the system, give true statements. The proper graphical rep-
resentation of a solution is a curve in three-dimensional t-x-y space, the set of points of the
form (t, x(t), y(t)); but often it is useful to think of the points (x(t), y(t)) as tracing out a
path (also called an orbit or a trajectory) in the x-y plane (called the phase plane) as the pa-
rameter ¢t varies “offstage.” The positive direction of the path is the direction that corresponds
to increasing values of t. The collection of all trajectories is the phase portrait of the system.
Technology also enables us to study the graphs of x vs. t and y vs. t.

For autonomous systems x' = f(x,y),y’ = g(x,y), we can eliminate any explicit reliance on the
parameter t by using the Chain Rule to form the first-order differential equation

d
dy _dy di_ G sy
dx dt dx fi_x fe,y

t

This gives the slope of the tangent line at points of the phase plane. The slope field of this
first-order equation outlines the phase portrait of the system.

Given any two-dimensional autonomous system x’ =f (x, y), Y’ = £(x, y), an equilibrium point
is a point (x, y) such that f(x, y) = 0 = g(x, ). This means, for example, that a particle at this
point in the phase plane is not moving. The language of sinks and sources used in Section 2.6
can be extended to apply to equilibrium solutions of systems. The behavior of trajectories near
equilibrium points of linear systems will be discussed systematically in Chapter 5. Trajectories
for nonlinear systems are treated in Chapter 7.

As examples of these ideas, we discussed predator-prey systems, in particular the Lotka-
Volterra equations. Several examples of spring-mass problems were also analyzed, including
one exhibiting the phenomenon of resonance.

Before getting too immersed in trying to solve higher-order equations or their equivalent sys-
tems, we have to determine when solutions exist—and whether existing solutions are unique.

A useful result applies to a second-order IVP, % =f (t, v, %) with y(to) = yo and %(to) = J0.

If f, %, and % are continuous in a closed box B in three-dimensional space (t-y-y space) and
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the point (to,yo,)'/o) lies inside B, then the IVP has a unique solution y(t) on some t-interval I
containing to.

Equivalently, suppose we have a two-dimensional system of first-order equations

dx 1

I =f(t,x1,%2)
dditz = g(t, x1,x2),

where x1 (fo) = x¥ and x,(tp) = x9. Then if f, g, %, £C—g1, %, and 5% are all continuous in a
box B int — x; — x, space containing the point (to, x(l’, xf,_’) there is an interval I containing ¢

in which there exists a unique solution x; = y;(t), x = y2(t) of the IVP.

Once we are confident that an IVP involving a higher-order equation or its system equivalent
has a unique solution, we can apply natural two-dimensional generalizations of the numeri-
cal solution methods introduced in Sections 3.1, 3.2, and 3.3: Euler’s method; the improved
Euler method; and higher-order techniques such as the fourth-order Runge-Kutta and Runge-
Kutta-Fehlberg methods. Technology is indispensable in the numerical solution of both
single equations and systems.

PROJECT 4-1
Get the Lead Out

In analyzing the flow of lead pollution in a human body among the three compartments
bone, blood, and tissue, the following system was developed!3:

. 65 1088 7 6162
M= "1500" t 57,5002 T 200,000 T 125
20 20

2= 1800"" ~ 7007

. 7 7

= 1800™" ~ 200,000

Here, x; (t) is the amount of lead in the blood at time ¢ (in years), x,(¢) is the amount of lead
in tissue, and x3(t) is the amount of lead in bone. Assume that x; (0) = x,(0) = x3(0) = 0.

a. Use technology to graph the three-dimensional trajectory in x;-xp-x3 space with
0 <t < 250. (Move the axes around to get a good view.)

b. Use technology to graph the solution in the t-x; plane, 0 < t < 150. What seems to
be the equilibrium level of lead in the blood?

13 E. Batschelet, L. Brand, and A. Steiner, “On the Kinetics of Lead in the Human Body,” Journal of Mathematical Biology 8 (1979): 15-23.
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4

Bone
25

c. Use technology to graph the solution in the t-x, plane, 0 <t < 250. What seems to

Lead

Blood
X1

be the equilibrium level of lead in tissue?

d. Use technology to graph the solution in the t-x3 plane, 0 <t < 70,000. In your CAS,
specify a step size of 50 if you can. (Warning: It may take a long time for your CAS to
produce the graph.) What seems to be the equilibrium level of lead in bone?

e. What do the graphs in parts (b), (c), and (d) say about the comparative times it takes
blood, tissue, and bone to reach their equilibrium levels of lead?

\

Tissue
X2




CHAPTER b

Systems of Linear Differential Equations

INTRODUCTION

In Chapter 4, we saw how any higher-order differential equation can be written as an equiva-
lent system of first-order differential equations. The examples we discussed introduced some
algebraic manipulations and some geometric aspects of second- and third-order systems such
as the phase plane, but there was no attempt to give a systematic approach.

In this chapter, we will explore (for the most part) autonomous systems of first-order linear
differential equations, for which the theory is neat and complete. An important component
of this theory is the Superposition Principle, which we discussed in Chapters 2 and 4 and
which is the distinguishing characteristic of linear systems, as we will see in the sections to
come. This fundamental principle will help us to determine the general solution of linear
systems in essentially the same way in which we solved single second-order linear equations
in Sections 4.1 and 4.2.

To understand the important ideas underlying the theory and application of linear systems,
we'll introduce some of the language and concepts from the area of mathematics called linear
algebra without probing too deeply into the intricacies of this valuable and useful subject.
For the most part, we'll stick to two-dimensional systems (two equations in two unknown
functions) for the sake of geometric intuition, but we will also look at some higher-order
systems. Chapter 6 will enhance our ability to handle linear systems, and in Chapter 7 we'll
see how nonlinear systems can be analyzed in terms of certain related linear systems.

SYSTEMS AND MATRICES
Matrices and Vectors

Suppose we look at the linear system

. _ b
X=axt by (5.1.1)
y=cx+dy,

where x and y are functions of t, and a, b, ¢, and d are constants.

Copyright © 2009, Elsevier Inc. 221
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There is a useful notation for linear systems that was invented by the English mathematician
Arthur Cayley and named by his fellow countryman James Sylvester around 1850. This nota-
tion allows us to pick out the coefficients 4, b, ¢, and d in System (5.1.1) and write them in

b .. . . .
d] called a matrix—in this case, the matrix of coefficients of the

linear system. (The plural of matrix is matrices.) In general, a matrix is just a rectangular array
of mathematical objects (numbers or functions in this book) and can describe linear systems
of all sizes. The size of a matrix is given in terms of the number of its rows and columns.

a
a square array A = c

For example, A = |:6Cl Z:| is described as a 2 x 2 matrix because it has two rows, (ab) and

—4 0 1 5
(cd), and two columns, [ﬂ and |:Zi| The matrix B = 2 6 7 —m|isa3 x4 matrix
0 /5 3 5/9
because it has three rows and four columns.
In describing the linear System (5.1.1), we can also introduce a column matrix or vector

X = [ﬂ (This is a 2 x 1 matrix.) If x(¢) and y(¢) are solutions of the System (5.1.1), we call

X . . o
X = |:Vi| a solution vector of the system. We can view X as a point in the x-y plane, or phase

plane, whose coordinates are written vertically instead of in the usual horizontal ordered-pair
configuration. If a vector is made up of constants, then the direction of the vector is taken as
the direction of an arrow from the origin to the point (x, y) in the x-y plane. (See Section B.1
for more information.)

d h

b =f,c =g and d = h. We say that “corresponding elements must be equal.” Similarly, if

V= Bl} and W = BZ], we say that V = W if and only if x; = x, and y; = y».
1 v}

IfA = |:i b:| and B = |:§ f i|, then we say the matrices are equal and write A = Bifa=e,

If a vector (or, more generally, a matrix) is made up of objects (elements or entries) that are
functions, we can define the derivative of such a vector as the vector whose elements are the
derivatives of the original elements, provided that all these individual derivatives exist. For

2
}, then
d,_ 4(—12) [ |
dt 4 (sint) cost
The Matrix Representation of a Linear System

We can write the system

example, if X = |:s:rt1t

X =ax + by
y=cx+dy
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compactly and symbolically as
x| _|a bf|x
vl Le dllyl
or X =AX, where X = |:;fi| and A= |:6Cl Z:| The juxtaposition (“product”) [? Zi| |:;:| repre-

sents the vector | ™ +by . For example, SO e I . There is a way to define
cx + dy 1 4]y x+4y

and interpret this product of a matrix and a vector in the context of linear algebra (see Section
B.3 for details), but we will take this product as a symbolic representation of the system,
highlighting the matrix of coefficients and the solution vector. Soon we will see how a
linear system’s solutions—its behavior in the phase plane—are determined by the matrix of
coefficients. For now, let’s look at some examples of the use of matrix notation.

m Example 5.1.1 Matrix Form of a Two-Dimensional Linear System
We can write the linear system of ODEs

X = —3x+ 5y

y=x—4y

in matrix terms as

The next example demonstrates how we have to be careful in extracting the right matrix of
coefficients from a linear system problem.

m Example 5.1.2 Matrix Form of a Two-Dimensional Linear System

The linear system Z—f =y, Z—}; = —x should be written as
D gxs1
_——= - X .
dt v
dy
—=—-1-x40-
dt !

first. Then it is clear that the matrix representation of the system is

AR HE RN
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Some Matrix Algebra

Before we continue, we should discuss some properties of matrix algebra that we'll be using
in the rest of this chapter. For example, if we're given the system

x' = —4x + 6y = 2(—2x + 3y)

Y =2x — 8y =2(x — 4y)
—4 6] _[-2 3 L [-2 3
|: ) —8} _2[ 1 _4i|,orX = 2AX, where A = [ 1 4l

/
it is natural to write |:)/]

More generally, if A = |:Z and k is a constant (called a scalar to distinguish it from a vector

d

. a b ka kb . u k|
or a matrix), then kA = k |:c d:| = |:kc P d}' In particular, for vectors, we have k [u] = |:kv_ .
Put simply, multiplying a matrix by a number requires multiplying each element of that matrix by

2 -3
5 O:| and k = —2, then

—2(2) —=2(-3) -4 6

—2(5)  —2(0) -10 ©
Two matrices, A and B, of the same size (that is, having the same number of rows and the
same number of columns) can be added in an element-by-element way. For example, if

-2 3 1 2
A:[ 4 _l]ande[3 4],then
—2+1 3+2 -1 5
A+B= = and
[4+3 (—1)+4} [7 3}
-2 3 -1 =2 -3 1
A—B=A+(—1)B=|: :|+|: }z[ }
4 -1 -3 —4 1 -5

xz], then V4+ W = I:xl + x2:|. The vector defined as 0 = |:0:|,
V2 Y1 +72 0

which is called the zero vector, behaves in the world of vectors the way the number 0 acts in
arithmetic: V4 0=V = 0 + V for any vector V. Similarly, we can define the zero matrix,

the number. For example, if A =

Similarly, if V= |:;1j| and W= |:
1

Z= [8 g], having the same property for matrix addition. Note that X = [ﬂ is an equilibrium

. x a b||x]. .la b]||x - .
point for the system |:yi| = [c d] [y] if and only if [c d] |:y] = 0—that is, if and only if X

is a solution of the matrix equation AX =0.
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A particularly useful idea for our future work is a linear combination of vectors. Given two vectors

V= |:;1i| and W = [;2:|, any vector of the form k1 V 4 k, W, where k; and k; are scalars, is
1 2

called a linear combination of V and W. In terms of our given vectors, a linear combination

of V.and W is any vector of the form k;V + kW = [Zi;ﬂ + [Zi;ﬂ = [ii;i I Z;j As an

. sint cost . ..
example, for the specific vectors V = |: N ] and W = [ o :|, a linear combination has the

kysint + k) cost
for [ 2k + kpe! }

It is important to know that the associative and distributive rules of algebra hold for matrix
addition and the product of a matrix and a vector. For example, if A and B are matrices; V
and W are vectors; and k, k1, and k; are scalars, then
A(RV) = k(AV)
A(V + W) = AV + AW,

and
ARV +kaW) = A(k1V) + A(RoyW) = k1 (AV) + ky (AW).
These results are discussed further in Section B.3.

Finally, note that the matrix |:(1) ?j| acts as an identity for multiplication: |:é ?j| |:;Cj| = |:;f:|

for any vector |:;i| . In the context of two-dimensional systems, the matrix |:é ?j| is called the
identity matrix and is denoted by I.

In the next section we will see how matrix notation gives us insight into the nature of a system'’s
solutions. To understand the solutions more fully, we will introduce some additional concepts
from linear algebra.

Exercises 5.1
A

1. Express each of the following systems of linear equations in matrix terms—that is, in the form
AX = B, where A, X, and B are matrices.

a. 3x+4y=-7
—x—2y=5
b. ma—-3b=4
5a+2b=-3
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C.x—y+z=7
—x+2y—3z2=9
2x—=3y+5z=11

[Think about what would make sense in (c).]

2. IfA = [1 2},B: [O _2},I= [1 O],V: [ 2},andwz [3:|,calculate each of the
3 4 3 1 0 1 —1 2

following:

a. 2A—3B
b. AV
c. BW
d. -2V +5wW
e. A3V —2W)
f. (A—5)W
1 2 X . 1 .
3. fA= 3 4 andV = Mt solve the equation AV = [3} for V (i.e, find values for x and y).

4. Find the derivative of each of the following vectors:

B —22 41t
a.mz[ 207+ }
e sint
2cosx
b. V(x) = |:_3e_2xi|

2cosu — 5sinu

cB@:[ eitet }

d.no={“zfnf1
tsint
Convert each system of differential equations in Problems 5-10 to the matrix form X = AX.
5 x=2x+y
y=3x+4y
6. x=x—y
y=y—4x
7. x=2x+y
y=4y—x
8. x=x
y=v
9. x=-2x+y
y=-2y

10. ¥ —8y4+x=0
y—y—x=0
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1. Using the technique shown in Section 4.6, write each of the following second-order equations as a
system of first-order equations and then express the system in matrix form.

a. y =3y +2y=0
b. 5/ +3y —y=0
c. y" 4+ o’y = 0, where w is a constant.

2. Show that the origin is the only equilibrium point of the system

X =ax+by
y=cx+dy,

where q, b, ¢, and d are constants, with ad — bc # 0.

b11(0)
bo1 (1)

ap @) ap@® and B(t) =
ax (1) ax()

differentiable functions of t, show that

1. fAQ) = ) , both matrices having entries that are

i[A(t)B(t)] = wB(t) +A(t)@
dt T dt dr

TWO-DIMENSIONAL SYSTEMS OF FIRST-ORDER
LINEAR EQUATIONS

Eigenvalues and Eigenvectors

To get a handle on linear systems of ordinary differential equations, including their qualitative
behavior and their possible closed-form solutions, we will focus on linear two-dimensional
systems of the form

X =ax + by
(5.2.1)
Yy =cx+dy,

where x and y both depend on the variable ¢, and 4, b, ¢, and d are constants. Our analysis of
such simple (but important) systems will prepare us to understand the treatment of higher-
order linear systems in Section 5.7.

First, let’s write the System (5.2.1) in matrix form:

RN
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or

or

X = AX, (5.2.2)

where X = |:;i| and A = |:6Cl Z} Ignoring the fact that the capital letters represent matrices,

what does the form of Equation (5.2.2) remind you of? Have you seen a differential equation
of this form before? If we use lowercase letters and write the equation as X = ax, we get
a familiar separable equation representing exponential growth or decay. (See Section 2.1,
especially Example 2.1.1.) This observation suggests that the solution of System (5.2.1) or
the matrix Equation (5.2.2) may have something to do with exponentials.

Let’s make a shrewd guess and then examine the consequences of our guess. (This was Euler’s
strategy, described in Section 4.1.) In particular, let us assume that x(t) = c;e* and y(t) = cpe’
for constants A, ¢, and ¢;. (Stating that A, the coefficient of ¢, is the same for both x and y is

1
(%)
c1heM a bl[ceM a b, [a
= = e ,
corett c d||creM c d ¢
o cf_|a b Y 1
I c d c2 '

or (dividing out the exponential factor and switching right and left sides)

AL
a simplifying assumption.) Substituting [C EM:| for X in (5.2.2), we get

or

AX = AX, (5.2.3)

S c
where X = |:cl]' Note that our reasonable guess about x and y has allowed us to replace our
2

original differential equation problem with a pure algebra problem. Equation (5.2.3) is in
matrix terms and has nothing (apparently) to do with differential equations. Given a 2 x 2
matrix A and a 2 x 1 column matrix X, we can try to solve (5.2.3) for the value or values
of A, each called a characteristic value or eigenvalue of the matrix A. (Remember how we
first used this term in Sections 4.1-4.2. The connection between the earlier use of the term
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eigenvalue and the current use will be established shortly.) Eigenvalues will play an important
role in solving linear systems and in understanding the qualitative behavior of solutions.

Furthermore, if we have solved Equation (5.2.3) for its eigenvalues , then for each value of
A we can solve (5.2.3) for the corresponding vector or vectors X. Each such nonzero vector X
is called an eigenvector (or characteristic vector) of the system. We see that if both entries
of X are zero, then X satisfies (5.2.3) for any value of 1, but this is the trivial case. In all the
discussion that follows, we will assume that ¢; and ¢, are not both zero—that is, at least
one of the two constants is not zero.

Before getting involved in symbolism, terminology, and the general problem of solving the
matrix equation AX = AX, let’s look at a specific example in detail.

m Example 5.2.1 Solving a Linear System with Eigenvalues
and Eigenvectors

Suppose we have the system

x=-2x+y
y = —4x+ 3y, &)
. . . X -2 1](«x . .

which we can write as X = o= 1=a 3| ly] We want to find the general solution of this
system.
Substitution
Assuming, say, that ¢; # 0, we substitute x = c1e* and y = c,e*! into (*) and get Acie’t
—2c1eM + cae = M (=2¢1 + ¢2) and rcre?t = —dcieM + 3 = M (—4cy + 3¢a). If we

simplify each equation by dividing out the exponential term and moving all terms to the
left-hand side, we get

(A) A +2)c1 —c2=0

(B) 4¢1 4+ (A —3)c; = 0. )

Now we want to solve (**) for A.

Solving for A

If we multiply Equation (A) by (A — 3) and then add the resulting equation to (B), we get
(A=3)(A+2)c1 +4¢; = 0, 0or (W2 — 1 —2)c; = 0. Because we have assumed that ¢; is not zero,
we must have A2 — A — 2 = 0. This means that the eigenvalues of Aare A = 2 and A = —1. (Go
through all the algebra carefully.) Note that we didn’t have to know ¢; to find 1. We just had to
know that ¢; was not zero. It is important that we could have assumed that ¢, was not zero
and come to the same conclusion. (Check this.)
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Solving the System of ODEs

If we take the eigenvalue A = 2, we have x(t) = c1e?! and y(t) = cye?!, so that X; = [; =

2t
cre c . . . .
! o | = e '|. But when A = 2, the equations in (**) both represent the single equation
cre’t co

. . c1]
4¢; — ¢p = 0, so that we have the relation ¢, = 4¢;. Then we can write X; = ¢2 [ H =

Cz_

et [46c1 :| =0 [ﬂ e?!, which is a one-parameter family of solutions of the System (*). We're
1

saying that the pair of functions x(t) = c;e?' and y(t) = 4ce?' is a nontrivial solution of our
system for any nonzero constant c;.

Similarly, if we take the eigenvalue . = —1, then the System (**) reduces to the single
. 1 S
equation ¢; — ¢ = 0 and we can define X, = ¢! [21] = ¢! [El} = [1} e~ !, which is
2 2

also a one-parameter family of solutions of the system. In other words, the pair of functions
x(t) = c1e”t and y(t) = cre " is also a nontrivial solution of our system for any nonzero
constant cy.

It is easy to see that the Superposition Principle we have been using since Chapter 2 allows
us to conclude that

X =k X] + ko Xy = Iy [cl B] ezt} +k |:C1 [ﬂ e_t} =C [ﬂ ' +C, [ﬂ e’

is the general solution of the system x = —2x +y, y = —4x + 3y. The constants C; and C, can
be chosen to match arbitrary initial data. |

Geometric Interpretation of Eigenvectors

1 . . . ) -
The vector [ 4} that appears in the preceding example is called an eigenvector (or characteristic

vector) corresponding to the eigenvalue (or characteristicvalue) A = 2. This vector is a nonzero
solution, X, of AX = AX when A = 2. This means that there are infinitely many eigenvectors

corresponding to the eigenvalue A = 2—all the vectors |:Cli| such that 4¢; — ¢, = 0, or all

(%)

c . . . .
the nonzero vectors of the form [ 4cl } are eigenvectors associated with 1 = 2. Choosing
1

. . . 1 . .
c1 = 1 gives us the simple particular vector V| = [ 4}, which can be called the representative
eigenvector. Graphically, this eigenvector represents a straight line from the origin to the
point (1, 4) in the c¢;-c, plane. Similarly, the vector V, = |: 1:| is the representative eigenvector

corresponding to the eigenvalue A = —1 and can be interpreted as a straight line from (0, 0)
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YA
(1,4) v,
1,1
(1, 1) v,
—————— 4 x
—V2 4 //
-1.-1,"
/7
//
)
Figure 5.1

L 1 1
Representative eigenvectors Vi = [4} andVy = [1]

to (1, 1) in the ¢1-co plane. (See the description of vectors in Section B.1.) Figure 5.1 shows
V1 and V; in the ¢;-c; plane.

The General Problem
b and X = € and at least one

d (%)
of the numbers ¢; and c¢; is nonzero. In the discussion that follows, we’ll assume that ¢; # 0.

Now let’s consider the equation AX = AX, where A = |:(Cl

Written out as individual equations, AX = AX has the form

acy + bcy = Acy

cc1 +dcy = Ay
or

(A) (@a—2)c1 +bc; =0
(B)ccr +(d—M)eca =0

and we want to determine A.
We can solve this algebraic system by the method of elimination as follows:

1. Multiply Equation (A) by d — X to obtain
(d—2)(a— )1 +b(d— ), =0.
2. Multiply Equation (B) by —b to get

—bccy — b(d — M)cy = 0.



m CHAPTER5: Systems of Linear Differential Equations

3. Add the equations found in steps 1 and 2 to get
(d—2)(a—A)ec1 —beccr =0,
or

[Az — (@+d)A + (ad — be)] ¢; = 0. (Check the algebra.)

4. Because we assumed that ¢; # 0 at the beginning of this discussion, we must have
A2 —(a+d)x+ (ad — bc) = 0. (5.2.4)

This equation is called the characteristic equation of the matrix A, and its roots are the eigen-
values of A. We'll see the connection between this equation and the characteristic equation
we introduced in Section 4.1 shortly.

Using the quadratic formula, we find that

- (a+d)++/(a+d)? — 4(ad — bc)
— 5 .

If we had assumed that ¢; # 0 at the beginning, we would have found the same solution for
A. Then for each distinct value of A that we find, we can substitute that value into the system

(a— 21 +bc; =0
cc1+(d—A)c =0

> c L
and solve for X = |:cli|' the corresponding eigenvector.
2

There are two things to notice about the characteristic equation of A,
A —@+dr+(ad—be)=0
and the resulting formula for A:
1. The expression a + d is just the sum of the main diagonal (upper left, lower right)

elements of the matrix A = |:6Cl b}. In linear algebra, this is called the trace of A. For

d

example, if A = [_7 2}, then the trace of A is (—=7) + 4 = —3.

0 4

2. The expression ad — bc is formed from the matrix of coefficients A = [i Z} as

follows: Multiply the main diagonal elements and then subtract the product of the
other diagonal elements (upper right, lower left). The number calculated this way is
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called the determinant of the coefficient matrix. Symbolically, det(A) = det ? Zi| =

-7

2
(—6) = —28 4+ 6 = —22. The determinant of a matrix A is often denoted by the
symbol |A|, so the rule for calculation in the 2 x 2 case can be given as

ad — bc. For example, if A = |: _Zj|, then det(A) = (—=7)(4) — (—3)(2) = —28 —

a b
|A|:c d

‘:ad—bc.

Observations 1 and 2 provide us with an alternative way of viewing the characteristic
equation:

A% — (trace of A)A + det(A) = 0. (5.2.5)

The roots of the characteristic Equation (5.2.5)—the eigenvalues—lead to eigenvectors and
ultimately to the general solution of a linear system. Let’s look at an example using this
shortcut.

m Example 5.2.2 Solving a Linear System with Eigenvalues and
Eigenvectors

The following equations constitute a simple model for detecting diabetes:

dg

22— 292¢—4.34h

dt 8

d—h = 0.208¢ — 0.780h
a8 ’

where g(t) denotes excess glucose concentration in the bloodstream and h(t) represents excess
insulin concentration. “Excess” refers to concentrations above the equilibrium values. We want
to determine the solution at any time t.

Eigenvalues

The matrix form of our equations is %X = [Z‘i%j = [82285 __: .73840} [i], so that

—2.92 —4.34
0.208 —-0.780
(—0.780) = —3.7 and the determinant of A is —2.92(—0.780) — (—4.34)(0.208) = 3.18032.
We see that the characteristic equation is

the matrix of coefficients is A = [ i| We see that the trace of A is —2.92 +

22 — (trace of A)x + det(A) = A2 + 3.7) + 3.18032 = 0.
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Solving this by calculator or CAS, we find that the eigenvalues are A; = —2.34212 and
Ay = —1.35788, rounded to five decimal places.

Eigenvectors
Now we substitute each eigenvalue in the equations

(a—X2)c1+bc; =0
cc1+(d—A)c =0

and solve for the corresponding eigenvector X = [Zl ] In our problem, we must substitute in
2

the equations

(—2.92 —X)c1 —4.34¢c, =0

0.208¢1 + (—0.780 — A)ca, = 0.

If , = —2.34212, then the equations are

—0.57788c1 —4.34¢c, =0

0.208¢; + 1.56212¢5 = 0.

But these two equations are really only one distinct equation, ¢c; = —0.13315¢;. (Solve
each equation for ¢, and see for yourself.) Therefore, to ensure that at least one element
of the eigenvector is an integer, we can take ¢c; = 1 and ¢, = — 0.13315, so that an eigenvector
corresponding to the eigenvalue . = —2.34212 is

- 1
X1 = [—0.13315}'

Similarly, if we use the other eigenvalue, A = — 1.35788, we can take the single equation
(=2.92 — A)c1 — 4.34c, = 0 and substitute the eigenvalue to get (—2.92 + 1.35788)c; —
4.34c¢c; = 0, so that c; = —0.35994c¢;. If we take ¢; = 1, we must have ¢c; = — 0.35994, and
an eigenvector corresponding to the eigenvalue » = —2.34212 is

. 1
X2 = [—0.35994}'

The Solution

The Superposition Principle gives the general solution as

¥ L% 5. _ 1 ~2.34212t 1 ~1.357881
X=CXi+CX =6 [—0.13315] ¢ TC2| 035994 ° '

If we were given initial concentrations of glucose and insulin, we could determine the
constants C; and C,. (See Problem B2 in Exercises 5.2.) [ |
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The Geometric Behavior of Solutions

In the next few examples, we will get a preview of how the behavior of a two-dimensional
system of linear differential equations with constant coefficients depends on the eigenvalues
and eigenvectors of its matrix of coefficients. We'll illustrate some typical phase portraits.
Then, in Sections 5.3-5.5, we'll give a systematic description of all possible behaviors of such
linear systems, using the nature of their eigenvalues and eigenvectors.

m Example 5.2.3 Example 5.2.1 Revisited—A Saddle Point

Let’s look again at the system from Example 5.2.1:

Xx=-2x+y
y = —4x + 3y.
As we saw earlier, the eigenvalues of this system are ; = 2 and A, = —1, with corresponding

. . 1 1 . .
representative eigenvectors V; = |: 4] and V, = [ 1:|. The general solution was given by

1 1 CleZ‘ + Cret
X =C 2+, el = 5 .
4 1 4Cre?t + Cye™t
Figure 5.2 shows some trajectories for this system of linear equations. These are particular
solutions of % = % = __42";3;. Note in particular that the lines y = 4x and y = x appear

as trajectories. These trajectories are actually four half-lines: y = 4x for x > 0,y = 4x for
x<0,y=xforx > 0,andy = x forx < 0.

R R N B R N %N

FIGURE 5.2
Phase portrait of the systemx = —2x +y,y = —4x + 3y
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A little basic algebra shows us that the origin is the only equilibrium point, and it is called
a saddle point in this situation. A saddle point is the two-dimensional version of the node
we discussed in Section 2.6. What characterizes a saddle point is that solutions can approach
the equilibrium point along one direction (as though it were a sink), yet move away from
the point in another direction (as though it were a source).! In particular, it turns out that
one trajectory is the half-line y = 4x in the first quadrant, along which the motion is away
from the origin, and another trajectory is the line y = x also in the first quadrant, along which
the movement is toward the origin. The straight lines y = 4x and y = x are asymptotes for
the other trajectories (as t — £00). You may not be able to see this clearly from the phase
portrait that your graphing utility generates unless you play with the range of t and choose
initial values carefully, but you can see this and other behavior analytically (see Problem B3
in Exercises 5.2). |

m Example 5.2.4 A Source
Now let’s look at the system of differential equations

x=2x+y
¥y =3x+4y.

First of all, note that the system'’s only equilibrium point—where x = 0 and y = 0—is the
origin of the phase plane, (x,y) = (0, 0). (You should verify this using the ordinary algebra of
simultaneous equations.)

Using the formula given by Equation (5.2.5), we see that the characteristic equation of our
system is A2 — (2 + 4)A + ((2)(4) — (1)(3)) = 0, or A2 — 61 + 5 = 0, which has the roots
A1 = 5 and A, = 1. To find the eigenvectors corresponding to these eigenvalues, we must

solve the matrix equation AX = AX, where A = |:§ ﬂ ,A=50r1,and X = [El] This
2
matrix equation is equivalent to the system
1)(2—42 =
(1) (2=2)cr+ e =0 (5.2.6)

(2)3c1+ (4 —A)cz =0.

Substituting the first eigenvalue, = 5, in (5.2.6) gives us

(1) =3c1+c2=0
(2) 3c1 —cp =0.

" This terminology is usually seen in a multivariable calculus course: If you look at a horse’s saddle in the tail-to-head direction, it appears
that the center of the saddle is lower than the front or back, so that the center seems to be a minimum point on the saddle’s surface. However,
if you look across the saddle from one side of the horse, it appears that the center is at the peak of a stirrup-to-stirrup curve, so the center
seems like a maximum point. In fact, a saddle pointis neither a minimum nor a maximum.
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There is really only one equation here, and its solution is given by ¢, = 3c¢;. Thus, the eigen-

. . 1
vectors corresponding to the eigenvalue A = 2 have the form |: 3661 i|, or ¢y |: 3]. Ifweletc; =1,
1
" n” . . 1
we get the “neat” representative eigenvector V; = NE

When we use the other eigenvalue, A = 1, in the System (5.2.6), we find that

(Dec1+ec2=0
(2) 3¢1 4+ 3c2 =0,
which has the solution ¢; = —c;. Therefore, the eigenvectors in this case have the form |: 21:|,
—C1

1 o 1
or¢; |:_ 1}. Thus, our representative eigenvector can be V, = |:_ 1].

Now let’s look at the phase portrait corresponding to the original system, a family of
trajectories corresponding to the first-order equation

d
dy _F _ 3x+dy
==
dx @ 2x +y
This phase portrait is shown in Figure 5.3. The curves y = 3x and y = —x, which are straight-
line trajectories, are labeled so that we can see the significance of the eigenvectors.

If you look carefully (or find your own phase portrait), you may notice that the trajectories
shown are fleeing the origin (as t — c0) in such a way that any trajectory is tangent to the line
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FIGURE 5.3
Phase portrait of the system x = 2x + v, = 3x + 4y
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y = —x at the origin—that is, as t — —oo0. In this situation, the origin is called an unstable
node (specifically, a source or repeller). We'll come to a better understanding of this behavior
in Section 5.3. |

The next example reveals another type of source for a two-dimensional system.

m Example 5.2.5 A Spiral Source
Look at the system

dx—x+

a Y
dy

— =4 .
i x+y

Note that once again the origin is this system’s only equilibrium point. (Check this for yourself.)
Because the matrix of coefficientshasa = 1,b = 1,¢ = —4, and d = 1, we use Formula (5.2.4)
to determine that the characteristic equation of this system is 1> —21+5 = 0, so the quadratic
formula gives us the eigenvalues A1 = 1+2iand A, = 1—2i. When we get complex eigenvalues
such as this complex conjugate pair, the eigenvectors will turn out to have complex numbers
as entries and to have no useful direct geometric significance.? We'll deal with this situation
in more detail in Section 5.5. The phase portrait for this system is shown in Figure 5.4.

FIGURE 5.4

Phase portrait of the system % =x+y, Zt =—4x+y

(X(O), )’(0)) = (_4r 0)/ (_2/ O)r (2/ 0)/ (3r O)/ —5<t<0.7

2 See Section 4.4 of Applied Linear Algebra by L. Sadun (Upper Saddle River, NJ: Prentice Hall, 2001).
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We can see that the trajectories are spirals that move outward, away from the equilibrium
point, in a clockwise direction. In this case, as in the previous example, the equilibrium point
is called a source (or arepeller). Other systems with complex eigenvalues may correspond to spi-
rals that move in a counterclockwise direction or to spirals that move in toward the equilibrium
point (clockwise or counterclockwise). |

These examples should convince you that trajectories can behave quite differently near equi-
librium points. In the next section, we will examine how the trajectories of a two-dimensional
system can be classified.

Exercises 5.2

A
1. Calculate the determinant of each of the following matrices by hand:
(-3 5
a.
—4 1i|
b, 4 2
10 5
. 6t -4
“lsint 3
d. i co.s 6 sin6
—sinf cosf

2. Find the eigenvalues and eigenvectors of matrices (a) and (b) in Problem 1.
3. Find a 2 x 2 matrix with eigenvalues 1 and 3 and corresponding eigenvectors

i) ls)

For each system in Problems 4-9, (a) convert to the matrix form X = AX; (b) find the
characteristic equation; (c) find all eigenvalues; (d) describe all eigenvectors corresponding
to each eigenvalue found in part (c). Parts (a)-(d) should be done without the aid of a
calculator or CAS.

4. x=—x+4y
y=2x-—3y
5 x=x—-y
y=y—4x
6. x = —4x+2y
y=2x-y
7. x=x
y=v

8. x=—6x+4y
y=-3x+y
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9. x=5x—y
y=2x+y

1. Consider the system

ax+by=e
cx+dy=f,

where a, b, ¢, d, e, and f are constants, with ad — bc # 0.
de — bf af —ce

ad—be' ! T ad—be
b. Express your solution in part (a) in terms of the determinants

a. Show that the solution is given by x =

a b
c d

a e

c f

, and

e b
fod

2. In Example 5.2.2, find the solution of the system satisfying the initial conditions g(0) = go and
h(0) = 0. (You may use technology to solve the resulting system of algebraic equations.)
3. In Example 5.2.3, the system & = —2x + y, y = —4x + 3y was shown to have the solution

Clezt + Cyet
X = .
4C1€2t + Coet
a. Substitute for x(¢t) and y(¢) in the right-hand side of the expression

dy —4x+3y
dx ~ —2x+y

b. Use the result of part (a) to show that the slope of any trajectory not on either of the lines
determined by the eigenvectors approaches 4, the slope of the eigenvector corresponding to the
larger of the two distinct eigenvalues. [Hint: Factor out 2!, the dominant term for large positive
values of t.]

c. Use the result of part (a) to show that the slope of any trajectory not on either of the lines
determined by the eigenvectors approaches 1, the slope of the eigenvector corresponding to the
smaller of the two eigenvalues. [Hint: Factor out e~¢, the dominant term for large negative
values of t.]

4. Use technology to sketch the phase portrait of the system in Problem B3. Then sketch in the
eigenvectors (getting them from the answers in the back of the book if necessary) and comment
on the behavior of the trajectories with respect to the origin. (Use both positive and negative
values of t.)
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5. Use technology to sketch the phase portrait of the system in Problem B4 . Then sketch in the
eigenvectors (using your CAS if necessary) and comment on the behavior of the trajectories with
respect to the origin. (Use both positive and negative values of t.)

6. A substance X decays into substance Y at rate k1 > 0, and Y in turn decays into another substance
at rate kp > 0. The system

dx

=k

dt ¥

dy
ZL—hix—k
i 1X 2)

describes the process, where x(t) and y(t) represent the amount of X and Y, respectively. Assume
that ky # k».

a. Find the eigenvalues of the system.

b. Find the eigenvectors corresponding to each of the eigenvalues found in part (a).

c. Solve for x(t) and y(t) and then find tlim x(t) and tlim y(t), interpreting your answers in
— 00 —00

physical terms.
7. The following system models the exchange of nutrients between mother and fetus in the
placenta:

d

% = —ay(c1 —¢2)

dCz

e —az(c1 —€2),
X

where ¢ (x) is the concentration of nutrient in the maternal bloodstream at a distance x along the
placental membrane and ¢ (x) is the concentration of nutrient in the fetal bloodstream at a
distance x. Here, @1 and «y are constants, oy # a5.

a. If ¢1(0) = ¢g and ¢ (0) = Cp, use eigenvalues and eigenvectors to solve the system for ¢j (x)
and ¢y (x).

b. Solve for ¢y (x) and ¢y (x) by converting the system into a single second-order differential
equation and using the techniques of Section 4.1.

8. Consider the spring-mass system described by ¥ + bx + kx = 0.

a. Find all values of b and k for which this system has real, distinct eigenvalues.

b. Find the general solution of the system for the values of b and k found in part (a).
c. Find the solution of the system that satisfies the initial condition x(0) = 1.

d. Describe the motion of the mass in the situation described in part (c).

9. The behavior of a damped pendulum is described near the lowest point of its trajectory by the
linear equation ¥ = —kx — gx/L, where k is the damping coefficient, g is the acceleration due to
gravity, and L is the length of the pendulum.

a. Express the differential equation as a linear system.
b. Find the characteristic equation of the system.
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Q

. Find all eigenvalues of the system.
. Describe all eigenvectors.
VIR > 4¢/L, solve the system and state what happens as t — oo.

o Q

) . b . ) . )
1. Consider the system x = Ax, where A = 4 il Suppose that the trajectories spiral as in
C

Example 5.2.5, possibly in the opposite direction. The polar form (Section B.1) of a spiral trajectory
provides the polar angle 6(t) = arctan(%); and the direction of the spiral will be clockwise if
db/dt < 0 and counterclockwise if d9/dt > 0. Show that the direction of a spiral trajectory depends

on the sign of ¢, the lower left-hand entry of the matrix A, as follows.

a. Show that det(A) = ad — bc > 0.

b. Show that (trace of A)2 < 4(det(A))—that is, (a + d)? < 4(ad — bc).

c. Show that dg/dt = (xp — y%)/(x% +y?), and that the sign of d6/dt equals the sign of xj — yx.
d. Show that

o d—a\ 1> »? 2
xy—yx=c|:x+(7)y] +E[4(ad—bc)—(a+d) ]

and explain why the sign of d6/dt equals the sign of c.

THE STABILITY OF HOMOGENEOUS LINEAR SYSTEMS:
UNEQUAL REAL EIGENVALUES

First of all, we should have guessed by now that a linear system X = AX of ordinary differential
equations, where det(A) # 0, has exactly one equilibrium point, (0, 0). (See Problem B2 of
Exercises 5.1.) If det(A) = 0, however, the system may have many other equilibrium solutions.
As promised in the preceding section, the stability of a system—the behavior of trajectories with
respect to the equilibrium point(s)—will be explained completely in terms of the eigenvalues
and eigenvectors of the matrix A.

Because the characteristic equation of a two-dimensional system is a quadratic equation, we
know that there are two eigenvalues, 11 and A,. There are only three possibilities for these
eigenvalues: (1) The eigenvalues are both real numbers with 1; # A;; (2) the eigenvalues
are real numbers with A1 = X,; or (3) the eigenvalues are complex numbers: A1 =p + gi and
A2 =p — qi, where p and ¢ are real numbers (called the real part and the imaginary part,
respectively) and i = +/—1. In situation 3, we say that A, and A, are complex conjugates of each
other. (You may want to review Appendix C, especially Section C.3, for more information
about complex numbers.) The nature of the eigenvalues will play an important role in the
analysis of systems of linear equations, just as it did for second- and higher-order linear
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equations with constant coefficients in Sections 4.1-4.3. In this section we will deal with
possibility 1 in the foregoing list, leaving situations 2 and 3 for the next two sections.

Unequal Real Eigenvalues

First, suppose that the matrix A in the system X = AX has two real eigenvalues A; and A, with
A1 # Ap. Let V1 and V; be the corresponding representative eigenvectors. Then we’'ll show
that the general solution of the system is given by

X(t) = 18"V + 26"V, (5.3.1)

where ¢; and ¢, are arbitrary constants.

Geometrically, the first term on the right-hand side of (5.3.1) represents a straight-line trajec-
tory parallel® to V4, and the second term describes a line parallel to V; (see Figure 5.5). Note
that these trajectories lie in the phase plane (the x-y plane).

If both ¢; and ¢, are nonzero, then the solution X(t) is a linear combination of the two basic
terms whose relative contributions change with time. In this situation, the trajectories curve
in a way that will be described later.

To see why (5.3.1) is the general solution, first note that each term is itself a solution
of the system. If, for example, we consider X;(t) = c1e*1'Vy, then X1(t) =c1r1€M'V and
AX1 =A(c1eM' V1) =11 (AV]) = c1e*11 (A1 V1) = A1c1€*1 V] because V7 is an eigenvector cor-
responding to A;. (See Section 5.1 for properties of matrix multiplication.) Therefore,
X1 (t) =AX;. Now let’s see that if X; and X, are any solutions of the system, then the linear

6e? ]
3¢?

[g][32]

=V

FIGURE 5.5
V=3¢ [}]fort=0,1,am02

3 Two vectors V and W are parallel if W = ¢V for some nonzero constant c. In other words, parallel vectors lie on the same straight line
through the origin, pointing in the same direction (if ¢ > 0) or in opposite directions (if ¢ < 0). See Section B.1.
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combination X =k X; + k»X> is also a solution for any constants k; and k;:
. — . o
X = (kX1 + ko X2) = k1 X1 + ko Xy = k1(AX1) + ko (AX))
= A(l1X1) + A(k2X3)
= A1 X1 + kX)) = AX.

These steps follow from the algebraic properties of matrices (Section 5.1) and of deriva-
tives, and this property of solutions of linear systems is another version of the Superposition
Principle that we have encountered several times before. (For example, see Section 4.1.)

We can argue (somewhat loosely) that (5.3.1) represents a solution of a two-dimensional
system (or its equivalent second-order equation) and has two arbitrary constants and hence
is the general solution of the system X = AX. To be rigorous, we can use the fact that any initial
;E?; :| = [;O] for the system can be written as a linear combination
0 0

of the eigenvectors—Xy = k; V1 +k,V, for some constants k; and k;—so a solution (5.3.1) can
be found to satisfy any initial condition X(tp) = Xp. (You'll be asked to prove these assertions
in Problems C2 and C3 in Exercises 5.3.) Finally, the Existence and Uniqueness Theorem of
Section 4.6 allows us to say that (5.3.1) is the only solution.

condition Xg = X(tp) = [

The Impossibility of Dependent Eigenvectors

If one of the eigenvectors is a scalar multiple of the other—say V, is a multiple of V;—then
the expression in (5.3.1) collapses to a scalar multiple of V; and there is only one arbitrary
constant. This expression can’t represent the general solution of a second-order equation.

Fortunately, this collapse can't happen with our current assumption. It is easy to prove that if
a 2 x 2 matrix A has distinct eigenvalues %; and A, with corresponding eigenvectors V; and
V>, then neither eigenvector is a scalar multiple of the other. Suppose that V, = ¢V, where ¢
is a nonzero scalar. Then V, — ¢V; = 0, the zero vector, and we must have

0= A(Va — cVy) = AV — c(AV}) = A,V — c(A1 V1)
= A2(cV1) — (A V1) = c(hy — A1) V7.

But then, because ¢ # 0 and V; (as an eigenvector) is nonzero, we must conclude that (1, —
A1) = 0—contradicting the assumption that we have distinct eigenvalues.

Unequal Positive Eigenvalues

In the expression for the general solution, c1e*1'V; 4+c,e*2!V,, suppose that A1 > A, > 0. First,
note that as t increases, both eigenvector multiples point away from the origin so all solutions
grow with time. (The algebraic signs of the constants ¢; and ¢, influence the quadrants in
which the solutions grow.) To understand the relative rates at which the individual terms
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grow, we can factor out the exponential corresponding to the larger eigenvalue and write
X(1) = €Mt (e V1 + cpe®2 7 0y,

Note that e*2=*1Dt — 0 ast — +00 because A, — A1 < 0. Therefore, X(t) & e*'c;V; as t gets
larger and larger. Noting that ¢*1tc; V; is parallel to V;, we see that the slope of any trajectory
X(t) approaches the slope of the line determined by V. This says that trajectories will curve
away from the origin and their slopes will approach the slope of the line determined by
the eigenvector V7, corresponding to the larger eigenvalue. In this situation, the equilibrium
point (0, 0) is called a source (unstable node, repeller). (Recall our discussions in Section 2.5.)
In “backward time,” as t — —oo, the trajectories will be asymptotic to the line determined by
the eigenvector V, because then the first term in the linear combination c;e*1Vy + c,e*2'V,
is approaching zero faster than the second term. This says that if we move backward, the
trajectories enter the origin tangent to the line determined by V.

We are now ready to re-examine an earlier example in light of the preceding two paragraphs.

m Example 5.3.1 Unequal Positive Eigenvalues: A Source
First of all, the system
x=2x+y
y=3x+4y
that we saw in Example 5.2.4 has two positive unequal eigenvalues, .1 = 5 and 1, = 1, with

. . 1 1 . .
corresponding eigenvectors Vi = [ 3] and V, = [_ 1}. Therefore, the general solution is

51 1 [ae +eet | [x@
XD =cre |:3] +oe [—1:| - |:36165t —ce | [y

Figure 5.6 is a more detailed version of Figure 5.3, the phase portrait of our system. The
new graph shows several trajectories and the way in which they curve away from the ori-

gin, their slopes approaching the slope of the line determined by the eigenvector V; = [;:|

corresponding to the larger eigenvalue A = 5.

d
i: _ 3x+4y

Analytically, we can examine the equation 7 = i = Zery whose solutions make up the

phase portrait—that is, the equation giving the slopes of trajectories in the x-y plane. Substi-
tuting x(t) =c1e°* + c2e' and y(t) =3c1e®" — ce' from the general solution given previously,
15c1e>! —cye!
5cre’t+coet
terms, which we can factor out:

we get Z—JYC = . For large values of ¢, the expression for % is dominated by the e

dy  e'(15c; —ce™)  15¢; — oo™

dx — e5(5c1 +cae~4)  5cp + e
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FIGURE 5.6
Trajectories of the systemx = 2x +y,y = 3x + 4y
Bold points e indicate initial positions (t = 0) for trajectories

The condition ¢; = 0 would mean that we are dealing with the straight-line trajectory deter-

mined by the eigenvector V, = [_ )

1 .
}. But if ¢; # 0, as t — oo, we see that the slope of any

15¢;—0

trajectory tends to -t

= 3, the slope of the line determined by the eigenvector V; = Bi|

If we consider large negative values of t—that is, if we run the trajectories backward in time—
then e’ is the dominant term in the expression for % and we can factor it out:

dy  15c1e — et e'(15c1e* —c2)  15cie* — )
dx — 5c1et et el(Sciett +c)  Saett 4o

The preceding expression tells us that if c; # 0, then as t — —oo, the slope of any trajectory

0—cy

tends to 0T

= —1, theslope of the line determined by the eigenvector V, = [_ 1:| . Ifwe have

3
conclude that if ¢; # 0, then any trajectory is tangent to the line y = —x at the origin—that is,
ast — —oo. |

. . . . . . 1
¢, = 0, we will be on the straight-line trajectory determined by the eigenvector V; = |: :| We

Unequal Negative Eigenvalues

If both eigenvalues are negative (say 11 < A, < 0), then both eigenvector multiples point toward
the origin, and all solutions decrease or decay with time. To see this, write (5.3.1) in the
form

1 (%) ‘1 €2
X(t) = [W] Vi+ [_e_)‘ﬂ] Vo = [ﬁ] Vi+ [Wil Va,
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where K = —A; and M = —A,; are positive constants. Then clearly, both terms of X (t) approach
the origin ast — +00. Because A1 < A» wehave —A; > —1,, or K > M, so the first term in the
expression for X(t) approaches the origin faster than the second term. We will see in the next
example that as t increases, trajectories curve toward the origin, closer to the eigenvector V,
(or its negative if c; < 0), corresponding to the larger eigenvalue. Under these circumstances,
we say that (0, 0) is a stable node, or sink.

m Example 5.3.2 Unequal Negative Eigenvalues: A Sink
Suppose we look at the system

Xx=—4x+y
y=3x—2y.

The characteristic equation is A2 + 61 + 5 = 0 and the eigenvalues are negative and unequal:
A1 = — 5 and Ay = — 1. Using the linear algebra capabilities of a CAS, we find that the

corresponding representative eigenvectors are V; = [_i] and V, = B] (Don't be disturbed

if your CAS produces eigenvectors that are different from the book’s—yours should lie on the
same line as the ones given here. Your slopes y/x should be —1 and 3.)

The general solution of our system is
5 [—1 1 —c1e 2t + et
— 5t t _ 1 2
XD =ae [ 1} +e2e M - [c1e5f +3ce7t |

It is clear from the negative exponents in the expression for X () that X(t) — [8

so the origin is a sink. Figure 5.7 shows some typical trajectories and seems to indicate that

i|ast—>oo,

. . . . . 1
the trajectories are tangent to the line determined by the eigenvector V, = |: 3].

o]
n=["] /
T >
/// N
//
FIGURE 5.7

Trajectories for the systemx = —4x + 7,7 = 3x — 2y
Bold points e indicate initial positions (t = 0) for trajectories
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Recognizing that e is larger than e~>' for large values of t, we look at

5t

dy 3x—2y —5cie7' —3ce7!
de  —4x+y  5cie5t — et
et (—5616_4t - 362) —5616_‘” — 30
e~ (5cie~% — ¢)) T 5cie ¥ — ¢
If ¢c; # 0, then % approaches __30‘;2 = 3, the slope of the eigenvector V, = |:

1],ast—> oo. If

. . . . . . -1
¢y = 0, then the trajectory is on the straight line determined by the eigenvector [ 11|.

Unequal Eigenvalues with Opposite Signs

If the eigenvalues have opposite signs (say A1 <0 < A;), then look at the general solution
X(t) =c1e*'Vy + c2e*?'V, to see that the term c1e*1'V; (corresponding to the negative
eigenvalue A1) points toward the origin, whereas ce*2'V points away from the origin

(Figure 5.8).

In this case, trajectories approach the origin along one direction and veer away from the origin
along another. In this situation we describe (0, 0) as a saddle point. Look back at Example 5.2.3,

especially Figure 5.2.

Let's consider a new example of what happens when the eigenvalues of a system have opposite

signs.
YA
(A,>0) (A < 0)
\\//
AN
\
(\, <0)/ 0, > 0)

FIGURE 5.8
Typical eigenvectors for the case .1 < 0 < Ay
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m Example 5.3.3 Unequal Eigenvalues with Opposite Signs:
A Saddle Point

Let's investigate the system % = x+5y, % = x—3y. The characteristic equation is A> +2A—8 =

1]; Ay =2,

0. The eigenvalues and their corresponding eigenvectors are 1; = —4, V| = |:_ 1

Vv, = [?j| The general solution is
_ 1 5 cre~ ¥ 4 5¢5e2
X — 4t 2t — .
O =cre [—11| tae —cre™ 4 4 cpe?t

: . . 1 cre ¥
We can see that the straight-line trajectory cie=#'V; = cje™% |: 1:| = [ é e‘“] approaches
- —C1

the origin as t — oo. (There are actually two half-line trajectories, one for positive ¢; and
one for negative c1. See Figure 5.9.) But the half-line trajectories corresponding to c;e?'V, =

1
origin with increasing t.

5 5coe% . . .
cre?t [ j| = |: c zeZI for positive and negative values of ¢, are clearly growing away from the
2

Substituting the expressions for x(t) and y(t) in the formula for % and factoring out the

dominant term for large ¢, we get

dy  x—3y  4cie '+ 2ce”

dx  x+5y —4cre 4+ 10cye2!
B e?' (4c1e™® + 20y) e ® 420
e (—dcie® +10c))  —4cre=% +10c;

FIGURE 5.9
Trajectories for the system % =x+ 5y, % =x—3y
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Ifc; # 0, we see thatast — oo, % tends to 120—6622 = %, the slope of the eigenvector V,. This says
that the slopes of trajectories not on the straight lines determined by V; and V, approach the
slope of V;, the eigenvalue associated with the positive eigenvalue. As t — —oo, the slopes
of these trajectories tend to the slope of V. Figure 5.9 shows this partial-source/partial-sink

behavior with respect to the origin, which is a saddle point. |

Unequal Eigenvalues, One Eigenvalue Equal to Zero

Finally, we consider the situation in which we have two unequal eigenvalues, but one of
them is 0. Suppose that A1 =0 and A, # 0. This means that the characteristic equation
can be written in the form 0= (A — 0)(A — 2) =12 — XA. We know from Section 5.2 that
the constant term of the characteristic equation equals det(A). Clearly, in this case we have
det(A) = 0. Therefore, we should not expect the origin to be the only equilibrium point (see
Problem B2 of Exercises 5.1). In fact, every point (x, 0) of the horizontal axis may be an equilibrium
point for such a system. (Problem B9 in Exercises 5.3 asks for a proof of this assertion.) If V is
the eigenvector associated with A; = 0, we know that A(c1V7) = c1A(V1) = c111V1 = 0—that
is, each point on the line determined by V1 is an equilibrium point.

The general solution in this situation has the form
X(t) = cle(o)‘vl + CzexthQ =1V + CzekthQ.

Note that if A, > 0 and t — oo, then X(t) grows without bound. But if t - —o0, so that
we are traveling backward along a trajectory, then the trajectory approaches c;Vj, the line
determined by V;. Similarly, if ., < 0 and ¢t — oo, then X(t) approaches the line determined
by Vi, whereas if t — —oo, then X(t) grows without bound. In any case, each trajectory
will be a half-line parallel (in the usual plane-geometry sense) to the eigenvector V,, with
one endpoint on the line determined by V;. (The constant vector ¢;Vy just shifts ce*?'V,
horizontally and vertically.)

The next example should explain the geometry of the trajectories when we have one eigenvalue

equal to 0.

m Example 5.3.4 Unequal Eigenvalues, One Eigenvalue Equal to
Zero

Figure 5.10 shows the phase portrait for the system X = y, y = y, whose eigenvalues are 0 and
. . 1 1 .
1 and whose corresponding eigenvectors are [ Oi| and |: 1:|, respectively.
t
Therefore, the equations of the trajectories are X(t) = ¢ [(1):| + coet [i:| = [Cl + Ezit]. This
2
says (Exercise C4) that any trajectory not on the line determined by V = |:(1)} has the equation
y(t) = x(t) + k, so these trajectories form an infinite family of straight lines parallel to y = x.
. 1 . . . .

Note that the eigenvector |: 01| corresponding to the zero eigenvalue determines two half-line

trajectories, the positive x-axis and the negative x-axis. In our example, it is easy to see that
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FIGURE 5.10
Phase portrait for the systemx = y,y =y

every point (x, 0) of the horizontal axis is an equilibrium point: x =y = 0andy =y = 0
imply that y = 0 and the x-coordinate is completely arbitrary. The fact that the nonzero
eigenvalue is positive makes the points on the x-axis sources. (If necessary, review the last full
paragraph before this example.) ]

By looking at Examples 5.2.3-5.2.5 and the examples in this section, we notice that a
solution starting in a direction different from those of the eigenvectors is curved, rep-
resenting [as we know from (5.3.1)] a linear combination, cie*''V; + ce*2'V;, of two
exponential solutions that have different rates of change (indicated by the eigenvalues).
If we look at enough phase portraits, we may also realize that there is a tendency for
the “fast” eigenvector (associated with the larger of two unequal eigenvalues) to have the
stronger influence on the solutions. Trajectories curve toward the direction of this eigenvector
ast — oo.

In the next section, we'll investigate what happens when there is a repeated real eigenvalue
and when there seems to be only one eigenvector corresponding to two real eigenvalues.

Exercises 5.3
A

For each of the Systems 1-11, (a) find the eigenvalues and their corresponding eigenvectors
and (b) sketch/plot a few trajectories and show the position(s) of the eigenvector(s). Do part
(a) manually, but if the eigenvalues are irrational numbers, you may use technology to find
the corresponding eigenvectors.

X=3xy=2y
X=—xy=-2y
/ —_—

¥ ==-3x—yy =4x+2y
F=5r+4s,§=-2r—s

W N e
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© NS

©

10.
11.

B
1.

X=x+5y,y=x—-3y
x=2x+3y,y=x+y
Xx=-3x+yy=4x—2y

¥ =—4x+2y,y =-3x+y
¥ =-2x—yy =—x+2y
Xx=3y,y=-3x
X=3x+06y,y=—x—2y

Consider the system & = 4x — 3y, y = 8x — 6).

a. Find the eigenvalues of this system.

b. Find the eigenvectors corresponding to the eigenvalues in part (a).

c. Sketch/plot some trajectories and explain what you see.

d. Write the general solution of the system in the form X(t) = c1€*1V; + cpe*2'V,, and then
re-examine your explanation in part (c).

. Show that if X is an eigenvector of A corresponding to eigenvalue A, then any nonzero multiple of X

is also an eigenvector of A corresponding to A.

-2 1 1
. Solve the initial-value problem X’ = [ 5 4} X,X(0) = [3} and describe the behavior of the

solution as t — oo. | Here, X(t) = *® .
140

. Write a system of first-order linear equations whose trajectories show the following behaviors:

a. (0,0) is a sink with eigenvalues A1 = —3 and Ay = —5.
b. (0,0) is a saddle point with eigenvalues A1 = —1 and A, = 4.
c. (0,0) is a source with eigenvalues A1 = 2 and A, = 3.

. Consider the system x = —x + ay, y = —2y, where « is a constant.

a. Show that the origin is a sink regardless of the value of «.
b. Assume that X(t) is the solution vector of the system satisfying the initial condition

X(0) = 005 . Sketch the phase portrait for different values of « and describe how the

trajectory X(t), for t > 0, depends on the value of .

. Consider the following circuit.
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The current I through the inductor and the voltage V across the capacitor satisfy the system

Lﬂ——Rll—V
dt
av_,_v
dt th

a. Find the general solution of the system if Ry = 1 ohm, Ry = % ohm, L = 2 henrys, and
C= % farad.
b. Show that I(t) — 0 and V(t) — 0 ast — oo regardless of the initial values 1(0) and V (0).
7. Consider the system of differential equations in the preceding problem. Find a condition on Ry, R,
C, and L that must be satisfied if the eigenvalues of the coefficient matrix are to be real and distinct.
8. Two quantities of a chemical solution are separated by a membrane. If x(t) and y(t) represent the
amounts of the chemical at time t on each side of the membrane and V; and V, represent the
(constant) volume of each solution, respectively, then the diffusion problem can be modeled by the
system

where P is a positive constant called the permeability of the membrane. Note that % and %)
represent the concentrations of solution on each side.

a. Assuming that x(0) = xo and y(0) = yo, find the solution of the system IVP without using
technology.
b. Calculate lim x(¢t) and lim y(t).
t—00 t—00
c. Using part (b), interpret the result tlim [x(t) + y()] physically.
—00

d. Notice that if v% > Vil then x > 0. Does this say that the chemical moves across the membrane
from the side with a lower concentration to the side with a higher concentration or vice versa?
Confirm your answer by considering what happens if Vil > Vlz in the second equation.

9. Consider the system
X =ax+by
y=cx+dy,

where g, b, ¢, and d are constants. Show that if ad — bc = 0, then every point (x, 0) of the horizontal
axis is an equilibrium point for the system. [Hint: Solve the system ax + by = 0, cx + dy = 0 for x|

Cc

1. Consider the system

where 8 is a parameter.
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a. Find the general solution of the system when g = 0.5. Use the eigenvalues of the coefficient
matrix to determine what kind of equilibrium the system has at the origin.

b. Find the general solution of the system when g = 2. Use the eigenvalues of the coefficient
matrix to determine what kind of equilibrium the system has at the origin.

c. The solutions of the system show two rather different types of behavior for the two values of 8
considered in parts (a) and (b). Find a formula for the eigenvalues in terms of 8 and determine
the value of 8 between 0.5 and 2 where the transition from one type of behavior to the other
occurs. (This critical value of the parameter is called a bifurcation point. See Section 2.7.)

2. Suppose that we have the system X = AX and that V; and V; are eigenvectors of A such that
x0
Yo

neither Vi nor V), is a scalar multiple of the other. Show that any initial condition Xy = X(0) =
can be written as a linear combination of V7 and V5. In other words, show that you can always

find scalars ¢1 and ¢p so that Xg = ¢1V1 + ¢ V. [Hint: Let V, = |:x1} and V, = |:x21| be the
V1 V2
eigenvectors, where you assume that x1, x2, y1, and y, are known. Now convert the equation

Xo = c1V1 + ¢V into a system of algebraic linear equations and go from there.]
3. If the system X = AX has two real eigenvalues 11 and A5, with A1 # Ao, and V; and V; are the
corresponding (distinct) eigenvectors, show that X(t) = ¢;e*1V] + cye*2:'V, satisfies the initial

X0

condition X(0) = Xgp = =1 V1 + 2 V5. (See the preceding problem for the justification of this

representation of X for some scalars ¢y and ¢;.)

c1 +cpet

4. Asindicated in Example 5.3.4, the system & = y, y = y has the solution X(¢) = [ . et}' Show
2

. . . 1 . . .
that any trajectory not on the line determined by V = 0 satisfies the equation y(t) = x(t) + k (in

the phase plane) for some constant k. (This says that the trajectories form an infinite family of lines
parallel toy = x.)

THE STABILITY OF HOMOGENEOUS LINEAR SYSTEMS:
EQUAL REAL EIGENVALUES

Now let’s see what happens if both eigenvalues are real and equal. In other words, the char-
acteristic equation has a repeated root, or double root. (See Section 4.1 for the second-order
homogeneous linear equation case.) A full understanding of this situation requires more
linear algebra than we want to pursue right now. However, the following discussions and
examples should give us a good idea of what's going on.

Equal Nonzero Eigenvalues, Two Independent Eigenvectors

First, suppose that A; = A, # 0. If we can find distinct representative eigenvectors V; and V;
that are not scalar multiples of each other, then we can still write the general solution of the
system using (5.3.1): X(t) = c1eM'Vy + 28"V = 11V + 211V, = e (c1 V] + V).
If we let t = 0, we see that X(0) = @ (1V] +¢c,Va) = ¢1V1 + ¢2Va, so we can write
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FIGURE 5.11a
Source: » > 0

FIGURE 5.11b
Sink: » < 0

X(t) = ¢"1'Xo, where Xo = X(0). (See Problem C2 of Exercises 5.3.) Under these conditions,
all trajectories are straight lines through the origin because they are constant multiples of the
constant vector Xo = ¢1V1 + ¢2 V5. The origin is called a star node in this case and will be a
source if A1 > 0 and a sink if A1 < 0. Figures 5.11a and 5.11b show possible trajectories for
various initial vectors Xj.

Let’s examine a system for which the origin is a star node.

m Example 5.4.1 The Origin as a Star Node (a Source)

Look at the system %:x, % =y. We can write this in matrix form as X =AX, where

1 0 . . .
A= [ 0 1]. It is easy to see that A has eigenvalues Ay =1=2x,. (Check this.) By the way
we defined the product of a matrix and a vector in Section 5.1, we see that our matrix of coef-
ficients A is such that AV =V =1.V =1,V for every vector V. In particular, any nonzero vector
V is an eigenvector corresponding to the eigenvalue 1. Be sure you understand the preceding
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FIGURE 5.12
Phase portrait of the system % =X, % =y

statement. A particularly simple eigenvector to work with is V1 = |:(1)] It is easy to see that the
vector V, = |:(1)] is not a multiple of V; because any scalar multiple of V; would have the

c . . .
form |: 0], where c is a constant. Therefore, we can write the solution of our system as

1 0 c1é
t t t t 1 )
X(t) =c1eVi +ce'Vy =cre |:0:| + coe 1= | coet

Of course, because each of our original (separable) differential equations contains only one
variable, we could solve each one separately to get the same result in the form x(t) = c;¢,
y() = cze'. As we indicated in the discussion right before this example, the trajectories are
straight lines through the origin, and Figure 5.12 shows that the origin, a star node, is a source.

Equal Nonzero Eigenvalues, Only One Independent
Eigenvector

Now suppose that A1 = A # 0, but our single eigenvalue has only one distinct representative
eigenvector. What we mean is that all eigenvectors corresponding to the single distinct eigen-
value are scalar multiples of each other. Geometrically, this says that all eigenvectors lie on
the same straight line through the origin. Then if we tried to use the solution form (5.3.1),
we would get

X(t) = 16"V + 26"V = (¢ + ¢2)e"V = keM1V.

But how can the general solution of a two-dimensional system or second-order equation have
only one arbitrary constant?
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What we have to do here is find another solution of the system that is independent of the
one solution we found using the single eigenvalue and its representative eigenvector. This is
similar to the technique we used in solving a second-order linear equation with a repeated
eigenvalue (see Section 4.1). In our situation, an independent solution is one that is not a
scalar multiple of the first solution. If we do find another eigenvector corresponding to the
single eigenvalue, but one that is independent of the original eigenvector, then the solution
can still be written in the form X (¢) = c1€*1'V; + cpe*2'V,.

It turns out that we can find a substitute for an independent eigenvector. Although we won't
go into all the linear algebraic details here, we can at least try to explain the end result. Another
(independent) solution of the system must have the form

Xo(t) = te*'V + MW, (5.4.1)

where V is the original eigenvector corresponding to the single eigenvalue A, and where W,
called a generalized eigenvector (of order 2), is a vector that satisfies the matrix equation

(A—ADW = V. (5.4.2)

(See Problem B5 in Exercises 5.4.)

We can easily see that the vector defined by (5.4.1) is a solution of the system. If X(t) =
eV + eMW, then X(t) = t(LeMV) + MV 4+ 1MW = (At + 1)e*V + 1MW and, because
(5.4.2) implies that AW =V + AW,

AX = A(te"'V 4+ W) = e (AV) + M (AW) = te* (AV) + e (V + AW)

= (A + DMV + reMW.

Thus, X = AX—that is, (5.4.1) defines a solution of the system.

Next, we must solve Equation (5.4.2) for W, and then we can write the general solution of
the system as

X(1) = 1"V + ¢y [V + M W]. (5.4.3)

(The theory of linear algebra shows that we can always solve for W in Equation (5.4.2) if V
is an eigenvector of A corresponding to eigenvalue A.)

Now let’s look at an example in which we have equal nonzero eigenvalues but only one
distinct representative eigenvector.

m Example 5.4.2 Equal Nonzero Eigenvalues, Only One
Distinct Eigenvector

Consider the system & = —2x + ¥, = —2). We can write this in matrix form as X = AX,

where A = [_2 1

0 _2]. The characteristic polynomial of A is A2 + 41 + 4 = (A +2)?, so
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A = —2 is a repeated root. Then the matrix equation AV = AV = —2V is equivalent to the
system

—2x+y=-2

=2y = -2y,
or
y=0
=2y =-2y.
. . 1 .
From this we see that any eigenvector [;] must have the form [g] =x [ 0:| for arbitrary values
1 . .

of x. Therefore, we can take V = ol3s the only independent eigenvector that corresponds

to the eigenvalue —2. Now we must find a vector W = [Zi| satisfying (A — ADW = V.

In our problem, (A — AI)W = V becomes
-2 1 1 0 T 1
5 -2l T[]
or
o 11[r] _[1
0 off|s| 0]’
which is equivalent to the algebraic system

O-r4+1.5=1
0.-1r+0-.5=0.

This tells us that s=1 and r is a “free variable”—that is, r is completely arbitrary. For conve-
. . . . of .. .
nience, let r = 0 so that our generalized eigenvector is W = [ 1:|. Finally, we can write the

general solution of our system in the form (5.4.3):

-l 2]

cre 2 4 cote 2t
cpe—2t :
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LN N N

FIGURE 5.13
Trajectories for the systemx = —2x +y,y = =2y

Figure 5.13, generated by a CAS, shows that the trajectories spiral in toward the origin, in such
. 1 . . ..

a way that they are tangent to the eigenvector V = [ 0:| or its negative at the origin. (Note that

the vector V is part of the positive x-axis.) ]

Whenever we have a system with equal nonzero eigenvalues but only one distinct eigenvector,
the phase portrait will consist of spirals approaching the origin when the repeated eigenvalue
is negative, and the phase portrait will consist of spirals moving outward if the eigenvalue is
positive. A negative eigenvalue makes the origin a spiral sink; a positive eigenvalue makes the
origin a spiral source. Furthermore, if the eigenvalue is negative, the slopes of all trajectories
not on the line determined by the one eigenvector approach the slope of this line as t — oo.
A positive eigenvalue indicates that the slopes of all trajectories not on the line determined by
the one eigenvector approach the slope of this line as t — —oo. (Problem B6 in Exercises 5.4
asks for a proof of the preceding two assertions.)

Both Eigenvalues Zero
Finally, let's assume that A; = A, = 0. If there are two linearly independent eigenvectors V;
and V,, then the general solution is X(t) = 1%V 4 ¢2e%'V, = ¢,V + ¢, V>, a single vector
of constants. If there is only one linearly independent eigenvector V corresponding to the
eigenvalue 0, then we can find a generalized eigenvector and use Formula (5.4.3):

X(t) = c1e™V + ¢ [te"V + M W].
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For A = 0, we get X(t) = c1V + c2[tV + W] = (c1 + c2t)V + c;W. In Exercise B7 you will
investigate a system that has both eigenvalues zero.

Exercises 5.4

A

For each of the Systems 1-8, (a) find the eigenvalues and their corresponding linearly inde-
pendent eigenvectors and (b) sketch/plot a few trajectories and show the position(s) of the
eigenvector(s)if they do not have complex entries. Do part (a) manually, but if the eigenvalues
are irrational numbers, you may use technology to find the corresponding eigenvectors.

ONO TR WN R

. Xx=3x,y=3y
L x=—4x,y=x—4y
Lk=2x4y,y =4y —x

X=3x—-y,y=4x—y
X=2y—3x,y=y—2x

. x=5x+3y,y=-3x—y
L X=-3x—py,y=x—y
L x=~N2+50,7 =2

. Given a characteristic polynomial A2 + a + 8, what condition on « and 8 guarantees that there is

a repeated eigenvalue?

. LetA = a Z . Show that A has only one eigenvalue if and only if [trace (A)]? — 4 det(A) = 0.
C

. Write a system of first-order linear equations for which (0, 0) is a sink with eigenvalues A1 = —2

and Ay = —2.

. Write a system of first-order linear equations for which (0, 0) is a source with eigenvalues A; = 3

and Ay = 3.

. Show that if V is an eigenvector of a 2 x 2 matrix A corresponding to eigenvalue A and vector W is

a solution of (A — AI)W = V, then V and W are linearly independent. [See Equations (5.4.2)-(5.4.3).]
[Hint: Suppose that W = ¢V for some scalar ¢. Then show that V must be the zero vector.]

. Suppose that a system X = AX has only one eigenvalue A, and that every eigenvector is a scalar

multiple of one fixed eigenvector, V. Then Equation (5.4.3) tells us that any trajectory has the form
X(t) = c1eMV +c; [tV + M W] = et [%(clv + W)+ CzV].

a. If A < 0, show that the slope of X(t) approaches the slope of the line determined by V as
vy
t — oo. [Hint: %X (t), as a scalar multiple of X(t), is parallel to X(¢).]
b. If » < 0, show that the slope of X(t) approaches the slope of the line determined by V as
t — —00.

. Consider the system x = 6x + 4y, = —9x — 6y.

a. Show that the only eigenvalue of the system is 0.
b. Find the single independent eigenvector V corresponding to A = 0.



5.5 The Stability of Homogeneous Linear Systems: Complex Eigenvalues m

c. Show that every trajectory of this system is a straight line parallel to V, with trajectories on
opposite sides of V moving in opposite directions. [Hint: First, for any trajectory not on the line
determined by V, look at its slope, dy/dx.]

-

1 tf. ) .
. Prove that ¢; e [0} +cpett [1} is the general solution of X = AX,

whelreA=|:)L 1i|.
0 A

2. Suppose the matrix A has repeated real eigenvalues A and there exists a pair of linearly
. . . . A0
independent eigenvectors associated with A. Prove that A = Nt

3. A special case of the Cayley-Hamilton Theorem states that if A2 + aA + 8 = 0 is the characteristic
equation of a matrix A, then A2 + aA + I is the zero matrix. (We say that a 2 x 2 matrix always
satisfies its own characteristic equation.) Using this result, show that if a 2 x 2 matrix A has a

repeated eigenvalue A and V = X ,then either V is an eigenvector of A or else (A — AI)V is an
14

eigenvector of A.

THE STABILITY OF HOMOGENEOUS LINEAR SYSTEMS:
COMPLEX EIGENVALUES

Complex Eigenvalues and Complex Eigenvectors

Now let’s examine what occurs when the matrix A in the system X = AX has complex eigen-
values. As we've already stated, any complex root A of the quadratic characteristic equation
A2 — (a+d)A + (ad — bc) = 0 must occur as part of a complex conjugate pair: » = p %+ qi. As
we'll see, the behavior of trajectories in the case of complex eigenvalues depends on the real
part, p, of the complex eigenvalues. When the eigenvalues of a matrix are complex numbers,
the eigenvectors will also have complex entries (see Appendix C), and therefore the algebra
of the situation will be slightly more complicated.

The most important point to realize is that when A has complex eigenvalues, the general
solution of X = AX has the same form as (5.3.1), X(t) = c1e*''V] + c2¢*2'V,. In other
words, the Superposition Principle holds, but we have to deal with the fact that this formula
will produce vectors whose elements are complex functions or numbers. For example, in the
context of the general solution formula, the phrase multiplying by a scalar refers to multiplying
vectors (whose entries may be complex numbers) by complex numbers.

Fortunately, there are some useful results that aid us in our work with complex eigenvalues
and eigenvectors:
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1. A crucial fact to recall is Euler’s formula, which we saw in Section 4.1:
Pt — ¢P (cos(q) + isin(q)).

This result will be useful in simplifying complex-valued expressions and will show us
how to obtain real-valued solutions of X = AX.

2. Another important fact is that eigenvectors corresponding to complex conjugate
eigenvalues are conjugate to each other. If the eigenvalue A1 = p + ¢i has a corresponding

a1+b1i_a1 b1 _ . T
a2+b2i}—[a2]+l|:b2]_U+1W,thenkz_k1_p gi has a

. . = a; +bqi a; — byi a; b1
corresponding eigenvector V, =V = |:a2 i bzi] = |:a2 B bzi] = |:a2:| —1 [bz] =
U — iW. The proof of this result follows from the properties of the conjugate: Suppose
that AV; = A1V1. Then (AV7) = (A1 V1), so AV = A1V, or (because all elements of A
are real) AV; = 41V = A,V. That is, V; is an eigenvector corresponding to A, = A7.
To see how valuable results 1 and 2 are, let's suppose that . = p + ¢i is an eigenvalue
of the matrix A and that V = U + iW is a corresponding eigenvector. If we define
X(t) = eV, then AX = A (e*V) = M (AV) = *(AV) = 2V =X, so X(1) isa
solution of X = AX. Using Euler’s formula and the properties of complex multi-
plication (see Section C.1), we have

eigenvector V] = |:

X(t) = &MV = eP Ty = P (cos gt + isin qt) (U + iW)
= e’ {(cosqn)U — (singt)W} + ie” {(cos g)W + (sinqr)U}.

Then the real part and the imaginary part of X(t) can be considered separately:
X1(1) = Re{X(0)} = & {(cosq)U — (singt) W}
Xo(t) = Im {X (1)} = e {(cosg)W + (sing)U}.

The important observation here is that X; (t) and X, (t) are real-valued linearly inde-
pendent solutions of the system X = AX. (Problem B3 in Exercises 5.5 asks for a proof

that the same two solutions result from taking the real and imaginary parts of ¢"V.)

We will justify this observation for the real part of X(t), leaving the proof for the imaginary

part as Problem B4 in Exercises 5.5. First, we write Xp = Re {X(t)} = X%X (see Section C.1 if
necessary). Then

AXR:A<#>=%A(X+X)=%(AX+A@

= (X +@0) = } (X +X) = Re(®) = (r = ().
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Now the Superposition Principle tells us that ¢; X7 (t) + ¢2X,(t) is also a solution—in fact, it
is the general solution of the system. The proofs of this last fact in Section 5.3 are valid here.
We can take the scalars ¢; and ¢; to be real numbers.

As a first example of working with complex eigenvalues and eigenvectors, let's look at the
equation ‘;273 + k2 sin6 =0, which describes the motion of an undamped pendulum. Here, 6
is the angle the pendulum makes with the vertical, and k* = £, where g is the acceleration
due to gravity and L is the length of the pendulum. This famous equation is nonlinear and
will be treated fully in Section 7.4, but for small angles 6,sin6 =~ 6, so we can consider
the linearized equation % + k%6 =0. The system form of the linear pendulum equation has
complex eigenvalues.

Let's see how to work with the complexities (pun intended) of this situation.

m Example 5.5.1 A System with Complex Eigenvalues
First, we convert the linearized pendulum equation to a system (see Problem C2 of Exer-

cises 4.7 for the nonlinear case). Letting x=6 and y=%=%, we convert our linear
second-order homogeneous equation into the system % =y, % = —k?x. (Be sure that you

remember how to carry out this conversion.)

. 0 1 . . .
In matrix form, we have the system % [J;j| = |: } [ﬂ, with characteristic equation A2 +

-k 0
k? =0 and complex conjugate eigenvalues A1 = ki and A, = — ki. (Verify all the statements in
. . 0 1||x | x kix
the preceding sentence.) The equation AV = A,V has the form [—k2 0] [y] = ki |:y] = [kiy]'
which is equivalent to the algebraic system
y = kix
—k%x = kiy.

Because the second equation is just ki times the first, we see that we can take x as arbitrary

and y = kix, which gives us the eigenvector V = [kfx] =x |:li Letting x = 1, we get the

=[] -[

From the discussion preceding this example, we realize that we don't have to worry about
the second (conjugate) eigenvalue and its associated eigenvector. The general solution of our
original equation and its system version can be obtained from the information we already

representative eigenvector
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have. We start with the solution

X(t) = kit <|:(1)] +i [2]) = (coskt +isinkt) ([(1)] +i I:(;Z])
= ((cos kt) |:(1)] — (sin kt) |:Z:|> +i ((cos kt) [2] + (sinkt) |:(1):|) .

Because the real and imaginary parts of the preceding expression are linearly independent
solutions of the system, the general solution is given by

X)) = ((cos kt) |:(1):| — (sin kt) [2:|> + ¢ ((cos kt) [2] + (sin kt) |:(1J])

cos kt sinkt | | c1coskt+cpsinkt
—ksin kt 2 kcoskt | — | —key sinkt + kcy coskt ||

Figure 5.14 shows some trajectories for this system when k = 1. These curves are circles cen-
tered at the origin. We say that the origin is a center for the system. You should try to generate
your own phase portrait by choosing different values of k and various initial points for each
value of k.

— g\s\a\x\x\\\
— e e S N N N\ N\

'?\ \ v\ AN N N :, —Je— &—
5\ V\ S\ N L

FIGURE 5.14
Trajectories for the system % T =V y =-—x0<t<7
Initial points: (x(0), y(0)) = (1, 0), (o 5,0), (0,0.8)
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The next example provides a more challenging problem algebraically.

m Example 5.5.2 A System with Complex Eigenvalues

According to Kirchhoff's Second Law, an electric circuit with resistance of 2 ohms, capacitance
of 0.5 farad, inductance of 1 henry, and no driving electromotive force can be modeled by the
second-order linear equation Q+2Q+2Q = 0, where Q = Q(t) is the charge on the capacitor
attime t. If Q(0) = 1 and Q(0) = 0, we want to determine the charge on the capacitor at time
t>0.

We write our second-order equation as a system of first-order equations by introducing new
variables: Letx = Qandy =x = Q,s0y = Q = —2Q — 2Q = —2x — 2y. Then the original
second-order equation is equivalent to the system

x=y
y=-—2x—2y,
0 1
-2 =2

characteristic equation A2 + 24 + 2 = 0, with roots —1 +i and —1 — i. Working with the first
of these eigenvalues, we see that any eigenvector must satisfy the matrix equation

= =l

which is equivalent to the equations

which can be written in matrix form as X = [ i| |:J;i| The matrix of coefficients has

y=—x-+ix
—2x =2y = —y+iy.

Substituting the first equation in the second equation, we get
—2x — 2[—x +ix] = —[—x + ix] + i[—x + ix]

—2x + 2x — 2ix = x — ix — ix — x (remembering that 2 =-1)
—2ix = —2ix.
The preceding equation, an identity, says that any value of x will be a solution. If we choose

x = 1 for convenience, then the first equation gives us y = —1 + i, so the representative
eigenvector is
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As in the previous example, we work with the solution provided by one of the complex
conjugate eigenvalues and its representative eigenvector:

X(t) = (T1Hit <|:_{| +1 [ﬂ) =e '(cost +isint) <|:_{| +1 [ﬂ)
_ 1 . 0 . 0 . 1
=e¢t ((cost) [_1] — (sint) |:1]> +iet ((cost) [1:| + (sint) [_1]> )

Extracting the real and imaginary parts of this last complex-valued expression, we express the
general solution as

X(@t) =cre”t <(cos t) [_H — (sint) [ﬂ) +cre! <(cos t) [ﬂ + (sint) [_ﬂ)
e~ !cost e~ lsint
=C . +c .
—eTcost —e tsint e fcost —e fsint

= c1cost+cysint x(t)

=@ = .
(cg —cy)cost — (cp +c1)sint y(t)

Now, using the initial conditions x(0) =Q(0)=1 and y(0) = Q(0)=0 in the general solu-

tion just given, we get the condition |:c “ c ] = |: Oi|, which implies that ¢; =1 and ¢, = 1.
2 —C1

Thus, the solution of our original initial-value problem is Q(t) =x(t) = e '(cost +sint). (See

Figure 5.15.) Because the current, I, is defined as the rate of change of Q, we get a bonus:

I(t) = Q(t) = y(t) = —2e " sint.

As satisfying as this analytical solution may be, a natural question is what the trajectories
for this system look like. Figure 5.16 shows five trajectories, corresponding to different initial
conditions. The trajectory for the IVP we started with is second from the bottom.

| IS R — |
1 2 34 5 6 ¢

—

FIGURE 5.15
Graph of x(t) = e !(cost +sint),0 <t < 6
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FIGURE 5.16
Trajectories for the systemx =y, p = —2x — 2y, —03 <t <4
Initial conditions: (x(0), y(0)) = (1, 0), (0.5, 0), (0, 0.8), (0, 1), (0.5, —0.8)

Note that in Figure 5.16 the trajectories are spirals moving toward the equilibrium solution,
the origin. We say that the origin is a spiral sink. If we examine the general solution, we can
see why the trajectories behave this way. First of all, there is no straight-line direction along
which the trajectories approach the origin. In the preceding example, the expressions for both
x(t) and y(t) have trigonometric terms that contribute oscillations, movements back and forth
across the x-axis. But in addition, each entry of the general solution has a factor of ¢!, which
dampens these oscillations for positive values of t. Thus, as ¢ increases in a positive direction,
the amplitudes of these oscillations tend to 0. A look at Euler’s formula explains the existence
of this decaying exponential: The real part, p, of the eigenvalue pair is negative. Figure 5.15 shows
a plot of x against t for the particular solution with x(0) = 1 and y(0) = 0.

The graph of y against t is similar. In terms of the spring-mass problems we analyzed in various
examples of Section 4.8, we can interpret our problem as representing a system with damped
oscillations. (See Example 4.8.2, especially Figure 4.19a.)

As we'll see in some of the exercises following this section, if the eigenvalues are p & gi and
p > 0, then we get spirals that wind away from (0, 0) as t increases. Here, we say that the
origin is a spiral source. This corresponds to oscillatory solutions with increasing amplitudes
and describes resonance. (See Example 4.8.4, especially Figure 4.22.)

The case where p = 0, so that we have pure imaginary eigenvalues, is interesting. Now the
trajectories are closed, nonintersecting curves that encircle the origin. This corresponds to the
situation in which we have undamped oscillations. (See Example 5.5.1 and Example 4.8.1,
especially Figure 4.16.)
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Table 5.1 Summary of Stability Criteria for Two-Dimensional Linear Systems

Eigenvalues Stability References

REAL

Unequal

Both > 0 Unstable node (source, repeller) Examples 5.2.4 and 5.3.1

Both < 0 Stable node (sink, attractor) Examples 5.2.2 and 5.3.2

Different signs Saddle point Examples 5.2.1, 5.2.3, and 5.3.3

One = 0, the other # 0 Whole line of equilibrium points Example 5.3.4 and Problem B9
of Exercises 5.3

Equal

Both > 0 Unstable node (source, repeller) Example 5.4.1

Both < 0 Stable node (sink, attractor) Example 5.4.2

Both =0 “Algebraically unstable” Problem B7 of Exercises 5.4

COMPLEX

Real part > 0 Spiral source (unstable spiral, repeller) Example 5.2.5

Real part < 0 Spiral sink (stable spiral) Example 5.5.2

Real part = 0 Center (neutral center, stable center) Example 5.5.1

Now let us stand back and summarize all these cases. Table 5.1 categorizes the stability of
two-dimensional autonomous systems, referring to relevant examples or exercises.

Exercises b.b
A

For each of the Systems 1-10, (a) find the eigenvalues and their corresponding eigenvectors
and (b) sketch/plot a few trajectories and show the position(s) of the eigenvector(s) if they
do not have complex entries.

Ff=—-1r—258§=2r—s
X=3x—-2y,y=2x+3y
x=-0.5x—y,y=x—0.5y
X=x+y,y=-3x—y
X=2x+yy=-3x—y
x=-0.5x—y,y=x—0.5y
X=y—7x,y=—-2x— 5y
Xx=x—-3y,y=3x+y

ONSA R ODNR
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9. x=6x—y,y=5x+4y
10. x+x+5y=0,y—x—y=0

B
1. Write systems of first-order linear equations whose trajectories show the following behaviors:

a. (0,0) is a spiral source with eigenvalues A1 =2 +2iand Ao =2 — 2i.
b. (0,0) is a stable center with eigenvalues A; = —3iand Ao = 3i.
c. (0,0) is a spiral sink with eigenvalues A1 = —1 +2iand Ap = —1 — 2i.

2. Consider the system
x=y
y=-x-py

where 8 is a parameter.

a. By using technology to draw trajectories, examine the stability of the equilibrium solution for
B=-1,-0.1,0,0.1,and 1.

b. Does there seem to be a bifurcation point—that is, a critical value of g at which the stability
changes its nature? (Read/review Section 2.7.)

c. Find a formula for the eigenvalues of the system, showing their dependence on g.

d. Relate the information found in part (c) to the stability summary in Table 5.1 and answer the
question in part (b) with increased authority.

3. If A is a complex eigenvalue of matrix A, V = U + iW is a corresponding eigenvector, and
X(t) = eV, then we have seen that

X1(t) = Re{X(t)} = eP*{(cos qt)U — (sin gt) W}

Xo(t) = Im{X(1)} = e’ {(cos gt) W + (sin qt)U}

are real-valued linearly independent solutions of the system X = AX . Show that the same two
solutions can be obtained by taking the real and imaginary parts of 7e“V. (Thus, the second term of
the familiar solution formula c1e*1tVy + cpe*2tVy = c1e*11Vy + cpeM11V is unnecessary.)

4. Show that if X(¢) is a complex-valued solution of the system X = AX, then sois Xj = Im(X) =
XX the imaginary part of X(t).

5. The following two-loop electrical circuit illustration can be modeled by the system

diy _ (Ri+Ro\, Ry
a — L 1T

diz_ R1+Ry - Ry 1 ;

a — L Y"\T " RrRc)*
Using eigenvalues and eigenvectors, solve the initial value problem i1 (0) = 1,1, (0) = 0, when
Ry =R; =1,L=1,and C = 3. (Use technology to find the eigenvectors.)
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1. In Section 5.3, we used the result that the eigenvectors corresponding to distinct eigenvalues are
linearly independent. Use this result to show that the real and imaginary parts of complex
eigenvectors are linearly independent.

2. The change in the amounts x and y of two substances that enter a certain chemical reaction can be
described by the initial-value problem

Xx=-3x+ay,y=px—2y;x(0) =y(0) =1,

where « and B are two parameters that depend on the conditions of reaction (temperature,
humidity, etc.). Are there values of @ and g for which the solution of the initial-value problem is a
periodic function of time?

NONHOMOGENEOUS SYSTEMS
The General Solution

The linear systems we have been dealing with so far are called homogeneous systems. Basically,
this means that they can be expressed in the form X = AX with no “leftover” terms. If a linear
by (t)]
ba(t) |
then we say that the system is nonhomogeneous. For example, in matrix terms, the system

% = x + sint, % = t — y must be written as [;Eg] = |:(1) _(1)1| |:J;i| + |:sutl ti| and so is

system has to be written as X = AX + B (t), where B(t) is a vector of the form |:

nonhomogeneous.

Don't confuse the distinction between autonomous and nonautonomous with that between
homogeneous and nonhomogeneous. For example, if by (t) and b, (t) are constant functions (not
both zero), then we have a system that is both autonomous and nonhomogeneous. (See, for
instance, Example 4.7.3.)

The techniques that were introduced in Section 4.2 for second-order nonhomogeneous equa-
tions generalize to systems, but the calculations are more complicated. To get a handle on
solving a nonhomogeneous linear system, we need a fundamental fact about linear systems:

The general solution, Xgny, Of a linear nonhomogeneous system is obtained by finding
a particular solution, XpNp, of the nonhomogeneous system and adding it to the general
solution, X¢p, of the associated homogeneous system.
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You should see this as an application of the Superposition Principle and as an extension of
the result we saw for single linear differential equations (Section 4.2). Symbolically, we can
write Xonin = Xgu + Xpnn- Using the definitions of these terms, we can see that this sum of
vectors is a solution of the nonhomogeneous system:

Xonn = Xcn + Xpnn = AXcn + {AXpan + B(6))
= A(XgH + Xpnn) + B(t) = AXgnu + B(D).

(Be sure you follow this.) You should see that Xgp, as a general solution, must contain two
arbitrary constants, so the expression for Xgny contains two arbitrary constants.

Let’s look at a simple example showing the structure of a nonhomogeneous system’s solution.

m Example 5.6.1 The Solution of a Nonhomogeneous System
The system

x=x+y+2"
y=4x+y+4de"

o . 11 2e! 11 1
can be written in the form X(t) = [4 1]X + [4e‘t} = [4 1} X + 2e [2] The system

. . . . 1
has eigenvalues A; = 3 and A, = —1, with corresponding eigenvectors V| = [ ] and V, =

2

[_ﬂ (Check this.) Then the general solution of the associated homogeneous system X (t) =

1 1 .
[4 1i|Xls

1 1
3t —t
Xon = c1e |:2:| + coe [_21|-

You should verify that a particular solution of the original nonhomogeneous system is given

2 —2et

3¢ 1 - 1 0
XoNH = XgH + XpNH = C1e + coe + B
2 -2 —2et
183 + cret
| 2c103t — 2cpet —2e7t |

Check that this is the general solution of the original nonhomogeneous system. [ |

by Xpnip = e F [_O] = |: 0 ] Therefore, the general solution of the nonhomogeneous

system is
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The Method of Undetermined Coefficients

The challenge in working with a nonhomogeneous system is to find a particular solution of
the nonhomogeneous system. There are various techniques for finding a particular solution.
We can use the variation of parameters technique of Section 4.4, but for systems the calculations
involved are very tedious. Therefore, we'll restrict our attention to the method of undetermined
coefficients (Section 4.3), which is not so powerful but is easier to use. As we've seen in
Section 4.3 and Section 4.4, this method requires intelligent guessing. We have to ask ourselves
what terms are contained in B(t) but not in Xg—and then guess at the form of Xpn; on the
basis of this information.

We should note that this method of undetermined coefficients can be used only when the
b1 (1)
ba (1)
polynomials, or any sum or product of such terms. For other kinds of functions making up
B(t), Xpny must be found using some other technique (for example, variation of parameters).

vector B(t) = |: j| contains terms that are constants, exponential functions, sines, cosines,

The next example illustrates the method with its resulting algebraic complexities.

m Example 5.6.2 Using the Method of Undetermined Coefficients

Let's consider the system % = x + sint, % =t — y that we discussed at the beginning of this

section. We have X = AX + B(t), where A = [(1) _ﬂ and B(t) = [SH; t] =sint [(1)} +t [ﬂ

The eigenvalues of A are 1 and —1, with corresponding eigenvectors

o] e 3]

Thus, the general solution of the homogeneous system can be written as

1 10
Xoy = 1€ |:O] + et |:1i|

(Verify the statements in this paragraph for yourself.)

Now we look for a particular solution of the original nonhomogeneous equation. First, we
compare the terms of B(t) with the terms of Xgy to see whether there is any duplication. In
this case, we see that the terms sin t and t are not terms that can be obtained just from Xgyj.
Because our system is equivalent to a single second-order differential equation, we realize
that we must find a function that can combine with its own first and second derivatives to
yield B(t). We take a guess that Xpnj; must look like Csint + D cost + Et + F, where C, D, E,
and F are vectors of constants. Our trial solution for Xpnp; consists of a linear combination
of the functions sint and ¢t and their derivatives—a linear combination with undetermined
coefficients.
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Let’s substitute our guess into the nonhomogeneous system:
) B(t)
XpNH XpNH

Ccost —Dsint+E=A|Csint+Dcost+Et+F +sint|:(l)} +t[(1)i|

. ) 1
=ACsmt—i—ADcost—i—AEt+AF+smt|:0] +t|:(1)].

When we collect like terms, matching the coefficients of functions on each side, we get the
following system:

(1)C=AD [The coefficients of cost must be equal. ]
(2) -D=AC+ [(1):| [The coefficients of sin t must be equal.]

(3)0=AE + [(l)i| [The coefficients of t must be equal.]

(4) E=AF [The constant terms must be equal. ]

. 1 .
Remembering that A = [ 0 _ﬂ we can solve Equation (3) for E:

S L e e [

so e; = 0 and ey = 1. (Check this.) Now that we know E, we can use Equation (4) to find F:
o] [t o][fi
1|~ o —1||f]

sofi=0andf, = —1.

If we multiply both sides of (1) by A, we get AC = A’2D = D (because A> = I, the 2 x 2

identity matrix), which we can substitute into Equation (2): —D = D+ [(1):|, or [_é} =2D =
igl ,s0d; = —% and d, = 0. (Make sure you follow all this.) Finally, we solve (1) for C:
2

1| 1 of|—1/2 _ 1 .
[cz}_[o _1:|[ 0 },socl_ 5 and ¢ = 0.

We have determined all the coefficients. Putting the pieces together, we have

1,..
o[ [ e ][50
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and we finally obtain

XoNH = XgH + XpNH

1 1
1 0 _ = . t_ - .
=clet|: ]+cze_t|: j|+ 2(smt—i—cost) _ |cie 2(smt—i—cost)
0 1 t—1 t—1+cet

as the general solution of the original nonhomogeneous equation.

Note that the system in this example is uncoupled—that is, each equation contains only one
unknown function. Problem B1 in Exercises 5.6 asks you to solve each equation separately
to obtain the same answer as the one shown here. |

Practice in the technique of undetermined coefficients leads to a more systematic way of
guessing a possible solution of the nonhomogeneous system. The second column of Table 5.2
indicates the component of Xpny that corresponds to the matching component b;(t) of B(t).
If b;(t) is a sum of different functions, then it is a consequence of the Superposition Principle
that the matching component of Xpny is a sum of trial solutions.

There is an exception to the neatness of the table. If b;(t) contains terms that duplicate any
corresponding parts of Xgy, then each corresponding trial term must be multiplied by ™,
where m is the smallest positive integer that eliminates the duplication.

In Example 5.6.2, we had b;(t) = sint and b,(t) = t—a trigonometric function (acosrt +
bsinrt, witha = 0,7 = 1,and b = 1) and a first-degree polynomial (Py(t) = a,t" +a,_1t" "'+
-+ ait + ap, where n = 1,a; = 1, and a9 = 0). There was no duplication between X¢gp
and B(t) because the terms making up Xgp are exponential functions. Consequently, our
educated guess for Xpny consisted of a linear combination of sine and cosine plus a first-degree
polynomial.

Let’s use the instant wisdom conferred by Table 5.2 to solve the next problem.

Table 5.2 Trial Particular Solutions for Nonhomogeneous Systems
b;(t) Form of Trial Solution

¢ # 0, a constant K, a constant

Ppt) = ant" + ap_1t" 1+ ait+ag Qu(t) =cut" +cart" 14+t +co

Ceat Keat
acostt + bsinrt acosrt + Bsinrt
eRt(acosrt + bsinrt) eRt (o cos 1t + Bsinrt)

Py(t)e Qu()e™
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m Example 5.6.3 Undetermined Coefficients

Suppose we try to solve the system % =y, % = 3y — 2x + 2t? 4 3¢?'. We can write this system

- . 0 1 . 0 . P o | 0
as X = AX + B(t), where A = [_2 3i| and B(t) = [2t2 +3€2ti| = (262 + 3e )[1i| The

eigenvalues of A are 1 and 2, with corresponding eigenvectors [1] and B] (Verify this.)

We know that the general solution of the homogeneous system is given by

1 1
_ 3 2t
XGH =cC1e |:1:| + cre [ i|

To find a particular solution of the nonhomogeneous system, we compare the terms of B(t)
with the terms of Xgpy to see whether there is any duplication. In this example, ignoring
constants, we see that e? appears in both Xgy and B(t). We also recognize that the term t2
in B(t) is not found in Xgp. Using Table 5.2 and the description of how to handle duplicate
terms, we guess that Xpnp must look like

Ct? 4+ Dt + E + Fe*' + Gre?,

where C, D, E, F, and G are vectors of constants. Note that because there is a second-degree
term, our trial particular solution contains a full quadratic polynomial and multiplying e?*
by ¢ eliminates the duplication.

If we substitute this guess into the nonhomogeneous system, we get

0
2Ct + D + 2Fe* + Ge*' + 2Gte® = A (Ct? + Dt + E + Fe?' + Gte®) + (2 + 3¢?") [1}

= ACt? + ADt + AE + AFe® + AGte™ + (27 + 3¢*') [ﬂ

= (AC + BD 2 + ADt + AE + <AF + [g]) 2+ AGre?.

Matching the coefficients of like terms on each side, we get the system

(1)0=AC + [g:| [The coefficients of t> must be equal.]
(2)2C=AD [The coefficients of t must be equal.|
(3) D=AE [The constant terms must be equal.|

(4) 2F + G = AF + |:(3):| [The coefficients of ¢ must be equal. ]
(5) 2G = AG [The coefficients of te?! must be equal.]
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Working through these equations (see Problem B3 in Exercises 5.6), we find that

c=[gJo-Re-f - e}

Now that we've determined the coefficients C, D, E, F, and G, we can construct the particular
solution of the nonhomogeneous equation.

1,2, |3 z O 2, |31, 2
XPNH—[O]I +|:2:|t+|:3:|+|:31|e gl
Finally, we get the general solution of the nonhomogeneous equation:

XoNn = XgH + XpNH

maeiJraer o] o) [ [ [ o o)

[ cre' +ce® + 12 + 3t + 5 + 3e* }

crel + 2coe2t + 2t 4+ 3 + 32t + 6te?t
cre + (c+30 e +1> +3t+ 5
et Qe +3 4602 2t 43|
Of course, this means that x(t) = cie' + (c; +3t)e?' +t?> +3t+7/2 and y(t) = c1e' + (2co +3+

6t)e?! + 2t + 3 are the solutions of our system. You should check to see that these functions
satisfy our original system. |

When the nonhomogeneous system is also autonomous—that is, it has the form X = AX+B (0),
where the entries of B(t) are constants—we can analyze the stability of the system's solutions
by finding the equilibrium point(s) (no longer the origin) and considering the eigenvalues
and eigenvectors of the matrix A.

m Example 5.6.4 Stability of an Autonomous Nonhomogeneous
System

We return to the system of Example 4.7.3:
X=7y—4x—13
y=2x — 5y + 11.
To find the equilibrium point(s), we solve the algebraic system

—4x+7y =13
2x —5y=-11
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to find that (2, 3) is the only equilibrium point. (The details in this example are left as parts
of Problem B5 in Exercises 5.6.)

We can write our system of differential equations in the form

. [—4 7} |:x:| [—13}
X =AX +B@t) = + .
2 =5 |y 11

Because the eigenvalues of A are ; = (\/57 - 9) /2and Ay = — («/57 + 9) /2, both of which

are negative real numbers, Table 5.1 at the end of Section 5.5 tells us that the equilibrium
point (2, 3) is a sink. (Go back to take another look at Figure 4.9.) |

Despite its limitations, the method of undetermined coefficients is very useful. In Chapter 6,
we'll see another way of solving systems of nonhomogeneous linear equations, by means
of the Laplace transform. This transform method is particularly useful in solving initial-value
problems.

Exercises 5.6

A

1. Find the particular solution of the system in Example 5.6.2 that satisfies x(0) = 0, y(0) = 1.
2. Find the particular solution of the system in Example 5.6.3 that satisfles x(0) = —1, y(0) = 2.

Without using technology, find the general solution of each of the systems in Problems 3-15.
You may check your answers using a CAS.

k=yp42e,7=x+1t2

X=y—5cost,y=2x+y

k=3x+2y+4e, j=x+2y

L k=3x—4y+e 2 p=x—2y—3e 2

. & =4x+y— 2!,y =y — 2x [Hint: Multiples of both ¢2! and te?" should appear in your guess for

No o pw

XpNH ]

8. x =2y —x+ 1,7 = 3y — 2x [Hint: Multiples of both ¢' and te! should appear in your guess for
XpNH-]

9. k=5x—3y+23, j=x+y+5e7"

10. s =x+y+1+e,y=3x—y

11, x=2x—y,7 =2y —x — 5e’sint

12. x =x+2y,y =x — 5sint

13. k =y, =—2x— 3y +sint +é'

14, = -2x+y+2e ', y=x—2y+3t

15, i=x+y+e,yj=y+e!
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1. Consider each equation in Example 5.6.2 as a first-order linear equation and solve each equation
separately, confirming that you get the same answer as in the worked-out example. (You may
have to review Section 2.2 and the technique of integration by parts.)

2. a. Use technology to draw the phase portrait for the system in Example 5.6.2.

b. Draw a graph of x(¢) vs. t.
c. Draw a graph of y(¢) vs. t.

3. Assume that you have Equations (1)—(b) in Example 5.6.3. Let C = |:Cl:|, D= |:Zl:| , etc. Solve for
c2 2

the vectors C, D, E, F, and G in the following order:

1
a. Use Equation (1) to show that C = [0}.

b. Use Equation (2) to show that D = |:;j|

. 7/2

c. Use Equation (3) to show that E = / .

d. Assuming that G is not the zero vector, use Equation (b) to derive a general form for G. (There
is an arbitrary constant involved.)

e. Substitute the general form for G found in part (d) into Equation (4) to determine the concrete

. . . .10
form of G. Then use this information to see that a convenient form for F is |:3:| .

4. a. Use technology to draw the phase portrait for the system in Example 5.6.3.
b. Draw the graph of x(t) vs. t, assuming that x(0) = 50.
c. Draw the graph of y(¢) vs. t, assuming that y(0) = 100.

5. Look at the system in Example 5.6.4.

a. Show that the only equilibrium point is (2, 3).
b. Show that the eigenvalues of the matrix of coefficients A are

M:(«/ﬁ—9)/z and xzz—(«/ﬁ+9)/2.

c. Find eigenvectors corresponding to A1 and 5.

d. Express the general solution of the homogeneous system in terms of the eigenvalues and
eigenvectors found in parts (b) and (c).

e. Find a particular solution of the nonhomogeneous system.

f. Put the answers to parts (d) and (e) together to get the general solution of the
nonhomogeneous system. Then determine what happens as t — oo.

6. Newton's laws of motion give the following system as a model for the motion of an object falling
under the influence of gravity:

dy _
a =

dv

=8 cv(t); y(0) = 0,v(0) =0
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for 0 <t < T, where y(T) = H. Here, y(t) denotes the downward distance from the spot where
the object was dropped to the place where the falling object is at time ¢; v(t) is the velocity; g is
the gravitational constant; and c is the drag coefficient, representing air resistance.

a. Without using technology, solve this nonhomogeneous system for y(t) and v(t).
b. Find tlim v(t) and interpret your answer in physical terms.
— 00

7. A cold medication moving through the body can be modeled* by the IVP
x=—kix+1
¥ =kix —kyy; x(0) = 0,y(0) =0,

where x(t) and y(t) are the amounts of medication in the GI tract and the bloodstream,
respectively, at time t measured in hours elapsed since the initial dosage. Here, I > 0 is the
constant dosage rate and k1, ky are positive transfer rates (out of the GI tract and bloodstream,
respectively).

a. Without using technology, solve the nonhomogeneous system for x(t) and y(¢).
b. Find lim x(¢t) and lim y(t).
[— 00 t—00

c. Assume that the decongestant part of a continuous acting capsule (such as Contac®) has
k1 = 1.386/hrand k, = 0.1386/hr and that the antihistamine portion has k; = 0.6931/hr
and ky = 0.0231/hr. Also assume that I = 1/6 (i.e., one unit per six hours). Use technology
to graph x(t) against ¢t and y(t) against ¢ for the decongestant on the same set of axes.

d. Assuming the data given in part (c), use technology to graph x(t) and y(¢) for the antihi-
stamine on the same set of axes.

8. The buying behavior of the public toward a particular product can be modeled by

dB

— =bM — BB

m b(M — BB)
M _ B = aM) +cA
at =a o CA,

where B = B(¢) is the level of buying, M = M(t) is a measure of the public’'s motivation or attitude
toward the product, and A = A(t) is the advertising policy. The parameters a, b, ¢, «, and g are all
assumed positive.

a. Show that for constant advertising (i. e., A(t) is a constant function), the buying levels tend to a
limiting value over time.
b. fa=8=2,a=b=c=1,B(0) =M(0) =0,and

100 units for0 <t < 10
Al =
0 fort > 10

determine the complete forecast for the buying behavior—that is, find B(t).

4 This model is based on the work of Edward Spitznagel of Washington University and was first communicated to me by Courtney Coleman,
Harvey Mudd College.
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9. A political race between two candidates can be modeled by the system

dx
dt
d

d—f:—cx—!—dy—e,

=ax—by+e

where x(t) and y(t) represent the number of supporters of the two candidates and e > 0 denotes a
gain in supporters for the first candidate based on contact between those committed to the first
candidate and those who are uncommitted. The parameters a, b, ¢, and d are positive.

a. Determine conditions involving a, b, and e guaranteeing that dx/dt > 0.
b. Determine conditions involving ¢, d, and e guaranteeing that dy/dt > 0.
c. Determine conditions guaranteeing equilibrium in the system.

10. Consider a closed, two-compartment model in which the initial concentrations of a dye are

C

2 mg/liter in Compartment 1 and 10 mg/liter in Compartment 2. The compartments have constant
volumes of 10 and 20 liters, respectively, and are separated by a permeable membrane that allows
transfer between the compartments at the rate of 0.25/hour.

a. Determine formulas for the concentrations of dye at any time ¢ in each compartment.
b. Determine what happens to the concentrations in each compartment as t — oo.

1. During World War 1, the English scientist F. W. Lanchester (1868-1946) devised several mathe-

matical models for the new art of aerial combat. These models have since been extended and
applied to various modern conflicts. One model, describing the interaction of two conventional
armies (as opposed to guerrilla forces or a mixture of conventional and guerrilla forces), is given
by

dx
T —ay+f) —c
% = —bx 4 g(t) — d; x(0) = &, y(0) = ,

where x(¢) and y(t) represent the strengths of the opposing forces at time ¢; a and b denote
nonnegative loss rates; ¢ and d are constant noncombat losses per day; and f(¢) and g(t) denote
reinforcement rates in number of combatants per day.

a. Assuming that f(t) = k and g(t) = I (k and ! are constants) during a battle, determine the
strengths of each army at time ¢ during the battle.

b. fa> % > 0and B > % > 0, determine the conditions under which the y-force will be
wiped out.

¢. Assume that a = 0.006,b = 0.008,¢c = d = 1000, k = 6000, ] = 4000, @ = 90,000, and
B = 200,000, where ¢, d, k, and | are measured in men per day. Use technology to graph x(t) and
y(t) for 0 < t < 50. Then use the graphs to determine the time t* when x(t*) = y(t*). Which
side is winning after 50 days?
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2. A two-compartment model for cholesterol flow yields the following nonhomogeneous system:

%=—(a+ﬁ)x+w+

W eyt K
=Py K,

K1 + Ky

where x and y denote the amounts of cholesterol in the two compartments, 8 and y represent rates
at which cholesterol moves from one compartment to the other, o represents a rate of excretion,
and K1, Ky, K3 denote the rates at which cholesterol flows into the compartments.

a. Solve the system, using technology for lengthy algebraic calculations.
b. Describe the behavior of the solutions x(t) and y(t) over a long period of time.

GENERALIZATIONS: THE n x n CASE (n > 3)

Matrix Representation

We are going to extend our previous analysis of systems, first to 3 x 3 systems and then to
nth-order linear systems. We can use matrix notation to represent a third-order system with

constant coefficients

X1 = anxi + diaxy + daiszxs

Xy = anxy + axyxy + dazxs

X3 = asix1 + azoxy + dzsx3

symbolically, in the form X = AX, where

X1 X1
X = X2 ,X= 562

x3 x3 |

and

ain  diz2  4is
A= |ayn axy az;

asy dszz  4ss |

m Example 5.7.1 Matrix Representation of a 3 x 3 System

Thesystemx = —2x+4y —z,y =5x—y+3z,2=x+2z2
cal way

can be written first in the usual verti-

X=-2x+4y—z x=-2x+4y—z
y=5x—y+3z or y=5x—y+3z
z2=x+2z z2=x4+0y+z
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and then more compactly as

Eigenvalues and Eigenvectors

It is important to understand that the concepts of eigenvalue and eigenvector are valid for
any system of n equations in n unknowns (1 > 2). Specifically, given a system X = AX, where
X is anonzero 3 x 1 column matrix (vector) and A is a 3 x 3 matrix, then an eigenvalue A is a
solution of the equation AX = AX. Given an eigenvalue X, an eigenvector associated with A is
a nonzero vector V that satisfies the equation AV = AV.

The equation AX = AX can be expressed as AX — AX = 0, where 0 denotes the 3 x 1 vector
consisting entirely of zeros. This matrix equation is equivalent to the homogeneous algebraic

system
(a1 — M) x1 +axy +aizxs =0
azxi + (22 — A) X2 +dxzxz =0
asixy +aszxy + (azz — A x3 =0,
or
ain —i  an a3 x1 0
an azy — A ans Xy | = 0]. (5.7.1)
asy ass asz3 — A | | x3 0

Now the matrix of coefficients in (5.7.1) can be expressed as

an 42 413 A 0 O an aix d13 1 0 0
ay ay dx3|—10 A O|=|an axy as3|—A|0 1 0|=A—Al,
a3y dsp da4s3 0O 0 A a3y dszp a4ss 0 0 1

so the equation AX — AX = 0 can be written as (A — AI)X = 0, where I is the 3 x 3 identity
matrix consisting of ones down the main diagonal and zeros elsewhere. (The matrix I is such
that IX = X for any 3 x 1 vector X. See Section 5.1 for the 2 x 2 case.)

The equation (A — AI)X = 0 represents a homogeneous algebraic system of three linear equa-
tions in three unknowns, and the theory of linear algebra indicates that there is a number A
depending on the matrix of coefficients with the following important property:

The System (5.7.1) has only the zero solution x; = x, = x3 = 0 if A # 0. However, if A = 0,
then there is a solution x1, x, x3 with at least one of the x;(i = 1, 2, 3) different from zero.
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This number A is the determinant of the matrix of coefficients in (5.7.1), denoted by
det(A — AI), and it is the extension to three dimensions of the determinant introduced
in Section 5.2. (See Problem B2 of Exercises 5.1 and Problem B1 of Exercises 5.2 for the
significance of the 2 x 2 determinant in the solution of a system of equations.) Therefore,
(A — ADX = 0 has a nonzero solution X only if det(A — AI) =0. An important fact is that
det(A —AlI) is a third-degree polynomial in A, called the characteristic polynomial of A, so the
eigenvalues of A are the roots of the characteristic equation det(A — AI) = 0. There are algorithms
for calculating determinants of 3 x 3 systems, but they are tedious and any graphing calculator
or CAS can evaluate them. In particular, a CAS will provide characteristic polynomials, eigen-
values, and corresponding eigenvectors. Also, there are formulas for solving cubic equations,
but these methods are more complicated than the quadratic formula, and it is advisable to
use your calculator or computer to solve such equations.

Let's use technology in the next example to calculate determinants, eigenvalues, and

eigenvectors for a three-dimensional system.

m Example 5.7.2 Eigenvalues and Eigenvectors via a CAS
Let’s look at the matrix of coefficients in Example 5.7.1:

-2 -1
A=| 5 -1 3
1 0 1
A computer algebra system provides the information that det(A) = — 7, the characteristic

equation is A> + 242 — 201 + 7 = 0, and the eigenvalues (rounded to four decimal places)
are Ay = 3.3485,Ap = —5.7143, and A3 = 0.3658. The corresponding representative eigen-
vectors are

2.3485 —6.7143 —0.6342
Vi=133903 |,V =] 64848 |, and V3 = | —0.1251
1 1 1

Don't be concerned if your CAS or calculator gives you eigenvectors that are different from
these. You should check to see that each eigenvector you find is a constant multiple of one of
the vectors V1, V,, and V3 given here. [ |

Linear Independence and Linear Dependence

At this point you should be asking yourself, “What do these eigenvalues and eigenvectors tell
me about the system?” Just as in the 2 x 2 case, we can write the general solution of a 3 x 3
system in terms of the eigenvalues and eigenvectors of the matrix of coefficients. To see what's
going on, we'll need a few concepts that we have already seen in the 2 x 2 case. For example,
given a number of vectors vy, vy, . .., v, a linear combination of these vectors is a vector that
has the form avy +ayv, + - - - +ayvy, for some choice of scalars aq, ay, . . ., a. The collection of
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vectors is called linearly independent if the only way you can have a vy +ayvo +- - -+agv, = 0
(the zero vector) is to have a; = a, = - -- = a;, = 0. If you could find scalars a;, not all zero, so
that a linear combination of the vectors v; was equal to the zero vector, then we say that the
collection of vectors is linearly dependent. To see what linear dependence means, suppose
that ajvy 4+ aovy + - - - + 4, = 0 and one of the scalars, say 4j, is not zero. Then we can write

a1 +agva + -+ ajyj + - -+ agv = 0,
ajVj = —a1vy — agV2 — -+ - — dj—1Vj—1 — Aj1Vj1 — - - — Ak,

a a ai—
Uj = <—_1> V1 + <__2> 1) + ce + (_]_1> Uj_l
4 4 4
a; a
" +1

This last line tells us that if a collection of vectors is linearly dependent, then at least one of
the vectors is a linear combination of the others.

or

Let's see some examples of these concepts.

m Example 5.7.3 Linearly Independent and Linearly Dependent

Vectors
1 0 1
The three vectors | 0 [, [ 1 |, and | 2 | are linearly independent because the equation
2 2 0
1 0 1 0
ar |0 +ax|1|{4+a3|2| =10
2 2 0 0

is equivalent to the algebraic system

ar+a3 =0
ar) +2a3 =0
2a1 + 2a; =0,

which you can solve to find that a; = a; = a3 = 0. (Do the work!)

3 0 1
On the other hand, the collection of vectors 41,111, and |2 | is linearly dependent
—4 2 0

because the vector equation

1 0
ay 41 +ax|1|{+a3|2|=1|0
0 0
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is equivalent to the algebraic system

3a1 +a3 =0
4ay 4+ ay +2a3 =0

—4aq1 + 2a; =0,
which has infinitely many solutions of the form a; = K, a, = 2K, and a3 = —3K. In particular,
we can let K = 1, so we have the nonzero solution a; = 1,a; = 2, and a3 = —3. Note, for
example, that we can write
3 1
4| ==-2|1|14+3|2
—4 0

Now suppose that we have the system X = AX, where X isa 3 x 1 vector and A is a 3 x 3 matrix
of constants. If A has three distinct real eigenvalues 11, 12, 13, then the theory of linear algebra
tells us that the corresponding eigenvectors Vi, V,, V3 are linearly independent. Further-
more, the vectors e*11Vy, e*2tV,, e*3!V; are linearly independent, and the general solution of
X =AXis

X(t) = 1MV + 26"V, + c3eM31V3, (5.7.2)

where ¢, ¢2, and ¢3 are arbitrary constants. Compare this with (5.3.1).

m Example 5.7.4 Solving a 3 x 3 System via Eigenvalues and
Eigenvectors

Consider the system

x=4x+z
y=-2y
z= -z
4 0 1
The matrix of coefficientsis A= |0 —2 0, and a CAS calculates the eigenvalues to be
0 0 -1
A1 =4,k = —1, and A3 = —2, with corresponding eigenvectors

1 1 0
V1= 0,V2= O,andV3= 1
0 -5 0



m CHAPTERDbG: Systems of Linear Differential Equations

Note that these vectors must be linearly independent because the eigenvalues are distinct real
numbers. Thus, by (5.7.2), the general solution of our system is given by

1 1 0
X =cre® |0 +cet| 0|+cze |1
0 -5 0
cre*t +cret
_ cse=2!
—5cye7t

In this example, we could have noticed that the second and third differential equations making
up our original system were separable. After solving each of these, we could have substituted
for z in the first equation, which would then be a simple linear equation in x. (Do this and
compare your answer with the one given previously.)

A trajectory in x-y-z space (corresponding to the initial conditions x(0) = 2,y(0) = 5, and
z(0) = —10) is shown in Figure 5.17, and the same trajectories in the t-z plane and the y-z
plane are shown in Figures 5.18a and 5.18b, respectively.

0.5

—_

1.5

FIGURE 5.17
Solution of x = 4x +z,y = —2y,2 = —z;x(0) = 2,y(0) = 5,2(0) = —10;0 <t <2

1 Ly

1 1 1 1
02 06 112 16 2¢

FIGURE 5.18a
Graph ofz(t),0 <t <2
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FIGURE 5.18b
Graph of z(t) vs.y(t),0 <t <2

Note that the graph of a solution of this system is really four-dimensional, a set of points
of the form (¢, x(¢), y(t), z(t)). Therefore, what Figure 5.17 is showing is a projection of a four-
dimensional curve onto three-dimensional x-y-z space. ]

Accepting the fact that a 3 x 3 matrix has a cubic characteristic equation, we realize that we
can have (1) three distinct real eigenvalues, (2) one distinct real eigenvalue and a different
repeated real eigenvalue, (3) one repeated real eigenvalue, or (4) one real eigenvalue and a
complex conjugate pair of eigenvalues. Possibilities 1 and 4 are handled easily by Formula
(5.7.2). However, when we have repeated eigenvalues, we must find linearly independent
eigenvectors, sometimes by calculating one or more generalized eigenvectors. (Go back to
Example 5.4.2 and the discussion preceding it. Also see Problem C4 in Exercises 5.7.)

It should be clear how important the theory of linear algebra is to a full understanding of
higher-order differential equations and their equivalent systems, but we will not investigate
that theory further in this book.

The next example shows how techniques that we developed for two-dimensional systems in
Section 5.5 can be extended to three-dimensional systems.

m Example 5.7.5 Solving a 3 x 3 System—Complex Eigenvalues
Look at the system x = x,y = 2x +y — 2z,z = 3x + 2y + z. The matrix of coefficients

1 0 0
isA = |2 1 —2/|. A CAS provides the characteristic equation A3 — 312 4+ 74 — 5 =
3 2 1
(A —1)(A%? — 21+ 5) = 0, which hasroots A1 = 1, A, = 1 + 2i, and A3 = 1 — 2i. A CAS also
2 0 0
gives the corresponding eigenvectors Vi = | =3 [ , Vo, = | i |, and V3 = | —i |. (Remember
2 1 1

that your calculator or CAS may give you eigenvectors that look different from these. Just
check to see that yours are multiples of the ones used here. Also, note that V, and V3 are
conjugates of each other.)
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Now we can use (5.7.2) to write the general solution in the form

2 ~To [o
X)) =cret | =3 | +cpe M| i | 4 czeT | ],
2 1 1
2
However, we realize that X; (t) = e’ | —3 | is a solution of the system by itself.
2

Furthermore, extending what we saw in Section 5.5, we know that we need work only with
the first complex eigenvalue-eigenvector pair, because the other eigenvalue and eigenvector
are conjugates that produce the same solutions (see Problem B3 of Exercises 5.5). Therefore,
we consider only

0 0
X(t) =120 | i | = ef(cos(2t) +isin(2t)) | i
1 1
0 0 0
=e' | —sin(2t) +icos(2t) | = €' | —sin(2t) | + ie' | cos(2t)
cos(2t) + isin(2t) cos(2t) sin(2t)

From the preceding expression, we derive two linearly independent real-valued solutions of

our System:
0 0
X,(t) = Re {X(t)} —¢' | —sin(2t) | and X3(t) = Im {X(t) = ¢ | cos(21)
cos(2t) sin(2t)

Finally, the Superposition Principle tells us that

X(t) = c1X1 + Xy +c3X3

2 0 [0
=cre' | =3 | +coet | —sin(2t) | + cze | cos(2t)
2 cos(2t) | sin(2¢)
2¢1€é 7
= | =3c1e! — cze' sin(2t) + c3e’ cos(2t)
2c1e" + cpe' cos(2t) + c3e’ sin(2r) |

2cq
=¢' | —3c1 — ¢3 8in(2t) + c3 cos(2t)
2¢1 + ¢y cos(2t) + c3 sin(2t)
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is the real-valued general solution of the original system. If you use technology to solve
this problem, be aware that your CAS may express the solution functions in a different but
equivalent way. [ ]

Nonhomogeneous Systems

It is important to realize that we can also handle larger nonhomogeneous systems in this way,
using the relationship explored in Section 5.6: Xoni = Xgn + Xpnu. The method of unde-
termined coefficients becomes algebraically messier as the size of the system increases, and
in Chapter 6 we'll examine a better way of handling such systems.

Generalization to n x n Systems

Everything we've done with 2 x 2 and 3 x 3 systems of equations can be generalized ton x n
systems. We can express a homogeneous nth-order linear system with constant coefficients

X1 = anxi + diaxy + dyzxs + - - - 4+ dipXp
X2 = anx1 + axxy + axx3 + - + Xy

X3 = az1X1 + AzaX2 + Az3x3 + - - + dzpXy

Xn = an1X1 + An2X2 + an3X3 + - - - + dpnXn

as X = AX, where

. an a a ea
X i n a2 a3 n
X X dz1 dz2 4zz -+ An
X=|[%]|, X=|%]|, and A= |91 a3 a3z -+ as
Xn Xn
LAdn1 A4n2 Aan3 - dpp

m Example 5.7.6 Matrix Form of a Four-Dimensional System
A compartmental analysis (see Section 2.3) of the processes involved in protein synthesis

in animals and humans uses radioactive isotopes as tracers. A particular four-compartment
model of this situation could lead to a system such as

X1 = —2x1 +x2

5(72 =X1 — 2x2

X3 =X1+ X2 — X3

X4 = X3,
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where x;(t) denotes the fraction of the total administered radioactivity attached to the mate-
rial (albumen) in compartment i(i = 1,2, 3,4). The coefficients indicate flow rates of the
radioactive material from compartment to compartment.

In matrix terms, we can express this system as

561 -2 1 0 O X1
X7 _ 1 -2 0 0 X2
X3 | 1 1 -1 0 X3
X4 0 0 0 X4

Extending the theory underlying the solution of algebraic systems of three linear equations in
three unknowns to systems of n equations in n unknowns, we state that any n x n matrix has
a determinant and that eigenvalues and eigenvectors can be defined for such square matrices.
Specifically, given a system X = AX, where X is an n x 1 column matrix (vector) and A is an
1 x n matrix, an eigenvalue A is a solution of the equation det(A — AI) = 0, where [ isthen xn
identity matrix consisting of ones down the main diagonal and zeros elsewhere. Given an
eigenvalue A, an eigenvector associated with A is a nonzero vector V satisfying the equation
AV =\V.

The characteristic equation of an n x n matrix is an nth-degree polynomial. However, once
a polynomial has degree greater than or equal to 5, there is no longer a general formula
that gives the zeros. In general, the only way to tackle such equations is to use approximation
methods. A CAS—or even a graphing calculator—has various algorithms to do this.

Now suppose that we have the system X = AX, where X is an n x 1 vector and A is an
n x n matrix of constants. If A has n distinct real eigenvalues A1, A2, ..., Ay, then the theory
of linear algebra guarantees that the corresponding eigenvectors Vi, V5, ..., V), are linearly
independent. Furthermore, the vectors e*1'Vy, *2'V,, . . ., €'V, are linearly independent, and
the general solution of X = AX is

X(t) = 16"V, + 2"V + -+ + cuettV, (5.7.3)

where ¢y, ¢y, ..., cy are arbitrary constants. You should expect the usual complications when
there are repeated real roots, complex conjugate pairs of roots, and so forth.

If we investigate a mechanical system (Figure 5.19) consisting of two springs attached to two
movable masses, the physics of the situation gives us a pair of second-order linear differential
equations. In turn, this system of two equations can be expressed as a system of four first-order
linear equations.

The following example assumes that we start from the equilibrium position by giving one
mass an initial velocity. Most of the computational work will be done by a CAS.
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Equilibrium position Equilibrium position

FIGURE 5.19
The spring-mass system for Example 5.7.7

m Example 5.7.7 A Four-Dimensional System from Mechanics
Let’s consider the system

Pu_ e
dt2 - 1 %)
L B
2 2 + 621,

where z; is the distance of mass 1 from its equilibrium position and z; is the distance of mass

2 from equilibrium. We'll assume the initial conditions z; (0) = 0,2}(0) = 0,z,(0) = 0, and
/

z,(0) = 1.

Representation as a First-Order System

Introducing the new variables x; = z1,x; = ‘%, X3 =2y, and x4 = ‘%, we convert our pair of
second-order equations into the four-dimensional system of first-order equations

dx 1
dr
dXQ
dr
dx3
e
dX4
dr

=X
= —11x7 + 6x3
=X

= —06x3 + 6xq,

with x1(0) = x2(0) = x3(0) = 0 and x5(0) = x4(0) = 1.
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Matrix Representation, Eigenvalues, Eigenvectors

0 1 0 0] [x
-1 O 6 0 X2

0 0 0 1] ]|x3

6 0 —6 0] x4
characteristic equation of matrix A as A* + 17A% 4+ 30 = 0, which we can factor as (A? +
15)(A% +2) = 0, so the eigenvalues are A = V150, 0 = —/15i, k3 = +/2i, and Ay = —/2i.
The corresponding eigenvectors are

We can express the last system as %X = = AX. A CAS gives the

3 3 2 2
34/15i —3.4/15i 24/2i —2/2i
Vi= Vo= ,V3 = ,and V4 = .
-2 -2 3 3
—24/15i 24/15i 3/2i —3./2i

If you check this with a CAS, remember that you may get a different (but equivalent) form
for the eigenvectors.

The General Solution

On the basis of our previous experience with complex conjugate pairs of eigenvalues and
eigenvectors, we can just work with the pairs A1, V; and A3, V3. First, we know that

3 3
X)) =M1y = V150 3{12_&. = (cos (V15t) +isin (V15t) ) 3{@
~2/151 —24/15i
3 cos <\/Et) 3sin (\/ﬁQ
—34/15sin («/ﬁt) | 3v/15cos (\/Et) Ly N
—2cos (Jﬁt) ti _2sin (\/ﬁt) = X4 (t) +1X5(2),
24/15sin (\/ﬁt> —2./15 cos («/ﬁt)

where both X (t) and X, (¢) are linearly independent real-valued solutions of the system. Then
we have

2 2
X(t) = eM'v; = V2! 2fi = (cos (v2t) +isin (v2r)) %Z
3/2i 3/2i
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2 cos (ﬁt) 2sin (ﬁt)
| -2V2sin (ﬁt) » 24/2 cos («/ft) X 4 )
3 cos (ﬁt) 3 sin (ﬁt)

—34/2sin (ﬁt) 34/2 cos (ﬁt)

where X3 (t) and X4 (¢) are linearly independent real-valued solutions of the system. The general
solution is

X() = a1 X1 + Xy +c3X3 + c4Xy

3 cos (Jﬁt) 3sin («/ﬁt)
B —34/15sin (\/Et) 34/15 cos («/ﬁt)
- —2cos («/1_5t> e —2sin («/I_St)
24/15sin (\/Et) —24/15 cos (\/Et)
2 cos (ﬁt) 2 sin (ﬁt)
—24/2sin (\/Et) 24/2 cos <ﬁt)
+c3

3 cos (ﬁt) T 3sin (ﬁt)
—34/2sin (ﬁt) 342 cos (\/Et)

Particular Solutions

The initial conditions x1(0) = x2(0) = x3(0) = 0 and x5(0) = x4(0) = 1 imply (Problem B1
in Exercises 5.7) thatc; =c¢3 =0and ¢; = —2+4/15/195,¢4 = 3ﬁ/26. Therefore,

z1(t) =x1(t) = % sin («/Et) — 2;/;_5 sin (\/ﬁt)

and

zo(t) = x3(t) = 9;? sin (ﬁt) + 41\95_5 sin («/ﬁt)

If we are interested in the stability of an n x n system rather than its exact solution, we can give
a simplified version of the results we have seen for 2 x 2 systems (see Table 5.1 in Section 5.5):
If A is an n x n matrix of constants, then the equilibrium solution X = 0 for the system X = AX
is asymptotically stable (that is, it is a sink) if every eigenvalue of A has a negative real part
and is unstable if A has at least one eigenvalue with a positive real part. Furthermore, if all
eigenvalues have positive real parts, the n-dimensional origin X = 0 is a source; and if some
eigenvalues have positive real parts and others have negative real parts, the equilibrium point
is called a saddle point.
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In the next chapter we'll learn another way to handle initial-value problems involving systems
of linear equations. The method of Laplace transforms, especially when implemented by a CAS,
is a powerful tool for solving various applied problems.

Exercises 5.7
A

For each of the systems in Problems 1-6, (a) write the system in the form X = AX; (b) use
technology to find eigenvalues and representative eigenvectors; and (c) express the general
solution as a single real-valued vector of functions.

1 @—x— +z

car Y
d
d—i:x—l—y—z
“_

e Y
d.

2. d—f:x—2y—z
ﬂ——x—k +z
e Y
dz N
= x—z
dt
d.

3. d—:=3x—y+z
dy x+y+
A z
dx Y
dz 4x + 4
4y — z
dt Y
dx

4. — =2
T x+y
d
d—)t/:x—}-Sy—z
PP
. z —
dt v
d.

5. d—::Zx—y+z
d
d—)t/:x+2yfz
d—z—x +2
aa TV
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dx

6.E=2x+2z—y
d
d—)t/:x+2z
dz .
ey —2x—2z
a7

7. For the system in Problem 1, use your CAS to plot the x-y-z space trajectory passing through the
point (0, 1,0) when ¢t = 0.

8. For the system in Problem 4, use your CAS to plot the x-y-z space trajectory passing through the
point (1,1, —1) when ¢t = 0.

1. In Example 5.7.7, use the initial conditions to show that ¢; = ¢3 = 0 and
c) = —2+/15/195, ¢4 = 34/2/26.
2. a. Solve the initial value problem

dx n N
i a— —
dt Y

d
d—)t/zz—kx—y
E=x+y+z,

x(0) =1,y(0) =—1/3,z(0) = 0.

b. Use the explicit solution found in part (a) to calculate x(0.5), y(0.5), and z(0.5).
c. Use two or more numerical methods found in your CAS to approximate x(0.5), y(0.5), and
z(0.5). Compare the answers to each other and to the exact answers in part (a).
3. Solve the initial value problem

dr_
a
dy
E—z—i-x
d_
a - FTY

x(0) =—-1,y(0) =1,z(0) = 0.

4. Consider the system
X=2x+x+y
y=4x+2y.
a. Convert this system to a system of three first-order equations, Y = AY.
b. Use technology to find the eigenvalues of the matrix A in part (a).
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e.

Use technology to find two linearly independent eigenvectors corresponding to the eigenvalues
found in (b).
t

. Take W = 1 as a third eigenvector that is independent of the two found in part (c)

—1 -2t
and give the general solution of Y = AY.
Find the general solution x(t), y(t) of the original system.

5. Consider the two-mass, three-spring system shown here.

C

| Fi() X))
| |
u My FWWW—
N| I I ﬁ
1 X1 12
| — [ —

If there are no external forces, and if the masses and spring constants are equal and of unit
magnitude, then the equations of motion are

xll/ = —2x1 +x7, xlz/ =x1 — 2x).

. Transform the system of equations into a system of four first-order equations by letting

y1=x1,y2 =x,y3 =xp,and ys = x}.

b. Find the eigenvalues of the matrix of coefficients for the system in part (a).

. Solve the system in part (a) subject to the initial conditions y1 (0) = 2, y2(0) = 1,y3(0) = 2,

y4(0) = 1. Describe the physical motion of the spring-mass system corresponding to this
solution.

. Solve the system in part (a) subject to the initial conditions y1 (0) = 2, y2(0) = +/3,y3(0) = —2,

y4(0) = —/3. Describe the physical motion of the spring-mass system corresponding to this
solution.

. Observe that the spring-mass system has two natural modes of oscillation in this problem. How

are the natural frequencies related to the eigenvalues of the coefficient matrix? Do you think
that there might be a third natural mode of oscillation with a different frequency?

1. There are three tanks (see the following figure) that pump fluid back and forth in the following
way: Tank A pumps fluid into tank B at a rate of 1% of its volume per hour and also back into itself
at a rate of 1% of the volume per hour. Tank B pumps into itself, tank A, and tank C, all at a rate of
2% of its volume per hour. Tank C pumps into tank B at a rate of 2% of its volume per hour and back
into itself at the rate of 3% of its volume per hour. Assuming that the initial volumes in tanks A, B,
and C are 23,000, 1000, and 1000 liters, respectively, describe the changes in volume of fluid in
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each tank as functions of time. (Use technology only to find the eigenvalues and corresponding
eigenvectors.)

2. Suppose that you have a double pendulum—that is, one pendulum suspended from another, as
shown in the following figure. The laws of physics, after a simplifying change of variables, give us
the following system as a model for small oscillations about the equilibrium position:

x=y
y=—Xx+au
u=v
V=x—u

Here, « = (my/m1) (1 4+ my/m1)~ !, x = 61, u = 6, and y and v are the angular velocities ; and 6,
respectively. For this problem, let & = 0.3.
a. Express the system in matrix form.

. Use technology to find the eigenvalues of the system.

b
c. Use technology to find eigenvectors corresponding to the eigenvalues found in part (b).
d. Find the general real-valued solution of the system.

3. Consider the pair of 50 gallon tanks shown here. Initially, tank I is full of compound B and tank II is
full of compound C. Start to introduce compound A into each tank at the rates shown in the figure.
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Let x1(t) and x; (t) denote the amount of compound A in tanks I and II, respectively. Similarly,
define y1 (1), y2 (), z1 (t), and z, (¢) for the amounts of compounds B and C in tanks I and II. Now
write a system of six nonhomogeneous differential equations describing the flow of the various
substances into and out of tanks I and II, expressing any fractions in decimal form. Be sure to
write initial conditions.

Use technology to solve the IVP expressed in part (a).

Use technology to graph x1 (t), y1 (t), and z; (¢) against ¢, all on the same set of axes.

Use technology to graph x; (t), y2(t), and z; (¢) against t, all on the same set of axes.

4. Suppose you have a system X = AX, where A is a 3 x 3 matrix that has an eigenvalue A of
multiplicity 3 and corresponding eigenvector V. Then it can be shown that the general solution of
the system can be written as c1 X1 + ¢2Xa + c3X3, where X1 = eMV, Xy = eM(W +1tV),

X3 = MU+ tW + %V), W satisfies (A — AI)W =V, and U satisfies (A — AU = W.

a.

b.

Find the repeated eigenvalue and representative eigenvector for the system

X =x+y+z
Y =2x+y-z
Z = —3x+ 2y + 4z.

Use the method described above and technology to write the general solution of this system.

5. Find the general solution of the nonautonomous, nonhomogeneous system

a.

dx_zt

dar

dy

— =3 2t
dt x
dz—x+4 +t
dr Y

by using ideas from Problem C4, followed by the technique of undetermined coefficients. (See
Section 5.6.)



b. by solving the first equation and then substituting this solution in the second equation, and so
forth.

SUMMARY

By using matrices and their properties, we can write any n x n autonomous system of linear
equations with constant coefficients

X1 = anxi + diaxy + a13x3 + - - + dinXy
X2 = anx1 + axxy +axsxs + - + Xy

X3 = d31X1 + d32Xx) + d33x3 + - + Azpk,

Xp = an1X1 + an2X2 + an3x3 + - - - 4 AunXn

in the compact form X = AX, where

x1 X1 an a2 4z - din

x2 X2 ax ax a3 - axn

X=|%|, X=|%]|, and A= |91 a3 a3z --- asz;
[ Xn_| | Xn_| LAnl  A4n2 a4n3 -+ Adnn_|

For two-dimensional systems in which the matrix of coefficients A has a nonzero determinant,
the origin is the only equilibrium point. The qualitative behavior (stability) of such a linear
system is completely determined by the eigenvalues and eigenvectors of A. If the system
has two real eigenvalues I; and I, with A; # X,, and V; and V, are the corresponding
(linearly independent) eigenvectors, then the general solution of the system is given by X(t) =
c1e*'Vy + ce*?'V,. If the system has two real and equal eigenvalues, we can try to find
two linearly independent eigenvectors corresponding to the single eigenvalue. If we can’t
find two such eigenvectors, we can start with one eigenvector V and calculate a generalized
eigenvector W so that the general solution of the system can be written in the form X(t) =
c1e"V +¢; [te"V + ¢ W]. Finally, if the system has a pair of complex conjugate eigenvalues,
we can still write the solution as X(t) = c¢1e*1'V; +c2e*2!V,, but we have to use Euler’s formula,
ePT4 = eP(cos(q)+isin(q)), to simplify this expression and wind up with real-valued solutions.
Specifically, first we get a solution of the form X(t) = X; (¢) +iX,(t), where X; (t) and X, (¢) are
real-valued matrix (vector) functions called the real part and the imaginary part, respectively,
of X(t). Then the real-valued general solution is X(t) = C1X;(t) + C2X,(t), where C; and C,
are real numbers. Using these forms for the general solution of our system, we can analyze
the stability of the system qualitatively in terms of eigenvalues and eigenvectors. These results
were summarized in Table 5.1 at the end of Section 5.5.
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We may have a nonhomogeneous system

X1 =anx1 +ainxy +a13x3 + - - + aipXn + b1 ()
X2 = anx1 + axxy + ax3x3 + - -+ + danxy + b ()

X3 = dz1X1 + A32X2 + A33x3 + - - - + AzuXy + b3 (1)

Xn = An1X1 + An2X2 + an3X3 + - - - + s + bu(0),

which can be written as X = AX + B(t), with

X1 X1
X2 X2

X=|[%|, X=|%],

L Xn_| L %n_|
[an a12 a1z -+ ai] [b1(1)7]
ax daz a3 -+ A4 ba(t)
A= |83 a3 a3 - @n|, and B(t) = | b3
LAdn1 Adn2 an3 - dpn| _bn(t)_

In this situation, we know that the general solution, Xgnp, of a linear nonhomogeneous
system is obtained by finding a particular solution, XpNy, of the nonhomogeneous system
and adding it to the general solution, Xgyy, of the homogeneous system: Xonp = Xon +XpNn-
The method of undetermined coefficients can be used to make an intelligent guess about the
particular solution if the entries of vector B(t) contain terms that are constants, exponential
functions, sines, cosines, polynomials, or any sum or product of such terms. For other kinds
of functions making up B(t), Xpnp must be found using some other technique (for example,
variation of parameters).

Although we started with a thorough analysis of the equilibrium points and the stability of the
system near these points for two-dimensional systems of equations with constant coefficients,
we saw eventually that the concepts of eigenvalue and eigenvector were meaningful for systems
of n equations. Specifically, given a system X = AX, where X is an n x 1 column matrix (vector)
and A is an n x n matrix, an eigenvalue X is a solution of the equation det(A — AI) = 0, where I
is the n x n identity matrix consisting of ones down the main diagonal and zeros elsewhere. We
know that det(A — AI) is an nth-degree polynomial in A. Given an eigenvalue A, an eigenvector
associated with A is a nonzero vector V satisfying the equation AV = AV.
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For values of n greater than 3, we lose the ordinary intuitive geometric interpretation of our
results. Also, when 7 is greater than or equal to 5, there is no general procedure we can follow
to solve the characteristic equations. We must use approximation methods, and technology
becomes crucial here. The question of the multiplicity of eigenvalues leads to complicated
linear-algebra considerations, and the general vector form of the solution of a system is
difficult to describe without delving more deeply into linear algebra.

PROJECT 5-1

A Vicious Circle

There are three species of omnivores on an island: xaccoons, yadgers, and zoyotes. Xaccoons
eat zoyotes, zoyotes prey on yadgers, and yadgers find xaccoons delicious. Given the species’
individual birth rates and predation rates, we can set up the following system:

x =21lx—9y
y=2y—4z
z=6z—7x.

Here, x(t), y(t), and z(t) denote the populations of the three species (in an obvious way) at
time t, where ¢ is in centuries.

Long before human beings arrived on the island, the three species lived in a state of equilib-
rium. At time ¢t = 0, shortly after humans discovered the island and disrupted the equilibrium
by hunting, chopping down trees, and so on, there were 300 xaccoons, 598 yadgers, and 323
zoyotes. (This is no longer the equilibrium state.)

a.

Write the system in matrix terms, and use technology to find the eigenvalues and
eigenvectors of the system.

. Solve the system IVP manually, using the results of part (a). (You may use technology

to solve an algebraic system of three equations in three unknowns.)

. What were the equilibrium populations before humans arrived on the scene? [Look

at the solution in part (b) as t - —o0.]

. Substitute the answers found in part (c) into the three differential equations making

up the system. For each population, what does the result say about its birth rate
compared to its loss by predation during the period of equilibrium?

. Graph x(t) against t, 0 < t < 0.1. Graph y(t) against t, for 0 < t < 0.1 and then for

0 <t < 0.2. Graph z(¢) against t for 0 < ¢ < 0.16. (Use technology to obtain these
graphs.)

. Which is the most acutely endangered species? After how many years will it become

extinct? At the time of this species’ extinction, what will be the populations of the
surviving species?
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PROJECT 5-2
Go with the Flow

The setup for a complicated mixing system is shown in the accompanying figure. We have
three tanks interconnected as indicated by pipes whose capacity of flow is 5 gal/min. Initially,
tank I contains 20 gallons of red paint, tank II contains 30 gallons of yellow paint, and tank
I1I contains 40 gallons of blue paint. What will be the mixture of paints in each tank at the
end of 5 minutes? Use technology to solve this problem.

5 gal/min

Comments: Let x; = the amount of red paint in tank i at time ¢, y; = the amount of yellow
paint in tank i at time t, and z; = the amount of blue paint in tank i at time t. Then the initial
conditions say thatatt = 0,x; =20,xp =0,x3 =0;y1 =0,y =30,y3 =0;and z; = 0,2, =
0,z3 = 40. Furthermore, the flow pattern in the diagram, together with the observation that
the total volume in each tank is constant—20, 30, and 40 gallons, respectively—leads to
a system of nine differential equations. However, the system of three equations containing the
variables x1, x», and xs is exactly the same as the system containing the y; and the system containing
the z;. The only difference lies in the initial conditions. Physically, the obvious symmetry
of the tanks and the flow pattern explain this. Therefore, you need solve only one of the
three-dimensional systems and use it to find all three sets of variables by varying the initial
conditions.
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The Laplace Transform

INTRODUCTION

The idea of a transform, or transformation, is a very important one in mathematics and problem
solvingin general. When you are faced with a difficult problem, it is often a good idea to change
it in some way into an easier problem, solve that easier problem, and then take your solution
and apply it to your original problem. One of the first examples of this process that you have
seen involves the idea of a logarithm. When John Napier and others developed logarithms in
the early 1600s, they served as an aid to calculation. Given a difficult multiplication problem,
you could transform it into an addition problem, perform the addition, and then transform
the answer back into the answer to the original problem. For example, if you wanted to
multiply 8743 by 2591, you could apply the natural logarithm to this product, getting the
sum In(8743) 4+ In(2591) = 9.07600865918. .. 4 7.85979918056 ... = 16.9358078397 ... ..
Then you would reverse the process by determining the number whose natural logarithm is
16.9358078397 ... That number, 22,653,113, should be the original product. The process of
going from the sum of logs back to the original product is called an inverse transformation.
Of course, we recognize that the inverse of the logarithmic transformation is the exponential
transformation:

S

X > y=log,x

N

a¥ :alogax

In elementary calculus, you evaluated certain integrals by changing variables—transforming
an integral in terms of x, say, to what you hope is a simpler integral in another variable, say u.
Back in Section 2.2 you encountered a transformation when you introduced an integrating fac-
tor into a linear equation. By multiplying the equation by the appropriate exponential factor,
you transformed the left-hand side into an exact derivative, which could then be integrated
to yield the unknown function. You solved the equation by changing it into an equivalent

Copyright © 2009, Elsevier Inc. 303
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form that was easier to deal with. The entire philosophy of using transformations in solving
problems can be stated simply: . TRANSFORM,; II. SOLVE; and III. INVERT.

The important mathematical tool known as the Laplace transform is named for the great French
mathematician Pierre-Simon de Laplace (1749-1827) who studied its properties, but it was
probably used earlier by Euler. This transformation will be useful to us because it removes
derivatives from differential equations and replaces them with algebraic expressions. In this
way, differential equations are replaced by algebraic equations. This transformation turns
out to be particularly powerful when we are dealing with initial-value problems, nonhomo-
geneous equations with discontinuous forcing terms, and systems of differential equations.
The downside is that the use of the Laplace transform is restricted to the solution of linear
differential equations and linear systems of differential equations.

THE LAPLACE TRANSFORM OF SOME IMPORTANT
FUNCTIONS

We start by assuming that f (¢) is a function that is defined for t > 0. The Laplace transform
of this function, L[f(t)], is defined as

LIf®)]= /Ooof(t)e‘”dt, (6.1.1)

when this improper integral exists. Note that after you've integrated with respect to t, the
result will have the parameter s in it—that is, this integral is a function of the parameter s, so
we can write L[f (t)] = F(s). We have transformed our function in ¢t to a function in s.

Before we give some examples, let’s just examine the integral in (6.1.1). From basic calculus,
we know that the improper integral is defined as blim fob f(t)e 'dt when this limit exists.
— 00

There are two important requirements here. First, the ordinary Riemann integral fé’ f(t)yestde
must exist for every b > 0; and then the limit must exist as b — co. Both requirements are
taken care of if we stick to continuous or piecewise continuous functions f (t) for which there exist
positive constants M and K such that | f(t) | < M for all t > K. This says that the function f
doesn’t grow faster than an exponential function, so the integrand f(t)e™" in (6.1.1) behaves
like the function eMt . ¢~ = ¢~ =M for values of s greater than M and for ¢ large enough. The
improper integral of this kind of function converges. (See Section A.6 for basic definitions
and examples.)

Now suppose that f(t) = 1. Then

00 b eiSt b
F(s) = £[1]/ 1-e%dt = lim | e *dt = lim
0

b—o0 Jo b—oo =S |g

=L (Jim (- 1)) =+
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From this you can see that the Laplace transform of a constant function f(t) = C is % for
s > 0. (Yes?)

Next, we can find L[t] by using integration by parts and the value of £[1]. Fors > 0,

00 b
L[t] = / te™tdt = lim te™Stdt
0

b—o00 Jo
te—st b
= lim

b ,—st 1 1
—f ‘ dt}=0+—£[1]=—2.
o Jo —s s s

Similarly, we can show that L[t?] = S% and L[] = S% fors > 0. (See Problems Al and A3 in
Exercises 6.1.) In general, for all integers n > 0, it can be shown that

b—o0 —S

n!

£ [tn] = shtl

(s > 0), (6.1.2)

where 0! is defined to be 1.
From the basic properties of integrals, we can see that
Llc-fO]=cLIfO]
where ¢ is any real constant, and that
LU®+80]=LIfO]+L[gO],

whenever the Laplace transforms of both f and g exist. Any transformation that satisfies the
last two properties is called a linear operator or a linear transformation. (See Section 2.2.)
If ¢; and ¢; are constants, then we can combine the two properties to write

Llaf®) +cg®] =aLllf(O]+cLl[g®)]. (6.1.3)

Extending (6.1.3), we can see how to calculate the Laplace transform of any polynomial function:

L[co+c1t+c2t2+-~-+cktk+~-~+c,,t”]

=£[co]+£[clt]+£[czt2]+--~+£[thk]+~--+£[Cnt"]
:coﬁ[l]+61£[t]+62£[t2]+-~-+ck£[tk]+-~-+Cn£[t”]
co €1  2¢c2 6¢c3 klc, nlcy

=?+S—2+S—3+S—4+"'+F+"'+W (s> 0).

If a is a real number, let us find the Laplace transform of f(t) = ¢%!, an important function
for us because of its frequent appearance in differential equations. By definition,
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0o b
L[e"] =/ et dt = lim eI dy
0

b—o00 Jo

b
1 1
= (lim (e(“*s)b — 1)) -
o a—s \b>oo a—s

1
= fors > a.
s—a

e(a—s)t

= lim
b—>oo (a—S)

Why is this assumption about s needed? In what step is the assumption crucial?

To have tools with which to handle a variety of differential equations, we have to stock our
warehouse with different Laplace transforms. Another basic function we should deal with is
sin at, where a is a real number. This transform requires two integrations by parts:

Fors > 0, L[sinat] =

b o0 e—st a [e}e]
- / a cosat—dt = —/ cosate *'dt
o Jo 0

b—o0 —S —S S

a e—St
— | im cosat

[ee] —Sst
/ sinate*'dt = lim sinat —
0

b

o0 e—St
—/ —a sinat dt
0 0 —$

a{l a_, .
- ——-L|[sinat] ),
s\s s

S \b—>oo —S

so that

a? , a4 ,
1+ 2 L[sinat] = 2 an L [sinat] = T

Using one of the steps from this result, we can easily show that £ [cos at] =
Problem A4 in Exercises 6.1.)

(See

S _
s2+a2°

To help set the stage for a type of applied differential equation problem that can be handled
neatly by using the Laplace transform, let’s find L[ f (t)] for the piecewise continuous function
defined as follows:

t for0<t<2
fHy=| 4—t for2<t<4
0 for ¢t > 4.

You should sketch the graph of this function. All we have to do is split the integral in Definition
(6.1.1) into three pieces, one corresponding to the interval [0, 2], another corresponding to
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[2, 4], and the last matching [4, oo):

2 4 00
L[f®)] = / te'dt + / (4 — e tde+ / 0-e Sdt
0 2 4

1—e 2 _2s¢ oMo 42e7 8 144 _2e2

s2 s2 52

fors > 0. (Carry out all the integrations yourself!)

Finally, before we can apply Laplace transforms to the solution of differential equations, we
have to know the transforms of f/, f”, and higher-order derivatives. So suppose that F(s) =
L[f (t)] exists for s > c. Then we have, fors > ¢,

L[f®]= /0 (e dt

lim f(t)e™*
b—o00

b 00

+ / sfe™dt = —f(0) +sL[f(D)],
0 0
which we can write as

LIf'®]=sLIf®]—-f0). (6.1.4)

—sb

Note that in this derivation, we are assuming that f (b)e ™" — 0 as b — oo.

Now if we assume that f (be_Sb) also tends to 0 as b — oo, we can apply Formula (6.1.4)
twice, first with f replaced by f’, to get

L[f"©] =) +sL[f'®]=—-f () +s[sL[f©)]—f(0)]
= —f(0) + 2L [f(©)] — sf(0),

SO we can write

L[f"®]=sLIf©)] —sf©) —f(0) (fors>c). (6.1.5)

In general, for any positive integer n, if the nth derivative is continuous (or piecewise contin-
uous), and all the lower-order derivatives are continuous and have the proper growth rate,
then

LIFP0]=s"LIfo] — Y ")

i=1

="LIf(1)] =" (©0) —s"2f(0) — - —sfPD0) — f"D©).  (6.1.6)
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It is important to note that this last formula implies that a linear differential equation with
constant coefficients will be transformed into a purely algebraic equation—that s, an equation
without derivatives. (Recognize that f® (0) is a number for k > 0.)

As a hint of what we'll be doing in the next few sections, we'll convert a differential equation
into an algebraic expression by using the Laplace transform.

m Example 6.1.1 The Laplace Transform of a
Differential Equation

Let's look at the initial-value problem
X" +3x +2x = 12¢%%; x(0) = 1, ¥'(0) = —1.

We're going to apply the Laplace transform to both sides of the equation and substitute the
initial conditions where appropriate:

L[x"+3x" + 2x] = £[12¢*],
or, using the linearity of the transform—(6.1.3),
LIx"1+3 LK1+ 2L[x] =12 L [*].

We have already calculated the Laplace transform of an exponential function. This, together
with Formulas (6.1.4) and (6.1.5), allows us to write

12
{s*LIx(0)] — sx(0) — x'(0)} + 3 {s LIx(1)] — x(0)} + 2 L[x(1)] = 7

Now we substitute the given initial conditions to get

[LIxO] —s+ 1} + 3 (s LIx()] — 1} + 2 L[x()] = 12

s—=2
Finally, collecting like terms, we find that
) 12 s +38
(S +3s+2) LIx()] = —— +s+2 = '
s—=2 s—=2
so we can solve for L[x(t)]:
s +8 1 s2+8
LIx()] = '3 = 5
s—2 243542 (s—2)(s2+3s+2)

_ 248
T G=DE+2)G+1D)

Now what? We have an unknown function, the solution of an IVP, whose Laplace transform is
known. If we can reverse the process and figure out what function has this Laplace transform,
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we can solve our original initial-value problem. This is what we'll focus on in the next
section. |

Exercises 6.1
A

Use the definition and properties of the Laplace transform to find the Laplace transform of
the functions in Problems 1-16 and specify the values of s for which each transform exists.

1. f(t) =12
2. g()=12—1t
3. fy=1¢3
4. h(t) = cosat, where a is a real number
5. F(t) = te®!, where a is a real number
6. s(t) =2 cos 3t
7. u(t) = 10 + 100 €% ¢
Al _ pbt
8. G(t) = T where a and b are real numbers, a # b
9. H@t) =263 — 712 + 5t — 17

10. 7(t) = 3sin 5t — 4 cos 5¢

11. U@) = 2¢' — 3¢t + 42

12. S(t) =3 — 5¢2! + 4sint — 7 cos 3t
t forO<t<4

13. F(t) =
® 0 fort>4
t/a fort<a
14. f,(t) = , wherea >0
1 fort>a
1 for0<t<1

15. A@)=42—-t forl<t<2
0 for2 <t
1 for0<t<2m

16. B(t) = { cost for2m <t <7m/2

0 for 77/2 <t < 00

In Problems 17-25, find the Laplace transform of the solution of each initial value problem,
assuming that the Laplace transform exists in each case. (Do not try to solve the IVPs.)

17. y —y=0; y0) =1

18. Yy +y=e"* yp0) =1

19. Y =—y+e 2 y0) =2

20. Y =—y+1% pO)=1

21. " +y=0; y(0)=1,y0)=0

22. y"+4y' +4y=0; y0)=1y0) =1

23. y" —y =2y =5sinx;  y(0) =1,y (0) = -1
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24. 2" +3y/ =2y=1; y(0)=0,y(0)=1/2
25. Y =2y +y =2¢" +2x; y(0)=0,y'(0)=0,y"(0) =0

B

1.

Recall that the hyperbolic sine and hyperbolic cosine are defined as sinh(at) = (e# — e~*)/2 and
cosh(at) = (% 4 e~%)/2, respectively. Find the Laplace transform of these two functions and give
the values of s for which the transforms exist.

. Consider the IVPy” + 3y = w(t); y(0) =2, y'(0) = 0, where

t for0<t<l1
w(t) =
1 fort>1.

a. Find Llw(1)].
b. Find Ly(®].

. Find the Laplace transform of the following periodic function.

S

. Determine £[sin a (] using the fact that sin at satisfies the differential equation y”” 4+ a2y = 0. Do

the same for L[cos at].

. Apply Formula (6.1.5) to the function f” () to show that

E[fm(t)] = 53£[f(t)] — 52f(0) — sf'(0) = f"(0).

. If L[ f(r)] exists for s = «, prove that it exists for all s > «.
I = et fort > 0, show that there are no constants M and K such that ] f@® | < eMtforall

t > K. Thus, show that the Laplace transform of f () doesn't exist. [Hint: et2 <eM? implies that
t2 < M for ¢ large enough.]
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8. Prove that £[e g ] exists, but E[ee [] does not exist.

9. Showthat f(t) = 1fort > 0 and g(t) = ? ior : ; z have the same Laplace transforms, namely
or
1/s for s > 0. Can you think of other functions with the same Laplace transform? Explain your
answer.
10. Define

1 fort=0
f =

t fort>o0.

a. Find £[f(®)]and L[f'(1)].
b. Isit true for this function that L[ f'(t)] = s L[ f (t)] — f(0)? Explain.

C

1. Use Definition (6.1.1) and the fact that féx’ e dx = \/TE to find the Laplace transform of
f@) = \/Li — (7 . [Hint: Make the substitution ¢ — ”5—2.]

2. Suppose f(t) is a periodic function with period T—that is, f(t + T) = f(¢) for all t—such that
L[ f(6)] exists.

a. Show that

1 T —sT
L0l = 1 [ SO ar

[Hint: Make a substitution and recall geometric series.]
b. Use the result of part (a) to find the Laplace transform of the function given in Problem B3.

3. Suppose that a is any real number and that F(s) = L[ f(¢)]. Show that
L [eatf(f)] = F(s — a) for s > a.

[This is usually called the First Shift Formula. See Formulas (6.3.1a) and (6.3.1b) for the Second Shift
Formula.]

THE INVERSE TRANSFORM AND THE CONVOLUTION
The Inverse Laplace Transform

Recall that in Example 6.1.1 we took an initial-value problem, applied the Laplace transform,
and then wound up with the Laplace transform of the solution of the IVP. Now we would
like to reverse the transformation process so that, given L[f (t)] as a function of the parameter
s, we can find f (t). This involves the idea of the inverse Laplace transform, L1
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Now think back to the concept of inverse of a function. When you first encountered the
inverse in calculus or precalculus, you may have worked with both the formal definition and
the graphical interpretation in terms of a “horizontal line test.” In any case, the important idea
is that to have an inverse function f~! we must guarantee that for any element in the range
of the original function f, there is one and only one corresponding element in the domain
of f. Another way of saying this is that a function has an inverse if and only if it is a one-to-one
function.

For our purposes, the important fact is that if the Laplace transforms of the continuous functions
f and g exist and are equal for s > ¢ (c,a constant), then f(t) = g(t) for all t > 0. This says
that a continuous function can be uniquely recovered from its Laplace transform. (Compare
Problem B9 in Exercises 6.1.) Letting L[f(t)] = F(s), we can express the definition of the

inverse Laplace transform as follows:
L7Y[F] = f if and only if L[f]=F. (6.2.1)

We can easily verify (see Problem B1 in Exercises 6.1) that the inverse Laplace transform is a
linear transformation:

L7 1 F(t) 4+ 62G0)] = c1 L7HF®)] + 2 L7 HG()). (6.2.2)

Now how do we find the inverse Laplace transform in practice? It turns out that the relationship
between calculating a Laplace transform and determining its inverse is similar to that between
differentiation and antidifferentiation.

This means that in calculus, the indefinite integral of a function f answers the question “What
is a function whose derivative is f?” (Note that in calculus the answer to this question is not
unique.) Just as a list of differentiation formulas helps us to construct a list of antidifferenti-
ation formulas (indefinite integrals), so will a table of Laplace transforms aid us in finding
inverses. In the examples that follow, we will use the information in Table 6.1. Some of these
transforms were derived in Section 6.1; others were given as exercises.

Now let’s return to Example 6.1.1 and solve the initial-value problem using Laplace transforms
and the inverse Laplace transform.

m Example 6.2.1 Solving an IVP Using the Inverse
Laplace Transform

The IVP was x” + 3x" + 2x = 12¢2!,x(0) = 1,x'(0) = —1, and we found that
s> +8
—2DGE+2)(s+1)

Llx®)] =

If we try to work with the given expression for the transform (the single rational expression in
5), we would have a tough time figuring out what function x(t) might have this as its Laplace
transform. This expression doesn’t seem to correspond to any of the forms in the second
column of Table 6.1.
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Table 6.1 Some Laplace Transforms

f@® E(s) = LIf ()]
n!
n — _
1 t"(n=0,1,2,...) Sn+1,s>0
2 et ,s>a
s—a
. a
3 sin at m,s >0
s
4 cosat m,s >0
b
5 e sin bt

(s—a)2+b2's>a

S—a

at __
6 e cos bt (s—a)2+b2's>a
7 tsinat A s>0

(52 + a2)2 ’
52— a2

8 t cosat m,s >0
9 JHO) sF(s) — f(0)
10 () s2F(s) — sf(0) — f'(0)
11 e f (1) F(s—a),s>a

However, we can use the partial-fractions technique to express the transform as the sum of
three simpler terms, each of which matches an entry in the table:

s> +8 __1 3 3
—2DGE+2DG6+1)  s—2 s+2 s+1
You should be able to see, for example, that the term 5%2 (: 5_(%2)) is the Laplace transform

of 3e~2. Applying the inverse transform to each side of

1 3 3
Llx(®)] = —
[x(®)] s—2+s+2 s+1
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and using (6.2.1) and the linearity of £71, we see that

— -1 = -1 1 3 B 3
x@®) =L [LIx@)N=L [S_2+5+2 s+1:|

:L‘l[—l }+3£—1[—1 }—:w—l[ L ]
s—2 s+2 s+1

— eZt + 3e—2t _ 3e—t’

where we have used formula 2 from Table 6.1 three times. [ |

The alternative to using the Laplace transform to solve the initial-value problem in the pre-
ceding example is to go back to the method first explained in Section 4.2: First find the
general solution of the homogeneous equation x” + 3x” + 2x = 0; then find a particular
solution of the nonhomogeneous equation; x” + 3x" + 2x = 12¢%; finally, add these two
solutions together to get the general solution of the original nonhomogeneous equation. And
even then we would not be finished, because we would have to use the initial conditions to
determine the two arbitrary constants in the general solution. Note that the Laplace trans-
form method enables us to handle the nonhomogeneous equation and initial conditions all
at once.

Now let’s see what the Laplace transform method does in an important applied problem that
we first saw as Example 2.2.5. (Also see Problems B9-B11 in Exercises 2.2.)

m Example 6.2.2 Solving a Circuit Problem via the
Laplace Transform

The current I flowing in a particular electrical circuit can be described by the initial-value
problem L% + RI = vg sin(wt), I(0) = 0. Here, L, R, vy, and w are positive constants.

First, we apply the Laplace transform to each side of the differential equation:

L [L% +RI:| = L [vo sin(wt)]

LL [%] +RL[I()] = vo L [sin(wt)]

sLL[I(H)] —LI0)+RLI[I(1)] = v <—52 $w2>

(Ls+R) LIIO] = LI©0) = vy <s2+sz>

R w
L <S+f)£[1(t)] =1 <52+a)2>
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so that we have L[I(t)] = (VTO) ‘w . To find the inverse Laplace transform, we

P SR
(s+8) (2+0?)
have to use the method of partial fractions on the right-hand side:

1 A Bs+C

= + .
C+DE+e) (D) e

With a little effort, we find that

1 1 (%)

L By e B
(s—i—%)(sz—i—a)z)_ s—i—% 2 + w?
and
_ (Y. . 1
Liol= (7)o Y

R

_(v()) ) 1 n =S 4L
“\L (fz_§+w2> 5+§ P2+w? 24w

Check the last three equalities. The final step is to apply the inverse Laplace transform to both
sides of this last equation and then use formulas 2, 3, and 4 from Table 6.1.

Vo ® 1 _1 s R 1 i|
=(=)———1{¢ LM =L ——
O (L)(i_i_i_wz) [s+§} |:52+a)2:|+L |:52+a)2

R R 1
_ <v_0> + e L' — cos(wt) + — — sin (wt)}

Vo 1 _R, R .
= (—) ——{we L —w cos(wt) + — sin (wt) ¢ .
L

Compare this solution to the one obtained in Example 2.2.5. [ |

m Example 6.2.3 Solving an IVP Using the Inverse
Laplace Transform

Let’s look at the initial-value problem ¥ — 2x = ¢ (t — 3), x(0) = 2 = %(0). As before, we take
Laplace transforms of both sides and use the table. Letting L[x(t)] = X(s), we get

{$2X(s) — sx(0) — 2(0)} — 2 {sX(s) — x(0)} = L [e'(t — 3)]. (#)
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To evaluate the right-hand side, first note that

cii-31= 2 -2 =k,
N N

so if we use entry 11 in Table 6.1 (with a = 1), we get

1 3 _ 4 — 3s
=12 s—1 (s—12

L[et—3)]=Fs-1)=

If we return to (#) and put in our initial conditions, we get

65— 2)X() = 25— 2 4 =38
B s—1)2
25— 1)°4+4-35) (s—2)(2s* —2s—1)
B (s —1)2 - (s —1)2
Therefore, we conclude that
262 —2s—1 3 1 1

X(s) = = _ _ 2
© s(s —1)2 s—1 (=12 s

We go to the table to find the function x(t) = £~ 1[X(t)], where we have to use entries 1 and
11 for the second term. The solution of the IVP is x(t) = 3¢’ — te! — 1. (Check that this is the
solution.) |

The Convolution

In each of the preceding three examples, applying the Laplace transform yielded an expression
for L[f(¢)] that seemed to involve the product of two or more transforms. Because we didn’t
know any way to find the inverse transform of such products, we had to resort to the messiness
of a partial-fraction decomposition. This, at least, enabled us to use the linearity of the inverse
transform.

There is, however, a way to deal with this problem—a method that involves a special product
of functions.

‘ The convolution of two functions f and g is the integral ‘

t
(f =) (1) = / fr)g(t —r)dr,
0
‘ provided that the integral exists for t > 0. ‘

For example, the convolution of cos t and t is

t t ¢
(cost)*t:/ (cosr)(t—r)dr:/ tcosrdr—/ T cosTdr
0 0 0

t t
=tf cosrdr—/ rcos rdr=1— cost
0 0
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after using integration by parts for the last integral. For this example, you should verify that
(cost) * (t) = (t) * (cost).

Convolution has important algebraic properties (see Problem B5 in Exercises 6.2), but the
most significant property for us right now is that the Laplace transform of a convolution
of two functions is equal to the product of the Laplace transforms of these two functions.
More precisely, suppose that f and g are two functions whose Laplace transforms exist. Let
F(s) = L[f()] and G(s) = L[g(t)]. Then the Convolution Theorem says that

t
L[fxg®]=L [ /0 fng(t — r)dr} = LIf(O]- LIg®)] = F(s) - G(s).

Now let’s revisit part of Example 6.2.2 to see how the convolution property helps us.

m Example 6.2.4 (Example 6.2.2 Revisited)

How can we find £~! R+ ?
(5+Z)(52+w2)

The expression inside the brackets is the product of two transforms F and G:

1
F(s)G(s) = ,
G |:(s + XY (s2+ wZ)}

where F(s) = (s+1R) and G(s) = ﬁ Entries 2 and 3 of Table 6.1 tell us that f(t) =
I

LV[F(s)] = e~ 1" and g(t) = L7Y[G(s)] = L sin(wt). Then the Convolution Theorem enables

us to conclude that

t
L7VF($)G(s)] = /0 f(ng(t —r)dr,

or

_ 1 b el
L 1|:(s+%)(52+w2):|=/0 e L';sma)(t—r)dr

1 t
= —/ e 1T sinw(t — r)dr.
0

w

A computer algebra system evaluates this integral as

L (a)Le<L‘R> —wL cos(wt) +R sin (a)t))

(R2 + a)2L2) w
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ADbit of algebra will show you that this corresponds to the inverse transform found in Example
6.2.2 via partial fractions. (Do the work.) |

Integral Equations and Integro-Differential Equations

The Convolution Theorem is certainly useful in solving differential equations, but it can also
help us solve integral equations—equations involving an integral of the unknown function—
and integro-differential equations—those involving both a derivative and an integral of the
unknown function.

m Example 6.2.5 The Convolution Theorem and an

Integral Equation
A store manager finds that the proportion of merchandise that remains unsold at time ¢ after
she has bought the merchandise is given by f(t) = e~!>!. She wants to find the rate at which
she should purchase the merchandise so that the stock in the store remains constant.

Suppose that the store starts off by buying an amount A of the merchandise at time t = 0 and
buys at a rate r(t) subsequently. Over a short time interval u < t < u+ Au, an amount r(t) - Au
is bought by the store, and at time t the portion of this remaining unsold is e~ 1>~ (u) Au.
Then the amount of previously purchased merchandise remaining unsold at time ¢ is given
by

t
Ae_l'St—i-/ e 13y dy,
0

Because this is the total stock of the store and the store manager wants it to remain constant
at its initial value, we must have

t
A= Ae 1t 4 / e~ 1P () dy,
0

and the required restocking rate r(t) is the solution of this integral equation.

If we look carefully at the integral on the right-hand side of this last equation, we should
recognize something familiar about its form: It looks like a convolution—in fact, it is e~ 1! %
7(t). Now we can rewrite the integral equation in the form

A=A 4 (e 51 (1).

Taking the Laplace transform of each side and letting R(s) = L[r(t)], we get

A 1
LIAl=AL[e )+ L[e P xr(n)] = e w02

A A
s

“s+1s5

-R(s),
115 RO
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(s+1.5) A A = R(s)
\s s+15)
1.5A
—— =R().
s
Applying the inverse Laplace transform to each side, we find that r(t) = 1.5A. That is, the

restocking rate should be a constant one-and-a-half times the original amount bought. (Check
that this is a solution of our original integral equation.) |

m Example 6.2.6 An Integro-Differential Equation

The following integro-differential equation can also be solved using the properties of the
Laplace transform:

dx

t
+x(t) — / x(r)sin(t — r)dr = —sint, x(0) = 1.
dt 0

As in the preceding example, we recognize that the integral in our equation represents a
convolution, this time (x * sin)(t). Therefore, taking the Laplace transform of each side of the
equation, we get

Lldx/dt] + L[x()] — L [(x * sin) (t)] = L[—sint],

or, using formula 10 in Table 6.1 and the Convolution Theorem,

[s Lx(®O] = 2] + LIx(O] = LIx(O] - Llsint] = —

which becomes

1 1
Llx@®)] — 1]+ LIx(@®)] — L[x(®)] - =— .
[s £[x(O)] — 1] + LIx(®)] [x(0)] 211 211
This simplifies to
452+ 52
—— | LIx()] = ,
( s2+1 ) [(®)] 241
so we wind up with £ [x(t)] s °
we w w = = )
P $+s2+s  24+s5+1
A bit of clever algebra shows us that
s _ s+ % %
s24s+1 2 2 2 2
G+ + () +)+(H)
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7

2

W

()

Using formulas 5 and 6 of Table 6.1 to invert this transform, we find that

/3t 1
x(t) =e Y% cos | — | — —e?sin
2 V3 2

(Checking that this is the solution involves a bit of work, but try it!)

The Laplace Transform and Technology

Most computer algebra systems have built-in Laplace transform and inverse transform capabil-
ities. In particular, some systems (for example, Maple) have sophisticated differential equation
solvers with a “laplace” option for initial-value problems. If you have such an option at your
command, learn to use it. However, realize that all the machinery is under the covers, so you

7)

have to develop an understanding of what the system is really doing.

Be aware that some computer algebra systems (such as Mathematica and MATLAB) can find
Laplace transforms and their inverses but have no direct way of solving a linear IVP with
these tools. In this case, you have to apply the Laplace transform to the differential equation,
solve for the transform L[x(¢)] of the solution algebraically (via a solve command or by hand),
use technology to find the inverse transform £~ ![£[x(t)]], and finally substitute the initial

conditions.

Determine what your options are in using technology to solve IVPs via the Laplace transform.

Some of the exercises that follow will help you do this.

Exercises 6.2

A

. Find the inverse Laplace transform of

. Find the inverse Laplace transform of
. Find the inverse Laplace transform of
. Find the inverse Laplace transform of

. Find the inverse Laplace transform of <25 — szi +

1
s249°

. Find the inverse Laplace transform of ﬁ

1
2
3.
4

N

Find the inverse Laplace transform of P

——a
$2(s24a?) "

_ 1
s(s24+25+2)°
_2s—10
s2—45+20"

_5
+16 ' s2+4°
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3s+7

8. Find the inverse Laplace transform of 5.

9. Find the inverse Laplace transform of @H)z(i%.

B

1. If F(¢) and G(¢) are the Laplace transforms of f (t) and g(t), respectively, and ¢y and ¢; are
constants, show that

L7 F() + 2GW0)] = a1 L7HEO] + 2L~ HG ).

2. Suppose y; (t) is the solution of the IVP
Y +ay +by =f1(t); y(0) =y’ (0) = 0, where a and b are constants.

a. Compute an expression for L[y;].
b. Suppose y; (t) is the solution of the IVP

V' +ay +by=fH0); y(0) =)'(0)=0
for a different forcing function f, (t). Show that

L] _ LIA]
Lyl LIyl

c. Show that L[y2] = LI[f2]- f:[[}f’:]] . (This says that we can use the solution with any forcing
function and zero initial conditions to compute solutions for other forcing functions.)
3. a. Show that the Laplace transform of t"f(t) is (—1)"F™ (s), where F(s) = L[f(1)].
b. Use the result of part (a) and the derivative of the function F(s) = In(2 + %), s> 0,to find its
inverse Laplace transform.
4. Find the convolution f * g of each of the following pairs of functions:
a. f() =128 =1
b. f®) =t,gt) =etfort>0
c. fO=t2gt) =2+ Dfort>0
d. f(t) =e ", g(t) = e~ (a, b constants)
e. f(t) =cos t,g(t) =cos t
[Hint: For part (e) you need some trigonometric identities.]
5. Prove the following properties of the convolution of functions:

f * g = g x f [Commutativity]

. (f %g) xh=fx(g=h) [Associativity]

f *(g+h) =f=g+f *h[Distributivity]

. f%x0=0Dbutfx1+fandf*f #f2in general. (In particular, 1% 1 # 1.)
. Using property (b) of Problem Bb, find 1 % 1 % 1.

. Find 1%t

TP Rao e
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13.

14.

15.
16.

. Use the Convolution Theorem to find the Laplace transform of

t
f() = / cos(t —r)sin r dr.
0

. Find the Laplace transform of

¢
h(t) = / e =Vsin v dv.
0

. Find the solution of the IVP y” + 3y’ + 2y = 4t2;y(0) = 0, y'(0) = 0.
10.
11.
12.

Solve the IVPy" + 4y + 4y =e=2%;y(0) = 0, y'(0) = 1.

Solve the IVP y"”" —2y" +y' =2¢* 4+ 2x; y(0) =0, y'(0) = 0, y”(0) = 0.

Solve the IVPy” 4+ 6y’ 4+ 9y = H(x); y(0) = 0, y'(0) = 0, where H (x) is a known function of x.
[Hint: Use the Convolution Theorem.]

An electrical circuit that is initially unforced but is plugged into a particular alternating voltage
source at time t = 7 can be modeled by the IVP

. , 0 for0O<t<m
Q'+2Q +2Q=
—sint for t>m,

with Q(0) = 0 and Q’(0) = 1. Solve the IVP for Q(t), the charge on the capacitor at time t.
The equation v% =vcos(2s) — v2 describes the velocity v of a piston moving into an oil-filled

cylinder under a variable force. Here, s is the distance moved in time .

a. Rewrite the given equation as a linear equation with constant coefficients.

b. Assuming that v(0) = 0, use the Laplace transform to solve for v as a function of s. Is there a
singular solution?

c. Use technology to graph the nontrivial solution found in part (b) for 0 <'s < 20.

Solve the integral equation for f : f(t) = 4t + [ f(t — r)sin r dr.

Solve for g : g(t) — t = — [ (¢t — 1) g(r) dr.

1. Solveforx:x(t) =1 — féx(t —1)e 27 dr, x(0) = 1.

. Solve the integro-differential equation

t
?+)’+f y(w) du = 1, with y(0) = 0.
0

3. Solve the equation & — 4x +4 [ x(u)du = 3 ¢!, with x(0) = 0.

Solve the equation f” (x) + [ e> "V f'()dy = 1; £(0) = 0,f'(0) = 0.
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TRANSFORMS OF DISCONTINUOUS FUNCTIONS

Differential equations are often used to model complex systems. In some situations, models
have to deal with abrupt changes in these systems. In the circuit problem described in Example
2.2.5 (or Example 6.2.2), we have the equation L% + RI = v sin(wt), where the right-
hand side (the forcing term) represents a continuous alternating-current source. Now suppose
that the voltage E(t) were applied for only a short period of time and then discontinued.
Mathematically, this means that the forcing term would have the form

_|E@t) for0<t<a
fo = {O fort > a.

Perhaps we have a switch that we can open and close so that the voltage is applied, removed,
and then applied again:

E(t) forO0<t<a
gy =40 fora<t<b
E(t) fort>b.

Problem B12 in Exercises 2.2, in which advertising expenditure is terminated after a certain
period of time, is another illustration of this kind of behavior. The common element here is
abrupt change. In mathematical terms, we are dealing with piecewise continuous functions.

The Heaviside (Unit Step) Function

In Section 6.1 we saw a simple example of the Laplace transform applied to a piecewise contin-
uous function. We computed the transform directly from the definition, breaking the integral
up into two parts. This can be tedious if there are several intervals involved in the definition
of the function. Now we are going to see how these kinds of functions can be expressed in
such a way that the Laplace transform method doesn’t have to consider separate intervals.

We start with the unit step function U defined by

0 ift<o0
U(t):{1 ift > 0.

(This is sometimes called the Heaviside (unit step) function for the English electrical engi-
neer Oliver Heaviside (1850-1925), who developed many of the applications of Laplace
transforms we will see.) We can say that the function U is “off” (= 0) for negative values of
t and “on” (= 1) for values of ¢ greater than or equal to 0. This “switching” aspect makes U
an important building block in modeling abrupt changes.

It follows that

U(t—a)—{o ift<a

11 ift>a.
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FIGURE 6.1
GraphofU(t — 3),t >0

The function has a jump discontinuity at t = a. Figure 6.1 shows U(t — 3) for ¢t > 0.

The nice thing is that these step functions can be used to express a piecewise continuous
function in terms of a single formula. For example, if

_JA@®) fort<a
fn= {B(t) fort>a,

then we canseethatf(t) = A(t)+U(t—a)[B(t)—A(t)]: Ift < a,thenU(t—a) = 0,sof(t) = A(t);
whereas if t > g, then we have U(t — a) = 1, so f(t) = A(t) + [B(t) — A(t)] = B(t). (Okay?)

This technique can be extended to functions such as

B(t) forb<t<c

A(t) fora<t<b
g =
Ct) forc<t<d.

We can write g(t) = U(t — a)A(t) + U(t — b)[B(t) — A(t)] + U(t — ¢)[C(t) — B(t)]. You should
be sure that you see how this works.

When we are solving differential equations that model abrupt changes, the following result
comes in handy:

If L[f(1)] exists for s > ¢ and if a > 0, then
CLIf(t—a)U(t —a)] =e “L[f()] fors > c.

(6.3.1a)

This result is usually called the Second Shift Formula—see Problem C3 in Exercises 6.1 for the
First Shift Formula.

Alternatively, we can write (6.3.1a) as

ft = —a) =L e LIfD]]. (6.3.1Db)
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Formula (6.3.1a) follows from a straightforward calculation:
o o
Lft—aU(t—a)]= f ft —a)U(t —a)e*tdt = / f(t—a)e*'dt
0 a

= / fwe @ Ddy = =5 L[f (1)),
0

where we have made the substitution t — a = u in the last integral.

The next example shows how to use the Laplace transform of a unit step function to solve an
initial-value problem.

m Example 6.3.1 An IVP with a Discontinuous Forcing Term
Let’s look at the initial-value problem

t for0<t<4

1 ford4<t x(0) = 1.

x’(t)—l—x:{

Using the unit step function, we can write the differential equation as
YO +x=t+1—-0U@t—4)=t— (t—4U{—4)—3UI—4).

[Note that in order to use Formula (6.3.1b) later, we have to use algebra to convert the term
(1 —t)U(t — 4) into the form f(t — a)U(t — a).] Now we apply the Laplace transform to both
sides of the equation to get

LIx' O]+ LIxO] = L[t] = L[t = DU — D] = 3 LU — )],

or, using (6.1.4), entry 1 in Table 6.1, and then Formula (6.3.1a) twice,

s Lx(O] — 1+ LIx(@D)] = 512 e hSL] — 3L,

)
1 1 3
e R
s s s
Therefore,
_ 1 1 _—4s 3s+1
Lol = s+1 * s2(s+ 1) ¢ <52(s+ 1))

2 1 1 2 1 2
= [by partial fractions] —— — -4+ = —e ¥ (= 4+ 5 — ——).
[by p ] s+1 s s2 s 2 s+1
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Finally, applying the inverse transform to both sides and using (6.3.1b), we get

2 1 2
HN=2t—14+t—L 7 |e*(Z+=—
x(t) = 207 — 1+ [e <S+52 SH)}

2 1 2
:2_t—1 —_ -1 —_ - —
e +t [U(t)ﬁ (5 ta 1)}

(where t must be replaced by t — 4 within the brackets before we're finished)

=2 —1+1—[U@)(24+1t—2¢")]
=2 —14+1-Ut—4)(t—2—2e")

2t +t-1 foro<t<4
T l2et+2e 41 ford <t.

The next example shows the application of the Laplace transform and the unit step function
to an important type of applied problem.

m Example 6.3.2 A Cantilever Beam Problem

A wooden beam, the ends of which are considered to be at x = 0 and x = L on a horizontal
axis, will “give” (that is, bend) when a vertical load, given by W (x) per unit length, acts on
the beam (Figure 6.2). (Compare Problem C2 in Exercises 1.3.)

It is known that y(x), the amount of bending, or deflection, in the direction of the load force
d* W (x
at the point x, satisfies the differential equation d—i} = E(I ) for0 <x < L.
x
Here, E and I are constants that describe characteristics of the beam. The graph of y(x) is called
the deflection curve or elastic curve.

Now suppose that we have a cantilever beam (such as a diving board)—one that is clamped
at the end x = 0 and free at the end x = L—and that this beam carries a load per unit length

w
x=0 Ix x=L
e EC -

FIGURE 6.2
A loaded beam
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given by

L

Wy for0<x < —
W(x) = 2
0 for§<x<L‘

Then engineering mechanics shows that finding the deflection amounts to solving the
boundary-value problem

dly _ W
dx* =~ EI

(for0<x<L); y(0)=0,y(0)=0,y"(L)=0,y"(L) =0.

(In physics terms, the quantities y”(L) and y"(L) are called the bending moment and the shear
force, respectively.)

First of all, note that up to now we have applied the technique of Laplace transforms
only to initial-value problems, not to boundary-value problems (BVPs). Second, to use the
Laplace transform, we must assume that y(x) and W(x) are defined on the interval (0, co)
rather than just on (0, L). This means that we should extend the definition of W(x) as
follows:

L

Wy for0<x < —

W(x) = 2
0 for x > —.
2

We can write this function in terms of the unit step function as

L
W(x) = Wy {U(x) —-u (x — 5)} .

Now take the Laplace transform of each side of our fourth-order equation, letting Y = Y (s) =
L[y(x)] for convenience. Using (6.1.6), we find that

Wo [1-— e—sL/2

$'Y = £7p(0) = 5% (0) = 5"(0) = y"(0) = -~ {— :
s

Note that in Formula (6.1.6) the second and third derivatives of y are evaluated at 0. However,
our BVP gives us the values of these derivatives at L. Letting y”(0) = C; and y”'(0) = C,,
we can use all the boundary conditions as given and solve the last equation for Y : Y =
G G W

T+ T TS {1 — e»1/2}. Using the inverse transform, we find that
s s s

e

Cix? G Woxt  Wo(x—1)* L
y@) = Yoy ,
20 T3 TE AT B 4
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which is equivalent to

C1x2 C2x3 W() 4
X
2 6 24E1

Y = 5 4
Cix Cox3 Wo 4 Wo L L
+ x* — - = for x > —.
2 6 24EI 24EI 2 2
T4 4 /1 OL2 WoL
Now we use the conditionsy”(L) = 0Oandy”'(L) = Oto find that C; = ] andC; = TR
(Be sure to go through the calculations for yourself.)
Finally, we can write our deflection function as
WoL? WoL W, L
0~ 2 7073 770 44 for0<x < —
16EI 12EI 24EI 2

y@x) =

Wol? , WoL ; Wy W0<

L\* L
x° — x> + x* — X — = for — <x < L.
16EI 12EI 24E] 24E] 2 2

Exercises 6.3
A

In Problems 1-6, (a) sketch the graph of each function f(¢) and (b) write each function as a
sum of multiples of the unit step function U(t).

1 forl<t<?
0 elsewhere

1L fo=

2 for0<t<?2

2. =
f® 4t fort>2

1 forl<t<?
3.f)=3 -2 for2<t<3
0 elsewhere

t for0<tr<2
4. fH)=14—-t for2<t<4

0 elsewhere

t for0<t<?2
50 f)=3t—2 for2<t<4

0 elsewhere

sint forO<t<m
6. f(t) =1 sin2t forw <t <27
sin3t fort > 2x

7. Showthat L[t U(t —a)] = (1 +as)s~2e~% fora > 0.



10.
11.
12.
13.
14.
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Calculate £ [t2U(t — 1)].
Show that £ [2U(t - 2)] = 3 = 25™ (1425 +25%),5> 0.
Use Formula (6.3.1a-b) to compute the Laplace transform of the function in Problem 1.
Use Formula (6.3.1a-b) to compute the Laplace transform of the function in Problem 2.
Use Formula (6.3.1a-b) to compute the Laplace transform of the function in Problem 3.
Use Formula (6.3.1a-b) to compute the Laplace transform of the function in Problem 4.
Consider the function
el for0<t<3
F(t) =
® 0 for t > 3.
a. Show that F(t) can be written ase™" [1 — U(t — 3)].
b. Use Formula (6.3.1a) to find £[F(t)].
. Solve the IVP
Y'+4y=U{—n) — U@ —3n); y(0)=0, ' (0) =0.
. Solve the IVP

Y 45y +ay=1-Ult—-m; y0)=y(0)=y"0)=y"(0) =0.

Solve each of the IVPs in Problems 3-10 by writing each discontinuous forcing function as a linear
combination of unit step functions and then using the Laplace transform.

0 fort <0

.4y —5y=1-30t for0<t<1; y0)=2
0 fort>1
0 fort <0

4y’ + 5y ={sin8 for0<t<2; y0)=1
0 fort > 2

1 for0<t<umn/2

; y(0) =0, y(0) =
0 fort>m/2 v©) ro=1

V'i+y= {
; y(0) =0, y(0)=1

- t/2 for0<t<6
yory= 3 fort>6

0 fort<O
V' +5)/+2y=18 foro<t<1; y(0)=0, y(0)=0
0 fort>1

0 fort<O0
3y +3y +2y=15 for0<t<5; y(0)=0, y(0)=0
0 fort>5
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9. ¥ — 3y = f(®); y(0) = 0, where the graph of f (¢) is

J©
1 -

05F

PN
~

2
10. y' +y = g(t); y(0) = 0, where the graph of g(¢) is
g
1 -
05F
1 2 4 1

11. Suppose that the fish population in a large lake is growing too rapidly and the local authorities
decide to give out fishing licenses that allow a total of h fish to be caught per day over a 30-day
period. A model for such a situation could be

h for0<t<30
P'(t) =kP(t) — -
© © { 0 fort> 30 }
where P(t) denotes the number of fish in the lake at time ¢ (in days) and k is a positive constant
describing the natural growth rate of the fish population.

a. Use technology and the Laplace transform to find an expression for P(t) if P(0) = A.
b. Find a relation among A, h, and k that guarantees that exactly 330 days after the end of the
30-day fishing season, the fish population will once more be at the level A.

12. Problem B1 of Exercises 2.3 concerns the population of Botswana from 1975 to 1990 under certain
basic assumptions. Now consider the situation that occurs if we start with a population of 0.755
million people in 1975 (t = 0) and assume that births and deaths, immigration and emigration
balance each other until 1977 (t = 2). In 1977, an emigration pattern begins in such a way that the
population P(t) can be described by the equation

0 if0<t<?2

P —kP = i
—at—-2) ift>2
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with P(0) = 0.755,k = 0.0355, and a = 1.60625 x 1073,

a. Express the discontinuous function on the right-hand side of the equation in terms of the unit
step function.

b. Use technology and the Laplace transform to solve for P(t), expressing the answer as a step
function.

c. Graph the solution on the interval 0 < t < 35 and explain what the graph means in terms of the
population of Botswana.

C

1. The IVPy” + 3y + 2y = W(1); y(0) = 0,)’(0) = 0 represents a damped spring-mass system
subjected to a square wave forcing term given by

W) =U@l—1) — Ut — 2).

a. Graph W(¢).

b. Without using technology, solve the IVP when W (t) is not present in the system. (That is, make
the right-hand side of the differential equation zero.)

c. Without using technology, solve the given IVP (that is, with W (¢) as the forcing term).

d. Use technology to graph the solutions to parts (b) and (c) on the same set of axes. What
difference does the forcing term make?

TRANSFORMS OF IMPULSE FUNCTIONS—THE DIRAC
DELTA FUNCTION

In the preceding section we dealt with situations in which some abrupt change occurred. To
describe it in general terms, we were dealing with systems acted on by some external force
that was applied suddenly. But although the change was sudden, force was assumed to have
been applied for some measurable period of time. Now we want to examine problems in
which there is an external force of large magnitude applied suddenly for a very short period
of time. For example, think about a baseball being hit by a major-league player. The time of
contact of ball with bat is very brief, but enough force can be applied to send that horsehide
soaring into the stands. More dramatic instances of this phenomenon include an electrical
surge caused by a power line that is suddenly struck by lightning and a population that is
growing at a certain rate until some sudden disaster strikes the community.

Mathematically, we can start to approach this idea by considering a piecewise continuous
function that looks like

8})(0_{% foro<t<b

0 fort>b.

Here, we must assume that 3, (t), which is pronounced “delta sub b of t,” does not exist if
b = 0. This function can represent a force of magnitude 1/b applied for a time period of
length b (see Figure 6.3).



m CHAPTER 6: The Laplace Transform

o(1)4

o
I
I

ol B m—

S —
(™
~

| |
| |
| |
| |
1 1
bl b2
FIGURE 6.3
The graph of 8, (t)

First of all, note that [;° &, (t)dt = f: #dt = 1 for all values of b > 0. Now look at what
happens as we allow the value of b to get smaller and smaller. This situation describes a
force whose magnitude 1/b is getting larger and larger over a shorter and shorter interval of
time (0, b). Can you see what's going on? More precisely, the unusual nature of this discontin-
uous function led various physicists, mathematicians, and engineers to consider the limiting
behavior of §;(t) as b — 0. In particular, they defined §(¢) as follows:

. o fort=0
o) = ;l—%gb(t) - {O for t # 0.

This “function” § is called the unit impulse function or the Dirac delta function [named for
the English-Belgian theoretical physicist Paul A. M. Dirac (1902-1984), who won the Nobel
Prize in 1933 with E. Schrodinger for his work on quantum theory]. More generally, we can
define

. oo fort=a
t—a) =bl£r(1)8b(t—a) - { 0 fort#a.
In the mathematically precise sense of the word, this limit does not exist and so does not
define a function. However, such generalized functions, or distributions, can be put on a firm
mathematical foundation and are very useful in modern physics and engineering theory.
Before we look at examples of the delta function’s use in solving differential equations, we
should try to calculate its Laplace transform. The only reasonable way to do this is to make
the formal assumption that

L[5t —a)] = ;il’l’(l) L8t —a)].
(Mathematically, this raises an important theoretical question of whether

lim £{8(t — )] = £ L}g% 8p(t — a)} :
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This question is beyond the scope of this course and will be ignored.)

Now let’s write 8;,(t — a) in terms of the unit step function, as we did for functions in Section
6.3:

1
Sp(t —a) = 7 [Ut—a)—U@E— (a+Db)].

If we use the linearity of the Laplace transform together with Formula (6.3.1a)—taking
f(t —a) = 1—we get

L5 —a)] = lim L[5t — a)]

1| e efs(a+b) 1— efsb
= lim — — =lime ! ———
b—>0 b s D b—0 bs

. 1 _ e*Sb
=e ' lim{ —} =e°%,
b—0 bs

where we have used L'Hopital’s Rule to evaluate the indeterminate form in this last limit.
(Alternatively, we could have used the series expansion of (1 — e‘Sb) /bs about the point
b=0)

Because we have shown that
L[5 —a)] =e*7, (6.4.1a)

it seems reasonable to take a = 0 and conclude that

LIs®)] = 1. (6.4.1b)

Now let's see how to solve a differential equation involving an impulse function. You may
want to review the spring-mass problems in Section 4.8.

m Example 6.4.1 Solving an ODE That Involves the Dirac

Delta Function
A mass attached to a spring is released from rest 1 meter below the equilibrium position
for the spring-mass system and begins to move up and down. After 3 seconds, the mass is

struck by a hammer in a downward direction. We suppose the undamped system is governed
by the IVP

d*x

dt?

dx

9x =358(t—3); x(0)=1,
+ 9x (t—=3); x(0) i

0) =0,

where x(t) denotes the displacement from equilibrium at time ¢, and we want to determine
a formula for x(t). (Note that the impulse force applied at t = 3 has magnitude 3.)
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FIGURE 6.4

cos 3t fort <3

Graph of x(t) = {cos 3t+sin3(t—3) for3 <t

Let X = X(s) = L[x(t)]. Then, taking the Laplace transform of both sides of our ODE and
using (6.1.5) and (6.4.1a) with a = 3, we get
$?X — 549X =3¢,

so we can solve for X:

Xzt e 2
T 249 249

Applying the inverse transform yields
x(t) = cos 3t +sin3(t — 3)U(t — 3)
_ fcos3t fort <3
" | cos3t +sin3( —3) for3<t.
|

Figure 6.4 is the graph of x(t), where the solid curve shows the displacement of the mass if
the hammer had not hit it.

Exercises 6.4

A
1. Evaluate the integral [ 8(t — 37/2) cos 2t dt.
2. Evaluate the integral [, 3§ (t + %) dt.

3. Evaluate £ [8(t — 1) cos t3].

Solve the IVPs in Problems 4-13:

4. y"=68(t—a); y(0) =0,y (0)=0

.Y +8y=8(t—1)+8(t—2); y(0)=0

Y +y=58t—-2); y0)=0, y(0)=0

Yy +2y —8y=8@1); y(0)=0, yY(0)=0
L2y Y +2y =8(t—5); y(0) =0,y (0) =0

N O O
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Y2y Yy =28 —1); y(0) =1, Y(0) =1
10.
11.
12.

13.

Y/ +6y +109y =8t —1)—8(t—7); y(0)=0, y(0)=0

Y/ +y=14681—2m); y0) =1,y (0)=0
yV'+y=45(t=37) ¥ =0, y© =1

yIY) —y =80t —1; y(0) =0, Y(0) =0, y"(0) =0, " (0) =0

. A uniform beam of length L carries a load W concentrated at x = L/2. The beam is embedded at its

4
left end and is free at its right end. The deflection y(x) is governed by the equation E T ZTZ =WS$§

X — %) where y(0) = 0, y(0) = 0, y”(L) = 0,and y”” (L) = 0. Use the Laplace transform to
determine the deflection y(x).

. Ifa, b, and ¢ are constants, show that the solution x(t) of the linear IVP

X () + ax’ (t) + bx(t) = 8(t — ¢); x(0) = 0,x'(0) =0

is x(t) = k(t — O)U(t — ¢), where k(t) = £~ [m]

. Suppose we have the equation y” + ay’ + by = f(t), where a and b are constants and f is a

piecewise continuous function whose Laplace transform exists. Show that the effect of replacing
f(®) by f(¢) + ¢ 8(r), where ¢ is a constant, is the same as increasing the initial value of y’(0) by the
constant c.

. a. Show that L[§(t — a)f ()] = e **f(a).

b. Use the result in part (a) and the result of Problem C2 to solve the IVP

V' 42y +y=8t—1)t; y(0)=0,y(0) =0.

. If at time t = a, the upper end of an undamped spring-mass system is jerked upward suddenly and

returned to its original position, the equation modeling the situation is mx” + kx = k H §(t — a);
x(0) = xg, x’(0) = x1, where m is the mass, k is the spring constant, and H is a constant.

a. Solve the IVP manually, with x(0) = 0 = x/(0).
b. Use the solution found in part (a) to explain the significance of the constant H.

c. Choose a value for H so that the mass achieves a prescribed displacement from equilibrium A
fort > a.

. If the function g(t) is continuous at a, show that fé’o 3(t — a) g(t) dt = g(a). [Hint: Use the Mean

Value Theorem for integrals.]

o
. Consider the IVPy” + 2y = Y 8(t —n); y(0) =0, y'(0) = 0.

n=1
a. Find the Laplace transform of the solution of the IVP.
b. Solve the IVP,
c¢. What happens to the solution of the IVP as t — oo?
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TRANSFORMS OF SYSTEMS OF LINEAR DIFFERENTIAL
EQUATIONS

We have seen what the Laplace transform does to a single linear equation with constant
coefficients. It should be easy to see that when initial conditions are given, the Laplace trans-
form converts a system of linear differential equations with constant coefficients into a system
of simultaneous algebraic equations. Then we can solve the algebraic equations for the trans-
formed solution functions. Finally, applying the inverse transform to these functions gives us
the solutions of the original system of linear ODEs.

Conceptually, this process is easy. The algebraic details, however, may be something else.
Problems of this kind make us appreciate the availability of technology.

m Example 6.5.1 Solving a Linear System via the
Laplace Transform

Let's start with the system

dx——3x+
dr Y
dy

= =x— 13y,
a7

where we want the solutions x(t) and y(t) that satisfy x(0) = 2 and y(0) = 3. (This system
was discussed briefly in Example 1.3.5.)

Applying the Laplace transform to each side of each equation gives us the system
sLIx(0)] — x(0) = =3L [x(D)] + LIy(®)]
sLIy®] —y(0) = LIx(®)] — 3L[y(®)].

Inserting the initial conditions and simplifying the resulting equations, we get the system

(s+3)LxO] - Ly®)] =2
(s+3)Ly®] - Llx(®)] = 3.

Now we solve the preceding system for L[x(t)] and L[y(t)] just as we would solve any algebraic
system of two equations in two unknowns. (To simplify things, you could let L[x(t)] = X
and L[y(t)] = Y.) For instance, we can eliminate the variable L[y(t)] by multiplying the first
equation by (s + 3) and then adding the result to the second equation. When the dust settles,
we get

{6+3)2 =1} LIx(D] = 2(s + 3) + 3,

so we find that

25+9 25+9

Lx(0)] = G+3)2—-1 [6+3)+1[G+3) —1]
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N|—

2s4+9 —

and

R D S B B
X0 ="3 [s—(—4)]+2£ [s—(—z)]

Now we could go through this process again to eliminate £[x(t)] and solve for y(¢) this time
(see Problem A1 in Exercises 6.5)—or we could just substitute our solution for x(t) in the first
equation of our original system and solve for y:

_ dx _d Lo a5 Lo a5
y(t)—dt+3x_dx<— e+ —e +3 —2e + -e

2 2 2
3 15 1 5
— 26—4[ _ 58_2t _ _e—4t _e—zt — _e—4t _e—zt
2 + 2 2 + 2

The next example shows how we can handle a system of two second-order linear equations.
In particular, note that we don't have to write this as a system of four first-order equations. The
Laplace transform technique works directly on higher-order derivatives via Formula (6.1.6)
or, in this case, by (6.1.5).

m Example 6.5.2 A System of Second-Order Equations

The system IVP we want to solve is

d’x dy

e Tty =Y
—4d—x+@+2y:0

dc  de? '

with x(0) = 0,x'(0) = 1,y(0) = —1, and y’(0) = 2.
Applying the Laplace transform to each side of each equation, we get
Lx"®]—4L[x®]+L[yD]=0
—4L[X O]+ L[y ®©]+2L[y®] = 0.
Using (6.1.4) and (6.1.5), we can write the preceding system as
s2L[x(1)] — &' (0) — sx(0) — 4L[x(t)] + sL [y(t)] — y(0) = 0
—4sLLx(D)] + 4x(0) + s> LIy(®)] = y'(0) = sy(0) + 2L[y(1)] = 0.



m CHAPTER 6: The Laplace Transform

Now we insert the initial conditions and simplify the resulting equations to get

(s — 4) LIx(O] + sLIy(M] = 0

(*)
—4sLIx()] + (s2 +2) Lly(®)] =2 — .

As in the previous example, we can solve these equations by realizing that they constitute a
system of ordinary algebraic equations in the unknowns L[x(t)] and L[y(t)]. If we multiply
the first equation of (*) by 4s, multiply the second by s? — 4, and then add the resulting
equations, we obtain

(54 + 252 — 8) LIy = —3+ 22 +45—8,

SO

ﬁ[(t)]_—s3+252+4s—8_—s3+252+4s—8
POI= w29 -8 7 (214 (22

_ —s3 4252+ 45— 8
(52+4)<s~|—«/5) (s—ﬁ)
1 [1+J§ 1-2 8(5—2)]
= +

**)

s+4/2 s—ﬁ_52+4
_1[1+ﬁ 1-42 s 2 }

- - 8
6|s+v2 s—+42 52+27-+ s2 422

Using entries 2, 3, and 4 of the table of transforms (Table 6.1), we see that
1
y@) = 1 [(1 +«/§) V2 + (1 - «/5) eVt _ 8 cos 2t+ 8 sin2t].

To find L[x(t)], we can go back to System (*) and eliminate L[y(t)], or we can substitute
expression (* *) for L[y(t)] in either equation of (*) and solve for L[x(t)]. Let's try the latter
method.

Using (* *) and the first equation in (*), we find that

31282 445 —
(52_4)£[x(t)]+5( 3 4252 + 4s 8)_0

(s2+4)(s2-2)

Solving for L[x(t)], we get

—s3 4252 +45—8 ) s(s —2)2(s+2)

L) == ((52 “) (P14 (2-2))  -2G+2) (P +4)(2-2)
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_ s(s—2)

- (52+4)(s+ﬁ) (s—ﬁ)

1 (2442 2-4V2 s+2
Z__[s+ﬁ+5—ﬁ_4<52+4>]

1 2+ﬁ+2—ﬁ 4( s L2 )
Bl s+N2  s—42 2422 2422 )|

Formulas 2, 3, and 4 from Table 6.1 tell us that

x(t)———[<2+«/_) (2—«/_) Vai 4cos2t—4s1n2t].

You should confirm that these are the solutions to the original IVP.

Exercises 6.5

A
1. Eliminate £[x(t)] from the algebraic system

(s+3)Lx®] - LIyl =2
(s+3)Lly®] - LIx®] =3
and then solve for y(t). (See Example 6.5.1.)
Solve the IVPs in Problems 2-13 by using the Laplace transform.
X' =y, ¥y =-x}; x(0)=2y0)=-
X' =2x—3y, Y =y—2x}; x(0)=8,y(0)=3
X' =12x+5y, Y =—6x+y}; x(0)=0,y0) =1
X'=-2x+y ¥y =-9x+4y}; x(0)=5,y0) =—
xX'=—6x+2y, Yy =-7x+3y}; x0)=1,y0) =0
X =x+y Y =—4x+y}; x0)=1,y0) =3

© © NS gk wDd

X' +x—5y=0,y +4x+5y=0}; x(0)=-1,y(0) =2
X4y =-3x—2y+e 2, 2/ +y = -2x—y+1}; x0)=0,y(0) =0
X =x—y—el,y=2x+3y+et}; x0)=1y0) =0

R R
N = O

X4y =xy+7=x7+x=x}; x(0)=1,y0)=1,20) =1
X —3x— 6y =27t2, X' +y =3y =5e'}; x(0)=5,y(0) = -

-
w

it
{
{
{
{
{
W=y dony =3 b} x@=2y0=3
{
{
{
{
{
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-

. Solve the system IVP {x” +y" = 4x, 4x’ —y” = 9y}; x(0) = 0,x/(0) = 1, y(0) = —1,y’(0) = 2 by
using the Laplace transform.
2. Solve the system IVP {x” —y' = —t + 1, X' —x 42y’ =4e'}; x(0) = 0,x'(0) = 1,y(0) = 0 by
using the Laplace transform.
3. The system

mx” = —ky(x — ad) — ko (x + ab)
mr2’ = kia(x — af) — ky a (x + af)

models the motion of a slab of mass m mounted on two springs, as shown in the following figure.
Here, x is the vertical displacement of the center of mass and 6 is the angle shown. The constant r
represents the radius of gyration of the slab about the appropriate axis through the center of mass.
Use the Laplace transform and technology to solve the system forx and 0if m =1,k = 1,ky = 2,
a=1,7r=1,x0)=1,%(0) = 0,6(0) = 0.1,and 6'(0) = 0.

T

X

i
J

4. The system consisting of two pendulums connected by a spring (see the following figure) has its
motion approximated by the system of equations

Jll a

mx' 4+ mwg x = —k(x — )
my” + mwdy = —k(y — x),

where L is the length of each pendulum, g is the gravitational constant, and w% = g/L. Use the
Laplace transform and technology to solve this system withm = 1,L = 5,¢ = 32,k = 2, and the
initial conditions x(0) = 0,x’(0) = 2,y(0) = 0, and y'(0) = 2.

5. The following circuit is described by the system

L1 + Ry (I1 — ) = v(t)

Loly + Roly + Ry (I —11) = 0.
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Determine I1 and I, when the switch is closed if L1 = L, = 2 henrys, Ry = 3 ohms, Ry = 8 ohms,
and v(t) = 6 volts. Assume that I (0) = I, (0) = 0.

L L,
T
)TN 2T h Ay
Switch
C
1. Solve the system IVP {‘227;6 =y +4e 2, % =x— e—i’-t};

x(0) = y(0) = x'(0) =y(0) = 0.

2. In determining the concentration of a chemical in a system consisting of two compartments
separated by a membrane, we get the system of equations

X =ay—bx
y=bx—ay—py

subject to the conditions x(0) = x* and y(0) = y*, where x* and y* are constants. (Here, x and y
represent the masses of the chemical in compartments 1 and 2, respectively, at any time ¢, and the
constants a, b, and B are positive constants of proportionality related to the rate of flow of the
chemical from one compartment to another.)

a. Solve this system of equations using Laplace transforms.

b. Lettingp = %(b +a+p)andqg = %\/(b +a+ B)? — 4pb , show that q is a (positive) real
number and that p > g.

c. Using the solution found in part (a) and the results of part (b), show that the chemical masses x
and y approach zero steadily.

A QUALITATIVE ANALYSIS VIA THE LAPLACE
TRANSFORM

In Chapter 5 (specifically, in Sections 5.2-5.5), we analyzed autonomous two-dimensional
systems of linear equations and their equivalent single second-order homogeneous equa-
tions by means of eigenvalues and eigenvectors. This qualitative analysis, which was very
neat and very satisfying, depended on the roots of polynomial equations (the characteristic
equations). However, the eigenvalue method didn't stretch quite far enough to handle general
nonhomogeneous systems (Section 5.6).
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Homogeneous Equations

Despite the emphasis on the Laplace transform as a tool for obtaining exact, closed-form
solutions, it turns out that the transform can provide insight into the qualitative nature of a
solution as well. In fact, because the Laplace transform treats nonhomogeneous equations in
essentially the same way as it treats homogeneous equations (with slightly messier algebra),
the Laplace transform in effect gives us an extension of eigenvalue analysis to nonhomoge-
neous equations. Let’s examine this by analyzing nonhomogeneous second-order equations
of the form

c2x” + 15" + cox = f (1), (6.6.1)

where ¢, ¢1, and cg are constants and ¢, # 0. For the sake of simplicity and clarity, we'll start
with f(t) = 0, the homogeneous case.

Taking the Laplace transform of both sides of (6.6.1)—with f(t) = 0—we get
LIxX" (O] + c1 LIX (O] + co LIx(D)] = 0,
which becomes
c2 {szﬁ[x(t)] —sx(0) — x/(O)} 4+ c1 {sL[x(6)] — x(0)} + co L[x(t)] = O,
or, after simplifying,
(c2s? + c15 + co) L [x(D)] — (c25 + ¢1) x(0) — c2x'(0) = 0.
Solving, we find that

(c25 + ¢1) x(0) c2x'(0)

Llx(t)] = .
[x(®] 282 +c1s+cg 282 +c15+co

(6.6.2)

We should note something significant about the denominator, c2s? + c15 + co, of the Laplace
transform of the solution. It is the characteristic polynomial corresponding to the second-order
differential equation c;x” + ¢1x’ + cox = 0 or to the equivalent system

/ co C1
Xp=\|\——|X1—{— | X2
(%] (%]

Interesting! If the right-hand side of Equation (6.6.2) is expressed as a single fraction (rational
function) with no common factors in the numerator and denominator, then the zeros of the
characteristic polynomial—the values of s that make the denominator zero—are called the
poles, or singularities, of the transform L[x(t)].

Now suppose that A; and A, are the zeros of the characteristic polynomial—the eigenvalues
of the system. Let’s see what happens if both zeros are real numbers. For convenience, also
assume that Ay # ;.
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First, we can divide through by ¢, and write c3s? + ¢15s + co = 0 in the equivalent form
s2+ (%)s—i— (%) = 0; then we can write s2 + (%)s+ (E—‘z’) = (s — A1) (s — A2) . Now, returning
to (6.6.2), we can apply the inverse transform to each side to get

x(t):E_l_(625+cl)x(0)i|+£_1|: c2x"(0) ]

| c2s2 +¢18 + ¢o €282 +c15+ ¢

(c2s + ¢1) x(0) L 2x'(0)
(o (2)s+(2)) o (2 (2)s+ (2))
& (€254 1) x(0) oo 502x'(0)

(=4 (2)s+(2)) (=2+(2)s+(2))

—L‘l— (S+%)x(0) +L‘_1[ x'(0) :|
B (s —21) (s — A2) (s — 1) (s — A2)

e 1
— 2 -1
=x(0)L —=s +x'(0)L I:—i|
(s —21) (s —22) (s—=21) (s —22)
[ c1+c0M c1+codro
_ x(O)E’l (i—A2) (i —A2) +x/(0)£’1 1 1 . 1
S—)\.l S—)Q )\.]—)\.2 S—)»l S—)\.Q
_ O MAG Mtg PO NP I .
)Ll—)\.z S—)\.l S—)\.Q )Ll—)\.z S—)\.l 5—)\.2

1 1 1 1
=A£*[ ]—Bﬁ*[ ]+cc*[ ]—DL*[ }
S—)xl S—)\.Q S—)xl S—)Q

1 1
=m£1L A}+M£1L A}:m&”+m&%
— A — A2

where A, B, C, D, K;, and K, are constants. (Check the last few lines carefully.)

Stability

Imitating the qualitative analysis we did in Chapter 5 for real eigenvalues (see Table 5.1 at
the end of Section 5.5 for a summary), we can see that if ; and A, are unequal and positive,
then the origin is a source. If 11 and X, are unequal and negative, then the origin is a sink. If
A1 and A, have different signs, then the origin is a saddle point.
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Now suppose that the zeros of our characteristic polynomial are complex numbers: 1 =
p+qi, Ao = p— qi. (Remember that complex roots of a quadratic equation occur in complex
conjugate pairs.) Then we can write

24 (C—l)s+ <C—°> (5= A1) (5= 22) = [s — (0 + gD ]ls — (b — qi)]
c (%)

=[(s—p) — qills — p) + qil = (s — p)* + ¢*.

Now when we express our solution x(t) in terms of the inverse Laplace transform of functions,
we will have (s — p)2 + ¢? in all the denominators and either constants or constant multiples
of s in the numerators of these functions. Looking at entries 5 and 6 in the transform table
(Table 6.1, in Section 6.2), we realize that the inverse Laplace transforms we will get are
constant multiples of either e* sin gt or e’* cos gt.

The next example will help us understand these ideas better.

m Example 6.6.1 A Qualitative Analysis via the
Laplace Transform

Let’s look at the equation x” + 3x” 4+ 5x = 0. The Laplace transform of this equation is
Lx"1+3L[x'1+5L[x] =0
{s2LIx] — sx(0) — x'(0)} + 3{sL[x] — x(0)} + 5L[x] = 0
(s + 35+ 5) L[x] — (s + 3)x(0) — x'(0) = 0,

SO

_ (5+3)x(0) +x(0) _ (s+3)x(0) x'(0)

Llx = .
Lx] s24+35+5 24+35+5 s24+354+5

The characteristic polynomial s> + 3s + 5 has complex conjugate zeros —% + Y1 and

2
—% — @ i. Because the real part is negative, we expect the solution to oscillate with decreasing

amplitude. Figure 6.5 shows x against t, with x(0) = 3 and x’(0) = 20. |

Nonhomogeneous Equations

When we look at the nonhomogeneous version of (6.6.1), we find that

IO IO (653)

X(s) = L[x(D)] = PGs) P(s) PGs) P(s)’

where P(s) is the characteristic polynomial c2s% 4 ¢15 + ¢ and Q(s) is the linear polynomial
{c22(0)} s + {c1x(0) + c2x'(0)}. (Verify this.)
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FIGURE 6.5
Graph of x(t) = e~ 3t/2 (3 cos (*/z—ﬁt) + 491“{ﬁ sin (“/Tﬁt)),o <r<4

This observation can be expanded to the case of the general nth-order linear equation with
constant coefficients. In this situation, P(s) is the nth-degree characteristic polynomial and
Q(s) is a polynomial in s of degree n — 1. The coefficients of Q(s) consist of combinations of
products of the coefficients in the equation and the 7 initial conditions.

If we let W(s) = %, we can write (6.6.3) as
X(s) = W(s)F(s) + W($)QC(s). (6.6.4)
Applying the inverse Laplace transform to each side of (6.6.4), we see that

x(t) = LTHWEFE)] + L THWE)QG)],

which expresses the output x(t) of the system as a superposition of two outputs—the first due
to the input f(t) and the second due to the initial conditions.

Let’s look at a problem we’ve seen before, as Examples 6.1.1 and 6.2.1.

m Example 6.6.2 Qualitative Analysis of a
Nonhomogeneous Equation

Consider the nonhomogeneous initial-value problem
x" +3x + 2x = 122 x(0) = xo, ¥'(0) = x;.
The Laplace transform of this equation is
LIx"1+ 3L[x']+ 2L[x] = 12£ [¢*']
{s2LIx] — sx(0) — x'(0)} + 3 {sL [x] — x(0)} + 2L[x] = 12

s—2

12
(s +3s+2) L[x] — (s + 3)xg — x1 = 7
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FIGURE 6.6
Graphofx(t) = e?! + 3¢ 2L — 3¢~ 1 <t <1

SO

1—22 (s 4+ 3)xp + x1
S

L[x] = s
[x] +2 243542

’

s2+3
the form indicated in (6.6.3).

The characteristic polynomial s? 4 3s+ 2 has negative real zeros —1 and —2, so the second
term in the preceding equation contributes a part of the solution that decays (tends to 0)
as t — oo. (Why?) The first term has an additional pole, at 2. If we imagine the partial-
fractions version of the Laplace transform of the solution, written with denominators s — 2
and s + 3s + 2, we realize that the only terms that appear in the solution are %', ¢!, and
e~2!. Therefore, for increasing values of t, the solution is dominated by the term containing
e?!. Figure 6.6 shows x against t, with x(0) = x0 = 1 and x’(0) = x; = —1, as in Examples
6.1.1 and 6.2.1. [}

Transfer Functions and Impulse Response Functions
If we consider the nonhomogeneous second-order Equation (6.6.1) with initial conditions
x(0) = 0, x'(0) = 0, then Equation (6.6.3) becomes

Llx()] = LIf 1

€282 +c15+ ¢

or
Xo _

S — 6.6.5
F(s) cs24ci15s+c¢o ( )

where F(s) = L[f(t)] and X(s) = L[x(t)]. A system with these initial conditions is sometimes
described as “relaxed” or at rest until t = 0.

In certain areas of engineering (for example, those dealing with feedback and control systems),
this ratio (6.6.5) of the Laplace transform of the output to the Laplace transform of the input is
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called the transfer function of the system modeled by Equation (6.6.1) with all initial values
zero. The inverse Laplace transform of the transfer function is called the impulse response
function for the system, because in physical terms, it describes (for example) the solution
when a spring-mass system is struck by a hammer. (See Example 6.4.1, for instance, and
Problem B3 of Exercises 6.6.) The analysis of this transfer function provides a picture of what
can be called the response of the system. The values of s that make the denominator of (6.6.5)
zero are called poles or singularities of the transfer function. On the basis of our analysis of
eigenvalues in Chapter 5 and our discussion in this section, you should see that the nature
of the poles (real, complex, positive, and so on) determines the behavior of the system. For
example, in this second-order situation, the system could be undamped, overdamped, or
underdamped, or the response of the system could grow without bound.

Exercises 6.6

A

Suppose X(s) = L[x(t)] is the Laplace transform of the solution of a linear differential

equation. For each transform in Problems 1-10, determine the qualitative behavior of x(t)
for large values of t without finding the inverse of the transform. (That is, determine if x(t)
oscillates, goes to zero, or becomes unbounded as t becomes large.) Note that “oscillates”
and “goes to zero” are not mutually exclusive answers, nor are the choices “oscillates” and

“becomes unbounded.”

1.

9.

10.

X(s) = 2
T 3545
X = o
. S) =
$2—1
s+ 1
. X(s) =
© 241
X(s) = !
’ T 2425+ 10
X = 2
' 22541
s+2
LX) = ——
© s2+4
254+ 6
LX) = ——
© s2 4+ 65+ 18
2s+5
LX) = ————
© s24+35+2
N
X)) = ——1
(s) e
N
X)) = ——
© st 4552 +4

In Problems 11-14, (a) compute the Laplace transform of each solution, (b) find the poles of
the Laplace transform of the solution, and (c) discuss the behavior of the solution (oscillatory,
unbounded, etc.) without solving the equation.
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11. x" —x=0; x(0)=0,x0) =1

12. ¥4 2%+ 2x = e /10, x(0) = 4,%0) =1

13. x" + 2 + 2x = e~ 2tsinds; x(0) =2, x'(0) = -2
14. 2X 4+ 7x+3x =2cost; x(0)=1,x(0)=0

1. Suppose f(t) and x(t) are the input and output, respectively, of a linear second-order ODE with
constant coefficients.

a. Find the ODE if its transfer function is given by P(s) = 1 / (52 +s+ 1).
b. Find x(t) if f(t) = [sin 2(t — D]U(t — 1).

2. Find the output of the ODE with transfer function 1/(s + 1), given that the input f(¢) has Laplace

-2
transform F(s) = Ss‘g =

3. Consider the initial value problem

cax" +c1x’ +cox = 8(t);  x(0) =x'(0) =0,

where §(t) denotes the unit impulse function (Section 6.4). Show that the transfer function of the
- _ 1

system is X(s) = EYs R - . '

4. Suppose that a linear system is described by the equation

¥+2t+5x=f@1); x(0)=2x0)=-2.

a. Find the transfer function for the system.

b. Find the impulse response function.

c. Give a formula for the solution of the IVP. (Use the result of Problem C1 below. Your answer
should contain an integral.)

5. If a linear system is governed by the initial value problem
i / ) /
Yy —y —6y=g@®); y0)=1,y(0)=8,

a. Find the transfer function for the system.

b. Find the impulse response function.

c. Find a formula for the solution of the IVP. (Use the result of Problem C1 below. Your answer
should contain an integral.)

6. Consider the initial value problem
Y +2Y +2y =sin(at); y(0) =0,y (0)=0.

a. Find the transfer function for the system.

b. Find the impulse response function.

c. Find a formula for the solution of the IVP. (Use the result of Problem C1 below. Your answer
should contain an integral.)



7. Consider the first-order system ajx” + agx = f(t), where a; and ag are constants, a; # 0.

a. Find the transfer function of this system.

b. Show that the transfer function of a constant-coefficient first-order system can be written as
W(s) = ﬁ where ¢ is a constant and T is a constant related to the exponential function
component of the solution.

Cc

1. If I is an interval containing the origin and f is continuous on I, show that the unique solution to
the IVP

cpx” 4+ 18 +cox = f(t);  x(0) = x0,x"(0) = x1
is given by (1 * f)(t) + xpy (¢), where R = % r = £71[R](¢) is the response function, and xz;(¢) is
the unique solution of the homogeneous equation cox” + ¢1x’ + cox = 0; x(0) = xg, x'(0) = x71. (Of
course, * denotes convolution.)
2. The Volterra integral equation is given by

t
x(0) = g(t) + f k(t — ) 2(0)d,
0

where g and k are known functions with Laplace transforms G = £[g] and K = L[k]. Show that

x(0) = L7

SUMMARY

Transformation methods are important examples of how we can change difficult problems
into problems that can be handled more easily. If f (¢) is a function that is integrable for t > 0,
then the Laplace transform of f is defined by L[f(1)] = [;° f(t)e~*'dt, when this improper
integral exists. The integral will exist if we stick to continuous or piecewise continuous functions
f(¢) for which there exist positive constants M and K such that | f (t)| < éMforallt > K. Note
that this integral is a function of the parameter s, so we can write L[ f(t)] = F(s).

Using basic properties of integrals, we can see that L[c - f(t)] = ¢ - L[f(t)], where ¢ is any
real constant, and that L[f(t) + g(t)] = L[f ()] + L[g(t)], whenever the Laplace transforms
of both f and g exist. Any transformation that satisfies the last two properties is called a
linear transformation. If ¢; and ¢, are constants, we can combine the two properties to write

Lleif (1) + c28(0)] = a1 LIf (O] + 2 LIZ(D)].

Table 6.1 in Section 6.2 gives the Laplace transform of some important classes of functions,
including power functions, exponentials, trigonometric functions, and multiples of these.
There are also important formulas for the Laplace transforms of f’, f”, and higher derivatives.
The Laplace transform method enables us to handle a linear nonhomogeneous equation with
initial conditions all at once.
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Once we have calculated the Laplace transform of a function—in particular, once we have
transformed a differential equation into an algebraic equation—we have to be able to reverse
the process to gain information about the original problem. An important fact is that if the
Laplace transforms of the continuous functions f and g exist and are equal for s > ¢ (c a constant),
then f(t) = g(t) for all t > 0. This says that a continuous function can be recovered uniquely
from its Laplace transform. Letting L[f (t)] = F(s), we can express the definition of the inverse
Laplace transform as follows:

LY [F]=f ifandonlyif L[f]=F.
It can be shown that the inverse Laplace transform is a linear transformation:
L7 e1F() + 2G| = c1 L HE®] + 2L GO

In trying to find the inverse transform of an expression that is the product of two or more
transforms, we encounter the idea of the convolution of two functions. The convolution of
two functions f and g is the integral (f * g)(t) = fot f(r)g(t — r)dr, provided that the integral
exists for t > 0. This product has important algebraic properties, and one of the most useful
is that the Laplace transform of a convolution of two functions is equal to the product of
the Laplace transforms of these two functions. More precisely, suppose that f and g are two
functions whose Laplace transforms exist. Let F(s) = L[f(t)] and G(s) = L[g(t)]. Then the
Convolution Theorem says that

t
av*man:c[ﬁfama—nM}zﬁvmycgan=F®~aw

By using the unit step function (or Heaviside function) U, defined by

0 fort<O

U(t)z{l fort >0,

we can model systems in which there are abrupt changes. Mathematically, this means that we
can express piecewise continuous functions in a simple way, using U (t) as a basic building block.

When we are solving differential equations that model abrupt changes, the following result
comes in handy. If L[f (t)] exists for s > ¢ and ifa > 0, then

LIft—a)Ut—a)]=e*L[f()] fors>c.
Alternatively, we can write the preceding formula as
fe—aU@—a)=L""[eLIf®]].

If we want to consider problems in which there is an external force of large magnitude applied
suddenly for a very short period of time, we need the idea of the unit impulse function, or
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Dirac delta function, defined as

oo fort=0

8(t) = ll}l_r)l’(l)%“) = {0 fort # 0,

where

1
50 =173 foro0<t<b
0 fort>b.

We can show that L[§(t — a)] = e¢7*%. In particular, L[5(t)] = 1.

When initial conditions are given, the Laplace transform converts a system of linear differ-
ential equations with constant coefficients to a system of simultaneous algebraic equations.
Then we can solve the algebraic equations for the transformed solution functions. Finally,
applying the inverse transform to these functions gives us the solutions of the original system
of linear ODEs. However neat this sounds conceptually, the algebraic details are often quite
messy, and technology comes in handy.

Despite the emphasis on the Laplace transform as a tool for obtaining exact, closed-form
solutions, it turns out that the transform can provide insight into the qualitative nature of
a solution as well. In certain applied areas, when we are considering the important second-
order equation cx” + c1x” + cox = f (t), the ratio )% = m where F(s) = L[f(t)] and
X(s) = L[x(t)], is called the transfer function of the system modeled by the equation with all
initial values zero. The inverse Laplace transform of the transfer function is called the impulse
response function for the system and describes the solution (and the system) in a way that is
similar to the qualitative techniques used in Chapter 5. The analysis of this transfer function
provides a picture of what can be called the response of the system. The values of s that
make the denominator of the transfer function zero are called poles or singularities of the
transfer function. On the basis of the analysis of eigenvalues in Chapter 5 and the discussion
in this section, we see that the algebraic nature of the poles determines the behavior of the
system.

PROJECT 6-1

Residential Segregation!

Suppose that two distinct cultural groups, the Yahoos and the Houyhnhnms (pronounced
'hwinems), live in the same city. Their cultural differences are such that one group may annoy
the other group so much that the one group may start moving out of the city, which results

" This project is based on T. P. Dreyer's treatment of a model developed by M. E. Gurtin in “Some Mathematical Models for Population
Dynamics that Lead to Segregation,” Quarterly of Applied Mathematics 32 (1974): 1-9.
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in segregation. This scenario leads to the initial-value problem

& —ay@®)+bH({) Y(0) =«
(*)

A —cyY(t)+dH(t) H(0) =B,

where Y (t) and H(t) denote the Yahoo and Houyhnhnm populations, respectively, at time ¢
and a, b, ¢, d, «, and B are constants.

The constants a and d denote the net growth rate per population, whereas b and ¢ indicate,
respectively, the effect of the presence of the other group.

a. Given the assumption that for both groups the presence of the other group is
irritating and encourages emigration, what does this say about the signs of b and ¢?

b. Determine the Laplace transforms of Y (t) and H(t), assuming that these transforms
exist.

c. Making the substitutions y = %(a +d)é = %(a —d), and @ = +/82 + b, rewrite the
transforms found in part (b) and then find the partial fraction decompositions of
LY ()] and L[H(1)].

d. Use the inverse Laplace transform and the given initial conditions to find Y (t) and
H(t). (Assuming that Y (t) and H(t) have continuous first derivatives, the second form
of the Existence and Uniqueness Theorem in Section 4.9 guarantees that this solution
is unique.)

e. Complete segregation occurs when either Y (t) or H(t) is zero at some finite time t*.
Explain why such a finite time exists for Y (t) if «/8 < —b/(8 + w) and such a time
exists for H(t) if a/B8 > —b/(8 + w).

f. Ifa/B = —b/(8 + w) (called the tipping ratio), why do the expressions for Y(t) and
H(t) found in part (d) indicate that complete segregation cannot occur? What is the
tipping ratio ifa = d?

g. If b =0 and ¢ < 0 in System (*), investigate how many Yahoos and Houyhnhnms
will be living in the city eventually—that is, as t — oo.



CHAPTER 7

Systems of Nonlinear Differential Equations

INTRODUCTION

We have discussed various nonlinear equations throughout previous chapters, especially in
Chapters 2 and 3, treating them numerically, graphically, and analytically. In general, we can’t
expect to find the explicit (closed-form) solution of a nonlinear equation, so we are forced to
rely on qualitative and computational methods rather than on purely analytical techniques.
This complexity is magnified when we address systems of nonlinear equations.

In Chapter 5 we analyzed the stability of systems of linear differential equations—that is,
the behavior of such systems near equilibrium points—and saw that this stability could be
described completely in terms of the eigenvalues and eigenvectors of the system. This kind of
analysis can be done for nonlinear systems, but it is not quite so satisfactory and complete.
One way of carrying out this study is to examine how closely we can approximate (in some
sense) a nonlinear system by a linear system and then apply the linear theory.

The modern qualitative theory of stability discussed in Chapter 5 and in this chapter originated
in the late 1800s with the work of the French mathematician Henri Poincaré (1854-1912),
who was studying nothing less than whether the solar system was a stable system. The equa-
tions involved in Poincaré’s study of celestial mechanics could not be solved explicitly, so
he and others developed implicit (qualitative) methods to deal with the complicated prob-
lems of planetary motion. [An excellent account of this work and its consequences is Celestial
Encounters: The Origins of Chaos and Stability by F. Diacu and P. Holmes (Princeton: Princeton
University Press, 1996).]

EQUILIBRIA OF NONLINEAR SYSTEMS

Recall that an equilibrium point of a differential equation or a system of differential equations

is a constant solution. If we look at the two (somewhat similar) equations (1) y’ = —y and
(2) ¥y = =y —y), we will see some important differences between linear and nonlinear
equations.

Copyright © 2009, Elsevier Inc. 353
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Equation (1) is linear but, more fundamentally, separable, so it is easy to find the general
solution: y = Ce™!, where C is an arbitrary constant. (We recognize that C = y(0), the initial
state of the system being modeled by the equation.)

Ce*

T=Ctce=r Where

Now Equation (2) is nonlinear and separable, and its general solution isy =
C = y(0). (Verify the solutions to both equations.)

Let's examine some typical solution curves for Equation (1). Figure 7.1 shows that there is
only one equilibrium solution, y = 0, and this is a sink. (Review Section 2.6 if necessary.) If
an object described by the equation starts off at zero (that is, if C = 0), it remains at zero
for all time. If the object’s initial state is not zero, then the object will approach the solution
y = 0 as its asymptotically stable solution (or sink).

On the other hand, Figure 7.2 shows the same kind of information for Equation (2). For such
a nonlinear equation there can be more than one equilibrium solution, in this case y = 0
and y = 1. Also note that some solutions of a nonlinear equation may “blow up in finite
time”—that is, become unbounded as t approaches some finite value.

(Where does the denominator of the general solution to Equation (2) vanish?) In contrast, all
solutions of a linear equation or a system of linear equations are defined for all values of the
independent variable. Finally, looking closely at the behavior of solutions of Equation (2)
with different initial values, we see that the solutions starting off above 1 behave differently

S\ /47

FIGURE 7.1
Solutions ofy’ = —y;y(0) =5,3,1, -2, —4

y
4
2
0

_2 -
-4

FIGURE 7.2
Solutions of y' = —y(1 —y)
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from those solutions with initial values less than 1. The equilibrium solution y = 0 is a sink
ify(0) < 1 and y = 1 is a source if y(0) > 1. Furthermore, for solutions with initial values C

greater than 1, the linet = In (%) is a vertical asymptote. The last three types of behavior
cannot occur when we are dealing with a linear equation. You should expect that the situation

with nonlinear systems is appropriately complicated.

Let’s look at an example of a nonlinear system and its behavior near its equilibrium points.

m Example 7.1.1 Stability of a Nonlinear System

The nonlinear system

X =x—x>—xy

Y =—y =y + 20y

represents two populations interacting in a predator-prey relationship. This is essentially a
Lotka-Volterra system (see Section 4.7, especially Example 4.7.4) with “crowding” terms (the
squared terms) added for both species.

To calculate the equilibrium points of this system, we solve the system {x’ = 0,)’ = 0}, which
is the same as the nonlinear algebraic system

(A) x(I1—-x—p)=0
(B) y(=1—y+2x)=0.

Clearly, the origin, x = y = 0, is an equilibrium point. Logically, there are only three other
cases to examine: (1) x =0,y # 0; (2) x # 0, y = 0; and (3) x # 0, y # 0. Assuming case
1, we can eliminate Equation (A) and examine (B), which becomes y(—1 — y) = 0. Because
y # 0, we conclude that —1 —y = 0, or y = —1. Thus, our second equilibrium point is
(0, —1). Moving to case 2, we can ignore Equation (B) and focus on (A), which now looks
like x(1 — x) = 0. Because we are assuming in case 2 that x # 0, we can see that x = 1, which
gives us the third equilibrium point (1, 0). Finally, if x # 0 and y # 0, our system of algebraic
equations becomes

(B2) y—2x=-1.

(We have divided out x and y in (A) and (B) and then rearranged the terms of each
equation.) Subtracting (B2) from (A2) gives us 3x = 2, orx = % Substituting this value of x
in (A2) yields y = 1. Therefore, the last equilibrium point is (2, 1).

In terms of a population problem, the only interesting equilibrium point is the last one
we found. (Why is this so?) If we look at a slope field for the original system of nonlinear

differential equations near the point (%, %), we see some interesting behavior (Figure 7.3a).
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Phase portrait forx' = x — x2 — xy,y' = —y — y2 + 2xy near (% %)
(x(0),y(0)) = (0.2, 1), (0.8,0.8), (0.8,0.5),(1,0.7),(1,0.2), (0.5, 1)

The apparent spiraling of solutions into the equilibrium point can be seen more clearly if we
show some (numerically generated) solution curves (Figure 7.3b). Figure 7.3b represents a
predator-prey population that is stabilizing. If the units are thousands of creatures, then the
X population is heading for a steady population of about 667, whereas the Y population has

333 as its stable value.
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Mathematically, however, we should look at the entire phase portrait to understand
the complex behavior of nonlinear systems. We'll return for a detailed analysis in
Example 7.3.1. [ |

Exercises 7.1
A

Find all equilibrium points for each of the systems in Problems 1-14, using technology if
necessary.

/

X o=—xtay, )=y +2xy
X =x—x,y=y-x
x/:x2_y2,y/:x_xy

/ 2 ./ 2

¥ =xty+ 2,y = -2ty 4y
X =y(1-x2),y =—x(1-y?)

¥ =x—x?—ay,y =3y —xy — 27
x/=1—y,y/=x2—y2

© N s wN R

. X' =(1+x)siny,y =1 —x — cosy [Hint: Graph the two equations on the same axes.]

[y
o

x' =3y — ¥,y = 2x — y [Hint: There are two equilibrium points. Use your CAS to approximate
these points.]

1. & =p? =%,y =x—1
12. X' =x2 —y,y =y* —x
13. ¥ =xp(1—x),y =y (1-1)
14. ¥ =,y = —sinx — 3y

1. Use technology to find all equilibrium points of the system
X =—yy = ( 4 3.2
=—yy =(x"+4x" —x°—4x+vy)/8.

2. A two-mode laser produces two different kinds of photons, whose numbers are nq and ny. The
equations governing the rates of photon production are

n1 = GiNny — kym
fio = GoNny — konp,

where N(t) = Ng — ajny — aynp is the number of excited atoms. The parameters G1, Gy, k1, k2,
a1, ay, and Ny are all positive. Use a CAS “solve” command to find all equilibrium points of the
system.

3. A chemostat is a device for growing and studying bacteria by supplying nutrients and
maintaining convenient levels of the bacteria in a culture. (See Project 2-2 at the end of
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Chapter 2.) One model of a chemostat is the nonlinear system

d—N—a L N-N
a ~“"\1+c

dc C
— =—(—=)N-C+ay,
dt <1+C) +a2

where N (t) denotes the bacterial density at time t, C(t) denotes the concentration of nutrient,
and a1, a; are positive parameters. Use technology to find all equilibrium solutions (N*, C*) of the

system.
4. In the absence of damping and any external force, the motion of a pendulum is described by the
2
equation ZTf + % sin & = 0, where 0 is the angle between the pendulum and the downward

vertical, g is the acceleration due to gravity, and L is the length of the pendulum.

a. Write this equation as a system of two first-order equations.
b. Describe all equilibrium points of the system.

1. Use technology to find all equilibrium solutions of the system
X =x—y?+a+bxy, y=02y—x+x,

where a = 1.28 and b = 1.4. (Round to the nearest thousandth.)

LINEAR APPROXIMATION AT EQUILIBRIUM POINTS

One important aspect of linear systems is that the behavior of solutions near an equilibrium
point (“local” behavior) tells you the behavior of solutions in the entire phase plane. However,
even though most of the “nice” properties of linear systems are not present when we analyze
nonlinear systems, we may be able to understand the local behavior of nonlinear systems by
a process of linearization or linear approximation. This means that we try to replace the original
nonlinear system by a linear system that is “close” or near an equilibrium point. Remember
that in Section 3.1 we first discussed Euler’s method, which involved approximating solution
curves by tangent lines.

To see how this might work, let’s go back to the nonlinear equation y’ = —y(1 —y) = —y +y?
discussed in Section 7.1. We know thaty = 0 is an equilibrium point. Now note that for values
of y close to zero, y? is smaller than y. For example, if y = 0.00001, then y? = 0.0000000001.
Then, dropping the squared (nonlinear) terms, we can guess that the linear equation y’ = —y
is a good approximation for the original equation and that the behavior of this last equation
neary = 0 should tell ushow)” = —y(1—y) behaves neary = 0. A comparison of the solution
curves neary = 0 in Figure 7.1 and Figure 7.2 shows us that this is true. However, it should also
be clear that we would be wrong to base our analysis of y’ = —y(1 —y) ony’ = —y for all initial
values.
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If we want to analyze the behavior of y = — y(1 — y) near its other equilibrium point,
y = 1, we can use a simple change of variable: Let y = 1 + z, so that studying the behavior
of Y = —y(1 — y) near y = 1 is the same as analyzing the behavior of the equationy =1 +z
near z = 0. (Make sure you see this.) With this change of variable, we get the new equation
Z = —y(1 —y) = (=1 — 2)(—z) = z + z°. Using the same reasoning as before, we can take
z' = z as a good linear approximation near z = 0. This last equation has the general solution
z = Ce', so solutions of z/ = z 4 z> move away from z = 0 as t increases. But becausey = 1+z,
solutions of y = — y(1 — y) near y = 1 curve away from y = 1, behavior we can verify by

looking at Figure 7.2.

As another example, take the second-order nonlinear equation % + 2 sinx =0, which
describes the swinging of a pendulum (where x is the angle the pendulum makes with the
vertical, g is the acceleration due to gravity, and L is the pendulum’s length). This equation is
not easy to deal with analytically, so often the nonlinearity is removed by a substitution. For
small values of x (that is, for an oscillation of small amplitude), sinx ~ x, so we can replace
our original nonlinear equation by the linear equation that approximates it: ‘;Tf + ‘%x = 0.
This approximate pendulum model has the same mathematical behavior as the undamped
spring-mass system; see Equation (4.8.1) in Section 4.8. Despite our success in approximating
a nonlinear equation by one that is linear, this is a limited victory. For example, the analysis
of the linear approximations implies that all solutions are defined for all values of ¢, but this
is clearly not the case for the nonlinear equation. The next example illustrates the failure of
linearization more dramatically.

m Example 7.2.1 Linearization Can Mislead
Let's look at the system

X =y+ax(x* +y?)
y=—x+ay(x* +y?),
where a is a given real number.

Clearly, the origin (x,y) = (0,0) is an equilibrium point regardless of the value of the
parameter a. In our example the obvious linearized system is

(Look back at the spring-mass system analyzed in Example 4.8.1.) This can be written in
the form X = AX, where X = |:J; i| and A = |:_(1J (1)
12 4+ 1 =0, so that the eigenvalues of A are purely imaginary: i and —i. From Table 5.1
in Section 5.5, we conclude that the origin is a stable center of the linearized system. But
this is the wrong conclusion with respect to the original nonlinear system, as the phase portrait

}. The characteristic polynomial is
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FIGURE 7.4
Trajectories of x =y — x (x2 +y2), 7 = —x —y (x> +y2),0 < t < 60
(x(0),y(0)) = (0, 1.5), (0, —1.5)

of the original nonlinear system near (0, 0) shows. This portrait (Figure 7.4) corresponds
toa=-1.

It seems that the trajectories spiral in toward the equilibrium point, indicating that the origin
is actually a spiral sink for the nonlinear system. However, appearances can be deceiving, and
Problem C1 in Exercises 7.2 suggests a way of proving this claim about the origin.

You should suspect that the stability of the original system depends on the value of the
parameter a. If a = 0, for example, then the nonlinear portion of the system disappears,
leaving us with a purely linear system—in fact, the same system analyzed in Example 4.8.1
(with 8 = 1). As we've said, the origin is a stable center for this linear system, every trajectory
closing perfectly after one cycle. Problem C1 asks you to explore these ideas further. |

In summary, we can look at this last example as a linear system “perturbed” (disturbed or

knocked off kilter) by a nonlinear component. We can write this system as X = |:_(1) (1)} X+

[f (x,y)
g(x, y)

perturbation is “nice” enough, the behavior of the whole system can be predicted from the
behavior of its linear portion near equilibrium points.

i|, where f and g are nonlinear functions of x and y. As we'll see later, if the nonlinear

Almost Linear Systems

If we want to make this discussion of linear approximation mathematically sound, we have to
remind ourselves of some basic calculus facts. (See Section A.1 for additional information.)
Back in Section 3.1 we discussed local linearity, the idea that if we “zoom” in on a point on



7.2 Linear Approximation at Equilibrium Points

a curve y = f(x), the curve looks like a straight line—in fact, like a piece of the tangent line
drawn to the curve at that point. More precisely, for values of the independent variable x close
to x = a, we can write f(x) = f(a) + f'(a)(x — a). You should recognize that this expression
consists of the first two terms of an nth-degree (n > 1) Taylor polynomial approximation of f near
x = a—or, equivalently, the first two terms of the Taylor series expansion of f in a neighborhood
ofx =a:

fo = f(a)+f(a><x—a)+f()< —a)? + f ()< —a) +
(n)
+f—(x—a)”+
n!
= f@) +f (@) x —a) + (x - {fz(f) f;f‘)( —a)

(n)
+—(x—a)"_2+--~}.
n!

We can write this last result as f(x) ~ f(a) + f'(a)(x — a) + O((x — a)z), where the notation
O((x — a)?) represents the fact that if x is close to a (so that x — a is very small), then the
sum of all terms past the second will be bounded by some multiple of (x — a)2. (The series
in braces, {- - - }, converges to some constant value.)

Now assume that we have a general nonlinear autonomous system of the form

¢ = Flx
f () (7.2.1)
y=G(x,y)

which has the origin as an equilibrium point—that is, F(0, 0) =0 and G(0, 0) = 0. This last
assumption is just for convenience as we develop some methodology. If we can write F as
ax+by+f(x,y) and G as cx + dy + g(x, y), where f and g are nonlinear functions, then we can

express the system in the form
X:F ﬂx+f@w.
c d 8(x,y)

If the nonlinear functions f and g are “small enough” (in a sense to be explained later) that
their effect on the system is negligible, then we can call our system “almost linear.” Near the

origin, our nonlinear system behaves essentially like the linear system X = [z Z:| X—that

is, like the system

X =ax+ by
y=cx+dy.
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Earlier we recalled that the tangent line y = f (a) + f’(a) (x — a) gives the best linear approxima-
tion of a single-variable function f near x = a. For F(x, y), a function of two variables, the best
approximation near a point (g, b) is provided by the tangent plane given by the approximation
formula

Ry ~ F@ b + 5 @b —a) + %(a, by —b), (7.2.2)

where % (a, b) and % (a, b) denote the partial derivatives of F evaluated at the point (4, b). (See

Section A.8.) For example, if we want to approximate F(x, y) = x> + y3 near the point (1, 1),
we calculate

F(1,H)=13+13=2

dF , OF 5
— =3x%,—(1,1)=3(1)? =3
ox ax
oF oF
— =3)y?, —(1,1) =3(1)* =3,
ay ay

so the equation of the tangent planeisz =2+ 3(x — 1) +3(y — 1).

You should think of the right-hand side of Equation (7.2.2) as the first-degree Taylor
polynomial approximation of F, the linear terms in x and y of the two-variable Taylor series
expansion of F. This approximation ignores the rest of the series consisting of the terms
in x and y of the second degree and higher, which we can denote by f(x, y). Thus, in our
last example, we can write x> + y3 ~ 2 + 3(x — 1) + 3(y — 1) near (1,1) or x> +y> =
243 —1)4+ 3@ — 1)+ f(x,y) near (1, 1). (See Section A.8 for more information on this
issue.)

If we choose the point (a, b) to be the origin, then we can rewrite (7.2.1) as
. oF oF
X =F(0,0) + —(0,0)x + —(0,0)y + f(x, y)
ox ay
G G
y = G(0,0) +—(0,0 —(0,0 ,
y=G(0,0)+ —( )x+8y( )y +8(x.y)

or (remembering that we have assumed F(0, 0) = G(0, 0) = 0), as

x=ax+by+f(xy)
y=cx+dy+gy), (7.2.3)
where a = §(0,0),b = §(0,0),¢ = §2(0,0), and d = §:(0, 0).

The technical definition of the “smallness” of f and g near the origin is that

fey o, 8 _ (7.2.4)

lim ——— = im = =
@n=>0,0 /x2 +y2  €=N—=0,0) /x2 + y?
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The limits in (7.2.4) just say that near the origin, f and g are small in comparison to r =
VX2 + yZ, which is the radial distance of the point (x, y) from the origin.

We define an almost linear system as a nonlinear System (7.2.3) that satisfies (7.2.4). In this
situation, the linear part

X =ax + by
y=cx+dy (7.2.5)
is called the associated linear system or linear approximation about the equilibrium point

0,0).

m Example 7.2.2 A Linear Approximation

Let’s examine the behavior of the following system near the origin:
X =x+2y+xcosy
y = —y —siny.

First of all, we can see that (0, 0) is an equilibrium point for the system. Now we must find
the associated linear system, which is not obvious because x cosy and — sin y actually contain
linear terms that must be combined with the linear terms already visible in the original system.

Substituting the Taylor (or Maclaurin) expansions for cosy and siny in the given equations
and collecting terms, we have

2 4 2 4
o o7 - oy o
x_x+2y+x<1—z+z—-~-)_2x+2y+x< 2!—|-4! )
3 5 3 5
_ .7 — oy (Y
Thus, the associated linear system is
X =2x+2y
y=-2y

or

. 2 2
X[ Zxoax

The characteristic equation of this linear system is given by A2 — 4 = 0, so the eigenvalues are
A=-2and » =2.

Table 5.1 in Section 5.5 tells us that two real eigenvalues opposite in sign indicate that we
have a saddle point. Figure 7.5a shows the slope field for the system; Figure 7.5b shows some
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FIGURE 7.5a
Slope field for x = x + 2y 4+ x cosy, y = —y — siny

FIGURE 7.5b
Trajectories forx = x + 2y + xcosy, y = —y —siny

trajectories for the nonlinear system around the origin. Figure 7.5c shows trajectories around
the origin for the associated linear system.

We can see from these phase portraits that the linear approximation captures the behavior of
the nonlinear system near the origin.
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FIGURE 7.5¢
Trajectories forx = 2x + 2y, y = =2y
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In the next section, we'll generalize our work with almost linear systems in the form of a
famous theorem.

Exercises 7.2

A

In Problems 1-15, (a) verify that (0, 0) is an equilibrium point of each system and (b) show
that each system is almost linear.

= e e e
A WN RO

o
(331

©EONSA PR WNE

K =3x+y+ay,y =2x+ 2y — 2x)?
=x—y+x2y =x+y

X =x—xy—8x2,y = —y+ay

X = —4x+y—xp3,y =x— 2y + 3x2
x' =3sinx+y,y =4x+cosy—1
¥=x—yy=1-¢"

X =-3x—y—xp,y =5x+y+x3

X =y(1—=x2),y = —x(1-?)

X =—x+x3y =-2

K =—2x4+3y+xy,y = —x+y—2x)?

X =@ =2 +4), Y =2x—y

X == -3y =@+2n@ -1

. x =5x— 14y +xy,y = 3x — 8y +x2 4 y2
X =9+ 5y +ay,y = —7x — 3y +x2

, 1 1 1 , 1 1 2
X ==(1-=x—=y x,y:Z 1——x—=y

2 2 2 3

3

)y
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B

1.

C
1.

A woman rows a boat across a river a units wide occupying the strip 0 < x < a in the x-y plane,
always rowing toward a fixed point on one bank, say (0, 0). She rows at a constant speed u relative
to the water, and the river flows at a constant speed v. The situation can be modeled by the
equations

. ux . uy
X = —— = —

S Y=V ——,
Vx2 +y2 ! VxZ +y2

where (x, y) are the coordinates of the boat.

a. Use technology to sketch the phase portrait of the system for u > v. (Pick some reasonable
values of u and v.) What happens to the boat over time?

b. Use technology to sketch the phase portrait of the system for u < v. [Just reverse the values of u
and v used in part (a).] What happens to the boat now?

. Show that the system

x' = —x+ 3y +ycos,/x2 +y?

Y = —x — 5y + xcos,/x2 + )2
is not almost linear.

Consider the second-order nonlinear equation ¥ + x — 0.25x2 = 0.

a. Convert this equation to a nonlinear system of two first-order equations.
b. Determine if (0, 0) is an equilibrium solution of the system found in part (a).
c. Determine the associated linear system.

Let's return to the system in Example 7.2.1:

fc=y+ax(x2+y2)

y = —x+ay(x2 +y2).

a. Introduce polar coordinates defined by x = () cos 6(t), y = r(t) sin 6(t). Note that x2 + y2 = r2
and use the Chain Rule to show that xx + yy = 7.

b. In the expression for ri found in part (a), substitute for x and y using the equations in the system
and show that = ar3 forr > 0. o

c. Show that # = arctan(y/x) and that § = x}’r;zyx Substitute for x and y in this last formula to see
that 6 = 1.

d. The results of parts (b) and (c) show that our original system is equivalent to the system
{f =ar3,§=1 } The second equation says that all trajectories rotate around the origin with
constant angular velocity 1. Recognizing that the first equation describes the radial distance
from the origin to a point on the trajectory (see the function d(t) introduced in Example 7.2.4),
examine what happens to r(t) as t — oo in the three cases a < 0,a = 0, and a > 0. What does
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this say about the nature of the equilibrium point at the origin? Sketch a trajectory (in the x — y
plane) for each of the three cases.

2. In Problem B1 above, show that the trajectories in the phase plane are given by
v+ vx2 +y2 = C x17® where « = v/u and C is an arbitrary constant.

THE POINCARE-LYAPUNOV THEOREM

In this section, we will expand (pun intended) our view of linear approximation as an aid
in understanding the stability of nonlinear systems. More generally, suppose that (a, b) is an
equilibrium point for the system

x=F(x,y)
v =G p),

which means that F(a, b) = 0 = G(q, b). Using the tangent plane approximation Formula
(7.2.2), we can rewrite this system as

- o+ b
X—F(a,b)Jr&(a,b)(x a)+ay(a,b)(y b) +f(xy)

_ G G
y=Glab)+ @bk —a)+ a_y(“’ b)(y —b) +8xy)

or (because F(a,b) = 0 = G(a, b)) as

Xx=Alx—a)+B(y—-b+f(x y)
y=Cx—a)+ D@y —0b)+ gy, (7.3.1)
where A = %(a, b),B = %:(a, b),C = %(a, b),and D = %(a, b). Another way to look at this
general situation is to realize that we are translating the equilibrium point (a, b) to the origin
by using the change of variables u = x —a and v = y — b. Of course, this means thatx = u+a
and y = v + b, so that we can rewrite (7.3.1) as
it=Au+Bv+f(u,v)
v = Cu+ Dv+g(u,v),
which has (0,0) as an equilibrium point. Note that this says that any equilibrium point
(a*,b*) # (0, 0) can be transformed to the origin for the purpose of analyzing the stability

of the system. Therefore, we can state an important stability result for nonlinear systems in
terms of an equilibrium point at the origin.

Suppose we have the nonlinear autonomous system

X=ax+by+f(xy)
y=cx+dy+gxy), (7.3.2)
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wheread—bc #0, lim fepy g(xy)

= lim
xy)—>(0,0) /x24y2  (x,y)—>(0,0) A/x2+y?

point. If 11 and A, are the eigenvalues of the associated linear system

= 0, and the origin is an equilibrium

y=cx+dy, (7.3.3)

then the equilibrium points of the two systems, (7.3.2) and (7.3.3), are related as follows:

a. If the eigenvalues A, and %, are not equal real numbers or are not pure imaginary
numbers, then the trajectories of the almost linear System (7.3.2) near the
equilibrium point (0, 0) behave the same way as the trajectories of the associated
linear System (7.3.3) near the origin. That is, we can use the appropriate table entries
given in Section 5.5 to determine whether the origin is a node, a saddle point, or a
spiral point of both systems.

b. If &, and A, are real and equal, then the origin is either a node or a spiral point of
both systems. Furthermore, if A; = A; < 0, then the origin is asymptotically stable;
and if A; = A, > 0, then the origin is an unstable equilibrium point.

c. If A and A, are pure imaginary numbers, then the equilibrium point (0, 0) is either a
center or a spiral point of the nonlinear system. Also, this spiral point may be
asymptotically stable, stable, or unstable.

This important result was discovered by Poincaré and the Russian mathematician
A. M. Lyapunov (1857-1918). The next example shows how to use the Poincaré-Lyapunov
theorem.

m Example 7.3.1 An Application of the Poincaré-Lyapunov
Theorem

Let’s return to the system in Example 7.1.1:

X =x—x2—xy
Vo =—y—y +2.

We saw that there were four equilibrium points: (0, 0), (0, —1), (1, 0), and (%, %).

Near the origin, because the terms x2,y?, and xy are smaller than the terms x and y, we can
replace the nonlinear system by its associated linear system

The eigenvalues of this linear system are —1 and 1. According to part (a) of the Poincaré-
Lyapunov result, the trajectories of the nonlinear system should behave the same way as the
trajectories of this associated linear system. Table 5.1 in Section 5.5 tells us that the origin is
a saddle point for both systems.
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If we want to examine what happens near the equilibrium point (0, —1), we make the change
of variables u = x —0 = xand v = y — (—1) = y + 1 so that we can rewrite the original
system as

W=x=u—-1w—uw—-1)=2u—u’>—w

V=y=-w-1)—@w-1>4+2uw—-1) = —-2u+v—1v?>+ 2uw.

Then the associated linear system is

u =2u

vV = =2u+v,
with eigenvalues 1 and 2. (Check this.) Now result (a) and the table in Section 5.5 tell us that
the equilibrium point (0, —1) is a source for the nonlinear system.

The equilibrium point (1, 0) leads us to make the change of variables u = x — 1 and v =
y — 0 =y, so that the nonlinear system is transformed into

W=—u—v—u’—w

vV =v—v*+ 2u,

with associated linear system

The eigenvalues for this last system are —1 and 1, so that (1, 0) is a saddle point for both the
nonlinear system and its associated linear system.

Finally, we look at the equilibrium point (%, %) The transformation u = x — %, vV=y— %

leads to the system

U=————u"—u
3 3
2u v
/ 2
=— —=-—v +2u
3 3

, —2u v

Uu=——-—
3 3
2u v

V="
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FIGURE 7.6a
Trajectories of x' = x — x% — xy, y = —y — y> + 2xy near the origin

FIGURE 7.6b
Trajectories of x' = x — x% — xy, ¥/ = —y — y? + 2xy near (0, —1)

which has eigenvalues —% + @i and —% — @i. Therefore, from result (a) and Table 5.1,
we know that (%, %) is a spiral sink. Look back at Figures 7.3a and 7.3b to see this clearly.
Figure 7.6a shows some trajectories near the origin, a saddle point. Figure 7.6b illustrates the
behavior of the system near the equilibrium point (0, —1), a source. Finally, Figure 7.6c makes
it clear that (1, 0) is indeed a saddle point. [ |
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—0.2

FIGURE 7.6¢
Trajectories of x' = x — x% — xy, ¥/ = —y — y? + 2xy near (1, 0)

Now let’s examine a system whose stability is not so clear.

m Example 7.3.2 Another Application of Poincaré-Lyapunov
The system we'll investigate is

k=—x>—y
y=x—y>.
Set x = 0 and y = 0 and then substitute y = — x> from the first equation into the second

equation. We get x + x° =0, or x(1 4+ x%) =0, so x = 0. It follows that (0, 0) is the only
equilibrium point of this system.

The linearized system is

with characteristic equation A2 + 1 = 0 and eigenvalues —i and i. Because the eigenvalues are
pure imaginary numbers, case (c) of the Poincaré-Lyapunov result tells us that the origin is
either a center or a spiral point of the original nonlinear system. (Note that the origin is a
center of the associated linear system.) Figure 7.7 shows a typical trajectory, in this case with
initial state (x(0), y(0)) = (—0.5,0) and ¢ running from —9 to 100.
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Trajectories of & = —x3 —y, y = x — y> near the origin

From this, we can see that the trajectory appears to spiral in toward the origin—that is, the
equilibrium point is asymptotically stable. We could have seen this analytically by defining the

function
dt) = /x2(0) + y2(1),

which gives the distance from any point (x(t), y(t)) on a trajectory to (0, 0). Differentiating
this function and then substituting from our original equations, we get

. 1 _
dm=5Wm+ﬁm]m@mwm+mmmn
_ 30 (=20 —ym) +yO (50 - ®) _ x*0 +y40)

_ 0
S0 1 120 NGO

This says that the distance between points on the trajectory and the origin is decreasing with
time—that is, the trajectory is always moving closer and closer to the origin. |

The next example shows another type of behavior.

m Example 7.3.3 Yet Another Application of
Poincaré-Lyapunov
The system
X =2x— 6x2y

y=2y+x
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y

FIGURE 7.8
Trajectories of & = 2x — 6x2y, y = 2y + x near the origin

has the origin as its only equilibrium point. Check this for yourself. The linearization of this
system is

X =2x
j/=2y+x/

which has the characteristic equation 12 — 4A + 4 = (A — 2)? = 0. Because the eigenvalues
are positive and equal, we use result (b) to conclude that the origin is an unstable equilibrium
point, a source. Figure 7.8 shows this. |

Exercises 7.3

A

Each of the almost linear systems in Problems 1-10 has (0, 0) as an equilibrium point.
Discuss the type and stability of the origin by examining the associated linear system in each
case.

X =x—y+x2y =x+y

X =x—xy—8x%,y = —y+uay

X = —dx+y—xp3,y =x — 2y + 3x2

x' =3sinx+y,y =4x+cosy — 1

¥=x—yy=1-¢"

X' =-3x—y—xy,y =5x+y+x3

X =y(1-x2),y = —x(1-y?)

No gk oodeR
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8. ¥ = —x+x3,y =-2
9. &' = -2x+3y+uxy,y = —x+y—2x?
10. &' = 5x — 14y 4+ xy,y' = 3x — 8y +x2 + 2

B

1. Consider the nonlinear system

X=—x+xy, y=2y—xy+0.5x

a. Find all equilibrium points.
b. Describe the type and stability of each equilibrium point found in part (a) by examining the
associated linear system in each case.

2. Consider the nonlinear system

X=x—y+5, }'/=x2+6x+8.

a. Find all equilibrium points.
b. Describe the type and stability of each equilibrium point found in part (a) by examining the
associated linear system in each case.

3. Consider the nonlinear system
x=x8—-4x—y), y=y(B—-3x—y),
which describes the populations x(t) and y(t) of two species that are competing for the same

resources.

a. Find all equilibrium points of this system.
b. By linearizing about each equilibrium point found in part (a), determine the type and stability of
each equilibrium point.

1. The Brusselator is a simple model of a hypothetical chemical oscillator that first appeared in a 1968
paper by Belgian scientists I. Prigogine (a Nobel laureate) and R. Lefever and was named for the
capital of their home country. One version of the model is

x=1 —(a+1)x+bx2y

7 = ax — bx?y,
where x and y are concentrations of chemicals and a4, b are positive parameters.

a. Use technology, if necessary, to find the only equilibrium solution of this system.
b. Linearize the system about the equilibrium point found in part (a).
c. Find the eigenvalues of the associated linear system. (Technology could be useful here.)
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d. Using your answers from part (c) and the Poincaré-Lyapunov theorem, discuss the nature of the
equilibrium solutions for each of the following cases:

()a=3,b=1;
2a=2,b=7;
(3)a=1,b=4.

TWO IMPORTANT EXAMPLES OF NONLINEAR
EQUATIONS AND SYSTEMS

Now that we know something about the behavior of nonlinear systems, we can apply this
knowledge to the analysis of some important nonlinear equations and systems of nonlinear
equations.

The Lotka-Volterra Equations

As we stated in the discussion preceding Example 4.7.4, the nonlinear Lotka-Volterra equa-
tions describe a wide class of problems in mathematical ecology and cannot in general be
solved in closed form. Now we will look at this system from the Poincaré-Lyapunov point of
view.

m Example 7.4.1 The Lotka-Volterra Equations Revisited

The Lotka-Volterra equations are

X = ax — bxy

y = —cy+dxy,
where a, b, ¢, and d are positive constants. The equilibrium points for this system are solutions
of the algebraic system

ax —bxy =x(a—by)=0
—cy +dxy =y(—c+dx) = 0.

Clearly, x = y = 0 is a solution—that is, the origin (0, 0) is an equilibrium point. It should
also be clear from these last equations that if either x or y is zero, then the other variable must
also be zero. Therefore, if there are any other equilibrium points, we must have x # 0 and
y # 0. In the first algebraic equation, if x # 0, then we must have a — by = 0, so y = a/b.

From the second equation, we see that if y # 0, then —c¢ + dx = 0, so x = ¢/d. Thus, the only
equilibrium points for the Lotka-Volterra system are (0, 0) and (c/d, a/b).
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Near the origin, we can replace our original system by the associated linear system

which can be written in matrix form as X = AX, where A = |:g _(C):| and X = |:;f:| Now

the characteristic equation of A is A2 4+ (¢ — a)A — ac = 0, so the eigenvalues are a and —c.
Because the eigenvalues are real and of opposite signs, Table 5.1 in Section 5.5 indicates that
the origin is a saddle point for the linearized system. The Poincaré-Lyapunov theorem tells us
that (0, 0) is also a saddle point for our original nonlinear system.

To study the behavior of the system near the equilibrium point (c/d, a/b), we trans-
form the system by defining u =x — ¢/d and v =y — a/b. Then our original system

becomes
it:a(u+f—i) —b(u—i—g) (v+%)

b i) 43

which simplifies to

be

The associated linear system is given by X = AX, where A = |:a i Od i| The characteristic
b
polynomial here is A2 + ac = 0, so the eigenvalues are A; = +/aci and A, = —./aci. Because
we have pure imaginary eigenvalues, part (C) of the Poincaré-Lyapunov result tells us that
(c/d, a/b) is either a center or a spiral point for the nonlinear system. (The table in Section 5.5
indicates that (c/d, a/b) is a stable center for the associated linear system, but this doesn’t have
to be true for our nonlinear system.) Leta = b = ¢ = d = 1. Then Figure 7.9a shows the slope
field for the nonlinear system near the equilibrium point (¢/d, a/b) = (1, 1), and Figure 7.9b
depicts some trajectories near (1, 1).

These figures suggest (but do not prove) that the equilibrium point (1, 1) is a stable center
for the nonlinear system. (Problem B1 in Exercises 7.4 proposes some investigations in this
direction.)



FIGURE 7.9a
Slope figld of x = x — xy, y = —y + xy near (1, 1)

FIGURE 7.9b
Trajectories of x = x — xy, y = —y +xy near (1, 1)

[ |
7.4.2 The Undamped Pendulum

After our ecological field trip, let’s return to the world of physics and look at the motion
of a simple pendulum. In Section 7.2, we saw that the second-order nonlinear equation
% + % sinf = 0 describes the motion of an undamped pendulum—that is, a pendulum
under the influence of gravity with no friction or air resistance impeding its movement. Here,
6 is the angle the pendulum makes with the vertical, g is the acceleration due to gravity, and
L is the pendulum’s length (Figure 7.10).

377
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FIGURE 7.10
The undamped pendulum

m Example 7.4.2 The Undamped Pendulum: A Poincaré-
Lyapunov Analysis

Letting x = 0 and y = # = %, we can express the single equation ] + 2sin® = 0 as the
g X = y=0v=x p gle eq a2 i =
nonlinear system

xX=y
.__‘g .
y = Lsmx.

The first thing we have to do is find the equilibrium points of this system. (This was Problem
C2 in Exercises 4.7.) Clearly, any equilibrium point (x, y) must have y = 0. The equation
—£sinx = 0 has solutions x = nz,n = 0,+1,+2,.... Thus, all points of the form (nr, 0)
forn =0,=£1, 2, ... are equilibrium points for the system describing the pendulum’s swing.
Because the sine function has period 27r—that is, sin(x + 2knw) = sin x for any integer k—the
second equation in the system remains the same for angles differing by integer multiples of
2. Thus, there is no physical difference in the system for such angles. (Think about this in
physical terms.) Now all the equilibrium point first coordinates that are even multiples of &
differ from 0 by multiples of 277, so we can just study what happens near (0, 0). (For example,
the point (—8, 0) is the same as (0 4 (—4) - 27, 0).) Similarly, all the equilibrium point first
coordinates that are odd multiples of 7 differ from 7 by multiples of 27, so we can just see
what happens to the system near (7, 0). (For example, (17, 0) is the same as (7w + (8) - 27, 0).)
Therefore, by analyzing the behavior of the system near the points (0, 0) and (xr, 0), we can
understand the behavior near any of the infinite number of equilibrium points.

Near the origin, we can replace sin x by its Taylor series expansion, so our system can be
written as
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and we see that the linearization of our system is given by

xX=y
8
= —=x.
V=71
. . . 0 1 . .. . 2 g
In matrix form, this becomes X = g o X, with characteristic equation A* + £=0 and
L

pure imaginary eigenvalues & = +./¢/Li. Once again, part (c) of the Poincaré-Lyapunov
theorem points to either a center or a spiral point. Intuitively, we should realize that this is like
the situation with the undamped spring-mass system: In the absence of any kind of resistance,
the object will continue to move periodically about its equilibrium state. In our case, we
would expect the pendulum to swing back and forth indefinitely. (Compare the pendulum’s
associated linear system with System (4.8.2) in Example 4.8.1.) Figure 7.11 shows the phase
portrait of the nonlinear system with g = L near the origin.

Note what the figure tells us. If the pendulum starts with xy = 6y anywhere between 0 and =
and we release the weight at the end (the bob), then the pendulum will swing in a clockwise
(negative) direction toward the vertical position and go past the vertical (x = 8 = 0) until
it makes the same initial angle on the other side. At this point in time (x = xo = — 6p), the
pendulum starts its journey back to the vertical position and then goes past it until x = 6y once
more. The variable y represents the angular velocity, which is zero as we release the pendulum;
becomes negative as the velocity increases in a negative (clockwise) direction; attains its
maximum as the pendulum swings through the vertical position; and then decreases as the
pendulum approachesx = xo = —6p. At this point, the pendulum begins its swing back toward

FIGURE 7.11
Trajectories of x =y, y = — sinx near the origin



m CHAPTER 7: Systems of Nonlinear Differential Equations

0. 8 F T ——p——p—p——>—D>—>—H> P —H P>V P
0.6
0.4

0.2

0

—0.2

—0.4

T 4 b b d— ¢ —F——

- 06 = Sy S S

e e e e e e e e e e e e

—08F & a2 444494 I

FIGURE 7.12
Trajectories of x = y, y = — sinx near (r, 0)

the center and ultimately back to its initial position, its velocity increasing and decreasing
appropriately. (We'll deal with the curves at the top and bottom of Figure 7.11 shortly.)

Now let’s examine the pendulum'’s behavior near the equilibrium point (x, 0). The transfor-
mation ¥ = x — 7, v = y — 0 results in the nonlinear system

u=v
b= —‘%sin(u-ﬁ-ﬂ) = —%(— sinu) = %Sinu'

with the associated linear system

Uu=v
b:‘gu.
L

Make sure you understand how we arrived here. This linear system has the characteristic equation

A2 - ‘% = 0 and eigenvalues i\/% . We look to part (a) of our stability theorem (and Table

5.1 in Section 5.5) to see that the equilibrium point (7, 0) is a saddle point. Figure 7.12 (again
with ¢ = L) focuses on the system’s behavior near this point.

As neat as this analysis seems to be, we've brushed past something we haven't explained yet:
the strange curves at the top and bottom of Figure 7.11. If we step back and look at the entire
phase portrait (Figure 7.13), this strangeness becomes more evident.

Clearly, if the initial velocity imparted to the undamped pendulum is low enough, the pen-
dulum swings indefinitely back and forth about its equilibrium point (0, 0). Physically, this
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FIGURE 7.13
Phase portrait of x =y, y = —sinx

equilibrium position corresponds to the pendulum at rest (y = § = 0) and hanging straight
down (x = 6 = 0). If we give the pendulum a high enough initial velocity, it will whirl up
and over the top—over and over again in the absence of any friction or air resistance. Its
velocity will vary periodically, attaining its minimum at odd multiples of 7= (when its posi-
tion is straight up) and its maximum at even multiples of = (when it is moving through the
straight-down position).

The curves joining the saddle points (odd multiples of 7 on the x-axis) need careful
explanation. Figure 7.14 focuses on the curves connecting the saddle points (—7, 0) and

y
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FIGURE 7.14

Separatrices connecting (—r, 0) and (r, 0)
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(7, 0). These are called separatrices (the plural of separatrix); they separate the regions
of “normal” behavior from each other. (More technically, they are called heteroclinic tra-
jectories or saddle connections.) As we've indicated before, the saddle points represent
a pendulum pointed straight up and at rest. Physically, then, these heteroclinic trajecto-
ries describe the fact that the pendulum slows down just as it approaches the upside-down
position.

Problems C1 and C2 in Exercises 7.4 suggest a more analytic way of understanding the
undamped pendulum’s behavior. |

Exercises 7.4
A

Find the nontrivial equilibrium point for each of the Lotka-Volterra systems in Problems
1-6. You may need technology.

. X =3x—2xy,y=—y+4xy
. x=0.1x — 0.2xy,y = —0.5y + 0.3xy
. X =0.005x — 0.02xy,y = —0.3y + 0.4xy

1

2

3

4. X =x—2xy,y = =3y + 4xy

5. x=02x—-0.2y,y = -3y +xy

6. x=3x—2xy,y=—y+ %xy

7. Consider the Lotka-Volterra equations (Example 7.4.1) fora = b = ¢ = d = 1. To develop some
confildence in the power of numerical methods, use whatever Runge-Kutta algorithm and step size
your instructor suggests to approximate the solution to the initial value problem with x(0) = 1 and
y(0) = 2 over the interval [0, 1].

1. Consider the Lotka-Volterra equations fora = b = ¢ = d = 1. Figure 7.9b shows some trajectories
corresponding to this situation. Without relying on the graph, we want to show that the trajectories
are closed curves—i.e., that the equilibrium point (1, 1) is a stable center.

a. Show that the slope field for % is symmetric about the line y = x. [Hint: Look at what happens
if you interchange x and y in the slope equation.|

b. Argue that if you start at some point P = (x, y) on the line y = x and travel along the trajectory
once around the point (1, 1), you wind up back at the same point P, so that the curve is
closed.

2. Consider the system first examined in Example 4.7 4:

x = 0.2x — 0.002xy

y =—0.1y + 0.001xy.
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Find the equilibrium points for the system.

b. Plot the trajectory corresponding to the initial conditions x(0) = 100 and y(0) = 300. Interpret

these initial values and the shape of the trajectory in terms of the predator and prey populations.
(Choose the interval [0, 55] for your independent variable t.)

Use the graph of the trajectory found in part (b) to estimate the maximum and minimum values
of the populations x and y.

Find the slope equation % and solve it (implicitly) using the initial conditions given in part (b).

e. Use technology to plot the solution found in part (d), using ranges for x and y consistent with

your answers to part (c).

. Recall that the Lotka-Volterra system (Example 7.4.1) has the nontrivial equilibrium point

(c/d, a/b). To understand the direction of any trajectory for the Lotka-Volterra equations without
relying on a graph provided by technology, divide the first quadrant of the x-y plane into four
subquadrants via the lines x = ¢/d and y = a/b. (Sketch this situation.)

a.

® & a T

Show that for x > ¢/d and y > a/b, you have x < 0 and y > 0.
Show that for x < ¢/d and y > a/b, you have x < 0 and y < 0.
Show that for x < ¢/d and y < a/b, you have x > 0 and y < 0.
Show that for x > ¢/d and y < a/b, you have x > 0 and y > 0.

From the results of parts (a)—(d), conclude that any point (x(t), y(t)) on a trajectory for the
Lotka-Volterra equations moves in a counterclockwise direction.

. Recall that in Example 7.4.1 the Lotka-Volterra equations x = ax — bxy, y = —cy + dxy were
linearized to &t = (—bc/d)v, v = (ad/b)u near the equilibrium point (c/d, a/b).

a.

a.

Find the slope equation % and conclude that the linear system has a solution satisfying
ad?u? + b?cv? = K, where K is a positive constant.

Rewrite the solution in part (a) in terms of the original variables x and y and show that you get
the equation of an ellipse with center at (c/d, a/b) and with axes parallel to the axes of the x-y
plane.

Compute the derivative of each equation of the linearized system to get the equations

il = —acu, ¥ = —acv—uncoupled second-order linear equations of the form i = —Rw.

Show that the solution of the linearized system is a pair of functions (u(t), v(t)) with the same
period 27/+/ac.

. Focus on the equation for the predator population, % = —cy +dxy.

Divide the equation by y and integrate between the initial time t¢ and some arbitrary time t.

b. Assuming that the predator population is periodic (see Figure 4.10 or 4.11b, for example) with

period T, let t = 17 in part (a), so that t; — to = T and y(t1) = y(tp). Show that the average value
of the prey population is ¢/d, the same as the equilibrium population of the prey. (Recall that the
average value of a function f on the interval [q, b] is defined as ﬁ I f f(r)dr.) [Hint: Note that
y/y = —c + dx and integrate from 0 to T, using the periodicity of In |y(t)].]
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6. Assuming the result of Problem Bbb and that the average value of the predator population y(t) is
a/b, the equilibrium population of the predator, and also assuming that both the predator and prey
populations have the same period T, show that the average value of x(¢)y(t) equals the average
value of x(t) times the average value of y(t). [Hint: (y + cy)/d = xy.]

1. Consider the simplified pendulum equation used in Figure 7.11, Example 7.4.2: ‘312729 +sin6 = 0.
You're going to show (analytically) that this equation has periodic solutions—i.e., there are closed
trajectories in the phase plane corresponding to the system version of the equation.

a. Show that this equation is equivalent to the system

dx _
a7
dy .
E = —SInx.
b. Show that any trajectory in the phase plane is a solution of % =— Si‘y”.

Q

Solve the equation in part (b).

d. Show that there are closed trajectories in the x-y plane and hence that the undamped
pendulum problem has periodic solutions. [Hint: Find suitable values of the constant of
integration you get in part (c).]

2. When you find the general solution of the equation dy _ _sinx [as in part (b) of the preceding

problem], you have an arbitrary constant C. . !
a. What values of C give the wavy trajectories at the top and bottom of Figure 7.13?
b. What values of C give the separatrices, as in Figure 7.147?
3. For small values of 9, sin § ~ 0, so that the linearized equation of the undamped pendulum is
6 + $6 = 0. Work with this equation and the initial conditions 6(0) = 0, #(0) = 2.
a. Find 6(t) if the length of the pendulum is 8 feet. (Take g = 32 ft/sec?.)
b. What is the period of the function found in part (a)?
c. If the pendulum is part of a clock that ticks once for each time the pendulum makes a complete
swing, how many ticks does the clock make in one minute?
d. How is the motion of the pendulum affected if the length is changed to L = 47
4. The equation 6 + k6 + sin 6 = 0 describes a particular damped pendulum—i.e., a pendulum with
friction or air resistance. Here, k is a positive constant, the coefficient of friction.
a. Convert this second-order equation to a system of first-order equations.
b. Use technology to produce the phase portrait when k = 0.1.
c. Use technology to produce the phase portrait when k = 0.5.
d

. Compare the phase portraits in parts (b) and (c) and give a physical interpretation of what
you see.
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VAN DER POL'S EQUATION AND LIMIT CYCLES
Van Der Pol’s Equation

The next example deals with a famous equation that arose when radios were first devel-
oped. The original context was the study of certain electrical circuits containing a vacuum
tube (“triode generator”), but the work also has had significant biological applications. The
pioneering experiments and the first theoretical analysis were conducted by Dutch electrical
engineer Balthasar van der Pol (1889-1959) and others in the 1920s.

m Example 7.5.1 The Van Der Pol Equation

The van der Pol equation (or van der Pol oscillator)
X +e(x?—1)x' +x=0, (7.5.1)

where ¢ is a positive parameter, can also be interpreted in terms of a spring-mass system with
nonlinear resistance. (See Problem Al in Exercises 7.5.) Equation (7.5.1) can be written as
the equivalent system

xX] = x2

xh = —x1 +exy (1 —x7). (7.5.2)

The first thing we have to do is find the equilibrium points of (7.5.2). To get a sense of how
this system behaves, let’'s assume that ¢ = 1. (See Problems A2 and A3 of Exercises 7.5, which
ask you to consider other values of ¢.) The linearized version of the nonlinear System (7.5.2)
is then

with characteristic equation A2 — A + 1 = 0 and eigenvalues (1 & +/3i)/2. This implies that
both the nonlinear System (7.5.1) and its linear Approximation (7.5.2) have a spiral source
at the origin. (Why?) However, this particular system exhibits some new, characteristically
nonlinear behavior. Figure 7.15a shows the phase portrait of the nonlinear System (7.5.1)
near (0, 0).

What is happening here is that several paths starting near the origin spiral outward from
the origin (as expected) toward a particular closed curve, whereas other trajectories starting
farther away from (0, 0) also seem to be approaching this closed curve asymptotically (that is,
ast — 00). Reasonably enough, such a closed trajectory is called a stable limit cycle. A stable
limit cycle can also be described as a periodic trajectory that attracts other nearby trajectories,

* Denotes an optional section.
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whereas an unstable limit cycle repels nearby trajectories. It is important to note that linear
systems never have limit cycles. (See the discussion of limit cycles following this example.)
Note that the phase portrait of the linearized system (Figure 7.15b) shows no limit cycle, only
the spiraling away from the origin.

Figure 7.15c shows a plot of x against ¢t with the initial conditions x(0) = 0.5,x'(0) = —0.5.
This graph reflects the eventual periodicity of the solution and the fact that the spirals work

FIGURE 7.15a
Phase portrait of x| = x2, x, = —x1 4+ x3 (1 — x%) near the origin
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FIGURE 7.15b
Phase portrait ofx/l = X7, x’2 = —x1 + xo near the origin
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FIGURE 7.15¢c
Plot of x(t) againstt, x(0) = x'(0) = 0.5, —6 <t < 26

FIGURE 7.15d
Plot of x(t) againstt, x(0) = —3, x'(0) = =5, —0.6 <t < 26

their way outward (through increasing values of t) to the limit cycle. The solution shows
transient behavior (temporary or short-lived behavior) at the beginning, before settling into
its periodic pattern.

On the other hand, if we choose an initial point (x(0) = —3,x(0) = —5) in a region that
appears to be outside the limit cycle shown in Figure 7.15a, we see the solution behavior
shown by Figure 7.15d. This illustrates how a spiral finds its way inward to the limit cycle.

Again, we can see that the solution eventually becomes periodic, after an initial transient
stage. ]

Limit Cycles

The Lotka-Volterra equations (Examples 4.7.4 and 7.4.1) and the undamped spring-mass
system (Example 4.8.1) show that autonomous systems sometimes have periodic solutions
whose trajectories are closed curves in the phase plane. As we have seen, the van der Pol
oscillator, which can be described as a negatively damped nonlinear oscillator (look at the
form of the equation), has solutions whose limiting behavior (as t — o0) is that of a finite
periodic solution. Such a nontrivial isolated closed trajectory is called a limit cycle. Here,
“nontrivial” means that the solution curve is not a single point, and “isolated” refers to the
fact that no trajectory sufficiently near the limit cycle is also closed.
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In general, a linear system X = AX may have closed trajectories, but they won't be isolated: If
X(t) is a periodic solution, then so is cX(t) for any nonzero constant c. (Can you show this?)
Therefore, for instance, by choosing ¢ = (1 — 1/k)(k = 1,2, 3,...), we see that X(t) is being
crowded by a one-parameter family of closed trajectories. (In this way the closed trajectories
shown in Figure 7.9b of Section 7.3 are not isolated and so could not possibly be limit cycles.
You can get trajectories as close to each other as you wish.)

Every trajectory that begins sufficiently near a limit cycle approaches it either for t — oo or for
t — —oo. Graphically, this means that such a trajectory either winds itself around the limit
cycle or unwinds from it. A limit cycle is called semistable if trajectories approach one side of
it while pulling away from the other side.

As one author has put it,

The stable limit cycle is the basic model for all self-sustained oscillators—those which
return, or recover, to some fundamental periodic orbit when perturbed from it. The sta-
ble oscillations, “beating” of the human heart (which returns to some normal rate after
we raise it by sprinting), cycles of predator-prey systems, and various electrical circuits
are three among myriad examples. Business cycles and certain periodic outbreaks of
social unrest ... are, quite possibly, others.!

Let’s look at other examples of this important phenomenon, the limit cycle. Van der Pol’s
equation exhibited a stable limit cycle, but the next example shows a different type of
behavior.

m Example 7.5.2 An Unstable Limit Cycle

Let’s examine the autonomous system

i=—y+x(?+yr-1)

p=x+y(®+y2 —1).
The presence of the algebraic form x? + y?, with its suggestion of circularity (rotation),
tips us off that we may be able to see things more clearly if we switch to polar coordinates
(see Section B.1). Making the substitutions r cos @ = r(t) cos0,y = rsinf = r(t) sin 6(t), and
6 = arctan(y/x), we have x? +y? = r2. (You may have seen this sort of substitution in evalu-
ating certain integrals in calculus class—or in Problem C1 of Exercises 7.2.) A few algebraic

manipulations (see Problem B1 of Exercises 7.5) give us the polar coordinate form of the
system we started with:

f=(?=1)r (=0
6=1.

T J. M. Epstein, Nonlinear Dynamics, Mathematical Biology, and Social Science (Addison-Wesley, 1997): 121.
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FIGURE 7.16
Motion described in terms of radial distance and angular velocity
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FIGURE 7.17
Phase portrait of i = (r2 — 1)r, r > 0

This system describes the motion of an object in terms of its radial distance r = r(t) from
the origin and its (constant) angular velocity 6 in a counterclockwise direction. Figure 7.16
illustrates this in general.

Because the equations are independent (or uncoupled), each involving only one dependent
variable, we can analyze them separately. We can look at the first equation as a first-order
nonlinear equation and consider its phase portrait (Figure 7.17) in the manner of Section
2.5. Recalling that r is nonnegative, we see that the only equilibrium solutions are r = 0 and
r = 1. Note that the first equation tells us that if r < 1, then i < 0, so the trajectory’s distance
from the origin is decreasing—that is, the trajectory is approaching the origin and moving
away from the unit circle (r = 1,0 < 0 < 2x); whereas if r > 1, we have 7 > 0, so trajectories
are also repelled by the unit circle.

From this phase portrait we can see that r = 0 is a sink and r = 1 is a source. We could have
used the Derivative Test of Section 2.6 to see this. (Also see Problem B2 in Exercises 7.5.)
In particular, the origin is a sink for the system in its original rectangular coordinate form.
Figure 7.18 shows the phase portrait in x-y space.

From this we see that the unit circle is an unstable limit cycle. |
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FIGURE 7.18
Phase portrait of i = 2 —1r, r>0,inthe x-y phase plane

FIGURE 7.19
Phase portrait of t = r(r — 1)(r —2), 1 > 0

Now we're ready for something a bit more complicated, but rewarding.

m Example 7.5.3 A System with Two Limit Cycles
Let's look at the system
Ff=r(r—1)r—2),r>0
o=1.
As in the previous example, the system describes the motion of an object in terms of its radial
distance r = r(t) from the origin and its (constant) angular velocity 6 in a counterclockwise

direction. Let's look at the phase portrait of the first equation (Figure 7.19), whose equilibrium
solutions arer = 0,r = 1, and r = 2.

As we can see, 1 = 0 is a source, r = 1 is a sink, and r = 2 is a source. This tells us that the
system has two circular limit cycles: one stable (r = 1) and one unstable (r = 2). Trajectories



*7.5 Van Der Pol's Equation and Limit Cycles a

FIGURE 7.20
Phase portrait of i = r(r — 1)2, r >0

starting out inside the unit circle approach the unit circle as t — o0, as do trajectories with
initial points inside the ring formed by the two circles r = 1 and r = 2. Any trajectory starting
outside the circle of radius 2 moves farther away as t — oo. [ |

The next example illustrates a third kind of limit cycle.

m Example 7.5.4 A Semistable Limit Cycle
What kind of behavior is shown by the following system?

f=rr—1%r>0

6=1.
The phase portrait for the first equation (Figure 7.20) tells the story.

The equilibrium point r = 0 is a source, whereas r = 1 is a node because 7 > 0 for0 <r < 1
and for r > 1 as well. The graphical interpretation of this fact is that the unit circle described
by r = 1 is a semistable limit cycle. Trajectories approach the unit circle from inside it, whereas
trajectories that start outside escape the unit circle. |

Of course, a nonlinear equation or system may have no limit cycles (isolated nonconstant
periodic solutions). Because nonlinear equations and systems are usually too difficult to
solve, other methods—qualitative methods—have been developed to determine the existence
or nonexistence of limit cycles. These methods involve advanced mathematical ideas that we
won't discuss in this book. Problems B6-B11 of Exercises 7.5 illustrate a negative criterion due
to the Swedish mathematician Ivar Bendixson (1861-1935).

EXERCISES 7.5
A

1. In the discussion of the van der Pol Equation (7.5.1), the comment was made that it can be
interpreted as a spring-mass system with nonlinear resistance. Specifically, the term (x2 — 1)
represents a variable damping coefficient.
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a

. Explain why e(x?2 — 1) < 0 when —1 < x < 1, so that damping is negative for the small
oscillations corresponding to —1 < x < 1. (This means that small-amplitude oscillations are
amplified if they become too small.)

. Explain why e(x2 — 1) > 0 when |x| > 1, so that damping is positive for the large oscillations
corresponding to |x| > 1. (This means that large-amplitude oscillations are made to decay if
they become too large.)

2. Use technology to draw phase portraits of the van der Pol equation for

3. C

a.

b.

, and 3.

’

N | W

onsider the van der Pol equation in the system form (7.5.2), where x1(0) = 1 and x5 (0) = 0.

Fore = i, graph the trajectory in the x1-x, plane. Then graph x (t) against t and x; (t) against ¢
on different sets of axes. Use technology.

For ¢ = 4, graph the trajectory in the x1-x; plane. Then graph x1 (t) against ¢t and x; (t) against t
on different sets of axes. Use technology.

Comment on the differences between the graphs in part (a) and the graphs in part (b).

Go back to Example 7.5.2 and look at the trigonometric substitutions suggested there. You're

going to verify the polar coordinate form of the system equations.

a. Use the Chain Rule to show that ri- = xx + y}.

b.ﬂmwmm9=—ﬁépow—w)m—ﬂé=0&—@)

c. Show that xx +yj = (x? +y2) (x? +y? — 1) = r2 (r? — 1). [Hint: Multiply the first equation in
the system by x and the second equation by y and then add the results.]

d. Use part (a) and part (c) to conclude that 7 = r (r2 —1).

e. Use part (b) and the general method in part (c) to show that § = 1.

. Reconsider the uncoupled system (polar coordinate form) in Example 7.5.2.

a. Solve for r(t).
b. Solve for 0(¢).
c. Use your answers to part (a) and part (b) to construct x(t) and y(z).

Follow the directions given in the preceding problem for the system in Example 7.5.3.
Consider the system {i =r (1 —12),6 = 1}.

a. Show that this is equivalent to the system
x=x—y—x(x2+y2)
p=x+y—y(2+r2),

where x = r(t) cos 6(t) and y = r(t) sin 6(t).
b. Use either form of the system to determine its unique limit cycle.
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5. Consider the system {# = r (4 —r2), 0 = 1}, where x(t) = r(¢t) cos 6(t) and y = r(t) sin 6(t). Given
the initial conditions x(0) = 0.1, y(0) = 0, sketch the graph of x(t) without finding an explicit
expression for x(t). [Hint: Study Example 7.5.2 carefully.] Suppose we have an autonomous
system {x =fxy),7 =8k y)}, where f and g have continuous first partial derivatives in some
region R of the phase plane that doesn't have any “holes.” Then Bendixson's Theorem (or Negative
Criterion) states that if % + % g always positive or always negative at points of R, then the

ay
system has no periodic solutions in R. For example, the system {x = xp?y=x2 + 8y} has no limit
d(x?) | 9(x*+8y)

cycles anywhere because —3—~ + = y2 + 8 > 0 for all values of x and y in the plane.

dy
Use Bendixson's criterion to show that the systems in Problems B6-B9 have no limit cycles
in the phase plane.

6. {x =x+2xy+x3, j = —y? +x%y}

7. k=23 +x 47y, 7 = 2%y}

8. {& = —2x —«xsiny, jy = —x%3}

9. {& =2x3y* — 3, j = 2" + x}

10. Show that the system

& =12x+ 10y + x%y + ysiny — x>
y=x+ 14y—xy2—y3
has no periodic solution in the disk x2 4 y2 < 8.
11. A mechanical system with variable damping can be modeled by the equation

X+ a@)x+bkx) =0,

where a(x) is a positive function.

a. Write this equation in system form.
b. Use the Bendixson criterion shown previously to show that this mechanical system has no
nonconstant periodic solution.

1. The system

i=—y-y

116,
= —x — — - =
J=Sx—cytay— oy

was discovered by the Chinese mathematician Tung Chin Chu in the late 1950s in his investigation
of a famous unsolved problem on limit cycles.

a. Find the equilibrium point(s) of this system.
b. Use technology to draw a phase portrait for each equilibrium point, focusing on the region
around that point. (It's a bit tricky to get a good phase portrait for this problem. Be patient.)
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c. Using the phase portrait(s), identify and describe any limit cycle(s) you see with the term stable
or unstable.

2. Find all limit cycles of the system
F=r0r—1)r—2)>2r—3)
0=1

and identify them as stable, unstable, or semistable.

SUMMARY

Nonlinear differential equations and systems of nonlinear equations are rarely handled satis-
factorily by finding closed-form solutions. In particular, we can’t analyze the stability of systems
of nonlinear equations as easily as we analyzed the stability of linear systems in Chapter 5.
The modern study of nonlinear phenomena relies heavily on the qualitative methods pio-
neered by H. Poincaré and A. Lyapunov at the end of the nineteenth century and in the
beginning of the twentieth century. Current technology implements the power of these
qualitative techniques.

One of the differences between linear and nonlinear equations is that a nonlinear equation
may have more than one equilibrium solution. Another difference is that a solution of a
nonlinear equation may “blow up in finite time”—that is, become unbounded as t approaches
some finite value. A third difference is that a nonlinear equation or system may be extremely
sensitive to initial conditions. A slight change in an initial value may lead to drastic changes
in the behavior of the solution or solutions.

A point (a*, b*) is an equilibrium point of the general nonlinear autonomous system
x=F(xy)
V=G, y)

if F(a*, b*) = 0 = G(a*, b*). If the origin is an equilibrium point, and the functions F and G
are “nice” enough, we may be able to write our system in the form

x=ax+by+f(xy)
y=cx+dy+gxy),

where f and g are nonlinear functions and a = %(O, 0),b = %(O, 0),¢c = %(O, 0), and

d= %(O, 0). More generally, if (a, b) # (0, 0) is an equilibrium point for the system, we can

rewrite the system as

x=A(x—a)+By—-b+fxy
y=C—a)+D(@y—b)+gxy),

where f and g are nonlinear and A = %(a, b),B = %(a, b),C = %(a, b), and D = %(a, b).



Another way to look at this general situation is to realize that we are translating the equilibrium
point (a, b) to the origin by using the change of variables u = x — a and v = y — b. Of course,
this means that x = u 4+ a and y = v + b, so we can rewrite the last system as

it=Au+Bv+f(u,v)
v = Cu+ Dv+g(u,v),
which has (0,0) as an equilibrium point. Note that this says that any equilibrium point

(a,b) # (0,0) can be transformed to the origin for the purpose of analyzing the stability of
the system.

A nonlinear autonomous system

X=ax+by+f(xy)
y=cx+dy+gxy),

where ad — bc #0, lim EACHJN lim 2 0, and the origin is an
* ()= (0,0) <vx2+y2 @y)—(0,0) \ v/x2+y? 8
equilibrium point, is called an almost linear system, and the reduced system
X = ax + by
y=cx+dy

is called the associated linear system (or linear approximation) about the origin.

An important qualitative result discovered by Poincaré and Lyapunov states that if 41 and A,
are the eigenvalues of the associated linear system, then the equilibrium points of the two
systems are related as follows:

a. If the eigenvalues A, and A, are not equal real numbers or are not pure imaginary
numbers, then the trajectories of the almost linear system near the equilibrium point
(0, 0) behave the same way as the trajectories of the associated linear system near the
origin. That is, we can use the appropriate entries given in Table 5.1 (Section 5.5) to
determine whether the origin is a node, a saddle point, or a spiral point of both
systems.

b. If &1 and A, are real and equal, then the origin is either a node or a spiral point of
both systems. Furthermore, if A1 = A < 0, then the origin is asymptotically stable;
and if A.; = A, > 0, then the origin is an unstable equilibrium point.

c. If A1 and A, are pure imaginary numbers, then the equilibrium point (0, 0) is either a
center or a spiral point of the nonlinear system. Also, this spiral point may be
asymptotically stable, stable, or unstable.

In situations (b) and (c), further analysis is necessary to determine the nature of the
equilibrium points.
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The Lotka-Volterra equations, the undamped pendulum, and the van der Pol equation
provide important examples of nonlinear systems and their analyses. In particular, the van der
Pol oscillator exhibits uniquely nonlinear behavior in having a stable limit cycle, an isolated
closed trajectory that (in this case) serves as an asymptotic limit for all other trajectories as
t — o00. Some limit cycles, called unstable limit cycles, repel nearby trajectories. Finally, if
trajectories near a limit cycle approach it from one side while being repelled from the other
side, the cycle is called semistable.

PROJECT 7-1

Butterflies in Space

In 1963, E. N. Lorenz, an MIT meteorology professor, published a report? on the nonlinear
system

X = —ox + oy

y=rx—y—xz

z=xy — bz,
where o, 1, and b are positive parameters.

The equations arose from a model of a layer in the earth’s atmosphere, heated from below
by the ground that has absorbed sunlight, and cooled from above as it loses heat into space.

a. Show thatif 0 < r < 1, then the only equilibrium point is (0, 0, 0).

b. Show that if r > 1, then there are three equilibrium points: (0, 0, 0),

<\/b(r - 1),\/b(r -1, r— 1), and (—\/b(r -1, —\/b(r —1),r— 1) .

c. Letb = %, r = 28, and o = 10 (values used by Lorenz in his initial experiments). For
these values of b, r, and o, linearize the system about the equilibrium points

(:I:\/b(r ), Vb — 1), — 1) .

d. Use technology to show that the characteristic equation of the linearized system
found in part (c) is A3 + (b 4 o + 1)A? + b(r + o)A + 20b(r — 1) = 0. Show that the
characteristic polynomial has a negative real root ; ~ —13.85 and complex
conjugate roots with positive real parts ~ 0.09.

2 E.N. Lorenz, “Deterministic Nonperiodic Flow,” J. Atmos. Sci. 20 (1963): 130—141.
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e. Use part (d) and the table at the end of Section 5.5 to conclude that the two nonzero
equilibrium points given in part (c) are saddle points of the system.

f. Withb = %, r = 28, and o = 10, use technology to plot x(t) against t, y(f) against ¢,
and z(t) against ¢t for 0 <t < 10.

g. Withb = %, r = 28, and o = 10, use technology to plot y against x, z against y, and z
against x.
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APPENDIX A

Appendix A is intended to offer either a brief review of, or an introduction to, selected key
ideas of calculus.

A.1 LOCAL LINEARITY: THE TANGENT LINE
APPROXIMATION

The concept of local linearity says that if the function f is differentiable (that is, if it has a
derivative) at x = a and we “zoom in” on the point (4, f (a)) on the graph of y = f(x), then the
portion of the curve that surrounds the point looks very much like a straight line—at least to
the naked eye. Another way of saying this is to say that the tangent line at the point (4, f (a))
is a good approximation to the curve for values of x close to a. Figure A.1 illustrates this.

As x takes on values farther away from a, we expect the absolute error |E(x)| = | fx) —
f(a) — f'(a)(x — a)| to become larger.

Using the point-slope formula from algebra, we can write the equation of this tangent line
asy = f(a) + f'(a)(x — a), so we can express this tangent line approximation as f(x) ~
f(a) + f'(a)(x — a) for x close to a.

Y
y=f
P
(a,f(a))
a %
FIGURE A.1

The tangent line approximation

Copyright © 2009, Elsevier Inc.
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For example, the equation of the tangent line drawn to the sine curve at the origin is y =
sin(0) 4+ cos(0)(x — 0) = x. This says that near the origin, sinx ~ x. One consequence of
this is that % ~ 1 for values of x near (but not equal to) zero, so we get the famous result
lim $iD* — 1

x—>0 ¥

THE CHAIN RULE

You should know the rules for finding the derivatives of power functions, polynomials,
exponential functions, logarithms, and trigonometric and inverse trigonometric functions.
You may also have learned about differentiating certain combinations of exponential func-
tions called hyperbolic functions. You should know the Product Rule and the Quotient Rule for
differentiation, as well as how to deal with implicit functions.

The Chain Rule applies to composite functions. Suppose, for example, that a quantity z depends
on a quantity y and that the quantity y depends on the value of quantity x. Using function
notation, we can write this as follows: z = f(y), y = g(x), so z = f(g(x)). This says that, ulti-
mately, z depends on (is a function of) x. The Chain Rule tells us how a change in the value
of x affects the value of z. In Leibniz notation,

dz  dz dy
de  dy dx’
This form is useful in many applied problems and in Chapter 4, where the phase plane is
introduced.
m Example
Ifz = y°7 and y = sinx, then
d dz d
£ = d—; . d_ilc = (57y°°) - cosx = 57sin°® x cos x.

You may have learned another way to see the Chain Rule: Ifz = f(g(x)), thenz’ = f'(g(x))-g' (x).
This alternative point of view uses the idea of an “inside” function and an “outside” function.
Try this on the preceding example, where the 57th-power function is outside and the sine
function is inside. |

THE TAYLOR POLYNOMIAL/TAYLOR SERIES

To extend the idea of the tangent line approximation, we look for a polynomial P, of degree
n that approximates a function f as closely as possible on an interval about a point x = a.
What this means mathematically is that we want the polynomial to satisfy the following
closeness conditions: P,(a) = f(a), P, (a) = f'(a),P)(a) = f"(a),P)(a) = f"(a),..., and
P (a) = f™(a). For a given function f, a point x = 4, and degree n, the polynomial that
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satisfies all these conditions is given by the formula

f//( )

Py(x) = f(a) + f'(a)(x — a) + (x —a)?

f/// ( )

(n)
(x—a) + +f @ 5~ ay
n
This is called the Taylor polynomial of degree n about x = 4, and we can write f (x) &~ P, (x)
for x close to a. The closeness of the approximation depends on both the value of x and the
value of n. In general, the closer the value of x is to the value a and the higher the degree n,
the better the approximation.

If we consider what happens to a Taylor polynomial as we let n get larger and larger, we arrive
at the idea of the (infinite) Taylor series:

n (k)
P@) = lim Py(x) = lim Zf k'(“) x —a)t
k=0
—f<a)+f(a)(x—a)+f()< —a)’
" (n)
f()( a)3+-~-+w(x—a)”+-~-.
3! n!

More precisely, suppose that f is a function with derivatives of all order in some interval

(a—r,a+71). Then the Taylor series given previously represents the function f on the interval

(a—r1,a+7)ifand only if lim R,(x) = 0, where R, (x) is the remainder in Taylor’s formula:
n—o0

f//( )

Rn(x)=f(x)—<f(a)+f’(a)(x ——(x—a)?

1" (n)
o 3(, -t f—n.(a-) (x — a)")
B f(n+1)(c)

Z _ \n+1 . . .
= n+ 1) x—a) for some pointc In (a—r,a+r).

As we saw in Section A.1, any approximation process is subject to error. For example, when
working with 7, which has an infinite, nonrepeating decimal representation, we lose accuracy
by using 3.14159 or even 3.14159265359 as its value. This, in turn, leads to what is called
propagated error, the accumulated error resulting from many calculations with rounded values.
If each item of data is inaccurate because of rounding of some sort, then the various steps in
a calculation process can compound the error. A useful approximation method guarantees
that the smaller the round-off error at each stage, the smaller the cumulative round-off error.
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Of course, it turns out that sometimes round-off errors cancel each other out to a certain
extent—approximate values that are too high may be balanced by values that are too low.

Truncation error occurs when we stop (or truncate) an approximation process after a certain
number of steps. For example, when we approximate the values of sin x near x = 0 by using
the first seven nonzero terms of its (infinite) Taylor series,

x9 xll

11! +

x13

13!

we are introducing truncation error. If we write sinx = T13(x) + R13(x), where T13(x) is the
13th-degree polynomial just given, a formula we know from calculus gives an upper bound
for the absolute truncation error

|x|14

| sin ¢|
14!

|sinx — T13(x)| = [R13(%)| = Tal

where c is a positive number less than x. Even if we use the 1001st-degree Taylor polynomial,
we are still only approximating and will therefore have truncation error.

Here are some Taylor series that occur often in applications:

2 3 x4 xn
Y=l — b —
¢ 2073 T g !
sinx—x—x—s—i-x—s—x—7+ +(—1)ki+
h 31 51 7! 2k + 1)!
cosx =1 % + e 4 (=D ot +
B 20 41 6! (2k)!
2 3 4 k
X X X
In(1 —x— ()
n(l+x) =x 2—1—3 4+ + (1) k—f-

1
g =1+x+x?+0+- "+
—Xx
Although the first three series are valid (“converge”) for any value of x, the logarithmic series
is valid only on the interval (—1, 1). The last series, a geometric series, converges for |x| < 1.
In Section C.4, we'll see how Euler used the exponential series to arrive at a formula for the
complex exponential function.

A Taylor series is a special type of power series. We can differentiate or integrate a power series
term by term for values of x within its interval of convergence. If the power series Y > ; a,x"
converges to S(x) for x in some interval I, then

o0
S(x) = Znanx"_l =a; + 2a,x + 3a3x? + -+ napx "+
n=0
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and

X

/ S(tydt = / (Zan )dt Z / atde =Y
0

nOO

2 3 A n1
—agx+ D2 4 B3y I
et 3 n+1

where both the differentiated and the integrated series converge for x in I.

In Appendix D, we will show how to solve certain differential equations using power series
methods.

THE FUNDAMENTAL THEOREM OF CALCULUS (FTC)

A function F is an antiderivative of the function f if F'(x) = f(x). A very important connection
between derivatives and integrals is expressed by the Fundamental Theorem of Calculus
(FTC). This result comes in two flavors:

A. If f(x) is continuous on the closed interval [a, b] and if F(x) is any antiderivative of
f(x) on this interval, then

b
/f(x)dx = F(b) — F(a).

B. Let f(x) be defined and continuous on a closed interval [a, b] and define the function
G(x) on this interval:

Gx) = /f(t)dt.

Then G(x) is differentiable there with derivative f (x): G'(x) = f (x).

Version A simplifies the whole business of finding the value of a definite integral: Just find an
antiderivative of the integrand. Of course, as you know, this isn't always as simple as it sounds.
At least half of your calculus course was probably devoted to techniques of substitution and
integration by parts, trying to recognize integrands as derivatives resulting from the Product
Rule, the Chain Rule, and so forth.

A slight twist on version A tells us that if we integrate f’, the rate function over [a, b], we get
the total change in f, the amount function over the same interval. For example, if s(t), v(t), and
a(t) denote the position, velocity, and acceleration, respectively, of a moving object at time ¢,
then we have

/v(t)dt =s(t)+C and fa(t)dt =v(t) +K,
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where C and K denote arbitrary constants. Consequently, we can write

b b
/v(t)dt = fs/(t)dt = s(b) — s(a),

a a

which says that if we integrate the velocity function, we get the total change in position of a
moving object as t changes from a to b. If we integrate the speed function—the absolute
value of the velocity—we get the total distance traveled by the object. (See Example 1.3.4 in
the text.)

As useful as version A is in solving differential equations, version B extends the notion of
differentiation (and therefore of integration) to functions defined by integrals. (See Problems
A9 and A10 in Exercises 1.2.)

m Example

Suppose that Q(x) = [*, cos(u?)du. Then Q'(x) = cos(x?), Q"(x) = —2xsin(x?), and

SO on. |
PARTIAL FRACTIONS

An important and useful result from algebra says that every rational function (quotient of
polynomial functions), no matter how complicated, comes from adding simpler fractions.
For example, the function

8x+1
x2—x—06

comes from the following addition of simpler pieces:

3 5  3w—3)+5x+2)  8x+1
x+2 x—3  (x+2Dx-3)  2—-x—-6

In calculus, when we have an integrand that is a rational function, we can reverse this addi-
tion process to find the simpler fractions, fractions that we can integrate easily. Thus, for

example,
8x+1 3 5 3 5
/xz—x—Gx /<x+2+x—3) * /x+2 x+/x_3x
=3Inlx+2|+5In|x - 3|+ C.
In this example, the algebraic challenge is to find constants A and B such that
8x + 1 A B
+ : ()

xz—x—6=x+2 x—3
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The fractions A/(x + 2) and B/(x — 3) are called partial fractions because each contributes a
piece of the whole. In particular, the denominators x 4+ 2 and x — 3 are parts (factors) of the
original denominator x> — x — 6. The numbers A and B are called undetermined coefficients
(see Section 4.3, Section 5.6, and Appendix D). To find A and B, we clear Equation (*) of
fractions by multiplying both sides by x> — x — 6. The result is

8x+1=A(x—3)+Bx+2).

This is supposed to be an identity in x. If we let x = 3, we find that 8(3) + 1 = 0 + 5B, or
B = 5. Similarly, lettingx = —2, we get 8(—2) + 1 = —-5A 40,50 A = 3.

This technique works for a rational function in lowest terms whose denominator can be
factored into distinct linear factors. More complicated denominators can also be handled by
this kind of algebraic method, and you can find a more detailed discussion in your calculus
text. Most computer algebra systems can produce such “partial-fraction decompositions”
and can evaluate integrals with integrands that are rational functions. Partial fractions are
particularly useful in Section 2.1 and in Chapter 6.

IMPROPER INTEGRALS

In dealing with the definite (Riemann) integral [ ab f(x)dx, we make two basic assumptions:
(1) The interval [a, b] is finite, and (2) the integrand f is bounded (that is, does not become
infinite) on the closed interval [, b]. If we violate one or both of these assumptions, we
encounter a type of improper integral.

First, let us assume that we want to consider the interval [a, c0) or (—o00, b], where a and b are
real numbers. We can define

00 B b b
ff(x)dx = Blim /f(x)dx or / fx)dx = Alim /f(x)dx
a a —00 —A

provided that each limit exists. If the limit exists, we say that the improper integral converges.
Otherwise, we say that the improper integral diverges. Finally,

00 c B
/ f(x)dx = Alim /f(x)dx + Blim /f(x)dx
—0o0 —A C

provided that each limit on the right-hand side exists individually. Here, ¢ is an arbitrary real
number. It is not correct to define [ f(x)dx as Clim f_CC f(x)dx.
— 00

m Example

o0

dx . B .

= lim arctanx|] = lim (arctan B — arctan 1)
1+ x2 B—o0 B—o0

1
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. T . b/
= lim <arctanB — —) = lim arctanB — —
B— o0 4 B—oo 4

e
2 4 4 [ |
m Example
Consider [, sin xdx. The limit
B
lim [ sinxdx = lim (— cos(B) + cos(0)) = — lim cos(B) + 1
B—oo B—oo B—oo
0

doesn't exist because cos(B) oscillates from —1 to 1 as B tends to infinity.

When we are dealing with this first type of improper integral, for which the interval is not

finite, sometimes a form of L'Hdpital’s Rule comes in handy: Suppose that as x — a, where a

is 00, f(x) — Fo0, and g(x) — *oo. Ifhm g Ex; = L, where L is either a real number or 400,

fo _

then chl—I}}l 200 = L. [ |
m Example
Consider Euler’s gamma function, defined by I'(x) = fooo t*~le~!'dt. Integration by parts tells
us that

(0.0]

I'x) = —tx_le_t]go - /(x — D" 2 (—e Hdt
0
= t*2e~dt
c—> 0

=@—-D -Tx-1),

where we have used L'Hopital’s Rule several times in evaluating the limit. (Successive dif-
ferentiations of the numerator and denominator of %;1 eventually give us —(c — 1)!
in the numerator, whereas the denominator remains ¢, so the limit of the quotient as
¢ tends to infinity is 0.) Note that because I'(1) = T'(2) = 1, we can conclude that
Frx+1) =x-x—1)-x—2)-(x—3)---3.2-1 = x! when x is an integer, so the
gamma function provides a generalization of n! to the case in which 7 is not an integer. (See
Section D.3, especially footnote 4.)
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Now let’s suppose that f is defined and finite on the interval [a, b] except at the endpoint b.
Then the integral | ab f(x)dx is improper, and we define it as

b B
/f(x)dx = Blir?_/f(x)dx

provided that this left-hand limit (or limit from the left) exists. Similarly, if f is unbounded at
the endpoint a, then we define

b b
/f(x)dx :AllrzlJr/f(x)dx
a A

provided that this right-hand limit (or limit from the right) exists. |

m Example

The function 1/+/1 — x2 is unbounded at x = 1 (and at x = —1). The improper integral of
this function on the interval [0, 1] converges:

1 B
/ dx T / dx i in(B) in(0) s
= lim — = l1In arcsin — arcsin = —.
1 —x2 B—1— 1 —x2 B—1— 2
0 0

Another possibility is that the function f is defined and finite on [a, b] except at a point &
inside the interval. The improper integral is then defined as

b c b
/f(x)dx=Cl_i)1§1/f(x)dx+dl_i)r?+/f(x)dx
a a d

provided that both one-sided limits exist. [
m Example
c 2
dx . dx . dx
— = lim [ ————+ lim [ ———~
x—1)7B =1 x—1B d-1*t (x—=1)7B
0 0 d
c 2

= lim 3(x — 1)1/3
c—>1-

4 lim 3(x— 1)
d—1t

0 d
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= lim [3¢-1"-3(-D"] + lim [3 )8 —3(d- 1)1/3}

c—1-

=3+3=6. [

FUNCTIONS OF SEVERAL VARIABLES/PARTIAL
DERIVATIVES

Sometimes we encounter functions that depend on more than one independent variable. For
example, the area of a rectangle depends on both its length and its width. We can express this
relationship as A = f(l,w) = I - w. In general, if there are two independent variables (x and
y) and one dependent variable (z), we can express this situation as z = f(x, y). In words, the
variable z depends on (is a function of) the variables x and y. This means that changes in the
value of either x or y (or both) will lead to changes in z. The instantaneous rate of change of z
with respect to x is given by the partial derivative of z with respect to x, which is defined by
the formula

9z _ limf(x+h,y)—f(x,y).
ox  h—0 h

Similarly, the instantaneous rate of change of z with respect to y is given by the partial derivative
of z with respect to y, which is defined by the formula

% _ oy L@yt —f@y)
dy  h—0 h

What this means in terms of practical calculation is that to find %, you just treat y as a constant
and differentiate with respect to x as usual. For g—;, you treat x as a constant and regard y as
the “live” variable.

The Chain Rule takes different forms in this multivariable environment, among them this

version: If x = f(t) and y = g(t), where f and g are differentiable and F is a function of x and
df _ OF dv 4 oF dy

y, then & = 5= % o

m Example

Ifz = f(x,y) = x?y? — 3xy> + 5x%y?, then
0z

)
— = 2xy* — 3y° + 20x%y> and 8—; = 2x%y — 9xy? + 10x%y.

0x |

m Example
Suppose w = ¢***+3¥ sin(xy). Then, using the Product Rule and the Chain Rule, we find that

ow

P e® 3 cos(xy)y + 23 sin(xy)
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and

ow 2x+3y 2x+43y o
oy e cos(xy)x + 3e sin(xy) n

m Example

Let F(x,y) = x> 4+ y2, with x = x(t) = cost and y = y(t) = sint. Then the multivariable Chain
Rule gives us %—f = %% + % % = (2x)(—sint)+ (2y)(cost) = —2costsint+2sintcost = 0,
which is not surprising since F(x,y) = x% + y? = cos? t +sin’t = 1.

In general, if you have a function of n variables, z = f(x1, x2, x3, ..., x,), then you can define
the partial derivative of z with respect to x;, and calculate it by treating x;, as the only true
variable, the other x;(i # k) being treated as constants. You can define higher derivatives and

. . . . . 2 n
mixed derivatives in the obvious way: -2, &2

Tt and so on. [ |

m Example
Using z = f(x,y) = x?y?> — 3xy> + 5x*y? and the results of the first example, we have

Pz 9 [0z 9
2o T Z2) = Z (2m? = 393 +2063)2) = 22 + 60x2y?
0x? 8x<8x> 8x(xy Y+ 20Y7) = 27 60xy

32 a [0 d
7E_ B_y (_z) = — (2x2y — 9xy? + 10x4y) = 2x? — 18xy + 10x*

dy? dy) Iy
9%z 9 [0z 9
2 = 2 [ Z2) = = (2% — 9xp? + 10x?y) = 4xy — 992 + 40x3y,
oxady 8x(y) Bx(xy W xy) o y Ay
and so forth. [ |

THE TANGENT PLANE: THE TAYLOR EXPANSION
OF F(x,y)

In Section A.1, we saw that the tangent line y = f(a) + f'(a)(x — a) gives the best linear
approximation of a single-variable function f near x = a. For F(x,y), a function of two
variables, the best approximation near a point (a, b) is provided by the tangent plane given
by the approximation formula

oF oF
F(x,y) ~ F(a,b) + 5(“’ b)(x —a) + a—y(a, b)(y —b),

where %(u, b) and g—l;(a, b) denote the partial derivatives evaluated at the point (a, b).
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FIGURE A.2
Tangent plane to the surface z = x3 — x2y2 +y3 at (1, 2)

m Example

Let’s calculate the tangent plane approximation of the function F(x,y) = x> — x?y? + y>
near the point (a,b) = (1, 2). We have &£ = 3x? — 2xy? and % = —2x%y + 3y%,s0 F(1,2) =

131222423 =5, %(1,2) =3(1)2=2(1)(2)2 = —5, and g—';(l,z) =-2(1)%(2)+3(2)2 = 8.

" ox
Putting these results into the tangent plane formula, we get

F ~ F(1,2 8F12 1 8F12 2
(xl)/)'\’ (I )+a(l )(x_ )+a_y(l )(}’_ )

=5-5x—1)+ 8y —2). |
Figure A.2 shows the three-dimensional picture of the surface and its tangent plane.

For points (x, y) close to (1, 2), the values of z on the tangent plane are close to the values of
z on the surface defined by z = F(x, y).

We can define a full Taylor series expansion of a function of several variables, but for this text
we need only the idea of the tangent plane (linear) approximation.
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Vectors and Matrices

Appendix B is intended to provide an expanded view of the vector and matrix algebra needed
in this text.

VECTORS AND VECTOR ALGEBRA; POLAR
COORDINATES

In more abstract courses, a vector is an object in a set whose elements obey certain algebraic
rules. For physicists, engineers, and other scientists, a vector—more properly, a geometric
vector—is a quantity that has both magnitude (size) and direction. In two-dimensional phys-
ical situations, there are two usual ways to represent a vector: (1) as an ordered pair of real

numbers, written (x, y) or |:;Cj| ; and (2) as an arrow from the origin (usually) of the x-y plane

to a point (x,y) or [;] The numbers x and y are called the components or coordinates

of the vector. As indicated in Chapter 5, we can also consider vectors with complex-number
coordinates and vectors whose components are functions. For the sake of simplicity in this
appendix, we'll work with vectors whose components are real numbers.

Both ways of looking at a vector are shown in Figure B.1. In the second (“arrow”) view, the
vector v = (x, y) is always the hypotenuse of a right triangle, so by the Pythagorean Theorem
its length—denoted |v|—is given by the expression /x2 + y2. The direction of a vector is
indicated by the direction of the arrow.

Vectors—often representing forces of various kinds—can be combined to indicate interac-
tions. For example, you can add two vectors as follows: If vi = (x1,y1) and v, = (xp,y2), then
Vi +Vvy = (x1,¥1) + (x2,y2) = (x1 +x2, y1 +y2). Subtraction is similar. You can also multiply a
vector by a real number (or a complex number or a function), which is called a scalar in this
situation. To do this, just multiply each component of the vector by the scalar: If v = (x,y)
and r is any real number, then rv = (rx, ry). Because the components of vectors are real num-
bers, we should expect the usual rules of algebra to apply. If vi, v, and v3 are vectors and r
is a scalar, then v; + vy = v, + v; [commutative property|, vi + (vo +v3) = (Vi +V2) + V3

Copyright © 2009, Elsevier Inc. 111
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3F ® (5,3)

-2 5

=Y

FIGURE B.1
Ways to represent a vector

by

vitv,

Vi

V2

FIGURE B.2
The Parallelogram Law

[associative property]|, and 7 (vi + v2) = rvy + rv; [distributive property]. There is a zero
vector, denoted by 0 = (0, 0), such thatv+0 = v = 0+ for every vector v [additive identity].

Geometrically, the addition or subtraction of vectors is captured by the Parallelogram Law
(see Figure B.2 for the two-dimensional version).

Another way of representing a vector in two-dimensional space is by using polar coordinates
(Figure B.3). If we have a vector corresponding to the point (x,y), then we can describe it
using its length r (its radial distance from the origin) and the angle 6 that the arrow makes
with the positive x-axis, measured in a counterclockwise direction. As we saw previously, the

length is given by the formula r = {/x2 + y2.

As we look at Figure B.3, simple trigonometry tells us that x = rcos 6,y = rsinf, and 6 =
arctan (%) ,x # 0. Asindicated in some of the examples in Chapter 7, the polar representation
of vectors may be more natural in problems involving expressions that look like x2, y2, x2 +y?,
and so on.

There is no reason to restrict our definition of vectors to two dimensions. In three-dimensional
X

space, a vector is an ordered triplet, (x,y,z) or | y |, of real numbers or an arrow joining the
Z
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>
H—————

=Y

FIGURE B.3
Polar representation of a vector

origin (0, 0, 0) to the point (x, y, z). In general, an n-dimensional vector is an ordered n-tuple,
X1
X2

(x1,%2,%3,...,%;)or | ¥3 |, of real numbers. The coordinate-by-coordinate arithmetic/algebra

Xn
of vectors generalizes to any dimension in the obvious way.

Given a set of vectors {vy, vy, ..., Vy}, any vector of the form ¢;vy + ¢covo + - - - + ¢ Vi, Where
€1,€2,...,Cy are scalars, is called a linear combination of the set of vectors. The set of vectors
{vi,va,..., vy} is called linearly independent if the only way we can have ¢cyvy +covo +-- -+
cmVm = 0 (the zero vector) isifc; = ¢y = - -+ = ¢, = 0. Otherwise, the set of vectors is linearly

dependent. Linear dependence implies that at least one vector in the set can be expressed as a
linear combination of the others.

m Example
We will determine whether the following vectors are linearly independent:

V] = ’ Vg =

— = O O

0
1
0
1

The statement ¢;v; + ¢2v) + ¢33 +c4v4 = 0 is equivalent to the system of algebraic equations

c1+co =0
C1 +c4 =0
c) +¢C3 =0

c3+c4 =0.
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This system is not difficult to solve by hand using substitution or elimination, but we can
also use the capability of a graphing calculator or CAS to solve such systems of equations.
In any case, we find that¢; = 1,¢co = —1,¢3 = 1, and ¢4 = —1 is a solution. Because the
scalars are not all zero, we conclude that the four vectors are linearly dependent. Note, for
example, that we can write the first vector as a linear combination of the remaining vectors:
V] =V) — V3 +Vy. |

MATRICES AND BASIC MATRIX ALGEBRA

A matrix (the plural is matrices) is simply a rectangular arrangement (array) of numbers or
other mathematical objects (such as functions) and is usually denoted by a capital letter. It
can be considered a generalization of a vector. For example, we can have the matrix

0 -4 1/2 9
A= |7 14/5 —015 2
7 3 0 -3

The numbers or objects making up a matrix are called its elements or entries. Most of the
time we'll use real numbers, although complex numbers and even functions can appear as
entries of matrices (as they can for components of vectors).

One way to describe a matrix is by indicating how many rows and columns it has. Matrix A
in the preceding equation has 3 rows and 4 columns and is called a 3 by 4 matrix, ora 3 x 4
matrix. A matrix with m rows and n columns is called an m by n matrix (m x n matrix). Note
that each row or column of a matrix can be considered a vector. An n x 1 matrix is called a
column vector, whereas a 1 x n matrix is called a row vector. Two matrices are called equal
if they have the same number of rows and columns and their corresponding elements are
equal. For example, we can write

1 0 —-5/3 7)7 0 —15/9
1/V2 3 025| |v2/2 15/5 1/4 |
You can add and subtract matrices of the same shape by adding or subtracting their corre-
sponding elements, but (for example) you can’t add a 3 by 4 matrix and a 4 by 3 matrix or

subtract one of these from the other. If we take the matrix A that we have already defined and
introduce the matrix B, so that we have

0 —4 12 9 23 5 21/2 4
A=|m 14/5 —-0.15 2| and B=|3/4 6/5 065 8
7 V3 0 -3 29 V2 8 3

’
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then
[0+ (—3) —44+5 1/24+(-1/2) 9+4
A+B=| m+3/4 14/54+6/5 —0.154+065 2+38
7+(=9) V3+42 0+8 —-3+3
-3 1 0 13
— | m+3/4 4 05 10
-2 J3+42 8 0
and
[0 — (—3) —4—-5 1/2—(=1/2) 9—4
A—B=| m—3/4 14/5-6/5 —0.15—0.65 2-38
7—(=9) J3-2 0-8 —-3-3
i 3 -9 1 5
=|n-3/4 8/5 —0.8 —6].
| 16 V3-V2 -8 -6

The role of the number zero in matrix algebra is played by the zero matrix of the appropriate
size—the matrix all of whose entries are zero.

We can also multiply a matrix by a number (or even a function) called a scalar, as in the case
for vectors. We just multiply every element of the matrix by that scalar:

3 -2 0] [-5@ -5(-2 —5(0
5.1-7 4 1/3|=|-57 -5@) —=5(1/3)
5 —6 2 —5(5) —5(—6) —S(ﬁ)

-15 10 0
=| 35 —20 —5/3].
—25 30 —542

We've just multiplied a 3 by 3 matrix—one type of square matrix—Dby the scalar (—5).

LINEAR TRANSFORMATIONS AND MATRIX
MULTIPLICATION

The really interesting thing about matrix arithmetic and algebra is how we multiply matri-
ces. The natural thing to do—take two matrices with the same shape and multiply their
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corresponding elements—is not what is meant by matrix multiplication in the theory of lin-
ear algebra. Instead, there is a row-by-column process that looks strange at first but becomes
more natural when you see its applications.

To motivate the multiplication of matrices, let’s return to elementary algebra for a moment
and look at a system of two equations in two unknowns:

—2x+3y=5
x—4y =-2.

In connection with this system, we can think of a point (x, y) in the plane transformed into
another point as follows:

T(x,y) = (—2x + 3y, x — 4y).
For example,
T(1,0) = (=2(1) +3(0), 1 — 4(0)) = (=2, 1)
T(—4,5) = (—2(—4) + 3(5), —4 — 4(5)) = (23, —24)
and

T(—2.8,—0.2) = (—2(—=2.8) + 3(=0.2), —=2.8 — 4(—0.2)) = (5, —2).

Note that this last calculation says that the ordered pair (x,y) = (—2.8, —0.2) is a solution of
our system of linear equations.

Geometrically, the point (1, 0) has been moved to the location (-2, 1), the point (—4, 5) has
been changed to (23, —24), and the point (—2.8, —0.2) has been transformed into (5, —2). If
we think of a point (x, y) as defining a vector, then the transformation stretches (or shrinks)
the vector and rotates it through some angle 6 until it becomes another vector. Figure B.4
shows this interpretation of the effect of T on the vector (1, 0).

|
S

|
—_
—_
=V

FIGURE B.4
The effect of T (x, y) = (—2x + 3y, x — 4y) on the vector (1, 0)
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More abstractly, we should be able to see that T is a linear transformation of points (x, y) in
the plane to other points (%, 7) in the plane: If u = (x;, y1) andv = (x2,y2), then T(ciu+cyv) =
T(c1u) 4+ T(cav) = c1T(u) + ¢ T(v) for any constants ¢; and c;.

Matrix notation was invented by the English mathematician Arthur Cayley precisely to
describe linear transformations. If T(x, y) = (, 7), where

ax+by =%

cx+dy =79,

. . . . a b
then we can pick out the coefficients a, b, ¢, and d and write them in a square array A = |: c d i|

called a matrix. If we know what variables x, y, X, and j we're using, then knowing this matrix
of coefficients enables us to understand what T is doing to points in the plane. We can focus

A

. . . x o x .
on these variables by introducing the vectors X = [y] and X = [f/] Now we can write our

= all=B)

or AX = X. To make sense, the “product” of A and X must be the column matrix |:

system of equations compactly as

ax + by
cx+dy |
which leads to a row-by-column multiplication:

[a b][;:|=ax+by and [c d][;:|=cx+dy.

Furthermore, the multiplication of two matrices of the appropriate sizes can be interpreted
as a composition of transformations—one transformation followed by another.

m Example
Suppose that we have two linear transformations defined by

M(x,y) = (x+2y,3x+4y) and P(x,y) = (=2x,x + 3)).
Then
(Mo P)(x,y) = M(P(x,y)) = M(—2x,x + 3y)
= (—2x 4+ 2(x + 3y), 3(—2x) + 4(x + 3y))
= (6y, —2x + 12y).

In particular, (M o P)(1, 1) = (6, 10). [ |
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The matrices of coefficients for the transformations M and P look like M = [; i] and

p= |:_§ (3)1|, so the composition M o P takes the form of a product of 2 x 2 matrices:

B M

—2x + 2(x + 3y) 6y
T 320 +4@x+3y) | T | —2x+ 12y

and when |:x :|
14

H
LA Ls)

You should check to see that (M o P)(x,y) # (P o M)(x,y) or, equivalently, that
1 2 -2 0 % -2 0 1 2
3 4 1 3 1 3 3 4|

Looking at the preceding example, we see that transforming the vector (x, y) by P and then by M
is equivalent to transforming the vector by the single transformation T(x, y) = (6y, —2x+12y).

-2 12|y

|:_ 2%+ 1§¥j| Note what we get when we add the results of multiplying each element of

In matrix terms, we can express the effect of the composition M o P as [ 0 6} |:xi| =

the first row of the matrix associated with M, [ 1 2 ], by the corresponding element of the
-2

1
to be the first row, first column element of the matrix corresponding to M o P. Similarly, for
example, combining the second row of the matrix associated with M, (3 4), and the first

first column of the matrix associated with P, [ i| : (D(=2) + (2)(1) = 0, which happens

. . . -2 .
column of the matrix associated with P, |: 1 ], we get the element in the second row, first

column of Mo P : (3)(—2) + (4)(1) = —2. In this way we can describe the matrix for M o P
as the product of the matrix representing M and the matrix representing P.

In general, if A and B are both 2 x 2 matrices, we find the element in row i and column j
of the product matrix C = AB by adding the products of each element of row i of matrix A
and the corresponding element in column j of matrix B. For example, here’s what the matrix



B.3 Linear Transformations and Matrix Multiplication

product corresponding to M o P in the last example looks like in full:

I 2(1-2 0 (D(=2) +@)(1) (1)) +(2)(3) 0 o

3 4 L 3] |B3E)+®M) GO +H3) | | =2 12
You should be able to calculate the matrix product corresponding to P o M. You'll notice
that the order of composition/multiplication counts: The matrix corresponding to Mo is not
necessarily the matrix corresponding to P o M. In general, matrix multiplication is not com-

mutative: If A and B are two matrices that can be multiplied (see the next paragraph), then AB # BA
in general.

This situation of one function or transformation followed by another is the motivation for
matrix multiplication. The general multiplication of matrices remains the row-by-column
procedure described for 2 x 2 matrices. In order for us to calculate the matrix product C = AB,
the number of columns of A must be the same as the number of rows of B. Let C = AB, where
Aism x r and B is r x n. Then the product is a matrix with m rows and n columns:

A-B=C

mxr)-(rxn)=mxn

Thus, if A is a 3 by 5 matrix and B is a 5 by 7 matrix, you can find the product AB, which
will be a 3 by 7 matrix. However, the product BA does not make sense because the number of
columns of B (7) does not equal the number of rows of A (3).

If the sizes of A and B are compatible, as described previously, then ¢;;, the element in row
i and column j of the product matrix C, is just the sum of the products of each element of
row i of matrix A and the corresponding element in column j of matrix B. Letting a;;, denote
the entry in row i and column k of matrix A, and letting by; denote the element in row k and
column j of matrix B, we can write the last sentence more concisely as

.
cij = Y _ agby = ai byj + ap baj + -+ + air by;. (B.3.1)
k=1

Schematically, we can represent this matrix multiplication as follows:

‘n ¢2 ... Cj ... CIn a;  aip ... air
€1 €2 ... € ... C2n ay azy ... ayr by by ... blj b
: : : : : by by ... byj .. bop
Ci1 Cio ce Cij ... Cip = a1 ajp ... djr | :
bri by oo by | .. bm
L cml Cm2 ... Cmj .o Cmn N LAdm1 Am2 --- Aamr |

Here are some more examples of matrix multiplication.
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m Example
1 2 _
2 301 g 42 [2D=33)+06) 2(2) —3(4) +006)
40 1] |0 | [4D+03)+1(5) 4(2)+04) +1(6)
(-7 -8
| 9 14

&
Ul
~
N
—
N

[ 7(2) =209 +6(2)  w(=3)-2(2)+6(1) 7(0) —2(~6) + 6(4)
= 0@)+49+12) 0(=3)+42)+1(1) 0(0)+4(-6)+1(4)
| —3@2)+59)+7(2) —-3(-3)+52)+7(1) -3(0)+5(—6)+7(4)

[2mr—6 —3m+2 36

= 38 9 -20|.
53 26 =2
|
. . .. . . . 1 0
A particularly important and useful 2 x 2 matrix is the identity matrix [ = 0 1]. You

should check to see that this matrix plays the same role in matrix algebra that the number
1 plays in arithmetic—thatis, [ - A = A - I for any 2 x 2 matrix A. If matrix A is 2 x n, then
I[-A = A, butA-Iisnotdefined unless n = 2. Similarly, if A is an n x 2 matrix, then A-I = A,
but I - A is not defined unless n = 2. In general, for any positive integer n, the n x n matrix
with ones on the main diagonal (upper left corner to lower right corner) and zeros elsewhere
serves as the identity matrix I for n x n matrix multiplication.

Given an n x n matrix A, the n x n matrix B is called the (multiplicative) inverse of A if AB =
I = BA. If an inverse of A exists, then it is unique and is denoted by A~!.

With the definitions we have seen, matrix addition and multiplication satisfy all the familiar
basic rules of algebra—except for commutativity. For example, we have the associative law for
multiplication: If A is an m x r matrix, B is an r x s matrix, and C is an s x n matrix, then
A(BC) = (AB)C, an m x n matrix. We also have the distributive law: If A is an m x r matrix and
B and C are r x n matrices, then A(B 4+ C) = AB + AC (which is an m x n matrix).

Let’s prove the distributive law in the situation in which A is an m x r matrix and B and C are
r x 1 matrices (vectors). We expect the product A(B + C) to be a vector having m rows. Now
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suppose that a;, denotes the element in row i, column k of A, that b, and ¢, are the elements
intowk(k =1,2,...,r), and that p; is the element in row i of the product A(B + C). Then by
Equation (B.3.1), we have (fori=1,2,...,m)

r

T T T
pi = Zflik (b +cr) = Z (air b, + ai cr) = Zaik by + Zaik Cr
k=1 k=1 k=1

k=1

= (the entry in row i of AB) + (the entry in row i of AC),

so we have shown that A(B + C) = AB + AC.

EIGENVALUES AND EIGENVECTORS

X1

X2
As we saw in the previous section, if A is an n x n matrix and X is a nonzero n x 1 vector | . |,

Xn
we can consider the multiplication of X by matrix A in the form AX as somehow transforming
or changing the vector X. If there is a scalar A such that AX = X, then A is called an eigenvalue
of A, and the vector X is called an eigenvector corresponding to . Geometrically, we're saying
that an eigenvector is a nonzero vector that gets changed into a constant multiple of itself. For example,

identifying a vector X = |: y i| with the point (x, y) in the familiar Cartesian coordinate system,

we can see that an eigenvector is a point (not the origin) such that it and its transformed self
lie on the same straight line through the origin. The direction of an eigenvector is either
unchanged (if A > 0) or reversed (if » < 0) when the vector is multiplied by A. The matrix
equation AX = AX is like the functional equation f(x) = Ax, which represents a straight line
through the origin with slope A.

If we start with the assumption that AX = AX, then AX — AX = 0 (the zero vector), and the
distributive property of matrix multiplication allows us to write (A—AI)X = 0. (We must write
A—2Iinstead of A— A because it doesn’t make sense to subtract a number from a matrix.) If we
can find an inverse for A — Al—that is, an n x n matrix B such that (A—AI)B =1 = B(A—Al)—
then we can divide the factor A — AI out of the matrix equation (A — A)X =0 to get X =0,
the n x 1 vector all of whose elements are 0. Therefore, remembering that an eigenvector was
defined as a nonzero vector, we see that the only interesting situation occurs when the matrix
A — I does not have an inverse. (Do you follow the logic?)

The equation (A—AI)X = 0 represents a homogeneous system of n algebraic linear equations in
n unknowns, and the theory of linear algebra indicates that there is a number A, depending
on the matrix A — Al, with the following important property: If A # 0, then the system
(A — ADX = 0 has only the zero solution x; = x; = ... = x, = 0. However, if A = 0, then
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X1
X2
thereis asolutionX = | _ | with at least one of the x; different from zero. This number A is

Xn

the determinant of the matrix A — AI, denoted by det(A — AI). Therefore (A — AI)X = 0 has a
nonzero solution X only if det(A —AI) = 0, For any n x n linear system (homogeneous or not),
the nature of the solutions depends on (that is, is determined by) whether the determinant
is zero. The determinant is often calculated by means of successive operations on the rows
and/or columns of the matrix. Rather than spend time learning tedious algorithms for finding
determinants, you should learn how to get these numbers from your CAS. Even a graphing
calculator will evaluate a determinant if the matrix is not too large. From a more abstract
point of view, a determinant is just a special kind of function from a set of square matrices to
the real numbers.

For now, let’s see how a determinant arises in solving a simple system of algebraic equations.
m Example
Suppose we want to solve the following system of two equations in two unknowns:
2x—=3y=2
x + 4y = —5.

We can use the method of elimination to solve this system. For example, we can subtract twice
the second equation from the first equation to eliminate the variable x and get —11y = 12,

ory = —%. Then we can substitute this value of y in the second equation and solve for x. We
getx = — % Note that when we solve this particular system by elimination, the denominator
of each component of the solution is 11. |

Now write the system in matrix form:

=3|(xf | 2
B
What do we get if we take the matrix of coefficients, multiply the main-diagonal (upper left,
lower right) elements 2 and 4, and then subtract the product of the other diagonal elements
—3and 1? We get (2)(4) — (—3)(1) = 11. Surprise! The number calculated this way is the deter-
minant of the coefficient matrix. In solving any system of linear equations in two unknowns,
you always wind up dividing by the determinant—if'it's not zero. Cramer’s Rule, which you may

have seen in a college algebra course, is a general n x n linear system solution formula that uses
determinants.

_ N

For a larger system, a CAS or graphing calculator provides important information about a
system easily. Let's use technology in the next example to calculate the determinant,
eigenvalues, and eigenvectors for a three-dimensional system.
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m Example
Suppose we have a system with the matrix of coefficients

2 2 -6
A= 2 -1 -3
-2 -1 1

A CAS (Maple in this case) tells us that det(A) = 24 and that the eigenvalues are A1 = 6, A, =
—2 = A3. The corresponding (linearly independent) eigenvectors are

-2 1 0
-1, | =2, and 3
1 0 1

If you try this example using your own CAS, the eigenvectors may not look like those here,
but each should be a constant multiple of one of those given previously. [ |
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APPENDIX C

Complex Numbers

COMPLEX NUMBERS: THE ALGEBRAIC VIEW

Historically, the need for complex numbers arose when people tried to solve equations such as
x?2 4+ 1 = 0 and realized that there was no real (ordinary) number that satisfied this equation.
The basic element in the expansion of the number system is the imaginary unit, i = /—1.
There is an interesting pattern to the powers of i: i’ = i,i> = —1,i% = —i,i* = 1,i> = i,i® =
—1,i" = —i,i® = 1,.... You can use this repetition in groups of four, for example, to calculate
a high power of i : 338 = (i?)1%9 = (—1)!%° = —1. A complex number is any expression of
the form x + yi, where x and y are real numbers. If you have a complex number z = x + yi,
then x is called the real part—denoted Re(z)—and y is called the imaginary part—denoted
Im(z)—of the complex number. (Note that despite its name, y is a real number.) In particular,
any real number x is a member of the family of complex numbers because it can be written
as x + 0 - i. Any complex number of the form yi(= 0 + yi) is called a pure imaginary number.

Complex numbers can be added and subtracted in a reasonable way by combining real parts
and imaginary parts as follows:

(a+bi)+(c+di)=(a+c)+ (b+d)i
and
(@+bi) —(c+di)=(@a—c)+ (b—d)i.

You can also multiply complex numbers as you would multiply any binomials in algebra,
remembering to replace i2 whenever it occurs by —1:

(a + bi) - (c + di) = ac + adi + bci + bdi® = (ac — bd) + (ad + bo)i.

Division of complex numbers is a bit trickier. If z = x + yi is a complex number, then its
complex conjugate, z, is defined as follows: z = x — yi. (You just reverse the sign of the
imaginary part.) The complex conjugate is important in division because z - z = x> + y?,

Copyright © 2009, Elsevier Inc. 425
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a real number. (Check this out.) In division of complex numbers, the conjugate plays much
the same role as the conjugate you learned to use in algebra to simplify fractions. For exam-
ple, in algebra, if you were asked to simplify the fraction %5, you would “rationalize the

denominator” as follows:

3 3 ﬁ:ﬁ

NN
Another example from algebra makes the similarity between conjugates more obvious:
243 2+43 3+V2  6+2V2+3V3+46
3-V2 3-V2 3442 9-2

_ 6+2V2+3V3+V6
= = :

In the preceding example, 3 + /2 is the conjugate of 3 — +/2; when you multiply these
conjugates, the radical sign disappears, leaving you with the integer 7. Now if we have to
divide two complex numbers, we use the complex conjugate to get the answer, the quotient,
to look like a complex number. For example,

2+3i  2+3i 3-5 2-i 21 1,

— — —i.

345 345 3—5 9+25 34 34
In general, if z = a + bi and w = ¢ + di, then

z_a+bi_a+bi c—di_ac+bd+bc—adi
w  c+di c+di c—di 2+d2 2+d2°

If z and w are complex numbers, you should be able to see that Z=2(z+w) =z24w, z-w=

z-w,and (£) = £ forw # 0. Also, Re(z) = #4% and Im(z) = &~.

The important algebraic rules of commutativity, associativity, and distributivity work for com-
plex numbers. Furthermore, all the properties in this section extend to vectors and matrices

C1
2
(Appendix B) with complex-number entries. For example, if V.= | | is a vector with
Cn
C1 51
_ €2 [3) N
complex components, thenV = | = | = . If A = [ajj] represents a matrix with entry
Cn Cn

aij in row i and column j, then A = [a;] = [aj].
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COMPLEX NUMBERS: THE GEOMETRIC VIEW

The geometric interpretation of complex numbers occurred at roughly the same time to three
people: the Norwegian surveyor and map maker Caspar Wessel (1745-1818), the French-
Swiss mathematician Jean Robert Argand (1768-1822), and Karl Friedrich Gauss (1777-
1855), the German mathematician-astronomer-physicist.

Theidea hereis to represent a complex number using the familiar Cartesian coordinate system,
making the horizontal axis the real axis and the vertical axis the imaginary axis. Such a system
is called the complex plane. For example, Figure C.1 shows how the complex number 3 + 2i
would be represented as a point in this way.

If we join this point to the origin with a straight line, we get a vector. (See Section B.1.) The
sum of z = a + bi and w = ¢ + di corresponds to the point (or vector) (a + ¢, b + d). This
implies that the addition/subtraction of complex numbers corresponds to the Parallelogram
Law of vector algebra (Figure C.2).

The modulus, or absolute value, of the complex number z = x + yi, denoted by |z|, is the
nonnegative real number defined by the equation |z| = \/x2 + y2. The number |z| represents

iy A
3+ 20
2ifm————————= -
|
|
|
L
3 X
FIGURE C.1

Representation of a complex number

z+w=(a+tc)t+((b+d)i

=¥

FIGURE C.2
The Parallelogram Law
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the distance between the origin and the point (x, y) in the complex plane, the length of the
vector representing the complex number z = x + yi. Note that |z|> = z - Z.

THE QUADRATIC FORMULA

Given the quadratic equation ax? +bx + ¢ = 0, where 4, b, and c are real numbers with a # 0,
the solutions are given by the quadratic formula:

P —b+ /b2 — 4ac
- 2a '

The expression inside the radical sign, b> — 4ac, is called the discriminant and enables you
to discriminate among the possibilities for solutions. If b> — 4ac > 0, the quadratic formula
yields two real solutions. If b> — 4ac = 0, you get a single repeated solution—a solution of
multiplicity two. Finally, if b2 — 4ac < 0, the quadratic formula produces two complex numbers
as solutions, a complex conjugate pair. To see this last situation, suppose that b?> — 4ac = —q,
where ¢ is a positive real number. Then the solution formula looks like

_—bty=G b JGED | —b+ /G

X

2a 2a 2a
so the two solutions are x; = —z—ba + ‘z/—ji and x; = _z_ba - “z/—ji, which are complex conjugates
of each other.
EULER’S FORMULA

Around 1740, while studying differential equations of the form y” + y = 0, Euler discovered
his famous formula for complex exponentials:

e = cosy +isiny.
If z = x + iy, then we have
¢ =TV = ¢%e = ¢*(cos y + isin y).

Without fully understanding the way infinite series work, Euler just substituted the complex
number iy in the series for ¢* (see Section A.3) and then separated real and imaginary parts:

, . ap? Gy apt o Gy’
Wy _—
e’ =1+1y+ o + 30 + A + 51 +
2 3 4 5
P G LS A
L A TR TR TR

2 4 3 5
_ Y Y . Y Y _ -
_<1—E+Z—-~->+l(y—§+§—-~->—cosy~l—1smy.

cosy sin y



APPENDIX D

Series Solutions of Differential Equations

Appendix D supplements the treatment of linear equations in Chapters 5 and 6.

POWER SERIES SOLUTIONS OF FIRST-ORDER
EQUATIONS

In Chapters 5 and 6 we discussed solutions for second- and higher-order linear equations with
constant coefficients. The methods we discuss in this appendix can be applied to equations—
not necessarily linear—with variable coefficients, equations that in general do notyield closed-
form solutions. Among these are equations important in many areas of applied mathematics.

As an illustration of the key idea, we'll solve a simple first-order equation.

m Example

Consider the equation y = 1 — xy. We make the fundamental assumption that a solution y
can be expanded in a power series (Taylor series, Maclaurin series)

y(x) = ao +ar1x +axx> +azx> + -+ apx" + -

that converges in some interval. (See Section A.3 for the basics.) We have chosen an interval
around the origin.

Then, because a convergent power series can be differentiated term by term within its interval
of convergence (see Section A.3),

Y (%) = a1 + 2ax + 3azx> + -+ napx" 4

Substituting these last two series in the differential equation, we have
ai + 2ax + 3asx® + - +nax" 4
=1—x{ao+arx+ax’ +asx +-- +apx" + -}

3 +1

=1—aox —a;x’ —ax> —azx* — - —apx"tt — ...

Copyright © 2009, Elsevier Inc. 429
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Because these power series are equal, coefficients of equal powers of x on both sides must be
equal. (This is really the method of undetermined coefficients that we first saw in Section 4.3 of
the text.) Therefore, we have

a1 =1,2ay = —ag,3as = —ay,4ad4 = —ap, 545 = —as, ..., Nay, = —an—7, ...,
e}
1 ao al 1 as _470
a = a) = — a3 =——=—=, 04 = —— = —
’ 2’ 3 3’ 4 4
aop as 1 an—2
= —  d5 = —— = ——,..., Qp = —
2.4 5 3.5 n '

These formulas, in which we define later coefficients by relating them to earlier coefficients,
are called recurrence (or recursion) relations. If we look carefully, we see that for odd indices
(subscripts), the pattern is

1 1 1 1
a1=1a3=——, ds = —, a7y = — P
! 3T T3 B T35 YT T3 5.7
Similarly, for even indices we find the pattern
bit ao ao ap
daop = arbitrary, d) = ——, dg = ——, dg = — S
0 Y &2 2 M Ty T T2 46
In general, the pattern is
—1Dka
azk:# fOI' k=1,2,3,,
2.-4.6---(2k)
(—1)F

Arpr1 = for k=0,1,2,....

1-3.-5-7---2k+1)
Therefore, we can write the power series form of the solution as

aop o 1 ( 0)4 1
X)=a X — —X — x X X
YO =do+x = 13° T\ ) T

3 + X5 e X2 + x4
x —_—— —_— e —_—— —— e e . ’
1.3 1.3.5 0 2.4
where ag = y(0) is the arbitrary constant that we expect in the general solution of a first-order
equation.

5

To approximate y(x) for a value of x close to zero, we just substitute the value in
the series, taking as many terms of this series as are needed to guarantee the accuracy
we wish. |
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If we solve the linear equation in the preceding example using the technique of integrating
factors (see Section 2.2), we get the answer

y= /2 / e 24y + Ce'/?,

which can't be expressed in a more elementary way. If we integrate the power series represen-

tation of e=*"/2 term by term, multiply by the series form of ¢*'/2, and then add the series for
2 . . .

Ce*"/2, we get the same series solution we found (after collecting terms).

In using this power series method, sometimes we can recognize the series in our solution as
a representation of an elementary function. Try using the method on the equation y’ = ay,
where a is a constant, for example. You should recognize the series solution as the Taylor
series representation of Ce®* about the origin.

All computer algebra systems have the ability to work with series expansions, usually truncat-
ing the series after a fixed number of terms that the user can control. However, not all systems
can give you a power series solution of an ODE directly. For example, Maple has a very useful
power series package, powseries, and the dsolve command (in the package DEtools) has a series
option; but Mathematica and MATLAB require the user to do much more work in finding a
series solution.

SERIES SOLUTIONS OF SECOND-ORDER LINEAR
EQUATIONS: ORDINARY POINTS

In this section we'll examine second-order linear equations of the form
a®)y” + by +c)y =0, (D.2.1)

where a(t), b(t), and c(t) are polynomial functions. We divide through by a(t) and write
Equation (D.2.1) in the standard form

Y +P@Y +Q)y =0, (D.2.2)
where P(t) = X8 and Q(t) = £4.

A point t is called an ordinary point of Equation (D.2.2) if both P and Q can be expanded
in power series centered at tp that converge for every t in an open interval containing t.
Functions that have such power series representations are called analytic at the point ty. If to
is not an ordinary point, it is called a singular point of the equation.

m Example
The point t = 0 is an ordinary point of the equation (t + 2)y” + t?y’ +y = 0 because each of
the functions P(t) = ti_zz and Q(t) = t%z has its own power series expansion that converges
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neart = 0:
Q) L + ¢_v + d P@) e_r + a_r +
—_ - — — PR an —_ — = — PR
2 4 8 16 2 4 8 16
(See the geometric series in Section A.3.) However, t = —2 is a singular point because the
denominators of P(t) and Q(t) are zero at t = —2. |

Let’s apply the undetermined coefficient method of the last section to a famous second-order
linear equation near an ordinary point. The equation is named for the English mathematician
Sir George Bidell Airy (1801-1892), who did pioneering work in elasticity and in partial
differential equations.

m Example

Airy’s equation, y” +xy = 0, which occurs in the study of optics and quantum physics, cannot
be solved in terms of elementary functions. We can think of the equation as describing a
spring-mass system in which the stiffness of the spring is increasing with time. (Maybe the
room containing the system is getting colder.)

Noting that x = 0 is an ordinary point of this equation, we assume that we can write a
solution as

y&x) = aop +arx + ax? +asx> +agx + -+ apx + -
Then

Y (%) = ay + 2axx + 3azx? + 4agx> + -+ nax" -
and

Y'(x) = 2a5 + 6a3x + 12a4,x> + - +n(n — Va2 + -+ .
Substituting in the differential equation, we get
(2a2 + 6asx + 12a4%” + -+ + n(n — Dapx" > +---)
+x (a0 + arx +axx® +asx® +agx* + - +apx" +--) = 0.

Collecting terms, we can write this last equation as

2a5 4 (6a3 + ag) x + (12a4 + ap) x* + - - -
+ (n(n — a, + an_3)x”_2 +...=0.

Equating coefficients of equal powers of x, we see that the preceding equation implies that

a
2ay =0, oray; = 0; 6az +ag, oras = —%;
1244 +a; =0 N 2045 +a, =0 “
a a1 =0, orag = ———; 20a ar =0, oras = ———,
4 1 4 3.4 5 2 5 1.5
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and so forth, so we can see the recurrence relation as a, = —(n“_"ﬁ forn = 3,4,5,... Note
that ap and a; are arbitrary and that the coefficients are connected by jumps of three in
the subscripts. In particular we have 0 = ay, = as =ag = --- = ap13;, = - - - . Also, we can see

the pattern when the subscript is a multiple of 3:

ao as ao de ag
a3=—— a6=— = a9=— = —
2.3 5.6 2-3-5-06 8-9 2-3-5-6-8-9
a9 ao

"M-12 23-5-6-8-9-11-12

ajp =

and so forth, so the formula is

(—Dkag
asp, = .
I’ 573.5.6-8-9.-.-3k—1)-3k
Similarly, we can see that
al aq ay
a4=—— a7=— =
3.4 6-7 3.4.6-7
az ai
aipp = — = -
9-10 3-4-6-7-9-10
aio ai
a3 =

_12-13 - 3.4.6-7-9-10-12-13’
and so forth, so the recurrence relation is

(=Dkay
3-4-6-7-9o10~-(3k)-(3k+1)'

a3k+1 =

Putting all the pieces together, we get

3

x x© x
y(x) = aop 1—2 +

9
-3 2-3~5~6_2-3~5-6-8-9+”']

x4 x7 10
+ a1 [x - + + - }

3.4 ' 3.4.6-7 3-4-6-7-9-10

3 6

=y(0)[1— i a

x9
— + ...
2-3 2.3.5.6 2-3-5-6-8-9

3 6

x N x x? N
3.4 3:-4.-6-7 3.4.6-7-9-10

+7Y(0)x [1 —

=y(0) - Ai(x) +y'(0)x - Bi(x),

where the two series (convergent for all values of x) define Ai(x) and Bi(x), the Airy functions
of the first and second kind, respectively, up to constant multiplicative factors.
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FIGURE D.1
Solution ofy” + xy = 0; y(0) = 0,y'(0) =1

With the aid of technology, we can look at the graph of the solution of Airy’s equation with
initial conditions y(0) = 0,)'(0) = 1 (Figure D.1), which is just the graph of xBi(x).

Both Maple and Mathematica, for example, have built-in capabilities to deal with Airy func-
tions numerically and graphically—see the commands AiryAi(x) and AiryBi(x) [in Maple] or
AiryAi[x] and AiryBi[x] [in Mathematica]. |

If we want to find a solution near an ordinary point ty other than zero, we can use the
substitution u = t — ty. This substitution transforms the equation in t to one in the variable
u, which we can solve near the ordinary point u = 0. When we have solved the equation in
u, we can just replace u by ¢t — t( to return to the original variable.

The method of undetermined coefficients also applies to nonhomogeneous equations and
to equations whose coefficients are not polynomials, provided that the function on the right-
hand side and the coefficient functions can be expanded in powers of t. When we are trying
to solve a nonhomogeneous equation, equating coefficients becomes a little more difficult
because some of the coefficients of the solution series y(t) = >_7° , at" will include numer-
ical values independent of the two arbitrary constants ap and a;. This part of the general
solution ygnp constitutes ypnp. Check this out for yourself by using series to solve the
equation y” —y = ¢*. (You should recognize your solution as y = ¢1e* + coe ™ + %xe" J)

REGULAR SINGULAR POINTS: THE METHOD
OF FROBENIUS

Some singular points are such that special series methods have been developed to handle
situations in which they occur. The point ty is a regular singular point of y” +P(t)y’+Q(t)y = 0
if to is a singular point and the functions (t — to)P(t) and (t — ty)?>Q(t) are both analytic at t,.
If ty is a singular point that is not regular, it is called an irregular singular point.

For example, t = 1 is a singular point of the equation (t> — 1)?y” + (t — 1)y’ +y = 0 because
-1 -1 1 .

P@t) = (z2t—1)2 = (z+1)tz(z—1)2 and Q(t) = (7437;—y> have zero denominators at t = 1, so

neither P(t) nor Q(t) has a convergent power series expansion in a neighborhood of 1. But if

__@=n* _ 1 12 __e=1n* _ 1
we look at (t — 1)P(t) = IO = D2 and (t — 1)°Q(t) = T = @D

>, We see
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that both (t — 1)P(t) and (t — 1)?Q(t) are analyticatt = 1, so t = 1 is a regular singular point.

Near a regular singular point—say t = 0 for convenience—we write Equation (D.2.2) as
t2y" +1p(t)y +q(t)y =0, (D.3.1)

where p(t) = tP(t) and q(t) = t?Q(t). Because t = 0 is a regular singular point, p and ¢ are
analytic at t = 0. The usual power series method will not work, and we use the method of
Frobenius,! which produces at least one solution of the form

oo oo
yO) =t apt" = ant"", (D.3.2)
n=0 n=0

where we assume that ay # 0.

It is important to note that three of the most popular computer algebra systems (Maple,
Mathematica, and MATLAB) cannot apply the method of Frobenius directly to get power
series solutions near regular singular points. You must develop a solution in a step-by-step
fashion, using the capabilities of your system to handle power series and recursion relations.

We'll illustrate the method of Frobenius using a famous equation in applied mathematics,
one that first arose in an investigation of the motion of a hanging chain and has since appeared
in such problems as the analysis of vibrations of a circular membrane and planetary motion.

m Example

Bessel's equation of order p is x*y” + xy’ + (x> — p?) y = 0, which is of the form (D.3.1)
and has x = 0 as a regular singular point.2 We'll take the parameter p to be an arbitrary
nonnegative real number.

Substituting the type of series given in (D.3.2) for y, we find that

(o8]
Y = Z ap(n + r)x" =1
n=0

and

oo
y'=) an(n+n)m+r— Da"2,
n=0

" The German mathematician Ferdinand Georg Frobenius (1849-1917) published his method in 1878. It was based on a technique that
originated with Euler (who else?). Frobenius made many contributions to analysis and especially to algebra.

2 Among other achievements, the German astronomer Friedrich Wilhelm Bessel (1784—1846) was the first to measure accurately the distance
to a fixed star.
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so that we have

oo oo
Y xy (= p)y =D ann+ )+ — D"+ " an(n 4t
n=0 n=0

+ Za xn+r+2 Za pz n-+r

o]

= Z {an(n +rn+r—1)+a,(n+r)— anpz}x’“”

oo
+ Z an xn+r+2
n=0
o0 oo
= Z {(n+12 = p?) apx™ + Z apx" 2 = 0.
n=0 n=0

Transposing series and making the substitution (actually a shift of subscripts) n +2 = n on
the right-hand side, we get

o0 x
Z {n+1)? —p*}apx™" Z apx" T2 = Z Ap_ox™T
n=0 n=2

Now we equate coefficients of equal powers. To start, we have
n=0:(?—-p’)ag=0
n=1:[1+n?-p*]a; =0.

Because we have assumed that ag # 0, we must have r> — p? = 0. This last equation is called
the indicial equation® and implies that r = £p.

Let’s assume that 7 = p > 0. Then when n = 1, the equation [(1 +1)? — p?] a; = 0 reduces
to (2r + 1)a; = 0, so we can conclude a; = 0.

For n > 2, equating coefficients of equal powers of x gives us the recurrence relation
22
{n+1r)?—p*tay = —an—

or

an—2 _ an—2
{n+n2—p2}  nm+2n)

an = —

3 In general, for the method of Frobenius, the indicial equation has the form r(r — 1) + 7 po + qo = 0, where pg and g are the constant
terms of the series expansions of p(t) and ¢(t) in Equation (D.3.1).
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because r? — p? = 0. We can look at a few terms to see the pattern:

ao aop
(,12 = — = —
22421 22(1+71)
a
a3 = —————=0 |[becausea; = 0]
3(3+2r)
a0
da = — az __\22a+n _ ag
YT 442 T 222240 2210402+
a
a5 = ———— =0
5(5 + 27)
ao
de — — a4 _ 2921141241 ) _ ao
* T 766 +2r) 6(6+2r)  253101+nQ2+nNB+n

We can see, for example, that a;, = 0 for k odd.

Letting n = 2k and remembering that we're assuming r = p, we can express the even coef-
ficients in the form

_ (=D'a

22N+ 1)(r +2) - (r + k)

_ (=D'a

S 2R+ D+ (R

azs

In working with Bessel’s equation, it is common practice to make things neater by taking
ap = 2+;7"4 so that

-1k

k= ok (p + o)

The final result is the Bessel function of order p of the first kind, J, (x):

X, (—nmntr (= (5)P
y(x) = Jp(x) = - =
1;)22 nl(p + n)! r;) nl(p + n)!
(Y D ()T
_<5) ; nl(p+mn)!

It can be shown that this series converges for all real values of x.

4 Actually, ag = m where " denotes Euler's gamma function (see Section A.6).
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FIGURE D.2
Jpx) forp=0,1,2,3,4;0 < x < 10

Using technology, we can produce a graph of Bessel functions of order p forp = 0,1, 2, 3,
and 4 (Figure D.2).

Both Maple and Mathematica, for example, can deal with Bessel functions of the first kind
numerically and graphically via the command Bessel] (mu, x) [in Maple] or Bessel] [m, x] [in
Mathematica]. The parameter mu or m represents the order that we have called p. It is interesting
to note that a CAS could express the solution of the IVP y” + xy = 0;y(0) = 0,y'(0) = 1 that
we considered in Section D.2 as

23565 1 2x3/2
y(x) = 5@\/3_6' Bessel] (g, ?> .
We should make several comments about the preceding example:

1. In our analysis, we have actually assumed that x > 0 to avoid the possibility of
fractional powers of negative numbers.

2. In the indicial equation r? — p? = 0, we have assumed that r = p, a nonnegative
number. If r is in fact a nonnegative integer, then the Frobenius series is an ordinary
power series with first term agx™. For applications, the choices p = 0 and p = 1 occur
most often.

3. All our efforts have produced just one solution of Bessel’s equation for a fixed value
of p. It can be shown that when 2p is not a positive integer,

2 p o0 (_1)n (£)2n
T = <§) ; n(—p 4 )

defines a second, linearly independent solution of Bessel’s equation. When p is an
integer, it can be shown that J,(x) = (—1)?J_(x), so the two solutions are dependent.

4. If p is not an integer, the general solution of Bessel's equation has the form
y(x) = k1Jp(x) + kaJ_p(x) for arbitrary constants k; and k;.

5. The function

(cos pm)]p(x) — J—p(x)

sin pr

Yp(x) =



D4 The Point at Infinity a

is the standard Bessel function of the second kind. Then
y(@) =c1Jpx) +c2Yp(x)

is the general solution of Bessel’s equation in all cases, whether or not p is an integer.
Both Maple and Mathematica have commands—BesselY (mu, x) and BesselY [m, x],
respectively—that enable users to explore Bessel functions of the second kind
numerically and graphically.

There are many treatments of the properties and applications of Bessel functions.

Accessible sources of information include the books Differential Equations: Theory, Technique,
and Practice by George F. Simmons and Steven G. Krantz (New York: McGraw-Hill, 2007) and
Handbook of Mathematical Formulas and Integrals (Fourth Edition) by Alan Jeffrey and Hui Hui
Dai (San Diego: Academic Press, 2008).

THE POINT AT INFINITY

In some situations we want to determine the behavior of solutions of the equation
Y + Py +Qy =0

for large values of the independent variable t—the behavior “in the neighborhood of infinity.”
The way to deal with this problem is to use the substitution t = % and investigate the resulting
equation near u = 0. This substitution converts a problem in large values of t to one in small
values of u. Once the “u-problem” is solved near u = 0, we make the substitution t = % in
the u-solution to get the solution near the t point of infinity.

Letu = % Then, by the Chain Rule,

p_dy _dy du_dy(_1>_ 2 dy
t2

PS@ T awd T du

d (dy d (dy\ du d%y dy
Z 2 2
V'S a (dt) du (dt) dt < vz 2, ) (1)
Let’s use this transformation method to solve an equation for large values of the independent
variable.

m Example
Find the general solution of the equation

and

d? d
4t3EZ +6t2d_)t/ +y=0

for large values of t.
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First, we write the equation in the standard form

dy 3dy 1

>+t 5+ —3v=0

dt 2tdt 4t
Making the substitution u = % and using the calculations for y’ and y” given previously, we
transform our equation into

d?y dy 3u ,dy u’
2y LAY oy U ay ., wo_
(leu2 2udu>(u)+2< du) y=0
or
dy , dy
4t 2% Ly,
du7—+ 7 +y=0

which has u = 0 as a regular singular point.

If we use the Frobenius method, we find the general solution

o (D)™ (—D""t>
w(”)zclz_;) 2n)! ZZ ant Dl

Substituting u = %, we get the solution
e n o n+%
(—D)" (1 (—D" [1\"2
=a X S (Y ey S0 (2
o ant \1 —an+ D \1
=c cos( ! >+c sin( ! >
=1 7 2 7i)
(See Section A.3.) |

SOME ADDITIONAL SPECIAL DIFFERENTIAL
EQUATIONS

Many famous functions, such as the Airy and Bessel functions, arise as power series solutions
of second-order differential equations. These functions form a particular class of what are
usually called special functions. [A classic reference is Special Functions by Earl D. Rainville
(New York: Chelsea, 1971). A more recent book is Special Functions by George E. Andrews,
Richard Askey, and Ranjan Roy (New York: Cambridge University Press, 1999).]

Among these important second-order equations that have been significant in solving prob-
lems in applied mathematics, science, and engineering are the following, which you are invited
to investigate using the methods of this appendix.



D.5 Some Additional Special Differential Equations a

Chebyshev’s equation: (1 — x?)y” — xy’ + p?y = 0, where p is a constant. (When p is a
nonnegative integer, the solution is an nth-degree polynomial.)

Gauss’s hypergeometric equation: x(1 —x)y” +[c — (a+ b+ 1)x|y’ — aby = 0, where g,
b, and ¢ are constants.

Hermite’s equation: y” — 2xy’ 4+ 2py = 0, where p is a constant.

Laguerre’s equation: xy” + (1 — x)y’ + py = 0, where p is a constant.

Legendre’s equation: (1 — x2)y” — 2xy’ + [k(k +1)— 1’f—;] y = 0, where m and k are
constants, k > 0.
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Answers/Hints to Odd-Numbered Exercises

Exercises 1.1

A1. a. Theindependent variable is x and the dependent variable is y.
b. First-order.
c. Linear.
A3. a. The independent variable is not indicated, but the dependent variable is x.
b. Second-order.
c. Nonlinear because of the term exp(—x)—the equation cannot be written in the form (1.1.1),
where y is replaced by x and x is replaced by the independent variable.
A5. a. The independent variable is x and the dependent variable is y.
b. First-order.
c. Nonlinear because you get the terms x2 (y’)2 and xy’ y when you remove the parentheses.
A7. a. Theindependent variable is x and the dependent variable is y.
b. Fourth-order.
c. Linear.
A9. a. The independent variable is t and the dependent variable is x.
b. Third-order.
c. Linear.
A11. a. The independent variable is x, the dependent variable is y; first-order, nonlinear because of
the exponent y’.
A13. a. Nonlinear; the first equation is nonlinear because of the term 4xy = 4x(t)y(t).
b. Linear.
c¢. Nonlinear; the first and second equations are nonlinear because each contains a product of
dependent variables.
d. Linear.
Bl. a=1.

Exercises 1.2

A11. a. For example, cy’ = 1 is a possible differential equation satisfied by y.

b.

For example, y’ — ay = be®™ cos bx.

Copyright © 2009, Elsevier Inc.

443



m Answers/Hints to Odd-Numbered Exercises

A13.

A15.
B3.

B5.

B7.

c. For example, y' — y = Bet. Other possibilities are the equations y” — y = 2Be! and
Y =y = Bet.
d. Oneanswerisy = —3e 3t 4ty ory —ty =—3e 3L
2 2
1 2

Y = yz + Y+ , a first-order nonlinear equation.

y<+2 x24+1
One solution is y = (—2xy)/(x% + 4).

a. The given equation is equivalent to (y )2 = —1. Since there is no real-valued function Y
whose square is negative, there can be no real-valued function y satisfying the equation.

b. The only way that two absolute values can have a sum equal to zero is if each absolute
value is itself zero. This says that y is identically equal to zero, so that the zero function is
the only solution. The graph of this solution is the x-axis (if the independent variable is x).

Ifx > corx < —c then ¢2 — x2 < 0 and then the functions y = £ v/c2 — x2 do not exist as

real-valued functions. If x = +c¢, then each function is the zero function, which is not a solution

of the differential equation.

One solution is y(x) = (1/2)(sinx — cosx).

Exercises 1.3

Al.
A3.
Ab.
B3.
Bb.
B7.
B11.

C1.

C3.

R(t) = —m (1 + cost).

r(t) = (a/b) (e /b — t — 1/b).

A=-1/4,B=1/37,C=—6/37.

Recall the Product Rule and the Fundamental Theorem of Calculus (Section A .4).

No. An equation of order n requires an n-parameter family of solutions.

The length of the runway must be 5/6 mile (five-sixths of a mile).

a. Deriving inspiration from Example 1.2.1, we get u(t) = u(0) ek = A gkt

b. We have w(t) = (k_Tl)A(l —ekatyfor0 < k< 1;w(t) = aAtfork = 0.

b. Ast — oo,e*t — 0, sothat W(1) — . Note that C/E is in pounds per day.

c. About 79 days for 201b, 138 days for 301b, and about 177 days for 35 Ib. This says that the

weight is a concave up decreasing function of time—that is, the rate of weight loss slows

down with time.
387.9802

b. Here's the graph of y(t) = | 54,0812 ¢ 0.02270347¢ :

c. \ Actual Population Logistic Pop. Value
1790 | 3,929,214 7,043,786
1980 \ 226,545,805 225,066,248
1990 \ 248,709,873 246,050,716
. . 387.9802 s
d. tl_l)rgo y(t) = t1—1>rgo [T 54,0812 0-0.02270347¢ — 387.9802 million people.
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250 1
200
150
100

50

(=1

50 100 150 200

Exercises 2.1

Al.
A3.

_A,C
Y=77a
y = (t—2)3 =3 — 612 + 12t — 8. The solution y = 0 is a singular solution of the basic ODE

and satisfies the initial condition.

Ab. y =2 — 3 cosx. The only possible singular solution is y = 2, but this can be obtained by letting
Cc=0.

A7. % +y+Inly—1|= —% + C.The constant function y = 1 is a singular solution. Notice that
the implicit solution formula is not defined for y = 1.

A9. z = %. Note that for each particular value of the parameter C, the solution is defined

A11.
A13.

A15.

A17.
B3.

only for 10* < C—thatis,forx <InC/In 10 (or x < log; C).
x2
y=-7 +Cory=Ce™.

x+2y—21In |x+2y+2| =x+ C;y=—(x+2)/2 is a singular solution.

1 2 2
arctan(%)—fln (x ty )—lnlxl—C:O.

2 x2
We have two one-parameter families of solutions:y = x/2In|x| + Candy = —x/2In |x| + C.
1
a. x(t) = —.
W=7

b. The interval I can be as large as (—oo, 2) or (2, 00). Any such interval I cannot include the
point ¢ = 2, at which x(t) is not defined.

X
3_
2_

1_

T 1 1y
-10 -8 —6 —4 -2 2t

d. The only solution is x = 0, a singular solution that satisfies the initial condition x(0) = 0.
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B5. t =60.

B7. V(4) = 327 cubic units.

C1. V =300 ft/sec.

C3. a. If welet p(x) = dy/dx, then the original equation becomes dp _p, [1+7?]

1/2
Ir .

b y=§Ge*+ e+ 0 = 5 (Czekx + ée—kx) +Cs.
C5. a. The equilibrium solution occurs when C = D/pu.

b. The formula for the concentration is C = % — (%)e*“t.As t —> 00,e M — 0,50

C@t) — % 0= %, the equilibrium solution found in part (a).

C. C

Co

D\

o

Co

Exercises 2.2

Al. y=2x—1+Ce 2%,
21

t 2
A3. x=——=+4Ce I,
X 5 2+ e
3 2
t t C
A5, y= — — — + —.
V=75 5+t3

A7. y =xsinx + Cx.
A9. x =el(Int| +t2/2 + C).

e +ab— e
= . )

A11. y(x)

mx

A13. Form # —a, we have y = + Ce ¥ If m = —a, then

a+m
e“xyzfe(“_“)xdxzfldx=x+C, sothaty = xe ¥ + Ce % = (x + C)e~**.

Note: A CAS that can solve ODEs may miss the need for an analysis of two cases.
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A15. x(t) = (L) (t+1Ine] — 1).

t+1
A17. y = —In(x + Cx?).
A
Bl. y= RS ; ¥ = 0 s a singular solution.
+1

B3. ; ¥y = 0is a singular solution.

V= —F7———
1
1/x—l—i—i—Cez’C

B5. y=2 etz/(2 C—- etz); y = 01is a singular solution.
o 3
B7. a. W() = (E n ce—ﬂt/3> .

3
b. Wao = (g) .
B

c. W(t) = Woo(l - e—ﬂf/3)3.

d.

A

't

BY. a. I(t) = E_E wu_E (1 - e_(R/L)t>.
R R R

=

. E
lim I(t) = —.
t— 00

R
L
c. t=—In2.
R
E
d. It) = —.
® R
B11. Q() = EoC [sin (wt) — @RC cos(wt)] wEQRC2 —u/RC
. 1+ (RCw)? 1+ (RCw)2
EoC
= H—(;)!W {sin(a)t) — wRC cos(wt) + wRCe—f/RC}.
v
B13. p(t) = —— + - e~ WAt — _— 1 _ gm0t | 4 g e (At
p(t) w+v (Po M—l—v) M+v[ ] Po
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o1t

[1 — e_(/‘L"_U)t:I + poe_(ﬂ+v)t}

_m <q0 - L) e
m+v mw+v

= ’jr [1—e—(ﬂ+“)f]+qoe—<“+”)f.
n+v

C1. Note that (1 —n)y =y"u'.

Exercises 2.3
Al p'=bp—dp=(b-dp.
A3. p =kp?2 —dp=(kp—d)p.

t
BLa.P:9—+f£+(Lm5—gjﬁtm«umwt+1aﬁy+ommswmﬁﬁ

B k2 k2
b. P(20) ~ 2,200,736 people.
B3. A =% - Fe /0 =5 (1-¢Y%).

B5. a. 100 gallons.
b. 175 pounds.

B7. 165.12 minutes.

Exercises 2.4

Al.
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A19. The equations in Problems A4, Ab, A8, and A14 are autonomous.

B1l. a.
501

3
M7 ™ T T T T T T T T T T T T

T TR TR T T T T T T T T T T T T

b= ——p b B> > ——>—> >

=N

PP %> _» > _»_ > > _ b > > > > >
Vo v v _wv_w v _w _w_¥ _w_¥v_w_v_w_%

A B P i A B G i A
A A AAAAAAAA A
Wb A A A A
ARSI
PSS ST
WE 22T R ST
A A A A A A
ro2 ST
Al A 12 Al A1 2 7 Al A 12 A AR Py
274 7678 10712 14 16718 J0 ¢

b. The amount of substance X approaches 40.

B3. Circles centered at the origin with radii /1/C2 — 1, where C e [—1,0) U (0, 1] is the slope.

B5. The horizontal linesx = ¢ and x = 8.
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B7. a. Field 3.
b. Field 1.
c. Field 2.

B9. YA

The slope field indicates that any solution must be an increasing function. Some solutions in
the second quadrant seem to have vertical asymptotes, so that they “blow up in finite time,”
whereas other solutions starting out in this area flatten out (approach some finite value
asymptotically) as they pass through the first quadrant. Solutions with initial points in the third
quadrant are almost flat until they pass into the first or fourth quadrants. Starting out in the
fourth quadrant, a solution will start out having a very large slope, but will move into the first
quadrant and approach a positive finite value asymptotically. Overall then, we see that as

x — oo, we have both y — oo and y — 4, where a is a positive real number. As x — —oo

(i.e., as we look at the slope field from right to left), we see that y — oo ory — 0.

Exercises 2.5

Al. —>— & —<—0—>—)

A3, ——e—<—e0—>—Xx

[ Xl

Ab.

A

A7. =37 27 —7 0 T 2w 37

[ N

A

A9,
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All., —>——<——>—@—<—X

O

A
=

A13.

A15. a. > + > X

b. There are no critical points. Any solution must be an increasing function.

1.2
° < 1

b. If the initial current, I(0), is 3 amps, it is to the right of the critical point, so that the current
tends to decrease toward 1.2 amps as t gets larger.

0 V9.8/c

B3. a. f—>—e— v

b. The positive equilibrium solution is 4/9.8/c, which is a sink representing “terminal velocity.”

B5. a.

b. P(t) > 0ast - o

B7. 1)

C1. If e < 1/2, the equilibrium solution (1 — 2«)~! is a sink. If @ > 1/2, the equilibrium solution
(1 —2a)~!isasource.
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X

C3. a.

x(t) — /a/b.

x(t) stays at zero.

x(t) — /a/b.

g e b

Exercises 2.6

A1. The equilibrium points are y = 0 and y = 1. Both of these are nodes.
A3. The only equilibrium point is y = 0, a source.
Ab5. The equilibrium points are x = —a/b and 0. We find that x = —a/bis a sink and x = 0 is a source.
A7. The equilibrium points are x = 0 and 1. The solution x = 1 is a sink. But x = 0 is a node.
A9. The equilibrium points are x = 0, 2, and 4. We see that x = 0 is a source, x = 2 is a sink, and
x = 4 is a source.
A11. The only equilibrium point is x = 0. A careful examination reveals that x = 0 is a source.
A13. There is only one equilibrium point, x ~ 0.74, which is a source.
A15. We see that x = —1 is a sink, x = 0 is a source, and x = 0.5 is a node.

8P P
Bl. a. u=3J—=23—.
U=V T Vs

b. The equilibrium speed is a sink.

c. A rower may start from rest with maximum acceleration but then tire a bit so that his or her
speed would level off at the equilibrium speed. If the rower's speed is greater than the
equilibrium speed, we can reasonably believe that he or she may tire or the “drag force”

b S u? may exceed the “tractive force” % and so slow the boat down.

0 1/b

B3. a. N

b. With a = 10 and b = 2, the graph is

1.5

0.5
SWV)

—0.5
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c. The only equilibrium point is N = 1/b. The phase portrait given in (a) indicates that this is a
sink.

Exercises 2.7
Al. 1.

2. The only bifurcation point is ¢ = 0.
3. The bifurcation diagram is
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A3. 1.

c<1 Cc=1

—0.5

= ol

2. The only bifurcation pointisc = 1.

Ab. 1.

0.2+

—0.5

o Cc>1
0.14
0 x 05
. C>0
lA
0 X
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2. There is one bifurcation point, ¢ = 0.

3. x4

//

[3

yd

B1. We find that h* = 25/4 is the maximum harvest rate beyond which any population will become
extinct.
B3. The value ¢ = 0 is a pitchfork bifurcation.
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C1. c. The bifurcation point R = R, is a sink.

|
x = V(R—R_)/k (sink)

X

Exercises 2.8

Al.
A3.

Ab.
A7.
A9.
A11.

B1.

B3.

C1.

C3.

Cb.

For example, take any rectangle centered at (0, 3) that avoids the t-axis (x = 0).

There is no rectangle R containing the origin that does not also include points of the x-axis,
where t = 0.

There is no rectangle R satisfying the requirements of the Existence and Uniqueness Theorem.
For example, take any rectangle in the t-y plane that does not include part of the line t = —1.
The solution’s domain is I = (—n/2, 7/2), an interval of length 7.

x(t) = ( % + 2/%)3; the initial condition of Example 2.8.2 is x(0) = 0, so that we don't expect

uniqueness in that case. In the current exercise, both f and g—{c are continuous at (0, xg) if
xo < 0, so that we are guaranteed existence and uniqueness on some t-interval I.

of

a. — isnotdefinedatQ = 1.
aQ

b. The constant function Q = 1 is a solution because Q' = 0 = |Q — 1| and Q(0) = 1. This
solution is in fact unique.

The conditions of the Existence and Uniqueness Theorem are not satisfied, so uniqueness is not
guaranteed.

The conditions of the Existence and Uniqueness Theorem are satisfied, and so we expect to find
an interval I = (2 — h, 2 + h) centered at x = 2 such that the IVP has a unique solution on I.

No. If a solution near P = b were to equal the equilibrium solution—that is, if another solution
curve intersects the horizontal line P = b at the point (t*, b)—then we would have two
solutions of the IVP ’fi—lz =kP(b — P),P(t*) =b.

a. Show that [y(t) y(—t)] = 0.

b. What does part (a) imply about the signs of y(t) and y(—t)?



Exercises 3.1
Al.

A3.

Ab5.

A7.
A9.

I Yk
0 1.000000
0.25 0.750000
0.50 0.625000
0.75 0.589844
1.00 0.643490
y
1
0.9
0.8
0.7
0.6 1 1 1
02 04 06 038
Iy Vi
1.0 2.000000
15 3.3569141
2.0 4.266010
2.5 5.065065
3.0 5.8071565

1t

Answers/Hints to Odd-Numbered Exercises a

y(r/2) ~ 1.14884140143. The absolute error of the approximation is |1 — 1.14884140143| =
0.14884140143.

y(1) ~ 1.38556107091.

y(1) ~ 0.80998149723; since the solution of the equation is y(x) = arctan x, we have
y(1) = arctan 1 = 7/4. Multiplying our approximation for y(1) by 4, we get an approximation
for =.



m Answers/Hints to Odd-Numbered Exercises

All. a.
Y1=y0+0202=1+02(1)2 =12
y2 =71 +0.2y12 = 1.2+ 0.2(1.2)2 = 1.488
3 =y2 +0.2y2% = 1.488 +0.2(1.488)% = 1.9308288
ya =73 +0.2y3% = 1.9308288 + 0.2(1.9308288) = 2.67644877098
ys =ya +0.2y4” = 2.67644877098 + 0.2(2.67644877098) = 4.10912437572
V6 =5 + 0.2y5% = 4.10912437572 + 0.2(4.10912437572) = 7.48610500275.

b. The equation is separable.
c. The following table compares approximate and actual values:

[ Actual y(t,)
0 1 1

02112 1.25

04| 1488 | 1.6667

0.6 | 1.9308 @ 2.5000

0.8 | 2.6764 @ 5.0000

1.0 | 41091  UNDEFINED
1.2 1 74861 | —5.0000

The solution graph indicates the difficulty:

—_
(=3

W

(=)

|
()
e

|
—_
o

B1. a. P(1) ~ 1.330624 million people = 1,330,624 people.
b. P(0) = 1.284999... people ~ 1,285,000 people.

B3. V(0) = 166.390541 ... ~ 166.39 meters per second.

B5. With h = 0.5, we get x(2) ~ 2.746746, with absolute error about 0.253254. With h = 0.25, we
get x(2) ~ 2.870814, with absolute error about 0.129186.



B7.

B9.

L& =3x.

Answers/Hints to Odd-Numbered Exercises a

b. Ifx(0) = 1,thenx” = 3x> > 0 for all x > 0, implying that the solution curve is concave up.
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. Euler's method underestimates the true value of the solution at t = 0.1.

. Note that the direction field is not meaningful fory < —1ory > 1.

. We see that y(1) ~ 0.8950 and y(1.2) ~ 1.0235. However y(1.3) and y(1.3), for example,
can't be calculated because the values would involve the square roots of negative numbers.
With a relatively large step size of 0.4, once you get a little past ¢t = 1.2, Euler's method
produces values of y that are greater than 1.

C1. The only way a solution curve can coincide with its tangent line segments is if the solution
curve is a straight line—that is, if y(x) = Cx + D, so that the differential equation is % =c.

C3.

PR p

2500

50 .
——— cosx + —— sinx

2501 2501

"~ 2501

00
S p 50k y(0.2) = 0.9836011240....

y(0.2) ~ 1.7466146068. The absolute error is 0.7630134828.
y(0.2) ~ 1.1761983279. The absolute error is 0.1925972039.
y(0.2) ~ 1.8623800769. The absolute error is 0.8787789529.

No.

SR N NS
T




Exercises 3.2

A1. The table of approximations is

m Answers/Hints to Odd-Numbered Exercises

TRUE Euler’'s | Absolute | Improved Euler | Absolute

VALUE | Method Error Method Error
h=0.1 593977 | 5.69513 @ 0.24464 5.93266 0.00711
h=0.05 593977 | 5.81260 @ 0.12717 5.93791 0.00186
h=0.025 | 593977 5.87490 | 0.06487 5.93930 0.00047

A3. a. x(t) =—t—14+2¢.
b. x(1) ~ 3.42816.
c. The following table shows the absolute error at each step of part (b):

t, Xy, TRUE VALUE = Absolute Error
0 1 1 0

0.1 | 1.11000 1.11034 0.00034
0.2 | 1.24205 1.24281 0.00076
0.3 | 1.39847 1.39972 0.00125
0.4 158180 1.58365 0.00185
0.5 | 1.79489 1.79744 0.00255
0.6 | 2.04086 2.04424 0.00338
0.7 | 2.32315 2.32751 0.00436
0.8 | 2.64558 2.65108 0.00550
0.9 | 3.01236 3.01921 0.00685
1.0 | 3.42816 3.43656 0.00840

B1. a. P(1) ~ 1.330624 million people = 1,330,624 people.
b. P(0) ~ 1.285363 million people = 1,285,363 people.

B3. a. y(©) =[(1 —a)t] /A=),
b. Take f(t,y) =y to = 0, and yp = 0 in the improved Euler method. Then we have, for any
hyr =yo+ B {f(to,y0) +f(t1,y0 + hf(to,yo))) = Bf(t1,00 =0 =y = -+ =y, = ypoy1 fOr
all positive integer values of k.
c. If yg = y(0) = 0.01, then for any h, the improved Euler's method produces a nonzero
sequence of approximate values.

Exercises 3.3

Al.

TRUE VALUE | Euler's Method | Improved Euler Method | RK4 Method
h=0.1 2.7182818 2.5937425 2.7140808 2.7182797
h=0.05 2.7182818 2.6532977 2.7171911 2.7182817
h =0.025 2.7182818 2.6850638 2.7180039 2.7182818




Answers/Hints to Odd-Numbered Exercises a

A3. y(1) = e~ 2.71828181139414093.

A5 a. x=———.
t2+C
b. The 1kf45 method yields x(1) ~ 0.99999999727228860.

B1. a. The following table provides the required data:

t V()

5 100.163
10 104.984
15 105.045
16 105.046
17 105.046
18 105.046
19 105.046
20 105.046

We guess that the terminal velocity is 105.046 ft/sec.

b.  py
100

80 -
60 -
40
20

1
5 10 15 20 25 30 ¢

Cl a. (05,1 ] (05,2 | (151 | (1.5,2) | (2,2)
1 1845 | 1707 | 2320 1918 | 2.061
2| 2663 2069 @ 4207 | 22156 2233
3 3349 2190 @ 4893 | 2236 @ 2.236
4 3872 | 2224 4988 | 2236 @ 2.236
51 4246 2233 | 4999 | 2236 @ 2.236
6| 4504 2235 5000 | 2236 @ 2.236
7 4677 | 2236 | 5.000 | 2.236 | 2.236
8 4791 @ 2236 5000 | 2236 @ 2.236
9 4865 @ 2236 5000 | 2236 @ 2.236

10 | 4913 | 2.236 | 5.000 | 2.236 @ 2.236

b. (r.q) ~ (0.5, 1.4).
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Exercises 4.1
Al. y=(c1 +cat)e?t.
A3. x =el(cy cost + ¢y sint).
A5, x =c¢1 +cpe 2L,
A7. y =c1cos2t + cysin 2t.
A9. 1(t) = e2!(cy cos 4t + ¢ sin 4).
A1 x(t) = —e? + 2¢".
A13. y(t) = @ sin4t.

B3. a. 1) = 3 (710 - e75).

b. 14

0 1

01 02 03 04 05 ¢
¢. The maximum value of I is approximately 0.8.

d. The maximum value of I is achieved when t ~ 0.04 seconds.

B5. x(t) =3cos12t+ % sin 12¢.

B7. a. x(t) = —%e‘” (llﬁsin(zﬁt) +3 cos(2\/§t)).
b. The graphs are

1 /\I | I
05/1 15 2 25 31
_0.1-
~02
—03}

—0.002
—0.004
—0.006
—0.008




C3.

Exe

A7.

B1.

B3.
B5.
B7.

C1.

Answers/Hints to Odd-Numbered Exercises a

0.0012
0.0008
0.0004

0 1 1 L 1 1 -
[ 32 34 33384

c. The greatest distance is approximately 33 cm.

c. u(t) = Cqt + Cy.
rcises 4.2
Y= 3x2.
1 1
YO =3x— £ +e 312 (Cl cos(iﬁx) +Cy sin(iﬁx>).
Y(&) = cre™ + cre2¥/3 — % cosx + % sin x.
y(x) = c1 cosx + ¢ sinx — %x COS X.
x(t) =cre” —|—C;>_+ Let — e~
x(t):{l if 0<t<1

—cosmt if t>1.

Exercises 4.3

Al.
A3.
Ab.
A7.
A9.
Al1.

A13.

A15.
A17.
A19.

B1.

B3.

YGH = €1 + Cze_‘%; yPNH = Kt.

Yo = c1 +c2e” 7, ypNp = Kxe™

7

YGH = €1 CO85x + ¢ sin5x;  ypNy = Ax(cos 5x + sin 5x).

YGH = e 3¥(cq cos 2x 4 ¢ sin 2x);  ypNH = Xe 53X (¢ o8 2x + ¢ sin 2x).
YGH = ¢1 coskt +cysinkt; ypnpg = C.

yonH = C1e3t + Coe™t + Lt

xoNH = Cre' cost 4+ Cpelsint + (—7t - E) sint + (%t + %) cost+et.

L _2cost—2sint.

xGNH = C1 + Coe™
YoNH = (C1 + Cox)e ™% + 2x2e 7%,
xoNH = Cre™ 4 Coe 2 + (—1%1? + %) cost + (1—10t + %) sint.

3 4x 3 4x 3 —X
) = gxe™ — gt oge

y@) = e_t/2 <7 cos ({t) H“f sin ({t))

+ (—tze_t —6e~t —4te")sint + (—2te™" — e~ ') cost.
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b. y(t) =t —sint.
c. y(t) = —mwcost — 2sint.

t —sint, 0o<t<m
d y@® = .
—mcost—2sint, t>m.
4 3
2_
] t
40 4 8 12 16
yl ) NS NN N N W Y N N I N O O U ¥ W)
_2_
—4 ]

Cl. y(x) = c1€° + czezx + %(9 cos 3x — 7sin 3x) — ﬁ(ﬂ cos 9x — 79 sin 9x).
C3. y(x) =c1 cos 2x + cp sin 2x + 11—2 — ﬁ cos? 2x — 3i cos3 2x.
C5. b. No, any solution is unbounded unless the constant is zero.
c. If ¢ = 0, the solution is unbounded unless the constant is zero. If b = 0 also, the solution is a
polynomial and thus unbounded as t — oo.

C7. y(x) = clx(mfz) +c x(’mfz) + (10x2 — 2)/5x2.
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Exercises 4.4

Al.
A3.
Ab.
A7.
A9.
B1.
B3.
Bb.
B7.

xoNH = Crtel 4+ Coel + tintel — te! = Kyte! + Koe! + tel Int.
ToNH = Citel + Coet + tlnte! —te! = Kte! + Kpe' + tef Int.
YONH = c1xe™ 2 + coe 2% + Jxdem 2,

YONH = c1xe ™™ + coe ™" + x%e ¥ (2Inx — 3).
YoNH = € (c1 €¥ 4 ¢ — e* cos(e™)).

YGNH = c1x1n x + cox + %xln2 X.

yenH = c1x2 + cox + $x32In x — 3).

YGNH = c1tan x + ¢y + %xtan X.

YGNH = 61x3 + szz + %x‘l.

Exercises 4.5

Al.
A3.
Ab,
A7.
A9.
B1.
B3.

B5.

B7.
BO.
B11.
C1.
C3.

y(x) = C1e3* + Cre™ + C3.

y(x) = Crxe ™ 4+ Cre ™™ + C3.

y() = C1e1% 4 ¢! (C5 cos ¢ + Cs sin ©).

y(t) = Cre2t 4+ Cre?! + Cze7 3 4 Cye3t.

y(t) = C1 + (Caot + C3) e 4 Cqe 2L

y() = (C1t2 + Cot + C3)e’ + (C4t + Cs)e?! + Cge3t + Cre*t.

y(x) = e~ 0-7289%(C; cos (0.6186¢) + C5 sin (0.6186¢))
+e0-4705% (C3 cos (0.7591t) 4 C; sin (0.7591¢)).

a. ygH = C1x3 + C%x2 4 C3x + C4.

b. Anintelligent guess would be ypNp = (R/24)x4 .

Y = (C1 "3 + Cot" % 4 ... 4+ Cy_3t + Cy—2) + Cp_1e " + Cpel.

Y@ = %e“ + C1 + Cre O + Czet.

y(x) = Cre® + Cped* + C3e~2% — 327 (25x2 4 60x + 126).

y(x) = Cq cos x + Cy sin x 4+ C3x + C4 + xsin x + 2x cos x + %x‘l —3x2.

a. ypNH = C1y1 + Coyz + C3ys.
V1
)’/1
Y1

V2
Vs
V3

V3
V3
V3

C:1
2
C3

b.

0
0].
8

c. y(x) =c1e¥ +coe 4 c3e?¥ — %xex.
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Exercises 4.6

Al [dg; —xp, 42 1—|—x1].

A3. The nonautonomous system is {y} =y, 75 = (51n x + 3xy2 — 4y1) /xz}. Replacing x by y3 and
adding the equation y’3 = 1 yields an autonomous system.

A5, x| =xp,x, = x3,x§ =tx3 —x2 +5x1 — tz}.

A7. The nonautonomous system is
{w) = w, w) = w3, W = wy, w) = 6sin(4) + 2wy — 5wz — 3wy + 8w }. To get an
autonomous system, replace t by ws and add the equation w’5 =1.

A9. {x] =xp,x5 =1—3x) —2x1; x1(0) = 1,x2(0) = 0}.

dx; _ dx; _ 1 dy1 dyz _ 4ty
AL B =y, S2 = S {x) —y3}, =2, and P = R

A13. d“ —44—2=0 or %—4]}—!—2:0,

A15. ﬁ+9d’“+6x—12—0 or dt2+9 +6y—18=0.

B1. {d;tl =Xy, % = —4x1] —4xy; x1(0) = 2,x2(0) = —2}; the first equation represents the
velocity of the mass at time t, whereas the second equation represents the acceleration of the
mass.

B3. {dyl Y2, 62/[2 = — (%) yl}.

B5. {w)] = w), w) = w3, wh = wy, w) = 6sin(4t) + 2ws — 5w3 — 3wy + 8wy }; to get an
autonomous system, replace t by ws and add the equation wg =1.

B7. {u} = up,ub = usuy +u§u1,u/3 =1; u1(0)=1,u2(0) = 2,u3(0) = 0}.

d4

C1. e 16x = 120e~! — 64t; x(0) = 6,x(0) = 8,x”(0) = —48, and x"/(0) = —8 or
d4
i — 16y = 540e~* — 96,y(0) = —24,y'(0) = 0,y"(0) = —12, and y"”(0) = 84.

Exercises 4.7

Al a. {x] =xp, %, = —x2; x1(0) = 1,x(0) = 2}.

b X
- 2
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A3. a. {y1 =y2,72 = —rui

~Y

—_

0.5

y1(0) = 2,y2(0) = 0}.

Answers/Hints to Odd-Numbered Exercises m

X2 A

1.5

0.5

10 20 30

<~




x1(0) = 1 =x3(0)}.

2.5 )?1
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Answers/Hints to Odd-Numbered Exercises
Ab. a. {x1 =xp,%) = x;

470

R
[q\] — S

1t

0.5

X)A
2.5F
1.5F

—0.5

t

0.5

1.5

x“
25F
05F

—0.5

0.5

A7. a. {x] =x,%) =x; —x?; x1(0) = 0,x(0) = 1}.
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C. _

2_
] 15

l: 1
E 0.5

X[1] # ,

: 8 x[2] OIIIIIIIIIIIIIIIIIII
_ t 4 8 2
i _ t

1] 0.5
] -1

—25 -15

B1. 2arctan (§) +In(x? +y?) —C=0.
B3. a. {Q1=Q2, Qy = sint—14Q1 —9Qz; Q1(0) =0,Q2(0) =0.1}.

b. b

0.12
0.08 -
0.04 -
o1[2] _X
rmrTTT LN rTrTrT T TT rTT 11
—0.04 \~0.02 07 0.02 / 0.04
lel
~0.04 -
c. .
0.04 0.04
0.02 7 0.02
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] 0.5 1 1.5 2 2 6 8
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B5. Every point on the x- and y-axes is an equilibrium point. The phase portrait looks like

e e e N N N N

e~ N N N NN

A
A
5 )
N
N
N
N
N

C1. The equilibrium solutions are (0, 0), (—1, 0), and (1, 0).
C3. a. With A = 1, the phase portrait is

c. Thevalue A = 01is a bifurcation point, a point at which the phase portrait changes drastically.
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Exercises 4.8

Al. a. {x1 =xp,%) = —64x7 —20x7; x1(0) =1/3,x2(0) = 0}.

b- \\\\\0'\1\\\\(\)'2\\\\\0\'3\\1
—02F3 3 7
TINRe A4 Y i
TIAINc v i
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0.3
02F
0.1F
I L Iy
0.5 1 1.5 21

d. The mass approaches its equilibrium position but doesn't quite reach it because of the large
damping force. In particular, the mass doesn’t overshoot its equilibrium position.

A3. a. {&1 =xp,%) = 16 cos8t — 64x1;x1(0) = 0,x2(0) = 0}.

b. o

C.
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d. The half lines x = t and x = —t are asymptotes for the graph in (c) for t > 0:

X1 A x=t

Bl. a. (M+0.5)%+ 10% + kx = 0.
b. n=/1000M + 400/(2M + 1).
M1

10
d. Removing the damping force means that the scales would continue to oscillate and would

not settle down to allow a reading to be taken.

C1. a. Q" +8Q’ +15Q = 0:This equation can represent a spring-mass system with spring constant
15 and damping constant 8. (We could also have derived a single second-order equation
inR)

b. ¥ — 6x + 10x = 0: This second-order equation cannot represent a spring-mass system
because the equation implies that any damping force works in the same direction as the
mass’s motion. (We could also have derived a single second-order equation in y.)

In 4.

Exercises 4.9

A3. a. (—o0, ).
b. (—o0,0) or (0, 00).
Cc. (—o00,0)or (0,1) or (1,00).
d. (0, 0).

B1. There is no contradiction.

C1. Extend the Existence and Uniqueness Theorem to six dimensions.

C3. (c) If the solution with initial condition x(0) = 1/2, y(0) = 0 satisfies x2(t) + y2(¢) > 1 for any
finite value of ¢, this means that the solution intersects the solution given in part (b) at some point
(x(t*), y(t*)) on the unit circle. Thus, two solutions of the system pass through the same point in
the open disk x2 + y2 < 4, contradicting the uniqueness established in part (a).

Exercises 4.10

h
Al. a. xpq1 =x, + 5 {f(tk,xk,yk) +f(tk+1,xk + hf(tk,xk, yk)), Yk + hg (tk,xk, yk)}

h
Ver1 =Vet 5 {8t 2100 vi) + 8 (i1, X1 + 1 (G %0 V1)) Vie + 18 (ther Xpes Vi) }-
b. x(0.5) ~ 1.1273,y(0.5) ~ 0.5202.
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c. For x(0.5), the absolute error is approximately 0.0003; while for y(0.5), the absolute error is

approximately 0.0009.
A3. a.

(U] = up, )y = 2x + 2uy —up;u1(0) = 1,up(0) = 1}.

b. Using Euler’'s method with h = 0.1, we find that u1(0.5) ~ 1.8774 and u;(0.5) ~ 4.1711;
u1(1.0) ~ 5.5515 and u5(1.0) ~ 13.3031.
c. Using a fourth-order Runge-Kutta method with h = 0.1, we get u1(0.5) &~ 2.1784 and

12(0.5) ~ 4.7536; u1(1.0) ~ 6.7731 and u3(1.0) ~ 14.7205.

B1. a.
moving.

(x(@®), y(®),z(t)) = (0, 5,0) for all the values of t specified. The particle doesn't seem to be

b. The values of x, y, and z seem to be increasing without bound as ¢ grows larger, with the
values of x, y, and z approaching each other.

B3. t* =3.72,to two decimal places.

B5. a. [% =, % = —%v— u3;u(0) = 1,v(0) = 0].
b. x~ 6.9.
ds dI drR d . )
C1. a. o + o + W (S + I+ R) = 0. This means that the total population does not change.
b.

S-I-R model—susceptible population

20000

S-I-R model—infected population
1 T

S-I-R model—recovered population

RA
30000

20000

10000

S-I-R model—infected vs. susceptible
IA

20000

10000

>

1
30000 S

1
10000

S-I-R model—recovered vs. susceptible

30000

20000

10000

20000

1
40000 S

S-I-R model—recovered vs. infected

R
30000

20000

10000

1 1
10000 20000 I

d. We have used the rkf45 method and all values are rounded to the nearest whole number. The
values show the steady increase in the number of people who have recovered, the decrea-
sing number of susceptible people, and the fact that the number of infected people probably
peaks between days 10 and 15.
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t S I R

1 44,255 3062 2682
2 42,649 4405 2947
3 40,460 6217 3323
10 13,044 25,647 11,408
16 3447 25,638 20,915
16 2681 24,609 22,710
17 2108 23,464 24,428

e. We conclude that t ~ 161 if we round down; but ¢t ~ 171 if we round I to the nearest

integer.

C3. a. r x(0) y(0)
0.01 0.4492 —0.0158
0.02 0.4468 —0.0113
0.03 0.4432 —0.0068
0.04 0.4385 —0.0024
0.05 0.4330 0.0019
0.06 0.4266 0.0062
0.07 0.4196 0.0105
0.08 0.4120 0.0146
0.09 0.4039 0.0187
0.10 0.3952 0.0227

C5. The direction of the solution curve is counterclockwise.

d. Diastole: (x,c¢) ~ (—0.46,0.02) when t ~ 0.52; systole: (x,c) ~ (0.46, —0.02) when t ~ 1.05.

Exercises 5.1
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1 -1 1 X 7
c. | -1 2 3| |lyl=1|9
2 -3 5[z 11
A3 V= 1].
0

as. x=|%=1% Y]]
Y 3 4|y

a7 x=%=] ? 1} ﬂ
y -1 4|y

a0 x=|%=]7? 1} ﬂ
Y 0 —2||y

B1. a. The systemis {y] = y2,¥5 = 3y2 — 21}, which can be written as

vl [ o 1w
] 72 3]

b. The system is ’y’l =27y = %Yl — %yzl, which can be written as

c. The systemis {y} = y2,¥, = —w?y1 }, which can be written as
il_| o 1f|n
i __wz 0f[r

Exercises 5.2

Al. a. 17;
b. 0;
c. 6t* 4+ 4sint;
d. 1.

e b= AL

A3. [ i 2} for example.
. The characteristic equation is A2 — (1 + DA + (1(1) — (=1)(=4)) =22 =24 —3 = 0.
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A7.

A9.

B1.

B5.

g

. A1 =3and Ay = —1.

1]. . .
. Any nonzero vector of the form [ J; } =X [ 2} is an eigenvector corresponding to the
—2x _

. 1]. .
eigenvalue A = 3. Any nonzero vector of the form |:2x } =x |:2} is an eigenvector
X

corresponding to the eigenvalue A = —1.

[ |1 Of]|«x
Syl 1o 1|yl
b. The characteristic equationis A2 — (1 + DA+ (1 —0) =22 — 24 +1=0.
A1 =1=2Ajp.

. Clearly, any nonzero vector is an eigenvector corresponding to the eigenvalue A = —1.
Y

As we see in Section 5.4, a 2 x 2 system that has a repeated eigenvalue (an eigenvalue of
“multiplicity two") must be handled carefully. In this problem, we can find two eigenvectors

. . . 1 0
that do not lie on the same straight line—V; = 0 and Vp = |:1:| for example.

e

LA =34vV2,1=3-42.

1 1
el

e b
f d

a b
c d

a b
c d|

a e

d:
and y cf

/ /

The phase portrait corresponding to the system in Problem B4 is

The trajectories are moving away from the origin as ¢ increases. Algebraically, this is a
consequence of the fact that one eigenvalue, 3, is positive. Furthermore the trajectories

. . . . 1 . .
approach the line determined by the representative eigenvector 2:| associated with the
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. . . . . 1
larger eigenvalue 3 as t — oo. The trajectories approach the line determined by 2:|, the
representative eigenvector associated with the smaller eigenvalue —1 ast — —oo.

Co — —a1C
B7. a. c1(6) = a1 (M) gl —anx | 260 —1Co o

o) — a1 o) — a1

Co—¢ arco —a1C
2 () = az(u) plea—an)x @260 —1Co

a) — o] Q) —ap

B9. a. The systemis {&; =xp, &2 = —kxy — $x1}.

b. A2+kr+§ =0.

oA = (—kL+ \/M)/n,xz = (—kL— \/M)/n.

1 1
d. Vi = , Vo = .
! |:(—kL + VR - 4gL)/2L:| 2 [ (—kL ey 4gL)/2L }
e. Ast — oo, the pendulum tends to its equilibrium position (0, 0).

C1. d. Part (c) shows that the sign of d9/dt equals the sign of xy — yx, which has just been shown to
2 2
equal c[x + (%) y] + 4= [4(ad — be) — (a + d)?]. The first term of this last expression is ¢
times a perfect square, while in the second term the bracketed expression is positive by part
(b). Given the presence of another perfect square, y2/4, it is clear that xj — yx (and so do/dt)
must have the same sign as c.

Exercises 5.3
A1l. a. A1 = 3 and A,: Any nonzero vector of the form [g] = x[(l)} is an eigenvector corresponding
, 0 0]. .
to the eigenvalue A = 3. Any nonzero vector of the form [ } = y[l} is an eigenvector
Y

corresponding to the eigenvalue A = 2.
b. Here is a plot of several trajectories with the eigenvectors (essentially, the x- and y-axes)

shown:

—> > —p—>—> —> > —> —>

£
DS DENES=> SHEpSly |\ NV R S
i aa o o ff | N\
ykkk{fk{r,&a
A1)
7z
A
A RH
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X 1]. .
A3. a. A1 =1and Ay = —2: Any nonzero vector of the form [ 4 ] = x[ 4] is an eigenvector
—4yx _

. . X 1].
corresponding to the eigenvalue A = 1. Any nonzero vector of the form [ ] = x[ 1] isan
—x _

eigenvector corresponding to the eigenvalue A = —2.

b. Here's the plot of several trajectories and the eigenvectors:

1 5(.
A5. a. A1 =2and Ap = —4: Any nonzero vector of the form [f } =X |:1} =x |:1} isan
5% 5
eigenvector corresponding to the eigenvalue A = 2. Any nonzero vector of the form

X 1]. . . .
[ ] = x[ J is an eigenvector corresponding to the eigenvalue A = —4.
—x _

b. Trajectories and eigenvectors are shown here:

y

R NI T T Y
N > N N R I e e S SN
AR \\\A A A NS e e e e e
AR
R

o e alalie

_ﬁA/A/

. A X
I SRR R
T T T T T Tl T Tl R R R OINE NNRL WY

A7. a. A\ = 5+f and Ay = —5—2ﬁ , both irrational numbers; using a CAS, we find

—1+/17 —1-4/17
corresponding representative eigenvectors Vi = 1; and V, = ? .
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b. Here are some trajectories and the eigenvectors (which are difficult to pick out):

4
T

oS o o o
P

A L o
it o
Y 2R L E 7 427 4%
A
DL
L v v )

7

AN
S
N
~
S
N
x
X
N
R

N
“~
=
N
N
X
X
X
=
=
B\
N

Q

T A

ey &,
7

"%
Z

NN
NN
NN
NN
RN
NN
N

KR
N
N

KR
N
R
O

RN

=
X
X
X
N
X
x
X
X
X
X

A AL LN S IS
AP
7,

AL LA A A

|
o o o S s
LAAAA A AL A Mo

o 7 A
Vo alad

A
7

A9. a. A1 = /5 and Ay = —+/5, irrational numbers: Any nonzero vector of the form
* =X ! =x 2-+5 is an eigenvector corresponding to the
~(2+v3) | T - (2+v3) ] T 1
X 1
eigenvalue A = /5. Any nonzero vector of the form = =
eTEILe 1= /3 Ay nonzeio v [—(z—ﬁ)x} "[—(2—6)}

2 5. . . .
X [ +1f} is an eigenvector corresponding to the eigenvalue A = —+/5.

b. Here are some trajectories and the eigenvectors:

N OO e
OO O

X
!

ASSN NNy

=

-
— P>~ N
—S s~~~ N\
— b A~ S e N\
— e N N Y N
— = e N N NN &

-2 -3
A1l1l. a. )»1=O,V1=|: 1i|;)»2:1,V1=|: 1i|_

b. Here are the eigenvectors and some trajectories:

FIIFIIR KKK
FIEIRRK K K
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y

e A T A T T A T T A T A T T A T T T AT A T A T A T T
T e T e
s o " Y
e T T T T T T T T T
T T T AT AT AT — A TATAT AT AT T
e T T T T T T T

e T T s

e e T T T T T T T T
e e e e e e e e e

SSansaExss)

ERUNEA UL SN

S e "y
T AR N S
A A e S S N
A N S
A S A R S

S e N N

e e e e P T T e T

T P T e T e T T T T T

The two eigenvectors are very close together and may be difficult to see as separate vectors.
Bl. a. A=0and 1 = —-2.
b. Representative eigenvectors corresponding to the eigenvalues A1 = 0 and Ao = —2 are
3 1 .
Vi = [4] and Vp = [2} respectively.

c. Here's a plot of some trajectories:

NIRRT R

N e T N o R R TR R R

NN NN N N N
NN N
NN NN N N N

Every point of the line y = %x is an equilibrium point. The origin is a sink, while every other
point on the line is a node. All other trajectories (straight lines) seem to be parallel to the
trajectory determined by the eigenvector V.

st [[ror []-af oo ]

1 1 1 . .
B3. X(1) = %eSt[S] + et [1} the solution approaches %e“[s] (the line y = 5x) asymptotically.

B5. b. Here are some trajectories for different values of «:
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When « = 0, the trajectory is a straight line from (0, 0.5) to the origin. For & > 0, the
trajectory swirls down from (0, 0.5) toward the origin in a clockwise direction, flattening
as « increases. For a < 0, the trajectory swirls from (0, 0.5) toward the origin in a
counterclockwise direction, flattening as « increases in the negative direction.

2
B7. (CLR2 - %) — & > 0[Also: L+ CRiRy > 2R,WIC, or L > R, (2\/LC - CRl).

243 =232,
Cl a. X1 = |:T(?i| =Cle(#)t [_;ﬁi| +Cze( ) |:ﬁ:|

s(t)

1
—ﬁcle(izgﬁ)t + ﬁcze<727ﬁ)t L. .
= (%ﬁ)t (‘2;ﬁ)t : The origin is a sink.
ci1e + cre

b. X(t) = Z((g] - Cle<ﬁ—l>t [_}ﬁ} N Cze(ﬂ—ﬁ)r [\%]

Cle(ﬁ_l)t + Cze(_l_ﬁ)t
__\/ECIe(ﬁ—l)t +«/§Cze(7liﬁ)t

: The origin is a saddle point.

c. A1 =—1+./Band r, = —1 — /B, the bifurcation point occurs at 8 = 1.

Exercises 5.4

1 0
Al. a. )\1 =3 :)»2; Vl = |:0i| and V2 = |:1:|

b. Here's a plot of the eigenvectors and some trajectories:
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1]. . .
A3. a. A1 = 3 = Ay: Any nonzero vector of the form Yl = X |:1 is an eigenvector corresponding
to the repeated eigenvalue A = 3. All eigenvectors lie on the straight line determined by

1 . . . .
and there is only one linearly independent eigenvector.

b. Here's a plot of the eigenvector and some trajectories:

P
P A

X 1. .
Ab5. a. A1 = —1 = Ay: Any nonzero vector of the form [ } =X [ ) } is an eigenvector corres-
X

ponding to the repeated eigenvalue A = —1. All eigenvectors lie on the straight line

. 1 . . . .
determined by . and there is only one linearly independent eigenvector.

b. Here's a plot of the eigenvector and some trajectories:

Y
P O P P
P B
Pl B S e g S
P P P B B
P e

o aT a T b & a & a &
R R e
Y S R R e
o & aT aT b & a & a &
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- -1
A7. a. A1 = —2 = Ay:Any nonzero vector of the form |: xj| =X |: 1 } is an eigenvector
X
corresponding to the repeated eigenvalue A = —2. All eigenvectors lie on the straight line
. -1 . . . .
determined by |: ) :| and there is only one linearly independent eigenvector.

b. Here's a plot of the eigenvector and some trajectories:

T Ty Io- Lo do o *'\*'\@
R M

B1. o? = 48.

B3. Two such systems are {x = —2x,y = —2y} and {x = x + 3y,y = —3x — 5y}.

B7. b. The sole linearly independent eigenvectoris V = |: (1) }

Exercises b.b

Al a A;=—1+2iandiy = —1—2i:Vy = [ ; i|andV2:V1 =[i]

b. Here's a plot of some trajectories, spirals swirling into the origin (a sink):

T e e e o |
o o b i o o oo T

— P> —>—> —>—>—>
=

— s> —b—>—b—b—>—> ¥
- = et

b—b —> —>—b—> —>—b 5> v > v ¥ VYV v _v
g A S B S
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-1 -1

A3. a. A1:—0.5+iandA2:—0.5—i;V1:[ . j|andV2:[ :|
1 —1

b. Some trajectories, spirals swirling toward the origin (a sink), follow:

YA
A/A/A/A/Ka/é/e/a/a/w
A/A/A/A/A/A/A-/A-/A/lo T 4 G d—G— G— G—
Vi a alV ul s %Kkm

K w6 w a T a a s b 4 4 G e — — 4
P P e s e e
¥ K P a  aaE e e
LS S o T o s AT T ———
p/ // MKMG—’G—’G—’G*Q—G—QRQ\S\

e —— Ty S ML A

\ (\_ " V\'\

NS S i ‘A X X
~a e e — 7 7“ T

—~—S e TA A b —D>—> P>V /V/V
TS b e BT T T /V/V/“ / f
e e e e A s il A o
e e e A
—S— D> —DH—HB—H—P D Y b = VY _ L ¥V ¥V _V 7
e G e e bl

Ry N SR S S
e~ Hv_ B v v Y P v _v_¥_¥

A5. a. A = (1 +J§i)/2 and Ay = (1 —ﬁi)/z; Vi= [( ! } and

—3+«/§i)/2
1
[ (a-an)

b. Here are some trajectories, spirals swirling away from the origin (a source):

AN N N NN NN NS
Aa SN N SN SN SN NN N

1—i 1
A7. a. x1:—6+iandkzz—6—i;V1:|: 2l}andvz_|: ;’}

b. Some trajectories, spirals swirling toward the origin (a sink), follow:
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e~ 604

1 1
A9. a. Ay =5+2iand Ap =5-2i; V1 = and V) = .
1=> 2 ! [1—21} 2 [1+21}

b. Some trajectories, spirals swirling away from the origin (a source), follow:

‘// 242
as //
/
/
/

\ e A
\ e ~—>—>—P_F_7_ ¥ 7
\ NSy _¥

SO NN

SN NN '\
NG NLNLNLN
S OSNUNNN
A NG NN
T B R RO R
I T R SR

) . 2 -4 . .
B1. a. One such system has the matrix of coefficients ( L o ) which yields the system

(x=2x—4y, y =x+2y}.

b. One such system has the matrix of coefficients ( ; _f ) which yields the system

{x=x—-2y, y=5x—y}
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2
c. One such system has the matrix of coefficients ( 1 ) which yields the system

fx=—x4+2y,y=-2x—y}. B
! cos <£t> — 24/2sin (ﬁt)
B5. X(t) = e 3! i3«/§sin(‘?t) 3

Exercises 5.6

Al. {x(t) = %et - %(sint +cost), y(t) =t — 1+ 2e’t}.

[ cret —cpet et — Lot —42 2 - % el —cpe et —12 -2
2
A3 XGNH = . . . - — R
cret +coet et — 3¢t — 2t (cl —5)e +cpet et — 2t
[ 2c1e4t — cyet + 3¢5
A5. XgNH =
cre® 4+ coet + et
i —c183 4 cpe?l + o2t —c183 + (t 4 cp) et
AT Xonn = 3 2 2 2 - 3 2
c1e3t — 2cpe?t + 2628 — 2te?t c1e3t — (2t — 2 4 2¢9) et
[ 3c1et 4 cpet — 4¢3t — ot
A9. XoNi =
cret!t + cpe?t — 231 — 2e7t
[ —c163t + cpet + 2¢ cost — e sint
Al1l. XgNH = 3 )
c1e°t +cret + 3¢ cost + et sint
i —tcre72 —cpe7t + f5sint — 3 cost + Let
A13. XgNH =
i —c1e72t +cpe™t + fycost + sint + et
[ 1+ @+ Doet + Lot
A15. XgNH = )
coet — et
_ 1 =kt
87 A XGNH_|:x(t)i|_|: L e kI+I/klk }
T - - —kit _ Rl ,—kat
y(t) kl—kze T2 (ky ,kz)e +1/ko

I —kqt
i (o)

1 ky —kit _ k1 —kot
k2 (1 + -2 © -2 ©
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i - 1L i - 1L
b. tgrgox(t) =1 and tlirgoy(t) =1

c. The graphs of x(t) and y(¢) for the decongestant follow:

BO.

C1.

Amount of
Decongestant
A
Ir Bloodstream
0.8+
0.6
0.4
0.2 GI Tract
1 1 1 1 1 1 >
5 10 15 20 25 30¢

d. The graphs of x(t) and y(t) for the antihistamine follow:

Amount of
Antihistamine
A
2.5F
2 -
1.5F Bloodstream
1 -
0.5F GI Tract
1 1 1 1 1 1 >
5 10 15 20 25 30¢

.ax—by+e>0.

. —cx+dy—e> 0.

e(b—d) e(a—c)

. We have the equilibrium point (x*, y*) = ( T be’ ad—be ) provided that b > d, a > ¢, and

ad — bc # 0. (We can't have a negative number of supporters.)
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c. Here are the graphs of x(¢) and y(t) for 0 <t < 50:

x(?)

[ N N W

™ el es] ™

W W W W
(o P T T T T O T T T T T T T S B A A

o
O

A9
m
N

10 20 30 40 50
t

(=]

Extending the time axis a bit and using the “trace” or “zoom” capabilities of a CAS or
graphing calculator, we find that x(t*) = y(¢t*) when t* ~ 54 days. From the graph we see

won

that side “y” is winning after 60 days.

Exercises 5.7

X 1 -1 1 X
Al a |j|l={1 1 -1
z 2 -1 0 L
1] 1 1
b. Mq=-1,Vi=| -3 |;2=1,Vp=| 1 |;A3=2,Vz3=| 0
-5 i 1 1
cre”l + coel + c3e?t
c. X(t) = —3c1e 4 cpet
—5¢c1e” ! 4 cpet + c3e?t
—1
A3.a. |y |=]|1 11 y
z 4 -1 4 z
1 1 1
b. A1 =1,V; = 1 [;2=2,Vo=| =2 |;A23=5V3=]1

-1 -3 3



m Answers/Hints to Odd-Numbered Exercises

crel + cre?t + c3et
_ t_ 2t 5t
c. X(t) = c1e’ — 2cpe +c3e
—c1et — 3cpe?t + 3cze”!

X 2 -1 1 X
A5 a. |pl=|1 2 -1
b4 1 -1 2 z
1 1 0
b. M1=2,Vi=|1|;2=3V,=|0|;A3=1,V3=]1
1 1
01630 + c302t
c. X(t) = coel + czelt

1830 + coel + c3e?t

A7. The space trajectory through (0, 1,0) when t = 0 is

1000 -
- \
500 -
0]
z -
~500 - N
8 - 1000
] —500
0
—1000 500y
1000 500 0 1000
=500 —1000
X
x(t) —et
B3. X =|yt) |=| et
z(t) 0

B5. a. {y) =y2, ¥y = =201 + 3. ¥y =va vy =11 — 213}
b. A1 =1, Ay = —i, A3 = +/3i, Aa = —+/3i.

y1(0) x1(t) 2cost +sint
/ _2 .
coY() = 20 | _ | % (® sint + ?ost
y3(1) X2 (£) 2cost+sint
y4(®) x5 (1) —2sint + cost

The masses oscillate in sync because x1 (t) = x(t) and x’l t) = x’2 (t) for all positive values
of t.



C1.

C3.

y1(0) x1(t)
/
d Y = ya | _ | @
y3(0) x2(t)
ya(t) x5 (1)

Answers/Hints to Odd-Numbered Exercises m

2 cos (V/3t) +sin (v/3t)
—2+/3sin («/gt) ++/3 cos (\/§t)
—2cos («@t) —sin (ﬁt)
24/3sin (ﬁt) — /3 cos (ﬁt)

The masses are now out of sync because at any time ¢ the masses are located at opposite

sides of their respective equilibrium positions and are moving either toward each other

or away from each other.
e. There are two natural frequencies, 1/2 for the system in part (c), and +/3/27. The “1” and

the “+/3” in the numerators of the frequencies are the imaginary parts of the eigenvalues.

A third mode of oscillation is possible, combining the two natural frequencies already found.

A1) 11,000 902t 4 (11,000/3)e~9-0% 4 25,000/3
X®=| B@® |= —(22,000/3)e~9-9%% 1 25 000/3

Cc®) —11,000e~9-02 4 (11,000/3) =906t 4 25,000/3

—0.1 0.02 0 0 0 0 x1(0)

0.1 —0.14 0 0 0 0 x2(t)

. 0 0 -01 0.02 0 0 ¢

a. X(t) = y1(0)
0 0 0.1 —0.14 0 0 P10)

0 0 0 0 -01 0.02 z1(0)

0 0 0 0 0.1 —0.14 z2(1)

O O O O N B

b. x1(t) = 50 — 4.59¢79-1691 _ 45 410071 4 (t) = 50 + 15.82¢0-1691 _ 65.82,0-0711
y1(t) = 14.79¢70-169 | 35 21700711 4 (1) = —51.03¢70-1697 1 51 03¢~0-071¢,
z1(t) = —10.21e70-169t  10.21¢70:071¢ 25 () = 35.21¢0-169t  14.79,—0.071¢,

c. He

501

40
30

50
40
30
20
10

Te are x1(t), y1 (t), and z1 (¢) on the same set of axes:

x1(8)

10 20 30 40 50¢

Te are x,(t), y2(t), and z; (t) on the same set of axes:
x,(1)
2(t)
- (1)

10 20 30 40 50¢



m Answers/Hints to Odd-Numbered Exercises

x(t) 2+ 5
C5. Xgnu = | y(®) |= B+2+$1+9 -5
2(1) 38+ a2 +at+a

Exercises 6.1
Al. 2/s3,5> 0.
A3. 31/s%,5> 0.
A5. 1/s—a)%,s> a.
A7. 10/s+100/(s — 2),5 > 2.
A9. (12— 14s+ 55 — 175%) /s*, s > 0.
Al1. 2/(s—1) —3/(s+ 1) +8/s3, s > 1.
A13. (1—e™® —4se™¥) /52, s > 0.
A15. (s+e 2 —e™%)/s?, s> 0.
A7, Ly®O1=1/6— D).
Al19. LIy®O] = 2s+5)/ (s + (s +2)).
A21. LIy =5/ (s> +1).
A23. Lly®] = (s =252 +5+3)/((* + D =5 —2)).
A25. Lly®)] =2(s> +s—1) /(s> s — 1D3).
B1. L[sinh(at)] = 1/[2(s — a)] — 1/[2(s + a)] = a/ (s* — a?) ; L[cosh(ar)] = s/ (s> — a?).

B3. 1 (%)) = Lann(%).

B9. For example, h(t) = w fort = 1, h(t) = 1 for t # 1. Functions that differ at only a finite number
of points have equal integrals.

Exercises 6.2
Al. Lsin3t
A3. cos+/2t.
Ab. % {1 —e!(cost +sinn)}.
A7. 4e?' — 3 cos4r + % sin 2t.
A9. —%e‘t - g—le% + %eg’t.

B7. s/ (s +1)".
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BY. y(t) =2t> —6t +7 42t —8e L.
B11. y(x) = x2 + 4x + 4 + x2e* — 4¢~.

_t .
e tsint for 0<t<m
Bl3. Q=4 2 cost — +sint — 1"t (2 cost +sint} + e sint for t>7
5 5 5 =

B15. f(t) =4t + 313,
Cl. x(t)=2—e L.

C3. x(t) = 51562 + Jthe?l = Jtte?l (21 + 5).

Exercises 6.3
Al. a.

S04

b. fO)=1-U¢t-1)4+UE—-—2)[0—-1]1=U({t—-1)—-U({—2).

A3. a.

- t
-1 0 1 2 3 4 5

b. fo))=U@¢-1)-3U—2)+2U - 3).
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Ab. a.

-2 0 2 4 6

b. f(t) =t - U@O+UE—2)[(t—2)—t]+U(t—4)[0—(t—2)] = tU(t) —2U(t—2)+ 2 — ) U(t—4).
A1l LIf(O)] = (2 — 275 +4s2e™2) /s3.
Al13. L[f(D] = (1 —2e x4 e—4s)/52.

B1. [%U(t —7) — %U(t — 371)] sin? ¢ = %sinzt form <t < 3w andO elsewhere.

—%435t/4+6t+% for 0<t<1

B3. y(r) =
5

—%425”4 + %eﬂt*l) for t>1.

1—cost+sint for t<m/2

B5. y(t) =1 —cost+sint — U (t — Z) (1 —sint) =
v + ( 2)( ) {—cost+2sint for t>m/2.

B7. y(t) =
4+ (—1‘)§7 - 2) e~ 1745172 _ (2 + —101*?7) WVI7T=5)12 for 1<

4—et—1 4 (% . 7«3/417 o4 1o§7)ef((ﬁ7+5)(t71)/2) + (% T 7«3/}7)6(\/?775)071)/2

N (10;?7 _ 2) o~ ((V174+5)/2) _ (% + 2) e~ WITH5)/2  for p o1

e 1 for 0<t<1
BY. yi) =1 s -2V 413 for 1<tr<2
%e3t - %e3(t_1) + %33“_2) for t> 2.
Aekt—l—%(l—ekt) for 0<t<30
B11. a. P(t) =

Akt + %(e—k(w_f) — ekt> for t> 30.

b, A= %(63301@ _ eseok) / (1 _ eseok)_
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C1. a. The graph of W(t) is

1

g
=N

N
~

0 1 2 3 4
t

b. y(t) = 0.
0 for 0<t<1
c. y(t) = %ez(l_t) + % —elt for 1<t<2

%ez(l_‘) —elt 427t %82(2—0 for t> 2.

Exercises 6.4

Al. —1.

A3. e TS cos 3.

0 for t<1
A5, y(t) = {e 80D for 1<t<2
e=80=1) 4 p=8(=2)  for > 2.

A7. y(t) = % (e2t —e™11).
A9 (1) = et + 2t + [2(t - 1)e—<f—1>] U@ —1).

1 for t<2m
All. y(t) =
v {1+sint for t>2m.

A3y = =} (2sin = 1 - e e D) U - 1),

W .2(3 L
SETX (jL—x) for 0<x<g3

B1. y(x) = [after expanding and simplifying]
WL? L L
24EI(3x— 7) for x> 3.
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C1.

C3.

0 for t<a

L x() = HTmsin(\/g(t_g)> for t>a.

. Because m and k are constants directly related to the spring-mass system, varying the value

of H affects the amplitude of the oscillations, the maximum distance of the mass from its
equilibrium position. Viewed another way, in the original equation, the quantity k H
represents the magnitude of the jerk upward.

. If we want A to be the maximum displacement of the mass from equilibrium, we must have

H«/mmk — A, orH = Avkmk

3

CLyO1=(1/(s24+2)) 3 e ™.

n=1

IO <1/ﬁ) io: U(t — n)sin v/2(t — n).
n=1

. The solution oscillates indefinitely.

Exercises 6.5

Al.
A3.
Ab.
A7.
A9.
A11.
A13.
B1.

B3.

B5.
C1.

x(t) = 4e {4

Y@ = 7cost—smt+zet — ze

y(t) = 32t 4+ L4t

x(t) = 3e4t +5e7 L y(t) = —2e* + 5¢7,

x(t) = 5¢' — 18te!, y(t) = —3e — 54te’.

x(t) = el cos 2t + %et sin2t, y(t) = x’ — x = €' cos 2t — 2e’ sin 2t.

x(t) = —e3(—2sin 4t + cos 4t), y(t) = 2¢ 3! cos 4t.

x(t) = 130e_t + %e% cost — %eZt sint, y(t) = —7e_t + £ 2t cost+ 2 262t sint.

x(t) = 3! — 92 + 6t + 2, y(t) = —e' — 6t.

x(t) = 14—5cosz«/§t - 12—5 + %\/gsin«/?t cosv/3t — % cosh+/3t + %\/gsinh\/gt
y(t) = ——cosz V3r+ 18 = + 45 3 sin /3t cos /3t + - 15 cosh~/3t — E«/gsmhft.
x(t) = 20 Cos 2t + 55 cos(ft) o(t) = 20 cos 2t — 55 cos(ft)

_ 11 _ 1 _-6t_ —t 3 -6t _ 9 —t
L) =7 — e e h© = 4+2oe 0¢ -

30t 2cost+s1nt+e

1 3 ,—t

Exercises 6.6

A1. The solution x(t) — 0ast — oo.

A3. The solution x(t) oscillates as t — oc.
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A5. The solution x(t) becomes unbounded as t — oo.
A7. There are oscillations with decreasing amplitudes: x(t) — 0 ast — oo.

A9. There are transient terms in x(t), but one pole is s = 1, implying that x(t) becomes unbounded
ast — 00.

1
All. a. 5.

b. The poles are s = £1.
c. x(t) becomes unbounded as t grows large.

_ 25341052 4+48s54+44
Al3.a X= (s2425+2) (s2+4s+20) °

b. s=—-1+i, -2+ 4i.

c. x(t) >0 as t - oo.
B1. a. §+i+x=f().
b. x(t) = & [e—“—l)/2 cos %3 (1 — 1)] Ue—1)+4& [@ﬁe—(t—l)/2 sin 2 (¢ 1)] U —1)
— & [cos2¢ = 1) + 3 sin2¢ - D] U - 1),
B5. a. ——.
b. % {e3t —e=2t).

c. y(t) = %eSt 66_3“g(u)du - %e_% 5e2”g(u)du + 263 — ™2t

B7. a. .

ais+ap”

Exercises 7.1

A1 (0,0)and (4,1).
A3. (0,0),(1,1), and (-1, 1).
A5. (0,0) and (-1, —1).
A7. 0,0, (0,3),(1,0), and (~1,2).
A9. (0,2nm)and (2, 2n+ Dx),n=0,%1,+2,....
A11. (0,0), (1, —1),and (1, 1).
A13. The entire x-axis except the origin plus the point (1, 1).

B1. (0,0),(1,0),(—1,0), and (—4, 0).

B3. (0,ay) and (MM 1 1),provided thata; # 1.

ar— ayp—

C1. (—1.016,0.166), (—0.798, —1.450), (—0.259, —1.208), (0.355, 1.551), (0.634, 1.900), and
(1.085, —0.956).
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Exercises 7.2

B1. a. With u = 4 and v = 2, the phase portrait is

YA

NN N WE S A s e e
~ N XY VS R e et e R e
~a N\ é v ,( o a h b a G G GGG
~ N N o o e a e
—~s>a b — —
— — a4 < G — — — G—
P> —>—p e ¥ — [ S -

el F— Y — —— [t
_j:/’ v ; X v\v\:\\?’v\v\v\z X
AT R RN T T TR R R R R T
AT R R ORI R R BB RS RS
27— R R R N
AAT R XK RORCR TR R R TR
A AR RRR NN R RN
A, TRRRRAR NRNARRNRNRRS
ARARA ;TKKKK RORCRCRCRCR KR
Pt TAAARRNARNRNRARNNRR

The boat eventually winds up at (0, 0).

B3. a. {t =y, =0.25x2 —x}.
b. Yes.

c. {x=y,7y=—x}

C1. d. Ifa < 0,then 7 < 0, implying that a trajectory will spiral into (0, 0), so that the origin is a
stable spiral point (a sink). If a = 0, then 7 = 0, so that r is a constant and the origin is a
stable center. If a > 0, the origin is an unstable spiral point (a source). In the language of
Section 2.6, the parameter value a = 0 is a bifurcation point.
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A272727 00T T U DRRNRNNRNRRS
A7 7 FT T TR RNRNRRNRNRN
A2 TR T EARRAORRN



Answers/Hints to Odd-Numbered Exercises m

y X3
AR T~ N N N\ 3H
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Exercises 7.3

A1. The origin is a spiral source.

A3. The origin is a stable node, a sink.
Ab. The origin is a saddle point.

A7. The origin is a center.

A9. The origin is a spiral sink.

B1. a. (0,0)and (4, 1).

b. (0,0) is a saddle point, whereas (4, 1) is a sink.
B3. a. (0,0),(2,0),and (9, 3).
b. (0,0)is a source, (2,0) is a sink, and (0, 3) is a saddle point.
C1. a. The only equilibrium point is (1, %)
b. x=@—-1x— 1)—|—b(y— %),)’/: —a(x — 1)—b(y— %).Lettingu:x— landv =y — %,

this becomes the system @t = (a — 1)u + bv, = —au — bv.
ca=—t-byasl /a2 2a+b+1.
d. (1) (1,3) is a spiral source; (2) (1,2/7)isa sink; (3) (1,1/4)is a sink.

Exercises 7.4
A1. The only nontrivial equilibrium point is (% %)

A3. The only nontrivial equilibrium point is (%, %)

Ab. The only nontrivial equilibrium point is (3, 3).

AT7. [t =.1,x(t) = .905130981942487424, y(t) = 1.99036351756532892]
[t =.2,x(t) = .820792722038854339, y(t) = 1.96310057595484810]
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[t =.3,x(t) = .746918149815353428, y(t) = 1.92096012363624435]
[t = .4,x(1) = .682988624646712062, y(1) = 1.8668278660690446]
[t =.5,x(t) = .628223724693027674, y(t) = 1.80349863147592626]
[t =.6,x(t) = .581725902364229608, y(t) = 1.73353191257205697]
[t = .8,x(t) = .509916830817235156, (1) = 1.58232127656877064]
[t =.9,x(t) = .482944734671241827, y(t) = 1.504546664756024171]
[t =1,x(t) = .460967197688796904, y(t) = 1.42710548153511119].

Cl. c. y==%+/2cosx+C.

C3. a. 9(t) = sin 2t.
b. The period of sin 2t is 272 = 7.
c. 19 ticks.
d. Halving the length of the pendulum reduces the amplitude and the period by a factor of

Q = \/g . In other words, shortening the pendulum makes it run faster, yielding more ticks
per minute. (In this case, the clock will tick 27 times per minute.)

Exercises 7.5
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c. Each trajectory indicates the existence of a stable limit cycle. However, the shapes of the
trajectories and the limit cycles change as ¢ changes. Similarly, x; (t) and x5 (t) are periodic
but not trigonometric; and when e changes from 1/4 to 4, x1 (t) changes to a flatter shape,
while x, (t) develops spikes.

B&a.mo=1+/a%j¢
b. 6¢t) =t +C.
c. (x(t),y()) = (r(t) cosO(t), r(t) sinO(t)).

o
o
S}

—_

|
—_

(=]
[T T T NN Y N N T N N A N A

|
()

B11l. a. {1 =x,% = —a(x1)x2 —b(x1)}.
C1. a. The only equilibrium points are (0, 0) and (-2, —1).

b. The phase portrait near the origin and near the point (-2, —1) looks like

VA
o o
PV
> ¥ o o]
> ¥ & o
7 AN ra
{1 P31 oL
AR STk S
M AR
~a \1\1 N N
= i T
— ] ff
v [ § ] 70 )
e VA 7 a=2
s a 2%
P 4 L L
r'erd s o o o
s s Y ¥ 73

c. There seems to be an unstable limit cycle around (0, 0) (a source) and a stable limit cycle
(a sink) around (-2, —1).
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Index

A

Above, 110
Absolute error, 99, 106, 399
Absolute value, 427
Adaptive methods, 124, 129
Air pollution, 51-53
rates, 52
Airy functions
of first kind, 433
of second kind, 433
Airy, George Bidell, 432
Airy’s equation, 432
Algebra, 304
complex numbers and,
425-426
linear, 221
matrix, 224-225, 414-415
systems, 320
vector, 411-414
Algorithm, Runge-Kutta-Fehlberg,
123, 128-129, 210-213
Allen’s Speculative Model, 96
Almost linear systems, 360-363,
395
Amounts, 165, 403
Amplitude, 137
of oscillations, 200, 392
time-varying, 195
Amplitude-phase angle form,
136-138
Analytic, 431
Analytic solutions, 27
Andrews, George E., 440
Angles, phase, 137
Angular velocity, 379, 389f

Antiderivatives, 403
Approximation methods, 160
at equilibrium points,
358-367
Fuler’s method and, 358
five-step, 106f
for integrals, 103f
local linearity, 101
misleading, 359-360
numerical, 99-129
slope fields and, 364
for solutions, 127
tangent line, 399-400
Taylor polynomial, 361, 362,
400-403
three-step, 101, 102f
trajectories and, 364, 365
Arbitrary constants, 290
Argand, Robert, 427
Arms race model, 180-181
Askey, Richard, 440
Associated homogeneous
equations, 141-142
Associated linear system, 363,
395
Associative law, 420
Associative rule, 225
Asymptotes, 236
Asymptotically stable
equilibrium points, 372
Asymptotically stable solutions,
74, 96
Attractors, 74
Autonomous equations, 60, 95
slope field for, 63-64

Copyright © 2009, Elsevier Inc.

Autonomous nonhomogeneous
systems, stability of,
276-277

Autonomous systems, 172

converting nonautonomous
equations into, 168-169
nonlinear, 361
qualitative analysis, 173-185
three-dimensional, 169
Auxiliary equation, 132-133
Averages, weighted, 122-123

B

Backward difference quotients,
129
Backward Euler formula, 129
Balance equation, 49
Balance law, 49
Basic matrix algebra, 414-415
Basic notions, 8
Bending movement, 327
Bendixson'’s criterion, 393
Bernoulli equation, 46
Bessel, Friedrich Wilhelm,
435n2
Bessel functions, 111
of first kind, 437
Maple and, 438
Mathematica and, 438
Bessel's equation, 435
Bifurcations, 81-88
diagram, 81
differential equations and,
81-82
pitchfork, 85

505



Bifurcations (continued)
point, 82, 83-84, 96, 254, 269
transcritical, 85-88
value, 82
Bimolecular chemical reactions,
33-34
Bloodstream, 49-51
Bob, 379
Boundary conditions, 15, 16
Boundary-value problems, 13-24
with infinitely many
solutions, 17
practical, 17-18
solutions, 16-17
Brusselator, 374

C
CAB. See Civil Aeronautics Board
Cantilever beam problem,
326-328
Carrying capacity, 71
Cauchy-Euler equation, 152, 158
Cauchy-Euler polygon, 102
Cayley, Arthur, 417
Cayley-Hamilton Theorem, 261
Celestial Encounters: The Origins of
Chaos (Diacu and
Holmes), 353
Centers, 184, 264
for nonlinear systems, 376
stable, 376
for systems, 264
undamped pendulum and,
379
Chain rule, 28, 400, 408
Change, 1
rates of, 1
total, 403
Characteristic frequencies, 200
Characteristic polynomial, 283,
342
Characteristic values, 228
Chebyshev’s equation, 441
Chemostat, 97, 357
Chu, Tung Chin, 393
Circuit problem, 43-45
Civil Aeronautics Board (CAB),
201
Closed orbits, 191

Coefficients. See also
Undetermined coefficients
constant, 131-141
matrix of, 283, 417
method of undetermined,
143, 144-152, 430
nonconstant, 157-158
variable, 429
Column vectors, 414
Columns, 222, 418
Commutative property, 419
Compartment problems, 48-54
Complex conjugates, 133, 242,
2061, 425
eigenvalues, 135-136
Complex eigenvalues, 261-263
solving 3 x 3 systems with,
287-289
systems with, 263-268
Complex eigenvectors, 261-263
Complex numbers
algebraic view of, 425-426
representation of, 427
Complex plane, 427
Components, 411
Composition of transformations,
417
Compounding, at every instant,
30
Computers, 320, 431
Concavity
down, 69
phase portraits and, 70f
up, 69
Concentrations, 253
Constant coefficients
higher-order linear equations
with, 159-173
homogeneous nth order linear
equation with, 159-160
homogeneous second-order
linear equations with,
131-141
nonhomogeneous nth order
linear equation with,
159-160
nonhomogeneous
second-order linear
equations with, 141-144

Constants
arbitrary, 290
damping, 193
spring, 189
vectors of, 272
velocity, 33
Continuous functions, 304
piecewise, 304, 323
Converges, 405
Conversion techniques, 217
higher-order equations into
systems, 166
nonautonomous equations,
168-169
second-order initial value
problem, 169-170
second-order linear equations,
166
second-order nonlinear
equations, 167
third-order equations, 168
Convolution, 311-321, 350
denoting, 349
Convolution Theorem, 317, 350
integral equation and,
318-319
Coordinates, 411
Cosines, hyperbolic, 204, 310
Counterclockwise, 212, 239, 383
Cramer’s rule, 422
Critical points, 74, 96, 179
Critically damped motion, 196
Crowding terms, 355
Cumulative truncation error, 104
square of step size and, 121
Currents, 197
Curves
above, 77
toward, 77
away, 77
deflection, 326
elastic, 326
four-dimensional, 287
implicit solutions of, 31f
integral, 11
positive direction of, 19
slope fields and, 57
solutions, 11, 31f, 110, 179,
191-193



space, 21
in three-dimensional space,
178

D

Dai, Hui Hui, 439
d’Alembert, 141
Damped motion, 136
Damped pendulums, 241, 384
Damping constants, 193
Damping force, 193
Decreasing, 69, 110, 246
Deflection curve, 326
Degree of polynomial trial
solutions, 145t
Denominators, 354
Dependent eigenvectors, 244
Derivative tests, 75-76, 86, 389
failure of, 77
Derivatives, 222
negative, 69, 77
partial, 90
positive, 69
Determinants, 233, 422
of matrix of coefficients, 283
DEtools, 431
Diacu, E, 353
Difference quotients
backward, 129
forward, 129
Differential equations. See also
Ordinary differential
equations
basic terminology, 2-7
bifurcations and, 81-82
integrating, 27
Laplace transform of, 308-309
nonlinear first-order, 182
partial, 2-7
solutions of, 8-13
special, 440-441
stiff, 112-118
systems of, 64
Differential Equations: Theory,
Technique, and Practice
(Simmons and Krantz),
439
Differential operators, 139
Diffusion problems, 253

Dirac delta function, 331-335,
351
Dirac, Paul A.M., 332
Direction fields. See Slope fields
Discontinuous forcing terms,
325-326
Discontinuous functions
cantilever beam problem and,
326-328
Heaviside, 323-325
transforms of, 323-331
Distance, total, 404
Distributions, 332
Distributive law, 420
Distributive rule, 225
Diverges, 405
Domains, restricted, 88-89
Double pendulum, 297
Double root, 254
Dr. Euler’s Fabulous Formula
(Nahin), 135n4
Dreyer, T.P., 351n1
Driven undamped motion, 197
Driving term, 39
dsolve, 431
Dummy variables, 14
Dynamical solutions, 21
Dynamics, 1

E

Economic Principle of Supply
and Demand, 97
Eigenvalues, 132-133, 227-229,
233-234,342,421-423
complex, 261-263, 264-265,
287-289
complex conjugate, 135-136
conjugates, 262
equal nonzero, 254-255,
256-259
equal real, 254-261
equal to zero, 250-251
matrix representation of,
282-283
negative, 259, 267
nonhomogeneous systems
and, 292
positive, 259
pure imaginary, 267, 371

real but equal, 134
real but unequal, 133
saddle points and, 248
sinks and, 343
solving linear systems with,
229-230
solving 3 x 3 systems with,
285-287
sources and, 343
unequal negative, 246-248
unequal positive, 244-245
unequal real, 242-254
unequal, with opposite signs,
248-250
zero, 259-260
Eigenvectors, 227-229, 299,
421-423
complex, 261-263
dependent, 244
distinct, 257-259
generalized, 257
geometric interpretation of,
230-231
independent, 254-255,
256-257
matrix representation of,
282-283
nonhomogeneous systems
and, 292
representative, 230, 231f
solving linear systems with,
229-230
solving 3 x 3 systems with,
285-287
Eighth-order homogeneous
linear equations, 161-162
Elastic curve, 326
Elements, 222, 414
Elimination, 422
Emden’s equation, 215
Entering, 52
Entries, 222, 414
Equal eigenvalues
characteristic equation and,
134
nonzero, 254-255, 256-259
real, 254-261
real but, 134
Equal matrices, 414



Equalities, checking, 315
Equations. See also Differential

equations; Linear
equations; Ordinary
differential equations

Airy’s, 432

autonomous, 60, 63-64, 95

auxiliary, 132-133

Balance, 49

Bernoulli, 46

Bessel'’s, 435

Cauchy-Euler, 152, 158

characteristic, 132-134, 216,
232, 341

Chebyshev’s, 441

eighth-order homogeneous
linear, 161-162

Fmden’s, 215

Euler’s differential, 152

first-order, 185-186,
227-234,429-431

form of, 127

fourth-order homogeneous
linear, 161

Gauss's hypergeometric, 441

Gompertz, 80

Hermite's, 441

higher-order, 163-173

higher-order linear, 159-173

homogeneous, 35, 95,
342-344

indicial, 436

integral, 318-319, 349

integro-differential, 318

Laguerre’s, 441

Landau, 84

Legendre’s, 441

logistic, 68-71

Lotka-Volterra, 181-183, 396

Michaelis-Menten, 116

nonautonomous, 60, 95

nonhomogeneous, 39, 95,
141-144, 146t, 159-160
162, 314, 344-347

nonhomogeneous nth-order
linear, 159-160

nonhomogeneous
second-order linear,
141-144, 146t

nonlinear, 83-84, 167, 359,
375-384
nonlinear first-order
differential, 182
nth order, 3
with parameters, 71
Riccati, 111
satisfying, 8
second-order, 337-339
separable, 28-38, 95, 354
slope fields and, 60-63
third-order, 168
uncoupled, 389
van der Pol’s, 385-394, 396
Volterra integral, 349
wave, 4
Equilibrium points, 74-80, 179,
218, 224, 394
asymptotically stable, 372
on horizontal axis, 250
linear approximation at,
358-367
of nonlinear systems,
353-358
odd multiple, 378
tests for, 75
unstable, 373
Equilibrium solutions, 59,
74-75,179
semistable, 75
sinks and, 74-80, 96, 355
sources and, 74-80, 96, 355
unstable, 74-75
Equilibrium values, 34
Equivalence, 192
Errors
absolute, 99, 106, 399
analysis, 105-110
cumulative truncation, 104,
121
functions, 32
input, 127
local truncation, 104
propagated, 104, 128, 401
round-off, 105, 127
total, 104f
truncation, 104, 127-128, 402
Escherichia coli, 98
Euler, Leonhard, 82, 124t

Euler polygon, 102
Euler’s differential equation, 152
Euler’s formula, 135, 262, 299
backward, 129
complex numbers and, 428
discovery of, 135n4
Euler’s gamma function, 406, 437
Euler’s method, 99-112, 107t,
127,128
completely unknown
solution, 111-112
with error analysis, 105-110
improved, 118-122, 209
linear approximation and,
358
systems and, 207-209
unknown exact solution,
110-111
Existence, 203-207
Existence and Uniqueness
Theorem, 89-90, 204-205
many solutions, 205
no solutions, 205
one solution, 205
regions, 90f
Expansion
Maclaurin, 363
Taylor, 363, 378, 402,
409-410
Exponential forcing function, 137

F

Failure, of derivative tests, 77
Fairness in employment, 52-53
Fechner, Gustav, 64
Finite values, 57
First Shift Formula, 311, 324
First-order equations
linear, 227-234
power series solutions,
429-431
systems of, 185-186
First-order initial value problems,
13-14
First-order method, 105, 128
First-order ordinary differential
equations, nonlinear, 5
First-order systems, 291
Five-step approximation, 106f



Flow, 1
Flux, 1
Force
damping, 193
shear, 327
stretch and, 189
Forced damped motion, 196-197
Forced motion, 196
phase portraits, 197-198
Forced undamped motion,
198-200
analysis, 199
solutions, 199-200
Forcing functions, 147, 198
exponential, 147
linear combination of,
148-149
trigonometric, 147
Forcing term, 39
discontinuous, 325-326
Formulas
backward Euler, 129
Euler, 129, 135, 135n4, 262,
299, 428
First Shift, 311, 324
quadratic, 428
Second Shift, 311, 324
Forward difference quotients,
129
Four-dimensional curves, 287
Four-dimensional situations, 185
Four-dimensional space, 21
Four-dimensional systems
matrix form of, 289-290
from mechanics, 291
Fourth-order homogeneous
linear equation, 161
Fourth-order methods, 122, 128
Fractions, partial, 32, 404-405
Free damped motion, 193-195
spring-mass systems, 193
Free undamped motion, 188
Frequency, 200
characteristic, 200
natural, 200
Frobenius, Ferdinand Georg,
435n1
Frobenius, method of, 435,
436n3, 440

FTC. See Fundamental Theorem
of Calculus
Functions, 222
Airy, 433
Bessel, 111, 437
continuous, 304, 349
Dirac delta, 331-335, 351
discontinuous, 323-331
error, 32
Euler’'s gamma, 406, 437
exponential forcing, 137
forcing, 147
gamma, 406, 437
generalized, 332
Heaviside, 323-325
hyperbolic, 400
hyperbolic secant, 126
implicit, 400
impulse, 331-335, 350
impulse response, 346-347,
351
independent, 134n3
inverse of, 312
with no explicit integrals, 32
one-to-one, 312
of partial derivatives, 408-409
periodic, 310
piecewise continuous, 304,
323, 349
special, 440-441
transfer, 346-347, 351
unit impulse, 332, 350
unit step, 323-325
unknown, 153
of variables, 408-409
Fundamental Theorem of
Calculus (FTC), 14,
403-404

G

Galileo, 200

Gamma function, 406, 437

Gauss, Karl Friedrich, 427

Gauss's hypergeometric equation,
441

General form

for ordinary differential

equations, 4

e (0

for second-order ordinary
differential equations, 4
General solutions, 18-19
Generalized eigenvector, 257, 299
Generalized functions, 332
Geometric behavior of solutions,
235-242
saddle points, 235-236
sources, 236-238
spiral sources, 238-239
Geometric series, 402, 432
Geometric vector, 411
Gompertz, Benjamin, 80
Gompertz equation, 80
Graphs
phase portraits and, 78-80
separable equations and,
30-31
of solutions, 30-31
Guessing, 29
Gurtin, M.E., 35In1

H

Half-lines, 235
Handbook of Mathematical
Formulas and Integrals
(Jeffrey and Dai), 439
Characteristic equation,
132-133, 216, 232, 341
equal eigenvalues and, 134
unequal eigenvalues and,
133-134
Heaviside function, 323-325
Hermite's equation, 441
Heteroclinic trajectories, 382
Heun, Karl, 118
Heun'’s method, 118, 127, 128,
209
Higher-order equations, 163-173
conversion techniques, 166
Higher-order linear equations
with constant coefficients,
159-173
superposition principle, 160
Holmes, P, 353
Homogeneous equations, 35, 95,
332-334
associated, 141-142
eighth-order linear, 161-162



Homogeneous equations
(continued)
forth-order linear, 161
nth order linear, 159-160
saddle points and, 343
second-order linear, 131-141
superposition principle for,
132
Homogeneous linear systems,
stability of, 242-270
Homogeneous nth order linear
equation, with constant
coefficients, 159-160
Homogeneous second-order
linear equations
characteristic equation and,
132-133
with constant coefficients,
131-141
Hooke's Law, 189
Horizontal axis, 250
Hyperbolic cosine, 204, 310
Hyperbolic functions, 400
Hyperbolic secant function, 126
Hyperbolic sine, 204, 310

I

Identities, 8, 225
Identity matrix, 225, 420
Imaginary part, 133, 262, 299,
425
Imaginary units, 425
Implicit functions, 400
Implicit solutions, 9, 99
of curves, 31f
verifying, 9-10
Improper integral, 405-408
convergence, 405
divergence, 405
Improved Euler method,
118-122, 124¢t, 209
second-order, 121
Impulse functions
response, 351
transforms of, 331-335
unit, 332, 350
Impulse response functions,
346-347, 351
Increasing, 69
Indefinite integrals, 10

Independent eigenvectors,
254-255, 256-257
Independent functions, 134n3
Indicial equation, 436
Infected, 215
Infinite families of solutions,
10-11
Infinity, points at, 439-440
Initial conditions, 13, 14, 15
Initial value problems (IVP),
13-24
with discontinuous forcing
term, 325-326
first-order, 13-14
with infinitely many
solutions, 89
linear, 91-92
second-order, 15-16,
169-170
slope fields, for system, 211f
solutions of, 31f, 90f, 103
solutions of, using inverse
Laplace transform,
312-316
for step sizes, 111t
system, 19-21, 211f
system, with many solutions,
203-204
system, with no, 204
with unique solution, 13-24
Input, 39
Laplace transform and,
346-347
nonhomogeneous
second-order linear
equations, 141
Input error, 127
Integers, nonnegative, 438
Integral equations, 318
Convolution Theorem and,
318-319
solutions, 319
Volterra, 349
Integrals, 11
approximation of, by
rectangular area, 103f
curves, 11
functions with no explicit, 32
improper, 405-408
indefinite, 10

Integrating differential equations,
27
Integrating factor, 40-45, 95
rationale, 42-43
using, 41, 43
Integration, 403
Integro-differential equations,
318
Intervals, unique solutions in,
100
Inverse Laplace transforms,
311-316, 350
solving IVPs using, 312-314
Inverse, multiplicative, 420
Inverse of functions, 312
Inverse transformations, 303,
311-321
Laplace, 311-316, 350
Irregular singular point, 434
Isocline, 57
solutions and, 59
zero, 95
Isolated, 387
IVP. See Initial value problems

Jeffrey, Alan, 439
Jump discontinuity, 324

K
Kermack, 126
Kermack-McKendrick model,
126-127
Kirchhoff's laws, 43, 73
Second, 265
Voltage, 131, 139, 151
Krantz, Steven G., 439
Kutta, M. Wilhelm, 122

L

Lagrange, Joseph Louis, 152

Laguerre’s equation, 441

Lanchester, EW., 280

Landau equation, 84

Landau, L.D., 84

Laplace, Pierre-Simon de, 304

Laplace transform, 277, 294,
304-311



of differential equation,
308-309
examples of, 313t
homogeneous equations and,
342-344
input and, 346-347
inverse, 311-316, 350
output and, 346-347
qualitative analysis, 341-349
stability and, 343-344
technology and, 320
Laser model, 85-88
Laser threshold, 86
Laws
associative, 420
Balance, 49
distributive, 420
Hooke’s, 189
Kirchhoff’s, 43, 73
Kirchhoff’s Second, 265
Kirchhoff’s Voltage, 131, 139,
151
Newton’s Second Law of
Motion, 140, 189, 193,
198
parallelogram, 412f, 427f
Leaving, 52
Lefever, R., 374
Left-hand limit, 407
Legendre’s equation, 441
Leibniz, Gottfried Wilhelm, 1
L'Hospital’s Rule, 333, 406
Limit cycles, 385-394
Lotka-Volterra equations and,
387
phase portrait, 391f
semistable, 388, 391, 396
stable, 385, 396
systems with two, 390-391
unstable, 385, 388-389, 396
Limiting behavior, 387
Limits
left hand, 407
right hand, 407
Linear algebra, 221
Linear approximation
at equilibrium points,
358-367
Fuler's method and, 358
misleading, 359-360

slope fields and, 364
three-step, 101, 102f
trajectories and, 364, 365
Linear combination, 39, 225,
283, 413
of forcing functions, 148-149
Linear cycles, linear systems and,
385
Linear dependence, 283-285,
413
of vectors, 284-285
Linear elements, 56, 58f
Linear equations, 38-48
bifurcation points for, 83
eighth-order homogeneous,
161-162
fourth-order homogeneous,
161
higher-order, 159-173
homogeneous nth order,
159-160
homogeneous second-order,
131-141
nonhomogeneous nth order,
159-160
nonhomogeneous
second-order, 141-144,
146t
second-order, 131-144, 166,
431-434
sinks in, 83
sources in, 83
standard form, 38
transforms of systems of,
336-339
Linear first-order differential
equations, 38
Linear independence, 283-285,
413
of vectors, 284-285
Linear initial value problems,
91-92
Linear operators, 39, 40, 305
nth order, 159
Linear ordinary differential
equations, 5
second-order, 5
Linear systems, 6
almost, 360-363, 395
associated, 363, 395

homogeneous, 242-270
linear cycles and, 385
matrix form of
two-dimensional, 223
matrix representations,
222-227
solving, with
eigenvalues/eigenvectors,
229-230
solving, with Laplace
transform, 336-337
superposition principle and,
234
transforms of, 336-339
two-dimensional, 268t
Linear transformation, 305, 349
matrix multiplication and,
415-421
Linearity, local, 75, 100f
approximation, 101
tangent line approximation,
399-400
Linearization, 358
misleading, 359-360
Linearized systems, 371
saddle points for, 376
Lines
half, 235
phase, 68-74, 96
tangent, 75
Loaded beams, 326f
Local linearity, 75, 100f
approximation, 101
tangent line approximation,
399-400
Local truncation errors, 104
Logarithm, 303
Logistic equation, 68-71
qualitative analysis of, 68-71
Lorenz, E.N., 396
Lotka, Alfred, 182
Lotka-Volterra equations,
181-183, 218, 396
limit cycles and, 387
Poincaré-Lyapunov theorem
and, 375-376
slope fields and, 377f
trajectories, 377f
Lotka-Volterra systems, 355
Lyapunov, AM., 368



M

Maclaurin expansion, 363
MacPherson strut, 147
Main-diagonals, 422
Maple, 320, 431, 433, 435
Bessel functions and, 438
Mathematica, 320, 431, 433, 435
Bessel functions and, 438
MATLAB, 320, 431, 435
Matrices, 221-227, 414-415
algebra, 224-225, 414-415
of coefficients, 283, 417
equal, 414
identity, 225, 420
product of 2 x 2, 418
square, 415
vectors and, 221-222
zero, 224, 415
Matrix algebra, 224-225,
414-415
Matrix multiplication, 415-421
Matrix representation
of (three) 3 x 3 system,
281-282
eigenvalues, 282-283
eigenvectors, 282-283
of four-dimensional systems,
289-290
of linear systems, 222-227
of nonhomogeneous systems,
292
of two-dimensional linear
systems, 223
McKendrick, 126
Mean Value Theorem, 335
Menten, Maud, 116
Method of Frobenius, 435,
436n3, 440
Method of undetermined
coefficients, 143, 144-152,
430
nonhomogeneous systems
and, 272-277
solving equations with,
144-145
Michaelis, Leonor, 116
Michaelis-Menten equation, 116
Mixed derivatives, 409
Mixing problems, 48
Modulus, 427

Monod, Jacob, 98
Motion
critically damped, 196
damped, 136
driven undamped, 197
forced, 196
forced damped, 196-197
forced undamped, 198-200
free damped, 193-195
free undamped, 188
Newton's Second Law of, 140,
189, 193, 198
overdamped, 196
simple harmonic, 190
underdamped, 196
in unstable limit cycle, 389f
Multicompartment problems, 53
Multiplication
matrix, 415-421
row-by-column, 417
by scalars, 261
Multiplicative inverses, 420
Multiplicity f two, 428

N

Nahin, Paul J., 135n4
Napier, John, 303
Natural frequencies, 200
n-dimensional vector, 413
Negative derivatives, 69, 77
Negative directions, 191
Negative eigenvalues, 259, 267
Newton, Isaac, 1
Newton'’s Second Law of Motion,
140, 189, 193, 198
No closed form solution,
155-156
Nodes, 74-80, 96
stable, 247
star, 255-256
unstable, 238, 245
Nonautonomous equations, 60,
95
conversion of, into
autonomous systems,
168-169
Nonconstant coefficients,
157-158
Nonhomogeneous equations, 39,
95, 314

Laplace transform, 344-347
nth order linear, 159-160
second-order linear, 141-144,
146t
third-order, 162
Nonhomogeneous nth order
linear equation, with
constant coefficients,
159-160
Nonhomogeneous second-order
linear equations with
constant coefficients,
141-144
input, 141
output, 141
solutions to, 142-143
trial particular solutions for,
146t
Nonhomogeneous systems,
270-281, 289, 300, 341
autonomous, 276-277
eigenvalues and, 292
eigenvectors and, 292
general solutions, 270-271,
292
matrix representation, 292
particular solutions for,
293-294
solution of, 271
trial particular solutions for,
274t
Nonlinear equations
bifurcation points for, 83
examples, 375-384
second-order, 167, 359
sinks in, 84
sources in, 84
Nonlinear first-order differential
equations, 182
Nonlinear operators, 39, 40
Nonlinear ordinary differential
equations, 5
first-order, 5
Nonlinear systems, 6, 221
autonomous, 361, 367-368
centers, 376
examples, 375-384
phase portraits and, 356f
slope fields and, 356f
sources for, 369



spiral points, 376
spiral sink for, 360
stability of, 355-358
Nonnegative integers, 438
Nontrivial, 387
Nonzero vectors, 421
n-parameter family of solutions,
14
nth order equation, 3, 217
nth order linear operator, 159
Nullclines, 59, 61, 95
Numbers, 165
complex, 425-429
pure imaginary, 425
Numerical approximation,
99-129
Numerical solutions, 207-216

O

Odd multiples, 378, 381
ODE. See Ordinary differential
equations
One-compartment model, 49f
One-dimensional phase portrait,
69
One-parameter family of
solutions, 10
One-to-one functions, 312
Operators, 39
differential, 139
linear, 39, 40, 159, 305
nonlinear, 39, 40
Opposite signs, unequal
eigenvalues with, 248-250
Order
ofn, 3
of ordinary differential
equations, 3-4
Ordinary differential equations
(ODE), 2-7
general form for, 4
linear, 5
nonlinear, 5
order of, 3-4
second-order, 4
second-order linear, 5
slope field, 56-68
solutions, 8-9
solutions, involving Dirac
delta function, 333-334

systems of, 6-7, 19-21, 230
Ordinary points, 431-434
Oscillations, 191

amplitude of, 200, 392

negative, 392

positive, 392

undamped, 267
Output, 39

Laplace transform and,

346-347
nonhomogeneous
second-order linear
equations, 141
Outward spirals, 386
Overdamped motion, 196

P

Parallel, 243n3
Parallelogram Law, 412f, 427f
Parameters, 10
equations with, 71-72
variation of, 152-159, 272
Partial derivatives, 90
functions of, 408-409
Partial differential equations, 2-7
Partial fractions, 32, 404-405
Particular solutions, 10-11, 153
for nonhomogeneous systems,
293-294
Pendulums
damped, 241, 384
double, 297
undamped, 263, 377-382,
396
Percentage, 68
Periodic, 198
functions, 310
Permeability, 253
Phase angle, 137
Phase lines, 68-74, 96
Phase plane, 174, 218, 221, 400
Phase portraits, 68-74, 84, 96,
218, 381f
analysis, 194
concavity and, 70f
forced motion, 197-198
graphs and, 78-80
limit cycles, 391f
nonlinear systems and, 356f
one trajectory, 174-176

one-dimensional, 69
several trajectories, 176-177
sinks in, 389
sources in, 389
for systems, 173-174, 235f,
237f, 251f, 256f
unstable limit cycle, 389f, 390f
van der Pol’s equation, 386f
Phase-plane diagram, 174
Piecewise continuous functions,
304, 323, 349
Pitchfork bifurcation, 85
Poincaré, Henri, 353
Poincaré-Lyapunov theorem,
367-375
applications of, 368-373
Lotka-Volterra equations and,
375-376
trajectory, 370f
undamped pendulum and,
377-382
Points. See also Equilibrium
points
bifurcation, 82, 83-84, 254,
269
critical, 74, 96, 179
at infinity, 439-440
ordinary, 431-434
saddle, 235-236, 248, 293,
343,363, 369, 376, 397
singular, 431
spiral, 376, 379
stationary, 74
unstable equilibrium, 373
Polar coordinates, 388, 411-414
Poles, 342, 347
Polygons
Cauchy-Euler, 102
Fuler, 102
Polynomials
characteristic, 283, 342
Taylor, approximation, 361,
362
Position, 15
Positive derivatives, 69
Positive eigenvalues, 259
Power series, 402
solutions, 429-431
Powseries, 431
Predator, 181



Predator-prey model, 181-183,
218
qualitative analysis of,
183-184
Predictor-corrector method, 118
Prey, 181
Prigogine, 1., 374
Principles, superposition, 39-40,
132, 160, 217, 221, 230,
234, 271
Problems
boundary-value, 13-24
circuit, 43-45
compartment, 48-54
initial-value, 13-24
mixing, 48
multicompartment, 53
Product of 2 x 2 matrices, 418
Product Rule, 400, 408
Products, 418
Projections, 179, 185, 287
Propagated error, 104, 128, 401
Pure imaginary eigenvalues, 267,
371
Pure imaginary numbers, 425

Q

Quadratic formula, 428
Qualitative analysis
of autonomous systems,
173-185
Laplace transform and,
341-349
of logistic equation, 68-71
of predator-prey model,
183-184
Qualitative solutions, 27, 56
Quotient rule, 400

R

Rainville, Earl D., 440
Range, 312
Rates, 52
air pollution, 52
of change, 1
reaction, 33
relative, 244
Reactions
bimolecular chemical, 33-34

rate, 33
velocity of, 33, 64
Real axis, 427
Real but equal eigenvalues,
134
Real but unequal eigenvalues,
133
Real part, 133, 299, 425
Real-valued solutions, 299
Recovered, 215
Rectangular area, approximation
of integrals by, 103f
Recurrence relations, 430
Regular singular point, 434-439
Relations, 9
Relative rates, 244
Repeated root, 254
Repeller, 74-75, 238, 239, 245
Representative eigenvectors, 230,
231f
Resonance, 148, 200-201, 218,
267
Responses, 210
Restricted domain, 88-89
Riccati equation, 111
Richardson, Lewis F, 180
Riemann sum, 103, 107
Right hand limits, 407
rkf45 method, 123, 128-129
Round-off error, 105, 127
Row vectors, 414
Row-by-column process, 416
multiplication, 417
Rows, 222, 418
Roy, Ranjan, 440
Rules
associative, 225
Chain, 28, 400, 409
Cramer’s, 422
distributive, 225
L'Hospital’s, 333, 406
product, 400, 408
quotient, 400
Trapezoid, 119
Runge, Carl, 122
Runge-Kutta method, 122-127,
128
for systems, 209-210
Runge-Kutta-Fehlberg algorithm,
123, 128-129, 210-213

S

Saddle connections, 382
Saddle points, 293, 363, 369, 397
eigenvalues and, 248
geometric behavior of,
235-236
homogeneous equations and,
343
for linearized systems, 376
unequal eigenvalues with
opposite signs and,
249-250
Satisfying equations, 8
Saturation level, 50
Scalar, 224, 411, 415
multiplying by, 261
Schawlow, A., 85
Schrodinger, E., 332
Second Shift Formula, 311, 324
Second-order equations, systems
of, 337-339
Second-order initial value
problems, 15-16
conversion of, 169-170
Second-order linear equations
converting, 166
homogeneous, 131-141
nonhomogeneous, 141-144
series solutions of, 431-434
Second-order method, 121
Second-order nonlinear
equations, 167, 359
Second-order ordinary
differential equations
general form, 4
linear, 5
solutions, 9
Semistable equilibrium solution,

75,96

Semistable limit cycle, 388, 391,
396

Separable equations, 28-38, 95,
354

graphs and, 30-31
solutions, 29-30
Separating variables, 28
Separatrices, 381f, 382
Series solutions, 431-434
Shear force, 327
Signs, table of, 70t



Simmons, George F, 439
Simple harmonic motion,
190
Sine, hyperbolic, 204, 310
Singular point, 431
irregular, 434
regular, 434-439
Singular solutions, 19, 28, 95
Singularities, 342, 347
Sinks, 218, 236, 255f, 293
eigenvalues and, 343
equilibrium solutions and,
74-80, 96, 355
in linear equations, 83
in nonlinear equations, 84
phase portrait and, 389
spiral, 259, 267, 360
trajectories and, 180
unequal negative eigenvalues
and, 247-248
S-I-R model, 215
Slope fields, 56-68, 76f, 84, 91f,
95,173
for autonomous equations,
63-64
curves and, 57
equations and, 60-63
linear approximation and,
364
Lotka-Volterra equations, 377f
nonlinear systems and, 356f
special, 59-68
for system IVP, 211f
Solutions
amplitude-phase angle form
of, 136-138
analytic, 27
approximating, 127
asymptiotically stable, 74, 96
boundary-value problems,
16-17
completely unknown, 111-112
curves, 11, 31f, 110, 179,
191-193
degree of polynomial trial,
145t
of differential equations, 8-13
dynamical, 21
to eighth-order homogeneous
linear equations, 161-162

equilibrium, 59, 74-75, 96,
179, 355

Euler’'s method, 110-112

Existence and Uniqueness
Theorem and, 205

existence of, 88-94

families, 10-13, 14-19

first-order equations, 429-431

forced undamped motion,
199

general, 18-19, 270-271

geometric behavior of,
235-242

graphs, 30-31

guessing, 29

implicit, 9-10, 31f, 99

infinite families, 10-11

infinitely many
boundary-value problems,
17

integral equations, 319

isocline, 59

IVP, 90f, 103f

IVP, using inverse Laplace
transform, 312-316

IVP with infinitely many, 89

IVP with many, 203-204

IVP with no, 204

IVP, with unique, 204

to linear systems with
eigenvalues/eigenvectors,
229-230

local linear approximation,
101

no closed form, 155-156

of nonhomogeneous systems,
271

to nonhomogeneous
third-order equations, 162

n-parameter family of, 14

numerical, 207-216

numerical approximation,
99-129

ODE, involving Dirac delta
function, 333-334

one-parameter family of, 10

of ordinary differential
equations, 8-9

particular, 10-11, 153,
293-294

power series, 429-431

qualitative, 27, 56

real-valued, 299

of second-order ordinary
differential equations, 9

semistable equilibrium, 75, 96

separable equations, 29-30

series, of second-order linear
equations, 431-434

singular, 19, 28, 95

spring-mass problems, 195

stationary, 74

of systems, 178, 218

of systems of ODEs, 19-21

to 3 x 3 systems, 285-287

trial, 147

trial particular, for
nonhomogeneous
second-order linear
equations, 146t

trial particular, for
nonhomogeneous systems,
274t

unique, 17, 88-94, 96, 100

unknown exact, 110-111

unstable equilibrium, 74-75,
96

vectors, 222

Sources, 218, 255f, 293, 343

eigenvalues and, 343

equilibrium solutions and,
74-80, 96, 355

geometric behavior and,
236-239

in linear equations, 83

in nonlinear equations, 84

for nonlinear systems, 369

phase portrait and, 389

spiral, 238-239, 259, 267

Space curves, 21
Special functions, 440-441
Special Functions (Andrews, Askey,

and Roy), 440

Special Functions (Rainville), 440
Special slope field, 59-68
Spiral points

for nonlinear systems, 376

outward, 386

undamped pendulum and,
379



Spiral sink, 259, 267
for nonlinear systems, 360
Spiral sources, 238-239,
259-260, 267
Spring constants, 189
Spring-mass problems, 188-203,
218
analysis, 190-191
phase portrait analysis, 194
solution curves and, 191-193
solutions, 195
Spring-mass systems, 190, 291f
free damped motion, 193
Square matrix, 415
Stability, 353, 394
asymptotically, 372
of autonomous
nonhomogeneous systems,
276-277
criteria, 268t
of homogeneous linear
systems, 242-270
of nonlinear systems,
355-358
theorem, 380
Stable centers, 376
Stable limit cycle, 385, 396
Stable nodes, 247
Standard form of linear
equations, 38
Star nodes, 255-256
Starting times, 179
Stationary points, 74
Stationary solutions, 74
Steady-state, 45
terms, 197
Step size
for initial value problems, 111t
square of, 121
variable, 123
Stiff differential equations,
112-118
Stimulus, 210
Stretch, force and, 189
Substitution, 229, 403
Sufficiency, 91
Superposition principle, 39-40,
217,221, 230, 271
for higher-order linear
equations, 160

for homogeneous equations,
132
linear systems and, 234

Susceptibles, 215
Systems, 221-227

algebra, 320

almost linear, 360-363, 395

associated linear, 363, 395

autonomous, 168-169,
172-185, 361

autonomous
nonhomogeneous,
276-277

autonomous
three-dimensional, 169

centers, 264

with complex eigenvalues,
263-268

conversion of higher-order
equations, 166

of differential equations, 64

Euler’s method and, 207-209

first order, 291

of first-order equations,
185-186

high-order equations,
163-173

homogeneous linear, 242-270

IVP, 19-21, 211f

IVP, with many solutions,
203-204

IVP, with no solutions, 204

IVP, with unique, 204

linear, 6, 222-227, 229-230,
268t, 336-337, 385

linear, transforms, 336-339

linearized, 371, 376

Lotka-Volterra, 355

nonhomogeneous, 270-281,
289, 292-294, 300, 341

nonlinear, 6, 221, 355-358,
360, 361, 369, 375-384

nonlinear autonomous, 361,
367-368

of ordinary differential
equations, 6-7, 19-21,
230

phase portraits for, 173-174,
235f, 2371, 2511, 256f

Runge-Kutta method, 209-210

second-order equations,
337-339

solutions, 178, 218

spring-mass, 190, 193, 291f

states of, 177, 190

3 x 3,281-282

three-dimensional, 185-186

trajectory, 174, 197f, 246f,
2471, 2491, 264f, 267f

with two limit cycles, 390-391

two-dimensional linear, 223,
268t

two-dimensional, of
first-order linear equations,
227-234

uncoupled, 274

T

Tangent line, 75, 362
approximation, 399-400
Tangent plane, 362
Taylor expansion and,
409-410
Taylor expansion, 363, 378
geometric, 402
power, 402
tangent plane and, 409-410
Taylor polynomial
approximation, 361,
400-403
first-degree, 362
Taylor series, 400-403
Technology, 320
Terms
discontinuous forcing,
325-326
driving, 39
forcing, 39
steady-state, 197
transient, 45, 197
Theorems
Cayley-Hamilton, 261
Convolution, 317-319, 350
Existence and Uniqueness,
89-90, 204-205
Fundamental, of Calculus, 14,
403-404
Mean Value, 335
Poincaré-Lyapunov, 367-376,
377-382



stability, 380
Third-order equations,
conversion of, 168
Third-order nonhomogeneous
equations, 162
3 x 3 system
generalizations to, 289
matrix representation of,
281-282
solving, via complex
eigenvalues, 287-289
solving, via
eigenvalues/eigenvectors,
285-287
Three-dimensional systems,
185-186
Three-dimensional trajectory,
185-186
Three-step approximation, 101,
102f
Threshold, 50
laser, 86
Time-varying amplitude, 195
Total change, 403
Total distance, 404
Total error, 104f
Townes, C., 85
Trace, 233
Trajectory, 19, 218
half-lines, 235
linear approximation and,
364, 365
Lotka-Volterra equations, 377f
phase portrait with one,
174-176
phase portrait with several,
176-177
Poincaré-Lyapunov theorem,
370f
of systems, 174, 197f, 246f,
247f, 2491, 264f, 267f
three-dimensional, 185-186
two-dimensional, 186
x-y plane, 186f
Transcritical bifurcation, 85-88
Transfer functions, 346-347, 351
Transformations, 39, 303. See also
Inverse transformations;
Laplace transform
composition of, 417

of discontinuous functions,
323-331
of impulse functions, 331-335
linear, 305, 349
of systems of linear equations,
336-339
Transient behavior, 387
Transient terms, 45, 197
Trapezoid Rule, 119
Trigonometric forcing functions,
147
Triode generator, 385
Truncation error, 104, 127-128,
402
cumulative, 104, 121
local, 104
Two-dimensional linear systems
matrix representation, 223
stability criteria for, 268t
Two-dimensional systems, of first
order linear equations,
227-234
Two-dimensional trajectory, 186

U

Unbounded vibrations, 148
Uncoupled equations, 389
Uncoupled systems, 274
Undamped oscillations, 267
Undamped pendulum, 263, 396
centers and, 379
negative direction, 379
Poincaré-Lyapunov theorem
and, 377-382
spiral points and, 379
Underdamped motion, 196
Undetermined coefficients, 162,
216, 217, 405
exceptions to, 149-150
with exponential forcing
function, 147
with linear combination of
forcing functions, 148-149
method of, 143, 144-152, 430
nonhomogeneous systems
and, 272-277
with trigonometric forcing
function, 147
Unequal eigenvalues

characteristic equation and,
133-134
negative, 246-248
with opposite signs, 248-250
positive, 244-245
real, 242-254
real but, 133
Unique solutions, 17, 88-94, 96
in intervals, 100
IVP with, 88-89
linear IVP, 91-92
system IVP with, 204
Uniqueness, 203-207
Unit impulse function, 332,
350
Unit step function, 323-325
Unknown exact solution, Euler’s
method for, 110-111
Unknown functions, 153
Unstable equilibrium point,
373
Unstable equilibrium solution,
74-75, 96
Unstable limit cycle, 385,
388-389, 396
motion in, 389f
phase portrait, 389f, 390f
Unstable nodes, 238, 245
Unstable repellers, 238

Vv
van der Pol, Balthasar, 385
van der Pol’s equation, 385-394,
396
phase portraits, 386f
Variable coefficients, 429
Variable step sizes, 123
Variables
dummy, 14
functions of, 408-409
separating, 28
Variation of constants, 152-159
Variation of parameters,
152-159, 216, 217, 272
no closed form solution,
155-156
nonconstant coefficients,
157-158
using, 153-155



Vector algebra, 411-414 nonzero, 421 W

Vectors, 221-222, 411-414. See row, 414 Wave equation, 4

also Eigenvectors
column, 414
of constants, 272
geometric, 411
linear dependence of,
284-285
linear independence of,
284-285
n-dimensional, 413

solution, 222
zero, 224, 412
Velocity, 15, 190, 404
angular, 379, 389f
constants, 33
of reactions, 33, 64
Volterra integral equation,
349
Volterra, Vita, 182

Weighted averages, 122-123
Wessel, Caspar, 427

Z

Zeeman, E.C., 210
Zero isocline, 95
Zero matrix, 224, 415
Zero vector, 224, 412
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