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PREFACE

OVERVIEW

We have attempted to write a concise modern treatment of differential equations
emphasizing applications and containing all the core parts of a course in differential
equations. A semester or quarter course in differential equations is taught to most engi-
neering students (and many science students) at all universities, usually in the second
year. Some universities have an earlier brief introduction to differential equations and
others do not. Some students will have already seen some differential equations in
their science classes. We do not assume any prior exposure to differential equations.

The core of the syllabus consists of Chapters 1 and 2 on linear differential equations.
The use of Laplace transforms to solve differential equations is described in Chapter 3
since many engineering faculty use them. Series solutions of differential equations
used to be part of the course, but the trend is to not do this, and we have decided to
omit series. By doing so, we are communicating that linear and nonlinear systems
are more important in a differential equations course for the future. Our book is also
less expensive without series.

Most universities do some systems in their differential equations course. Some do
a little, some do a lot. We have tried to present systems in an elementary introductory
way, so that the beginning student understands the material, and also in a flexible
way, so that universities that only spend two weeks on systems will be satisfied,
and those that spend more will also have options. We also present the phase plane
for linear systems in an elementary way. Most universities will want to do systems
because present technology makes them very graphically exciting to students and
faculty. Each university will use technology in its own unique way. We do not provide
expensive software because the software would be useful for only a short portion of
the standard differential equations course. Similarily, while numerical simulation is
important, it is easily done with numerous software packages, so that only a brief
introduction is needed in a first course.

Our book discusses standard topics for differential equations in the standard way,
so that it can easily be adopted by most universities. In addition, we have focused
on the essential areas, so that the text is concise. Our book is unique in the way that
some of the essential topics are discussed, as we now describe. The most important
concept for students in our text is to understand linear differential equations and how
to solve or analyze them in an elementary way. We have attempted to make the entire
book easy for students to read.

CHAPTER 1

Some of the presentations in Chapter 1 are unique and intended to simplify the overall
linearity concepts. The key sections are very early in the text. Section 1.6 on first-
order linear differential equations discusses all the concepts of linearity for first-order
equations, and confirms the form of the general solution using an integrating factor.
It shows that the general solution is a particular solution plus a constant times the
homogeneous solution. The section is not unique, but it is very well written and easy
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for students to understand. Ideas of homogeneous and nonhomogeneous equations are
introduced early. The unique section is the short Section 1.7 on elementary methods to
solve first-order differential equations with constant coefficients and constant input.
By our approach, students are taught that differential equations are sometimes easy,
not hard and mysterious. All differential equations will be easier after beginning with
our approach.

First-order differential equations have many important applications. Sections 1.8—
1.9 discusses population growth, radioactive decay, Newton’s law of cooling, and
mixture problems. All the differential equations that appear in these applications
have constant coefficients. In other books these equations are solved by an integrat-
ing factor, and students sometimes are confused and get the wrong answer. In our
presentation, the elementary method of Section 1.7 is used to solve all the applica-
tion problems, so that the student believes that the solutions to differential equation
are applicable and sometimes easy. All students can benefit by being introduced to
differential equations in this way.

CHAPTER 2

Chapter 2 covers linear second- and higher-order differential equations. This is the
most important chapter in our book and in most courses in differential equations.
The necessary theory in this chapter is difficult in all books. Our students will not be
confused here because they have been introduced to the linearity idea in Chapter 1,
where enough examples have been done for them already to understand some of the
ideas. In Section 2.1, we immediately introduce the idea that the general solution is
a particular solution plus a linear combination of homogeneous solutions. We dis-
cuss the Wronskian and its relationship to the initial value problem in Section 2.2.
Section 2.3 presents reduction of order, so that it we can use it in Section 2.4 to obtain
homogeneous solutions of constant coefficient differential equations. In Section 2.5,
the vibrations of spring-mass systems are discussed with great care. The differential
equations are formulated using Newton’s law. Detailed presentations are given of
mechanical vibration with no damping, along with presentations of the three cases
of damped mechanical vibrations, especially appropriate for science and engineering
students. Section 2.6 presents the method of undetermined coefficients with greater
clarity than most books. Section 2.7 is a carefully written presentation of forced vibra-
tions including a very detail oriented discussion of mechanical resonance. Section 2.8
is a nice separate section devoted to linear electric circuits, including a derivation
from first principles of RLC (resistors, inductor, capacitors) circuits and the phenom-
ena of electrical resonance. Section 2.9 is a short presentation of Euler equations.
Chapter 2 finishes with the method of variation of parameters (including a more
advanced presentation for higher-order systems).

CHAPTER 3

Chapter 3 discusses how to solve differential equations using Laplace Transforms.
Students learn how to use a table. We present both a short and long table, so that
instructors can provide the type they wish. In Section 3.1, we emphasize the use of
two theorems for Laplace transforms, multiplying by an exponential and multiplying
by ¢. In Section 3.2 we develop the systematic inverse Laplace transform based on
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roots, quadratics, and partial fractions. We solve many differential equations using
Laplace transforms in Section 3.3. To illustrate the science and engineering orienta-
tion of our presentation, we do a resonance example. More in-depth discussion of
Laplace transforms is possible. For many, the inclusion of discontinuous forcing with
Heaviside step functions (Section 3.4), periodic forcing (Section 3.5), the convolution
theorem (Section 3.6), and impulsive forcing using the delta function (Section 3.7)
are highly recommended.

CHAPTERS 4-6

Chapters 4—6 cover linear and nonlinear systems, an introduction to so-called dynam-
ical systems. The material on linear and nonlinear systems has great flexibility.
Chapter 4 includes a very careful introduction to linear systems of differential equa-
tions (two first-order linear equations with two unknowns) and the phase plane for
these linear systems. It is our anticipation that most students in an elementary dif-
ferential equations course will at least cover Chapter 4. Chapter 5 is a very brief
chapter discussing mostly nonlinear first-order differential equations. It introduces
equilibrium, stability, and one-dimensional phase lines. Chapter 6 discusses non-
linear systems of differential equations in the plane. It has been written to require
Chapter 4 but not Chapter 5. Some instructors may wish to discuss Chapter 5 before
Chapter 6, some may wish to go directly from Chapter 4 to Chapter 6. Equilibrium,
linear stability, and phase plane analysis are carefully presented. These chapters have
been written so that instructors can discuss as much of these three chapters as they
wish. To keep the presentation relatively simple and the cost relatively low, only
systems in the plane are discussed.

CHAPTER 4

Chapter 4 introduces linear systems of two differential equations and their phase
planes. Section 4.2 shows in an elementary way how solving a linear system of differ-
ential equations reduces to solving a linear system of algebraic equations involving
a2 x 2 matrix. It is not assumed that students have seen matrices before. Section 4.2
introduces eigenvalues and their corresponding eigenvectors for 2 x 2 systems in an
elementary way with many examples. The emphasis is on finding the general solution
to the linear system of differential equations. Careful elementary presentations based
on examples are discussed for the cases where the eigenvalues are real and distinct
and where they are complex. Only an elementary motivational example is given if
the eigenvalues are real and repeated. In Section 4.3, the phase plane is introduced
but only for linear systems. The presentation is elementary. The first examples are
of elementary systems of differential equations that are not coupled; we then dis-
cuss examples that require eigenvalues and eigenvectors. Many examples of 2 x 2
systems of differential equations with real distinct eigenvalues are given, including
a systematic discussion of the phase plane associated with stable and unstable nodes
and saddle points. Detailed examples of the phase plane for the case of stable and
unstable spirals and centers are also given. Some courses will not go any further than
Chapter 4.
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CHAPTER 5

This innovative chapter on mostly nonlinear first-order differential equations is
optional and not required for Chapter 6. In Section 5.2, the concept of equilibrium and
linearized stability analysis is introduced in a very elementary context of first-order
nonlinear differential equations. In Section 5.3, the very elementary (but very pow-
erful) method of one-dimensional phase lines for first-order nonlinear problems is
introduced to determine the stability of the equilibrium and other qualitative behavior
of the solution of the differential equation. An application to an elementary nonlinear
biological growth model is presented in Section 5.4.

CHAPTER 6

In Chapter 6, we give a comprehensive presentation of nonlinear systems of differen-
tial equations in the plane. Itis anticipated that different universities will cover varying
amounts of this chapter. In Section 6.2, we discuss equilibriums, and we show that
the stability of an equilibrium is determined from the eigenvalues of the linearization
(Jacobian) matrix. Furthermore, we show that the phase plane for the nonlinear sys-
tem of differential equations is usually approximated near each equilibrium by the
phase plane of a linear system. Thus, the linear systems studied in Chapter 4 apply to
nonlinear systems near equilibria. Section 6.3 discusses in depth competing species
and predator-prey population models. Section 6.4 discusses the mechanical system
corresponding to a nonlinear pendulum. For such conservative systems, we derive
conservation of energy, and we show how to obtain periodic solutions and the phase
plane using the potential energy.

APPLICATIONS

Many fundamental problems in biological and physical sciences and engineering
are described by differential equations. We believe that many problems of future
technologies will be described in the same way. Physical problems have motivated
the development of much of mathematics, and this is especially true of differential
equations. In this book, we study the interactions between mathematics and physical
problems. Thus, in our presentation, we devote some effort to mathematical modeling,
deriving the governing differential equations from physical principles. We take four
major applications and in most cases carry them throughout. They are population
growth, mixing problems, mechanical vibrations, and electrical circuits. In this way,
the student has the chance to understand the physical problem.

EXERCISES

Differential equations cannot be learned by reading the text alone. We have included
a large number of problems of various types and degrees of difficulty. Most are
straightforward illustrations of the ideas in each section. The answers are provided
in the back for all the odd problems. A student solutions manual exists in which the
solutions to the odd exercises are carefully worked out. Frequently, even problems
are similar to neighboring odd problems so that the answer to an odd problem can
often be used for guidance. An instructor’s manual exists with the answers (and some
discussion) to all the exercises. Exercises have been class tested.
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TECHNOLOGY

The increasing availability of technology (including graphing and programmable
calculators, computer algebra systems, and powerful personal computers) has caused
some to question the existing syllabi in university courses in differential equations.
However, we believe that the importance of applications will continue to motivate the
study of differential equations. This book has been written with that in mind. Courses
with a strong emphasis on applications can use our book. In addition, those that wish
a greater presence of technology can use our book supplemented by increasingly
available web based resources or computational supplements.
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CHAPTER 1

First-Order Differential Equations and Their Applications

1.1 Introduction to Ordinary Differential Equations

Differential equations are found in many areas of mathematics, science, and engineer-
ing. Students taking a first course in differential equations have often already seen
simple examples in their mathematics, physics, chemistry, or engineering courses. If
you have not already seen differential equations, go to the library or Web and glance
at some books or journals in your major field. You may be surprised to see the way
in which differential equations dominate the study of many aspects of science and
engineering.

Applied mathematics involves the relationships between mathematics and its
applications. Often the type of mathematics that arises in applications is differential
equations. Thus, the study of differential equations is an integral part of applied math-
ematics. Applied mathematics is said to have three fundamental aspects, and this
course will involve a balance of the three:

1. The modeling process by which physical objects and processes are described
by physical laws and mathematical formulations. Since so many physical laws
involve rates of change (or the derivative), differential equations are often the
natural language of science and engineering.

2. The analysis of the mathematical problems that are posed. This involves the
complete investigation of the differential equation and its solutions, including
detailed numerical studies. We will say more about this shortly.

3. However, the mathematical solution of the differential equation does not
complete the overall process. The interpretation of the solution of the
differential equation in the context of the original physical problem must be
given, and the implications further analyzed.

Using the qualitative approach, we determine the behavior of the solutions with-
out actually getting a formula for them. This approach is somewhat similar to the
curve-sketching process in introductory calculus where we sketch curves by drawing
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maxima, minima, concavity changes, and so on. Qualitative ideas will be discussed
in Section 1.4 and Chapters 4, 5, and 6.

Using the numerical approach, we compute estimates for the values of the
unknown function at certain values of the independent variable. Numerical methods
are extremely important and for many difficult problems are the only practical
approach. We discuss numerical methods in Section 1.5. The safe and effective use of
numerical methods requires an understanding of the basic properties of differential
equations and their solutions.

Most of this book is devoted to developing analytical procedures, that is, obtain-
ing explicit and implicit formulas for the solutions of various ordinary differential
equations. We present a sufficient number of applications to enable the reader to
understand how differential equations are used and to develop some feeling for the
physical information they convey.

Asymptotic and perturbation methods are introduced in more advanced studies
of differential equations. Asymptotic approximations are introduced directly from the
exact analytic solutions in order to get a better understanding of the meaning of the
exact analytic solutions. Unfortunately, many problems of physical interest do not
have exact solutions. In this case, in addition to the previously mentioned numerical
methods, approximation methods known as perturbation methods are often useful for
understanding the behavior of differential equations.

In this book, we use the phrase “differential equation” to mean an ordinary differen-
tial equation (or a system of ordinary differential equations. An ordinary differential
equation is an equation relating an unknown function of one variable to one or more
functions of its derivatives. If the unknown x is a function of #, x = x (¢), then examples
of ordinary differential equations are

dx

— =t"cosx,

dt
d%x dx
ar = ar @
d*x 5
W =-—5x".

The order of a differential equation is the order of the highest derivative of the
unknown function (dependent variable) that appears in the equation. The differential
equations in (1) are of first, second, and fourth order, respectively. Most of the
equations we shall deal with will be of first or second order.

In applications, the dependent variables are frequently functions of time, which
we denote by f. Some applications such as

population dynamics,

mixture and flow problems,
electronic circuits,

4. mechanical vibrations and systems

W=

are discussed repeatedly throughout this text. Other applications, such as radioactive
decay, thermal cooling, chemical reactions, and orthogonal trajectories, appear only
as illustrations of more specific mathematical results. In all cases, modeling, analysis,
and interpretation are important.
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Let us briefly consider the following motivating population dynamics problem.

Example 1.1.1 Population Growth Problem

Assume that the population of Washington, DC, grows due to births and deaths at the
rate of 2% per year and there is a net migration into the city of 15,000 people per
year. Write a mathematical equation that describes this situation.

e SOLUTION. We let
x(t) = population as a function of time ¢. )

From calculus,

d
d_)tc = rate of change of the population. (3)

In this example, 2% growth means 2% of the population x(¢). Thus, the population
of Washington, DC satisfies

dx
i 0.02x + 15,000. (@Y)

¢

Equation (4) is an example of a differential equation, and we develop methods to
solve such equations in this text. We will discuss population growth models in more
depth in Section 1.8 and Chapters 5 and 6.

In a typical application, physical laws often lead to a differential equation. As a

simple example, we will consider later the vertical motion x () of a constant mass.

. . 2
Newton’s law says that the force F' equals the mass m times the acceleration ddT’z‘:
d*x

If the forces are gravity —mg and a force due to air resistance proportional to the
velocity %, then the position satisfies the second-order differential equation

d%x dx
m—s =—-mg—c—,
dt? 8%

(6)
where ¢ is a proportionality constant determined by experiments. However, if in
addition the mass is tied to a spring that exerts an additional force —kx satisfying
Hooke’s law, then we will show that the mass satisfies the following second-order
differential equation:

d*x dx
mﬁz—mg—kx—cz. @)
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1.2

In the main body of the book, we will devote some effort to the modeling process by
which these differential equations arise, as well as learning how to solve these types
of differential equations easily.

We will also see that a typical electronic circuit with a resistor, capacitor, and
inductor can often be modeled by the following second-order differential equation:

d* di 1,
Here the unknown variable is i(¢), the time-dependent current running through the
circuit. We will present a derivation of this differential equation, and you will learn the
meaning of the three positive constants R, L, and C (this is called an RLC circuit).
For example, R represents the resistance of a resistor, and we will want to study
how the current in the circuit depends on the resistance. The right-hand side f(¢)
represents something that causes current in the circuit, such as a battery.

Physical problems frequently involve systems of differential equations. For exam-
ple, we will consider the salt content in two interconnected well-mixed lakes, allowing
for some inflow, outflow, and evaporation. If x(¢) represents the amount of salt in
one of the lakes and y(¢) the amount in the other, then under a series of assumptions
described in the book, the following coupled system of differential equations is an
appropriate mathematical model:

dx 1,0 3 x
dt 2 100 100
dy .y 5

dr 7100 2100

9

The Definite Integral and the Initial Value Problem

This chapter is concerned with first-order differential equations, in which the first
derivative of a function x (¢) depends on the independent variable # and the unknown
solution x. If ‘fi—’t‘ is given directly in terms of ¢ and x, the differential equation has the
form

d
&), (1)

dr

In later sections, we will discuss a number of applications of first-order equa-
tions such as growth and decay problems for populations, radioactive decay, thermal
cooling, mixture problems, evaporation and flow, electronic circuit theory, and several
others. In these applications, some care is given to the development of mathematical
models.

A solution of the differential equation (1) is a function that satisfies the differential
equation for all values 7 of interest:

X 1= for all
Z(t)_f(t,x(t)) orall ¢.
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Example 1.2.1 Showing That a Function Is a Solution
. 2. . . . .
Verify that x =3¢’ is a solution of the first-order differential equation

— =2tx. 2
R x 2)

® SOLUTION. We substitute x = 3¢’ in both the left- and right-hand sides of (2). On
the left we get j—t(Se’z) =2t (36’2), using the chain rule. Simplifying the right-hand
side, we find that the differential equation (2) is satisfied

6te’2 = 6tet2,
which holds for all 7. Thus x = 3¢'” is a solution of the differential equation (2). 4

Before beginning our general development of first-order equations in Section 1.4,
we will discuss some differential equations that can be solved with direct integra-
tion. These special cases will be used to motivate and illustrate some of the later
development.

1.2.1 The Initial Value Problem and the Indefinite Integral

The simplest possible first-order differential equation arises if the function f (¢, x)
in (1) does not depend on the unknown solution, so that the differential equation is

dx
E=f(t). (3)

Solving (3) for x is just the question of antidifferentiation in calculus. Although (3)
can be solved by an integration, we can learn some important things concerning more
general differential equations from it that will be useful later.

Example 1.2.2 Indefinite Integration

Consider the simple differential equation,

dx 2 @
dt
By an integration, we obtain
15
X = §t +c, (®))

where c is an arbitrary constant. From this example, we see that differential equations
usually have many solutions. We call (5) the general solution of (4), since it is a
formula that gives all solutions. Because x depends on ¢, sometimes we use the
notation x (¢). Often, especially in applications, we are interested in a specific solution
of the differential equation to satisfy some additional condition. For example, suppose
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we are given that x =7 att = 2. This is written mathematically as x (2) =7 and called
an initial condition. By letting t =2 and x =7 in (5), we get

7 8+
= — C’
3

so that the constant ¢ is determined to be ¢ = % Thus, the unique solution of the
differential equation that satisfies the given initial condition is
1 13
3
x==t"+ —. ¢
3 3

More generally, we might wish to solve the differential equation

dx
EZf(l)y (6)

subject to the initial condition

x(ty) = xo. @)
We introduce the symbol 7y for the value of ¢ at which the solution is given. Often
to =0, but in the previous example, we had 7o =2 and xo =7. We refer to (6) with

the initial condition (7) as the initial value problem for the differential equation. We
can always write a formula for the solution of (6) using an indefinite integral

x=/}amp+a (8)

Equation (5) is a specific example of (8). If we can obtain an explicit indefinite
integral (antiderivative) of f(¢), then this initial value problem can be solved like
Example 1.2.1. Explicit integrals of various functions f(#) may be obtained by using
any of the various techniques of integration from calculus. Tables of integrals or
symbolic integration algorithms such as MAPLE or Mathematica that are available
on more sophisticated calculators, personal computers, or larger computers may be
used. However, if one cannot obtain an explicit integral, then it may be difficult to
use (8) directly to satisfy the initial conditions.

1.2.2 The Initial Value Problem and the Definite Integral

A definite integral should usually be used to solve the differential equation fi—f =f(@)
if an explicit integral is not used. The result can automatically incorporate the given
initial condition x (f9) = x¢. If both sides of the differential equation (6) are integrated
with respect to ¢ from #g to 7, we get

t d t
/-éﬂ:/f@ﬁ,
o dt o
1=t

where we have introduced the dummy variable 7. The left-hand side equals x (7) I— 0=

x(t) — x(tp), since the antiderivative of ‘Zl—’t‘ is x. We obtain the same result canceling
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1, since i—’;d?: dx. Thus, we have

t
x(®) —x(ny) = f f(@)dt, orequivalently,
0]
' 9
x() = x(10) + / F @y,
fo

Note that x(fp) = xq since ftf)o f(@)di =0. Any dummy variable of integration may
be used. We have chosen 7.
Example 1.2.3 Example with a Definite Integral

Solve the differential equation

dx _
=,
dt

2

(10)

subject to the initial condition x(3) =7.

e SOLUTION. The function e~* does not have any explicit antiderivative. Thus, if
we want to solve (10), we use definite integration from fo = 3, where xo = 7. Then (9) is

to,
x—7:/ e ! dt,
3

and the solution of the initial value problem is
ro,
x=7+/ e ' di. (11
3

The function e~ is important in probability, since (1/+/ 27)e"*/2 is the famous
normal curve. ¢

There are many situations in which it is desirable to use a definite integral rather
than an explicit antiderivative:

1. It is sometimes difficult to obtain an explicit antiderivative, and a formula
like (11) suffices.

2. For some f(¢) (as in the previous example), it is impossible to obtain an
explicit antiderivative in terms of elementary functions.

3. The function f(¢) might be expressed only by some data, in which case the
definite integral (9) represents the area under the curve f(¢) and can be
evaluated by an appropriate numerical integration method such as Simpson’s
or the trapezoid rule.

Itis difficult to give general advice valid for all problems. If an integral is an elemen-
tary integral, then the explicit integral should be used. However, what is elementary
to one person is not necessarily elementary to another. With the wide availability of
computers, a definite integral can usually be evaluated by a numerical integration.
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General Solution Using a Definite Integral

Alternatively, in solving for the general solution of

> _ e 12
E_f()’ (12)

we may use the definite integral starting at any point a. In this case, we obtain the
general solution of (12) as

t
X :/ f@)dt +ec. (13)

There appear to be two arbitrary constants, ¢ and the lower limit of the integral a
in (13). However, it can be shown that this is equivalent to one arbitrary constant. In
practice, the lower limit a is often chosen to be the initial value of ¢ so that a = . To
see that (13) actually solves the differential equation (12), it is helpful to recall the
fundamental theorem of calculus:

d ro_
o (/a f(t)dt> = f(@). (14)
1.2.3 Mechanics I: Elementary Motion of a Particle
with Gravity Only

Elementary motions of a particle are frequently described by differential equations.
Simple integration can sometimes be used to analyze these elementary motions. For
the one-dimensional vertical motion of a particle, we recall from calculus that

Position = x (1),

) dx
Velocity = v(t) = PR (15)

dv d*x

Acceleration=a(t) = — = —-.
cceleration = a(t) = an

Newton’s law of motion (ma = F) will yield a differential equation

d%x F dx ; (16)
m-— = s T4 )
dr? T

where m is the mass and F is the sum of the applied forces, and we have allowed
the forces to depend on position, velocity, and time. Equation (16) is a second-order
differential equation, which we will study later in the book.

There are no techniques for solving (16) in all cases. However, (16) can be solved
by simple integration if the force F does not depend on x and ‘Zi—’t‘. As an example,
suppose that the only force on the mass is due to gravity. Then it is known that
F =—mg, where g is the acceleration due to gravity. The minus sign is introduced
because gravity acts downward, toward the surface of the earth. Here we are taking
the coordinate system so that x increases toward the sky. The magnitude of the force
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due to gravity, mg, is called the weight of the body. Near the surface of the planet
earth, g is approximately g =9.8 m/s” in the mks system used by most of the world
(g =32 ft/s> when feet are used as the unit of length instead of meters). If we assume
that we are interested in a mass that is located sufficiently near the surface of the earth,
then g can be approximated by this constant. With the only force being gravity, (16)

becomes
d*x
iz e
or equivalently,
d%x
P (17)

since the mass m cancels. Integrating (17) yields

dx
— = —9f y 18
a7 gt+ci (18)

where ¢ is an arbitrary constant of integration. We assume that the velocity at t =0
is given and use the notation v for this initial velocity. Since

v(t)=—gt+ci

from (18), evaluating (18) at =0 gives vg = c1. Thus, the velocity satisfies

dx r+ (19)
_= 0.
=g+

The position can be determined by integrating the velocity (19) to give

1
x:—zgtz—l—vot—}—cz, (20)

where ¢ is a second integration constant. We also assume that the position xp atz =0
is given initially. Then, evaluating (20) at t =0 gives xog = c», so that

1
x:—Egt2+vot+xo. 1)

Equations (19) and (21) are well-known formulas in physics and are used to solve
for quantities such as the maximum height of a thrown object. We do not recommend
memorizing (19) or (21). Instead, they should be derived in each case from the
differential equation (17). If the applied force depends only on time and is not constant,
then the formulas for velocity and position may be obtained by integration. If the
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applied force depends on other quantities, solving the differential equation is not so
simple. We describe some more difficult problems in Section 1.11 and Chapter 2.

Example 1.2.4 Motion with Gravity

Suppose a ball is thrown upward from ground level with velocity vg and the only
force is gravity. How high does the ball go before falling back toward the ground?

@ SOLUTION. The differential equation (as before) is (17):

d*x

The initial conditions are that x =0 and fl—f = at t = 0. By successive integrations
of (22) and by applying the initial conditions, we obtain

dx r+ (23)
dx
dt 8 0

and

L 5
X = —Egt —+ vot. 24)

From (24), the height is known as a function of time. To determine the maximum
height, we must first determine the time at which the ball reaches this height. From
calculus, the maximum of a function x = x(#) occurs at a critical point where ‘fl—f =0.
At the maximum height, the ball has stopped rising and has not started to fall, so the
velocity is zero. Thus, the time of the maximum height is determined from (23):

0]

0=—gt+vg, orequivalently, 7= —. (25)
8
When this time (25) is substituted into (24), a formula for the maximum height y is
obtained:
1 (vo>2 Vo v% ( 1 > v(z)
y==58(— ) tvo_="|-5+t1)=5" (26)
27\ g g & 2 2g
¢

Example 1.2.5 Car Braking

Suppose that a car is going 76 m/s when brakes are applied at t =2 s. Suppose that
the nonconstant deceleration is known to be @ = —12¢2. Determine the distance the
car travels.

® SOLUTION. Let x measure the distance traveled once the brakes are applied. The
differential equation is

— =122 (27)
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By integrating (27) we obtain

dx
— =4 t¢y. 28
7 +c (28)

By integrating (28) again, we obtain
x=—t"+cit+c. (29)

The initial conditions are x =0 and j—f =76 when ¢ = 2. The initial velocity applied
to (28) gives

76 =—4(12)% + ¢ = —32 4y,
so that ¢; = 108. The initial position applied to (29) gives
0=-2%+cit+cr=—1642164c2,

and ¢y = —200. To determine the distance the car travels, we note that the car stops
when the velocity is zero. That is,

d

4P 4 108=0,

dt

so that the stopping time is 3 =27 or t = 3. Then the distance traveled at time ¢ = 3
is given by substituting = 3 into (29):

x =—3*4+108(3) —200 = —81 + 324 — 200 =43 m. ¢

Exercises

In Exercises 1-8, verify that the given function x is a solution of the differential
equation.

01 % 4
1. x=2e"+1, =3x —3.
dt

2 v ot
T dt t
d
3 x:t—l,—x— x
dt t—1
d 2
4. x =14 Tyt
dt 13
d
5 :e’z,—x=2tx
dt
6. x=3eM+2, — =4x—38
dx
7 ox=e 2, T = _0p% 2
X dt X
d -3
8 x=143, 21"
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In Exercises 9-16, find the general solution. If you cannot find an explicit integral solu-
tion, use a definite integral. Exercises with an asterisk (*) require definite integrals.

9 dx 3!

. — =Je .

dt
dx

10. — =8¢,
dt ¢
d

11. —x=—50056t.
dt

2. ¥ o6,
dt
dx

13.% = =8cos(t~/?).
o cos( )
d

145 S = 4sing='),
dt
dx

15.% — =In(4 Zh).
o n(4 +cos“t)

16.* d—x:e’Q.
dt

In Exercises 17-22, find the solution of the initial value problem as an explicit or
definite integral* as appropriate.

dx

17. =1* with x(2) =3.

dt
d
18. & =132 with x(3) =7.
dt
d

L dx Int .
195 — = ———— with x(2) =5.
dt  4+cos“t
dx sin ¢ .
20 * i with x(8) =2.
d t
21.% d_):: li—t with x (1) =3.
d
22.% d_): =cos(1 ) with x(2) = 4.

In Exercises 23-27, assume that when an automobile brakes, there is a constant
deceleration. (A more physically accurate model would have acceleration depend on
velocity.)

23. At an accident scene, the police investigator is attempting to determine from the
rubber marks on the road how fast the car was going. Suppose it is known that this
particular car brakes with a deceleration of 15 m/s?. At what velocity was the car
going at the moment it applied its brakes, if the car traveled 75 m before it stopped?

24. Repeat Exercise 23 with the observation that the car traveled 75 m before stopping,
but assume that the car decelerates at only 10 m/s>.

25. An overly cautious traveling distance between you and the car in front would be
the distance it takes you to stop. At a speed of 60 km/h, how far does a car travel
if it decelerates at 2500 km/h2?

26. Referring to Exercise 25, with the same deceleration, how far does a car travel at
120 km/h?
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27

28.

29.

30.

31.

a

b

32.

33.

34.

35.

36.

37.

~

. Referring to Exercise 25, with the same deceleration, determine how far a car

travels as a function of its speed before braking.

Suppose a car is going 50 km/h when the brakes are applied at = 0. Determine
the distance the car travels. Suppose the nonconstant deceleration is known to be
a=—06t.

Suppose a car is going 50 km/h when the brakes are applied at t =2 h. Determine
the distance the car travels. Suppose the nonconstant deceleration is known to be
a=—0t.

How long must you slide a book in order for it to fall off a 15 m table if the book
decelerates such that ¢ = —5 m/s>?

Assume that a snowplow of width w meters moves forward along a road so that it
clears a constant volume of snow per hour, Q m3/h. Assume that the snow started
falling at 8 A.M. (r =0) and falls at a constant rate of ¢ m/h.

Show that dx/dt =1/(kt), where x(¢) is the position of the snowplow and
k=wc/Q.

Where will the snowplow be at noon, if the snowplow did not start moving until
11 am.?

A toy rocket is fired upward from ground level at ¢ = 2 s. Determine the maximum
height of the rocket if the velocity at t =2 is 76 m/s. Assume that the nonconstant
acceleration of the rocket is known to be a = —12¢2.

At what velocity should a ball be thrown upward if it is to reach a maximum
height of 100 m?

At what velocity should a ball be thrown upward if it is to reach its maximum
height in 10 s?

Suppose a brick is dropped from a construction tower of height 200 m. How long
will it take the brick to fall? >

The general solution of (10) can be written x = fé e~ df + c. Determine ¢ so
that x satisfies the initial condition x (3) =7, and show that (11) is valid.

The general solution of (12) can be written x = fOt f(t)dt + c. Determine ¢ so
that x satisfies the initial condition x (fy) = x(, and show that (13) is valid.

First-Order Separable Differential Equations

Another class of first-order differential equations that can be solved by integration is
the separable differential equations. A first-order differential equation ‘é—f = f(t,x)
is called separable if the function f (¢, x) can be written as a product of a function
of ¢ and a function of x:

dx
Z=h(1)g(X)- (1

There are two ways to describe solving (1). They both end up performing the same

calculations. One is to divide (1) by g(x) to get

1 dx
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Integrating both sides with respect to ¢ gives

/Ld—xdtth(t)dt.
g(x) dt

By the chain rule for integration, this equation is the same, using x = x(¢), as

1
f ——dx = / h(t)dt. 3)
g(x)
Alternatively, the variables ¢ and x in (1) can be separated using differentials:
d
X hyar. (4)
g(x)

Integration of (4) then gives (3).

The earlier examples ‘é—;‘ = f(¢) of Section 1.2 as well as differential equations in
the form ‘;—’l‘ = g(x) are separable.

Note that both (2) and (4) assume that g(x) 7~ 0 for every x. If x =a is a constant
such that g(a) =0, then an easy calculation shows that x =a is a constant solution

of (1):
. . dx
If g(a) =0, then x = a is a constant solution of I =h(t)g(x).

These constant solutions are sometimes lost in integrating (4), so it is necessary to
check if they are all accounted for in the solutions.

Example 1.3.1 Separable Equation
The first-order differential equation

d
d—); =x2cost ®))

is separable. Separating variables gives

d
/—;:/costdt.
X

1
—— =sint+c. (6)
X

Hence, by integration,

Solving for x yields the solutions

-1
X = — .
sint +c¢

(7

Since we divided by x2, the calculation assumed that x # 0. Note that x = 0 satisfies
the differential equation (5) but is not included in the solutions (7) for any finite value
of ¢. The solutions of (5) thus consist of (7) and x =0.
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Suppose that we also had the initial condition x(1) =4. Letting t =1 and x =4
in (6), we would determine that ¢ = —zl; — sin 1, so that the solution of the initial value
problem would be

-1
X == —.
sint — (1/4) —sin 1
Note that it is easier to determine ¢ by applying the initial condition to (6) than

to (7). ¢

Some separable differential equations (see the next example) are more difficult
because obtaining integrals may not be as easy as in the previous example.

Example 1.3.2 Separable Example Using Partial Fractions

The differential equation

2—);:)5(1 —x) @®)

is called the logistic equation and is very important in the field of population dynamics.
We will solve it by separation. We will analyze it again in a different manner in
Chapter 5.

e SOLUTION. Equation (8) is separable:

dx _
x(1=x)

dx
f m:/ dr. (19

The integral on the left can be evaluated in several ways. Using partial fractions, for
example, we get

drt, &)

so that

1 A B

x(l—x)zx x—1
Multiplying by x(x — 1) yields
—1=A(x—1)+ Bx. 11)

Since x(x — 1) has simple linear factors x and x — I, we may evaluate (11) at the
roots, x =0 and x =1, to obtain A =1 and B = —1. Thus, (10) becomes

1 1
/—dx—/ dx:/dt.
X x—1

Carrying out the integrations gives In [x| —In |x — 1| =1 + ¢, or equivalently,

|x|
lx —1]

In

=t+c. 12)

Keeping the absolute value is proper. Exponentiation of both sides of (12) yields

|x| — t+c:ecet
lx —1f ’
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using properties of the exponential. Here ¢ is an arbitrary positive constant. The
absolute value signs can be eliminated since

X c t

. . x C t
=e“e implies —lzzte e.
X —

x—1

Thus we have
X

=ke',

x—1
where k = +£e€ is an arbitrary constant (positive or negative). We then multiply by
x — 1 and solve for x to get the solution

ke'
X=—
—1 +ke!

Since x(x — 1) =0 if x =0 or x =1, it follows that x =0 and x =1 are solutions
of (8). The solution x =0 corresponds to k =0. However, x =1 is not included in
(13) unless we allow k£ = oco. Thus, the solutions of (8) are (13) and x = 1. The general
solution involves one arbitrary constant k, which can be determined from any initial
conditions. ¢

13)

These algebraic steps involved in obtaining the general solution may be difficult
for some students. For the integration step, tables of integrals will be helpful for some.
It is not easy to understand the behavior of the solution of the differential equation (8)
from this general solution (13). In particular, the cases k <0, 0 <k <1, and k> 1
turn out to have different behavior.

Philosophically, we think of solving separable equations as being very easy, al-
though this example shows that in practice there can be substantial complications.
A different method for analyzing and understanding qualitatively the solution of
differential equations such as (8) is introduced in Chapter 5.

Equation (12) is an implicit solution of (8), since it does not directly give x in
terms of 7. Equation (13) is an explicit solution, since x is explicitly in terms of ¢.
For many problems, it is impossible to solve the implicit solution to get a formula
for x. However, given values of ¢ and ¢, we can usually solve the implicit equation
numerically, say by Newton’s method or bisection, to determine the value of x. Thus,
the implicit solution is still useful.

1.3.1 Using Definite Integrals for Separable Differential Equations

Definite integrals can also be used on the separable differential equation
‘fi—f =h(t)g(x). Suppose that the initial condition is x(#p) = xo. Then using definite

integrals we get
1 dx _ o
/ —_—fdt:/ h(t)dt
1o g()’) dt to

* dx roo_
/ —_:/ h(t)dt. (14)
X0 g(x) 0

or
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We consider (14) to represent the solution to the separable differential equation. Often,
a more explicit solution is desired. Whether a simpler representation of the solution
of a specific separable differential equation may be obtained depends on the question
from calculus of evaluating the integrals.

Example 1.3.3 Separable with Definite Integral

The general solution of the initial value problem for (8) can be represented by a

definite integral:
/"‘ dx
—— =t — 1.
xo X(1=%)

This can be shown to be equivalent to (13). (Note to students: You will have to ask
your instructor whether this approach will be acceptable.) ¢

Exercises

In Exercises 1-14, solve the differential equation. Definite integrals are necessary
in problems with an asterisk (*). Some exercises are in terms of variables other

than x, 7.
1 d_x_x—l—l
Codr ot
5 d_r_r2+r
CdeT 6
3. d—xze’.
d
4. d—xzeH'x.
dt
d
5 d—::tx+4x+3t+12.
6 d_u_u2+4
’ Cclz't_t2+4'
X
7. 23
dt
8. i—::tzxz.
d
9. d—:sz,x(Z)zl.
d
10. d—:ztx—Zx—i—t—Z.
dx 2 2
1L¥ =2 = cos(r?), x(0) = 1.
d
12.* d—f:x“cos(t_l/z).
d
13.% d—f:tcos(x_l/z),x(l)zl



18 Chapter 1

d
145 2o v (2) =4
dt
In Exercises 15-18, solve the differential equation.
du 1*+1
15, —=—,u(0)=1.
dt  u’+4 (0
dr .
16. — =sinr.
do
dx 59 2, 2
17. Z:t x“+x +t7+1,x(0)=2.
d
18. a_ u—u.
dt
The differential equations in Exercises 19-21 require partial fractions.
dx

19. I =x(x—-1).

d
20. d—:zxz(x—1)2.
o1 B -2
L =X — X — .
dt

In Exercises 22-28, a first-order differential equation is written in differential form.
Solve the differential equation.

22. x%dt +13dx =0.

23. (tx +x)dt + (tx +1)dx =0.
24. rsinOdr + cos0d6 =0.

25. (12 —4)dz + (2 —9)dt =0.
26. (x? +x)dt + (13 +41*)dx =0.
27. e't¥dt 4?3 dx =0.

28. te*dt +xe 'dx =0.

29. Show that if we make the substitution z=at 4 bx +c and b #0, then the
differential equation

DX _ a4+ by + o)
_—= a X C
dt

is changed to a differential equation in z and ¢ that can be solved by separation
of variables.

In Exercises 30 through 34, solve the differential equation using Exercise 29.

30 dx 5
. Z_(t—l—x) .
31, & 4x —1)2
. E—(f"‘ X — )
dx
32. Z:tan(—t-{-x—f-l)-{-l



First-Order Differential Equations and Their Applications 19

d
33, Lty o

dt
2
34. d_x:ﬂ
dt  t+x+1

1.4 Direction Fields

We can often get a good pictorial or graphical idea of what the solutions x(¢) of a
first-order differential equation,

dx . ]
E_f(ax)’ ()

look like without actually solving the differential equation. The method we describe
is based on tangent lines and is easily implemented on a computer. Software that does
this is readily available and is part of most general mathematical software such as
MATLAB, Scilab, MAPLE, or Mathematica. It is highly recommended that students
take advantage of the computer facilities that are available to them.

We are interested in graphing x as a function of ¢, where x () satisfies the differ-
ential equation (1). We first set up a ¢, x coordinate system, and note that at any point

(t, x) the slope ‘é—’l‘ of the tangent line to the solution x at that point is given by the

differential equation % = f(t, x). Through each point (¢, x), we plot a short dash

(line segment) with slope given by the differential equation, as shown for one point
in figure 1.4.1. Continuing in this manner at other points, we can build up a picture.
The resulting plot is sometimes referred to as a sketch of the direction field or vector
field of the solutions.

Example 1.4.1 Slope at a Point

Suppose the differential equation is

2

dx
=tx".

o=
Find the slope of the tangent lines to the solution through # = 1, x =2 and the solution
through # = —1, x = —3, and plot short segments of both tangent lines.

e SOLUTION. The differential equation says that the slope at (z, x) is zx2. Thus
the slope at (1, 2) is 1(2)? =4 and the slope at (—1, —3) is (—1)(—=3)? = —9. These
points and slopes are graphed in figure 1.4.2. ¢

This example suggests a procedure that is fairly easy to implement on a computer
with plot or graphic capabilities. The points would normally be chosen systematically
on some grid in the 7, x-plane. At each grid point (7;, x;), a short line segment is drawn
with slope f(#;, x;) given by the differential equation. The line segment is the tangent
line at that point to the solution going through that point. We can connect the line
segments in a smooth way to approximate the solution of the differential equation that
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X AN I

slope
f(t, x) L
; t (-1,-3) \ L
1
Figure 1.4.1 Slope ‘[il—’; = f(t, x) at a point. Figure 1.4.2 Slopes for Example 1.4.1.

goes through the point (#, x;). This technique is most practical when the direction
field is obtained on a computer. The computer can often sketch the general solution
using numerical methods. The general solution is an infinite family of solutions, one
corresponding to each initial condition, so that graphing all solutions is impossible.
However, the computer can also be used to sketch solutions corresponding to many
initial conditions. We discuss three examples.

Direction Field for Integrable Example

For the first-order differential equation ‘fi—;‘ = f(t,x), in which the f(z,x) only
depends on ¢,
o @)
e 77"

the direction field and its solution are simpler than the general case. The sketch of the
direction field is easier to obtain because the slope of the solution i—’t‘ at a given ¢ is
the same for all values of x. That is, along all vertical lines in the ¢, x-plane, the slope
of the solution will be the same, f(¢). All solutions will differ only by a constant,
since

x:/f(t)dt+c 3)

is the general solution. Thus, the graph of the solutions (obtained either exactly or
from the direction field) will be an infinite family of curves, all parallel to one another,
displaced vertically from one another. This displacement corresponds to the arbitrary
additive constant in the general solution.

Example 1.4.2 Direction Field

Consider

d—x—tl 1) @)
ar =0
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Figure 1.4.3 Direction field and solutions of (4), ‘ZT)tC =t(l—1).

The direction field is graphed in figure 1.4.3, along with some of the solutions. The
exact general solution is

1, 134
=—t"——t . 5
x=3 3 +c ()

In figure 1.4.3, all solution curves are displaced vertically from one another. Note that
the local extrema of the solutions are at t =0 and ¢t = 1, since from (4) that is where
dx
= =0. ¢
dt

Direction Field for Autonomous Example

We next determine the direction field for the important class of first-order equations

% = f(t, x), in which f (¢, x) does not depend on ¢:
dx
- = . 6
o g(x) (6)

Such an equation is called autonomous. These equations are discussed extensively
(including a brief explanation of the name) in Chapter 5. The direction field is simpler
to obtain, since the slope of the solution ‘fi—f is the same value g(x) along horizontal
lines. By separation, the solution of (6) is

/d—x—t—i-c 7
gy 7

Hence all solutions are parallel to one another and are shifted horizontally from one
another by a constant.

Example 1.4.3 Direction Field
Consider

o 8
E—x( —X). (8)
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Figure 1.4.4 Direction field for (8), ili—f =x(1—x).

The direction field and solutions are sketched in figure 1.4.4. Note that all solutions
are shifted horizontally from one another. The general solution, which expresses the
horizontal shifts, is given in (12) of Section 1.3. This equation is an important model
in population dynamics and is discussed in Chapter 5. ¢

As a rule, the general solution of a first-order differential equation represents an
infinite family of curves that are not just horizontal or vertical shifts of one another.

Example 1.4.4 Direction Field

Consider
— =x“—1. 9

A sketch of the direction field obtained by a computer is shown in figure 1.4.5. From
figure 1.4.5, we see that the differential equation has many solutions. However, there
is a unique solution (one curve) going through each point. To find the solution of the
initial value problem corresponding to the initial condition x(%) =1, we locate the
specific curve that goes through the point (%, 1). Unlike in the previous examples,
the solution curves are not shifts of one another. ¢

From a plot such as that in figure 1.4.5, we can often get a good idea of what
the graph of the solutions of a first-order differential equation looks like. This pro-
cedure is not much different from determining the graph of a function by plotting a
large number of points. How do we know how fine a grid to choose? How do we
know that the solutions do not change their behavior at a distance from the grid?
What values of ¢ or x are important? What is the behavior of the differential equa-
tion near these important points? Why do the solutions of the differential equations
behave the way they are observed numerically to act? The direction field method
is basically a numerical method and, while useful, it is far from the best numerical
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method. Section 1.5 will discuss how to view it as a numerical method. We often
need to get a better understanding of the solutions of differential equations than can
be obtained this way. That is one reason we wish to study differential equations

further.

Exercises

In Exercises 1-6, the direction field of the given differential equations has been plotted
by a computer. Sketch some solutions of the differential equation. (Hint: First copy

or trace the figure.)
dx

1. o =x(1—x?).
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1.4.1 Existence and Uniqueness

Often the first-order differential equation fli—f = f (¢, x) cannot be solved by simple
integration. It is then important to know when there are solutions. As with the pre-
vious elementary examples, the differential equation usually has many solutions, of
which only one will satisfy given initial conditions. A more precise statement of the
mathematical result which guarantees this is the following.

THEOREM 1.4.1 Basic existence and uniqueness theorem for the initial value
problem for first-order differential equations. There exists a unique solution to the
differential equation

ax _ t 10
Z_f(’x)v ( )
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which satisfies given initial conditions
x(to) = xo, (1)

if both the function f(t, x) and its partial derivative % are continuous functions of
t and x at and near the initial point t = to, X = Xg.

In most cases of practical interest, the continuity conditions are satisfied for most
values of (79, xg), so that there exists a unique solution to the initial value problem
for most initial conditions.

If the conditions of the basic existence and uniqueness theorem are not met at
a point (fy, xg), then solutions may not exist at (fg, xo), or there may be more than
one solution passing through the same point (7o, xo), or the solution may not be
differentiable at #p. Such behavior often has a physical interpretation. For example,
certain types of friction and the switching behavior of some controllers can both lead
to places where solutions are not differentiable.

Example 1.4.5 Local Existence of a Solution

The differential equation

dx 2

@y 12
it (12)

satisfies the conditions of the uniqueness theorem for all (7, x) since f =rx? and
5 = 2tx are continuous functions of  and x. Thus, there should be a unique solution
of the initial value problem for any (7o, x¢). For example, there should be a solution at
the initial condition (0, 2). Solving the differential equation (12) by separation gives

dx
— = | tdt.
/ x? /

After integration and applying the initial condition, we obtain

1 1 1
+ —12.

Solving for x yields the promised unique solution

2
X = .
1—12

13)

However, this solution (13) is not defined for all ¢. It becomes infinite at t = 4+=1. While
the basic existence and uniqueness theorem guarantees a solution of the differential
equation which satisfies the initial condition, it does not say that the solution is defined
for all ¢. It is a local existence theorem, only guaranteeing that the solution exists for
some ¢ near the initial #y. In this example, the solution “explodes™ at t = 1. ¢

The direction field for (12) is graphed in figure 1.4.6. The specific initial condition
x(0) =2 and others are shown. One inadequacy of the direction field method is that it
may be impossible to tell whether solutions become infinite or not. From the figure it
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Figure 1.4.6 Direction field and some solutions for (12), ili—)t‘ =1x2,

is impossible to tell what occurs outside the plotted region. However, by separation,
it can be shown that all solutions of (12) are described by

x=2_— and x=0.
t“+c

Note that x = 0 is a solution which corresponds to ¢ = co. If ¢ > 0, solutions exist for
all ¢, while solutions have vertical asymptotes if ¢ <0. The case ¢ =0, that is, x = ;—22
separates solutions which become infinite from those that do not. This fact cannot be
determined from the direction field.

Example 1.4.6 Initial Condition with no Solution

The differential equation

dx 1

—=—= 14

dt 12 (14)
satisfies the basic existence and uniqueness theorem everywhere fy #0, since
ft,x)= —tlz is continuous everywhere ¢ 7 (0. By antidifferentiation, the general
solution of (14) is

xX=-+c.
t
If the initial condition is given at ¢y # 0, then the constant ¢ can be determined uniquely
by the initial condition. There is a unique solution to the initial value problem in this
case, and the solution exists locally as in the previous example up to the singularity at
t =0. However, if the initial condition is given at 7o = 0, then there are no solutions,
as shown in figure 1.4.7. For example, there are no solutions of (14) with x =1 at
t =0 and we do not have existence. ¢
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Figure 1.4.8 Several solutions x = et of (15), ‘(11—); = 37x

Example 1.4.7 Solutions not Unique

By separation we can show that the general solution of

ax _3x g (15)
dt o

is x = c13. Several solutions of (15) are plotted in figure 1.4.8. The function f (¢, x) =
3x/t is continuous everywhere that ¢ # 0. There do not exist solutions through (0, x)
if x # 0. On the other hand, every solution goes through (0, 0), so that at (0, 0) we
have existence but not uniqueness. ¢
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Example 1.4.8 Continuous but not Differentiable
The differential equation

dx 1
7= (16)

has f(t, x) = x!/3 continuous for all 7, x, but 91 is not continuous if x = 0. Using

ax
separation of variables the solutions are

3 32
x:(zt—i—c) and x=0.

If the initial condition is given as x(tp) =0, then there are two solutions, x =0 and
3 3/2
x= (3131 ¢

Exercises

For each of the differential equations in Exercises 1-10, give those points (79, xg) in
the ¢, x-plane for which the basic existence and uniqueness theorem guarantees that
a unique solution exits.

dx x
==
dt 1412
dx t—x
2. — = )
dt  3t—Tx
3. 2y,
dt
g s
dt
d
5. —);:(x—i-t)]/s.
dx
6. t— =x>+1.
o x°+

dx
7. (x—1)—= t.
(x )dt cos

g dx_ P41
dr T tix+ 1)
d
9. d—::(l—x2—2x2)3/2.
d
10. d—:=x1/3«/x—1.

Exercises 11 and 12 refer to the differential equation

dx
S VE )

I a7
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11. Show that the basic Existence and uniqueness theorem holds for (17) for all
(to, x0) such that 7y # 0.
12. Show that, for any constant xg, that there exists a unique solution x (¢) such that
a) x satisfies (17)if ¢ #0.
b) x is continuous for all ¢.
¢) x(0) =xop.
d) x is not differentiable at ty = 0.

In Exercises 13—19, you are given a family of curves g (¢, x) = c. For each exercise,

a) Verify the curves implicitly define solutions of the given differential equation.

b) Graph the curves on the same axis for the indicated values of c.

¢) Determine for which points (g, x9) the assumptions of the basic existence and
uniqueness theorem fail to hold, and graph those points on the same graph.

d t
13. 2 —x2=c, d_)tC:_’ c=0,+1, 42,
X
d t
14. 2 4x2=c, d_)::__’ c=1,2.3.
X

d
15 t+x2=c, 2xd—j+1=0, =0, +1.

d
16. x=ct, ==X =0 +1,+2.
dt t

. dx
17. x =csint, E:xcott, c=0, £1, £2.

dx 5
18. x =tan(f +¢), E =1+x°, ¢c=0, £1.
1 dx 2
19. x=——, — =—x°, ¢c=0, £1.
t+c dt
20. 5
a) Show that x =0 and x = (%t + c)3/ are solutions of
dx 1
ZZ—x18, 18
= (18)
b) Show that there are at least two solutions of (18) through every point (¢, xo) with

X0 = 0.

c¢) Sketch several solutions of (18), including x =0 on the same graph.

d) Note that f(r, x) =x!/3 is continuous everywhere. Why aren’t this fact and part
b) a contradiction of the basic existence and uniqueness theorem?

21.
a) Show that x =1 and x = (%t + 6)5/4 + 1 are solutions of
dx
— =(x— D3, 19
T (x—=1) (19)
b) Show that there are at least two solutions of (19) through every point (¢, xo) with

xo=1.
c) Sketch several solutions of (19), including x = 1 on the same graph.
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d) Notethat f(r,x)=(x—1) 1/5 is continuous everywhere. Why aren’t this fact and
part b) a contradiction of the basic existence and uniqueness theorems?

1.5 Eulers Numerical Method (optional)

We have given examples where the solution of a differential equation is given by a
formula, and we have seen in Section 1.4 how the solutions can sometimes be sketched
and analyzed. But many of the differential equations that arise in applications are too
complicated to have solutions that can be given by formulas, and they must be solved
numerically. In this section we will give one basic method and use it to make some
general comments about numerical methods.

Suppose that we wish to numerically solve

d
& Ftx), x(@)=xo (1)

dr

and obtain an estimate for x (b), where a < b. We assume that f, f, are continuous, so
that the initial value problem (1) has a unique solution. Subdivide the interval [a, b]
with N 4 1 mesh points 1, ..., ty, so that to=a, ty =b, and t, =a + hn, where
h=(b—a)/N is called the step size. The numerical approximation of the solution
will begin at fy and successively estimate the solution at each succeeding t,.

Suppose that x (¢) is the solution of (1) and that we have its value at time #,,. Then
we can approximate its value at time #, + /1 using the tangent line approximation
(first-order Taylor polynomial) by

x(ty +h)%x(tn)+hfl_);(tn) 2

Pictorially we have figure 1.5.1 But from (1) we have that %(t") = f(ty, x(t,)).
Thus (2) becomes

X(tg +h) = x(tn) + hf (tn, x(1n)). 3)

This formula gives a way of estimating x at time #,4 given an estimate x, of x at
time #,. The resulting numerical method is called Euler’s method.

Euler’s Method for the solution of flj—f = f(t,x), x(tp) =xo

1. Lettg=a.
2. Recursively compute xi, ..., xy by
Xn+1 =-xn+hf([l’l9xn)9 (4)
where
b—a

t,b=a+nh, h= N

3. xy is an estimate of x(b) and x, is an estimate of x(z,).
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t t+h
Figure 1.5.1

Example 1.5.1 Euler’s Method

Let x be the solution of the differential equation

d
d—f—mzt, x(0)=1. (5)

Estimate x (1) with Euler’s method using a step size 7 = 0.25.

® SOLUTION. The differential equation is

A it 0)=1 (6)
- = X, X =1,
dt

so that f (¢, x) =1 4 tx. We have from (5) that
to=0, xo=x(0)=1.
The recursive relationship (4) is then
Xnt1 =Xn +hf (tn, Xp) = Xn + Ity + 14 Xpn). (M
Thus we get

x1=x0+h(to+1tox0)=1+02504+0-1)=1,
t1=ty+h=0.25, Xo=x1+h(t1 +t1x1)
=1+0.25(0.2540.25-1) =1.125,
th=t1+h=0.5, x3=x2+h(tr + trxp)
=1.12540.25(0.54+0.5-1.125) = 1.391,
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3=t +h=0.75, x4 =x3 + h(t3 + 13x3)
=1.391+0.25(0.75+0.75-1.391) = 1.839.

Then t4 =13 +h =0.75+40.25 =1 and the estimate for x(1) is x4 = 1.839 (to three
places). ¢

Equation (6) can be solved using separation of variables to get the actual solution

2
x=2é

—1. ®)

It is perhaps easier just to note that Euler’s method solves differential equation (5)
and the condition at # = 1 for the exact solution satisfies

x(1) =2¢" — 1=2.2974425. )

The error in our estimate of x (1) is then
eqs =x(1) — x4 =0.458. (10)
These calculations are represented in figure 1.5.2, which shows both the solution (8)

and the numerical estimates.
It seems natural to try to get a smaller error by taking smaller steps.

Example 1.5.2 Euler’s Method with Smaller Steps

Again estimate x (1) using Euler’s method, where x is the solution of (5), but this time
with a step size h =0.125.

@ SOLUTION. We have a =0,b=1,h=0.125,and N = (b —a)/h = 8. Thus

to=0, t,=nh, tg=1.

Again use the difference relationship (2) and compute (t,,, x,) forn=1, ..., 8. The

computed x, and the actual solution are graphed in figure 1.5.3. The estimate for
x(1)is

x(1) =x(t3) ~ xg =2.048. (11)

¢

Note that the error in the estimate (11) is
eg =x(1) —xg =0.249. (12)

Thus reducing the step size by a factor of one-half has reduced the error (10) by about
one-half also. This, in fact, turns out to be a general property of Euler’s method.
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X X
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t, t, ty 1 tot, tot, f gt 1
Figure 1.5.2 Euler estimate with N =4 and Figure 1.5.3 Euler estimates with N =8 and

exact solution (8). exact solution (8).

A method for solving (1) is said to be of order r (written O(h")) on the interval
[a, b] if there is a constant M depending on a, b, f, but not on the step size & or the
point t, € [a, b], such that

lenl = |x(ta) — xn| < Mh". 13)

THEOREM 1.5.1 Order of Euler’s Method Euler’s method is a first-order
method. That is, for t, € [a, b] and a given step size h,

len| = |x(tn) — x| = Mh

for some constant M independent of n, h (provided h is sufficiently small).

Proof of this theorem requires some technical assumptions on f (¢, x) and a careful
consideration of different types of error. Note that (13) says that, by taking % to be
half as large, we should expect about half as much error, and that is what we observed
in (10), (12). Theorem 1.5.1 also seems to suggest that to get answers accurate to
several significant figures using Euler’s method we would have to take very small
steps, and hence a large number of steps. Table 1.5.1 gives the result of solving (5)
for several step sizes.

General Comments on Numerical Methods

Euler’s method has provided an introduction to the idea of a numerical method. How-
ever, in practice for the more complex problems that arise in applications, the actual
numerical solution procedure is much more complicated. Modern methods vary the
step size and the order to get both efficiency and accuracy. They have the ability
to output estimates at times other than #;. Also, different types of problems require
different methods depending on whether there are rapidly decaying or highly oscil-
latory solutions or events which alter the equations. Fortunately, numerical methods
are included in symbolic software packages such as MAPLE and Mathematica, in
general purpose commercial numerical packages such as MATLAB and SIMULINK,
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TABLE 1.5.1

Euler’s method for (5)

Step Steps Estimate x Erroratb=1
size h N for x(1) ey=x(1)—xp
0.1 10 2.09422 0.20322
0.01 100 2.27564 0.02180
0.001 1000 2.29525 0.00220
0.0001 10000 2.29722 0.00022

in open source general purpose packages such as Scilab and Scicos, and in spe-
cialized modeling software such as ACSL or SPICE. There are also programs such
as XPP.

Comment on Significant Digits

When comparing your answer to those in the text, keep in mind that any of the
following may affect the number of significant digits in your answer: precision of
arithmetic on your machine, how round-off and floating-point operations are carried
out, order in which computation is done, the accuracy of built-in functions such as
sin, cos, and how underflow and overflow are handled.

Exercises

(Exercises marked with an asterisk are suggested only for progammable calculators
and computers.) For Exercises 1-11, compute an estimate for the value of x (), using
Euler’s method, given the indicated step size.

9 f, x(0)=1,b=2,h=0.5
.—=x—1,x(0)=1,b=2,h=0.5.
dt
d
2. —j:tx, x(0)=1,b=1,h=02.

d
2 X0 =1,b=2h=1.
dt
dx
4. Y 3y 21 x(0)=0,b=1,h=0.5.
dt
d
W ok — 41, x(0)=1,b=2.h=05.
dt
d
6. d—);:tx—t, x(0)=1,b=4h=02.

dx .
7. o =sinx, x(0)=0,b=4,h=0.5.
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d
X sinx, x(0)=1,b=4,h=02.
di

Exercises 9, 10, 11 show that for some equations, Euler’s method produces numerical
solutions that resemble the actual solution only for small step sizes. In this example,
the behavior is related to a property called stiffness.

9.
d
a) d—f — 20x, x(0)=1, b=2,h=0.2.
b) On the same ¢, x-axis plot the points (#,, x,) from part (a) and the true solution
—20¢
x=e .
10. (Continuation of Exercise 9).
dx
a) T —20x, x(0)=1, b=2,h=0.1.
b)* On the same ¢, x-axis plot the points (#,, x,) from part (a) and the true solution
—20¢
x=e .

11. (Continuation of Exercises 9, 10)

dx
a) ZZ_ZOX’ x(0)=1, b=2,h=0.01.

b)* On the same ¢, x-axis plot the points (#,, x,) from part (a) and the true solution

= e—ZOt.

12. Estimate x (1) for the solution of fl—’t‘ =x2,x(0)=1, using Euler’s method with a
step size of h =0.5.

13. (Continuation of Exercise 12) Estimate x(1) for the solution of ‘fl—’t‘ =x2,
x(0) =1, using Euler’s method with step sizes h =0.2, h=0.1, h=0.01%, h =
0.001x.

14. (Continuation of Exercises 12, 13) Explain what you observed about the estimates
for x (1) by solving the differential equation ‘fi—f =x2, x(0) = 1, by separation of
variables.

Exercises 15—17 illustrate the point that, while analytically obtained solutions cannot
cross equilibriaif f (¢, x), fy (¢, x) are continuous, the numerical solution can “jump”
over an equilibirum.

15. Using Euler’s method, calculate estimates for the solution of the differential
equation

d
d—f=1—2x+x2, x(0)=—5,0<7<2, (14)

at points (#,, x,) where h = 0.2. Graph these points (¢,, x,,) and sketch what you
think the solution would look like.

16. (Continuation of Exercise 15) Sketch the solutions of ‘2—’; =1—2x+x2 using the
techniques of Section 1.4. Observe that x = 1 is an equilibrium solution. Compare
this picture with the graph of Exericse 15.

17. (Continuation of Exercises 15, 16). Solve (14) using Euler’s method with step of

h =0.1. Plot all values of (#,, x,) and compare to the analysis of Exericse 16.
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1.6 First-Order Linear Differential Equations
Linear first-order differential equations,

dx
ar +p)x = f(0), ey
are comparatively easy to solve, and applications frequently are described by such
equations. The function f (¢) is called the forcing function, the input, or the nonho-
mogeneous term, depending upon the application. When the differential equation is
written in the form (1), then f is also sometimes called the right-hand side. When
f(¢) is called the input, the solution of the differential equation x (¢) is usually called
the output. It is important to understand which differential equations are linear and
which equations are not linear. A differential equation that is not linear is called a non-
linear differential equation. A first-order differential equation ‘é—’[‘ =g(t, x) is linear
if g(z, x) is a linear function of x, as written in (1).

Most phenomena in nature do not actually satisfy linear differential equations.
However, in many applications, the solutions of interest do not differ too greatly from
the solutions of a linear differential equation. In this case, the differential equation may
often be approximated by a linear differential equation. As a consequence, linear dif-
ferential equations play a fundamental role in many parts of science and engineering.

1.6.1 Form of the General Solution

A particular solution x,, of the linear differential equation (1) is any function x(t)
satisfying the differential equation (1). Thus,

dﬂ Hx, = f(t) 2)
ar + p( xp—f( . (

To simplify our notation we omit the (¢) from ill—f and x. If f(¢) =0, then the dif-
ferential equation is called homogeneous. If f(¢) is not identically zero, then the
associated homogeneous equation is

d
d—f(r) + p()x (1) =0. 3)

Thus a solution xj, of the associated homogeneous equation satisfies

Db | p@)xa=0 )
—— X = U,
dr p h

We have introduced the ideas of a particular solution and solutions of the associated
homogeneous equation because we will see that they play important roles physically
and mathematically. We shall show later in this section that
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The general solution of any linear first-order differential equa-
tion (2) can always be put in the form
X =Xp+Xp, (®)]
where x, is a particular solution of (2) and x;, is the general
solution of the associated homogeneous equation (3).

Furthermore, we will show that

The general solution of a homogeneous first-order linear differ-
ential equation is always in the form
Xp=cX1, (6)
where x; is a nonzero solution of the associated homogeneous
equation and c is an arbitrary constant.

Thus the key result is that

For linear first-order equations (2), all the solutions (the general
solution) are in the form of a particular solution x, plus an arbi-
trary multiple c times one nonzero solution x of the associated
homogeneous equations
X=Xp+Xp=Xp+cCxy. @)

Equation (7) is fundamentally important. We use the notation x| here since in the next
chapter, on second-order equations, we will see that the solution of the associated
homogeneous equation is made up of two functions x; and x;.

A complete verification of the facts (5) and (6) comes at the end of this section.
Here, we will merely verify that x = x, + cx1 satisfies the first-order linear differential
equation

dx
dt

We substitute x,, + cx; into (8) for x and collect those terms that have ¢ as a multiple
and those that do not:

+p(Ox=fQ). ®)

D px =L, +exn)+ p) Gy +ox)
d[ p .x—dt XP CcX1 p )Cp CcX1

= 4 prp e (B4 pa v
= p()xp+c r p)x1 | .

However, x, satisfies (2) and x; satisfies (4), and thus (9) becomes
dx
dr

In this way we have verified that x = x, + cx satisfies (8).

We recommend that you memorize that the general solution of linear first-order
differential equations (8) is in the form (7), where a particular solution x, satisfies

(2) and x satisfies the associated homogeneous equation (4).

+pOx=f{t)+c-0=f(@).
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1.6.2 Solutions of Homogeneous First-Order Linear
Differential Equations

The general solution of the first-order linear differential equation (8), fi—f +pt)x =
f(#),isalwaysinthe form x = x), + cx1. However, we have not discussed any methods
to obtain the solution x; of the associated homogeneous equation or the particular
solution x . In this subsection we will show that homogeneous solutions of first-order
linear differential equations can always be obtained by separation.

Solutions of the related homogeneous equation satisfy

dx

o Hpox=0. (10)

Note that x =0 is always a solution of (10). It is called the trivial solution of the
homogeneous equation. When we say that the general solution of ‘;—f +pt)x=f()
is always in the form x =x, + cx1, we mean that x; is a nontrivial solution and do
not allow x; =0.

Nontrivial solutions of the homogeneous equation can always be obtained by
separation, since (10) can be written

d—x=—/p(t)dt. (11
X

Indefinite integration yields

In|x|=— f p(t)dt + co,
where ¢ is an arbitrary constant of integration. Exponentiating gives
|x|=e*fp(l)df+c‘0 — 0= [ p(0)dt (12)
Note that cg is an arbitrary constant, so that e is an arbitrary positive constant.

Solving (12) for x gives x = [£e“]e~/ P4 Let ¢ ==4¢%. Then c is an arbitrary
constant, and we have

x =ce~ [ P01 (13)

By separation, we have shown in (13) that the form cx; for the solution of a
homogeneous first-order linear equation is correct and that we can use

x) = e S P01 (14)

If we instead used a definite integral, which is sometimes preferable if the function
p(t) is not simple, then we would obtain an equivalent expression:

X1 — o Jap®di
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The lower limit a can be chosen as any constant. It usually is the initial value
to of t.

Example 1.6.1 Homogeneous Linear Differential Equation

Find the general solution of the homogeneous first-order linear differential equation
X | pe—o (15)
— x=0.

dt

® SOLUTION. Since the equation is homogeneous, by separation we obtain

d
—xz—/tzdt.
X

1
In|x| = —§t3 + .

Indefinite integration yields

3
.. . _= . .
Exponentiation first yields |x| =e“e™ 3, which becomes the general solution

3

x:cef%, (16)

where c is an arbitrary constant. ¢

Example 1.6.2 Homogeneous Equation Requiring a Definite Integral
Find the general solution of the homogeneous first-order linear differential equation

dx

-t sin(t>)x =0. (17)

o SOLUTION. By separation, we obtain
d
@ / sin(t?)dt.
X

Integration yields

t
In|x| = — f sin(7)d7 + co,
0

where we have chosen the lower limit to be zero and the dummy variable of integration

— .. . Lo 72y T
to be 7. Exponentiation first yields |x| = e®e¢ ™ Jo sin@)d7
solution

, which becomes the general

Y =ce™ fot sin(?z)d?’ (18)

where c is an arbitrary constant. ¢
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Exercises

In the following exercises, problems where a definite integral is needed or recom-
mended are indicated by an asterisk (*). In Exercises 1-10, find the general solution
using separation.

dx

1. — =3x.
fi

2. P gy
dt
dx

3. — =2tx.
fllt
X

4, == =—px.
dtd o
X

5. 2t— =0.
gt +x

6. 22 _x=o.
dt

7. P4 (s =0

. —_— COST)x =U.
ccllt
X

8. — 4+@B+)x=0.
gt+( +17)x
X

9% = =) x =0.
ar ~+ cos( )x
dx Int

10.*

—+——x=0

dt 1+

In Exercises 11-17, solve the initial value problem using separation.
dx

1. g—tz—waithx(O)=9.
12. & —ox with x(0) =S5.
dr
13, P _ox withx(3)=7
. — =YX W1 X = /.
dt
14, P 6rwithx(2) =4
. — = —0X W1 X =4,
i
X Sin ¢ .
15.% g—t+4+etx=0vv1thx(5)=10.
16.% d—;‘ FIn(7 + te')x =0 with x(0) = 3.
dx 2 .
17. E—H x =0 with x(1) =3.

18. Reconsider ‘fl—f + p(t?x = f(#). Suppose x, is a particular solution and X is any
other particular solution.

(a) Show that x =X —x, must be a solution of the associated homogeneous
equation d—f + p(t)x =0.

(b) Usingxj; = cx1, theresult of this section on solutions of homogeneous equations,
show that x = x,, + cx1, as claimed in this section.
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1.6.3 Integrating Factors for First-Order Linear
Differential Equations

Now that we have a method to obtain the solution for homogeneous first-order linear
differential equations, we need a method to obtain a particular solution. We will dis-
cuss two methods for obtaining particular solutions. One method uses an integrating
factor. This method always works for first-order linear differential equations, but the
algebraic steps necessary for a satisfactory answer can be unwieldy. We will describe
another much easier method, in the next section. It is called the method of undeter-
mined coefficients. The same method is discussed for second-order linear differential
equations in Section 2.6. Unfortunately, the method works only on linear differential
equations with constant coefficients and only on some such problems. However, the
technique is very useful in applications.

Although there are methods for deriving this result (see Exercise 55 in this section),
it is often easiest for students just to memorize that a particular solution of

dx

7r TPOx=f® 19)

may be obtained using the integrating factor

u(t) = e/P0r (20)

The expression u(z) is an integrating factor, since we will show that the differen-
tial equation may be solved by an integration if we first multiply both sides of the
differential equation (19) by the integrating factor (20). Multiplying (19) by (20) gives

Jpdi (fl_;“ + p(t)x) = f()elr®, Q1)

The left-hand side is an exact derivative of u(¢)x(z) (as can be verified with care by
using the product rule). Thus, (21) is equivalent to

i(xefp(t)dt) — f(t)efl?(t)dt'
dt
Indefinite integration yields
xelP®dr — /f(t)efp(’)d’dt +c, (22)
where c is an arbitrary constant of integration. By multiplying both sides of (22)

by e~ Jp0dt we obtain the general solution of any first-order linear differential
equation:

x=¢ Jp®d / F(@0)elP®0dtgp 4 co= PO, (23)



First-Order Differential Equations and Their Applications 43

Although our goal was just to determine a particular solution, using an integrat-
ing factor gives the general solution. Formula (23) proves the facts (5), (6), and (7)
that the general solution of any first-order linear differential equation is in the form
x =xp +cx1, where ¢ is an arbitrary constant. A solution x; of the associated homo-
geneous equationis seentobe x| = e~ Jp(0dt \yhereasa particular solution is possibly
more complicated:

xp=e" Jpat /f(t)efp(’)dtdt.

This is an important formula that reappears frequently in applications. However, when
solving problems, it is not a good idea just to memorize this result. Instead, in each
example, it is better to repeat the following steps.

Summary of the Integrating Factor Method for Solving fi—’; +p®)x=f(@)

1. Compute the integrating factor u = /P4 and simplify.
2. Multiply both sides of the first-order linear differential equation (19) by u to
get

%(ux) =uf.

3. Integrate both sides with respect to 7 to get u(t)x(t) = fu(t)f(t)dt +c.
4. Divide by u(t) to get x.

If the integrals can be evaluated explicitly, then this solution is straightforward.
However, often one or more of these integrals cannot be done explicitly, in which
case definite integrals should be used. Also note that the differential equation must
be put in the form (19) before beginning this procedure.

The integrating factor can be used even if the linear differential equation is homo-
geneous. Thus, we have two methods to obtain solutions of homogeneous differential
equations: separation and the integrating factor.

Example 1.6.3 Homogeneous
Find the general solution of
X
T (24)

using an integrating factor.

@ SOLUTION. From the differential equation we have p(t) = #2. To obtain the solu-
tion using an integrating factor, we multiply the linear differential equation (24) by

. 3
the integrating factor /P4 = ¢'5 . This gives

B3 (dx

es <E + t2x> =0. (25)
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The left-hand side is always the derivative of x times the integrating factor using the
product rule. Thus, (25) is equivalent to

d, 6 23

E(eTx) =0.

3
. . 2
Integration gives e 3 x = ¢, and hence

xX=ce 3.
This is the same general solution we obtained by separation (see (16)). ¢

Example 1.6.4 Nonhomogeneous

The following first-order linear differential equation is not homogeneous:

dx
t— —3x =1,
dt *

Find the general solution for # > 0.

® SOLUTION. In order to find the integrating factor, e/PWdt the differential equation
must first be put in the form ‘fi—f + p(t)x = f(¢). This requires dividing the differential
equation by 7 to get

dx 3
= _Zx=r" (26)
dt t

Thus, p(t) = —%, and hence the integrating factor is e/P(di — =3It _ ;=3 (since

we assume ¢ > 0). Multiplying both sides of (26) by the integrating factor gives

1 (dx 3 La_,
— —_— =X | == =T.
3 \dt ¢ 13

The left-hand side is always an exact derivative of x times the integrating factor:

By indefinite integration, we then obtain

12
—Xx=—+c.
3 2
Solving for x, we see that the general solution is in the proper form, a particu-
lar solution plus an arbitrary multiple of a solution of the associated homogeneous
equation:

$

3
=—+ct.
X 2+c ¢
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Example 1.6.5 One Definite Integration

Solving the following first-order linear differential equation will require a definite
integral:

X 2
— +1°x =cost.
dt

, 3
The integrating factor elP0dt — o5 g straightforward and does not require a definite
integral, since p(r) =r>. Multiplying the differential equation by this integrating
factor yields

B3 [(dx 2 2
e3 | —41t°x )=e3 cost.
dt

Again, the left-hand side is an exact derivative, so that we get
3 3

(5 x) = e cost

—(eTx)=e7 cost.

dt

The right-hand side does not have an elementary integral. Even if it did have one, we
could still use a definite integral. We integrate both sides. For convenience we choose
the lower limit to be O:

3

3 ! 7 -
eTx:/ e3 costdt+ec.
0

From this, we obtain the general solution as

3 3

BB - _3
x=e 3/e3 costdt +ce” 3,
0

a particular solution plus an arbitrary multiple of a solution of the associated homoge-

neous equation. It is very important to use a dummy variable of integration different
3 73
from ¢ so that there is no temptation to have e~ 3 incorrectly cancel e 3. In this

example, the integrating factor did not require definite integration. ¢

It is quite remarkable that we may obtain the general solution of any first-order
linear differential equation. Examples that require two definite integrals are more
complicated. Even a relatively easy-looking linear differential equation may still
have a complicated solution.

Exercises

In Exercises 19-30, solve the differential equation. If there is no initial condition,
give the general solution.

dx

dt

20. & L orv =

. X =I.
dt

19. ¢ +x=¢,x()=1.
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21, — =3¢,
dt ¢
oy, d¥ _xH1
dt t
dx
23. (P4 1)— +2tx =1.
(@t + )dt+ X
du
24, 2 =3 —1).
7 u—1
25, P gt v =0
I X =1, x =0.

dx
26. (t+1)— =t.
(t+ )dt+x

dx
27. t— =2x, x(1)=4.
dt

dx sin ¢
28. t—=-3 —_—.
dt rt 12
29 t2dx +ix=1
. —_— X=1.
dt
d

30. P a4t =47,
dt

For each of the linear differential equations in Exercises 31-33, find the general
solution of the differential equation, sketch several solutions (c =0,c ==+1,orc ==£3
would suffice), and describe the behavior of the solutions near ¢ = 0.

31 0 =y
. dt X =1T.
dx
32 t— +2x =1\
dt+ X

33, & 2
. —_— — X = .
dt

In Exercises 34-45, find the solution of the initial value problem that requires definite
integrals. If there are no conditions given, find the general solution.

30, B4t o
. — X =1.
dt

dx
35, — +2tx=1.
dt+ X
dx
36. — int)x=t.
ar + (sint)x
37, 42
. X=I.
fllt
38. g—:—thzet.
39, d—j—l—e’x:&
dx 2
40. — —x=¢€' .
dt

1
41. — =—— withx(2)=1.
+x t—i—]Wl x(2)
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dx 3
42.-gf-+ 2 X =1In(3 + cos? 1) with x(4) =
dx : :
43, 3tE —x =tsint with x(5) =0.
a4 B 4y —sine®)
= .
d
45. 7t—x +x=¢".
di

From calculus we know that

dt_ 1
dx  dx/dt’

That is, we can think of x as the independent variable and ¢ as the dependent variable

provided % dx # 0. In Exercises 46—48, the differential equation is nonlinear in the form

d—" = f(t, x) but linear (after some algebraic manipulations) if written as j}’( = f(tl ik

Fmd the general solution of the differential equation.

dx 1
46, — = —.
dt x
dx 1
47. == = .
dt  x+t
4, X
dt  t+x

49. Verify that, if an arbitrary constant c; is introduced when f p(t)dt is computed,
then the form of the general solution (23) is unchanged. (Note: If ¢ is an arbitrary
constant, then ce™“! is still an arbitrary constant.)

50. Show that if u(z) is a function of ¢, and u satisfies the property

(d n (t)) d(ux)
dt dt

then u = ke P04t [ a constant.

51. Show that if u is an integrating factor for (19), then so is ku for any constant k.

52. Consider the differential equation il_z —tx =2t —1.

a) Show thatx =¢%isa particular solution. Solve the initial value problem x (0) =
b) What is the integrating factor? Why is this method difficult?
c) Find the general solution with an integrating factor. Compare to part (a).

53. Consider %, dx -+ [(sin7)/t]x = f(¢). Show that the particular solution with x , (0) =
0 can be put into the form x, = fO G(t, f)q(¢)dt for some function G(z, ). The
function G(t, 1) is called the influence function or Green’s function for the
equation.

54. Consider ‘é—’t‘ + p(t)x = f(t). Show that the particular solution with x,(0) =0
can be put into the form x, = fot G(t,1) f(t)dt for some function G (¢, 7). The
function G(¢, t) is called the influence function or Green’s function for the
equation.
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55. We briefly present an equivalent method (know as the method of variation of
parameters) for solving the linear differential equation

dx

27 TPOx=1).

Make the change of variables x = u(#)x1(¢), where x1(t) = e~ Jp®dt g the solu-
tion of the homogeneous equation that was determined previously. Find and
solve the simpler first-order linear differential equation for u(¢). Compare your
solution to the answer obtained by using an integrating factor. (A modification
of this method is useful for second-order linear differential equations, since the
integrating factor method cannot be applied to such equations.)

1.7 Linear First-Order Differential Equations with Constant
Coefficients and Constant Input

Solutions of first-order linear differential equations can always be obtained by the
integrating factor method of Section 1.6.3. In this section we will describe an eas-
ier method for a particular class of first-order linear differential equations. These
equations occur quite frequently in applications.

The linear first-order differential equation.

dx
dt

is said to have constant coefficients if p(7) is a constant, p(t) =k:

+p(Ox=fQ).

dx
dt

We say that the differential equation has constant coefficients even if the forcing
function or input f(¢) is not constant. It will be easy to obtain a solution x; of
the associated homogeneous equation for (1). Sometimes a method of undetermined
coefficients can be used to obtain a particular solution x, of a linear differential
equation with constant coefficients. Then x, 4+ cx; will give the general solution
of (1). This section introduces this method by considering the important case when
the input f'(¢) is constant and doing one example in which the input is not constant.
Other cases are considered in the exercises and in Chapter 2.

+kx = f(1). (1)

1.7.1 Homogeneous Linear Differential Equations with
Constant Coefficients

The associated homogeneous equation for the linear differential equation with
constant coefficients (1) is

— +kx=0. 2
dt+x )
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It is easy to verify that x = e’ satisfies (2) by substituting this exponential into (2).
This solution of the homogeneous equation can be also derived, since (2) is separable
(Section 1.3), or by the integrating factor method (Subsection 1.6.3). However, it is
easier to obtain this solution by just remembering the following simple fact. This fact
will be useful in this and later chapters:

A homogeneous linear constant coefficient differential equation
always has at least one solution of the form 3)
x=e.

For first-order linear equations, » will turn out to be a real number. Statement (3) is
still true of second-order equations, but we will see in the next chapter that » can then
be a complex number.

We can determine what specific exponential satisfies the homogeneous differen-
tial equation with constant coefficients (2) by substituting the unknown exponential
x = ¢! into the differential equation (2):

d
Ee”—l—ke”=re”+ke”=(r—|—k)e”=0.

Dividing by e’ then gives that r = —k. Since x(¢) =e % is one solution of the

homogeneous (2), our theory tells us that the general solution of the homogeneous
equation will be x = ce ™.

The general solution of
dx
dt

with k constant is
kt

+kx=0
X =ce

This method is illustrated in the next example.

Example 1.7.1 Homogeneous Linear Constant Coefficient
Determine the general solution of

X | 4x—0 (4)
dr T

e SOLUTION. If we substitute x = ¢” into (4) for x, we get
d rt
— +4e"=0.
o (") e

Since j—t (e"") =re'!, the differential equation (4) is satisfied if

re’' +4e" = (r +4)e’ =0.
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This equation is to hold for all . If we cancel the e’ since it never equals zero (or
just divide by €’"), we obtain

r +4 =0 or equivalently, r =—4.

Thus, e~* solves the constant coefficient differential equation (4). Since the differ-
ential equation (4) is linear, the general solution is in the form of a particular solution
plus an arbitrary multiple of the solution e ~* of the associated homogeneous equa-
tion. Equation (4) is homogeneous, so that we can take x, =0. Thus, the general
solution of (4) is

x=ce ™. ¢

1.7.2 Constant Coefficient Linear Differential Equations
with Constant Input

Particular solutions of first-order linear differential equations with constant coeffi-
cients,

dx
dt

can always be obtained by using the integrating factor method discussed in Sec-
tion 1.6.3. However, sometimes it is easier to obtain a particular solution by the
method of undetermined coefficients. In this subsection, we will discuss only one
elementary class of examples. These ideas will be addressed in greater depth in
the section on second-order linear differential equations with constant coefficients
(Section 2.6).

If the right-hand side of (5) is a constant, f(r) = Iy, we refer to the differential
equation as having a constant input:

+kx=f(@), &)

x| px=1
— +kx =Ip.
dt 0

Example 1.7.2 Constant Coefficient Differential Equation with Constant Input

Find the general solution of

— +8x=0. 6
g, T8 (6)

@ SOLUTION. Since the right-hand side is a constant, we might guess that a particular
solution is a constant, x,, = A. The constant A is called an undetermined coefficient,
and this method is called the method of undetermined coefficients. To determine the

specific constant A, we substitute x, = A into (6) for x to obtain ‘fi—’;‘ +8A=9. But

”fl—f =0, since A is a constant, so that

9
8A =9 or equivalently, A= 3
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Thus, a particular solution of (6) is

xXp=A 2

p=a=g

The general solution of any linear first-order equation is in the form of a particular

solution plus an arbitrary multiple of a solution x; of the associated homogeneous

equation. Using the techniques of Example 1.7.1, we find that x; = ¢~3. Thus the
general solution of (6) is

where c is an arbitrary constant. ¢

All cases of constant coefficient differential equations with a constant input can be
described by

dx +kx=1 @)
—_ X = s
dt 0

where Iy is a constant. In the same manner as Example 1.7.2, the general solution
of (7) can be obtained as

I
x=£+ce_k’, k #0. 8)

A particular solution is x, = lk—" if k #0. More examples of this type of differen-

tial equation will appear in the sections on applications of first-order differential
equations.

However, if k = 0in (7), then the method of undetermined coefficients as described
must be modified. If k =0, (7) is

dx

—=1. 9

o =l )
Any constant is a solution of the homogeneous equation (ddith =O), and hence a

constant cannot be a particular solution. Thus, x, # A, contrary to what was assumed
earlier. In this case, it is easy to see, by integration of (9), that the guess was wrong
and a particular solution is x, = Iot. This particular solution is not a constant, but
rather is proportional to 7. The general solution of (9) by integration is x = Iyt + c.
This is again a particular solution plus an arbitrary multiple of a solution, x; =1, of
the associated homogeneous equation. More will be said about this in our discussion
of particular solutions for second-order linear differential equations with constant
coefficients. In summary,

If k £0, then ‘% + kx = Ip has a constant particular solution.

In applications the constant solutions that result from constant input are variously
called equilibriums, steady-state solutions, and operating points.
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1.7.3 Constant Coefficient Differential Equations
with Exponential Input

Example 1.7.3 Constant Coefficient Differential Equation with an Exponential Input

Find the general solution of

d
d—):+8x=4e7’. (10)

e SOLUTION. Since the right-hand side is a constant times an exponential e’’,
we might guess that a particular solution is an unknown constant times the same
exponential, x, = Ae’". The constant A is called an undetermined coefficient, and
this method is called the method of undetermined coefficients. To determine the
specific constant A, we substitute x, = Ae’ into (10) for x to obtain 7Ae” + 8Ae”' =
4¢™ | so that

4
154" =4¢" or equivalently, A= 5

Thus, a particular solution of (10) is

4
—e7l.

Xp= Ae’t = 15

The general solution of any linear first-order equation is in the form of a particular
solution plus an arbitrary multiple of a solution x; of the associated homogeneous
equation. Using the techniques of Example 1.7.2, we find that x; = e~ Thus the
general solution of (10) is

4
x:Een—I—ce_St,

where c is an arbitrary constant. ¢

1.7.4 Constant Coefficient Differential Equations
with Discontinuous Input

Many practical problems involve discontinuous inputs. The discontinuities arise from
such physical phenomena as switches, sparks, or digital devices. The method of unde-
termined coefficients can also be used if the input is a discontinuous input composed
of relatively simple functions.

Example 1.7.4 Discontinuous Input
Solve the initial value problem

dx

o Har=g(0) with x(0)=0, (11)
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where the input g(¢) is the following piecewise constant function:

(1) = 1, 0<tr<2,
=10, 2<t.

o SOLUTION. We actually have a two-part problem here. A different differential
equation is valid in each region.
For 0 <t < 2, the differential equation (11) is

dx

2x =1, 12
77 T 12)

and must satisfy the given initial condition x (0) = 0. The differential equation (12)
is linear with constant coefficients and a constant input. A particular solution is a
constant, which is easily seen to equal % A solution of the associated homogeneous

equation is e~%, so that the general solution is x = % + ce™2. The initial condition

x(0) =0 implies that ¢ = —%, so that the solution of the initial value problem for
0<t<2is
I 1,
H=—-——— . 13
x(t) 53¢ (13)

However, the differential equation (11) for ¢ > 2 is

X ax=0 (14)
— X =VU.
dt

The general solution of (14) will have one arbitrary constant introduced. This constant
is determined not from the condition at r =0, but instead from a condition of (14)’s
starting value t =2. From physical considerations, we often know that the solution
x must be continuous, and thus the initial condition for the differential equation (14)
fort>2is

x(2)= linzlix(t). (15)

That is, the solutions for <2 and ¢ > 2 should match up, or “meet,” when r =2, so
that x can be continuous everywhere, including # =2. Since the solution has been
determined for 0 < ¢t <2, we compute its limit at =2 from (13) to be

11
2) = li =———e 4 16
x2)= lim x()=3— e (16)

Since (14) is linear and homogeneous (with constant coefficients), its general solution
is seen to be

x(t):cle_zt. (17)

A different notation for the constant has been introduced, so that the constant associ-
ated with the differential equation for # > 2 is not confused with the constant associated
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Exercises

Chapter 1

Figure 1.7.1 Graph of (19).

with the differential equation for # < 2. The constant c; is determined from the initial
condition valid at t =2. Letting # =2 in (17) and setting it equal to (16), we get

11 4 —4

Thus, ¢; = %(64 —1). Hence for t > 2 we have

1
x(r):z(e“—l)e—zﬂ (18)
Combining the solutions, (13) and (18), valid in the two regions, we obtain

1 —2t
—(1—e7), 0<t<?2,
x(t)= (19)

1
E(e“ —De #, 2<1t.

The graph of x(¢) is given in figure 1.7.1. Some students may recognize this graph
is the charge-discharge curve of a capacitor in an RC circuit. This will be discussed
more carefully in Section 1.10. ¢

In Exercises 1-10, find the general solution.

dx

1. — =8x.
dt
dx

2. — =3x.
dt
d

3, X oy
dt

4. d—x:—lx.
dt 3
d

5. 2 Lav=o.

dt
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6. ——x=0
dt x
dx

7. — =0
a7 +x
dx 3

8. — ——x=0
dt 4x
dx

9. — =5x.
dt *
dx

10. — = —3x.
dt *

In Exercises 11-22, find the general solution.

1 sy

. — +3x=8.

dt
dx

12. — +6x=5.
i + 6x
d

13. &£ _4p =9
dt
d

P
dt 3
d 4

150 2 23
dt 5

16. 9 gy —7
dt

17 dx+2 _ 4

“ar T3 Ty

dx 3

18. —+-—x=—-4
TRES
dx

19. — =2 18
dt rt
dx

20. — =-8 9.
dt o
dx 17

2. —=—x— —.
dt * 3
dx

22. — =6x —15.
dt *

In Exercises 23-30, the input is a constant multiple of an exponential e”. Suppose that
there is a particular solution of the form Ae?’ for some constant A. Find the constant
A and determine the particular and general solution.
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25. — —2x=-3e".
dt

26, B 4= _2e¥
dt
d

27. —x+4x=3e4’
dt

28, 4x 5S¢

. — X =Je .

dt
dx

29, — 4 3x=e¢ %
dt tox=e
d

30. & 5y =67
dt

In Exercises 3140, obtain just a particular solution (the general solution could always
be obtained easily by adding an arbitrary multiple of a solution of the associated homo-
geneous equation). The forcing function is a polynomial. Guess that a polynomial of
the same degree is the particular solution and use the method of undetermined coef-
ficients to find a particular solution. For example, if you would guess a polynomial
of degree 2, substitute x = At> + Bt + C into the differential equation and determine
the constants so that x = At> + Bt + C satisfies the differential equation.

d
31 & =345
dt

dx

32, — —4x=—-6+409t.
dt
dx

33, — 4+ 2x=14t.
dt
dx 1

34, — — —x=-3¢.
dt 2
dx 2

35, — +x=2t“+5¢t—8.
dt
d

36, &L _ox=—2 47142
dt
dx

37. = +3x=1.
ar
d

38 & _ex=4r2 43
dt
dx

39, — +5x=t.
dt X
dx

40. — +8x=5r+11.
dt

In Exercises 41-52, obtain just a particular solution (the general solution can always
be obtained easily by adding an arbitrary multiple of a solution of the associated
homogeneous equation). In these exercises, the forcing function is an elementary
sinusoidal function. If the forcing function is cos 5¢, then a particular solution of
the form A cos 5¢ will not work. However, a linear combination of cos 5¢ and sin 5¢



First-Order Differential Equations and Their Applications 57

will work. Thus, the form for x, is A cos 57 + B sin 5¢, where the constants A and
B are determined by substituting the assumed form of the particular solution into
the differential equation for x. In Exercises 47-52, the forcing function has several
different terms. Use a form for x, consisting of the sum of the forms for each term.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

dx .

— +2x =3sin6¢.

dt

dx

— —3x =4cos 3t.

dt

dx

— —5x=2cost.

dt

dx+8 i

— X =sint.

dt

d
d_);+4x=3cos2t+551n2t.
d
_x_x=200s4t+sin4t.
dt

d
_x+6x=cost+sin5t.
dt

dx

— +x =cos 2t + cos 4t.
dt

dx .

— —9x =5+ 2sin3t.
dt

dx

— —2x=-3+4+4cost.
dt

dx 3t .

— +x =2¢”" +sint.
dt

dx
dt

Consider the differential equation ‘é—f + 3x =8e>". Show that a simple exponen-
tial Ae™3' does not work as a particular solution because e~ is a solution of the
associated homogeneous equation. Instead, solve the differential equation by the
integrating factor method. Make a conjecture as to how to modify the method of
undetermined coefficients when the simple exponential forcing is a solution of
the associated homogeneous equation.

Consider the differential equation ‘é—;‘ —kx = P(t)e*", where P (1) is apolynomial
of degree n. Solve this differential equation by making the change of variables
x =ve’. Find and solve the differential equation for v. Show that v is a polyno-
mial of degree n + 1. This proves that a particular solution is in the form of an
exponential eX times a polynomial of one higher degree, if the exponential part
of the forcing function is a solution of the associated homogeneous equation. A
slight generalization of this will be important in Chapter 2.

Consider the differential equation ‘é—f — 2x =7e? . Show that a simple exponential

Ae?' does not work as a particular solution because e* is a solution of the asso-
ciated homogeneous equation. Instead, solve the differential equation by making

+9x =4de ™" + cos 2t.
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a change of variables x = ve?. Find and solve the differential equation for v.
Make a conjecture as to how to modify the method of undetermined coefficients
when the simple exponential forcing is a solution of the associated homogeneous
equation.

In Exercises 56-62, a simple exponential will not work as a particular solution, and
xp, must have the form Are® . Find the general solution.

dx

56. — —3x =8¢,
dt
d
57. —x—x=4e’.
dt
d
58. &L L4 =3¢,
dt
59. X 4 x5
o x=5e"".
d
60. d—:—9x=—269t.
d
6. &5 _7x =87
dt
d
62. &5y 5y =3¢
dt
In Exercises 63—68, find the continuous solution of
d
4 pOx=10). 0=r=2,
and sketch the solution.
63.
2, 0<t<l,
P(l)={ | 1<1<2 f(@®) =0, x(0)=2.
64.
1, 0<tr<l, _
p) =1, f(t)={ 0. 1<r<2. x(0)=1.
65.
1, 0<r<l, _
p(t)=0, f(t)={ UL 12io, x©@=o0.
66.
0, 0<t<l1,
p(t)={ U122, fO=1,x0)=0.
67.

1, O0<r<l, {0, 0<r<l, 2(0)=2.

p(”):{o, 1<r<2, TO=1 1 12<2,
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68.

1, 0<r<l, B B
p(t>={ Ul loies TO=2x0=1

1.8 Growth and Decay Problems

Differential equations are studied by scientists and engineers because they describe
physical problems. Solving a differential equation is only part of applying differential
equations. Equally important is showing how the differential equation describes areal-
world situation. Experts from a given field will sometimes argue about whether one
differential equation or another applies to a given situation. Knowledge about both
mathematics and the field of application is required.

This section introduces several applications of first-order equations. In these appli-
cations, the reader should pay close attention to how the equations are derived from
the given physical problem and should not seek to merely memorize formulas.

1.8.1 A First Model of Population Growth

The first application that we discuss will describe a very idealized situation. More
realistic situations can be described, but more complicated mathematical models are
required. In this section, one of the simplest models of population growth of a single
species will be developed. Let

P(t) = population P as a function of time 7. (1)

The population could be that of a country or the world. Other examples are the
number of bacteria in a laboratory experiment or the population of a particularly
insidious insect attacking a crop. The derivative of the population with respect to time
is important:

dpP
T rate of change of the population. 2)

The derivative is measured in units of number per unit time. For example, in 2005
the population of the United States was increasing at the rate of 2.7 million per year.
However, the growth rate is often a more significant measure of growth:

1 dP
P = growth rate. 3)

The growth rate is the rate of change of the population per individual. Since the
population of the United States was 296 million in 2005, the growth rate was
% =0.0092 per year or about 0.9%, a little less than 1% per year. It is common
to measure the growth rate of human populations in percent per year. For other
organisms, other time units, such as hours or days, may be used.
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To illustrate how such a differential equation is used to predict the future, we
will make the simplest assumption about growth. We assume the growth rate is a
constant k. Then

1 dpP
—— —k,
P dt
or equivalently,
dP
— =kP. 4
7 “)

Our assumption that the growth rate is a constant is equivalent to assuming that
the rate of change of the population is proportional to the population. The differential
equation (4) by itself is not enough to predict the future. In addition, we need to
know the initial population P(0). The first-order differential equation (4) is linear
with constant coefficients. It is also homogeneous, since it has a zero right-hand side
(‘2—? —kP= 0). We could solve (4) by separation or integrating factors. We shall use
the approach of Section 1.7. From Section 1.7 we know that the general solution
of (4) will be an arbitrary multiple of a solution of the homogeneous equation. For
constant coefficient equations, solutions of homogeneous equations are in the form
e".If P =¢"" is substituted into the differential equation (4), we obtain r = k, so that
¢k is a solution of the homogeneous equation. Thus, the general solution of (4) is

P(t) =ce". (5)

The arbitrary constant is determined by evaluating the solution (5) at the initial time
t =0 using the initial population P(0):

P0)=c.

The solution of the initial value problem for the differential equation (4) is then

P(t) = P(0)e". (6)

The solution (6) is an elementary exponential and is sketched for one initial con-
dition in figure 1.8.1 for the exponential growth case, k > 0. Solutions corresponding
to other initial conditions are graphed in figure 1.8.2. Solution curves for r > 0 and
t <0, P(0) positive and negative, are included in figure 1.8.3, which we earlier called
the direction field. If k <0, the growth rate is negative and the population exponen-
tially decays, as sketched in figures 1.8.4 and 1.8.5. One reason that exponentials are
studied so much in high school mathematics and in calculus is that the solution of
the simplest differential equation models involves the exponential. Other continuous
growth problems, such as the increase in the amount of money in a bank due to inter-
est and the increase in the cost of living due to inflation, satisfy differential equation
(6), and so they also involve exponentials. Examples from physics and chemistry
involving exponentials are given in the next sections.
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P(0) ¥

Figure 1.8.1 P(t) = P(0)eX for k > 0. Figure 1.8.2 Graphs of P(t) = P(0)eX!,
k > 0, for several P(0) > 0.

'S

Figure 1.8.3 Graphs of P(t) = P(O)ek’ for k > 0.

Doubling Time

An additional way to understand the implications of exponential growth is to investi-
gate how long it takes a population to double, assuming it grows at a constant rate k.
We are asking at what time ¢ the population will be twice its initial population P (0).
That is, we wish to find ¢ such that 2 P (0) = P (¢). Using (6), the requirement is

2P(0) = P(0)e". @)

In order to solve (7) for the doubling time ¢, we first observe that P(0) cancels, so
that (7) becomes

[\

=e. (8)

Thus, the doubling time does not depend on the initial population. For example,
with continuous compounding, your money will double in the same time whether
you deposit $100 or $1000 (this assumes that the bank doesn’t offer a higher rate to
the larger depositor and that you do not make additional deposits). To determine the
doubling time, we take the natural logarithm of both sides of (8):

In2=kt.
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P(0) |-

T

Figure 1.8.4 P(t)= P(O)ek’ if k <O0. Figure 1.8.5 Solutions of % =kP
with k£ < 0.

Thus, the doubling time is given by

In2
Idoubling time = Id = T s )

where k is the growth rate. Using a calculator or tables, In2 ~ 0.69315. Since 0.7 =
70/100, this yields a useful observation. From (9), the doubling time for exponential
growth is approximately 0.69315/ k. This motivates the Rule of 70 (some prefer a
rule of 72 since 72 is divisible by 3, 6, 9, and 12) when the time unit is years. As an
approximation,

70
growth rate (measured in % per year)

(10)

Idoubling time (in years) ~~

This is a great formula to memorize, since it communicates so well the implications
of the compounding effect of continuous growth.

Example 1.8.1 Using (10)

If the population of the world is growing at 2% per year, then the world’s population is
expected to double in approximately ? =35 years (not 50 years, as you get without
compounding). If inflation is 5% per year, the cost of living is expected to double in
approximately 75—0 = 14 years (not 20 years!). ¢

Sometimes it is advantageous to utilize the doubling time more explicitly in the
solution of the differential equation. From (9), the growth rate k may be replaced by
the doubling time #,:

_ln2

k .
1q
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The solution (6) of the differential equation (4) becomes

1 1
P(t)= P(0)e"" = P(0)(e"?)d = P(0)2%, (an
thus expressing the solution in terms of its doubling time. This shows clearly that the
solution doubles after every time 7.
Example 1.8.2 Using (11)

Suppose that it is given that some population triples every 7 years. Find the population
after 10 years.

@ SOLUTION. Using the ideas in (11), the solution of the differential equation (14) is
P(t)= P(0)37.

Thus the population could be predicted at = 10 to be P(0)3% ¢

Yield

We would like to examine more carefully the effect of compounding when a quantity
grows continually at a constant growth rate k:

P(t)= P(0)e".

When a quantity is growing continuously at the rate of 100 k% per year, the actual
amount at the end of one year ( =1) is

P(1)= P(0)eX.

In banking, P (¢) is interpreted as the amount of money in a fund at time ¢. The initial
amount P (0) is called the principal. Exponential growth is referred to as continuous
compounding. The interest earned after one year is P(1) — P(0) = P0)(ek —1).
The yield (effective interest rate) is defined to be the actual interest earned over one
year divided by the principal:

P(1)—PO)
PO)

In this analysis, money is being compounded continuously, so that growth can be
described by a differential equation.

Yield = ~1. (12)

Example 1.8.3 Yield

Suppose a bank has an interest rate of 5% per year that is compounded continually.
What will the yield be?

@ SOLUTION. Using (12), we have
Yield = %% — 1~1.0513 — 1 =0.0513.

This corresponds to the 5.13% yield a bank might advertise when its interest rate
is 5% per year. (The real world can be more complicated than this. Banks have in
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the past, from the days of hand computation of interest, defined a year to be only
360 days. The consumer would actually benefit by receiving 5 extra days of interest
beyond the 5% promised.) ¢

The differential equation ‘fj—f =k P models the continuous compounding of an
initial deposit, where P (¢) is the amount of money and k is the growth rate. This
model is often sufficiently accurate if money is compounded daily. However, there
may be additional deposits or inputs. This leads to a differential equation that is not
homogeneous.

Example 1.8.4 Constant Input

Suppose the interest rate on a $1,000 deposit is 7% per year. This means k =0.07.
Suppose that instead of leaving the money to grow, we deposit an additional $10 per
day. Determine the amount of money in the account as a function of time. Assume
continuous compounding and continuous deposit.

® SOLUTION. We must first determine the differential equation that applies. Here,
the amount of money increases for two reasons: interest and deposits. In general, we
can write a word equation for the rate of change of the amount:

Rate of rate of rate of
change of | =| increase due | + | increase due | . (13)
money to interest to deposit

All three terms in (13) must have the same units, which we take as dollars per year. As
discussed before, ‘2—‘? is the rate of change of the amount of money and k P =0.07P is
the amount of interest per year. The deposit rate is a constant, $10 per day, equivalent
to $3,650 per year. Thus, the differential equation (13) is

dP
— =0.07P + 3650.
dt

This is a first-order linear differential equation with constant coefficients with a
constant input of 3650:

dP
I —0.07P =3650. (14)

The general solution will be a particular solution plus an arbitrary constant times the
solution of the associated homogeneous equation:

P=P,+cP.
Equation (14) could be solved by separation or integration factors. We shall use the

approach of Section 1.7. Since the input is constant, we shall look for a particular
solution that is a constant P, = A. Substituting P = A into the differential equation,
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3650

we find that P, =a = —3%7. A solution of the associated homogeneous equation
grows exponentially, P; = X' = 097" Thus, the general solution of (14) is
3650 007
Pty=——— S 15
Q) 007 T ce 5)

The initial deposit was $1000, so the initial condition for the differential equation is
P (0) =1000. Thus, the arbitrary constant satisfies 1000 = 3650 4 . Solving for c,

0.07
we get the solution to the initial value problem:
Py =220 4 (10004 2920 (oom (16)
= — e,
0.07 0.07

Having solved the differential equation, we can now analyze the effect of making
continual deposits at the rate of $3650 per year. Suppose we were interested in the
amount of money that would be accumulated after 10 and 20 years. Without inter-
est, the amount of money at the end of 10 years is $37,500, and at the end of 20
years is $74,000. With interest, the amount of money is determined from (16) and is
considerably larger:

3650 3650
P(10) = ——— 41000+ — ) "7~ $54,876,
(10) 0.07 +< +o.o7>e s
3650 3650
PQ20) = ——— 41000+ — )e'*~$163,372.
20) 0.07 +< +o.07>e $

We could also make the necessary modifications to compare the effects of various
interest rates on the amount of money. ¢

1.8.2 Radioactive Decay

First-order differential equations are very important in understanding radioactive
decay. For a given atom of radioactive material, not acted on by radiation or other
particles, there is a fixed probability that it will decay in a given time period. For
example, suppose the probability is 0.001 that the atom will decay in one year. Now
suppose that we have x(¢) of these atoms at time . We would expect at that time
to have atoms decaying at a rate of (0.001)x(¢) atoms per year. This leads to the
following law of radioactive decay:

The rate of decay for a radioactive material is proportional

to the number of atoms present. an

Note that the law of decay is not really a law. However, if we have a reasonably large
number of atoms and the material is not bombarded by other radiation or particles,
then the law of decay is often sufficiently accurate. We do not intend to belabor the
point, but it is important to realize that the suitability of a law like (17) depends on
the problem and the intended applications of the answer.
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Since x(¢) is the amount of radioactive material at time ¢, (17) may be written as
a first-order linear differential equation:

X _ & 18
i (18)
We introduce the minus sign, since in radioactive decay the number of atoms dimin-
ishes. Here the proportionality constant &, the decay rate, will be positive since there
is a loss of material.
Equation (18) is homogeneous (this is more easily seen if (18) is rewritten
‘é—f + kx =0). Using the technique of Section 1.7, we note that a solution of the
homogeneous differential equation with constant coefficients is in the form x =e’’,
which when substituted into (18) yields r = —k. Thus, e~k is a solution of the homo-
geneous equation, and so the general solution of (18) will be an arbitrary multiple of
the solution of the homogeneous equation:
x(t) = ce .

(The differential equation (18) can also be solved by the integrating factor technique
or by separation of variables.) The constant c is determined by satisfying the initial
condition x (0) = c. Thus, we finally arrive at

x(1) = x(0)e*. (19)

Thus, radioactive decay is exponential decay, since k > 0 implies that x() — 0 at
t — 00, as sketched in figure 1.8.5.

Half-life

The half-life of a radioactive substance is the length of time it takes the material to
decay to half its original amount. If T is the half-life, we have by definition

1
x(T)= Ex(O). (20)
To determine the half-life, we substitute the formula (19) for x (¢) into (20) to get

x(0)e ¥ = %x(O)

or

Taking the natural logarithm of both sides and solving for T gives the half-life as

In2

Thatiife =T = - (21
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Figure 1.8.6 Graph of solution of Example 1.8.2.

The half-life and the decay rate k are closely related. Determining the half-life
for radioactive decay is mathematically analogous to finding the doubling time for
population growth.

Example 1.8.5 Radioactive Decay

In two years, 3 g of a radioisotope decay to 0.9 g. Determine both the half-life 7 and
the decay rate k.

® SOLUTION. Let x(¢) be the amount of the radioisotope at time . Measure x in
grams and ¢ in years. The basic law is given by (18): ‘Zl—f = —kx. Solving the equation
gives (19):

x(1) = x(0)e X, (22)

This equation holds for any radioisotope. For the isotope of this example, we are
given the initial amount and the amount at r = 2:

x(0)=3, x(2)=009. (23)

Substituting (23) into the general formula (22) with ¢ =2 yields

0.9=3¢"2,
Thus,
In (5
)
2
From (21), the half-life is
2In2
= ~ 1.2 years.
—In0.3

See figure 1.8.6. ¢
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1.8.3 Thermal Cooling

Differential equations govern thermal cooling. Ignoring circulation and other effects,
Newton’s law of cooling states that

The rate of change of the surface temperature of an object
is proportional to the difference between the temperature
of the object and the temperature of its surroundings (also
called the ambient temperature) at that time.

(24)

If T(¢) is the surface temperature of the object at time ¢ and Qo is the ambient
temperature at time ¢, then Newton’s law of cooling becomes

aT
e —k(T = Qo). (25)

It is important to understand why we have introduced a minus sign on the right-hand
side of (25). If T > Qy, the body’s surface is hotter than its surrounding environment,
and hence there is a loss of surface temperature. It follows that in this situation, %
must be negative, and consequently k is positive. We have introduced the minus sign
so that the proportionality constant k is positive, which is more convenient. On the
other hand, if T < Qy, then the surface temperature increases and % > 0. Again the
constant k is positive. Note that (24) does not require that the outside temperature
Qo be constant over time. In using (25) in what follows, we shall assume uniform
cooling. That is, we consider the temperature of an object to be the same as its surface
temperature.
Equation (25) is a first-order linear differential equation with constant coefficients.
It is often written in the form
d—T-I—kT:on. (26)
dt
Equation (26) can always be solved by the integrating factor technique even if Qg
depends on ¢. (Examples with nonconstant Qy are in the exercises.)
We will analyze only the simplest case, in which the outside (ambient) temperature
Qo is constant. In this case, the constant coefficient differential equation has a constant

input. Using the constant input technique, it can be shown that
T(t)= Qo +ce ™. 27

We could also solve (26) by separation or by using an integrating factor. The
integrating factor is u = e/ ¥ = ¢k’ Multiplying both sides of (26) gives

d
E(ekTT) =kQpe.
Integrating both sides with regard to ¢, we have

MT = Qoekt +c.
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Figure 1.8.7 Graph of three solutions to (26).

Dividing by ¢/, we get that the solution is
T(t)=Qo+ce ™,

which is (27).
No matter what the initial condition, we observe that as t — oo,

T(t)— Qo.

That s, the surface temperature approaches the ambient temperature as time increases.
The manner in which the ambient temperature is approached is described by (27).
Usually we wish to express the arbitrary constant ¢ in terms of the initial condition
T (0) for the temperature. Letting t =0 in (27), we get T (0) = Qo + ¢, so that c =
T (0) — Qp. Thus, (27) becomes

T(t) = Qo+ [T (0) — Qole . (28)

If the initial temperature 7' (0) equals the ambient temperature Qo, then (28) shows
that the temperature stays constant, equaling the ambient temperature. Graphs of the
temperature as a function of time for various initial conditions are given in figure 1.8.7.
Note that in all cases the solution approaches the ambient temperature Qg as t — o0.

Equilibrium

An equilibrium solution of a differential equation is a solution of the differential
equation that is constant in time. For the differential equation (25), we see that
T (t) = Qg is an equilibrium solution. For Newton’s law of cooling, we have shown
that the temperature approaches this equilibrium as t — oo independent of the initial
conditions. In Chapters 4, 5, and 6, we will discuss equilibrium solutions more fully
and introduce the notion of whether an equilibrium solution is stable or unstable.

Example 1.8.6 Cooling

Suppose the room temperature in your office is 70°F. Experience has taught you that
the temperature of a cup of coffee brought to your office will drop from 120°F to 100°F
in 10 min. What should be the temperature of your cup of coffee when it is brought
into the room if you want it to take 20 minutes for the temperature to drop to 100°F?
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o SOLUTION. First, we define our notation, set up the basic equations, and express
the given data in terms of these. Let ¢ be the time in minutes and 7 (¢) the temperature
in degrees Fahrenheit at time . The governing differential equation follows from the
cooling law (24):

dT

=7 = kT = Qo). (29)

From the problem description, the ambient temperature is 70°F:
Qo =70. (30)

Not only is the initial temperature prescribed, but we are given the temperature at
10 min:

T(10)=100 when T (0)=120. 3D

We shall break this problem into two subproblems. The first is to determine k for

the flow of thermal energy from our coffee cup into the room. Equation (28) is the
solution of the initial value problem for (29):

T(t)= Qo+ [T (0) — Qple ™ =70+ 50X, (32)

We are not given the proportionality constant k and must determine it from (32) using
the given temperature at 10 min:

T(10) =100 =70 4 50¢ %%,

Solving this equation, we obtain

3 In(3
e*“”:g so that k = (5)~0.05. (33)

Now we can solve the second subproblem, which is to determine the initial
temperature if 7 (20) = 100. From (28) again,

T(t)= Qo+ [T(0) — Qople ™ =70+ [T (0) — 70]e .
However, k is determined in (33). Thus,
100 = T'(20) =70 + > ™3/5[T (0) — 70]

or

9
30=<I7(0) - 70].

Finally, solving this equation for the desired initial temperature 7 (0), we obtain

30-25
T(0)=70+—5=~15333°F.
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in

In this example, the coffee cup surface temperature dropped from 120°F to 100°F
10 min and from 153%01: to 100°F in 20 min. This shows the impossibility of

guessing the answer without using the differential equation and its solution.

Exercises

In

all the following problems, assume exponential growth from continuous com-

pounding.

1.

2.

10.

11.

12.

13.

14.

One estimate of the growth rate of the United States is 1.5% per year. How many
years will it take for the population to double?

A crystal grows by 5% in one day. When would you expect the crystal to be twice
its original size?

. A certain bacteria population is observed to double in 8 h. What is its growth

rate?

. The population of the world is expected to double in the next 30 yr. What is its

growth rate?

. The growth rate of a certain strain of bacteria is unknown, but assumed to be

constant. When an experiment started, it was estimated that there were about
1500 bacteria, and an hour later there were 2000. How many bacteria would you
predict there are 4 h after the experiment started?

. A population of bacteria is initially given and grows at a constant rate k1. Suppose

7 hours later the bacteria are put into a different culture such that the population
now grows at the constant rate k,. Determine the population of bacteria for all
time.

. The doubling time for a certain virus is 3 yr. How long will it take for the virus

to increase to 10 times its current population level?

. Initially you have 0.1 g of a bacteria in a large container; 2 hr later you have

0.15 g. What is the doubling time for these bacteria?

. An organism living in a pond reproduces at a rate proportional to the population

size. Organisms also die off at a rate proportional to the population size. In
addition, organisms are continuously added at a rate of k g/yr. Give the differential
equation that models this situation.

A bacteria population is reproducing in a large vat of nutrients according to
an exponential growth law that would cause the population to double in 0.5 h.
However, bacteria are continuously siphoned off at a rate of 5 g/h. Initially, there
are 10 g of bacteria. How many bacteria are there after 2 h?

The rate of interest at one bank is 3% per year, whereas the yield at another
bank is 3% per year. Both offer continuous compounding. Find the two doubling
times.

The cost of a liter bottle of water was 85 cents two years ago, but it now costs 95
cents. If this rate of increase continues, approximately when will the bottle cost
$1.50?

The GDP (gross domestic product) of a certain country increased by 6.4% during
the last year. If it continued to increase at that rate, approximately how many
years would it take for the GDP to double?

During one year, food prices increase by 15%. At that rate, in approximately how
many years would food prices triple?
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15.

16.
17.
18.
19.

a)
b)

20.

a)

b)

21.

b)

22.

a)

b)

23.

24.

a)
b)

Cost of living is the amount required to purchase a certain fixed list of goods and
services in a single year. We assume that it is subject to exponential growth. The
growth rate is known as the rate of inflation. If the cost of living rose from $10,000
to $11,000 in one year (a 10% net increase), what is the instantaneous rate of
increase in the cost of living that year? Equivalently, what is the rate of inflation?
Over a 3-year period, housing prices increased 15%. At that rate, how many years
would it take for housing prices to increase 50%?

A radioactive isotope has a half-life of 16 days. You wish to have 30 g at the end
of 30 days. How much radioisotope should you start with?

A radioisotope is going to be used in an experiment. At the end of 10 days, only
5% is to be left. What should the half-life be?

A radioactive isotope sits unused in your laboratory for 10 yr, at which time it is
found to contain only 80% of the original radioactive material.

What is the half-life of this isotope?

How many additional years will it take until only 15% of the original amount is
left?

At the time an item was produced, 0.01 of the carbon it contained was carbon-14,
a radioisotope with a half-life of about 5745 yr.

You examine the item and discover that only 0.0001 of the carbon is carbon-14.
How old is the object? (This process of determining the age of an object from
the amount of carbon-14 it contains is known as carbon-14 dating.)

Derive a formula that gives the age A of the object in terms of the fraction of
carbon that is carbon-14 at the present time, 7.

The temperature of an engine at the time it is shut off is 200°C. The surrounding
air temperature is 30°C. After 10 min have elapsed, the surface temperature of
the engine is 180°C.

How long will it take for the surface temperature of the engine to cool to
40°C?

For a given temperature T between 200°C and 30°C, let ¢ (T') be the time it takes
to cool the engine from 200°C to T'. (For example, #(200) =0 and 7(40) is the
answer to part (a).) Find the formula for 7 (T') in terms of T and graph the function.
(The ambient temperature is still 30°C.)

Earlier experiments have shown that a certain component cools in air according
to the cooling law (25) with constant of proportionality 0.2. At the end of the first
processing stage, the temperature of the component is 120°C. The component
remains for 10 min in a large room and then enters the next processing stage. At
that time the surface temperature is supposed to be 60°C.

What must the room temperature be for the desired cooling to take place?
Suppose that the entrance and exit temperatures are still set at 120°C and 60°C,
respectively, but the length of the wait in the room is w, a constant. Find the
desired room temperature as a function of w and graph it.

An object at 100°C is to be placed in a 40°C room. What should the constant of
proportionality be in (25) in order that the object be at 60°C after 10 min?

The air in a room is cooling. At time ¢ (in hrs) the air temperature is Qo(¢) =
70 4+20e~*/2. An object is placed in the room at time = 0. The object is initially
at 50°C and changes temperature according to (25) with k = %

Find the temperature, 7T (¢), of the object for 0 <z <5.

Graph both Q¢ and T on the same axes.
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25. An instrument at an initial temperature of 40°C is placed in a room whose tem-
perature is 20°C. For the next 5 h the room temperature Qo(¢) gradually rises
and is given by Q¢ () =20+ 10¢, ¢ in hours.

a) Give the form the cooling law (25) takes for the instrument.

b) From prior experience you know that your instrument cools according to (25)
with k =1 if ¢ is measured in hours. If 7'(¢) is the surface temperature at time 7,
solve the equation in part (a) for 7'(¢).

¢) Graph Q(#) and T'(¢) on the same axes for 0 <r <S5.

Most banks compound daily. Continuous compounding gives answers that are very
close to those given by daily compounding. In Exercises 2631, approximate the
effect of daily compounding by assuming continuous compounding.

26. You have $10,000 and intend to invest it for 5 years in a bank that offers continuous
compounding. If you want to have $15,000 in your account at the end of these
5 years, what annual interest rate do you have to get?

27. You invest $2,000 in an account paying 6% annually, compounded daily, on the
amount in excess of $500.

a) Express this as a differential equation by assuming continuous compounding.

b) Solve the differential equation and determine the amount in the account after
10 yr.

¢) How much more would the account have after 10 yr if the full amount earned
interest?

28. An amount of $10,000 is deposited in a bank that pays 9% annual interest
compounded daily.

a) If you withdraw $10 a day, how much money do you have after 3 yr?
b) How much can you withdraw each day if the account is to be depleted in exactly
10 yr?

29. An amount of $1000 is deposited in a bank that pays 8% annual interest

compounded daily. A deposit of B dollars is made daily.

a) What should B be in order to have $10,000 after 5 yr?

b) Determine the function B(¢) that gives the daily deposit needed to have $10,000
after ¢ years (B(5) is computed in part (a)).

30. An amount of $10,000 is invested at 12% annual interest compounded daily. An
additional investment of B $ is made daily. What should B be in order for the
investment account to be $100,000 after 10 yr?

31. An amount of $100 is deposited in a foreign bank that pays 20% annual interest
compounded daily. Each day you make a transaction of amount f(¢) dollars.
Part of the year you are able to deposit money [ f(¢) > 0], and part of the year
you make withdrawals [ f () <0]. If ¢ is in years, these transactions occur in the
following cyclical yearly pattern:

400
f@)= 365 cos(2xt) $/day
=400 cos(2mt) $/year.

a) Find the amount of money in the account as a function of ¢.
b) Graph your answer to (a) for 10 yr (a sketch will do if no computer is available).
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1.9 Mixture Problems

In this section, a quantity Q(¢), such as the amount of some pollutant in a water tank,
varies with time. Further amounts of this quantity are being added. The addition will
be called inflow. Simultaneously, some of this quantity is being lost. The quantity
lost will be called the outflow. In the case of a water tank, the loss could be due to
evaporation, overflow, an open valve, or all three. In all cases we assume that the tank
is very well mixed (through fast stirring if necessary), so that the concentration of
the pollutant will be assumed to be the same throughout all portions of the tank. The
beginning idea for analyzing these problems is the fundamental physical principle of
conservation of the quantity Q:

|: rate of change :| _do [ inflow rate :| _ [ outflow rate ] 0

of O dt of 0 of O

where we have noted that ‘fj—?, the time derivative of Q, is the rate of change of Q
with regard to time .

Procedure for Flow Problems

1. It is helpful to draw a rough sketch of a tank illustrating the inflow and
outflow with pipes (see figure 1.9.1).

2. Label quantities and note the given data.

3. Express inflow rates and outflow rates in terms of the given variables and
substitute them into (1).

4. Solve the resulting differential equation.

5. Answer any questions such as “how long?”

We will discuss problems of two different kinds. In one, the volume of water in the
tank is fixed, and the resulting differential equation will be easier to solve. In the other,
the volume of water is changing in time, and the resulting differential equation will be
harder to solve. In some of the exercises, the process of setting up the differential equa-
tions will be emphasized, and you will not be asked to solve the differential equations.

1.9.1 Mixture Problems with a Fixed Volume

We begin with a fixed volume example.

Example 1.9.1 Fixed Volume

Consider a 100-m? tank full of water. The water contains a pollutant at a concentration
of 0.6 g/m>. Cleaner water, with a pollutant concentration of 0.15 g/m?, is pumped
into the well-mixed tank at a rate of 5 m3/s. Water flows out of the tank through an
overflow valve at the same rate as it is pumped in.

a) Determine the amount and concentration of the pollutant in the tank as a
function of time. Graph the result.
b) At what time will the concentration be 0.3 g/m3?
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Figure 1.9.1 Tank with inflow and outflow. Figure 1.9.2 Picture for Example 1.9.1.

o SOLUTION. In order to illustrate the general principles, and since this is our first
mixing problem, we shall include a few more steps than are necessary to solve the
particular problem.

In mixture problems, it is best to first draw a rough diagram of a tank indicating
the inflow and the outflow (see figure 1.9.2). Water flows in at the rate of 5 m’/s,
with concentration 0.15 g/m3, and the mixture flows out at the same rate of 5 m/s.
Thus, the volume of water in the tank stays the same, 100 m3. Usually it is easier to
formulate a differential equation for the amount of the pollutant. We let Q(#) be the
amount in grams of pollutant in the tank. O depends on the time #, which we measure
in seconds. The amount of pollutant in the tank changes in time as a result of inflow
and outflow, so that the rate of change of the amount of pollutant satisfies (1):
a0 [ inflow rate i| 3 |: outflow rate :I )
dt ~ | of pollutant of pollutant

It is given that 5 m® of water per second flows in, with the concentration of pollutant
being 0.15g/m>. Thus, 5 - (0.15) g of pollutant per second flows in, since each cubic
meter has 0.15 g of pollutant:

Inflow rate | | flow of volume ) concentration of
of pollutant | — of water in pollutant flowing in

We now compute the outflow of pollutant. Again 5 m>per second flows out:

Outflow rate | | flow of volume concentration of
of pollutant | — of water out pollutant flowing out

concentration of
pollutant flowing out |-

But we are not given the concentration of the pollutant that flows out. We must
compute this concentration. The water in the tank is assumed to be well mixed, so the
concentration that flows out is assumed to be the same as the overall concentration
of the pollutant in the tank. To compute the concentration of a pollutant in a tank, we
simply divide the total amount of pollutant by the total volume:

|: Concentration of pollutant i| _amount of pollutant _ Q(1)

in the tank volume 100
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Figure 1.9.3 Graph of 15 +45¢=1/20,

In this case, the volume of water is fixed at 100 m3. The amount of pollutant in the
tank is unknown, but we called it Q(¢). The differential equation for the amount of
pollutant follows from (2):

dg 0 1
— =5.0.15-5-—=0.75——0.
dt 5:0.15=5 100 0.75 ZOQ )

The differential equation (3) is linear, and we often rewrite it as

o 1
—r +t552=075. (4)

Since (4) is a linear differential equation with constant coefficients and the input 0.75
is a constant, we can use the method of undetermined coefficients of Section 1.7.
(Integrating factors from Section 1.6 also work well.) A particular solution will be a
constant, O, = A. Substituting A for Q in (4), we compute that A = % -20=15. A

t

solution of the associated homogeneous equation is easily seentobe Q1 =¢’’ = e~ 20,
Thus the general solution of (4) is

O(t)=15+ce ™. Q)

The arbitrary constant ¢ is determined from the initial conditions. The word prob-
lem states that the 100-m>tank initially contains the pollutant at a concentration of
0.6 g/m3. Thus, initially the amount of pollutant is Q(0) = 0.6(100) =60 g. By sub-
stituting this initial condition into the general solution (5), we obtain 60 =15+ ¢ or
¢ =45. Thus, the solution of the initial value problem is

O(1)=15+45¢" D, (6)

which is graphed in figure 1.9.3. The amount of pollutant is initially 60, but exponen-
tially decays to 15 as time increases. As t — 0o, Q(t) — 15. It should be physically
obvious that the amount of pollutant approaches 15 g as time approaches infinity,
because the water entering the tank has a concentration of 0.15 g/m>. Eventually the
concentration of the pollutant in the tank will approach a level equal to the inflow con-
centration. Since the tank is 100 m?, the amount of pollutant in the tank corresponding
to the inflow would approach 100 -0.15 =15 g of pollutant.
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Next we calculate the concentration c¢(¢):

t

t 15445~ 2

cny= 20 _DABEB (15 0ase . %)
volume 100
This also shows that the concentration approaches the concentration of the inflow,
0.15, as time increases. We are asked to determine when the concentration equals 0.3,

c(t) =0.3. Using (7), we obtain
0.3=0.15+0.45¢" 7.
Solving for #, we find # = —201n (1) ~21.97 s. ¢

For this particular problem, it would have been just as easy to set up the equation
for the concentration instead of the amount of the pollutant. However, if the volume
varies, then it is usually easier to proceed as we did in this example.

1.9.2 Mixture Problems with Variable Volumes

Let us reconsider mixture problems in a tank. If the rate of water entering the tank is
different from that of water leaving the tank, the volume of water in the tank will not
be constant as in the previous example. We will show that the resulting differential
equation for the amount of a pollutant will still often be linear, but that the coefficients
will not be constant. Before we do an example, let us discuss a somewhat general
problem.

Suppose we are given the amount of salt initially dissolved in a tank of water. Let
us assume that salt water with a concentration of ¢; pounds per gallon flows into the
tank at the rate of r; gallons per minute. Here the subscript i stands for the flow in. The
tank contents are well mixed, and the salt water mixture is pumped out at the rate of r,,
gallons per minute (subscript o for out). This problem is shown diagrammatically in
figure 1.9.4. The volume V (¢) of salt water in the tank may vary. Since V' (¢) =r; —r,,
we have

V(e)=V(0)+ i —ro)t. ®)

Actually this is the somewhat obvious solution of the initial value problem for the
differential equation % =r; —r,, representing the rate of change of the volume of
water in the tank. If the inflow rate of water differs from the outflow rate of water,
then the volume varies.

We let Q(¢) be the amount of salt in the tank. The inflow rate of salt is r;¢; (the
inflow rate of water r; times the given concentration of salt ¢; in the inflow). The
outflow rate of salt is the outflow rate of water r, times the concentration of salt ¢,
in the outflow. As before, the concentration of salt in the outflow is the same as the
concentration of salt ¢(¢) in the tank:

o 0W

0= )= = .
Co=clt) volume  V(0)+ (r; —ro)t

€))

The rate of change of the amount of salt is given by the basic relationship (1):

o inflow rate | | outflow rate
dr of salt of salt
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conc. =
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2 gal/min blga

Figure 1.9.4 Figure 1.9.5 Example 1.9.2.
Using (9), we have

dQ 0

—— =TFiCi —ToCo=TiCi — Ty

- = (10)
dt V(0) + (ri — ro)t

Equation (10) is a linear differential equation for Q(¢), the amount of salt. The
coefficients are not constant if ; # r,. If the coefficients are not constant, (10) may
be solved by the integrating factor method.

Example 1.9.2 Variable Volume

A 100-gal tank is initially half full of pure water. Then water containing 0.1 1b/gal of
salt is added at a rate of 4 gal/min. The well-mixed contents of the tank flow out a
pipe at the rate of 2 gal/min. When the tank is full, it overflows. Find the amount and
concentration of salt.

@ SOLUTION. This problem is sketched in figure 1.9.5. The volume of salt water is
increasing and is

V(t) =50+ 2t, (11
since r; —r, =4 —2=2 and V(0) =50. The 100-gal tank will fill up at t =25 min.
First, we solve the problem before the tank is filled.

THE FIRST 25 MINUTES. We let Q(¢) be the amount of salt in the tank, so that the
concentration of salt is c(t) = Q(¢)/(50 + 2t). The rate of change of the amount of
salt satisfies (10):

dQ 0
— =[4]-[0.11—-[2]  ——.
dt [41-10.1] []50+2t
This can be rewritten as
do 20
= =0.4. 12
dt +50+2t (12)

We solve this linear differential equation by the integrating factor method. The
integrating factor is

2
o (/ 50420 ) =exp (In(50+21)) =50+ 2.
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We next multiply (12) by this integrating factor to get

%[(50 +2t) Q1= (50+2¢)0.4.

Antidifferentiating yields
(50 4+26)0 =0.1(50 + 21)% +c.
Solving for Q yields the general solution of the linear differential equation:
0(t)=0.1(50421) +c(50+2r)~", r<25. 13)

In this form a particular solution and a solution of the associated homogeneous
equation are evident. The concentration can now be determined easily from (12)
and (13) as

_ow _ >
c(t)= V) =0.14c(50+4+2¢)"~.

These formulas are valid until the tank fills, that is, for r <25 min. The constant ¢
can be determined from the initial condition:

00)=0.1-50+¢(50)"!, sothat ¢=500(0)—0.1(50)>
In our example, the water is initially pure, so that Q(0) =0. Thus,
c=—-0.1(50)% = —250, (14)

which can be substituted into the general solution (13).

AFTER 25 MINUTES. After the tank fills up (¢ > 25), the inflow and outflow of salt
water are the same, 4 gal/min. Thus, the volume is now a constant, 100 gal, and the
method of solution is similar to that for the earlier example with constant volume.
The differential equation will be

a0 _ Q g4 2
“E =)0~ ()os =04 . (15)

A particular solution is easily seen to be 0, =A=0.4-25=10, and a solution of
the associated homogeneous equation is Q = ¢"! =e~//%. Thus, a general solution
is

Q1) =10+c1e™"/%, (16)

where we have used a different arbitrary constant. This solution (16) is valid for
t >25. Ast — 00, the amount of salt Q(¢) approaches 10 Ib, as expected. The initial
condition to determine the constant ¢ occurs at ¢ =25, by assuming the amount of
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! t
25

Figure 1.9.6 Graph of solutions of Example 1.9.2.

salt Q to vary continuously at  =25. That is, Q(25) =lim,_,,s- Q(¢). From (13)
and (14), we have

lim Q) =10+ - =10+ —22 _75 a17)
im = — = ——— =17.5.
(25 100 100

This condition (17) determines the constant ¢ in (16):
75=025) =10+cie”!, sothat c¢;=—2.5e.
Thus, the solution of the initial value problem (valid for # > 25) follows from (16):
01)=10— (2.5¢)e 1/? =10—-2.5¢3"D/25 125, (18)

The solution, given by (13), (14), and (18) is shown in figure 1.9.6. ¢

1. A well-mixed tank contains 300 gal of water with a salt concentration of
0.2 Ib/gal. Water containing salt at a concentration of 0.4 1b/gal enters at a rate of
2 gal/min. An open valve allows water to leave the tank at the same rate.

a) Determine the amount and the concentration of salt in the tank as functions of
time.

b) How long will it take for the concentration to increase to 0.3 Ib/gal?

2. A room has a volume of 800 ft3. The air in the room contains chlorine at a
concentration of 0.1 g/ft>. Fresh air enters at a rate of 8 ft3/min. The air in the
room is well mixed and flows out of a door at the same rate as the fresh air comes in.

a) Find the chlorine concentration in the room as a function of 7.

b) Suppose that the flow rate of fresh air is adjustable. Determine the flow rate
required to reduce the chlorine concentration to 0.001 g/ft3within 20 min.

3. A well-mixed tank contains 100 L of water with a salt concentration of 0.1 kg/L.
Water containing salt at a concentration of 0.2 kg/L enters at a rate of 5 L/h.
An open valve allows water to leave at 4 L/h. Water evaporates from the tank at
1 L/h.
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a) Determine the amount and concentration of salt as a function of time.

b) Is the limiting concentration the same as that of the inflow?

4. A well-circulated pond contains 1 million L of water that contains a pollutant at
a concentration of 0.01 kg/L. Pure water enters from a stream at 100 L/h. Water
evaporates from the pond (leaving the pollutant behind) at 50 L/h. How many
days will it take for the concentration of pollutant to drop to 0.001 kg/L?

5. A 1000-gal tank is initially half full of water and contains 10 Ib of iodine in
solution. Pure water enters the tank at a rate of 6 gal/min. An open valve allows
water to leave at a rate of 1 gal/min. When full, the tank overflows.

a) Find the amount and concentration of iodine in the tank for the first 100 min.

b) Find the amount and concentration of iodine for the next 100 min.

¢) Graph both concentration and amount of iodine.

6. A 100-gal tank is initially full of water containing 10 1b of salt in solution. The
tank will overflow whenever additional water is added. A pump attached to a
sensor pumps fresh water into the tank at a rate proportional to the concentration
of salt in the tank. The constant of proportionality is 10 (gal)?/Ib - min. Find the
amount and concentration of salt in the tank as functions of ¢.

7. A well-circulated lake contains 1000 kL of water that is polluted at a concentra-
tion of 2 kg/kL. Water from the effluent of a factory enters the lake at a rate of
5 kL/h with a concentration of 7 kg/KL of the pollutant. Water flows out of the lake
through an outlet at the rate of 2 kL/h. Determine the amount and concentration
of the pollutant as a function of time.

In Exercises 8*%—14*, formulate the differential equations (before any tanks empty or
overflow) that would be used to solve the problems, but do not solve the differential
equations. Since Exercises 9*—13* involve more than one tank, they require one
equation for each tank.

8.* A 600-gal tank initially contains 200 gal of brine (salt water) with 25 1b of salt.
Brine containing 2 Ib of salt per gallon enters the tank at the rate of 13 gal/s.
The mixed brine in the tank flows out at the rate of 8 gal/s. How much salt is
there in each tank as a function of time?

9.*% Consider two tanks. Initially, tank 1 contains 150 gal of brine (salt water) with
8 1b of salt, and tank 2 contains 250 gal of brine with 14 Ib of salt. Brine
containing 3 Ib of salt per gallon enters tank 1 at the rate of 13 gal/s. Mixed brine
in tank 1 flows out into tank 2 at the rate of 7 gal/s. The mixture in tank 2 flows
away at the rate of 28 gal/s. How much salt is there in each tank as a function of
time?

10.* Consider two tanks. Initially, tank 1 contains 100 gal of brine (salt water) with
35 Ib of salt, and tank 2 contains 400 gal of brine with 15 Ib of salt. Suppose the
mixture flows out of tank 1 into tank 2 at the rate of 17 gal/min and the mixture
flows out of tank 2 into tank 1 at the rate of 6 gal/min. How much salt is there
in each tank as a function of time?

11.* Consider two tanks. Initially, tank 1 contains 230 gal of brine (salt water) with
28 Ib of salt, and tank 2 contains 275 gal of brine with 7 Ib of salt. Brine
containing 5 Ib of salt per gallon enters tank 1 at the rate of 21 gal/s. Mixed
brine in tank 1 flows out at the rate of 18 gal/s, half flowing into tank 2. The
mixture in tank 2 flows away at the rate of 4 gal/s. How much salt is there in
each tank as a function of time?
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12.* Consider three tanks. Initially, tank 1 contains 200 gal of brine (salt water)
with 55 1b of salt, tank 2 contains 500 gal of brine with 35 1b of salt, and
tank 3 is empty. Suppose the mixture flows out of tank 1 into tank 2 at the
rate of 8 gal/min and the mixture flows out tank 2 into tank 3 at the rate of
22 gal/min. How much salt is there in each tank as a function of time?

13.* Consider three tanks. Initially, tank 1 contains 100 gal of brine (salt water) with
17 1b of salt, tank 2 contains 200 gal of brine with 19 Ib of salt, and tank 3
contains 300 gal of brine with 21 1b of salt. Brine containing 5 1b of salt per
gallon enters tank 1 at the rate of 11 gal/s. Mixed brine in tank 1 flows out into
tank 2 at the rate of 18 gal/s, and the mixture also flows out of tank 2 into tank
3 at the rate of 18 gal/s. How much salt is there in each tank as a function of
time?

14.* Alarge tank contains 7 gal of pure water. Polluted water containing 7 g of bacteria
per gallon enters at the rate of 14 gal/h. A well-mixed mixture is removed at the
rate of 4 gal/h. However, it is also known that the bacteria multiply inside the
tank at a growth rate of 2% per hour. Determine the amount of bacteria in the tank
as a function of time.

1.10 Electronic Circuits

One of the applications of differential equations that will frequently recur throughout
this book is the theory of electronic circuits. There are several reasons for this, among
them the importance of circuit theory and the pervasiveness of differential equations
in circuit theory. (One of the authors received his first exposure to circuit theory from a
highly mathematical electrical engineering professor by the name of Amar Bose. You
would be correct if you recognized the significance of his last name.) Also, circuits
are one example of what could be called network models. Network models are widely
used, for example, in manufacturing and other economic systems.

Circuits will be covered again in greater detail later. In this section we shall intro-
duce the basic circuit concepts we shall use and give some simple examples of circuits
that are described by first-order differential equations.

We consider only lumped-parameter circuits. In circuit theory, the word circuit
means that quantities such as current are determined solely by position along the
path. A wire has a finite thickness, and interesting electrical behavior occurs across
the wire. We ignore such field effects. Lumped parameter means that the effects of
the various electrical components may be considered to be concentrated at one point.
The converse of a lumped-parameter circuit is a distributed-parameter circuit. The
analysis of distributed-parameter circuits often involves partial differential equations
which we do not discuss in this text. Antennas are an example of distributed-parameter
systems.

Ateach pointin the circuit there are two quantities of interest: voltage (or potential)
and current (or flow of charge). Current is, by convention, the net flow of positive
charge. A branch is part of a circuit with two terminals to which connections can be
made, a node is a point where two or more branches come together (a node is denoted
in our sketches as a large dot), and a loop is a closed path formed by connecting
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Figure 1.10.1 A two-terminal device. The nodal voltages are denoted vg and vq, the voltage
drop v =wvg — vy, and the current is denoted by i.

branches. Our basic modeling laws are Kirchhoff’s circuit laws, the circuit and voltage

laws:
Current law: The algebraic sum of the currents entering a
node at any instant is zero. 1
Voltage law: the algebraic sum of the voltage drops around

a loop at any instant is zero.

The voltage law is equivalent to saying that the voltage drop from one point to another
is the same in any direction along the circuit. We will discuss these laws shortly.

To set up the circuit equations, a current variable is assigned to each branch. One
can talk about either the potentials (voltages) at the nodes or the potential drops across
the branches. Kirchoff’s current law may then be applied to each node, and the voltage
law to each loop. This procedure exhibits a certain amount of arbitrariness. There is
usually some redundancy among the equations, and the determination of a minimal
number of equations is generally computationally nontrivial.

In this section we discuss only single- or double-loop circuits. Let us consider
the branch containing a two-terminal device shown in figure 1.10.1. The current is
denoted by i. The voltages at the two nodes are denoted vy and v;. The voltage drop is
defined to be the difference, v = vg — v1. For our purposes, the behavior of the device
is completely determined if we know v and i at any time ¢. The relationship between
v and i is called the v — i characteristic of the particular device.

We shall consider only the following five basic types of devices.

RESISTOR. If the voltage drop v (measured in volts) is uniquely determined by the
current i (measured in amperes) and the time,

v=fGa, 0,
the device is called a current-controlled resistor. If the voltage is proportional to the
current,
v=iR, 2)

and R depends only on ¢, then the device is a linear resistor and R is called the
resistance (usually measured in ohms; one ohm is the resistance that would give a
voltage drop of 1 volt if the current were 1 ampere). In many applications R may
be approximated by a constant. Resistors will be denoted W\, The coefficient R
measures the resistance of the device to the flow of electricity. For a given voltage
v, i =v/R. Large values of R correspond to small currents, as the device resists the
flow of electricity.
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TABLE 1.10.1

Electrical Units

Device Symbol  Unit v — I characteristic
Resistor R ohm (£2) v=IR
Capacitor C farad (F) i=Cdv/dt
Inductor L henry (H) v=Ldi/dt
Variable

Current i ampere (A) I

CAPACITOR. A capacitor stores energy in the form of a charge g (measured in
coulombs). The charge ¢ and the voltage drop v across the capacitor are proportional,

g=Cv, 3)
where C is the capacitance (measured in farads). One farad is the capacitance when
1 coulomb of electricity raises the potential by 1 volt. Charge builds up across a
capacitor. The current is due to the flow of electrons. If the charge on a capacitor is
constant in time, there is no flow of electrons. The rate of change of the charge is the
flow of electrons or the current:

. dq

i=—.

dt

If the capacitance C is constant, we may differentiate (3), using (4), to obtain the
v — i characteristic for a capacitor:

“4)

dv
i=C—. 5
7 ®)
The symbol for a capacitor is -— . We define only such linear capacitors in this

text.

INDUCTOR. An inductor stores energy in a magnetic field. The voltage-current
relationship for a (linear) inductor is
di
v=1L E , (6)
where L is called the inductance (and measured in henrys). One henry is the inductance
in which one volt is induced by a current varying at the rate of one ampere per second.
The symbol for an inductor is ~T00*.

For many devices, such as transistors, we design models by considering them to
be made up of linear capacitors, inductors, and current-controlled resistors. Linear
resistors will not suffice to fully model a transistor.

No device, of course, is only a resistor or an inductor. However, we can ana-
lyze many circuits by considering them to be made up of resistors, inductors, and
capacitors. Also, no device is truly linear. However, if restrictions are put on the
allowable current and voltage, we can often make the assumption that the device is
linear. As with all physical problems, some assumptions are necessary in order for a
mathematical model to approximate a physical situation.

Many students know the fundamental relations for capacitors, inductors, and
resistors. For others, we provide the short table, table 1.10.1.
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Figure 1.10.3

VOLTAGE SOURCE. Some circuits we will consider will also contain a voltage source,
which is denoted by — *—©— +. The voltage is higher by ¢ on the + side, so that
we say the voltage drop is —e for any current. Batteries are an example of a voltage
source.

CURRENT SOURCE. Similarly, a current source is denoted by (D=, In a current
source, the current is i for any voltage. Some solar cells are current sources.

Applying Kirchhoff’s Laws

In applications of the loop and node laws, it is important to use the correct signs. When
we apply the current law at a node, currents entering the node are given the opposite
sign to that given the currents leaving the node. Figure 1.10.2 shows several nodes
and the corresponding current equations. The voltage drops for resistors, capacitors,
and inductors are added if the current variable in that branch is in the same direction
as we are moving around the loop. The voltage drops are subtracted if the current
variable is in the direction opposite to that in which we are moving around the loop.
The converse holds for a voltage source, since in that case we have a voltage gain
(negative drop).

Example 1.10.1 Circuit with a Resistor, Capacitor, and Voltage Source

For the linear circuit (with resistance 1 €2, capacitance 0.5 F, and a 2-V battery) shown
in figure 1.10.3, find the current through the loop and the charge ¢ () on the capacitor,
given that initially there is no charge on the capacitor, ¢ (0) =0.

® SOLUTION. Taking the current in each branch to move in a clockwise direction,
we see, by the current law (figure 1.10.2a), that the current is the same in all three
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branches. We call the current i. By the voltage law, the sum of the voltage drops,
starting at the voltage source, is (note the different sign for the voltage gain at the
source)

—2+iR+%:0 or —241i+2g=0. %

The voltage law can be written as a differential equation for the charge or the current
by recalling that i = Z_(z]' In terms of g, we obtain the linear first-order differential
equation

dq
dt

dq

-2
+ dt

+2¢g=0 or +2g=2. ()
Since (8) has constant coefficients and the input (right-hand side) is a constant, we
know that a particular solution will be a constant, g, =A =1. A solution of the
associated homogeneous equation s easily seentobe g = ¢’* = ¢~ Thus, the general

solution of (8) is
gt)y=1+ ce . )

In this example, the capacitor is not charged initially, ¢(0) =0, so that 0=1+c.
Thus, the solution of the initial value problem is

gty=1—e"2, (10

We see that the capacitor charges and the charge on the capacitor approaches 1 as
t — o0o. From the solution (10) we can obtain the current, i = il—’f, by differentiating

i(t)=2e" . (11)

The current approaches 0 as t — co. As t — 00, there is no voltage drop across the
resistor. Thus, as t — oo, the voltage drop across the capacitor must equal the 2 V of
the battery, corresponding to the charge across the capacitor approaching 1 C. ¢

An alternative way to solve this problem is to consider the first-order linear
differential equation for the current obtained by differentiating (8) with regard to ¢:

di +2i=0 (12)
—_— 1 =VU.
dt

This differential equation is easy to solve, but the initial conditions for the current
were not given. Instead we must determine the initial conditions for the current by
evaluating the voltage law (7) at r = 0. Since g (0) =0, it follows that i (0) = 2. In this
manner (11) can be obtained from (12). In this alternative method, the charge would
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Figure 1.10.4 Figure 1.10.5

be determined by integration, since Z—‘t’ =i. Using the initial condition for the charge
would give (10).

Example 1.10.2 Circuit with a Resistor and an Inductor

Consider the circuit in figure 1.10.4 with a 3-€2 resistor and a 1-H inductor. Determine
the current as a function of time in this circuit given that its initial value is 6 A (defined
clockwise).

® SOLUTION. The current i is the same in each branch. In this case, from the voltage
law, we directly obtain a differential equation for the current:

di di
L—+iR= — | =0. 1
dt+l 0 or dt+3l 0 (13)

This linear differential equation is homogeneous (there is no input), so that zero is a
particular solution, i, = 0. A solution of the homogeneous equationis i; ="’ = e 3,
so that the general solution of (13) is

i(t)=ce . (14)

The current is given initially to be 6 A, i(0) =6, so that ¢ =6. The solution of the
initial value problem is
i(t)=ce 3. ¢

Exercises

Exercises 1-6 refer to the circuit given in figure 1.10.5. The inductor is linear with
inductance L; the voltage source is e(?).

1. The voltage source is constant, e = 1, the resistor is linear with v-i characteristic
v=2i,and L = 1. Set up the differential equation for the current. Determine the
current as a function of time for any initial current i (0). Find any steady-state
(equilibrium) solutions.

2. The voltage source is constant, e = 4, the resistor is linear with v-i characteristic
v =061, and L =2. Set up the differential equation for the current. Determine the



88 Chapter 1

Figure 1.10.6

current as a function of time for any initial current i (0). Find any steady-state
(equilibrium) solutions.

3. The voltage source is constant, e(¢) = sin z, the resistor is linear with v-i character-
isticv=i, and L = 1. Set up the differential equation for the current. Determine
the current as a function of time for any initial current i (0).

4. The voltage source is a constant e, the resistor is linear with v-i characteristic
v=1iR, R > 0, and the inductance is L > 0.

a) Show that lim,_, i (¢) exists and is the same for any initial current.

b) If e =8.5, for what values of R and L will lim;_, oo i () =4.2?

5. The resistor has v-i characteristic v=1i and L = 1. The voltage source is a 9-V
battery that is shorted out after 10 s. That is,

]9, 0=<t<I10,
e(t) = 0, r>10.

The current is initially zero. Find i () for 0 < <20 and graph the result.
6. The resistor has v-i characteristic v =2i and L = 1. The voltage sourceis a 1.5-V
battery that is shorted out for 10 s and then unshorted (by a switch) so that

] 0, 0<t<10,
=115 ;=10

The current is initially zero. Find i (¢) for 0 <¢ <20 and graph the result.

7. For the circuit in figure 1.10.6, the capacitance is 0.5, the resistor is linear with v-i
characteristic v = 2i, and the sinusoidal voltage source is given by e(#) = 6sin¢.
Find the charge on the capacitor as a function of ¢ given that it was initially 1.

1.11 Mechanics II: Including Air Resistance

The mechanics problems to be considered here are those of straight-line motion of a
constant mass mm with a resistive force. As stated in Section 1.2.3, Newton’s second
law of motion implies that

d*x F dx . 0
m-— = X, —, )
dr?
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where F is the sum of the applied forces. If F depends on x, i—’l‘, and ¢, then (1) is a
second-order differential equation for the position x (#). We have already solved some
very elementary problems of this type in Section 1.2.3.

If the force does not depend on the position x,

d’x dx
—=F—,t), 2
"anr (dt > @

then this second-order differential equation can be reduced to a first-order equation
by solving for the velocity instead,

dx
=—. 3
v=— (3)
In this case, (2) becomes a first-order equation
dv
— =F(,1). 4
m— (v, 1) “4)

A common example in which an applied force depends on velocity but not position
is air resistance. In general, if an object moves through a fluid (liquid or gas), the fluid
exerts a force called resistance on the body. If the fluid has approximately uniform
density and the velocity is not too large, then resistance in the real world may often
be approximated by the following law:

Resistance is proportional to the magnitude of the velocity

. . . . 5
and acts in a direction opposite to that of velocity. )
This law is called linear damping, and it states that the resistive force satisfies
Resistive force = —kv (6)

with £ > 0. The constant of proportionality depends on the shape of the body and
the nature of the medium the object travels through. The dimensions of k are force/
velocity = mass x acceleration/velocity = mass/time.

In the real world, determining resistance can be quite complicated. A significant
amount of effort goes into designing automobiles and airplanes in order to minimize
drag (air resistance). There can be other considerations such as lift (for aircraft and
race cars) and cost. Much of the design process in the past relied on experimental
wind tunnels, but now mathematical models of the fluid dynamic processes of flow
around complicated three-dimensional objects can be analyzed on supercomputers at
a tremendous savings in cost over building realistic models and testing them in wind
tunnels (although wind tunnels are still very important). At high speeds, experiments
show that linear damping is not valid, and in some cases the resistive force is instead
proportional to the velocity squared.

Here we will analyze problems in which a mass is acted upon only by gravity and a
linear resistive force. In this case, the first-order differential equation for the velocity
becomes

d
md—lt)z—mg—kv. @)
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Figure 1.11.1 Graph of (9).

We note that (7) is a first-order linear differential equation with constant coefficients
with a constant input, —mg. The coordinate system has been chosen so that positive
x is upward.

Example 1.11.1 Air Resistance

Consider a 4-g mass dropped from a height of 6 m. Assume that air resistance acts
on the mass with a constant of proportionality 12 g/s. Determine the velocity as a
function of time.

® SOLUTION. The differential equation (7) is

4% 408012 D | 35— g0 8
pTie v or 7 +3v= . (8)
Since this is a linear differential equation, the general solution is in the form of a
particular solution plus an arbitrary multiple of a solution of the associated homo-
geneous equation. Since the input —mg is a constant, we can guess that a particular
solution is a constant A. Substituting A into the differential equation (8) for v, we
find that v, = A = %. A solution of the associated homogeneous equation is seen

to be v; = ¢’! = e~ Thus, the general solution of (8) is

80 3
v(t):T-i—ce . ©))

Formula (9) can also be found by using an integrating factor of u(¢) = 3 for (8).
The phrase “dropping an object” means that the initial velocity is zero, v(0) = 0.
The constant c is then easily determined to be ¢ = @. Thus,

—980 980
—e .

U(I)ZT-F 3 (10)

¢

The velocity (10) is sketched in figure 1.11.1. The figure shows that the speed contin-

ues to increase as time increases. Note that as  — 00, ¢3! — 0, so that v(t) —> ﬁ.

This limit is referred to as the terminal velocity. This is the fastest a body will travel
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(from rest) if there is a linear resistive force. From (9), we see that the terminal velocity
does not depend on the initial condition.

With gravity and no resistance, an object keeps accelerating, and its velocity gets
larger and larger. There is no limit to how fast an object will move under gravitational
acceleration without air resistance. However, with air resistance, an object has the
terminal velocity

Uterminal = 8 (1)
k
derived from (7). Heavier objects have a larger terminal velocity. If the resistance
were reduced, the terminal velocity would of course be larger. Employing a parachute
increases the resistance and hence lowers the terminal velocity.

If the object above was really dropped from 6 m, the question could be how fast the
object was going when it hit the ground and how close it was to its terminal velocity
when it hit. We leave to the exercises the investigation of these questions.

Exercises

1. A mass of 20 g is dropped from an airplane flying horizontally. Air resistance acts
according to (6) with a constant of proportionality of 10 g/s. Considering only
vertical motion:

a) Find the velocity as a function of time.

b) Find the velocity after 10 s, assuming that the body has not hit the ground (or a
bird).

c) If the gravitational force is assumed constant, what is the limiting velocity?

2. A weight of 64 b is flung vertically up into the air from the earth’s surface. At
the instant it leaves the launcher, it has a velocity of 192 ft/s.

a) Ignoring air resistance, determine how long it takes for the object to reach its
maximum altitude.

b) If air resistance acts according to (6) with a constant of proportionality of
128 1b/s, how long does it take for the object to reach its maximum altitude?

3. A mass of 70 g is to be ejected downward from a stationary helicopter. Air
resistance acts according to (6) with the constant of proportionality of 7 g/s. At
what velocity should the mass be ejected if it is to have a velocity of 12,600 cm/s
after 5 s?

4. Suppose that an object of mass m is ejected downward with velocity vy over
the surface of a planet whose gravitational constant is G. The atmosphere exerts
resistance on the body according to (6) with constant of proportionality of 7. (All
parameters are in cgs units.)

a) Find the formula for v(z).

b) Find the formula for the limiting velocity.

Assume that the object consists of a payload and a parachute. The payload is
80% of the total mass, and the parachute takes up the balance of the total mass.
Assume also that the parachute accounts for essentially all the resistive force.

¢) How much would the payload have to be reduced to cut the limiting velocity in

half?
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% Equipotential
Flux line

Figure 1.12.1 Equipotentials and flux lines.

5. A 32-1b weight is dropping through a gas near the earth’s surface. The resistance
is proportional to the square of the velocity, with constant of proportionality 1.
At time ¢ =0, the velocity is 1000 ft/s.

a) Find the velocity as a function of time.

b) Is there a limiting velocity? If there is, find it.

1.12 Orthogonal Trajectories (optional)

Many physical problems are described using a function ¢ (¢, x) called a potential that
represents a quantity such as height, temperature, or pressure. The curves ¢ (t, x) =c¢
are called equipotentials or level curves because the potential is constant along these
curves. In the case of height, the equipotentials are the familiar lines connecting points
of equal altitude on a topographic map. For temperature, the equipotentials are usually
called isotherms, and for pressure, they are called isobars (see figure 1.12.1).

A potential often causes an action perpendicular to the equipotentials. These curves
perpendicular to the equipotentials are usually called flux (or stream) lines. On
a topographic map, the flux lines show the direction in which an object will roll
downhill (at least initially). In the case of isotherms, the flux lines show the direction
of heat flow.

Given the equipotentials, we can often find the flux lines. Since the flux lines are
everywhere orthogonal (perpendicular) to the equipotentials, they are sometimes also
called an orthogonal family of curves.

Procedure for Calculating Flux Lines from Equipotentials

1. First write the family of curves (equipotentials) in the form

¢, x)=c,

where c¢ is a constant and x = x ().
2. Differentiate with regard to ¢ to get

dx
¢t(tsx)+¢x(t,x)z =0

(¢r =7 and ¢ = 55).
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dx.
3. Solve for d—’t‘.

dx ¢, x)
At~ ¢u(t,x)

Equation (1) gives the slope of the equipotentials at (¢, x). Since the flux lines
are to be orthogonal to the equipotentials, the flux slopes will be the negative
reciprocals of the equipotential slopes. Thus the flux lines satisfy the
differential equation

ey

d_‘x_ _1 _¢x(tv-x)
dt — —¢i(t,x)/px(t,x)  $i(t,x)°

2)

4. Solve (2).

Example 1.12.1 Orthogonal Family for ¢ (¢, x) =c

The expression 1> = ¢ — 2x? defines a family of curves (equipotentials) which are
ellipses. Find the orthogonal family (flux lines).

e SOLUTION. First let us write the family of curves in the form 7 4 2x% =¢. We
next differentiate 1> 4 2x? = ¢ with regard to 7:

2 +ax® o
X — = U.
dt
Solving for ‘j—’; yields
dx ot
dt — 2x’

The slope of the orthogonal family at (¢, x) is thus given by

dx_ 1 _2x

dt —t/2x

Solving this differential equation by separation of variables, we get
1 2
—dx= | —dt,
X t

In|x|=2In|t| 4+ cy.

so that integrating gives

We now exponentiate both sides to arrive at the orthogonal family of curves
— 142 — 4 ,C1
x =kt*, k==e.

Note that k = 0 also gives a solution which is x = 0. Figure 1.12.2 shows both families
of curves. ¢
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Figure 1.12.2 The families of curves 2 +2x2 =cand x = ks>

Sometimes the original formula is not of the form ¢(z, x) =c but rather
F(t,x,c)=0. That is, the parameter c is not solved for. We still need to rewrite
the family as ¢ (¢, x) =c. However, if ¢ is complicated to differentiate, we may
differentiate F'(¢, x, ¢) =0 with regard to ¢ to get

dx
Fi(t,x,c)+ Fe(t, x, c)Z =0,

and then substitute ¢ for c.

Example 1.12.2 Orthogonal Family for F(t, x,c¢) =0

Find the differential equation for the orthogonal family to 13 + 3x% = fc.

e SOLUTION. Differentiating with respect to ¢ gives 3¢> + 6xdd—)[‘ =2tc. But

13 +3x2
Cc= t—2
Thus
dx 1 ) 6x2 — 13
—=—QR2tc-3t")=—,
dt  6x 61x
and the orthogonal family satisfies
dx 6tx

dr 6213 ¢
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Exercises

For each family of curves (equipotentials) in Exercises 1-18, compute the orthogonal
family (flux lines). Sketch both families for Exercises 1-3.

1. x=t+c.

2. x=ct.

3. xt=c.

4. x2=c(t +x).
5. x=t°.

6. x=(t+c¢)>.
7. x=t*+c.

8. X3¢+ =c.
9. t=(x—c)2.
10. x =e“.

11. x =tan(t + c¢).
12. t15 4 x5 =,
13. x =ccost.

14. x =cost+c.
15. x =ct>.

16. e* —ef =c.
17. >+ 2 =c.
18. tanx +tant =c.



CHAPTER 2

Linear Second- and Higher-Order Differential Equations

2.1 General Solution of Second-Order Linear Differential Equations

In Section 1.6, we analyzed first-order linear differential equations

dx
dt
We showed that the general solution of (1) is always in the form

+p0)x=f). (1)

x=xp+cxy, 2)

where x, is a particular solution of (1), x1 is a nonzero solution of the associated
homogeneous equation ‘j,—’t‘ + p(t)x =0, and c is an arbitrary constant.
A similar property holds for second-order linear differential equations:

X o0 4 e =10 3)
— — X = .
arz TP g T

If the input f(#) =0, then the linear differential equation is called homogeneous. We

will show:

Form of Solution of Second-Order Linear Differential Equation

The general solution of

d*x dx
— 1) — Hx=f(t 4
dt2+p()dt+q()x S @) “4)
is always in the form

X =Xxp+c1x1 + c2x2, (5)

where
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® X is a particular solution of (4) and
e x| and x; are solutions for the associated homogeneous equation
d2
yrl +p(t) +q(t)x = (0)
The solutions x;, x» cannot be a constant multiple of each other.
This is sometimes expressed as saying x| and x; are linearly inde-
pendent. Such a pair of solutions of the associated homogeneous
equation is called a fundamental set of solutions.

The constants ¢ and ¢ are arbitrary constants. The expression cix; + cpx3 is
called a linear combination of x; and x,.

For a second-order linear differential equation, there are two solutions of the asso-
ciated homogeneous differential equation in the fundamental set (for a first-order
linear equation, there is only one solution of the associated homogeneous equation
in the general solution; see (2)). The general solution for a second-order linear dif-
ferential equation has two arbitrary constants (first-order linear differential equations
have one arbitrary constant). For a second-order linear differential equation, the two
arbitrary constants will be determined from the two initial conditions (for first-order
linear differential equations, the one arbitrary constant is determined from the one
initial condition).

Note that x = 0 always satisfies the homogeneous differential equation

d2
dr?

Thus, if we are solving (7), we choose x, =0. It then follows from (5) that

+P(t) +11(t)x— (M

The general solution of a homogeneous differential equation
(7) is a linear combination

X =cC1X1 +Ccax2 (®)

of linearly independent solutions x1, x of the homogeneous
equation.

Procedures for determining the x1, x2, and x, will be presented later in this chapter.
After doing an example, we will try to understand why (5) is valid.

Example 2.1.1 Initial Value Problem

a) Verify that sin 7, cos ¢ are solutions of x”" +x =0 (x" = ‘;%).
b) Verify that e~ is a solution of x” 4+ x = 10e=.
c) Give the general solution of
x4+ x=10e73, 9)

d) Solve the initial value problem

X +x=10e"¥, x(0)=0, x'(0)=1. (10)
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e SOLUTION

a) The verification that cos? is a solution of the homogeneous equation
x” 4+ x =0 is straightforward but provides good practice. x = cost,
x'=—sint, x” = —cost, and thus x” +x = — cos ¢ + cos t = 0. Similarly,
it can be shown that x = sin ¢ is a solution. Also, x” 4+ x = 0 is of second order.
Thus, by (8), {sint, cost} is a set of solutions and c; sin ¢ + ¢, cos ¢ gives all
solutions of x” +x =0.

b) It is straightforward to verify that x,, = e~ satisfies (9). Note that

x;, =3¢ 3 and x;; =9¢73 5o that x;; +x,= 9¢ 3 473 =10e3, as

claimed. Thus our particular solution of the nonhomogeneous equation is
x, = e~ Later we will have methods to find the particular solution.
¢) Thus, by (5), the general solution of x” +x = 10e~% is

x=e 3 +cysint +cycost. (11)

d) To solve (10), we apply the initial conditions in (10) to the general

solution (11). Evaluating (11) at zero and using the initial condition in (10)

gives

0=x(0)=14cy sothat cp;=-—1.
Differentiate (11) to get
¥ =—3e 3 +¢jcost —cysint.
Evaluate x” at = 0 and use the given initial condition x’(0) = 1 to get
1=x"(0)=—-3+c¢;
so that ¢ =4. Thus the solution of the initial value problem (10) is

x=e ' +4sint —cost. ¢

Form of General Solution
We have claimed that the form of the general solutions of

d2
yrl +p(t) +q(t)x—f(t) (12)
X=Xxp+c1x1+c2x2. (13)

We show first that x = x, + x3, and then that x, = c1x1 + c2x satisfies the homoge-
nous equation, so that x, -+ c1x1 + c2x2 solves (12). In the next section, we will
discuss the more difficult question of showing that all solutions must be in this form.

Difference Between Particular Solutions Must Be a Solution
of the Associated Homogeneous Equation

We consider
d2

el +P(t)—+61(t)X—f(t) (14)
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We first show that

X =Xp+Xp, (15)
where x), is a particular solution and xy, is a solution of the associated homogeneous
equation

d2
o7 +p(t)—+q(t)x— (16)

Suppose that x and x, are both solutions of (14). Thus
x"+px' 4+ qx=f() and x;;+px;)+qxp=f(t). 17

Introduce x; =x — x, the difference between x and x,. Clearly X=x P +xp. To
determine the differential equation satisfied by xj,, we calculate x; + px; +qx;, as
follows:

Xy + px)+qxn=(x —xp)" + p(x —x,) +q(x —x,)
=x" — x4+ px — px), +qx —qx,
= (x" 4+ px"+qx) — (x, + px}, +qxp)
=f—f=0,

where we have used (17). Thus xy, is a solution ofx + pxh + gx;, =0, the associated
homogeneous equation, as claimed in (15).

Solutions of Homogeneous Equations

A linear combination

C1Xx1 +c2x2
of two solutions x1, xp of a linear homogeneous differential
equation
d2
L(X)— > +p( )—+Q(t)X— (13)

is also a solution of the homogeneous differential equation.

Suppose that x1 and x; are solutions of the homogeneous equation (18). Thus
x4+ pxi+¢x1 =0and xj + px} + gx2 =0. (19)

We substitute ¢j x| + cax, where ¢; and ¢, are constants, for x in x” + px’ +gx =0
to see if it solves that equation:

(c1x1 4+ c2x2)" + p(c1xi + c2x2) 4+ g (c1x1 + €2x2)
=cix| + coxy + peix| + peaxs + geixi + geaxz
=c1(x] + px| +gx1) + c2(x5 + pxy +qx2)
=104+ c0=0,

using (19). Thus, ¢ x| + c2x3 is also a homogeneous solution of x” + px’ +gx =0,
as claimed in (18).
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Exercises

For Exercises 1-8, verify that the given set is a set of solutions for the associated
homogeneous equation, and verify that x, is a particular solution. Then give the
general solution of the differential equation, and solve the initial value problem.

1. x"+x=1,x(0)=0,x'(0)=0, {sinz, cost}, x, = 1.
2. x" —x =e3t, x(0)=0, xl(O) =1, {e’, eit}, Xp= %e3t.
3. %" = 3% +2x =21, x(0) =1, X' (0) =0, {e!, ¥}, x, =1 + 3.
4, x" =2x' +x =4¢*, x(0)=0, x'(0) =0, (e, te'}, Xp =4
5. x"+2x' +2x=6,x(0)=1,x"(0) =1, {e " cost, e~ sint}, x, =3.
6. 12x" —2tx' +2x =203, x(1) =2, x'(1) =3, {t, 1}, x, =17, 1 > 0.
7. x" +x=2cost,x(0)=1, x'(0) =—1, {sint, cos t}, x, =t sint.
8. 12" +4tx' +2t =2Int +3, x(D=1,x' (1) =2, {t 1, t72}, xp=Int,t > 0.
9.
a) Verify that both

x=clet+cze2t +2cosht (20)

and
F=clel + e +e! (21)

are a general solution of x” — 3x" +2x =6e~".
b) Verify that, if the initial conditions x (0) =4, x"(0) = 3 are applied to (20) and (21),
both give the same solution.
10.
a) Verify that both

x=c| +cof +17 (22)
and
F=(+D4+60 -0 +12+3t+1 (23)

are general solutions of x” = 2.
b) Verify that, if the initial conditions x (0) = 0, x"(0) = 1 are applied to (22) and (23),
then both give the same solution.

2.2 Initial Value Problem (for Homogeneous Equations)

We continue to study second-order linear differential equations

Px 0%t anr=f |
yrl P()E q()x = f(1). (1)

We have shown that
X =Xp+Xp,
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where x, is a particular solution of (1) and x;, solves the associated homogeneous

equation
T 0% 4 qx=0 @)
—_— —_ X =U.
are TP g
We have claimed that
xp =c1x1 +c2x2, 3)

where x1, xp are a set of solutions of (2). We will now introduce several important
concepts that will be used several times in our study of differential equations.

For any numbers x¢, vg, we first consider the very practical question of solving
the initial value problem. In general we need to find the two constants ¢y and ¢; in
order to satisfy the two given initial conditions

x(to) = xo,
x’EtZ; = v:)). “)
We assume that
x(t) =c1x1 (1) + cax2(2). (5
The initial conditions are satisfied if
xo = c1x1(10) + c2x2(10) (0)
and
vo = c1x (f0) + 23 (10). (N

The mathematical problem of solving for the constants consists of solving two
linear equations (6) and (7) for the two unknowns ¢ and c;. Systems of linear equa-
tions may have a unique solution, no solution, or an infinite number of solutions,
depending on the coefficients of the linear equations. Since the linear equations (6)
and (7) each define a line in the (cy, ¢3)-plane, these three conditions correspond to
intersecting nonparallel lines, parallel lines that do not coincide, and parallel lines
that do coincide. The result of the analysis to follow is that if the two solutions of a
homogeneous linear second-order differential equation are chosen not to be multiples
of each other, then no difficulties will arise in solving these linear equations, and a
unique solution for ¢ and ¢; will occur. This is graphed in figure 2.2.1.

We may solve the linear system (6) and (7) for ¢ and c; in several ways, although
all are mathematically equivalent. For example, we can eliminate c, by multiplying (6)
by x5 (fo), multiplying (7) by x2(#), and then subtracting. This calculation gives

c1lx1(10)x3(t0) — x2(t0)x] (t0)] = x5 (19)x0 — x2(10) vo. (®)

If [x1 (to) x5 (t0) — x2(t0)x1 (19)] =0, the coefficient multiplying c; in (8) is zero, and
it turns out that either there will not be a solution for the constants or the solution will
not be unique. If [x1(79)x} (fo) — x2(f0)x] (t0)] # 0, we can solve (8) for ¢; to get

o x5 (to) xo — x2(10) vo
T D (1) (10) — x2(0)x] (0]
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Ry

Ry

Figure 2.2.1

A similar calculation works for ¢;. We see that

There is a unique solution of the intial value problem (6) and (7) precisely
when x (19)x} (fo) — x2(to) x| (t0) #O0.

We have just rediscovered the fact from the theory of linear equations that there is
a unique solution of (6) and (7) for ¢; and ¢; if and only if the determinant of the
coefficients is nonzero at 7y, that is,

X1 X2
det I:x; x§i|=x1xé—x2x1750. )

Wronskian

We define the Wronskian W of the two functions x;, x, to be

x| X
Wixi, x2] = det [x} j} = x1(Nx(1) = x2(0)x] (1) (10)
1 X2
Here x1, xp are two solutions of the homogeneous second-order linear differential
equation, each satisfying
d%x dx

7 FpO - +a()x=0. (11)

‘We now show that the Wronskian of two solutions of x, xp of (11) itself satisfies
a linear first-order differential equation. From that we will analyze the meaning of
the Wronskian being zero. We begin by calculating the first derivative with respect to
t of the Wronskian of two solutions x;, xp of (11):

aw = [x1x5 —x2x"]
i 2 1

=x1x5 + x}x5 — xox{ —x5x] (product rule)

=x1xj —xpx]{ (cancellation of two terms)

=x1(—px) —qx2) — x2(—px}; —qx1) (x1 and x are solutions of (11))
= —plx1x5 —xpx]] (cancellation and rearrangement)

=—pW (definition of the Wronskian (10)).
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Thus, the Wronskian satisfies the first-order linear differential equation

d—W—— nHw (12)
ar P '

Here p(r) is the same p that appears as a coefficient in the second-order linear
differential equation (11).

The first-order linear differential equation for the Wronskian (12) is separable. It
can also be solved using integrating factors. From Section 1.3 or 1.6, the solution
of (12) is

W(t) = W(tg)e o PO (13)

The exponential in (13) is never zero. W (#p) is a constant, the Wronskian evaluated
at the initial time. Thus, the Wronskian W (¢) is either always zero (if W (#9) =0) or
never zero (if W (#p) #~ 0). In all problems, the two homogeneous solutions are chosen
such that W (#g) # 0, and hence in this case W (¢) # 0. The Wronskian arises in many
places in the study of linear differential equations. Thus (13) will be quite useful.

Fundamental Solution

We have shown in the previous section that cix1 4+ c2xp solves the homogeneous
differential equation. However, it is possible that we cannot solve the initial value
problem with this solution. In order to solve this initial value problem the initial
Wronskian of x1, xo must be nonzero. Thus two solutions x1, x of a homogeneous
second-order linear differential equation form a fundamental set and can be shown
to be independent if W (7p) # 0. This is an easy test to determine if a set of solutions
is fundamental. It follows that any homogeneous solutions can be written as a linear
combination of that fundamental set

Xp=C1X1 + X2,

and that the general solution of the nonhomogeneous differential equation (1) is in
the form

X =Xxp+c1x1+cax2.

Example 2.2.1 Fundamental Set and Initial Value Problem

a) Show that {sin ¢, cos ¢} forms a fundamental set of solutions of the
homogeneous linear differential equation

x4+ x=0. (14)

b) Find the general solution.
¢) Find the solution of the initial value problem x (0) = 6, x’(0) = 3.

e SOLUTION

a) First we should verify that x; =sin ¢ and x, = cos ¢ each satisfy (14). We omit
this step since it was done in Example 2.1.1. To show that {sin¢, cost} is a
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fundamental set of solutions, we verify that W[x1, x2] # 0 at t = 0. Note that
x} =cost and x} = —sinz. Thus

0O wO] [0 17
W[xl,xz]—det[xi(o) xé(O)]_det[l Oi|——1;é0.

Hence {sint, cost} forms a fundamental set.
b) Since (14) is homogeneous, its general solution is a linear combination of
{sinz cost},

X =cjps8int + cpcost. (15)

¢) To satisfy the initial conditions, we first calculate the derivative of (15):
x'=cjcost —cysint.
The initial conditions are satisfied if

x(0)=6=cy,
x'(0)=3=cy.

The solution of the initial value problem is thus

x=3sint +6cost. ¢

nth-Order Linear Differential Equations

We now present the form of the general solution for nth-order linear differential
equations

d"x n—1

ay(t)—— +a,—1(t) SRV +a1(t)d—x +ap(t)x = f (1), (16)
dt dt

d tnfl
which is very similar to the theory for second-order equations developed in Sec-
tions 2.1-2.3. For first-order linear differential equations, we had one arbitrary
constant in the general solution, and for second-order equations there were two. Thus
we would expect to have n arbitrary constants for an nth-order differential equation.
The solutions of (16) may be broken into a particular solution and a homogeneous
solution, just as for second-order linear differential equations. We have

The general solution (16) is always in the form
X =Xp+C1X] + X2 + -+ -+ CpXy, 17

where

1. x, is a particular solution of the original equation (16).
2. {x1, x2, ..., x,} is a fundamental set of n solutions of the
associated homogeneous equation (16) with f(#)=0. That is,
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there are n solutions of the homogeneous equation and they
must be linearly independent. A more technical definition
(which we omit) of independent is needed than the one we
have given for the n =2 case. There is also a Wronskian
which involves the determinant of an n X n matrix.

The general solution of a homogeneous linear differential
equation is always in the form

x=c1x1+c2x2+ -+ CpXy, (18)

where {x, x2, ..., x,} is a fundamental set of solutions of the
associated homogeneous equation (16) with f(z) =0.

Exercises

In Exercises 1-7, use that W # 0 is equivalent to the solutions of the homogeneous
equation forming a fundamental set.

1. Verify that sinz, cost are solutions of x” + x = 0. Determine whether they are a
fundamental set of solutions.

2. Find all solutions of the form " for t2x” —6x =0 on (0, co0) and determine
whether they form a fundamental set of solutions.

3. Find all solutions of the form ¢ for t2x” — tx’ + x =0 on (0, 00) and determine
whether they form a fundamental set of solutions.

4. Find all solutions of the form e’* for x” — 4x” +4x =0 and determine whether
they form a fundamental set of solutions.

5. Let x1 be the solution on (0, co) of

2x" +x +ix=0, x()=1, x'(1)=1,
and x, the solution on (0, co) of
22X +x +1x=0, x(1)=0, x'(1)=-1.

a) Verify that {x1, x»} is a fundamental set of solutions of >x” + x’ 4 tx =0.
b) Let x3 be the solution of

2x" +x +1x=0, x(1)=2, x'(1)=0.
Find constants ¢, ¢y such that
X3 =cC1X1 +C2x3.
6. Let x1 be the solution of
X' +tx'+x=0, x0)=1, x'(0)=2,
and x, the solution of

x'+tx'+x=0, x0)=1, x'(0)=-1.
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a) Verify that {x1, x»} is a fundamental set of solutions of x” +tx’ +x =0.
b) Let x3 be the solution of

X"+tx+x=0, x()=2, x'(1)=0.
Find constants ¢, ¢ such that
X3 =cC1X1 +C2x3.
7. Let x| be the solution of
x"+px' +qx=0, x(y)=1, x'(t)=0,
and x the solution of
X"+ px'+qx=0, x(tp)=0, x'()=1.
Verify that {x, x>} is a fundamental set of solutions and that the solution x3 of
X"+ px' +qx=0, x(tp)=a, x'(to)=p

is x3 =ax] + Bxz. (The significance of this exercise is that it proves that a
fundamental set always exists.)
8. In Section 2.6 we will derive the important Euler’s formula

e =cost+isint, (19)

where i =+/—1. In this exercise, we outline a different derivation of (19).
Consider the differential equation

x"+x=0. (20)

a) Show that cost and sin ¢ are solutions of (20).

b) Show that '’ is another solution of (20).

¢) Determine the specific linear combination of cos¢ and sin ¢ that will equal e’
(Hint: Use the initial conditions that ¢’ satisfies.)

9. Show that the Wronskian of two solutions of Airy’s differential equation

2 .
‘37; +tx =01is a constant.
. . 2 .
10. Show that the Wronskian of two solutions for % 4+ ¢g(t)x =0 1is a constant.

In Exercises 11-15, verify that the given functions are solutions of the given equation,
compute the Wronskian, and compare the Wronskian you obtain to (13).

11. cost and sint for x” +x =0.

12. €% and e~ 2 for x”" —4x =0.

13. ¢’ and e? for x” — 3x’ 4 2x =0.

14. t and ¢? for t>x" — 2tx’ +2x =0.

15. t~" and t =2 for t2x” + 4tx’ 4+ 2x =0.

16. Verify that {sin 27, cos 2¢} form a fundamental set of solutions of x” + 4x =0.

Verify that x3(¢) = sin(2¢ + 7 /4) is another solution of x” +4x = 0. Find ¢y, 2
so that

b4
sin <2t + Z) =1 sin 2t 4 ¢, cos 2t.
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2.3 Reduction of Order

In the previous sections we have begun to study the second-order linear differential
equation

X"+ pt)x' +qt)x = f(t).
We have shown that the general solution is in the form
X =Xxp+c1x1+cax2.

At this point we have not described any methods for obtaining the solutions, x1, x2,
of the associated homogeneous equation, or a particular solution, x,. In fact, there
are no general methods for obtaining x1, x2, x,, for all linear second-order equations
(other than numerical methods). This contrasts with our study of linear first-order
equations, for which the general solutions can always be obtained by an integrating
factor. Integrating factors do not exist for general second-order linear differential
equations.

The method of reduction of order shows that if we have one solution x; of a
homogeneous differential equation, then we can always obtain the second solution
x> of the homogeneous equation. (However, there is no general method for obtaining
one homogeneous solution in the first place.) We shall discuss the method, work three
examples, and then summarize the method.

Suppose we wish to solve the homogeneous equation

x"+ p)x"+q(t)x =0, (1)

and that we are lucky enough to know one solution x1 (¢) of (1). We now show how to
reduce (1) to a first-order differential equation. The key is to look for solutions of (1)
in the form

x=uvxy, 2

where v is an unknown function of # and x is our known solution of the homogeneous
equation (1). Substituting x = vx; into (1) for x gives

(vx1)" + p(vx1) +¢q(vx;) =0.

Perform the differentiations using the product rule and note that (vx;)” is the derivative
of (vx1)":
(v"x1 +2v'x] +vx{) + p(v'x; + vx]) + qux; =0.

Now regroup by derivatives of v:
x1v" + 2x) + px)v' + (x] + px] +gx1)v=0. 3)

But by assumption, x; is a solution of the equation x{ + px| + gx; =0. Thus the v
terms in (3) always vanish, leaving

xiv” + 2x) + px))v' =0. 4)
Now x; and 2xi + px1 are known functions of ¢. Letting

w=1 (5)
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in (4) gives a first-order homogeneous linear equation in w:
xiw’ + (2x] + px))w =0. (6)

Equation (6) may be solved by separation (Section 1.3) or by integrating factors
(Section 1.6). Then from (5) we must integrate w to get v. Then vx; gives us the
second solution for our fundamental set of solutions.

Instead of continuing with the general case, we now illustrate the method of reduc-
tion of order by several examples. This method works whether or not the coefficient
in front of the second derivative in (1) is 1.

Example 2.3.1 Reduction of Order

First verify that x; =t is a solution of

*x” +3tx' =3x=0, >0, @)
where x{ =1 and x} =0 so that 3t — 3r =0. Find a second solution of (7) and give
the general solution.
o SOLUTION. Let

X =vx] =vt, (®)

and substitute for x in (7):

12 (vt)" + 3t (vt) = 3(vr) =0.
Performing the differentiations, using the product rule,

"t +20) + 3t ('t +v) — 3vt =0.
Regrouping the terms, we see that the v terms cancel as promised, to leave
20" + 5120 =0.

Let w =’ and divide by 7 to get

This is a first-order homogeneous linear differential equation. It can be solved by
separation or integrating factors. By separation,

d 5
—wz—/—dt.
w t

Integrating (assuming 7 > 0) gives
In |w|=—-5Int+cp.

Solving for w yields

w:clt_s.
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But w =v’, so that

v =c1t .
Now integrate to find v:

1 _ ~
v=—4t 4+62=C1t 4+C2,

where ¢ is a new arbitrary constant. (We could just as well have used ¢ again instead
of ¢;.) Finally,

X =vx :vt:élt_3+czt )

is the general solution. The previously unknown second solution is r~3. When cor-
rectly applied, reduction of order will always give us the general solution, a linear
combination of two solutions. ¢

Example 2.3.2 Solution with Definite Integral

First verify that x; =t is a solution of

x"—tx' +x=0. (10)
since x; =1 and x| =0 so that — 4+ =0. Find a second solution of (10) and give
the general solution.
e SOLUTION. Let

X = vX| = vt, (11D
and substitute for x in (10):
()" —t(vt) + (vt) =0.
Perform the differentiation, using the product rule,
W't +20) —t('t +v)+ vt =0.
Again the v terms cancel, as can be shown to happen in general, to give
'+ @2 - =0.

Let w =’ and divide by 7 to get the first-order linear equation

w (2 Nw=0

i Ztlw=0,

dt t
which can be solved by separation or by integrating factors. By integrating factors,
we have

(@) _ 12 o 2
w=cie J@/t t)dtzcle 2Int+51 =it 2,5
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Since w =v’,

2
5 2
vV =cit 2.

Antidifferentiation now requires a definite integral to find v:
t s ﬁ _
v=c] t “ezdt+cp.
1
Finally,
t -2 2 —
x:vxlzvt:clt/ t “e2dt+crt (12)
1

is the general solution. It is a linear combination of two solutions of the homogeneous
equation (10). The method of reduction of order has been used to obtain the second
solution,

t 2
—_ | S—
xzztftzeZdt. ¢
1

The next example will be important in Section 2.4.
Example 2.3.3 Reduction of Order

a) Find a solution of x” — 2x’ 4+ x =0 of the form e'”.
b) Use the solution from part (a) to find a fundamental set of solutions for
x" —2x" 4+ x =0, using reduction of order.

e SOLUTION
a) Let x =€’ and substitute into
x"=2x"+x=0 (13)
to get
r2e’ —2re’ + e =0
or

r?—2r+1=0.

Thus (r — 1)>=0and r = 1, so ¢’ is a solution of (13).

b) We have one solution x; = e’ of (13). We shall use reduction of order to find a
second solution and the general solution. Let x = vx; = ve', so that (13)
becomes

(ve")" —2(ve') + ve' =0.
Differentiate using the product rule,

W'e' +2v'e +ve') —2(v'e’ +ve') +ve’ =0.
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Exercises

Note that the v terms cancel as promised. In addition, in this example (but not
in general), the vi also vanish, so that

Ve =0, or v'=0.
Antidifferentiate twice:
vV =cy, (14)
v=cit+c3. (15)

Thus,

x=vx;1=(cit +cr)e’ =cite’ +cre’

is the general solution of (13). A fundamental set of solutions would be
{e', te'}. A second solution ze’ is obtained by taking ¢; =1 in (14) and ¢; =0

in (15). ¢

Summary of Reduction of Order

Reduction of order can be used to find a fundamental set of two
solutions of the homogeneous equation x” + px’ 4+ gx =0, given one
homogeneous solution x, as follows:

1. Let x = vx; and substitute into x” + px’ +gx =0.

2. This leads to a second-order linear equation in v with only v”
and v’ terms. Let w = v’ to get a first-order linear differential
equation (6) in w.

3. Find a nonzero solution for w by either separation or
integrating factors.

4. Let v be an antiderivative of w.

5. Let xo = vx;. Then {xy, x;} is a fundamental set of solutions
for x” + px’ +gx =0.

In Exercises 1-8, verify that the given function x; is a solution of the given homo-
geneous differential equation. Then using reduction of order find a fundamental set
of solutions and the general solution for the differential equation. Exercises 7 and 8
require definite integrals.

CP2x 43t +x=0,x;=1"L.

22X 45t +3x =0, x; =t L.
x4+ 10x +25x =0, x; =",

X' —(A4+Hx+x=0,x=¢".

Lt —1Dx —x=0,x;=e"".

X 46X +9x=0,x; = .
x"+tx' —x=0,x=t.

2x" +12x =20+ 0)x =0, x; =12,
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In Exercises 9-12, find a solution x; of the given differential equations in the form ¢"
for some constant r. Then find a second solution by reduction of order.

9. 12x" —3tx’ +4x =0.
10. 2x" +5tx" +4x =0.
11. £2x" +7tx' +9x =0.
12. 2x" — 5tx" +9x =0.
13. Find a solution of x” + 4x =0 of the form sin r¢ for some constant r. Then find
the general solution of x” + 4x =0 by reduction of order.

14. Find a solution of x” 4 16x =0 of the form sin r¢ for some constant 7. Then find
the general solution of x” 4+ 16x =0 by reduction of order.

In Exercises 15-19, find a solution x of the given differential equation in the form e’’
for some constant r. Then find a second solution and the general solution by reduction
of order.

15. x” —4x" +4x =0.

16. x”" —6x" +9x =0.

17. x" +2x"+x=0.

18. x” —5x" +6x =0.

19. x” —4x =0.

20. Verify that x;(t) =t is a solution of (Legendre equation of order one)
(1 —?)x” — 2tx’ 4+ 2x =0 on the interval (—1, 1). Find the general solution on
(—1,1). (Note: The integrations are a little more difficult, but can be worked
using our techniques.)

21. Verify the statement in the summary of reduction of order that {x1, x»} form a
fundamental set of solutions.

22. Using reduction of order, find a general formula for the second solution of
x" + p(t)x’ + g (t)x =0 if x; is one solution.

Homogeneous Linear Constant Coefficient Differential
Equations (Second Order)

Linear constant coefficient differential equations form an important class of differ-
ential equations that appear both in physical models and as approximations for more
complicated equations. Applications to electric circuits and mechanical systems will
be given in Sections 2.5, 2.7, and 2.8.

This section will consider the general linear, second-order homogeneous, constant
coefficient differential equation,

ax” +bx'+cx =0, (D

where the coefficients a, b, and c are real constants and a # 0. From Section 2.1, we
know that the general solution of ax” + bx" + cx =0 will be in the form

X =c1x1 + c2x2, )

where {x1, x2} is a fundamental set of solutions for ax” + bx’ 4+ cx =0.
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From linear first-order homogeneous constant coefficient differential equations,

dx
— +kx=0,
dt+x

we stated in Section 1.6 that

A homogeneous linear constant coefficient differential equation always
has at least one solution of the form x =e’".

This also applies to second- and higher-order homogeneous linear constant coefficient
differential equations.

The key to finding two homogeneous solutions {x, x»} for linear differential equa-
tions with constant coefficients is to look for a solution of the form x = ¢'’, where r
is a constant. Substituting x = e'” into ax” + bx’ + cx =0 gives

a(erl)// +b(erl)/ +C€rt :0’
and, upon differentiation,
ar’e" +bre’ +ce’ =0.

Finally, divide by e?, which is always nonzero:
ar’ +br+c=0. 3)

The equation ar? 4 br 4 ¢ = 0 is the characteristic equation of
ax" +bx' +cx =0.
The polynomial ar? + br + ¢ is called the characteristic polynomial of
ax” +bx' +cx =0.

The above sequence of calculations can be reversed, so we have shown that

If r satisfies the characteristic equation ar> +br +c= 0, then
¢! is a solution of ax” + bx' + cx =0. 4)

Every second-degree polynomial has two roots. For ar? + br 4 ¢ =0, the roots are
given by r = (—b £ +/b%2 —4ac)/2a. There are three cases, depending on whether
b? —4dac >0, b* —4ac =0, or b> — 4ac <O0.

Case 1: Characteristic Equation Has Distinct Real Roots (b> — 4ac > 0)

Suppose the characteristic equation ar? + br + ¢ = 0 has two distinct real roots 1, .
Then by (4), ", "' are two solutions of ax” + bx’ 4+ ¢ = 0. These solutions form a
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fundamental set (see Exercise 36). Thus
x=cre + e,

where ¢; and c¢p are arbitrary constants would be the general solution of
ax”" +bx'+c=0.

Example 2.4.1 Distinct Real Roots

Find the general solution of x” — x” — 20x =0.

@ SOLUTION. By substituting x =¢'’ into the differential equation, we derive
the characteristic equation > — r — 20 = 0. Factoring gives r> —r —20= (r — 5) x
(r +4) =0. There are two distinct roots r =35, r = —4. Thus €', ¢~* are solutions,
and the general solution is

X =cC et + cze_‘”,

where ¢ and ¢; are arbitrary constants. ¢

Example 2.4.2 Distinct Real Roots

Find the general solution of x” +4x’ =0.

e SOLUTION. By substituting x =¢’’, we find that the characteristic equation is
r2 +4r =r(r +4) =0. There are two distinct roots r =0, r = —4. A fundamental set
of solutions would be {1, e~} since ¢ = 1. The general solution is

x=c1-1+ce ¥ =ci+cre ™,

where ¢1 and ¢, are arbitrary constants ¢

Case 2: Characteristic Equation Has Repeated Real Root (b*> — 4ac =0)

Suppose that the characteristic equation has a single repeated root ;. In this case,
there is only one solution of the differential equation of the form e’ = ¢"1’. The second
solution can always be found by the reduction of order (Section 2.3). We shall give
an example to illustrate and motivate the general case. However, we shall see that
the reduction always produces the same type of second solution, so that it will not
be necessary to carry the reduction out each time a differential equation is solved.
Students who have omitted reduction of order may skip to the summary of repeated
roots.

Example 2.4.3 Reduction of Order

Find the general solution of x” — 6x” +9x =0.

® SOLUTION. Substituting x =e'" into x” — 6x’ +9x =0, we find that the char-
acteristic equation is r2—6r+9=@r—3)2=0.Thus r=3isa repeated root. One
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solution is 3. To get the second solution, we will use reduction of order. Let x = ve™
and substitute into the differential equation to get
(e —6(ve’) +9(ve) =0,
or, upon differentiation, using the product rule,
W'l +6v' e +9ve’) —6(v e + 3ve) + 9ved =0.

Note the v terms cancel as claimed in Section 2.3 by reduction of order. Here the v’
terms also cancel, so this simplifies to
Ve =0 or v'=0.
Antidifferentiating twice yields
v=cit+ca.

Thus

X = ve3t = clte3’ + C2e3t

is the general solution of x” — 6x’ +9x = 0. Note that e3 was one solution, and we
have found that a second solution is te3'. We claim that this is a general result. ¢

Summary of Repeated Roots

Whenx; =¢"!" is a solution of (1) corresponding to repeated roots,
a second solution is always of the form

xp=te"’. )

In the examples, exercises, and text that follow, do not use reduction of order to
obtain the second solution unless asked to. Use the result (5) instead.
Example 2.4.4 Repeated Real Roots

Find the general solution of x” 4+ 2x" + x =0.

e SOLUTION. By substituting x = ¢’*, we find that the characteristic equation is 7> +
2r +1=(r+1)>=0. Thus r = —1 is a repeated root. One homogeneous solution is
e~!. Since the root is repeated, the second solution is re~ according to (5). Thus the

general solution of the homogeneous equation is
ot —t
x=cie ' +crte ',

where c¢; and ¢; are arbitrary constants. ¢

Example 2.4.5 Repeated Real Roots for Higher Order Differential Equations
Find the general solution of
x® —3x@ 43y _ @ —,

(n) — d"x
Here x"V" = TR
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® SOLUTION. The characteristic equation is
P =3t + 33 — 2 =r2(r3 — 372 +3r—1)
=r’(r—1)>=0.

There are two distinct roots r =0, 1, of multiplicities 2 and 3. Using (5), the root
r =0 of multiplicity 2 means that we include

(", 1"y =1{1, 1}

in the fundamental set of solutions. The root » = 1 of multiplicity 3 means that we
include {e, te’, t?¢'} in the fundamental set of solutions. The general solution is thus

X =c)+crt + C3€t + C4l€l + C5t2€t,

where c1, ¢3, 3, c4, and cs are arbitrary constants. ¢

Case 3: Characteristic Equation Has Complex Roots (b* — 4ac < 0)
Since the differential equation
ax”" +bx' +cx=0 (6)

has constant coefficients, solutions exist in the form x =e'" if r satisfies the
characteristic equation

ar’ +br+c=0. (7
If b> — 4ac < 0, then the roots are complex. Suppose that
ri=a+if (i*=-1),

with o, B real numbers, is a complex root of (7). Since a, b, ¢ are real, the other root
ro must be the complex conjugate of r. That is,

rn=a—Iip.
The general solution of (6) can be represented by a linear combination of these two
complex exponentials:

x=¢1e" + e’ 8)

However, (8) is not particularly useful in this form for some physical problems, since
both e"!" and €™’ involve complex numbers. We shall replace {¢"17, "'} by a different
fundamental set of solutions. The arbitrary constants in (8) are denoted by ¢y, ¢, to
distinguish them from the c1, c; we use in the other set of solutions.

Complex exponentials satisfy the usual algebraic properties of exponentials, "' =
e @B — o1 0iP! Thus, the general solution (8) can be written

X = E;leolteiﬁf + E2eatefi,3t
or
x =¥ (G + Gre7 P, 9)

This solution is still not real. However, because of the Euler formula, ¢/#’ = cos Bt +
i sin Bt, we will shortly show that an arbitrary linear combination of e**#! is equivalent
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to an arbitrary linear combination of cos B¢ and sin 8¢. Thus, (9) can be written
x =e“ (cy cos Bt + ¢, sin Bt). To summarize:

In the case of complex roots, « % Bi, the general solution of
ax” + bx’ + cx =0 is given by

x =e%(cy cos Bt + ¢y sin Bt)

10
=c1e* cos Bt + cre* sin ft. (10)

To understand this result better requires some further discussion of complex
numbers.

Euler’s Formula

The relationship between complex exponentials and sines and cosines follows from
Euler’s formula,

¢! =cos® +isiné. (1)

An additional important relationship follows from replacing @ by —6 in (11) and using

the evenness of cosine, cos(—68) = cos 6, and the oddness of sine, sin(—6) = — sin 6,
to get
e % =cosH —isin. (12)
To explain Euler’s formula (11), we assume that the Taylor series for the real
exponential,
2 3t
"=ttt (13)
¢ FTETIIPTI

is valid for the complex exponential. That is, we can let t =76 in (13) to get

i0_192 04 .993
M= (1T i (0

Euler’s formula (11) now follows from the Taylor series for cos 6 and sin 6:

6> o4
cos@:l—z—!+4—!+-~-,
3

s1n9=0—§+~-~.

In our applications to differential equations, 6 = ft.
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Sines and Cosines are Equivalent to the Complex Exponentials
We have shown that the general solution (9) of the linear differential equation is
x = e (e 4 Ge ). (14)

The linear combination of complex exponentials that appears in (14) may be related
to cos Bt and sin B¢ using Euler’s formulas (11) and (12), as follows:

E1e'P! 4+ &e7 Pt =& (cos Bt +i sin Bt) + & (cos Bt — i sin Br).
By collecting the cos B¢ and sin 8¢, we obtain
¢1e'P 4 &7 P = ¢| cos Bt + ¢ sin Bt, (15)

where ¢y = ¢ + ¢ and ¢ =i(¢] — ¢2). Equation (15) shows that

An arbitrary linear combination of P and ¢ P,
Elciﬁt 4 Eze_i'm, (16)
is equivalent to an arbitrary linear combination of cos 8¢ and
sin ft.
c1 cos Bt + ¢ sin Bt.

It is helpful to memorize (16).
Alternative Derivation

By adding and subtracting Euler’s formula ((11) and (12)), we derive fundamental
relationships for cos 8 and sin 6:

1 ,
cosh =—e'? + Ee*’e,
| . 17)
sinf = —e'? — —¢717,
2i 2i

For example, cos @ is a specific linear combination of ¢’? and e~?. By letting 6 = Bt
in (17) and multiplying by e*, we obtain
1 . 1 .
at r=e (2 ipt , — —ipt ,
e" cosft=e 26 + 2e
(18)
e sin Bt = e ieiﬁ’ — —e7iP1)
2i 2i
Since the right-hand sides of (18) are linear combinations of homogeneous solutions,
then e*! cos Bt and e*’ sin Bt are also solutions of ax” + bx’ +cx =0.
Example 2.4.6 Complex Roots

Find the general solution of

x"+x +x=0.
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@ SOLUTION. By substituting x =e¢'!, we see the characteristic equation is
r2 +r 4+ 1 =0. By the quadratic formula, the roots are
_—lkyT=4 1 3

S
2 272

r

=
oy
%
~
=
Il
Q
|

2 ii(é)t, we have

_t \/5 _r. ﬁ
X=ci1e 2cCos TI +ce 2sin 7[

is the general solution of x” + x’ 4+ x = 0.
Note that the root —% +1i (*/75) does not give the solution e ~*/2 cos [(*/75)1‘] Rather,

Since e(_

the pair of solutions e /2 cos [(“/Tg)t], e~ /% sin [(%g)t] comes from the pair of roots
1 3 1 3
— + ii_’ —_ £ ’
2 2 2 2

Example 2.4.7 Pure Imaginary Roots

Find the general solution of x” +4x =0.

e SOLUTION. By inspection, or by substituting x =", we see the characteristic
equation is r2 +4 =0, so that the roots are r = o &+ if==42i. Thusae =0, 8 =2, and
a fundamental set of solutions is

" cos2t =cos2t and € sin2¢ =sin2¢.

The general solution is

X =cj oS 2t + ¢y sin 21. ¢

For convenience, we summarize the three cases.

Solution of ax” + bx' 4+ cx =0 with a, b, ¢ Real Constants

First find the roots r, rp of the characteristic equation ar:+br+c=0.
There are three cases:

1. If rq, ro are distinct real roots, then the general solution is
x=c1e" +cre™t.

2. If r; =ry is a repeated real root, the general solution is
x=cre"V +crte’!.

3.If ry, rp are complex roots, they are a conjugate pair:

rr=a+if, rn=a—Iip.

The general solution is

x =c1e* cos Bt + ce*" sin Bt.
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As will be shown in Sections 2.5 and 2.7, there is a close relationship between
electrical circuits and mechanical systems and linear differential equations with con-
stant coefficients. In these problems, one often starts knowing the desired response
(solution) and wants to design the device (make up the differential equation).

Example 2.4.8 Obtaining a Differential Equation from the Solution

Find a second-order linear homogeneous constant coefficient differential equation
that has cje ™" + coe ™2 as its general solution.

® SOLUTION. cie™3 + e will be the general solution if 7 = —3 and r =2 are
roots of the characteristic equation. One such characteristic equation would be

[r = (=3)][r = (=DI=(+3)(r+2)=r"+5r +6=0.
A corresponding differential equation is
x" +5x" +6x=0.

Note that 2x” + 10x" 4 12x =0 would be another correct answer, since the roots
determine the polynomial only up to a constant factor. ¢

Exercises

In Exercises 1-33, solve the differential equation. Determine the general solution if
no initial conditions are given.

1. x"+x"—6x=0.
2. x"—x=0.

3. x"+x=0.

4. x" +4x"+4x =0.
5. x" +4x"+5x=0.
6. x" —2x'+x=0.
7. x" —=3x"+2x=0.
8. 2x" —2x"+x=0.
9

.x"—=x"=0.
10. 4x” 4 8x" +3x =0.
11. 3x” =0.

12. x” —2x"+2x =0.

13. 3x" +2x" —x =0.

14, x" 4+9x =0, x(0) =1, x'(0) = 1.

15. x" +x'—2x=0,x(0)=0, x"(0) =1.

16. 21" 4+ 12%' + 18x =0, x(0) = 1, x'(0) = 0.
17. 2x" +4x =0.
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18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.

35.

36.
37.

38.

39.

3x” —24x" +45x =0.
2x" + 8% +6x =0, x(0) =2, x'(0) =0.
x" —16x=0.

x" +10x" +25x =0.
2x" +3x"=0.

x” —14x" +49x =0.
x" +4x"4+20x =0.
x" —6x'+25x=0.
x"+x'+x=0.

x" —12x=0.
x"+2x"4+8x=0.
x" +4x"+8x=0.
x” 4+ 10x =0.

x" +8x=0.
x"+6x"+11x=0.
x" +6x"+7x=0.

Suppose that r is a real number. Verify that ¢’’, re"" form a fundamental set of
solutions.

Suppose «, B are real numbers and 8 # 0. Verify that ¢*’ cos B, €%’ sin Bt form
a fundamental set of solutions.

Suppose that 7] # r,. Verify that {€"1, ¢"2'} form a fundamental set of solutions.
Show that if ar?+br +c¢=0 has the repeated root ry, then ar?+br+c=
a(r—r 1)2.

Using reduction of order and the previous exercise, show that if 7| is a repeated
root of ar? + br + ¢ =0, then e’ is a solution of ax” + bx’ + cx =0.

From the solutions of Exercises 1-33, find an example with repeated roots and
derive the second solution using reduction of order.

rit
b

In Exercises 40-50, determine a homogeneous second-order linear constant coeffi-
cient differential equation with the given expression as its general solution.

40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.

x=c1e +cre .
x=cre ' +cre .

x=c1e* +cyte?.
x=c1e +cpte’.
x=cj+cre .

X =cj sin4t + ¢y cos 4t.

x=cre 'sin2t 4 cre ! cos2t.

x =cjé' sint + cre’ cost.

x =cie* sin 3t + cye? cos 3r.
X =c1+cot.
X =cj sin 2t + ¢ cos 2¢.
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2.4.1 Homogeneous Linear Constant Coefficient Differential
Equations (nth-Order)

With very small changes we can use the previous ideas to solve homogeneous linear
constant coefficient differential equations

anx™ +a,_1x"D . agx +agx =0,

where x) = %. The procedure for the solution of (1) is summarized in the following
algorithm.

Procedure for the Solution ofanx(”) NIRRT s I
aox =0 When a,, a,_1, ..., ayare Constants

1. Form the characteristic equation
apr +an_1r" 1+ .-+ ayr + ap =0 and determine its roots and
their multiplicities. The characteristic equation can be found by
substituting x =¢'’.
2. A fundamental set of solutions for (1) is determined as follows:
a) If r =r is a real root of multiplicity m, then include the m
functions

{ent te, .. My 19)

in the fundamental set of solutions.
b) If r = o & Bi is a pair of complex conjugate roots and they each

have multiplicity m, then include the 2m functions
{e%! cos Bt, e*! sin Bt, te* cos Bt, te*! sin Bt, . . .,
" =1e% cos Bt, 1™~ 1e® sin Bt}

(20)

in the fundamental set of solutions. (If « + Bi is a root of
multiplicity m, then o — Bi will be a root of multiplicity m
also, since ay,, ..., ag are real.)

Example 2.4.9 Repeated Imaginary Roots

Find the general solution of x”” 4+ 2x” 4+ x =0.

@ SOLUTION. The characteristic equation is rr 4224 1= (r2 + l)2 =0, ascanbe
found by substituting x = ¢"*. Thus r = i are complex conjugate roots of multiplicity
2. In the notation of (6):

i=04+1-i, sothate=0 and pB=1.

Two solutions are cost, sin ¢ corresponding to the roots r = =i. Since the complex
roots have multiplicity 2, two other linearly independent solutions are ¢ sin¢, f cos t.
Thus, a fundamental set of solutions is

{cost,sint,tcost,tsint}.
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The general solution is

X=c1C08t+crsint+ c3tcost +cat sint. ¢

Example 2.4.10 Repeated Roots

Find the general solution of the linear homogeneous constant coefficient differential
equation if the roots of the characteristic equation are known to be r =7 = 3i repeated
twice, r = +4i, and r =5.

@ SOLUTION. Since there are 7 roots, the general solution is a linear combination
of 7 homogeneous solutions using 7 arbitrary constants.

x=cie’ cos3t +cre’ sin 3t + cate’’ cos 3t + cate’ sin 3t

+¢5cos 4t + cg sin 4t + c7e". ¢

In actual applications the roots of the characteristic equation will usually not be
integers. They are often found (estimated) using a numerical procedure. In some cases
this could be Newton’s method from calculus. In this case, care must be taken when
determining whether values such as, say, 1.123, 1.124 represent distinct real roots
that are close together, or one root of multiplicity two whose computation has been
influenced by roundoff error or the numerical method.

Exercises

For Exercises 51-73, find the general solution. Here x denotes the nth derivative.
For example, x® is the fourth derivative.

51. x” —6x" +12x" —8x =0.

52. x4+ 5x" +4x =0.

53. x"” —5x" +4x =0.

54. x4+ 8x" +16x =0.

55. x4+ x" —2x=0.

56. x""" —2x"" =0.

57. x"" +4x" +6x" +4x" +x=0.
58. x"” —=2x" —x"+2x=0.

59. x' —3x=0.

60. x' +4x=0.

61. x4+ x"—2x=0.

62. x""" +4x" +4x =0.

63. x"”" +4x"" +8x" + 8x" +4x =0.
64. x"”" +3x" +3x'+x=0.

65. x® —4x® 4 6x@ —axM 4 x =0,
66. x© 43x® 4 3x@ 4 x=0.

67. x© —3x® +3x@ _x =0.

68. x¥ —16x =0.
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2.5

69.
70.
71.
72.
73.

x@® —x=0.

x//// + 2x/// + 2x// — O.
x4+ 50x" 4+ 625x =0.
3x" +4x=0.

x" +3x" +x' —5x=0.

For Exercises 74—83, you are given the general solution. Write a homogeneous linear
constant coefficient differential equation that has that general solution.

74.
75.
76.
7.
78.
79.
80.
81.
82.
83.
84.

x=c1+cat+ C3l2 + C4t3.

x=c1e¥ 4+ cpre? +c3.

x =cie' sin2t 4+ cre’ cos 2t +cze”! +cate™!.

Xx = c1 sin 5t + ¢ cos 5t + ¢3¢ sin 5t + ¢4t cos 5t.
x=cre' +cre¥ + cze".

x=cre ¥ 4 cate ™ 4 a3t X,

x=cie' +cate! +cze”! +cyte™!.

x=cie' sint 4 cref cost + cste! sint + cate’ cost.

x=cie' +cre® +c3e’ +cqe.

X =cjySint+cycost+ c3t sint + c4t cost.

Find all solutions of x”” — 3x” + 3x’ — x = 0 of the form ¢’’. Then find the general
solution by reduction of order (Section 2.3). Compare you answer to that obtained
by using (19).

In Exercises 85-92, you are given the roots of the characteristic equation of a linear
constant coefficient homogeneous differential equation. Find the general solution of
the differential equation.

85.
86.
87.
88.
89.
90.
91.
92.

8 repeated four times and 8 & 7i.

3 + 8i repeated two times.

4 £ 5i, £5i repeated two times, and O repeated three times.
+5i repeated three times, £i, and 0.

2 + i repeated three times.

74+3i,7,-7, £3i.

2+ 6i, —2 %+ 6i, and £6i repeated twice.

3+ 5i, —3 £ 5i, and O repeated four times.

Mechanical Vibrations I: Formulation and Free Response

2.5.1 Formulation of equations

This section, like Section 1.11, will study a problem involving the linear motion of a
rigid body governed by Newton’s law,

d(mv)
dr

Fr, (D
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<« [ —>

x=0

Figure 2.5.1

where m is mass, v is velocity, mv is momentum, ¢ is time, and Fr is the total
force acting on the body. The resulting differential equations will be analyzed using
the preceding sections on linear constant coefficient differential equations. We shall
again use the centimeter-gram-second (cgs) and foot-pound-second (fps) systems of
measurement (see Table 2.5.1 at the end of this section).

Horizontal Spring-Mass System

Suppose, then, that we have a horizontal spring connected to a wall with a constant
mass m attached (see figure 2.5.1). We shall assume that the total force Fr is made
up of three forces:

F; =force exerted by the spring,
F, = afriction or resistive force acing on the mass
(air resistance, for example),

F, = any other external forces (such as magnetism).

Then Newton’s law (1) takes the form

d’x
mﬁ_FT_FS—i—Fr—i—Fe. 2)
Let L be the length of the spring with no mass attached. We introduce a coordi-
nate system in which x =0 is located a distance L from the wall, as illustrated in
figure 2.5.1. Then x(¢) is the distance of the mass from this position. If x >0 (as
illustrated in figure 2.5.2), the spring is stretched from its natural length a distance
x, and it is known that the spring exerts a force to the left. In figure 2.5.3, x <0, in
which case the spring is compressed and the spring exerts a force to the right.
‘We can now express the different forces in (2) in terms of x. To begin with, assume
that the spring satisfies Hooke’s law,

The force exerted by the spring is proportional to the distance the spring
is stretched (or compressed).

This is an assumption concerning not only the type of spring but also the mass, external
forces, and initial conditions. In particular, we are assuming that the resulting motion
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x> x|
L L
Figure 2.5.2 x > 0. Figure 2.5.3 x <O.

is not of too great an amplitude, so that linear equations may be used. Because of
the coordinate system we have chosen, the distance the spring is stretched is x, and
Hooke’s law becomes

Fy =—kx, 3)

where k is a positive constant, called the spring constant. & is positive because the
spring force acts opposite to the sign of x. That is, if the spring is compressed, x <0,
then the spring force is positive.

Many types of resistive forces at low velocities are (approximately) proportional
to the velocity. That is,

d
Fr=_5v=—5d—: with § > 0. “)

The constant § is called the damping constant. The constant of proportionality, —&,
is negative, since the force of friction acts in the opposite direction to the motion and
we want § > 0. Note that (4), like Hooke’s law, represents a restriction on the motion
to be studied and not just an assumption concerning the type of spring and the type
of resistance. Finally, we assume the external forces F, depend only on time ¢ and
not on position x or velocity ‘%.

Then substituting (3) and (4) into Newton’s law (2), we get the linear differential
equation

d’x dx
mw =—kx — (SE + f(t),

where f(t) = F.(¢). This differential equation is usually written in the form

d*x dx
— +5—+kx=f(). 5
m—z +é—-+kx=f() ®)

Note that m, 8, and k are all nonnegative constants. The initial conditions usually

used with (5) are the initial position x(0) and the initial velocity v(0) = x’(0).
Sometimes it is convenient to think of the resistive force as being due to an attached

device, such as a piston moving in a fluid. One such device is called a dashpot.
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Figure 2.5.4 (@) (b)

Figure 2.5.5

Conceptually, this approach is similar to modeling the resistance in wire by the inclu-
sion of a small resistor in the circuit equations instead of thinking of the resistance as
distributed throughout the wire.

Spring-Mass System with Gravity

A few additional complications occur for a vertically vibrating spring-mass system
in which the force due to gravity must be included. After some effort in choosing an
appropriate coordinate system, we will show that (5) is still valid.

Suppose that a spring-mass system is hanging from a fixed support. The force of
gravity acting downward on the mass (the weight) is

Fg=mg, (6)

where g =32 ft/s? (fps) or 980 cm/s? (cgs). Again let L be the length of the hanging
spring with no mass attached. Let y measure a change from this rest length. Thus
y =0 is a distance L from the support. We measure y downward so that positive y
corresponds to additional spring length. Then Newton’s law with the gravitational
force (6) becomes
Ly gl 7

mﬁ-l- E_'_ y=mg+ f(t). @)
First we analyze what happens without an external force, f(¢) = 0. From our experi-
ence, we know that with gravity the mass will sag (see figure 2.5.4) and be at rest at
y = AL (which we will determine). If the mass is at rest (y = A L), then the force of
gravity must balance out the spring forces, so that

kAL =mg. 3

The stretching AL of the spring with gravitational force is given by (8). Often in
experiments the weight of the object mg is known and AL is easily measured. Thus,
the spring constant k£ can be determined from (8).

If we choose (even with an external force) a coordinate system x centered at the
sagged rest system (see figure 2.5.5), then

y=x+AL. ©)]
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Note that x =0 corresponds to y = AL. If (9) is substituted into (7), we obtain

x| gdx F k(4 ALY =mg+ f(1)
m-—-- _— X =m .
dt? dt &

But x AL =mg from (8), and so we have finally
d2

X dx
— 4+ 55—

m— 8 hx = f(0). (10)

Equation (10) is the same as (5), showing that a vertically vibrating spring-mass
system with a gravitational force moves the same way as a horizontally vibrating
spring-mass system if a coordinate system is chosen that takes into account the sag
due to gravity.

Free Response

Suppose that there is no external force other than gravity, so that the external force is
f () =0. The solutions of the resulting homogeneous differential equation,

d’x dx
mos +3dt+kx_0’ 11)
are called the free (or natural) response of the spring-mass system. This is how the
system reacts for given initial conditions if it is allowed to proceed without external
interference. Note that the free response is the same thing as the solution of the asso-
ciated homogeneous equation. The resulting behavior is quite different, depending
on whether or not there is any damping present.

2.5.2 Simple Harmonic Motion (No Damping, § =0)

If there is no damping (8 = 0), the free response of a spring-mass system is given by
the differential equation

d’x
We can solve (12) using the techniques of Section 2.4. Since the differential equation
has constant coefficients (and is homogeneous), we substitute x = ¢’’. The character-
istic equation is mr? + k=0, with roots r = +i/k/m, since m >0, k > 0. Thus, the
general solution of (12) is

k . k
X =cC1COS,/ —t+cpsin,/ —t, (13)
m m

where c¢; and c; are arbitrary constants.
It is sometimes convenient to introduce the notation

wo=1] . (14)
m
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(¢, 6)

Figure 2.5.6 Amplitude R and phase ¢.

This will be explained shortly. With this notation, the differential equation (12)
becomes, after dividing by m,

d*x 2
I + wyx =0, (15)

and its general solution (13) is written more easily:
X =1 coS wot + ¢2 sin wyt. (16)

Note that the number wq that appears in the solution (16) is the square root of the
positive constant coefficient in the differential equation (15).

Amplitude-Phase Form

The general solution (13) of the homogeneous equation is a linear combination
of coswopt and sin wpt. We will show, in general, that the addition of these two
trigonometric functions yields a simple trigonometric function because

c1 cos wot + ¢ sin wot = R cos(wot — ). (17)

To show (17), we use the trigonometric addition formula, cos(a — b) =cosa cos b +
sin a sin b, to rewrite the right-hand side of (17) to get

c1 cos wot + ¢ sin wot = R(cos wpt cos ¢ + sin wot sin ¢). (18)

Equation (18) holds if
c1=Rcoso,
1= Reose (19)
cy=Rsing.
It is seen in figure 2.5.6 from (19) that R and ¢ are polar coordinates for the point
(c1, ¢2). From the Pythagorean theorem,

R=,/c?+c3. (20)

The variable ¢ is called the phase angle, and R =, /c% + c% the amplitude (or ampli-

tude of oscillation). Drawing the triangle and specifying the quadrant are helpful in
determining the phase angle. The formula
&)

tangp = — (21
1
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TABLE 2.5.1
Units

cgs mks fps
Length centimeter (cm) meter (m) foot (ft)
Mass gram (g) kilogram (kg) slug=11b -2/t
Time second (s) second (s) second (s)
Velocity cm/s m/s ft/s
Acceleration cm/s? m/s? ft/s?

Force (F =ma) dyne=1g¢g .cm/s?2  newton N)=1kg m/s2 pound (Ib)
Gravity g 980 cm/s? 9.8 m/s? 32 fit/s?

is sometimes convenient. However, ¢ = tan~! (c2/cy) is correct only if ¢ is in the first
or fourth quadrant. If ¢ is in the second or third quadrant, then ¢ = + tan"!(cp /c1).
Fewer errors are made if the quadrant of the phase angle is stated. In summary:

Amplitude-Phase Form:
c1 cos wot + ¢ sin wot = R cos(wpt — @),

R:,/c%+c%,

c
tan¢=—2,

(4]
¢=tan"(ca/c1) ifc; >0,

¢=tan"(ca/c1) +m ifc; <O,

One of the significances of the amplitude and phase form is that it allows a relatively
simple graphing of the solution

x(t) = R cos(wot — ¢). (22)

R is the amplitude, and the solution is a shifted cosine:

x(t) =R cos [wo (t — £>:| .
(O]

One of the times at which the solution is a maximum is t = ¢/wp. Formula (22) and
figure 2.5.7 show that the resulting free response, in the absence of friction, is simple
harmonic motion (given by a cosine function). The mass oscillates sinusoidally
around x = 0. The solution is periodic in time. Since the trigonometric functions have
period 27, the period of motion T is

2
period=T = —n.
o)
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2n |

|

x= R cos(o,f - ¢)

Figure 2.5.7 Simple harmonic motion.

The frequency is the number of periods (cycles) per unit time. If the units of time
were seconds and the period was % s, then the frequency would be 5 cycles per second
(or 5 hertz (Hz)). In general, the frequency satisfies

6 1 wy
requency = — = —.
T 27

This also gives an interpretation of the important parameter wy:

wo =2 - frequency.

Since in one period the angle of the cosine changes by 2r radians, wy is sometimes
called the circular frequency, the number of radians per unit of time.

For the spring-mass system, (12) or (15), the frequency (1/27)+/k/m is called the
natural frequency since it is the frequency that arises naturally without any forcing
to the system. Stiffer springs (larger k) have larger frequencies.

Table 2.5.1 reviews various units commonly used.

Example 2.5.1 Resulting Motion of Spring-Mass System

The spring constant of a 24-in. steel spring is measured by hanging a 1-slug (32-Ib)
mass from the spring and observing that the spring stretches 3 in. Now a %-slug
(16-1b) mass is attached to the spring. The mass is pulled down 3 in. and released
with a velocity of 1 ft/s downward. Determine the resulting motion.

@ SOLUTION. First we need to determine the spring constant. From (8),
kAL =mg.

1 Ib-s2 ft
k(-ft)= 32—,
(a1) =175 (25)

or k = 128 1b/ft. Since m = %, the equation of motion is (12),

In fps units this is

1d3x

§F+128X:0,
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Figure 2.5.8 Graph of t = 17 x cos(16 — 0.2498).

or d?x /d 2 4+ 256x = 0. The characteristic equation is r2 4256 = 0, which has roots
r ==+16i. Thus the general solution of the differential equation is

Xx =cp cos 16t + ¢, sin 16¢. 23)
The initial conditions are
1
x(0)= th, x'(0) = Ift/s.
Thus
1 /
7 =x(0)=c;, 1=x(0)=16c¢y,
and the resulting motion is

1 1
X = ZCOS 16t+ESin 16¢. 24)

In order to visualize this motion more easily, we rewrite the solution in the form
x = R cos(16f — ¢). The amplitude is

2 2 e
=,/c2+c2= l + i =l.
b= 4 16 16
The phase angle ¢ is in the first quadrant with
1/16 1
tan ¢ = 2 _ / =-,
c1 1/4 /4 4
so that
(1 .
¢ =tan )= 0.2498 radian.
Thus the motion (24) may be rewritten as

V17
x =~ cos(161 —0.2498).

The period i is 22 ¢ and the frequency is (16/ 27) (see figure 2.5.8). ¢
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Exercises

In Exercises 1-10, put x () into the amplitude-phase form x (1) = R cos(wot — ¢):

O 0 1 N L A W N —

—
=)

. x(t) =3cos 5t —7sin5¢.

. x(t)=—5cos7t+3sin7t.

. x(t) = /3 cos 14t + sin 14¢.

. x(t) =5 cos 4t + 5+/3 sin 4t.

. x(t) =—6cos 5t + 6sin 5¢.

. x(t)=4cos7t —4sin7t.

. x(t):ﬁcos6t—sin6t.

. x(t):—\/gcos9t—sin9t.

. x(t) = —4cos 2t +4+/3sin 2z.
. x(t) =2cos 2t — 2+/3 sin 2¢.

Free Response. In Exercises 11-24, we assume that Hooke’s law is applicable,
resistance is negligible, and the mass of the spring is negligible.

11.

12.

13.

14.

15.

16.

17.

18.

A mass of 30 g is attached to a spring. At equilibrium the spring has stretched
20 cm. The spring is pulled down another 10 cm and released. Set up the dif-
ferential equation for the motion, and solve it to determine the resulting motion,
ignoring friction.

A mass of 400 g is attached to a spring. At equilibrium the point has stretched
245 cm. The spring is pulled down and released such that the mass is 10 cm below
equilibrium and traveling upward at /84 cm/s. Set up the differential equation
for the motion. Solve the differential equation and express the solution in the
amplitude-phase form.

A mass of 8 slugs (8 - 32 Ib) is attached to a long spring. The spring stretches
2 ft before coming to rest. The 8-slug mass is removed and a 2-slug mass (64 1b) is
attached and placed at equilibrium. The mass is pushed down and released. At the
time it is released, the mass is 2 ft below equilibrium and traveling downward at
1 ft/s. Derive the differential equation for the motion of the spring-mass system.
Solve the differential equation.

A spring-mass system has a spring constant of k =5 g/s>. What mass should be
attached to make the resulting motion have a frequency of 30 Hz?

A spring is to be attached to a mass of 10 slugs (320 1b). What should the spring
constant be to make the resulting motion have a frequency of 5 Hz?

A mass of 6 g is attached to a spring-mass system with spring constant 30 g/s.
What should the initial conditions be to give a response with amplitude 3 and
phase angle 7 /4?

A mass of 16 g is attached to a spring-mass system with spring constant 64 g/s.
What should the initial conditions be to give a response with amplitude 2 and
phase angle 7 /3?

Suppose you have a spring-mass system as in figure 2.5.5.

a) What is the effect on the period and frequency of doubling the mass?
b) What is the effect on the period and frequency of doubling the spring constant?
c) Whatis the effect on the period and frequency of doubling both the spring constant

and the mass?
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19. A spring-mass system with mass m and spring constant k is subjected to a sudden
impulse. The result is that, at time # =0, the mass is at the equilibrium position
but has a velocity of 10 cm/s downward.

a) Determine the subsequent motion.

b) Determine the amplitude of the resulting motion as a function of m and k.
¢) What is the effect on amplitude of increasing k?

d) What is the effect on amplitude of increasing m?

20. (Same situation as Exercise 19) If the mass is 50 g, what should the spring constant
be to give an amplitude of 20 cm?

21. Attime t =0 the mass in a spring-mass system with mass m and spring constant
k is observed to be 1 ft below equilibrium and traveling downward at 1 ft/s.

a) Determine the subsequent motion.
b) Determine the amplitude as a function of m and k.
¢) What is the effect on amplitude of increasing m or k?

22. (Same situation as Exercise 21) If the spring constant is k = 8 Ib/ft, what should
the mass be to give an amplitude of 4 ft? At what time will this amplitude be first
obtained?

23. (Conservation of mechanical energy) Suppose that a spring-mass system is
modeled by mx” + kx = 0. The quantities %m v? and %kx2 are the kinetic energy
and the elastic potential energy. Their sum is the total mechanical energy.
Multiply mx” + kx = 0 by x’ and integrate to show that %mv2 + %kx2 = constant.

24. Let E = %mv2 + %kx2 = %m()c/)2 + %kx2. Show that if x is a solution of mx” +
8§x" +kx =0 with § > 0, then dd—lf < 0. Thus E is monotonically decreasing, so
that mechanical energy decreases in the presence of resistance.

In Exercises 25-30, find the general solution. (If the initial conditions are given, put
the solution in amplitude and phase form if possible.)

2

d“x
25. _dtz +7x=0.
26, 4% L o3 —0
. X =U.
dr?
d%x
dZ
28. d—t;‘—23x=o.
d%x dx
29, — =0, =2, —(0)=3.
9 12 +5x =0, x(0) 7 0)=3

30, 9% L or =0 0=7.%0)=5
. —+9%=0,x(0)=7, —(0) =5.
dr? dt

31. Consider an object moving in a circle of radius r, such that the angle 6 is steadily
increasing, % = constant. How many cycles per second does the object make?
Show that the x component of the object satisfies simple harmonic motion (22).
Show that fi—f equals the circular frequency.

32. Consider a mass m, constrained to move only horizontally, located between two
fixed walls a distance D apart and connected to two springs. The left spring has

length L1 and spring constant k1 while the right spring has length L, and spring
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Figure 2.5.9

constant kj. Let the position of the mass from the left wall be x, as illustrated in
figure 2.5.9. Set up one differential equation for the one mass (acted upon by two
forces).

2.5.3 Free Response with Friction (5 > 0)

Suppose now that friction is not negligible, so that the dynamics of the spring-mass
system in figure 2.5.4 are described by the differential equation
d*x dx
—4+6—+kx=0. 25
m— + P +kx (25)
Since the differential equation has constant coefficients, we may use the characteristic
equation of (25), mr? + 8r + k =0, which has the roots

b n 82 — dmk

2m 2m

. (26)

r =

There are three cases to consider, depending on whether 82 —dmk is negative, zero,
or positive. Since we have just discussed the § =0 (no friction) case, it is convenient
to think of the mass m and spring constant £ as fixed, and explain what happens as
the friction coefficient § increases.

Case 1: Underdamping (0 < § < «/4mk)

In this case, 8% — 4mk < 0. There is a pair of complex conjugate roots

) Vamk — 82
r=—a+fi, a=—, p=TET°% 7
2m 2m
so that the solutions of the differential equation mx” + 8x” + kx =0 are
x=e "% (c1 cos Bt + ¢ sin Bt), (28)

or, using (22),

x=e ¥ [c? 45 cos(Bt — ¢). (29)
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Figure 2.5.10 Underdamped oscillation.

This is a damped oscillation, known as underdamped (§ < ~/4mk). The solution
is graphed in figure 2.5.10. The sinusoidal function cos(Bt — ¢) varies between

1 and —1. Thus the solution stays between , /c% +c§e’“’ and —,/c% + c%e’“’. To
qualitatively sketch (29), first sketch \/c? + ¢3¢ and its negative —/c? + c5e .

The solution oscillates between these two curves, as shown in figure 2.5.10. For
underdamped oscillations, the term

2 2 —at
V] tce

is called the time-damped amplitude of the oscillation.
With friction the amplitude oscillates with a pseudo-(circular) frequency

Vamk =82

2m

IB:

This frequency can be related to the (circular) frequency (wo = +/k/m) at which the
spring-mass system would oscillate without damping:

The pseudofrequency of an underdamped oscillator is less than the natural frequency.
As the resistance § is increased, the pseudofrequency decreases (the period increases).
One experimental method of determining the damping constant § is by observ-
ing the exponential decay of the amplitude of the oscillation. Another method is to
compare the frequencies with and without damping.
For a given mass m and spring constant k, increasing the resistance § (but keeping
8 < +/4mk) has two effects. First, the oscillation is damped faster; that is, the time-

o

varying amplitude e =%’ , / C% + c% decreases faster. Second, the period of the oscillation

being damped, 277/ 8, increases (figure 2.5.10).
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Figure 2.5.11 Graph of (33) for § =0.1,0.25, 1, and 1.75.

Example 2.5.2 Underdamped Motion

A mass of 0.5 slug (weight of 16 1b) is suspended on a spring with a spring constant
of k =2 1b/ft. The damping is § 1b - s/ft. The mass is pulled down 1 ft. and released.
Describe and graph the motion for § =0.1, 0.25, 1, and 1.75.

o SOLUTION. The differential equation describing the motion is

! —dzx +46 dx +2 0 0)=1 "0)=0 30)
— —_ X = X = X == VU.
2 dt? dt ’ ’

The characteristic equation, which may be found by inspection or by substituting in

x=e"", of (30) is %rz + 8r +2 =0, which has roots r = —§ + i+/4 — §2, so that the
solution of the differential equation (30) is

x=e ™ [c1 cos(v4 —82t) + ¢ sin(\/4—82t)], 31)

which is underdamped if § < 2. The initial conditions imply that

1=x(0)=cy,

0=x"(0)=—68c; + V4 — 82¢cs.

Thus ¢ = 1, ¢ = 8(4 — 82)~1/2, and

= |:cos(\/ (Szt) + ———sin(v/4 32t)i| (32)

4- 52)1/2
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We shall rewrite (32) using (22). Now

- 8 >4
@4-8)12| 4-52"

Thus (32) is
2
_ 0t 2
x=e cos(vV4— 8%t —¢), (33)
V482
where
tanp =584 — %)~ 1/2.
The graphs of (33) for § =0.1, 0.25, 1, and 1.75 are shown in figure 2.5.11. ¢

Case 2: Overdamping (6 > ~/4mk)

In this case, called overdamping, the characteristic equation mr? +8r +k =0 for
the differential equation mx” 4+ 8x’ + kx = 0 has two distinct negative roots:

5, VP —dmk .
—— a
" 2m 2m
5 VT —dmk
f=—— - 2 T (34b)
2m 2m

(Note: r1 < 0 since v/82 — 4mk < V82 = §.) Thus the solution is
x=cre + e, (35)

Note that x — 0 as t — oo, since r{ <0 and r, <O0.

In general, for overdamped systems, depending on the initial conditions, the solu-
tion for x takes one of the three forms shown in figure 2.5.12, or their negative (see
Exercises 41, 42). Figure 2.5.12(a) results if the mass is initially moving away from
equilibrium (x = 0). The mass slows down and then returns toward the equilibrium. If
the mass is initially moving toward equilibrium, it either approaches the equilibrium
position [figure 2.5.12(b)] or, if the initial velocity is great enough, overshoots the
equilibrium and then returns toward the equilibrium position, as in figure 2.5.12(c).

Case 3: Critical Damping (6 = </4mk)

In this case, 82 — 4mk =0 and x = ¢’ with (26) shows that there is a repeated real root
r =—38/(2m). The general solution of the differential equation mx” + 8x" + kx =0
is then

—(8/2m)t

x=cje + cyte 0/2mt (36)
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(a) (b) (c)
Figure 2.5.12 Critically damped or overdamped.

The solution (36) for the critically damped case is different from that for the over-
damped case (35). However, depending on the values of ¢1, ¢3, the critically damped

solution (36) has a graph that has the same general shape as one of those given for
the overdamped case (see figure 2.5.12).

Example 2.5.3 Critical Damping

A device is being designed that can be modeled as a spring-mass system. The spring
constant is k = 10 g/s?, and the damping constant is § = 20 g/s.

a) Determine the mass so that the resulting spring-mass system will be critically
damped.

b) The mass is pulled down 5 cm from the rest position and released with a
downward velocity of 10 cm/s. Determine and solve the equations of motion.
Graph the resulting motion.

e SOLUTION

a) Critical damping occurs if 82 — rmk =0. That is, 400 — 40m = 0. Thus, the
desired mass is 10 g.
b) The equation of motion is

10x” 4+20x"+10x =0, x(0)=5, x'(0)=10. @37

Substituting x = ¢’?, we see the characteristic equation for (37) is
10r2 4+20r +10=0, or 10(r + 1)2 =0, which has a repeated real root of
r = —1. The general solution of 10x” + 20x" + 10x =0 is thus

x=cre ' +cate.
Applying the initial conditions in (37) to this general solution gives

5=x(0)=cy,
10=x"(0) = —cy +c».

Solve for ¢y, ¢ to get c; =5, ¢ = 15. Thus
x=5e¢""+15te,
which has a graph like that in figure 2.5.12(a). ¢
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It is important to note that for all three cases in which there is damping (6 > 0), we

have

lim x(z) =0.
—00

The importance of this is discussed in Section 2.7.

Exercises

In Exercises 33—40, set up the differential equation that describes the motion under the
assumptions of this section. Solve the differential equation. State whether the motion

of

the spring-mass system is harmonic, damped oscillation, critically damped, or

overdamped. If the motion is a damped oscillation, rewrite in the form (22).

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

The spring-mass system has an attached mass of 10 g. The spring constant is
30 g/s?. A dashpot mechanism is attached, which has a damping coefficient of
40 g/s. The mass is pulled down and released. At time r =0, the mass is 3 cm
below the rest position and moving upward at 5 cm/s.

A long spring has a mass of 1 slug attached to it. The spring stretches 16/13 ft
and comes to rest. The damping coefficient is 2 slug/s. The mass is subjected to
an impulsive force at time # = 0, which imparts a velocity of 5 ft/s downward.
A mass of 1 gis attached to a spring-mass system for which friction is negligible.
The spring stretches 20 cm and comes to rest. The mass is pulled down 1 cm from
rest and released with a velocity of 7 cm/s downward.

A spring system has an attached mass of 1 g, a spring coefficient of 5 g/s?, and
a damping coefficient of 4 g/s. The mass is pushed upward 1 cm from the rest
position and released with a velocity of 3 cm/s downward.

A spring with spring constant k = 12 slug/s> has a mass attached that stretches
the spring 2% ft. The damping coefficient is 7 slug/s. The mass is pushed 1 ft
above the rest position and then released with a velocity of 1 ft/s downward.

A long spring with spring constant k = 8 g/s> has a mass attached that stretches
the spring 245 cm. The damping coefficient is § = 8 g/s. At time ¢ =0, the mass
is at the equilibrium position and has a velocity of 3 cm/s downward.

A spring-mass system has a spring with spring constant k = 5 g/s?, attached mass
of m =1 g, and a friction coefficient of § =4 g/s. The mass is pulled 2 cm below
the equilibrium position and released.

A spring-mass system has a spring constant of k = 1 1b/ft, a damping coefficient
of 2 slug/s, and an attached mass of 1 slug. The mass is pushed upward and
released 1 ft above the equilibrium position with a velocity of 1 ft/s upward.
Show that in the case of critical damping, § =+/4mk, the mass may change
direction at most once (the general solution (36) has at most one horizontal
tangent).

Show that in the case of overdamping, the mass can change direction at most
once.

Suppose § > 0, k > 0 are fixed. Describe how varying the mass affects whether
the motion is a damped oscillation, overdamped, or critically damped.
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44.

45.

Suppose a 1-slug mass is attached to a spring with spring constant 400 1b/ft.
Determine the damping coefficient if underdamped oscillations are observed with
frequenzy 3 Hz.

Suppose a spring-mass system with a 1-slug mass is known to vibrate at 5 Hz
without damping but only at 4 Hz when underdamped. Determine the damping
coefficient.

For Exercises 4655, solve the differential equation and state whether the correspond-
ing motion is underdamped, overdamped, or critically damped.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

dx  sdx g
— — +3x=0.
dr? dt

d%x dx

2— +4—+3x=0.
dr? + dt +ox

2

d%x dx
2— 4+ V48— +3x=0.
dt? + dt +ox

Consider a spring-mass system with critical damping. Suppose that x(0) =1,
x"(0) =wvg. For what values of vy will the solution look like (a), (b), (c) of
Figure 2.5.127 (Hint: The time of alocal maximum or minimum must be positive.)
Consider an overdamped spring-mass system. Suppose that x(0) = 1, x’(0) = vo.
Find a formula for the time of a local maximum or minimum, assuming that one
exists.

Exercises 5861 illustrate a general fact but are given only for m =1, k=1. For
Exercises 58 and 59, let x( be the solution of

X +8x +x=0, x(0)=1,x"0)=—1 (38)

for a given 8. Note that v/4mk = /4 =2.

58.

Solve (38) for 0 < § <2 and § = 2. Show that

lim xs5(¢) =x2(¢t) forallz>0.
§—>2~

This shows that as the damping coefficient approaches critical damping, the
damped oscillation approaches the critical damping solution.
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59. Solve (38) for 2 < § and § =2. Show that
lim xs5(¢) =xp(¢t) forallz>0.
§—2+

This shows that the overdamped solution approaches the critical damping

solution.
For Exercises 60 and 61, let x5 be the solution of

x"4+686x'+x=0, x(0)=0,x'0)=1. (39)

60. Solve (39) for 0 <§ <2 and § =2. Show that

lim xs5(¢) =xp(t) forallz>0.
§—>2~

61. Solve (39) for § > 2 and § =2. Show that

lim x5(t) =x,(¢t) forall z>0.
§—27F

62. (Requires computer with fairly good graphic capabilities) Illustrate the limits
in Exercises 58—61 by graphing xs for several values of § on the same graph.
For example, in Exercise 58 you might take § =2 — % or §=2— n% for n=
1,2,3,..., and plot on an interval of, say, 0 <t <5 (see figure 2.5.11).

The Method of Undetermined Coefficients

As pointed out in Section 2.1, the general solution of
ax" (1) +bx'(t) +cx(t) = f (1),

where a, b, ¢ are constants and a # 0, may be written in the form x =x, +cix; +
caxp, where x1, xp are solutions of the associated homogeneous equation ax” +
bx" 4+ cx =0and x,, is a particular solution of ax” + bx" 4+ cx = f. The homogeneous
equation was solved in Section 2.4. Two methods for finding the particular solution
xp will be given in this chapter. The method of undetermined coefficients will be
developed in this section. The method of variation of parameters will be discussed
Sections 2.10 and 2.11.

Method of Undetermined Coefficients

The method of undetermined coefficients is used to find a particular solution for a
linear differential equation with constant coefficients,

ax”" +bx' +cx = f (1), (1)
where a, b, ¢ are constant coefficients and f(¢) is one of the following:
. f(t) =polynomial;
. f(r) = exponential = ¢*’;
. f(t) =sinusoid = sin B¢ or cos ft;

. f () =products of 1, 2, 3;
. f(t) =linear combinations of 1, 2, 3, 4 (using superposition, see (23)).

O R N R
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Slightly different procedures are used in the method of undetermined coefficients to
find a particular solution depending on the type of forcing function. We begin by con-
sidering when f () involves polynomials or exponentials. Proofs will not be given in
this section. The basic understanding of this technique will be gained from examples.

FIRST STEP. The first step using undetermined coefficients is always the same: ana-
lyze solutions of the associated homogeneous equation. Determine the characteristic
equation and all roots (including the multiplicity of roots).

SECOND STEP. The second step depends on f(¢). For example,

If £(z) in (1) is an exponential, ¢*’, times an m th-degree
polynomial

f () =e"" (polynomial of degree m), then x, is of the form
xp=e"tF Ao+ Art+ -+ Apt™),
for appropriate constants Ao, ..., Ay, where k is the multi-

plicity of r = ¢ as a root of the characteristic equation of the
homogeneous differential equation.

2)

The degree of the polynomial in the particular solution is the same as the degree of
the polynomial in the forcing function f(¢) if e’ is not a homogeneous solution (that
is, r =« is not a root of the characteristic equation). The degree of the polynomial
in the particular solution is increased by the number of times r =« is a root of the
characteristic equation.

The equation (2) gives the form of the particular solution. The A; are called unde-
termined coefficients and may be determined by substituting the form (2) into the
differential equation (1). This method as described by (2), is valid for first-order equa-
tions, and it generalizes the simple examples discussed in Section 1.6. The method
of undetermined coefficients is also valid with no alterations for finding a particular
solution of higher-order constant coefficient linear differential equations. With minor
modifications (2) can be used for all seven cases we now consider.

Case 1: Polynomial Forcing

A special case of (2) occurs if the forcing equation f(¢) is just a polynomial. This
corresponds to o = 0. If the forcing function is a polynomial, then a particular solu-
tion is also a polynomial (of possibly larger degree). The degree of the particular
solution is the same as the degree of the polynomial forcing if » =0 is not a root of
the characteristic equation. The degree of the particular solution is increased by the
number of times =0 is a root of the characteristic equation. To be more precise

If () in (1) is an mth-degree polynomial, then x, is of the form
xp=t"(Ag+ Art + -+ Apt™), 3)

where k is the multiplicity of » = 0 as a root of the characteristic
equation.
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Example 2.6.1 Polynomial Forcing (r =0 is not a root)

Find the general solution of
X =3x" +2x =212 +1. 4)

® SOLUTION. The characteristic equation rP2—3r42=0r—-2)r—1)=0 has
roots 7 = 1 and r = 2. Thus x;, = c1e’ + c2e? . Here f () =2t*> + 1 is a second-degree
polynomial. Thus x, has the form t*(Ag+ A1t + A2t?). r =0 is not a root of the
characteristic equation, so k =0 and we have

Xp=Ag+ At + Axt?. Q)
Substituting this expression for x in the differential equation (4), we get
(Ao+ A11+ AxtY) —3(Ao+ A1t + Art2) +2(Ag+ A1t + Art2) =212 + 1
or
2A7 —3A; — 6Axt +2A0 +2A 11 +2A2> =217+ 1.
Equating coefficients of like powers of 7 gives

1: 2A,—3A1+2Ap=1,
t: —6A;+2A1 =0,
12 242 =2,

which has the solution Ag =4, A; =3, Ay =1. Thus the particular solution is
xp=4+3t+ 2, and the general solution is

x:xp+xh=4+3t+t2+clet+czezl. ¢

Example 2.6.2 Polynomial Forcing (r =0 is a root)
Suppose that you were solving the differential equation
X =3 =202+ 1 (6)

using the method of undetermined coefficients. Give the form of the particular solution
that you would use.

® SOLUTION. The characteristic equation r2—3r=(r—3)r=0 has roots r =0
and r = 3. Thus x;, = ¢] 4 c2¢3'. Here f@)= 2t 4 lisa second-degree polynomial.
Thus x, has the form t*(Ag + A1t + Ast?). Here r =0 is a root of the characteristic
equation of multiplicity 1, so k =1 and we have

xp=1(Ag+ A1t + Aat?) = Aot + A11* + Art>. (7)
¢

It is important to note that in (4) and (6) we had identical right-hand sides
f(t)=21>+1, but different forms (5) and (7) for x p- To get the correct form for
X, one has to look at not only the forcing term but also the roots of the characteristic
equation. We shall give a physical application of this later in this chapter.
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Case 2: Exponential Forcing

A special case of (2) occurs if the forcing function f(¢) is just a constant times e*’. The
constant corresponds to a zero-degree polynomial, m = 0. If the forcing function is
this type of exponential, then the form of a partcular solution is a similar exponential
Xp= Ae® if e*' is not a homogeneous solution (i.e., if ¥ =« is not a root of the
characteristic equation). The form of a particular solution is the same exponential
multiplied by a polynomial whose degree is increased (from m = 0) by the number
of times r =« is a root of the characteristic equation. To be more precise,

If £(z) in (1) is a constant times e*', then X has the form
S — Atke® 3)

where k is the multiplicity of » = « as a root of the characteristic
equation.

Example 2.6.3 Exponential Forcing (r = « is not a root)
Find a particular solution of
x'+x=e". 9)
e SOLUTION. By substituting x = ¢’ into the homogeneous differential equation

or by inspection, we see the characteristic equation is 7> + 1 =0, which has roots
r=iand r =—i. Here f(t)=e"" is an exponential. By (8), x, = Atke™", where k

is the number of times r = o = —1 is a root of the characteristic equation > + 1 =0.
Since r = —1 is not a root, we have k =0 and
Xp= Ae".

Substituting this form for x, into (9) gives
(Ae ™)'+ Ae " =3¢,
Differentiating and simplifying gives 2A = 3, so thatx, = %e” is a particular solution
of (9). ¢
Example 2.6.4 Exponential Forcing (r =« is a root)
Find a particular solution of

x"—x=3e"". (10)

® SOLUTION. The characteristic equation is r2 —1=0, which has roots r = 1, —1.
Here f (1) =3e™" is an exponential. By (8), x, = Atke™" | where k is the number of
times o = —1 is a root of the characteristic equation r2— 1, Since r = —1 1is a root
once, we have k =1 and

_ —t
Xp=Ate .
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Substituting this form for x, into (10) gives
(Ate ™) — Ate " =3¢,
Differentiating once,
Ale™" —te ") — Ate™" =3¢,
and a second time gives
A(=2e " +te™) — Ate” =3¢,

Thete™" terms cancel. Simplifying gives —2A =3, sothatx,, = — %te_’ is a particular

solution of (10). ¢

Again note that both (9) and (10) had the same forcing function f (), but different
forms for x, because of the different homogeneous equations. This points out the
important fact:

In general, the form for x, cannot be determined by looking only at the
forcing function f. The solution of the homogeneous equation (roots of
the characteristic equation) must also be considered.

In the examples to follow, we shall make frequent use of the principle of super-
position (see (23))

If f(#)=f1(t)+---+ fi(¢), then there is a particular solution
of the form obtained by adding up the forms of the particular (11
solutions for each f;(z).

Also, in many of the examples we shall merely determine the form for x, and not
actually find the constants in the form.

Case 3: Exponential times Polynomial Forcing

We give examples of the general case of (2).
Example 2.6.5 Superposition
Give the form for x, if
x/’—x/:t3+t+e2’—2tem

is to be solved by the method of undetermined coefficients.

@ SOLUTION. The characteristic equation is 2> — r = r(r — 1) =0, which has the
roots r =0, 1, so that x;, = ¢| + cze’. The forcing term is

f=@+n+0 =20 .
—— —————

The first term is a third-degree polynomial. Since r = 0 is a root of multiplicity 1 of the
characteristic equation (Case 1), x, must include a term of the form tk(Ao + At +
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art? + A3t3) with k = 1. The second term is of the form p(t)e®’, where p(t) =1 — 2t
is a first-degree polynomial and o = 1. Since r =1 is not a root of the characteristic
equation, by (2) x, must include a term of the form x¥(A4 + Ast)e* with k = 0. Thus
xp has the form

Xp=1(Ag+ At + Axt® + A3t?) + (Ag + Ast)e?. ¢

Example 2.6.6 Exponential times Polynomial Forcing (r =« is a root)
Give the form for x, if
x" =2x +x="Tte

is to be solved by the method of undetermined coefficients.

® SOLUTION. The characteristic equation is r2—2r+ 1= —1)2=0 has a root
r = 1 of multiplicity 2. Thus xj, = c1e’ + cate’. The forcing term is of the form p(r)e*?,
where p(t) =7t is a first-degree polynomial and r =« = 1. Since r =1 is a root of
multiplicity 2, by (2) with k =2, m =1, the form for x,, is

xp =12 (Ao + Ar)e’. ¢
The method of undetermined coefficients works for any order linear constant coeffi-

cient differential equation as long as the forcing term has the correct types of functions.
That is, the forcing terms are all of the form described in this Section.

Example 2.6.7 Third-Order Example

Find the form of the general solution of
x” —6x" +12x" —8x =te*. (12)

@ SOLUTION. First we need to solve the associated homogeneous equation
x" —6x"+12x" —8x =0.

The characteristic equation is P —6r24+12r—8=(r—2)>=0, sothat r =2 is a
root of multiplicity 3. A fundamental set of solutions for the associated homogeneous
equation is {e*, re*, 12}, so that xj, = c1e? + cate® + c3t?e* . The forcing term
is f(t)=te?*. By (2) with @ =2, m = 1, x, must include t*[A¢ + A t]e*, where k
is the multiplicity of 2 as a root of the characteristic equation. Thus k =3 and x, is
in the form

Xp =t3[A() +A1t]62t = A0t362t +A1t4€2t.

The general solution is x =x,, + xp. ¢

Case 4: Sinusoidal Forcing

If the forcing figure is sinusoidal, f () = E| cos Bt + E3 sin B¢, we think of the forc-
ing being a linear combination of the complex exponentials. Then, according to (8)
(which is a special case of (2)), the particular solution should involve the same expo-
nentials e*#’ which are equivalent to a linear combination of cos ¢ and sin fr.
Of course, this should be multiplied by a power of ¢ if r ==+8i are roots of the
characteristic equation. To be more precise,



148 Chapter 2

If f(¢) = E; cos Bt + E; sin Bt in (1), then x, has the form
xp =1*(A cos Bt + Bsin 1), (13)

where k is the multiplicity of » = i as a root of the characteristic
equation.

Example 2.6.8 Sinusoidal Forcing (r =i is not a root)

Give the form for x, if
x"+2x" +2x =3¢ +4cost. (14)

is to be solved by the method of undetermined coefficients.

® SOLUTION. The characteristic equationis 7> 4 2r +2 =0.Itsrootsare r = —1 +i
andr =—1—i.Thusx, =cje™" cost + coe~" sinz. Now we will determine x,. Note
that f isasum of two terms, 3¢~ and 4 cos ¢. Since — 1 is not a root of the characteristic
equation, Case 2 says that x , includes a term of the form A; e~ !. Now consider 4 cos .
Since i is not a root of the characteristic equation, Case 4 with 8 =1 says that x,
includes terms of the form A, cost + B sint. Thus

xp,=Aje”" + Aycost + By sint

for some constants Ay, Az, Ba. ¢

This example emphasizes another common source of errors:

Even though only cos Bt appeared in the forcing term f, the form for x,,
may require both t* A cos Bt and t* B sin Bt.

It can be proved, using properties of linear independence and the Wronskian, that

Ifa, b, c are constants and f is the type of function described in the method
of undetermined coefficients, then the method always works (perhaps
messily). In particular, if the equations for the undetermined constants
are not consistent (don’t have a solution), then an error has been made.

Example 2.6.9 Sinusoidal Forcing (r =i is a root)
Give the form for x, if
x" 4 4x =sin 2t

is to be solved by the method of undetermined coefficients.

® SOLUTION. The characteristic equation is r2 +4 =0, whose roots are r = Bi=
42i. Thus x; = c1 cos 2t + ¢> sin 2¢. The forcing term sin 2¢ is sin ¢, where 8 =2.
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Since r = Bi is a root of the characteristic equation of multiplicity 1, we have k =1,
and by Case 4 the form of the particular solution is

xp =t[Acos2t+ Bsin2t]. ¢

Case 5: Polynomial times Sinusoidal Forcing

If the forcing function is a polynomial times a sinusoidal forcing function, the sinu-
soidal function is treated as a complex exponential as in the previous case. To be more
precise,

If f(t) = p(¢) cos Bt + q(t) sin Bt in (1), where p(¢) is an
mth-degree polynomial and ¢ (¢) an nth-degree polynomial,
then x, has the form
xp =t [(Ag+ A1t + - -+ Ayt*) cos Bt
+ (Bo+ Bt + - - - + Byt®) sin Bt],
where k is the multiplicity of » = i as a root of the characteristic
equation and s is the larger of m, n.

5)

Example 2.6.10 Polynomial times Sinusoidal Forcing (r =iB is a root)
Give the form for x, if
x” +4x =12 cos 2t — t sin 2¢ + sin 2t =% cos 2t + (1 — ) sin 2¢

is to be solved by the method of undetermined coefficients.

@ SOLUTION. The characteristic equation 7> +4=0 has roots +2i and thus
Xp =c1 cos 2t + ¢3 sin 2¢. The forcing term is of the form

p(t)cos Bt +¢q(t)sin Bt,

where p(f) =12 is a second-degree polynomial, ¢(f) =1 — is a first-degree poly-
nomial, and B8 =2. Since r =i =2i is a root of the characteristic equation of
multiplicity 1 by Case 5, with k =1, we have

xp =1[(A1 + A1t + Ast?) cos 2t + (Bo + Byt + Bat?) sin 21]. ¢

Example 2.6.11 Fourth-Order Example

Give the form for x, if
"

x"" +8x" +16x =tsint + 1% cos 2t (16)

is to be solved by the method of undetermined coefficients.

@ SOLUTION. First we solve the associated homogeneous equation

x"" 4+ 8x" +16x =0.
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The characteristic equation is r* 4 87% 4+ 16 = (r> +4)? =0 and has repeated com-
plex roots r = 42i, +2i. A fundamental set of solutions for the associated homo-
geneous equation is thus

{sin 2¢, cos 2t, t sin 2¢, t cos 2t }.
Now we find the form for x,. Consider the forcing function

f:tsint+t20052t.

By (15), the 7 sin ¢ term implies that x,, includes
t1[(Ag+ A1) sint + (B + Bit) cost], (17)

with k| =0, since r = is not a root of the characteristic equation. The 72 cos 2¢ term
implies that x,, includes

t*2[(As + Ast + Aut?) sin 2t + (Ba + Bt + Bat?) cos 21], (18)

with k» =2, since r = 2i has multiplicity 2 as a root of the characteristic equation. In
actually using (17) and (18), one may add (17) and (18) to get the form for x,, substi-
tute into the original differential equation (16), and solve for Ay, ..., A4, Bo, ..., Ba.
Alternatively, one could use (17) to find a particular solution of

x"" +8x" +16x =tsint,
and then use (18) to find a particular solution of
x4+ 8x" + 16x =12 cos 2t.

Adding these two particular solutions (17) and (18) gives, by the superposition prin-
ciple, a solution of x”” + 8x” + 16x =1 sin r + % cos 2¢ as desired. ¢

Case 6: Exponential Times Sinusoidal Forcing

If the forcing function is an exponential times a sinusoid, f(t) = Eje* cos Bt +
E»e*" sin Bt, we think of the forcing as a linear combination of the complex expo-
nentials e@*AD! Then, according to (8) (which is a special case of (2)), the particular
solution should involve the same exponentials e **#)! which are equivalent to a lin-
ear combination of e% cos 8t and ¢’ sin Bt. Of course, this should be multiplied by
apower of 7 if r =« £ i are roots of the characteristic equation. To be more precise,

If (1) = E1e* cos Bt + Exe* sin Bt in (1), then x, has the form
xp =1X(Ae® cos ft + Be®' sin Br), 19)

where k is the multiplicity of » = « + Bi as a root of the charac-
teristic equation.
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Example 2.6.12 Exponential times Sinusoidal Forcing (r = a + if is a root)

Give the form for x, if
x"+2x" +2x=5¢""cost

is to be solved by the method of undetermined coefficients.

® SOLUTION. The characteristic equation is r2+2r +2=0, which has roots
r=—1=+1, so that

xp=cre ' cost+cre " sint.

The forcing term is of the form e¢*’ cos ft, where« = —1, B=1.Since r = —1+1i is
aroot of the characteristic equation of multiplicity 1, by Case 6, with k = 1, the form
of the particular solution is

xp=t(Ae"" cost + Be ' sint). ¢

Example 2.6.13 Superposition (see (23))

Give the form for x, if
X" +2x +2x=e""cos2t +e "sin2t+e ' —3cost (20)

is to be solved by undetermined coefficients.

e SOLUTION. Equation (20) has the same characteristic equation as Example 2.6.12,

so the roots are r = —1 £ i. The forcing term in (20) is the sum of three groups of
terms:
e 'cos2t+e'sin2t: since r =—1 4 2i is not a root, we
include Age™" cos 2t + Boe ™! sin2t, by Case 6.
e !: since r =—1 is not a root, we include

Aze™", by Case 2.
—3cost: sincer =i is not a root, we include
Ajcost+ Bysint, by Case 4.

Thus the form for x, is

xp=Age " cos2t + Bype ' sin2t + A cost + By sint + Aze ™. ¢

Case 7: Polynomial times Exponential times Sinusoid Forcing

If the forcing function is a polynomial times an exponential times a sinusoidal func-
tion, then the exponential times the sinusoidal function is treated as a complex
exponential as in the previous case. To be more precise,
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If £(z) = p(t)e® cos Bt + q(t)e™ sin Bt is in (1), where p(t) is
an m th-degree polynomial and ¢ () is an nth-degree polynomial,
then x,, has the form
Xp= tk[(Ao F A4+ AgrS)e® cos Bt
+ (Ao + Art +-- -+ Agt*)e™ sin Bt],
where £ is the multiplicity of » =« + Si as a root of the charac-
teristic equation and s is the larger of m, n.

ey

This case is actually the general case. It includes all the previous cases for appropriate
choices of «, 8, m, n.

Example 2.6.14 Polynomial times Exponential times Sinusoidal Forcing (r =a +if is
not a root)

Give the form for x, if

x"+3x +2x =te " cos2t

is to be solved by the method of undetermined coefficients.

® SOLUTION. The characteristic equation is 72+ 3r +2=(r + 1)(r +2) =0, so
the roots are r = —1 and r = —2. Thus, two independent homogeneous solutions
are e~ and e, The forcing term is in the form p(r)e* cos Bt, where p(t) =t is
a first-degree polynomial and o 4 i = —1+ 2i. Since —1 4-2i is not a root of the
characteristic equation, from Case 7 (with k = 0), the form of x, is

xp=(Ao+ Ait)e”" cos2t + (By+ Bit)e " sin2z. ¢

Example 2.6.15 Polynomial Times Exponential Times Sinusoidal Forcing (r =« +ip is
a root)

Give the form for x, if
x4 2x" +5x =3¢ sin 2t

is to be solved by the method of undetermined coefficients.

@ SOLUTION. The characteristic equation is r>+2r+5=0, and its roots are
r =—12i. Thus, the two independent homogeneous solutions are e~! cos 2¢ and
e~ sin 2t. The forcing term is in the form p(z)e® sin Bt, where p(t) = £3 is a third-
degree polynomial and r =« 4 i = —1+2i. Since » =—142i is a root of the
characteristic equation of multiplicity 1, from Case 7 (with k = 1), the form of x, is

xp=1(Ag+ A1t + Aat® + Astd)e ™" cos 2t
+1(Ag+ At + Axt? + Azt)e ' sin2t. ¢
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When initial conditions are present and the forcing function is nonzero, it
is important to remember to apply the initial conditions to the general solution
Xp + c1x1 + c2x2 and not just to x, = c1x1 + c2x2.

Example 2.6.16 Initial Value Problem

Solve

x"—x=3e"", x(0)=0, x'(0)=1I. (22)

e SOLUTION. First we must find the general solution of x”” — x =3e~’. In Exam-
ple 2.6 we found that x, = —%te”, and the characteristic equation r2 —1=0 has
roots 7 = 1, —1. Thus the general solution is

3 —t t —t
x:—ite +cre +cre .

In order to apply the initial conditions, we compute

3 3
x'= —Eeft + Eteft +cret —cre .

The initial conditions then give
0=x0)=c1+c2,

3
1=x'(0)= ) +c1—ca.

Solving for ¢y, c; yields ¢ = %, = —?—P and the solution of (22) is

3 5 5
x:—iteft—i—é—let—ze*’. ¢

Method of Undetermined Coelfficients

In summary, the method of undetermined coefficients can be used on ax” + bx’ +
cx = fif a, b, c are constants and f is a linear combination of functions of the form

t"e% cos Bt,  t™e* sin Bt,
where m is a nonnegative integer and «, 8 are real numbers. Special cases are
" "e® e e cos Bt, ! sin Bt, t™ cos Bt, t" sin Bt.
The method is as follows.
1. First solve the associated homogeneous equation
" /
ax" +bx"+cx=0.

2. Determine x, as a linear combination of functions with unknown coefficients
using the following rules.
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TABLE 2.6.1
k is the
multiplicity
Case  f includes summands of form Xp then includes of the root
1. p(t), mth-degree polynomial ~ X(Ag+ Ayt + -+ Apt™) r=0
2. Ee! ket r=a
3. pme” K(Ag+ A1t +- -+ Apt™) r=a
p(t), mth-degree polynomial
4. Ej cos Bt + E; sin Bt t*(A cos Bt + B sin Bt) r=Bi
(One of Eq, E> may be zero)
5. p(1) cos Bt +q(z) sin Bt tK[(Ag+ Ayt + - -+ Agt5) cos Bt
p(t), mth-degree polynomial +(Bg+ Byt +-- -+ Bgt¥) sin Bt r=pi
q(t), nth-degree polynomial s = larger of m, n
6. E1e* cosBt + Eye™ sin Bt tk(Ae™ cos Bt + Be®! sin Bt) r=a+Bi
7. p(0)e cos Bt +q(t)e® sin i tK[(Ag+ Ayt +- - -+ Agt5)e® cos Bt
p(t), mth-degree polynomial +(By+ Byt +---+Bst%)eY sinft r=a+pi

q (1), nth-degree polynomial

s = larger of m, n

Rule 1.

Rule 2.

If £ includes a sum of terms of the form p(t)e®’, where p(z) is an
mth-degree polynomial, then the form for x, should include

FlAG+ ALt + -+ Apt™ e,

where k is the multiplicity of » =« as a root of the characteristic
equation ar? + br 4 ¢ =0.
If f includes a sum of terms in the form

p(t)e* cos Bt 4+ q(t)e™ sin Bt,

where p(t) is an mth-degree polynomial and g (¢) is an nth-degree
polynomial, then the form for x, should include

t*[Ag+ At + - - -+ Agt*1e™ cos Bt
+t*[By+ Bit + - - -+ Byt*1e* sin ft,

where s is the larger of m and n and k is the multiplicity of
r=a + Bi as a root of the characteristic equation ar? + br + ¢ =0.

. Substitute the expression for x, into the differential equation ax” + bx’ +

cx = f to determine the unknown coefficients A;, B;.
4. The general solution of ax” 4 bx’ +cx = f is x = xp + xp,.
5. Apply any conditions to x, + xj in order to determine arbitrary constants.

Note that if f(¢z) includes terms like Int, t135int, tant, then undetermined
coefficients will not generally work.
In Table 2.6.1, E, E| and E; are constants.
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The Superposition Principle

The superposition principle for linear differential equations says that

If xp is a particular solution of ax” + bx’ + cx = fi and x,»
is a particular solution of ax” + bx" +cx = f», then x,1 + x,2 (23)
is a particular solution of ax” + bx" +cx = fi + f>.

Intuitively, the superposition principle means that the response (output) that results
from the sum (superposition) of two forcing terms (inputs) is the sum of the responses
from each forcing term. In applications, knowing whether our device or physical
problem acts in this manner is a key factor in deciding whether linear equations can
be used to analyze the problem.

Exercises

In Exercises 1-12, state whether the method of undetermined coefficients can be
applied to the differential equation. If it cannot, explain why not.

—_—

. x"+x=tsint.
x4+ 3x=1t"2sint.
X+ x=12+t+Inlt|.
x"+x=etl
sint

X' x="
cost

x" 4+x"+x =cosht.
X+ ix =36,

x" 4+ x =tsinh 2t.
X'+ x=t"1e.

2

© @ N U AW

_.
e

x"4+xx'=e
. x" 4+ 3x =e"% cos 3¢ + sinh 3¢.
12. x” +3x" +4x =sin’ 1.

—_
—_

In Exercises 13-52, solve the differential equation using the method of undetermined
coefficients. If no initial conditions are given, give the general solution.

13. x" +9x=1>+6.

14. x" —dx =12+ 171

15. x" 4+ 8x' =Tt +11.

16. x”" —7x' =5t - 3.

17. x" =7x' 4+ 12x =5¢%, x(0) =1, x’(0) = 0.
18. x" 4+ 7x + 12x =2, x(0) =0, x'(0) =2.
19. x” —3x" +2x =2¢'.

20. x" 4 4x =3e*.

21. x" —2x' +5x =4é.
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22. x" 4+2x"+5x =3e".

23. x" —9x =5e7 .

24, x" —3x'+2x =2e".

25. x" +2x' 4+ 5x =3sint, x(0) =1, x’(0) = 1.
26. x” +9x =5cost, x(0) =0, x’(0) =0.

27. x” 4+ 9x =4sin 3t.

28. x4+ x'+x=3e".

29. x4+ x =cos2t,x(0) =0, x'(0) =2.

30, x” +4x' +8x =12+ 1, x(0) =0, x'(0) =0.
31. x"" —4x =te’.

32. x" —4x' +3x =te*.

33. x"" —4x' +3x =te'.

34. x/ —Tx' +12x = (t + 5)e™.

35. x4+ 16x =3 cos 4.

36. x” +x =sint.

37. x"" —2x' 4+ 5x =e cos 3t.

38. x" 4+2x" +x =3¢, x(0)=0, x'(0) =2.

39. X/ +4x' =122+ €, x(0) =1, x'(0) = 1.
40. x” +x' +x =cos 2t.

41. x" +2x' +x =3e7".

42, x" 4+2x" +x=3te”! + 271,

43. x" —4x' +4x =te' —e' + 267,

44. x" —5x" +4x =17sint +3e*.

45. x" +5x" +4x =812 +3 4+ 2 cos 2t.

46. x' +x=2e"".

47. x' +3x=1*+1.

48. x' —x =sint.

49. x” +4x =sin2t.

50. 2x' +4x =t.

51. 3x' —2x =te'.

52. x' —3x=eé'sint.

In Exercises 53-96, give the form for x, if the method of undetermined coefficients
were to be used. You need not actually compute x,.
53. x" —5x" +6x =13 +73 + 4.

54, x" 4+ 5x" +6x =14 +312+7.

55. x" +9x' =13,

56. x" —9x' =3¢3 + 22 +1 +11.

57. x" +5x" +6x =5¢%.

58. x” —5x’ +6x =6,

59. x" —4x =5¢¥.
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60. x" 4+ 7x' +12x =5e~ 3.

61. x” +6x' +9x=e¢ .

62. x" —8x' + 16x =e*.

63. x"" +2x' +x =11,

64. x"" —2x' +x=t%".

65. x"" —7x' +12x =13

66. x"" —16x" = (13 + 312+ T)e ™.

67. x” —6x' +9x =1

68. X" +2x' —3x=13¢' —e +e 2 4,
69. x” +3x" —10x =12 + &'

70. x” —6x’ +5x = + 127,

71. x”" +5x" =cos 5t.

72. x” —25x =sin 5¢.

73. x" —Tx" + 12x =12 sin 4¢.

74. x" +3x" —10x =12 cos .

75. x” 4+25x = cos 5t.

76. x” +9x = 1% sin 3¢ + cos 2t.

77. x"” —2x' +5x =3e sin 2t.

78. x" +2x' +5x =5e7! cos 3t.

79. x"" +9x =te ! sin2t.

80. x” —x =t%e' cost.

81. x” +2x"+2x =1%¢' sint.

82. x” +2x" +2x =3t%e" cos 2t +te ! sin 2t.
83. x"" +2x'+2x=e""cost+ e sint.

84. x"" +2x'+2x=e""sint +cost.

85. x" —x=e"" —e' + e cost.
86. x" +x=e"" —e' +e' cost.

87. x" 4+ 16x =t cosdt +e " sindt + 3¢~ 4,
88. x” +2x' +2x =1%e¢"" cost.

89. x” —2x'+2x =3¢ 'sint +¢' cost.
90. x" —2x" +x =1%e' sin 3t.

91. x” +2x' +x =te' sin 3t + ¢’ cos 3t.

92. x" +2x'+2x=te 'sint.

93. x” +4x’ +8x =12~ sin 2t + te~% cos 2t.
94. x" +4x' +8x =te > cost.

95. x" +4x" + 13x =3¢~ sin 3t.

96. x" +4x’ +13x =te' sin 3¢.

97. Consider the differential equation x” =13 4 7t — 2.
a) Find the form of a particular solution using the method of undetermined
coefficients.
b) Find the particular solution by integration.



158 Chapter 2

98. In thisexercise, we will show that the method of undetermined coefficients is valid
for forcing functions that are an exponential times a polynomial if the method has
been proved for polynomials. We assume that if p(¢) is an mth-degree polynomial,
then there is a particular solution in the form

xp ZQ(I)s

where g (¢) is a polynomial of degree m if r =0 is not a root of the characteristic
equation, g (t) is degree m + 1 if r =0 is a root one time, and ¢ (¢) has degree
m + 2 if r =0 is a double root. Suppose

ax”" +bx' +cx=e*"p(t), (24)

where p(t) is an mth-degree polynomial.
a) Use the change of variables, x = ¢%'v, to show that

av” + (2ac + b)v' + (aa® + baa + c)v = p(1).

b) Show that there is a particular solution for v(#) that is a polynomial whose degree
depends on the number of times » =« is a root of the characteristic equation
for (24).

As noted in Examples 2.6.7 and 2.6.11, the method of undetermined coefficients can
be applied to equations of order different from two with no changes. In Exercises
99-108, solve the differential equation by the method of undetermined coefficients.
If no initial conditions are given, give the general solution.

99. x"” —3x" +3x' —x =¢€*.

100. x” —3x" +3x' —x=e¢'.

101. x” — x' =sint.

102. x"" —25x" 4+ 144x =12 — 1.

103. x” +x'=3+2cost, x(0) =x'(0) =x"(0) =0.

104, x"" —x=2e3 —¢'.

105. x™" —16x =5te’.

106. x"""" + 4x" + 4x = cos 2t.

107. x"" —5x" +4x = — &,

108. x”" +x"" —6x" =72t + 24, x(0) =0, x'(0) =0, x”"(0) = —6, x""(0) = —57.

In Exercises 109-116, give the form for x, that you would use to find a particular
solution by the method of undetermined coefficients. Do not actually solve for x .
109. x” —3x" 4+ 3x" —x =1%e! — 3¢,

110. x”" +2x" + x =tsint.

111, X" —4x" 4+ 6x" —4x' +x =13¢' + 127",

112. x”" +5x" +4x =sin t + cos 2t + sin 3t.

113. x4 2x" +2x’ =3¢ cost.

114, x" 4+ 2x" 4+ 2x" =t%e¢~" cost —te ' sint.

115. x"”" +4x"" 4+ 8x" +8x" +4x =Te " cost.

116, x”" —2x" 4+ x =te' +1t2e™ 4+ 2.
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2.7 Mechanical Vibrations Il: Forced Response

In Section 2.5 we carefully examined the free response of a spring-mass system.
In this section we investigate what happens when an additional external force f (),
which depends only on the time ¢, is applied to the mass. The equation of motion
from Section 2.5 is then
d’x dx i

The external force f(¢) is often referred to as the forcing function or the input. The
solution x is then called the response or the output of the system. From our theory
developed earlier, we know that the solution x of (1) has the form x = x,, + x,, where
Xp is a particular solution of (1) and x; = c1x1 + c2x2 is the general solution of the
associated homogeneous equation

mx" +8x" +kx =0. ()

xp, is also called the free response. Note that the arbitrary constants appear only in xj,.
We have then:

The possible responses to the input f(¢) consist of a particular response
to f(¢) added to the possible free responses of the system.

Our discussion will be restricted to sinusoidal forcing,
f(t)=Fcoswt,

where F' is the amplitude of the forcing and w is the forcing frequency. This is an
important case to consider for two reasons. First, many forcing functions, such as
alternating currents in circuits, are approximately in this form. Also, the theory of
Fourier series, discussed in more advanced courses, may be used to express many
forcing terms as a sum (series) of terms of the form sin ant, cos ant, o a constant.

The study of forced responses will be broken into two cases, depending on whether
or not friction is present.

2.7.1 Friction is Absent (§ =0)
Suppose that friction is negligible (§ =0), so that the model for the spring-mass
system with periodic forcing is

mx" +kx = F cos wt. 3)

The solution of (3) has the form

k . k
X =Xxp+c1c08 Zt =+ ¢7 sin Zt .

Here x, is a particular solution of (3), and cos wot, sin wpt are a fundamental set of
homogeneous solutions of mx” + kx =0 with wg = /k/m, since r = +i/k/m are
roots of the characteristic equation mr? +k =0.
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We shall now find a particular solution for (3) by the method of undeter-
mined coefficients (Section 2.6). The characteristic equation mr? +k =0 has roots
r ==i/k/m = %iwy. For a spring-mass system (without friction) the natural circu-
lar frequency is wy = +/k/m. There are two cases, depending on whether the forcing
function is a solution of the associated homogeneous equation or not. This depends
on whether the forcing circular frequency w equals the natural circular frequency

a)o:«/k/m.

Forcing Frequency Unequal to the Natural Frequency
of Free Response (w # /k/m)

(Frequency of input unequal to natural frequency of free response) In this case, the
form for x, given by the method of undetermined coefficients is

xp=Acoswt + B sin wt. 4)
Substituting this form (4) into the differential equation (3) gives
m(A coswt + Bsinwt)” + k(A coswt + B sinwt) = F cos wt
or
—mAw? cos wt —mBw? sin wt + kA cos wt + kB sin wt = F cos wt.

Equating coefficients of like terms in order to find A, B gives

F
coswt: —-mAw’+kA=F=A= 5
k—mw
sinwt: —mBw*+kB=0= B=0,
so that
= cos wt. 5
P S me? @ )

The amplitude of this particular response is ﬁ, where F is the amplitude of the
input. Itis usual to introduce the frequency-response diagram, in which the response
(the ratio of the response amplitude to the input amplitude) is graphed (figure 2.7.1)

as a function of the forcing frequency w:

Amplitude of the response 1 1

(6)

Amplitude of the input ~ k — mw? - m(w% —w?)’

The response increases as the forcing frequency approaches the natural frequency.
Note that the response diagram has a vertical asymptote when the forcing frequency
equals the natural frequency. According to (5) or (6), the amplitude of the response is

infinite (undefined) when w = wg =,/ % However, in our analysis we have assumed

wFEwy= \/g . This will be explained in the next subsection. Note from figure 2.7.1

that the amplitude is negative if w > w,. In this case we say the response is 180° out
of phase from the input.
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amplitude of response
amplitude of forcing

forcing
frequency
Il Il [0)

mao,

=)

natural
frequency

Figure 2.7.1 Response diagram (no damping-note resonance).

VY Y

Figure 2.7.2 Graph of (7) with k =0.25,m =0.01,c1 =c; =05, 0 =1.

The general solution of the differential equation (3) is

F k . k
X =-——— Ccoswt + | COS —1t | +c281n —t]. @)
k — mw? m m

This is the superposition of two harmonic motions. One is the free response of the
system and the other is a periodic forced response with the same period as the forcing
function. Figure 2.7.2 gives the graph of (7) for one choice of parameters F, m, k, w,
1, €.
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Resonance: Forcing Frequency Equals the Natural Frequency
of Free Response (v = /k/m)

If w = \/k/m, then the method of undetermined coefficients says solutions must be
multiplied by ¢, so the form of the particular solution of (3) as

Xp = At cos wt + Bt sin wt. ()
Substituting this form into the differential equation (3) gives
m(At cos wt + Bt sin wt)” + k(At cos wt + Bt sin wt) = F cos wt.
Using the product rule yields
[t(Acoswt + Bsinwt)] =t(—Awsin wt + Bw cos wt) + A cos wt + B sin o,

so that using the product rule a second time yields

m(—2Aw sin wt — Atw? cos wt + 2Bw cos wf — Btw?” sin wt)
+kAt cos wt + kBt sin wt = F cos wt.

Equating coefficients of like terms gives four equations in A, B:

sinwt: —2Amw=0,
coswt: 2Bmw=F,
tsin wt : —Bmw2+kB:0,
fcoswt: —Amew® +kA=0.

Since w?* = % by assumption, the last # cos wt and f sin wt terms cancel. We find

A =0, B=F/(2mw), from the first two equations. Thus,

F . .
X =——tsinwt + ¢] cos wt + ¢ sin wt )
2mw

is the general solution. The particular solution

F
= _——tsinwt 10
r 2mw @ (19)
is of special interest since it illustrates the phenomenon of resonance. The amplitude
%t of the oscillation grows proportionally with time. The graph of (10) is given in
figure 2.7.3.
The forced response is now an unbounded oscillation. Intuitively, the phenomena

of resonance may be summarized as follows:

If the period (frequency) of the forcing function is the same as the period
(frequency) of the free response of the system, then large-amplitude
oscillations may result from forcing terms of small amplitude.

In structures such as bridges, resonance is to be avoided. The 1940 collapse of the
Tacoma Narrows Bridge was particularly catastrophic, and a highly recommended
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Figure 2.7.3 Resonance (forcing frequency = natural frequency).

dramatic film shows large-amplitude oscillations before its failure. Aircraft wings have
also failed on occasion due to resonance. On the other hand, resonance is sometimes
desirable in the manipulation of sound waves in musical instruments and detectors of
various kinds. Of course, in practice the oscillations do not become arbitrarily large.
Rather, either the system is changed (the spring breaks, for example) or the original
linear model mx” + 8x’ + kx = f is no longer a valid model.

Also, “pure resonance” is never observed. In every system there is some friction,
so &, while perhaps very small, is greater than zero. Also, it is almost impossible to
make w exactly \/g . However, if § is close to zero and w close to \/g , then the forced
response may exhibit a large response. The next example illustrates this.

Example 2.7.1 Resonance and Near Resonance
Suppose that the model for a spring-mass system with forcing term cos wt is
x"+x=coswt, x(0)=0, x'(0)=0. (11)

Determine the solution for all @, and graph the solution for @ =1 and for several
values of w close to 1.

@ SOLUTION. Using the method of undetermined coefficients for (7) and (9), we
find that the general solution of x” 4+ x = cos wr is

w#l: x= coswt + ¢ cost +cpsint, (12)

1 —w?
1 . .
w=1: x:ztsmt—i—clcost—i—czsmt. (13)

Applying the initial condition to (12) gives

0=x(0)= +ci,

1 —w?

0=x"(0)=c2,
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Figure 2.7.4 Graph of (14) for 0 =0.7, 0.8, 0.9, 1.0.

so 2 =0, ¢c1= —m. Thus x = (1 —w?) ' coswr — (1 —w?)~!. Applying the

initial conditions to (13) gives
0=x(0)=c;, 0=x'(0)=c;.

Thus the solution of (11) is

(coswt —cost) if w#1,

2

x(t) = } @ (14)
—tsint if w=1.
2

The graph of (14) for several values of w is given in figure 2.7.4. Notice that for @
close to 1, the solutions exhibit large-amplitude oscillations.
Example 2.7.2 Resonance

For what values of the mass m will mx” +25x =12 cos wt exhibit resonance if
12 cos wt has a frequency of 28 Hz?

® SOLUTION. The characteristic equation mr? +25 =0 has pure imaginary roots
r==i,/ ?11_5 Resonance occurs if

25
w=,—. (15)
m
If cos wt has a frequency of 28 Hz, then
w
— =28 or w=>56m. (16)

21
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Combining (15) and (16) gives

_(25)2
orm = (%) . ’
Example 2.7.3 Road-induced Resonance

A car is moving along a roadway at a constant horizontal velocity v. Suppose that
the vehicle can be modeled by a mass with a vertical spring between the mass and the
road. Also suppose that as the car moves along the road, the only forces acting on the
spring-mass system are the weight of the car and the changing length of the spring
caused by the rising and falling of the road surface. Assume that the road has a surface
that is approximately sinusoidal with wavelength L and that the spring-mass system
has negligible friction. At what constant horizontal velocity v would resonance be
observed?

@ SOLUTION. Let x measure distance horizontally. Thus the varying of the road
surface is given by

. 2mx
yr(x)=asin -

Let y(x) be the vertical position of the mass at position x. To set up the coordinates,
assume that when x =0, the base of the spring is at the average road height, which
is y» =0. Let y =0 correspond to the rest position of the mass there. Thus the spring
force and the vehicle weight are balanced out. We measure y in the positive direction.
The rest configuration is shown in figure 2.7.5. Let m be the mass. Since we have
measured from the rest position, the gravity term cancels the compression force at
rest, and Hooke’s law takes the form

d2
md—t;) = —k(stretching of spring from rest length). a7
The amount that the spring is stretched from its rest length at position x is y (x) — y,(x),
(see figure 2.7.6). Thus

2

Y o k= y=—k in 2% (18)
m—s =—k(y—y)= y—asin——J.

The differential equation is usually written in the equivalent form

d*y 2w x

m— +ky=kasin —.
a2 L
However, the position x is not a constant, but a function of time. If we assume
that the car is moving at a constant velocity v, then (assuming x = 0 is defined to be
where the car is at t =0)
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—y=0 y—asinzil_x

N N

Figure 2.7.5 Rest configuration. Figure 2.7.6 Motion.

The differential equation of the vertical motion of the car (spring-mass system) is

d*y 2w vt

mﬁ ~+ ky =ka sin 7

The spring-mass system is forced at frequency v/L. The system resonates if the
forcing frequency equals the natural frequency, that is,

27{1)_ k
L Vm’

Thus, the velocity at which resonance occurs is v = %

|=
L 2

m*

Exercises

1. For what values of m will mx” 4 4x = 13 cos wt exhibit resonance if 13 cos wt
has a frequency of 20 Hz?

2. For what values of m will mx” 4+ 16x = 12 cos wt exhibit resonance if 12 cos wt
has a frequency of 28 Hz?

3. For what values of k will 36x” + kx =4 cos wt exhibit resonance if 4 cos wt has
a frequency of 22 Hz?

4. For what values of k will 25x” + kx =2 cos wt exhibit resonance if 2 cos wt has
a frequency of 18 Hz?

5. You know that the forcing function f(¢#) = F coswt has a frequency between
10 and 70 Hz. The spring-mass system is mx” + 10x = f(¢). What values of m
might lead to resonance?

6. You know that the forcing function f(¢#) = F cos wt has a frequency between 30
and 50 Hz. The spring-mass system is mx” + 9x = f(¢). What values of m might
lead to resonance?

7. If your spring-mass system had m = 15, § =0, and k = 8, what forcing frequency
would cause resonance?

8. If your spring-mass system had m =5, § =0, and k = 12, what forcing frequency
would cause resonance?
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9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

You are building a detector that is to be sensitive (exhibit resonance) to harmonic
vibrations at a frequency of 30 Hz. The detector will be a spring-mass system
with spring constant k = 15 g/s>. Assuming friction is negligible, what should
the attached mass be?

A device is being built that can be modeled as a simple spring-mass system with
negligible friction. The attached mass is 20 g. The spring constant is adjustable.
What values of the spring constant are to be avoided if the device is subject to
external harmonic forces in the range of 10 to 50 Hz, and your design goal is to
avoid resonance?

(Beats) Using the trigonometric identities cos(6 £ ¢) =cos 6 cos ¢ Fsin ¢ sin b,
verify that

cos wt — cos Bt =2 sin ((ﬂ;—a})t> sin (@t) . (19)

A spring-mass system has an attached mass of 4 g, a spring constant of
16 g/s? and a negligible friction. It is subject to a force of 4 cos(2.2f) down-
ward, and is initially # =0 at rest. Determine the subsequent motion. Using (19)
from Exercise 11, rewrite the solution as the product of two sine functions, and
graph the result. The resulting function has a periodic variation in amplitude, or a
beat.

A rectangular closed box is floating in the coean with its top always parallel to
the water’s surface. The buoyancy force is proportional to the volume of water
displaced, which is also proportional to the depth of the bottom of the box. Let
m be the mass of the box, and let d be the depth of the bottom of the box when
the box is at rest. Let x(#) measure how much deeper than this rest depth the
bottom of the box is at time ¢. Ignore resistance and assume small displacements
and velocities. Explain why mx” + kx = 0 is a reasonable model for the vertical
movement of the box.

Suppose it is known that a 1000-1b weight sags a 3000-Ib car by 1 in. What would
be a poor wavelength for a road to have if traffic usually moves at 55 mi/h?
Consider a mass m attached to a spring with spring constant k& without friction

(6 =0). The forcing function is F' cos wt, where @ # \/g . Determine the solution
of the initial value problem if x(0) = x¢ and x’(0) =0.

Consider a mass m attached to a spring with spring constant k without friction
(6 =0). The forcing function is F cos wt, where w # \/% . Determine the solution
of the initial value problem if x(0) =0 and x’(0) = vp.

Consider a mass m attached to a spring with spring constant k without friction
(6 =0). The forcing function is F' sin wt, where w 7# \/% . Determine the solution
of the initial value problem if x(0) = x¢ and x’(0) =0.

Consider a mass m attached to a spring with spring constant k& without friction
(6 =0). The forcing function is F' sin wt, where w # % Determine the solution
of the initial value problem if x(0) =0 and x’(0) = vo.

Consider a mass m attached to a spring with spring constant k without friction
(6 =0). The forcing function is F cos wt, where w = \/g . Determine the solution
of the initial value problem if x(0) =0 and x’(0) =0.
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20. Consider a mass m attached to a spring with spring constant k without friction
(6 =0). The forcing function is F sinwt, where w = /k/m. Determine the
solution of the initial value problem if x(0) =0 and x’(0) =0.

In Exercises 21-28, find the general solution.

dZ

21. d—;+4x=8c035t.
dZ
22. d—;+9x=—5 sin 5¢.
dZ
23. L1 _ 4y =8 cosst.
dr?
dZ
24 £ 9y = _5sin5t.
dr?
dZ
25. d—t;‘+4x=3cos2t.
dZ
26. —dt)z‘ 4 9x = —4sin 37,
d%x . k
27. m— +kx = F coswt withw =,/ —.
dr? m
d? k
28. mE 4 kx=F sinof with o=,/ —.
dr? m

2.7.2 Friction is Present (6 > 0) (Damped Forced Oscillations)

If friction is present, then mx” + 8x’ + kx = f(¢) takes the form
X=Xp+xp=xp+c1x1+c2x2.

As noted earlier, there are three possibilities for the fundamental set of homogeneous
solutions {xp, x»}:

{e7% cos Bt, e * sin Br}: underdamped,
{e™* te™®"}: critically damped,
{e™¥1! =@} overdamped.

The initial conditions determine the arbitrary constants ¢y, ¢, but lim,_, o x; =0,
lim;_, oo x2 =0 in all three cases since they are all damped. Thus

If friction is present (§ > 0), the free response xj, is always transient.
That is, lim;_, o x5 (#) = 0.

Another way to say the same thing is that, if friction is present, the effect of the
initial conditions dies out (is transient). Thus for many important types of forcing
functions, such as periodic, the response is eventually determined almost completely
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by the forcing function f(¢). In many situations, particularly the circuits discussed
in the next section, this is a desirable phenomenon.

We consider the differential equation that models a spring-mass system with damp-
ing with a periodic forcing function with forcing circular frequency @ of the form
F coswt:

dx 5% = Feosor (20)
m-—:-= _— = COS .
dt? dt . @

The forcing function F cos wt is not a solution of the associated homogeneous equa-
tion mx” 4 8x" + kx =0, since § > 0. Thus, according to the method of undetermined
coefficients, a particular solution is in the form of a linear combination of sines and
cosines of the same frequency as the forcing:

xp=Acoswt + Bsinowt. 201
Substituting (21) into (20) yields

d? d

— (A coswt + Bsinwt) + 5— (A cos wt + B sin wt
mdtz( wt + wt) + dt( wt + wt)
+k(A cos wt + B sinwt) = F cos wt,
or

—ma)z(A cos wt + B sin wt) + wd(—A sin wt + B cos wt)
k(A cos wt + B sinwt) = F cos wt.

Equating coefficients of like terms in order to find A and B gives

coswt : (k—maw*)A+SwB=F, (22)
sinwt : —SwA + (k —maw*)B =0. (23)

The system (22)—(23) can be solved by elimination. For example, multiplying the
first equation by 8w, the second by k — mw?, and adding yields

B [(k —me?)? + azwz] = Féw.
In this way we determine B:

Féw

B= .
(k —mw?)? 4+ 82w?

(24)

The equation for A is best determined using B and the second equation in (23) to get

B F(k — ma?)
T k—maw?)? + 82w

(25)

A particular solution of (19) is

xp=Acoswt + B sinwt = R cos(wt — @), (26)
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where A and B are given by (22)—(23) and (24)—(25). The amplitude of this particular
response is

R /—A2+32=F\/(k—ma)2)2+82a)2

(k —mw?)? + 82w?
F

- Vk —mw?)? + 82w '

@7

The amplitude-response diagram from damped oscillators follows from (27). The
ratio of the amplitude of the response R to the amplitude of the forcing F* depends on
four parameters: m, k, § of the spring-mass system and the forcing circular frequency
w. Instead of graphing this relationship as a function of the forcing frequency, it is
best to introduce a dimensionless frequency, the ratio of the forcing frequency w to
the natural circular frequency wo = +/k/m. In this way, it follows from (27) that

B F _ F/k
Vlk=ma?2 +807 (1~ w2 2)? + (52 km) (@ a3)

. (28)

which is graphed in figure 2.7.7. We note that in this way, the graph can be made to
depend on only one parameter:

kR 1
== . (29)
\/(1 — 02 /w?)? + 4y 202 [}
The parameter y is the critical damping ratio
1) 8/2m (30)

y:2/\/k_m:«/k/m'

Itis also the ratio of the decay rate of underdamped (and critically damped) oscillators
to the natural frequency. It can be seen that if y = 0, the response curve is the one that
we analyzed for forced vibrations without damping. If the forcing frequency equals
the natural frequency, w = wy, then from (29)

F
R=—-.
2yk

This shows that the amplitude of the response is large when the damping is small
(y small). It can be shown that the amplitude response diagram has a maximum
for w # 0 if y <+/2/2. However, if y > +/2/2, then the maximum of the response
diagram occurs at w =0.

The phase ¢ is probably less important. Recall that tan ¢ = B/ A = 8w/ (k — mw?).

Example 2.7.4 Damped Forced Oscillator

A spring-mass system, with an attached mass of m =1 g, has a spring constant of
50 g/s? and a damping coefficient of 2 g/s. At time 7 =0, the mass is pushed down
% cm and released with a velocity of 28% cm/s downward. A force of 41 cos 2z dynes

acts downward on the mass for r > 0. Determine the resulting motion and graph it.
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Figure 2.7.7 Response diagram.

o SOLUTION. The differential equation governing the motion is

" / 23 / 2
X420 +50x =4loos2r, x(0)=7., x'(0)=28. 31

The characteristic equation 72 4 2r + 50 = 0 has roots = — 1 & 7i. Thus the solution
of the associated homogeneous equation is

xp=cie ' cosTt 4+ cre ! sin7t.

From Section 2.6, the method of undetermined coefficients tells us that there will be
a particular solution of the form

Xp=Acos2t+ Bsin2t.
Substituting this form into the differential equation (31) yields

(Acos2t + Bsin2t)” +2(A cos2t + Bsin2t)
+50(A cos 2t + B sin2t) =41 cos 2¢,
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Figure 2.7.8 Graph of (32).

or

—4A cos2t —4Bsin2t —4Asin2t +4B cos 2t
+50A cos 2t + 50B sin 2t =41 cos 2t.

Equating coefficients of cos 2¢, sin 2¢ gives us equations in A, B:

cos2t: 46A+4B =41,
sin2t: —4A+46B =0,

so that B = l, A= and

13 26’

23 1
x=xp,+x;= % — cos2t + G sin 2t + cre”! cos 7t + coe " sin 7¢.

Applying the initial conditions in (31) in order to determine c1, ¢, we find

Thus ¢; =0, ¢o =4, and

23 1
x= 2—60082t + - sin 2t + 4e " sin 7¢.

This solution may be simplified, using the form (26) and (27), to give

41
x=,/ 5 cos(2t — @) +4e " sin7t, (32)

where tan ¢ =2/23. Note that the long-term or steady response is periodic, with the
same period as the input. It is out of phase, however (achieves its maxima at a different
time determined by ¢). As figure 2.7.8 shows, this motion may be viewed as a damped
(transient) oscillation superimposed (added) onto the forced (steady-state) harmonic
motion. ¢
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Exercises

In Exercises 29-40, find the particular solution with no transient terms and put it into
amplitude-phase form

29.

30.

31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.

42.

43.

44.

45.

46.

d%x dx

el + 6E + 25x =3 cos4t.
x| A s 5sin
—_ _— = —JSIn .
dr? dt *

x" +4x" 4+ 13x =5 cos 2t.
x" +4x" 4+ 13x = —2sin 2t.
x" +8x" +41x =3sint.
x" +8x"+41x=9cost.
x" +3x" 4+ 2x =sint.

x" +7x" 4+ 12x =sint.

x" 4+2x"4+2x =sint.

x" +2x" 4+ 5x =sint.

x" +2x" 4+ x =sint.

x" 4 6x" +9x =sint.
Show that the amplitude response curve,

1
- 2 2’
\/(1 — w? /w§)? +4y2w? | w;

graphed in figure 2.7.7, has a maximum for w # 0 if y < +/2/2. For what value
of @ does a maximum occur? Show that this value of w approaches wqg as y — 0.
However, if y > +/2/2, show that the maximum of the response diagram occurs
atw=0. Hint: Let z = a)z/a)g.

Show that y defined by (30) is the ratio of the decay rate of underdamped
oscillations and the natural frequency. Why does y have no dimensions?

Show that y defined by (30) is the ratio of the damping coefficient to the damping
coefficient at critical damping. That is why it is called the critical damping ratio.
Let x5 be the solution of x” 4+ 8x’ + x =sint, x(0) =0, x’(0) = 1. Find the for-
mula for x5 when § =0 and 0 < § < 2. Show that, for all # > 0, limg_, o+ x5(¢) =

xo(t). This illustrates the point made earlier in this section that if w = \/% and §
is small, there will be a response similar to resonance.

Let x;5(¢) be the function of ¢ found in Exercise 44. Graph x;(¢) for 0 <t <30
for § =0.5,0.2, 0.1, 0.05 on the same set of coordinates. (Requires a computer
with graphics capability; illustrates the limit of Exercise 44.)

Suppose that the top of our vertical spring-mass system is solidly attached
to a mechanism that causes the point of attachment also to move in a ver-
tical direction. Let A () measure the vertical displacement of the attachment
point, with a downward displacement being positive. Explain why a reasonable
model for small movements of the mass in the spring-mass system would be
mx" 4+ 8x' + kx =kh(t), which is in the form (1).
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2.8 Linear Electric Circuits

We have already considered circuits in Section 1.10, and will use the units from that
section. In this section we shall consider single-loop linear RLC circuits, as shown
in figure 2.8.1. The figure shows a linear resistor of resistance R ohms, capacitor
of capacitance C farads, inductor of inductance L henries, and voltage source with
voltage e(t) volts. Furthermore, we shall assume that R, L, C are nonnegative, which
is often the case. (A negative resistance means that we have a device that puts power
into the loop rather than dissipating it, as a positive resistor does.)
Recall from Section 1.10 that the voltage law says that

The algebraic sum of the voltage drops around a loop at any instant is zero.

Since there is a single loop, the current law says that the current is the same in the
resistor, inductor, and capacitor. Let this current at time ¢ be i (#) amperes. Let ¢ (t)
be the charge in coulombs in the capacitor at time . From Section 1.10 we know that
the voltage drops for each device are:

Resistor: Vip=IiR,

1
Capacitor: Vo= —g¢q,
p c Cf]
di
Inductor: V;=L—,
dt

where we assume R, L, C are constants. Thus the voltage law may be written as

L4 Ry ]
— i+—=g=ce.
dr e

However, current is the time rate of change of charge, so that i = ‘2—;’, and we have the
second-order linear differential equation in ¢

d’q dg 1
L—+R—+ —g=ce(t). 1
a2 TRt e(r) (1)
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or, upon differentiation,

i di 1.,

LW'FRE"'EI—e(I), 2)
which is a second-order linear differential equation in i. Note that this differential
equation has exactly the same form as the spring-mass system and L, R, C are also
nonnegative by assumption. Thus all of the analysis of the preceding section is still
valid, but now mass has become inductance (m = L), friction is resistance (§ = R),
and the spring constant is the reciprocal of capacitance (k = %). In particular, the
discussion of resonance, damping, amplitude, and phase angle is still appropriate.

That many mechanical and nonelectrical problems have the same differential equa-
tion (1) as a model is the idea behind the analog computer. To solve the differential
equation (1) for a given L, R, C, e with an analog computer, one would build the
circuit and then measure the resulting charge (or current) to determine the values of
the solution.

Most modern circuits, of course, involve many loops and hence are modeled by
systems of differential equations. As circuits have become more and more complex,
it has become increasingly expensive and cumbersome to design them by building
numerous prototypes. Increasingly, preliminary design work is done by computer
simulations, which often involve the solution of systems of differential equations.

Typical Initial Conditions

Mathematically, the appropriate conditions for (2) are given to be i and % atr=0.

However, often in electrical problems, the initial current is known, but % atr=0
must be calculated. Usually, the initial charge across the capacitor is given. Since
i= ‘;—‘[1, the initial value of Z—; can be determined by evaluating (1) at r =0 to get

LdiO Ri (0 ! 0)=e(0
H0) + Ri(0) + =g (0) = (0).

Here e(0) is the voltage of the source (battery) at t =0.

Electrical Resonance
We consider an alternating voltage source
e(t)=Esinwt.

Here, E is the maximum of the voltage source and w is the (circular) frequency of the
voltage source. The differential equation for the current in the RLC circuit follows

from (2):
Ld2i+Rdi+ L E t 3)
— — + —i=FEwcoswt.
dt? dt C
If the electrical resistance can be neglected, R =0, then the current in the circuit
satisfies
d*i 1.
+ —i=FEwcoswt. @

L_
2 C
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Solutions of the associated homogeneous equation oscillate with natural (circular) fre-
quency wg = 1/+/LC. Resonance occurs (without a resistor) if the forcing frequency
equals the natural frequency

w=w)= —.

JvLC

Electrical Response

With electrical resistance (R > 0), the general solution of (3) is in the form i =i, + i,
where i), is a particular solution and i;, corresponds to the solution of the associated
homogeneous equation. The solution of the associated homogeneous equation is
derived from an exponential ¢’’, which must correspond to an underdamped, critically
damped, or overdamped oscillation (by analogy with the spring-mass system, m = L,
=R, k= é). The characteristic equation is

L4 Rr 4+ —o.
C
The roots of the characteristic equation are r = (—R ++/R% —4L/C)/2L. Since L,
R, C are positive numbers, in all three cases (underdamped, critically damped, or
overdamped), we have i, — 0 as r — oo. Thus, after some time, the general solution
may be approximated by a particular solution. Using the method of undetermined
coefficients, a particular solution may be found in the form

ip=Acoswt+ Bsinwt.

We can obtain formulas for A and B and from them derive formulas for the amplitude
of the response. Since we have just calculated this in Section 2.7 on forced mechanical
vibrations, we will use the previously derived formula (28). In addition to m = L,
=R, k= % we note that F' = Ew. The extra factor of @ will change some of the
properties of the response diagram. Thus, from (26) and (27) of Section 2.7, we obtain
. Ew
ip= cos(wt — ). 5
\/(% — Lw?)? + R2w?

We will not be concerned with the phase angle ¢ here.
The amplitude 7 of the response current satisfies

Fw
I = .
\/(é — Lo?)2 4+ R2w?

(6)

As with a spring-mass system, the response depends on R, L, C, and the forcing
circular frequency w. The response is zero if w = 0. If w # 0, the response simplifies to

E

I= ,
J( — Loy + R2

which is graphed in figure 2.8.2 for several values of y = R/(24/L/C). The maximum

of |I] occurs at the minimum of the denominator, which occurs when —= — Lo =0
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Figure 2.8.2 Response diagram.
or equivalently w = \/% = wg. The amplitude response has a maximum when the

system is forced at the natural frequency. Smaller values of y correspond to smaller
values of R. The case R =y =0, w = wp, would be pure resonance.

Radios and Signals

Different radio stations transmit their signals at different frequencies. These signals act
as inputs to electrical devices that receive the signals. Primitive radios operated like an
RLC circuit. The input voltage source would be the sum of the input voltages from the
various radio stations. Since the RLC circuit is linear, the principle of superposition
applies, and the response will be the sum of the responses. Each station’s signal gets
amplified by the amount associated with the electrical response curve. The output will
be the sum of signals of different frequencies. The largest amplitude response will be
from the frequency nearest the resonant frequency for the RLC circuit. In primitive
radios, the capacitance C was adjustable (via a knob). If you wanted to hear your
favorite radio station with circular frequency w*, you adjusted the dial (changed the
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capacitance C) so that a resonant circular frequency JITT equaled the known radio
circular frequency w™:

a_ L
LC’

Actual radio receivers are more sophisticated, but perform essentially in this manner.

w

Exercises

1. An RLC circuit, given by figure 2.8.1, has a voltage source of e(t) = 3 cos ¢ volts.
Values for the components are R =3 2, L =0.5 H, and C =0.4 F. Initially, the
charge on the capacitor is zero and the current in the resistor is 1 A. Find the
charge on the capacitor and the current as functions of time.

2. An RLC circuit, given by figure 2.8.1, has a voltage source of e(¢) =5 cos 2¢
volts. Values for the components are R=2 Q, L=1H, and C = % F. Initially,
the charge on the capacitor and the current in the resistor are zero. Find the charge
on the capacitor and the current as functions of time.

3. An RLC circuit, given by figure 2.8.1, has a 1.5-V battery as a voltage source of
e(t) = 1.5. The values for the components are R=1.5Q, L=1H,and C=2F.
Initially, the charge on the capacitor is 2C and the current in the resistor is 4 A.
Find the charge on the capacitor and the current as functions of time.

4. An RLC circuit, given by figure 2.8.1, has a 9-V battery as a voltage source
of e(t) =9. The values for the components are R=5 Q2, L=6H,and C=1F
Initially, the charge on the capacitor is 1C and the current in the resistor is zero.
Find the charge on the capacitor and the current as functions of time.

5. An LC circuit (R =0), given by figure 2.8.1, has C =0.1 F and e(#) = sin wt.
Suppose that w is a constant such that e(t) has a frequency between 20 and
30 Hz. What values of L will not lead to resonance for any such w?

6. The RLC circuit shown in figure 2.8.1 has R=20 , L =1 H, and C =0.005
F. The voltage source is shorted out (e(#) = 0). At time t = 0, there is a charge of
10 C on the capacitor and no current. Solve the differential equation for the
charge, and put in phase amplitude form. How many seconds will it take the
variable amplitude to be reduced 99%?

7. The RLC circuitin figure 2.8.1 has R=2Q, L =1H, and C = 0.5 F. The voltage
source e(t) is a 1-V battery that is shorted out (C = 0) after = seconds. The initial
charge on the capacitor is zero, and the initial current is zero. Find the charge
on the capacitor and graph for 0 <t <2m (seconds). (Assume that charge and
current are continuous at t =.)

8. The LC circuit in figure 2.8.1 (R =0) has L =4 H and C =0.25 F. The voltage
source is a 2-V battery that is shorted out (e =0) after 47 seconds. The initial
charge is zero and the initial current is 1 A. Find the charge on the capacitor and
current in the inductor for 0 < < 8x. (Assume that the charge and current are
continuous at t =4.)

9. Let R=0 and e(¢) =0 in figure 2.8.1, so that we have an LC circuit with no
voltage source. Let E(i, q) = (%)i2 + (%)qz. Show that E is constant by veri-

fying that ‘Z—f =0. (This is the electrical equivalent of conservation of mechanical
energy.)
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2.9

10. An LC circuit (R =0) given by figure 2.8.1 has L =8 H and C =2 F. For what
value of w will the voltage source e(f) =2 cos wt volts create resonance?

11. An LC circuit (R = 0) given by figure 2.8.1 has L =9 H and C =1 F. The voltage
source is e(t) =4 cos2t. Since R =0, the free response will not be transient.
However, there is one choice for ¢ (0), i (0) for which the free response will be
absent. What are the values of ¢ (0), i (0)?

For the next five exercises, use the correspondence

inductance <> mass,

resistance <> friction,

and
1

————— <> spring constant
capacitance

between the circuit given by figure 2.8.1 and the spring-mass system in Section 2.5.
(A mass of m in slugs or grams becomes an inductance of L henries, etc.)

12. Rewrite Exercise 2.5.18 in terms of this circuit and answer parts (a)—(c).
13. Rewrite Exercise 2.5.19 in terms of this circuit and answer parts (a)—(c).
14. Rewrite Exercise 2.5.20 in terms of this circuit and answer parts (a)—(c).
15. Rewrite Exercise 2.5.21 in terms of this circuit and answer parts (a)—(c).
16. Rewrite Exercise 2.5.22 in terms of this circuit and answer parts (a)—(c).

(Input-Output Voltages) Frequently it is helpful to consider circuits as input-output
devices. Suppose for the circuit in figure 2.8.1 that R > 0 so that the free response
is transient. We assume that these transient terms are not important and consider the
solution g (¢) to be given by the terms that are not transient, that is, the forced response.
The input voltage will be taken as e(¢), and the output voltage as the voltage across
the capacitor, which is (1/C)q.

17. Suppose that E=1, R=6, L = ,C 13 and w =3. Find [ in (6).
18. Suppose that E=1, R=7,L=12,C =1, and w=2. Find [ in (6).

Euler Equation

Linear differential equations with variable coefficients rarely have explicit solutions.
Frequently, solutions are obtained numerically or by the method of power series:
which is not covered in this book. However, in this section we study linear differential
equations with variable coefficients of a specific kind where explicit solutions are not
difficult to obtain. The second-order Euler equation is

12 —d2 + bt — dx + 0, (D)
a CX =
dt? dt
where a, b, c are constants and a # 0. The third-order Euler equation is
jd3x 2 d*x dx
a3t + ast +ait— 4 apx =0, 2)

dr dr? dt
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with a3, az, aj, ap constants and az # 0. There is even a first-order Euler equation,
dx
at— +bx =0.
dt

The Euler equation is also known as the Cauchy-Euler or equidimensional equation
(see Exercise 15 at the end of this section). It arises, for example, in some drag
problems in uniformly viscous flows. Euler equations are important not only because
they arise in applications, but also because they are used in studying more advanced
topics in differential equations such as what are called singular points.

We consider here the second-order Euler equation,

at’x” 4+ btx’ +cx =0. 3)

The variable coefficients of (3) are powers that increase by ¢ for each derivative in (3).
This suggests that solutions of (3) are likely to be powers of ,

x=t", “)

since powers have the property that their power decreases by one each time they are
differentiated:

x =", 5)
" =r(r— 1D 2. (6)

This is exactly what is needed to counteract the increased power in the variable
coefficient of (3).
Substituting x =" into ar>x” + btx’ + cx =0 gives

at’r(ir — D2+ birt" ' 4 ct" =0,
[ar(r = 1) +br +c]t" =0,

so that
ar(r—1)+br+c=0,

7
ar* + (b —a)r +c¢=0, @

which we call the indicial equation.

Case 1: Distinct Real Roots

If the polynomial ar? + (b — a)r + ¢ =0 has two distinct real roots, rq, r;, then 1,
t"2 provide a fundamental set of solutions. In this case the general solution of (3) is

x=cit"" +cot". (8)
Example 2.9.1 Distinct Real Roots
Find the general solution of
5 d’x dx
2t°—+T7t— —3x =0, >0. 9)

dr? dt
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® SOLUTION. The student is encouraged to rederive the indicial equation (7) the
first few times. Letting x =¢" in (9) and then dividing by ¢" yields the indicial equation

2rr—1)+7r—3=0
or
212 +5r —3=(2r — 1)(r +3)=0.
The roots are r = %, —3, and the general solution is

1/2

x=c1t"? + et 73, ¢

Case 2: Complex Conjugate Roots

If the indicial equation has complex roots r] =« + i, ro =« — i3, then the general
solution is

x =119 4 55197 =1 (11" 4+ o1 7P, (10)
Because of the property of exponentials (for ¢ > 0),
(B — piBInt
Thus, (10) becomes
X :ta(zleiﬁlnt +52€7i’3]nt).
We have shown using Euler’s formula in Section 2.4 that a linear combination of ¢**?
is equivalent to a linear combination of cos € and sin 6. In this case, 6 = S In¢. Thus,

when the roots of the indicial equation for Euler’s equation are complex numbers
o £ i, the general solution is

x=1t%[c; cos(BInt) +cysin(B1nr)] (11a)
or equivalently,

x=c1t* cos(B1Int) + crt*sin(B Int). (11b)

Example 2.9.2 Complex Conjugate Roots
Find the general solution of

9t2x" +15tx’ +5x =0, t>0.

@ SOLUTION. Letting x =t¢" yields the indicial equation 97 (r — 1)+ 15r +5=
9r2 4+ 6r+5=3r+ 1)2+4=0, so the roots are

1 2

}"=—§:|:l§.
. r _14;2 I . .
Since t" =t 37'3 =t~ 3¢™'3, the general solution is

2 2
x=c1t" '3 cos <§1nt>+czt1/3 sin <§lnt>. ¢
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Case 3: Repeated Real Roots

If the indicial equation ar (r — 1) + br 4+ ¢ =0 has a repeated root r = ry, then only
one homogeneous solution is in the assumed form, x =¢"1. The second independent
homogeneous solution can always be obtained by reduction of order (Section 2.3). In
the case of repeated roots for the Euler equation, the second solution is always

x=t""Int. (12)

We derive this fact with a specific example.

Example 2.9.3 Using Reduction of Order
Find the general solution of

2x" —T7tx’ +16x=0, t>0. (13)

® SOLUTION. Letting x =¢" yields the indicial equation r(r — 1) —7r + 16 =
r? —8r 4+ 16 = (r —4)> =0, which has repeated roots r =4, 4. Since we have one
solution x = ¢4, the second solution in the fundamental set of solutions can be found
by reduction of order. Let

x=uvrt.

Then (13) becomes, using the product rule,

P 20487 1 0120%) = T (Ve Fvd) F 16t =0, >0, (14)
The coefficients of v cancel since x =% is a solution, and (14) reduces to

V18 40" =0.
Dividing by #° yields
1" +v' =0. (15)
In the method of reduction of order, we let
/

w=1,

so that (15) becomes a first-order linear differential equation,

tw' +w=0. (16)
Separation yields

dw . dt

w ot
Thus (since we assume ¢ > 0),
In|jw|=—Int+c.
After exponentiation,
cl

w=—, (17)
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From (17) and w =v’, we have

Integrating gives
v=cilnt+co,
so that
x=t*v= t4(c1 Int+cp) = c1t4 Int + czt4.

Thus, the new second independent solution is t*Int. ¢

From now on, to obtain the general solution of an Euler equation when there is a
repeated root, just note that the second solution is ¢! In ¢ and do not use reduction of
order unless instructed to do so.

Example 2.9.4 Repeated Roots
Find the general solution of
?x" —tx' +x=0, t>0.

e SOLUTION. Letting x =¢" yields the indicial equation r(r — 1) —r +1 =72 —
2r+1=(r— 1)2 =0, which has repeated roots 1, 1. Thus

x=citInt +crt, t>0. ¢

We summarize these three cases in the following theorem.

THEOREM 2.9.1 Euler Equation The general solution of the second-order
Euler equation at*x" +btx' +cx=0,1>0, is given as follows. By substituting
x =1t", obtain the indicial equation ar(r — 1) + br + ¢ = 0. Find the roots ry, r;.

1. If r1 #ry and ry, ry are real, then

x=cit" +cpt". (18)
2. Ifri=a+Bi,mn=a—Bi, B#0, then
x=cit*cos(B1Int) + crt“sin(B1Int). (19)
3. If r1 =ry, then
x=cyt"" +cot" Int. (20)

Exercises

In Exercises 1-12, solve the second-order Euler equation for # > 0. If no initial
conditions are given, find the general solution.

1. 2" +tx' —x =0.

2. 12x" —4tx’ 4+ 6x =0.
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ok e g

10.

12.
13.
14.

15.

a)

b)
¢)
d)
e)

16.
a)

b)

23" +3tx’ +x =0.
12x" —tx' +2x=0,x(1) =0, x'(1) =2.

. 42x" 4+ 8tx' +x =0.
2" +tx' +x=0.

2x" +4tx’ +2x=0,x(1) =1, x'(1) =0.
9r2x" +15tx’ + 2x =0.

CP2x 4 ix 4+ 4x=0.

2x" 4 3tx’ + 10x =0.

C12x" + 3tx" + 8x =0.

t2x" = 3tx’ +5x =0.

By looking at the answers to Exercises 1 through 12, find an Euler equation
whose indicial equation has repeated roots. For this example, derive the second
solution using reduction of order.

Find the general solution of 5t( )+x =0 using separation. Compare your
answer to the solution obtained by using the methods of this section.
(Equidimensionality) Let k be a constant, and perform the change of variables
t=ks.

Show that the Euler equation at> (d—z) + bt( ) + cx =0 becomes

d X X

as ﬁ + bs o +cx =0.
That is, the Euler equation is unaltered by a change of scale in the independent
variable.
Contrast this with what happens when the same change of scale is performed on
the constant coefficient equation ax” + bx’ + cx =0.
Verify that, if k > 0 is a real constant and rq, 7 are distinct real constants, then
t = ks changes c1t"" + cot"? into ¢(s™ + Cos™2.
Verify that, if K > 0 and r| is a real constant, then t = ks changes c;t"! 4 c2t"2 In ¢t
into ¢1s"1 4+ s Ins.
Verify that, if k>0 and «, B are real constants, B8 # 0, then r =ks changes
c1t® cos(BInt) + ot sin(B Int) into ¢15% cos(B Ins) + c25% sin(B In s).

(Alternative Method) Let y =Int (r =¢”).
Verify that
dx d
== @1
dt dy
d ( dx 2d*x | dx _ HdPx dx  dPx
t—\l— | =t"—F5 +1t— =1t —. 22
dt ( dt) dr? + dt dr? T dy  dy? @2)
Show that the change of variables y =1n ¢ changes

,d*x  dx
at>*—= +bt— 4 cx=0
dr? dt
into the constant coefficient equation
d2

d
s - a)£+cx=0. (23)
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Note that the indicial equation ar® 4 (b — a)r 4+ c =0 in Theorem 2.9.1 is just
the characteristic equation of (23).

Euler equations of any order may be solved by either using x =¢" to find the indicial
polynomial or performing the change of variables y =In# to make the differential
equation linear constant coefficient. In Exercises 17-20, solve the Euler equations.

17. 4% +613x" +712x" +tx' —x =0.
18. *x”" +613x" 4+ 9t2x" + 3tx' + x =0.
19. 3x” +tx' —x=0.

20. £3x" +412x" =0.

2.10 Variation of Parameters (Second-Order)

In Section 2.6 the method of undetermined coefficients was used to find a particular
solution of

x"(t) + p(O)x' @)+ qO)x (1) = f (). )

There were two major restrictions on the method of undetermined coefficients. First,
p and ¢ had to be constants. Second, f had to be in a special form. This section
will present a method for finding a particular solution of x” + p(t)x’ +q(H)x = f,
provided we have first solved the associated homogeneous equation

x4 p()x' +q(t)x =0. ()

This new method will not require p, g to be constants nor f to be in a special form.

There are no general methods for obtaining a fundamental set of solutions {x1, x2}
of (2). In Section 2.3 we used reduction of order to obtain the second solution x, if
one solution x| was known. Unfortunately, there are no general methods for obtaining
one solution of (2) if p, g are not constants.

In this section, we will assume we have a fundamental set of solutions {xi, x2}
of (2). We shall first derive the method and then work several examples. We begin by
looking for functions vy and v, such that

X =vix] +v2X2 (3)

is a solution of (1),
x"+px' +qgx=F. @
This is called the method of variation of parameters because the usual constants
c1, ¢ in the solution of the associated homogeneous equation are now varied. When
(3) is substituted into (4), one differential equation results, involving two unknowns

v1 and vy. In the method of variation of parameters, an ingenious (and unmotivated)
observation is made. We choose v; and v, such that the first derivatives of x would
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be the same as if v; and v, were constants, even though v; and v, are not constants.
That is, we want

x' =vix] + voxh. (5)

However, x” should be calculated using the product rule from (3). Thus from (3) we
have

x =vjx1 4+ vix] + vhxo + vax).

Equation (5) has only two of these terms. Thus (5) can be valid only if the sum of the
other two terms vanishes:

vix1 + vhxa =0. (6)

Thus (5) holds if (6) holds. The second derivative of x is calculated by differentiating
(5) using the product rule twice. Using this x” and x” from (5), we have that (4) is
satisfied only if

vIX] A+ VX7 + 02x) + 03X + p(Uix] +v2x)) + g (vixt +v2x2) = f.
Collecting terms yields
vi(x] + px] +gx1) +v2(x3 + pxy +qx2) + vix| +vpxy = f. @)

Since x; and x, are homogeneous solutions satisfying x” + px’ + gx =0, the v; and
vy terms vanish and (7) simplifies to

vix] +vjxh = f. (®)

In summary, we have that, if v{ and v} satisfy the linear algebraic equations (6)
and (8), then

vix1 4+ vy =0, ©)

vix +voxs = f, (10)

and

x =v1x] +vpxp is a particular solution of the original differential
equation (4).

The linear system (9) can be solved by elimination or Cramer’s rule (see the
summary at the end of this section) for v| and v}. To eliminate v/, we multiply (9)
by x/, and multply (10) by x and subtract:

V) (x1x5 — x2x]) = — fx2.

We note that x1x) — xpx| is the Wronskian of Section 2.3. Thus we can divide by it
to get
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We obtain v}, from (9):

fxi

/
Vy= —————— .
2 X1X) — X2X]

By integration (indefinite or definite), we obtain v and v;. The particular solution is
then determined from (3).
We begin by discussing two examples. An additional example appears after the
summary. The first example illustrates just the solution technique.
Example 2.10.1 Variation of Parameters

From Section 2.9 {z, 73} is a fundamental set of solutions of #2x” — 3¢x’ + 3x =0.
Find the general solution of

2x" —3tx' +3x =4t’.

e SOLUTION. We have x; =1, x, = 3. Dividing by #2, the differential equation is

3 3
x"—=x'+ SX =41,
t t

Thus f(f) = 4>. We must solve (9), which is

it +vhe3 =0,

v [t + i) =41,

or
it + v =0,
vl + 05317 =415,

Solve the first equation for v}; v} = —vétz, substitute into the second equation

—v)t? +uh3tP =4r,

and solve for v},

vh =213
Then
V)= —v’zt2 ——
Thus, antidifferentiating v/, v} gives
4 1%
n=o, v=-a

A particular solution is

16 r* 17
3
xpzlel+U2X2:<—?)t+<E>t :g’
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and the general solution is

7

t
x:€+c1t+czt3. ¢

The next example illustrates both the derivation of (9) and the use of a definite
integral.

Example 2.10.2 Derive Variation of Parameters

Find the general solution of

1
x”+x=—.
t+1

Y
Note that (11) is a differential equation with constant coefficients, but 1/(z + 1) is not
the kind of forcing function to which the method of undetermined coefficients can be
applied. We shall solve (11) by the method of variation of parameters since we know
how to obtain solutions of the associated homogeneous equations.

® SOLUTION. First we obtain solutions of the associated homogeneous equation
by solving x” +x = 0. By substituting x = ¢’’, we obtain the characteristic equation
r2+1 =0, which has roots r = =i. Thus, cost and sin# form a fundamental set.
According to the method of variation of parameters, we seek a solution of (11) in the
form

X =wvjcost—+ vpsint. (12)
The derivative is the same as would occur if v; and v, were constants,
x'=—v;sint + vy cost. (13)
However, by the product rule (13) is valid only if
v} cost + vhsint =0. (14)

Substituting (12) into (11) and taking the derivative of (13) using the product rule
yields

. . . 1
—v|sint — v cost—i—vécost—vgsmt—}—vlcost—i—vzsmt:H_—l. (15)

After canceling the v and v, terms, which should always occur, (15) becomes

—v) sin 4 vhcost = (16)

t+1°

The equations for (v, v5) are (14) and (16). For students familiar with solving
linear systems of equations, there are several options available, such as using aug-
mented matrices or Cramer’s rule (see formula (28) at the end of this section). We
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shall just solve for (v}, v}) using elimination. To eliminate v} we multiply (14) by
cos t, multiply (16) by — sin ¢, and add the results:

sin t
"(cos®t +sin’ 1) = — .
Ul( + ) r+ 1
But cos? ¢ + sin? = 1, so that
, sin ¢ a7
V) =— .
'
We can now determine v/, from (14):
o — cost (18)
2T
Since (17) and (18) cannot be antidifferentiated explicitly, we use the definite
integral:
"'sint _
Ul = — / _l dt + Cl N
o t+1
(19)

/’ cosfd;+
v=[ — c.
: o t+1 2

For convenience we have chosen the lower limit to be zero.
A solution is formed from (12):

) ! cost _ U'sinf _
X =sint ——dt —cost = dt
0o t+1 o t+1 (20)

4 crcost+cpsint.

If the arbitrary constants ¢ and ¢, are kept, the general solution of (11) is obtained.
If the constants are zero or any other specific value, then (20) is a particular
solution. ¢

Influence Function

Although (20) is a correct and satisfactory general solution of the differential equation
(11), some further algebraic manipulations yield an important and interesting result.
Since 7 is a “dummy” variable of integration, the functions of t may be taken inside
the integral and the two integrals combined:

df +cicost+cpsint. 21

/’ sint cosf —costsint
x= -
0 t+1

Furthermore, if we use the trigonometric addition formula, sin(a — b) =sina cos b —
cos a sin b, then (21) becomes

"sin(t —1) _ .
X = ————dt+cycost+cpsint. (22)
0 t+1

The solution to the differential equation represents the response to the source
1/(¢t 4+ 1). Itis seen that the solution at time ¢ (called the response) is the sum (actually
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an integral part) of all sources from 7 = 0 (the initial time) to 7 = ¢ (the present time).
The function sin(z — 7) is a weighting function. It is an influence function called the
Green’s function, which represents the weight of the contribution to the response at
t due to the source at 7:

G(t, 1) =sin(t —1). (23)
Using this notation, the solution to the differential equation (11) is

t
1
x:/ G(t,t)——dt +cycost+cpsint. 24)
0 t+1

One advantage of solving the differential equation in this way is that if the source
changes, then it is easy to change the solution accordingly. In fact, it can be seen that
if the source was not described specifically, for example,

tx=f@), (25)

then the general solution could be written
t
x:/ G(t,1) f(@)dt 4+ cy cost + ¢y sint, (26)
0

where the Green’s function G (z, 1) is still given by (23).
It is also interesting to note the manner in which initial conditions are satisfied.
Evaluating (22) at t =0 yields

x(0)=c;.
In this example, it can be shown (but not as easily) that
x'(0) =cy.

Summary of Variation of Parameters

Variation of parameters (second-order) is a method of calculating
a particular solution of x” + px’ 4+ gx = f given a fundamental
set of solutions {x1, x3} of the associated homogeneous equation
x” + px" 4+ gx =0. The method is as follows:

1. Find a fundamental set of solutions {x, xp} of
x" + px' 4+ qx =0.

2. After substituting x = v1x] + vax2, solve the algebraic
system of equations

vix1 4 vhx2 =0, @
vﬁxl “F véxz =¥
for the functions v}, v5.
3. Antidifferentiate to find vy, v3.
4. Then x = v1x1 + vpx3 is a particular solution of
x" 4 px' +qx=f.
5. x =v1x1 + v2x2 + c1x1 + cpx7 is the general solution of
x" 4 px' +qx=f.
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Note. If arbitrary constants are introduced in Step 3 when finding vy, v, then
Xx =v1x] + vaxp will be the general solution.
Note. The coefficients of v}, v} in (27) are the entries of the matrix

/ /
X X

whose determinant is the Wronskian (Section 2.2). Since the Wronskian of a funda-
mental set of solutions is never zero, it follows from matrix theory (Cramer’s rule;
see below) that (27) can always be solved uniquely for v{ s vé. Thus the only difficulty
is in Step 1.

Two comments are in order. First, a fact from algebra called Cramer’s rule can be
applied to the system of equations (27) to give formulas for v], v5. They are

det 0 x? det x} 0
fox Xy f
Vj=———== and v)=—7—"=.
det [x} xa} det [X} xz}

X1 X X1 X

fxi

Evaluating the determinants on top gives
Wix1, x2]’

’ fxa

/
V= Vy =
1 ’ 2
Wilx1, x2]

(28)

where W[x|, x;] is the Wronskian of x;, x,. Then

vlz—/Ldt, vz/zLdt, (29
Wlx1, x2] Wlx1, x2]

and x =v1x] + vax2. The general solution results if two constants are added when
integrating (29). If no integration constants are introduced, then a particular solution
results.

In practice, it is probably quicker to use (28) to find v}, v} than to solve (27)
directly.

Example 2.10.3 Variation of Parameters
Find the general solution of
2x" —4x' +2x =17, t>0. 30)
e SOLUTION. Note that r !¢’ is not the kind of forcing term to which the method
of undetermined coefficients can be applied. However, the differential equation has

constant coefficients, so we know how to solve the associated homogeneous equation.
We shall solve (30) by the method of variation of parameters. We rewrite (30) as

1
x"=2x+x= Et_le’,

so that f (1) = %t‘le’.
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Step 1 We must solve x” —2x’ + x =0. By substituting x = ¢, the characteristic
equation is 72 —2r + 1= (r — 1)> =0, which has roots r =1, 1. Thus {¢’, re'} is a
fundamental set of solutions. Let x; = e, xp =te’.
Step 2 x| =¢', x, =té’,
t t
e te 2t
W t,t ! =det = )
e, ze] el e +te! ¢

and f = %t’le’. Thus (28) gives

, t~lel - te! 1
V=T T2
and
, Tl et !
V2= 2e2t ~ 2
Step 3
t
v = —3
Int
vy = >
Steps 4 and 5
X =V1X] +v2x2 +cC1x1 +Cax2
-t , Intr / ;
276 +7te +c1e +cate
te' Int P - 1
= 5 +cre +cate (C2=C2— 5)
is the general solution of 2x” — 4x’ 4+ 2x =1"1e’. ¢
Exercises

In Exercises 1-14, find the general solution by the method of variation of parameters.
Decide whether the method of undetermined coefficients could also have been used.

1. x" —x=¢€*.

2. x"" —4x' +4x =%,

3 " _ 1

. X +X—‘—.
sin ¢

4. x" +4x = )
cos 2t

5. x4+ x =tant.
—t

6. x" +2x' = .
X" +2x +x 52

" /
7. X +3x +2x=m
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8. 4x" —x =t.

9. x" —6x' +9x =132, x > 0.
10. x”" —4x'+3x=e"".
11. 4x" +4x" +x =127/,
12. x”" +5x" +4x =¢'.
13. x"" —x' —6x=e¢7 2,

14. x” —3x" +2x = €3 cos(e?).
In Exercises 15—18, a fundamental set of solutions is given for the associated homoge-
neous equation for # > 0. Solve the differential equation, using variation of parameters,
and give the general solution. In each case the fundamental set of solutions could be
found by the method in Section 2.9 for the Euler equation.

15. £2x" —2tx' +2x =13, {1, 12}).

16. 12x" +tx' —x =112 {t,t71}.

17. 2% +2tx' =t~ 1, {1, ¢ 1),

18. 2x” —3tx’ +3x =1, {t, 13}

19. Show that a particular solution of x”+ px’+¢gx = f given by variation of
parameters may be written as

" xa)x1 () — x1()x2(0)
xXp(t) = =
Wixi, x2](t)

f(Hdr. 31)

20. Show that (31) gives the unique solution of the initial value problem x” + px’ +
gx=f,x(0)=0, x'(0)=0.
In Exercises 21-25, find the general solution by the method of variation of parameters.

In these exercises a definite integral will be necessary as in Example 2.10.2.

_ 42
21. x" —x=e!

22. x” —4x =sin(t'/3).
23. x4+ 5x +6x=——
t+1
24. x" —3x 4+ 2x =11/,
25. 2% +tx' —x=¢'.

2.11 Variation of Parameters (nth-Order)

The method of variation of parameters given in Section 2.10 may also be used for
nth-order linear differential equations.

THEOREM 2.11.1 Variation of Parameters for nth-Order Equations
Suppose that {xi,...,x,} is a fundamental set of solutions of the associated
homogeneous equation for

an x4+ an 1 Ox" V@ + -+ a1 (Ox' @) +ao)x @) = F(1). (1)
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Ifvi (1), ..., v, (t) satisfy the system of equations
v} (0)x1 (1) + V5 (1) x2(1) + e +uv), ()X, (1) = 0
vOxi) + vOx®  + ety Mx@ =0
viox" @)+ o0+ xS Ve = LY

2)

then xp =v1x1 +v2x2 + - - - + UuX, is a particular solution of (1).

In general, solving (2) for n > 2 can become quite complicated. For small n, say 3
or 4, the system (2) can be solved by Cramer’s rule. For larger n, computer programs
doing symbolic manipulation can be used.

Cramer’s rule applied to (2) takes the form

0 X2 ... Xn
X Xn
det : : :
T N det| .
(n—2) (n—2) (n—2) (n—2)
V= flan  x, Xn — (=1t y 2 Xn
! Wixt, ..., xnl anWlxi, ..., x,]
3
In general,
, w;
v = (=1t LA/ — )
an Wlxy, ..., xx]
Here W is the Wronskian of {x{, ..., x,},
X1 X7 PN Xn
x| Xy e x!
Wixi,...,x,]=det . s
xl(nfl) xénfl) xr(lnfl)

and W; is the Wronskian of the n — 1 functions obtained by deleting x; from the
set {x1,...,x,} that appears in the numerator of (3). W and W, generalize the
Wronksian discussed in Section 2.2. The next example could be solved by unde-
termined coefficients, but we will use it to illustrate variation of parameters.

Example 2.11.1 Variation of Parameters

Solve
X" —x =, 5)

using the method of variation of parameters.

® SOLUTION. The differential equation (5) has constant coefficients, and with
x = ¢! has characteristic equation r3 —r2=r%(r — 1) =0 with roots of r =0, 0, 1.
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Thus {1, ¢, €'} is a fundamental set of solutions of the associated homogeneous equa-
tion x” —x"=0. Let x; =1, x,=t, and x3=¢'. Then a3 =1, n=3, and f =¢'.
The equations (2) are

V) -1+ vht +vie’ =0,
V] -0+ - 1+ vie’ =0, (6)
R N e
This particular example may be easily solved to yield

vi=1, vy=—¢', vj=te —¢, 7
or, upon antidifferentiation,
v3 =1, v2=—e’, v1=te[—26t.
Thus
Xp=vix] + 202 +v3x3 = (te’ —2e") 1 + (—e' )t +1(e) =te' —2¢'.
The general solution is
X=Xp+xp =te! —2¢' +c1 4ot —|—C3et =te 4+ —i—czt—i—ége’.

Suppose, however, that instead of solving (6) directly, we had used Cramer’s rule (4).

Then
1 ¢t ¢
W[l t,e'l=det| 0 1 ¢ |=¢,
0 0 €
and
t e
det
"Wlt, '] [1 ef}
r ()3 E el —te' —¢',
nEED e T T ¢
1 €
det
iy 1)3+26’W[1,e’] . ¢ |:O et] ,
vh = (— =—c =—¢,
2 WIl,1,e'] e!
1
det
e %o ]
v3=(—1) =e =1,
WI(l,1t,e'] el
which agrees with (7). ¢
Exercises

In Exercises 14, solve the differential equation by variation of parameters and give
the general solution.
2

" /1
2. X"+ x' =g

1. x""—x'=e
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3. X" —x" =1,
4. x"" —6x"+11x' —6x =¢€".
5. Verify that W[e%, e, '] = e@tb+ (b — a)(c — a)(c — b).

In Exercises 6-12, use Exercise 5 and variation of parameters to find the general
solution.

6. x"" —x" —4x' +4x=e"".

7. x" =2x" —x'+2x =€

8 x4+ x" —4x' —4x =1.

9. x4+ 2x" —x' = 2x =1.

10. x”" —3x" — x’ +3x =sint.

11. x4+ 3x" —x' —3x=eé'.

12. x"” =3x" +2x'=e".

13. Verify that W[e®, te®, t2e®'] =23 .

In Exercises 14-17, use Exercise 13 and variation of parameters to find the general
solution.

14. x" =3x" 4+3x" —x =11/2¢".

15. x4+ 3x" +3x" +x =t 3e7".
16. x"” +6x" +12x" +8x=1"le 2.
17. x"” —6x" +12x" — 8x =17/22.

In Exercises 18-21, you are given a fundamental set of solutions for the associated
homogeneous equation and f and a,. Solve the differential equation using variation
of parameters.

18. {1,1,12,13), f=t,as=t.
19. {¢', te', 1%e'}, f=¢', a3 =2.
20. {1,122, 3}, f =172, a3 =1.
21. {1, 1, 1'%}, =13, a3 =12.



CHAPTER 3

The Laplace Transform

3.1 Definition and Basic Properties

We have developed several methods for solving differential equations. In this chapter
we shall introduce a different type of approach that is very important in many areas
of applied mathematics. The idea is to use a transformation that changes one set of
objects and operations into a different set of objects and operations. Our transforma-
tion will be the Laplace transform, and it will change a linear differential equation
with constant coefficients into a problem in algebra. Many design procedures in such
areas as circuit and control theory are based on the algebraic form of the problem
provided by the Laplace transform. The Laplace transform is also especially well
suited for handling discontinuous forcing functions and impulses. But first we need
to develop the basic properties of the Laplace transform. In this chapter we will use
t as the independent variable, since the Laplace transform is most often useful for
initial value problems in time ¢, defined for ¢ > 0.

Definition of Laplace Transform

Let f(¢) be a function defined on the interval # > 0. The Laplace transform of f(¢)
is obtained by multiplying f(¢) by e’ and integrating from t =0 to = co. The
Laplace transform of f (¢) is then a new function of the Laplace transform variable s,
and it is given by

F(S)=E[f(t)]=f0 e f(ndt, 6]

provided the improper integral exists. L[ f (¢)] is read “the Laplace transform of f(¢).”
The notation F'(s) emphasizes that the Laplace transform of f (¢) is a function of the
variable s.

Throughout this chapter, lowercase letters will denote the function of ¢ and capital
letters will denote the Laplace transform. Thus,

L[g@)]=G(s) and L[y ()] =Y (s).
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The one exception is H (¢) for the Heaviside (unit step) function in Section 3.4.

Example 3.1.1 Calculating Laplace Transform from Definition

Calculate the Laplace transform of e’.

® SOLUTION. Recall that, by definition, for any function /(¢) defined on [0, 00),

[ee) b
/ h(t)dt = lim [ h(t)dt,
0 b— 00 0

and the integral is said to converge if this limit exists. If the limit does not exist, the
integral is said to diverge. Thus, if f(t) =¢', then

o0 b
E[e’]:f e Seldt = lim 1= gy
0 b—o0 Jo

b ifs=1,

= lim { ¢2U-9
b—o0

if 1.
1—s 1—ys ifs #

If s <1, then 1 —s >0 and limp_, =% — 56, 50 that the integral diverges. If
s =1, then limp_, oo b = 00 and the integral diverges. On the other hand, if s > 1, then
1 —s <0, and the integral converges,

o bd=s) 0 1 1
/ eteldr = lim & - = - =
0

b—oo 11— l—s 1—s 1—s5 s—1'

Thus F(s)=L[e']=1/(s — 1), and the domain of the Laplace transform of ¢’ is
1 <s <oo. ¢

Example 3.1.2 Calculating Laplace Transform from Definition

Let
0 ifo<r<2,
f)y=133 if2<tr<4,
0 ifd<r.
Calculate L[ f(1)].
e SOLUTION.

LLF()]= /0 ¢ f(1)di

2 4 o0
=/ e f() dt+/ e_”f(t)dt+/ e f(t)dt
0 2 4

2 4 00
:/ e_”Odt—i—/ e_‘”3dt+/ e S10dt
0 2 4

3/4 . U 35t 4 36—4s 3g—2s
= e =
2

= + : ¢
=S | —S N
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Figure 3.1.1 Figure 3.1.2

Obviously, we do not want to have to compute every Laplace transform from the
definition. Tables of Laplace transforms have been developed. There is a short table
(Table 3.1.1) at the end of this section, and a longer table (Table 3.2.1) appears in
Section 3.2. But first we need to establish when the Laplace transform exists. One
important feature of the Laplace transform is its ability to work with some functions,
like f(#) in Example 3.1.2, that are not everywhere continuous.

A function f () defined on [0, co) has a jump discontinuity at a € [0, co) if the
one-sided limits

lim f(f)=I/+ and lim f(r)=I_
t—>at t—>a~

exist but the function f (¢) is not continuous at t = a. The most important case is when
Iy #1_, as illustrated in figure 3.1.1.

A function f(t) is piecewise continuous on [0, co) if, for every number B > 0,
f(t) is continuous on [0, B] except possibly for a finite number of jump disconti-
nuities. Note that a piecewise continuous function can have an infinite number of
discontinuities, but there can be only a finite number of discontinuities on a finite
interval. Two piecewise continuous functions are graphed in Figure 3.1.2.

A function f(¢) on [0, 00) is said to be of exponential order if there exist constants
a, M, such that | f(t)| < Me* for t > 0. That is, as t — 00, f(¢) grows more slowly
than a multiple of some exponential. Both examples in figure 3.1.2 are bounded func-
tions and hence of exponential order (take o« = 0). Note that e’ ® is not of exponential
order, since 12 eventually grows faster than o for any constant « (see Exercise 76 at
the end of this section).

THEOREM 3.1.1 Existence of the Laplace Transform If f(t) is piecewise con-
tinuous and of exponential order on [0, 00), so that | f ()| < Me*, then L[ f]= F(s)
exists and is defined at least for s > «.

Example 3.1.3 Laplace Transform of an Exponential

Compute L[e?'], where a is a constant.
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e SOLUTION

o0
L[e"] =/ e St dr
0

b
= lim '@ gy

b—o0 Jo
et(a—s) 1=b
= lim (a#s)
b—oo a—s
t=0
) eb(a—s) 1 e—t(s—a) 1=00
= lim — =
b—oo a—s§ a—s —(s—a) o

if s >a,

diverges if s <a.

Thus

Lle“] = b (s>a). (T2 )

Ss—a

Formulas which appear in the Laplace transform tables will be referred to by T plus
the formula number in the table. ¢

An important special case of (2) is when a = 0. In this case,

E[1]=§, (s>0), (TDH 3)

Inverse Laplace Transform

In the applications to be developed, sometimes we have to find a Laplace trans-
form F(s) given f(¢). At other times we will need to find a function f(¢) such that
L[ f(t)] = F(s) given F(s). That is, we will have to invert the Laplace transform. In
this situation, it is important to know that f (¢) is unique. Since the Laplace transform
is given in terms of an integral, changing a few values of f(¢) will not change the
Laplace transform (see Exercise 75). There exists a formula for the inverse Laplace
transform, but it requires complex analysis.

THEOREM 3.1.2  Uniqueness of Inverse Laplace Transform [f F (s) is given and
there is a continuous function f(t) such that L[ f (t)] = F(s), then f(t) is the only
continuous function for which L[ f (t)]= F(s).

Since, for all practical purposes (at least ours), F'(s) uniquely determines f(z), we
may denote this by f(r) =L ~'[F(s)] and call £~! the inverse Laplace transform.
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Example 3.1.4 Exponential Example
In Example 3.1, we showed that L[e%'] =1/(s — a). Thus,

It is helpful to memorize this result (and only a few others).

Linearity Property

The Laplace transform has several important properties. One is that it satisfies the
linearity property. That is, the Laplace transform of a linear combination of functions
equals the same linear combination of their Laplace transforms:

Llei f@) + 28O =c1 LLf (D] + 2 LIg )], “)

where ¢y, ¢y are constants.
As a corollary, the inverse Laplace transform also satisfies the linearity property

L7l F(s)+2G()]=c1 L7 [F(9)]+ L7 [G(9)]. ®)

Verification of (4)
Ller f(6) +cag ()] = fo ' ler £ () + cag (01dt

o o
=c / e ST f)dt + ¢ / e lg(t)dt
0 0
= LIf O]+ 2 LIg®)].
Example 3.1.5 Using Linearity When Taking Laplace Transforms
Compute L[3e' +5e~% + 6] using (2), (3), and the linearity property (4).

e SOLUTION
LI3¢' +5¢ 2 +6]=3L[e']+5L[e H]+6L[1]
3 5 6
s—1  s+2 s ¢

Example 3.1.6 Using Linearity When Taking Inverse Laplace Transforms
Given F(s) =2+ - find f(t) = L7 [F(s)].

s s—37

@ SOLUTION. From (2) and (3), we have

1 1
e =1 [ ] and 1=£"" |:—:| .
s—a s
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Thus
3 6 1 1
Lo — =37 - |+6L7 | —
s s—3 s s—3
=3.146¢" =3+6e. ¢

Sinusoidal Functions

From Euler’s formula, ‘' = cos bt + i sin bt, we know that cosine and sine are linear
combinations of imaginary exponentials:

1 . 1 _.
cos bt = zelbt + ze*’b’,
(6)
. 1 .
sin bt = —.Elbt — —.E_lbt.
2i 2i

For example, we can derive the Laplace transform of cos bz. Using (6) and the linearity
property (4), we get

L[cosbt]= %ﬁ[eibt]+%£[e_ibt]. @)

We have shown that L[e% ] = ﬁ fors > a, which is valid for real exponentials. If a is
complex, we can repeat the derivation of its Laplace transform (see Example 3.1.3),
and we find that there are no changes except that the restriction s > a should be
s > Re(a). That is, s must be greater than the real part of a. Thus, using a common

denominator, we obtain

C[cosbt]—l 1 +1 1 _1s+ib+s—ib
C2s—ib 2s+ib 2(s—ib)(s+ib)’
so that
S
L btl=——— (T4). 8
[cos br] T (T4) (®)
In a similar manner, we can show
Llsinbfl= —2—  (T3) ©)
sinbt] = —— .
52+ b2

These are very fundamental formulas, and so they are presented in the tables. In
Exercises 9 and 10 at the end of this section, these results are derived by explicit
integration of the defining Laplace transform (1).

When using (T4), (T5), and several formulas from the next section to compute
inverse Laplace transforms, we will often have to adjust the constants so that the
expression corresponds to one in the table.

Example 3.1.7 Inverse Laplace Transform: Denominator is s> + b*
I )

Given F(s) = w]ﬁ find f(t) =L [F(s)].
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e SOLUTION From (9) we have £~ [ﬁ] =sin bt. Then,
S N R
217 24 (/172 1752+ W12
which involves (9) with b =+/17. Hence,

11 1
£ = sin VTt
LZ T 17} Wik ¢

Frequently, F'(s) will have to be expressed as a sum of several terms that can each
be evaluated from known formulas.

Example 3.1.8 Inverse Laplace Transform: Denominator is 52+ b2

Given F(s) = 3513 find f(t) =L F(s)].

e SOLUTION
2545 s 5 3
L == |=c""2"—+=
[s2+9] [ 52+9+3s2+9:|

s 5 3
=207! ~L!
|:s2—|—9:| * 3 I:S2+9i|

5
=2cos 3t + 3 sin3¢  (by (8) and (9)). ¢

Polynomials

Powers and polynomials also have elementary Laplace transforms. There are many
ways to derive

|
LI = oy
S

—  (T9). (10)

The derivation we present requires little knowledge of Laplace transforms and illus-
trates how many of the formulas can be directly derived using calculus. (Further
properties of Laplace transforms discussed later in this section enable one to derive
(10) more easily.)

Derivation of (10)

From the definition of the Laplace transform,
o0
L["] = / t"e S ds.
0

We integrate by parts (fab udv=uv|? — fab vdu) one time,

u=t", dv=e%"dt,
1

du =ni""dzt, v=——¢
s

’
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so that

o n o0
+ —/ "le=Sdr. (11)
=0 s Jo

E[tn] — tn (_le—st)
N

If n > 1, the first term on the right vanishes, (assuming s > 0), since

" _le—st
N

Thus, (11) becomes a recursion formula for the Laplace transform

o0

1
=—— lim [P ”]—0=0.
S b—oo

t=0

crm = 2o (12)
s
For example, evaluating (12) for n =1 yields
1 1
Llt]=-L[1]=—, (13)
S S
using the fact (3) that £[1]=1/s. Evaluating (12) at subsequent values of n yields
2
n=2: L[*]= —E[ 1=,
3.2
n=3: L[]== E[t ]_—4.

The pattern has now emerged, and we are able to conclude that (10) is valid.

Example 3.1.9 Laplace Transform of a Polynomial

Find the Laplace transform of f () = 4362 +5.

® SOLUTION. Using the linearity property and (10) yields

£[t4+3t2+5]=£[t4]+3£[t2]+5£[1]— e +32 +51. ¢
Example 3.1.10 Inverse Laplace Transform: Denominator is s"
If F(s)=3/s>, find f(1).
® SOLUTION. Using (10 ) or (T9) with n =4,
FO) =L F(s)=L [%}:%c—l [%} o N

A short table (table 3.1.1) of elementary Laplace transforms and their correspond-
ing inverse Laplace transform formulas appears later in this section. Table 3.2.1 in
the next section is more extensive.

The first group of formulas in the tables give the Laplace transform of particular
functions. The second group are generally operational formulas. Some of these will be
developed shortly. The third group are additional formulas developed in the exercises
and other sections. To simplify referencing, formulas have the same numbers in both



The Laplace Transform 205

tables; H () is a step function, to be discussed in Section 3.4; and §(¢) is an impulse
function, to be discussed in Section 3.6.

3.1.1 The shifting theorem (multiplying by an exponential)

Many of the more complex Laplace transform formulas are derived from simpler
formulas using the shifting theorem.

THEOREM 3.1.3  Shifting Theorem
If LLf ()] = F (s), then

Lle“ f(t)]=F(s—c). (T16) (14)

This shows that for Laplace transforms, multiplying f(¢) by e’ is equivalent to
shifting the transform variable from s to s — c.

Verification of (14)
Ll f()]= /00 e e f(t)dt
0
- / T e
0
=F(s—oc),
using (1).

Example 3.1.11 Shifting Theorem

Find the Laplace transform of #*e? .

e SOLUTION. We will apply the shifting theorem, (14), with ¢ =2 and f(r) =1*,
so that F(s) =4!/s>:
L f(D]=F(s —c)
41
that L[e*t*]1=F(s—2)= ———.
so tha [e ] (s ) G2
Example 3.1.12 Shifting Theorem

—3t

Find the Laplace transform of e’ cos 67 using the Laplace transform of cos 6.

e SOLUTION. We will apply the shifting theorem (14), with c=—3 and f(t) =
cos 61, so that F(s) =s/(s2 + 36). According to the shifting theorem,

L[ f(1)]=F(s —¢)

s+3

-3 _ _
sothat L[e tcos6t]—F(S+3)—(s+3)2+36'
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Exponential times Sinusoidal Function

Important formulas for the Laplace transform of simple exponentials time sinusoidal
functions may be obtained by generalizing the previous example:

at _ —a
L[e" cosbt] = —(s 2 (T6) (15)
and
at oz _
L[e" sinbt] = —(S mps T (T5) (16)

Exponential times Powers

The shifting theorem (14) may also be applied to the Laplace transform formula for
powers (10):

Lle"t"]= (T11) a7

(s — a)""‘l.
This generalizes Example 3.1.1.

Exercises

1. Sketch the following function and explain why it is not piecewise continuous:

t, 0<t<2,
3, 2=t,
f@)=
—, 2<t.
t—2
In Exercises 2—4, sketch the function and explain why it is piecewise continuous.
2.
1, 0<r<l,
f)y=3-1, l1<r<2,
1, 2<t.
3.
t, 0<t<l,
fo=13 1=t
t—1, 1<t
4.
et 0<t<l,
f(@t)=13, 1=1t,

et 1<t.

In Exercises 5-7, compute L[ f(¢)], using the formula L[ f]= fooo e f(t)dt.
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5.
I, 0<r<l,
f(t)_{o, 1<t
6.
1, 0<t<l,
f)y=1-1, 1<t<2,
0, 2<t.
7.
t, 0<t<l,
f@O)=12—-1t, 1=<t=<2,
0, 2<t.

8. Verify that L[t] = 1/s2, using the formula L[ f]= fooo e S f(t)dt.

9. Verify that L[sinbt]=b/(s* 4+ b?), using the formula L[ f1= [~ ¢™* f()d1.
10. Verify that £[cos bt] =s/(s*> 4 b?), using the formula L[ f]= fooo e f(t)dt.
11. Using((2), show that L[sinhat]=a/(s> —a?).

12. Using (2), show that L[coshat] = s/(s2 —a?).
13. Using (6), show that L[sin br] =b/(s> + b?).

In Exercises 1446, use (T1)—(T4) and (T9) (formulas (2), (3), (4), (8), (9), and (10))
to compute L[ f].

14. f(t)=3t+2.
15. f(t)=3cosh?2z.

16. f(t)=4e> +6e7".

17. f(t)=S5sin6t.

18. f(t) =4sin3t+5cos7t.
19. f(t)=—1+3.

20. f(t)=¢' —e "+,
21. f(t)=2+cos5t.

22. f(t) =2sin 3t + 4 sin 5¢.
23. f(t)=sinh3t.

24, f(tH)y=t+3—¢.

25. f(t)=2e"" +6¢.

26. f(t) =—4sin2r.

27. f(t) =3t —14cosh?2t.
28. f(t)=Te > —9¢ 3 —6.
29. f(t)=T7r>+ 11t +8.
30. f(t) =26 +5¢2.

31. f(t) =3t* + 413

32. f(t)=21%+313 +6¢%.

In Exercises 33—46, use the shifting theorem (14) or (T16) to compute L[ f]
33. f(t)=¢> sin5t.
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34. f(t)=e> sin3r.

35. f(t)=¢* cosTt.

36. f(t)=e'" cos4t.

37. f(t)=e"3sin5t.

38. f(1)=e"sin3r.

39. f(t)=e ¥ cosTt.

40. f(r)=e""" cos4t.

41. f(t) =e*1".

42. f(t)=e"1%.

43. f(1)=e 215,

44. f(1)=e01%,

45. f) =l +13+1).
46. f(t)=e H (1% + 61>+ 5t +4).

In Exercises 47-66, F(s) is given. Use formulas (T1)—(T4) and (T9) to compute
f@O)=L7F )]
a. 2L
s2 s
3 4
s—3 + s+3°
1
249
Ts+1
1+s

48.

49.

50.

51.

14+

52.
$3

7 19

3
53. — — .
s s2+s2+1
2

3 7

54.

s+s+1 s—8°
3s+7
s2416

56 11 2

S

5 n 7
s+3 s-=5
5s+4
s24+9°

59. s76.

60. 4s7°.

2

s249°

55.

57.

58.

61.
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5s
s24+13°
63. —

62.

64.

65. ————.
252 +7
—s+1
3s2+11°
In Exercises 67-74, F(s) is given. Use formulas (T1)-(T4) and (T9) to compute
f()=L""[F(s)]. The shifting theorem (T16) may be required.
1
5
(s =3)%
(s —5)
(s—=524+9°
(s+6)
7
(s—72+16
8
(s +4)2+25
s+3
(s+3)245
6
(s—2)243

75. Let

66.

67.
68.
69.
70.
71.
72.
73.

74.

2 ifr=1,
f(t):{t ifr#1.

Show that L[ f ()] = L][t].
76. Show that lim,_, o e~ e!” = 00 for any o. Use this to show that ¢ is not of
exponential order.
77. Determine if eV7 is of exponential order.
78. Show that e’ﬂ is of exponential order if 0 < 8 <1 and is not of exponential order
if 6> 1.
79. Prove Theorem 3.1.1, using the following two facts:
a) If fo |h(¢)|dt converges, then fo h(t) dt converges.
b) If 0 < g(#) <r(t) and [;° r(t) dt converges, then [, g(t) dt converges.
80. Verify by direct integration that L[e*]=1/(s —a) if a is a complex number.
Note that s must be greater than the real part of a.
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3.1.2 Derivative Theorem (Multiplying by ¢)
Some additional results concerning Laplace transforms follow from the definition

F(s) =/OO e f(t)dt. (18)
0

If we differentiate (18) with respect to s, we obtain

F'(s) = 5—s /OOO e f(t)dt = fooo aa—se—”f(t)dt - /Ooo —te S f(t)dt

from the laws of differentiating integrals. Thus,
Lltf(O]=—F'(s). (T21) 19)

For Laplace transforms, multiplying f(¢) by ¢ corresponds to taking minus the
derivative of the transform f(s) of f(z).
Example 3.1.13 Using the Derivative Theorem

Compute the Laplace transform of different powers of ¢, L[¢"*], using (19).

o SOLUTION. We already know that if f(z) =1, then F(s) = % Thus,

1
‘C’[l]:_’
s
d d (1 1
= .1 = — — 1 = —— — = —
Ll =Ll 1=~ L=~ (S> 5
d d (1 2
21— = —— = —— — | = —
LI =Ll 1] ==Ll =~ (S2> >
d (2 3!
AT SR LR ror SO LR I W
L7 1=L[t-1t7] L[t7] Is <s3> A
From this we can generalize that
n n!
L[t ]=sn+1. (T9) (20)

In this derivation successive usage of (19) has been made. Equation (20) was derived
earlier (see (12)) using successive integration by parts. ¢

Example 3.1.14 Using the Derivative Theorem

Find L[te"] using (19).

@ SOLUTION. We use (19) with f(t) = e, so that F(s) = ——. Thus,

a°

d 1 1
Llte"]=—— =—.
Le™] dss—a (s—a)?
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TABLE 3.1.1
Short Table of Laplace Transforms
o
f@) E[f(t)]=F(S)=/0 e~ f(ndt
1
(T1) 1 -
s
1
(T2) e
S —a
. b
(TS) sin bt m
s
(T4) cos bt m
n n!
(T9) ¢ sy
(T15) f@—c)H( —c¢) e “F(s) ¢>0
(T16) e (1) F(s—c¢)
d
(T18) ?{Z.f’(t) sF(s)— f(0)
Ef 2 /
(T19) 2 =1 s9F(s) —sf(0)— f(0)
(T21)  1f (@) —F'(s)
! F(s)

(T23) f(rydr
0 K

t
(T24) [f(r)g(t—t)dr F(s)G(s)
0

Higher powers of ¢ can be obtained in the same way to give

Llt"e" ] = (T11) 1)

(s — a)n+1 .

This can also be derived from (20) using the shifting theorem (see (17)).
Example 3.1.15 Using the Derivative Theorem
Find L][f sin bt].

® SOLUTION. We use (19) with f(¢#) =sinbt, so that F(s) = ﬁ. Thus,

. d b 2bs
L[tsinbt] = — <s2 n b2> =12 (T25) (22)

which we derive later in a different way. The corresponding result for cosines,

2 2

S
L[t cosbt] = m,

(T26) (23)

can also be derived using (19). ¢
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Exercises

In Exercises 81-90, compute the Laplace transform using the derivative theo-
rem (19).

81. te.

82. te™".

83. t cos 5t.

84. tsin5¢.

85. 12 cos 3t.
86. t2sin 3¢.
87. te sin 3t.
88. e cos 2t.
89. te™¥ cos 5¢.
90. te™* sin 6r.

In Exercises 91-100, compute the inverse Laplace transform using the derivative
theorem (19).

91. (s +3)7°.
92. (s —2)78.
5s
2s
(s2425)2°
s2—9
5225
(s2+25)%°
5
3
(s2425)2°
2s+1
99. m
3s—5
101. Show that, if L[ f(t)]= F(s) , then L[ f(ct)] = %F (£). where c is a positive
constant.
102. Using (T21), verify by induction that £[#" £ (t)] = (—1)" F " (s). This is (T22).
103. Using Exercise 102 and (T2), show that

93.

94.
95.
96.

97.

98.

100.

n!

n aty __ .
L[t"e ]_—(s—a)"H'

This is (T11).
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104. Partial fractions result in terms like (As + B)(s2 + b%)~2, which are not readily
related to (22), (23). Thus (T27) is helpful. Using (22), (23), and (T3), show
that

-1 2b2 1 .
L R zl—)smbt—tcosbt. (T27)

3.2 Inverse Laplace Transforms (Roots, Quadratics, and
Partial Fractions)

Many inverse Laplace transforms can be obtained directly from the tables based on
the standard Laplace transforms and properties of the previous section. However, in
solving differential equations, often we will need the inverse Laplace transform of
F(s), where F(s) is a rational function of s. That is, F(s) is a ratio of polynomials
in s. In this case partial fractions may be used to express F(s) as a sum of simpler
terms.

When the denominator of F(s) has a quadratic factor, as? +bs + ¢, we use the
discriminant to distinguish between real roots (b*> — 4ac > 0), complex roots (b*> —
4ac < 0), and repeated real roots (b — 4ac =0). We will discuss examples of these

types.

Simple Real Roots

When the denominator of F(s) only has simple real roots, then the inverse Laplace
transform of the partial fraction decomposition is a straightforward application of
the elementary exponential formula L[e%'] = ﬁ Also, the coefficients in the partial
fraction expansion are easily determined.

Example 3.2.1 Simple Real Roots in Denominator

Given F(s) = 2>, find f (1) = L7'[F (s)].

@ SOLUTION. Using partial fractions, we have

3 _ 3 _ A B
$2—4 (s=2)(s4+2) s—2 s+2°

Multiplying by the denominator gives 3= A(s +2) + B(s — 2). Note that s =2, —2
are the roots of s2 — 4. Letting s =2, -2 in 3=A(s +2) + B(s —2) gives A= %,
B =—3. Thus,




214 Chapter 3

Example 3.2.2 Simple Real Roots in Denominator

Given F(s) = 32_2§+21+2s find f(t) =L [F(s)].

® SOLUTION. Using partial fractions, we have

2+l 241 A B C
$3=352425  s(s—Ds—=2) s s—1 s=2

Multiplying by the denominator gives 2s +1=A(s —1)(s —2)+ Bs(s —2) +
Cs(s —1). Therootsare s =0, 1, 2. Lettings =0, 1, 2, gives A = %, B=-3C= %

Thus,
1 1 5 1
-1 23,1 Dl
£ [s] £ s—1 +2£ s—=2

5
— 3¢ + EeZt. ¢

25 +1
L —5—|=
|:s3—3s2+2s]

N = N =

Complex Roots for Quadratics (Completing the Square)

When working with Laplace transforms, we frequently get expressions where the
denominator is a quadratic,

As+ B
as?+bs+c’

when ithas complex roots. If the denominator has purely imaginary roots (for example,
the denominator is s2 + 5), then the formula involving sines and cosines may be
used directly as in Example 3.1.8. If the denominator has roots with nonzero real
and imaginary parts (b> — 4ac < 0), then completing the square enables the inverse
Laplace transform to be obtained.

Example 3.2.3 Complex Roots: Completing the Square

Given F(s) = 323_S6—sl+713, find f(t) =L [F(s)].

® SOLUTION. Since b% — 4ac =36 — 52 = —16 < 0, the denominator does not have
real factors. If we were to try to apply partial fractions, we would get the same
expression back. F (s) cannot be simplified further by partial fractions. Thus we must
complete the square; s2—6s+13=(s —3)2+4=(s —3)% +22. There are two ways
to proceed. One is to express the numerator 3s — 17 in powers of s — 3 in order to use
table 3.1.1 based on the shifting theorem (T16). Alternatively, we may go directly to
the answer using the long table (table 3.2.1). We illustrate the second approach first.
There are two formulas (T5), (T6) in table 3.2.1 with a denominator of (s — 3)% + 22,

s—3 and 2
(s —3)2 422 (s —3)2 422"
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Thus we wish to find constants A, B so that

3s — 17 (s —3) 2
G-+ Aeoamen PR W
A(s —3)+ B2
GO

The inverse Laplace transform of (1) is
f(t)=Ae> cos 2t + Be sin 21
From (1), A, B must satisfy
3s —17=A(s —3) +2B.
Equating powers of s gives A = 3. Letting s = 3 gives that 2B = —8 or B = —4. Thus

35 —17

_ pr—1
Fn=£ |:s2—6s+13

] =3¢ cos 2t —4e> sin 2t.

Alternatively, we can compute f(z) using Table 3.1.1 and the shifting theorem

3s—17 : .
(T16). We express T a3 52 function of s — 3:

35—17  3(s—3)—8
s2—6s+13 (s —3)2+2%

But, replacing s — 3 by s, we compute that

35 -8 s 8 2
-1 A _ '
L |:s2+22i|—£ |:3s2+22—§s2+22]_30052t—451n2t.

Thus, by the shifting theorem (T16), we have

3s — 17

_ pr—1
fn=£ |:s2—6s+13

] =3¢ cos 2t — e’ sin 2t. ¢

The next two examples have simple real and simple complex roots.
Example 3.2.4 Real and Complex Roots

Given F(s) = ﬁ find f (1) =L '[F(s)].

@ SOLUTION. Using partial fractions, we have

s—38 B A +Bs+C
(s—5)(s2+4) s—5 s2+4°

2
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Finding the constants A, B, C often requires the most work of all the steps. Sometimes
it is best to save that work until the end. If A, B, C were known, the inverse transform
would be straightforward:

-8 1
Yout |:(;)(—2+4)] =Ae5’+B0052t+C§ sin 2¢.
s—15)(s

From (2), we have s —8 = A(s2+4)+ (s —5)(Bs + C). A is easy to obtain by eval-
uating at the real root s =5, sothat -3 =29A or A = — %. The remaining coefficients
(or all coefficients) may be obtained by equating like powers of s,

1: —8=4A-5C,
s 1=-5B+C,
s2: 0=A+B.

Since we already know that A = —%, it follows from the s> equation that B = 23—9

and from the s equation that C =1+ % = 3—3. A check on our arithmetic can

be done by verifying that the remaining equation, the constant equation, holds:
—8=—12—5— 2 whichis valid. ¢

Example 3.2.5 Real and Complex Roots
: _ -8 _ r—1
Given F(S)—H)(izm, find f(t)—ﬁ [F(S)]

@ SOLUTION. The quadratic factor has complex roots since b*> —4ac=—16 <0,
so the denominator cannot be factored further. Using partial fractions,

s—8 A N Bs+C
(s—5)(2+254+5) s—5 (s+1)2+4

3)

The first term in (3) is easily found in the table. The second term with the quadratic
denominator can be determined by either of the techniques used in the last example.
Using the first technique, we get

s—8 _A+B s+1 L 2
(s—5)(s2+4) s-—5 (s+12+4 (s+1)2+4

“4)

Finding the constants A, B, C often requires the most work of all the steps. Sometimes
it is best to save that work until the end. If A, B, C were known, the inverse transform
would be straightforward:

—8 _
e [( 5)(S2+2 +5)} = Ae” + Be cos 21 4 Ce™" sin 2.
s — K s

We can eitherNﬁnd A, B, C in (3), and then work a problem like the last example,
or find A, B, C in (4). We shall do the iecond, since it is quicker. From (4), s — 8 =
A(s>+254+5)+ (s —5)[B(s+ 1) +2C]. A is easy to obtain by evaluating at the
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real root s =5, so that —3=40A or A= —f—o. The remaining coefficients (or all
coefficients) may be obtained by equating like powers of s,

1: —8=5A-5B-10C, _
st 1=2A-5B+B+2C,
52 0=A+B.

Since we already know that A = 40, it follows from the 52 equation that B = 40
and from the s equation that 2C=1-2A+4B=1+2 40 + 35 12 =lg 18 . A check on
our arithmetic can be done by verifying that the remaining equatlon the constant

equation, holds. Since —8 = —% — }‘—(5) —-5— 4—0, the check is valid. ¢

Repeated Real Roots

When s =0 is a repeated root, we already know how to obtain the inverse Laplace
transform:

L[t"]= (T9)

sh+1°
A direct application of the shifting theorem (T16),

L[t"e" ] = (T11) &)

n!
enables us to determine the inverse Laplace transform when the repeated root is
s = a. The inverse Laplace transform of a simple root is the corresponding elementary
exponential. Equation (5) shows that the inverse Laplace transform of a multiple root
is the corresponding exponential multiplied by one power of ¢ for each time the root
is repeated.

Example 3.2.6 Repeated Real Roots

If F(s) = find £(t).

S
e

@ SOLUTION. Using partial fractions, we have

52 A N B N C N D
s+D3s+5 s+5 +D3 (+D? s+1
1 B 2! 1 1
=A + = +C +D . (6)

s+5 2+ 1)3 (s +1)2 s+1

Determining the four coefficients can be the hardest part. Once the coefficients
A, B, C, D are determined, the inverse Laplace transform can be obtained using
the formulas for a simple root and the new formula for repeated roots:

52 1
E_l s Ae —5t B— —t Ct —t De™!
|:(s+l)3(s+5)] HECTHE

Determining A, B is not difficult since s = —5 and s = —1 are roots. Multiplying (6)
by the denominator (s 4 5)(s + 1)3 yields

2= A+ 1>+ B +5) +Cs+1)(s+5) +D(s+5)(s+ D2
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Evaluating at s = —5 yields 25= A(—4)% or A = % = —%. Evaluating at s = —1
yields B = 4—11. Determining C, D is more difficult since s = —1 is a root of multiplicity
3. We equate coefficients of powers of s to get equations to solve for C, D. For
example,

s3: 0=A+D,

s2: 1=3A+C+7D.

GiVCnA:—é—Z andB:%,weﬁndthatD:é—f‘andC:—l%. ¢

Repeated Imaginary Roots

Repeated imaginary roots are more difficult than repeated real roots. We will only
derive results corresponding to repeated roots of multiplicity 2. Using Euler’s formula,
we get

[ 1 ,
L[t cosbt] = Eﬁ[te””] + Eﬁ[te—lbt].

Using (5) with n = 1, we obtain
11 1 1 1 (s+ib)>+ (s —ib)>
L[t bt]=— — P ,
eosbt = i T2t 2 (1)

after using a common denominator. Squaring, adding, and canceling terms yields

§2—p2
E[l Ccos bl] = m . (T26) (7)
In a similar way we obtain
. 2bs
L[t sin bt] = m . (T27) (8)

These results can also be derived using (T21), as outlined in Example 3.1.15 in
Section 3.1.2.
A useful inverse transform is obtained directly from (8):

1 N _ 1 .
L [m] —Et sin bt. (9)
However, to obtain £! [m], we must do some further elementary calculations

based on (7). Noting that s> — b* = 52 4+ b> — 2b? in (7) yields

—2b? N 1
(s2+b%)2 52452

L[t cosbt] =

Thus,

. [ —2b%

L.
m]:tcosbt—zsmbt
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or

1 1 1
—1 _ .
L [m] = ﬁ sin bt — mt cos bt. (T27) (10)

Example 3.2.7 Repeated Pure Imaginary Roots
3

If F(S) = (S;T)z’ find f(l)

® SOLUTION. Using partial fractions, we have

53 _As+B  Cs+D
(2492 (s2+9?% 249

VL B YOS R an
T (s249)2 (s249)2 249 3 \s249)/)°

Once the coefficients A, B, C, D are determined, the inverse Laplace transform
requires the new formulas (9) and (10):

3
1 s . 1 . 1 . 1
L [m]—Aﬁt sin3r+ B (2—33 SIHSI—ﬁtCOS?ﬂ

D .
+ C cos 3t + 3 sin 3z.
The coefficients can be determined by multiplying both sides of (11) by (s> +9)*:
s3=As+ B+ (s24+9)(Cs + D).

Equating like powers of s yields

s 1=C,
52 0=D,
K 0=A+4+9C,
l=s 0=B+9D.
Thus, A=-9,B=0,C=1,D=0. ¢

Repeated Complex Roots

Formulas for repeated complex roots can be obtained using the shifting theorem (T16)
directly from the formulas for repeated imaginary roots

[,_1 |:[(S—Sa)_—23—b2]21| = %tem sinbt, (T28)
(12)

1 1 1
_1 . . )
. |:[(s—a)—2+192]2] ~op3 e sinbr — Wtea cosbt. (T29)

Example 3.2.8 Repeated Complex Roots

If F(5) = Graifagye. find £(1).
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TABLE 3.2.1
Long Table of Laplace Transforms
o0
f@® LIf O] =F(s)= fo e f(nydt
1
(T 1 -
s
1
(T2) e
s—a
b
T3 in bt —-—
(T3)  sin ey
s
T4 cos bt -
T s24+p2
b
T5 e sin bt B —r Y
™) (s —a)? + b2
s—a
T6 A cos bt B
(o) e (s —a)2 +b2
. b
(T7) sinh bt m
s
(T8)  cosh bt T
n!
(T9)  t", n apositive integer s
'(p+1
b4
(T10) P, p>0, s
n!
TIl) e _
( ) (s — a)n+1
(T12) 8(¢) 1
(T13) 8(t —a) e, a>0
—CSs
(T14) H(t — o) ¢ ¢>0

P
(T15) f@—c)H(t—c), ¢>0 e SF() ¢>0

(T16) € f(1) F(s—c)

(T17)  f(ct), ¢>0 %F(Z),c>0

(T18) f'(1) sF(s) = f(0)

(T19)  f"(t) s2F(s) —sf(0) — f'(0)

(T20)  f™ () SF(s) = s"71f(0) -+ —sf D (0) — £ D(0)
(T21) tf(5) —F'(s)

(T22) 12£(1) F"(s)

(T22) " f(1), n>0 (=" F® (s)

F(s)
s

t
(T23) / f(r)dt
0

t
(T24) /Of(t)g(t—f)dt=f*g F($)G(s)




The Laplace Transform 221

TABLE 3.2.2
Other Formulas Involving the Laplace Transform
2bs
T25) Lltsinbt]l= ————
(T25) Lltsinbil= 5o
52— b2
T26) Lltcosbt]= ———F—=
(T26) Lltcosbtl= s
2% 1
(T27) £ |:( b2)2i| 5 sin bt — t cos bt
52
. 2b(s —a)
T28) L[te? sinbt]= ——————
(120 e o =
(s—a) -

at _ _
(T29) L[te™ cosbt] = (6 —al 1 2P

2b? 1
(T30) £_1 |:()2-|-bz]2i| Zem(sm bt — bt cos bt)
S —a

B S et g(rydr _ Ll[g)(1=H(—T))] g periodic
(T3 LWl ="F——7—= | —eT with period T

(T32) £~} [ F@) ]:L‘,_l {i e_"TSF(s)i| :i f(t—nT)H(t —nT)
n=0

00
(T33) ﬁ‘l[ _ } £7 I{XX D"e ‘"“F(s)} > (=" f(t =nT)H(t —nT)
n=0

o SOLUTION. The roots are repeated. By the quadratic formula, the repeated com-
plex roots are s =—344i. Completing the square, s>+ 6s +25=(s +3) + 16,
shows that transforms should be expressed as functions of s 4 3. Since 65 +7 =
A(s +3)+ Byields 6s +7=06(s +3) — 11, we have

65+7  6(s+3)—11
(s24+65+25)2  [(s+3)2+42)2
s+3 1

—11 .
[(s+3)>+422 [(s+3)> +4%)
Using (12), we obtain

_ 6s +7
(s2 + 65 425)2

1
:| = 66_3t ﬂt sin 2t

1 1
_116*31 <223 siHZZ—ﬁtCOSZt>. ’

Many of the basic formulas are used in computing both Laplace and inverse Laplace
transforms. However, some formulas tend to be used primarily for taking the Laplace
transform and others for finding the inverse Laplace transform. This includes finding
the inverse Laplace transform when there are repeated complex roots.
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Exercises

In Exercises 1-68, F(s) is given. Compute f(¢) = L1 [F(s)].

l. —

s24+55+6
—s—1
s24s—2"
2s — 13
s24+8s+15°
4
s24+5—6
s—1
s24+6s+5
s
s2—25 426
2s
s24+4s+13°
2s+5
s2—6s+18°
17 —3s
2425 +26
35 —2
§s24+10s +26°
35 —1
s242s+3°
s
s2—5s+6
2

s2—13s+42°
1

§3 —3s2 425"

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
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25 +1
§3 4352425
)
s3 4852475’
sz—i—s
§3 4452 55"
s+3
s3—s
3
s3—4s
25 +1
§34+4524+13s°
2s —5
§3 —652+18s"
s2-3
§3 42524265
35 —2
§3 41052 4265
s—8
(s —5)(s2+4)
s—5
(s —8)(s24+9)
52
(s —3)(s2— 25 +26)
s+5
(s +3)(s2+25+26)
s3—1
s44+10s24+9°
1
st 455244

$3

st —552+4°

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Repeated roots occur in Exercises 41-68.
4

(s +3)°6°
2

(s —3)°
4

Bs+1)5°

41.

42.

43.
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s—2
T (5=17s)°

52

(s +3)2(s —3)%°
s—3
(s+1D2(s —D?
s
(s+D2sZ2+1)°

s3

(s — D22 +4)°
(s+5)
(s+D(s—=1)3"
s+1
(s—6)3(s —4)
s2—s
(s24+4)2

5 253 —1
GRS
s2—1
52 +3s
(s24+16)2°
s3—s2
(s2+36)2"
s3 -|-S2
(s24+25)%°
3s—1
(s2 425 +26)2°
s

S2
(s2 4+ 65 425)2°
3
(s2 4+ 65425)2°
s+5
s+ D —1)3°
s+38
s(s+ D36 —1)°
12
s(s —8)0°
6s
G+ D633

44

45.

46.

47.

48.

49.

50.

51.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
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3.3

s+5
s+ 1D)2(s =12
s—1
66. m-
s
T2+ D =Y
5
MNCERTITE

65

67

Initial Value Problems for Differential Equations

The formulas developed in the previous sections told how to take the Laplace transform
(and inverse Laplace transform) of particular functions. This section will begin to show
how Laplace transforms may be used in solving differential equations.

The nextresult is the key to solving linear constant coefficient differential equations
using the Laplace transform. For convenience we will give two special versions and
the general version.

THEOREM 3.3.1 Laplace Transforms of Derivatives
First Derivative Case

Suppose that f(t) is continuous and of exponential order on [0, 00) and f'(t) is
piecewise continuous on [0, 00). Then L[ f'(t)] exists and

LI O1=sLLf (O] = fO)=sF(s) = f(0). (T18)

Second Derivative Case

Suppose that f(t) and f'(t) are continuous and of exponential order on [0, 00), and
[ (1) is piecewise continuous on [0, 00). Then L[ " (t)] exists and

LI O =5LLF (O]=sf ©0)— f(0) =s>F(s) —s£(0) — £'(0). (T19)

General Derivative Case

If f@), £ (), ..., f*V(t) are continuous and of exponential order on [0, 00) and
F™(t) is piecewise continuous on [0, 00), then L[ f ™ (1)] exists and

LIFDO1=s"LIf O] —s"" £(0) —s"2£0)---— fOD(0)
=s"F(s)—s""'f(0) —s"2f(0)---— £71(0). (T20)

The formulas for the first and second derivatives are included in our short table.
Each derivative corresponds to multiplying by s with some affect of the initial condi-
tion given by the formulas. The formulas for the Laplace transform of time derivatives
simplify if all initial conditions are zero.
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VERIFICATION OF THE FIRST DERIVATIVE CASE. We calculate the Laplace transform
of the first derivative using the definition of the Laplace transform

LI ()] = /0 e f (0.

Since f'(¢) appears in the integrand, we expect that integration by parts ( S udv=
uv| — [ vdu) may simplify the integral:
dv=f'(t)dt, u=e*,
v=f(1), du=—se S'dt.

Using integration by parts in this way yields
LU )= e )]y +5 /O e f@dr =sLIf 01— FO), (1)

since e_”f(t)|fio =1limpy_ o0 e 2 f(b) — f£(0)=— F(0) if f(¢) is of exponential
order and s is large enough. The initial condition f(0) is needed for the Laplace
transform of the first derivative. The validity of integration by parts here requires that
f(¢) be continuous. (Note Exercises 29 and 30.)

VERIFICATION FOR HIGHER DERIVATIVES. The Laplace transform of higher deriva-
tives may be done by repeated use of (1). For example, to show the second-derivative
case, compute as follows:

LI O1= LIS @) 1=sLLf' (1= f/(0), (using (1))
=s[sLLf (D] = f(O)] - £(0), (using (1) again)
=$s2LIf )] —sf(0)— f(0). as desired

Solving Differential Equations with Laplace Transforms

Linear differential equations with constant coefficients can be solved using Laplace
transforms based on the formulas (T18) and (T19), (T20) for the Laplace transform
of derivatives. Variables used to denote the solutions of differential equations vary
between areas and applications. In this chapter we use y rather than x for the solution.
We let Y(s) = L[y()].

Example 3.3.1 Solving a Differential Equation

Solve the initial value problem

Y =3y=4, y0)=7.

® SOLUTION. Take the Laplace transform of both sides of the differential equation,
and obtain (using the linearity of the Laplace transform),

L[y'1—3L[y]=4L[1].
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From the theorem (T18) on the Laplace transform of the first time derivative, we have
LIy'T=5Y(s) — y(0).
Thus, using the initial condition y(0) =7, we have
4
sY(s)—T—-3Y(s)=—.
s

We solve for Y (s):

4 Ts+4
(s=3)Y()=T7T+—-= ,
s S
and hence
Ts +4
Y(s)= St .
s(s —3)

To find y(#), we expand Y (s) using partial fractions:

Y(s) Ts +4 A n B @)
s) = =— .

ss—=3) s s-3
In terms of the coefficients of the partial fraction expansion, the inverse Laplace
transform is

y(t)=A+ Be.
To find A, B, multiply both sides of (2) by s(s — 3) and get

7s+4=A(s —3)+ Bs.

Evaluating this at the roots s =0, 3 of the denominator yields A = —‘3—‘ and B = %

so that the solution of the initial value problem is

4 25 5,

y()= 3 + 3 e

Since this is a linear first-order equation with constant coefficients, it could also be
easily solved by several techniques from Chapters 1 and 2.

This example motivates the general procedure. We express the procedure for all

second-order linear differential equations with constant coefficients, before we do a

number of examples.

¢

Procedure for Solving Initial Value Problems Using Laplace Transforms
Consider the differential equation
ay” +by' +cy=f(1), 3)

with a, b, ¢ constants, and f(¢) a function that has a Laplace transform. Assume that
the initial conditions y(0) and y’(0) are given.

1. Take the Laplace transform of both sides (using linearity of the Laplace
transform):

ally"1+bLly 1+ cLIy1=LLf ()]



228 Chapter 3

2. Apply the theorem on the Laplace transforms of derivatives ((T18) and (T19))
and use the initial conditions.

a[s*Y (s) —sy(0) — y'(0)1 + bLsY (s) — y(O)] + c¥ (s) = F (s).
3. Solve for Y (s) = L[y(®)]:
Y (s)las® +bs +cl = F(s) +alsy(0) +y'(0)] + by(0),
or equivalently,

_ F(s) +alsy(0) + y'(0)]1+ by(0)

Y
) as?+bs+c

“4)

The factor as> + bs + ¢ arises because each derivative corresponds to
multiplying by s.

4. In the specific examples, express Y (s) in terms of functions of s appearing in
the Laplace transform column of the Laplace transform table
(Tables (3.1.1, 3.2.1, 3.2.2).

5. Compute y(¢) from Y (s), using these formulas and the inverse Laplace
transform techniques of Section 3.2.

We conclude from (4) that when we use Laplace transforms:

An ordinary differential equation with constant coefficients is always
reduced to an algebraic equation for the inverse Laplace transform.

The denominator for the inverse Laplace transform as? + bs + ¢ is the same polyno-
mial as the characteristic polynomial ar? + br + ¢ for the differential equation (3).
Thus, roots of the denominator are the roots of the characteristic equation.

Example 3.3.2 Second-Order Differential Equation

Solve the initial problem
Y43y +2y=1, y0)=0, y©0)=2.
® SOLUTION. Take the Laplace transform of both sides of the differential equation,
and obtain (using the linearity of the Laplace transform),
LIy"1+3L[y' 1+ 2L[y]=L[1].
From Theorem 3.3 (or T18 and T19),
LIy 1=5Y(5) =sy(0) = y'(0),  LIY1=5Y(s) — y(0).

Thus, using the initial condition y(0) =0, y’(0) =2, we have

1
s2Y(s) —243sY(s) +2Y (s) = —.
s
Now solve for Y (s). Note that Y (s) is multiplied by s2 435 + 2, since each deriva-
tive corresponds to multiplying by s. You should always check that factor from the
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differential equation:

1 2s+1 25+ 1
2
3s+2)Y(s)=2+4-= , Y(s)= ——————.
(= +3s+2)Y(s) +S . or Y(s) S2 435 12)

To find y(¢), expand Y (s) using partial fractions:

2s +1 A B C

Y === —_— .
) s(s+1D(s+2) s+s+l+s+2

To find A, B, C, multiply both sides by s(s + 1)(s +2) and get
2s+1=A(+1)(s+2)+Bs(s+2)+Cs(s+1).

Evaluating this expression at the roots s =0, —1, —2 of the denominator yields

s=0: 1=A2, SO A:%
=—1: —1=B(-D(), so B=1,
s=—-2: =-3=C(-2)(-1), so C=- ;
and hence
Y)=1 l+L+<—§> L o)
2 +1 2) 542

so that from (5),

1 3
y(t) = 5 +€_t — Ee_b.

This problem, of course, could also be done by the method of undetermined coef-
ficients discussed in Chapter 2. In the next section we shall consider problems for
which the Laplace transform works more easily than these techniques. ¢

In concluding this section, three additional examples of solving differential
equations using the Laplace transform will be given.

Example 3.3.3 Repeated Roots

Solve the initial value problem

y'=2y'+y=3¢, yO)=1, y(©0)=1.

@ SOLUTION. Taking the Laplace transform of both sides gives

LIy"1=2L0y 1+ LIy]=3L[e"].
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Using (T18), (T19), and the initial conditions on the left, and (T2) on the right, we

obtain \
2V (5) =5 =1 =205 () ~ 1+ Y () = —.
5
Solving for Y (s),
3 2_25+4
(2—25+ DY (s)= —— ps—1 = ST
s—1 s—1
s2—2s+4  sP—25+4

Y(s)=

(s2=2s+D(s—1)  (s—1)3
Expanding Y (s) by partial fractions,

s2=25+4 A B C

Vo) = =i T oo T e

Multiply by (s — 1)3, obtaining
s2—2s+4=A(s—1)>+Bs—1)+C
=A(s*—2s+1)+B(s—1)+C.
Equating the coefficients of like powers of s,

1: 4=A—-B+C,
s: —2=-2A+B,
s2: 1=A,
and, solving from the last equation up, we get A=1, B=0, C = 3. Thus,
3

1
Y(S)::‘i‘—(s_ 1)3

Now, from (T2) and (T11),

e =L"1 : and 12’ =L7" 2 )
s—1 (s —1)3

3

2

Since o appears in the table, but not CEEL we may need to rewrite Y (s) as
Y(s) 1 n 3 2
s) = -
s—1 2 (s=1)3
in order to get
3
y(t):et—i—ztzet. ¢

Example 3.3.4 Pure Imaginary Roots

Solve y” + 3y =sin5¢, y(0)=0, y'(0)=0.

® SOLUTION. Taking the Laplace transform of both sides yields
L[y"14 3L[y] = L[sin 5¢]
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or, by (T3), (T18), and (T19),
2
Y 3Y () = ———.
SV +3V ()= 5
Thus

5

Y= e sy

By partial fractions,

5 As+B Cs+ D

Y(s) = — .
= 213062125 213 2125

Multiplying both sides by (s 4 25)(s2 + 3), we find that
5=(As + B)(s> +25) + (Cs + D)(s> + 3).

Equating like powers of s, we get

1: 5=25B+3D,
s: 0=25A+3C,
§2: 0=B+D,
3. 0=A+C.

The second and fourth equations yield A = C =0. The first and third equations give,
after a little algebra,

5 5
B=—, D=——,
22 22
so that
5/22 5/22
Y()=—>5— / / .
+3 s +25
Formula (T3) gives
) V3 o 5 7.
L |:S2+3:|_sm\/§t, L |:S2+25i|_sm5t.

Thus, we may need to write Y (s) as
5 3 1 5
Y(s)= ——- L =y
223 s2+3 22 ) s2425

to conclude that

y(t) = «/_ sin /3t — sm 5t. ¢

Example 3.3.5 Resonance
Solve y” +4y =3 sin 2t with y(0) =0, y'(0) =
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TABLE 3.3.1
ft) Fi(s) Justification
cos 2t - (T4)
5244
d —(s2+4) +252
t cos 2t ——( s ): (" +d+2s (T21)
ds \s2+4 (s2+4)2
= 24 —(52—’_4)_8 algebra
T2 a? T (A £
-8 1
=+t algebra
(24472 " 244 £
1
1 ..
5 sin 2¢ _— T3
7 si T (T3)
e -8 .
rcos2t—5sin2t ——— subtraction
(s2+4)2

o SOLUTION. This is a resonance problem since the forcing function sin 21 is also a
homogeneous solution. (The forcing frequency equals the natural frequency.) Taking
the Laplace transform of both sides of the differential equation yields

LIy'1+4L[y]=3

5244

Using the formulas for the Laplace transform of second derivative (T19) and applying
the zero initial conditions gives

2 _
s Y(s)+4Y(s)_S2+4.
Thus,
6 6 3 2.22
o= oy =22~ |:(s2+22)2:| ’ (©)

which does not require further partial fractions decomposition. Equation (6) may be
inverted using the long table or (T27). The solution is

3/71
y()= 1 (5 sin 2t —t cos 2t> .

To illustrate the use of some of the other formulas we shall also find the inverse
Laplace transform of (6) using only the short table along with property (T21) for
Laplace transforms. We summarize the calculation in table 3.3.1. Thus,

(t)—3 1'2t t cos 2t ¢
y —4 2Sln COS .

Computer programs have been written that do symbolic manipulations (they appear
to manipulate formulas rather than numbers). This means that Laplace transform
techniques and their accompanying algebra involving functions of s can be handled
as simple as ordinary arithmetic on a pocket calculator.
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Exercises

In Exercises 1-28 use Laplace transforms to solve the initial value problem.

e e e e e e
O 00 N N Lt AW N = O

Y —4y=1,50)=0,y'0)=1.
Y =6y +5y=2,y(0)=0,y(0)=—L.
Y43y —4y=0,y0)=1,y0)=1.

y' =3y —4y=1,y(0)=0,y(0)=0.

Y 5y 4 6y=1,y0)=1,y(0)=1.
Y+ y=1,y0)=y'(0)=2.
Y =3y +2y=1,y(0)=0, y(0)=1.

y'—y=e,y0)=1,y(0)=0.
Y/ 4+9y=e", y(0)=1, y'(0) =2.

.y +4y=3cos5t, y(0)=0, y'(0)=3.

Y44y +13y=2,y(0)=1,'(0)=0.

Y =2y +5y=0,y0)=2,y'(0)=1.

Yy —y=1,50)=3,y'(0)=5,y"(0)=0, y”'(0) =0.
.y +y=e'sint, y(0)=1.

Y —y=1—1,y0)=-1.

Y42y +2y=e""sin2t, y(0) =0, y'(0) =0.

Y 42y +y=e"", y(0)=0,y'(0)=1.

Y4y =y —y=0,y(0)=0,y'(0)=0,y"(0)=1.

.Y +2y=e""cost, y(0)=0.

20.

y =3y=rt%, y(0)=1.

Exercises 21-28 involve resonance.

21.
22.
23.
24.
25.
26.
27.
28.
29.

30.

v’ +y=sint, y(0)=0, y’(0) =0.

y'+y=cost, y(0)=0,y'(0)=1.

y"+9y=cos3t, y(0)=0, y'(0)=1.

v’ +9y=sin3t, y(0)=1, y'(0) =0.

v’ +4y=cos2t, y(0)=0, y’'(0)=0.

vy’ + 16y =sin4t, y(0)=0, y'(0)=0.

v+ y=sint +cost, y(0)=0, y'(0)=0.

vy’ +4y =sin2t +cos2t, y(0)=0, y'(0)=0.

Suppose that f(r) and f’(r) are continuous and of exponential order for 7 > 0,
and that lim,_ o+ f(t) exists and is denoted f(0"). Show that L[f'(t)]=
sF(s) — f(0F).

Suppose that f(z), f'(¢), f”(¢) are continuous and of exponential order for 7 >
0. Suppose that lim,_, o+ f(¢) exists and is denoted f(0"). Suppose also that
lim,_, o+ f'(t) exists and is denoted f’(0%). Show that L[f”(t)]=s>F(s) —
F(0F) —sf(0h).
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| ¢——— 1+ *—>
t . t
a
Figure 3.4.1 Graph of Heaviside Figure 3.4.2 Graph of H(t — a).
function.

3.4 Discontinuous Forcing Functions

In the previous section we saw how the Laplace transform could be used to solve linear
differential equations with constant coefficients. All the examples given, however,
could easily have been solved by the method of undetermined coefficients. In this
section, we shall examine problems with discontinuous forcing where the Laplace
transform works better.

The key is a notational one. We need a way to write a piecewise continuous
function as a simple formula so that it may be handled the way the simpler functions
cost, sin 5¢, and 3 sin2¢ were treated. The needed notation involves the unit-step
or Heaviside function. Since manipulating the unit step function often gives students
difficulty, we shall discuss it very carefully.

DEFINITION OF THE HEAVISIDE FUNCTION. The unit step, or Heaviside function
H (1), is defined as

1 ift>0,
H(’)Z{o ifr <0.

Its graph is given in figure 3.4.1. It corresponds to 1 being turned on at # = 0. ¢
The graph of H(t —a) (figure 3.4.2) is just a translate of that of H (). Thus,
corresponding to turning 1 on at f =a,

ift <a,

0
H(t_“)z{l ifr>a.

The notations u(t), ug(t), or 1(¢) are sometimes also used to denote the Heaviside
function. Other notations are also used.

Example 3.4.1 Graphing Expressions with Heaviside Functions
Graph f(t)=H(t — 1) — H(t — 3).
® SOLUTION. Since the formula for H (r — 1) changes at # = 1, and the formula for

H (t — 3) changes att = 3, the formula for f(¢) willundergo changesat? = 1 and ¢ = 3.
Accordingly, we divide the ¢ interval into the intervals (—oo, 1), [1, 3), and [3, 00).
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1t ~— 1 ~—
L ! - >t . & > t
1 2 3 a b
Figure 3.4.3 Graphof H(t — 1)—H (t — 3). Figure 3.4.4 Graphof H(t —a) — H(t — b).

Ift<1,then f(#) = Ht—1)—H@—-3) = 0—-0,since H(t —1) = 0iff <1 and
H(t—3)=0ifr <3.

Ifl1<t<3,then f¢() = Ht—1)—H(—3)=1—-0=1,since Ht—1)=11if
t>land H(t —3)=0ifr <3.

If3<t,then f(() = Ht—1)—H({t—-3)=1—1=0,since Hr—1)=1ift > 1
and H(t —3)=11ift>3.

Figure 3.4.3 gives the graph of f(t)=H (@ —1) — H(t —3). ¢

From this example we make the following deduction.

USEFUL OBSERVATION. If 0 <a < b, then

0 ift<a,
H(t—a)— H(t—b)={1 ifa<t<b, (1)
0 ifb<t,

and H(t —a) — H(t — b) has the graph in figure 3.4.4.
Now let g(#) be some function of 7. Then if a < b,

0 ifr<a,
gWH{t—a)—H({—b)]=1g(t) ifa<t<b,
0 ifb<t.

The function g(#) is turned on at ¢ = a and then turned off at = b.

Example 3.4.2 Graphing Expressions with Heaviside Functions
Let f(t)=12[H(t — 1) — H(t —2)]. Then
0 ifr<I,
PHG—-1)—H@@-2)]=1{ ifl<tr<2,
0 if2<rt,
and the graph of r?[H(t —1) — H(t —2)] is given in Figure 3.4.5. The formula

P2[Ht—1)—H( —2)] picks out that part of the graph of 12 between 1 and 2, and
sets the rest equal to zero. ¢

We are now ready to write a piecewise continuous function in terms of unit step
functions.
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I ¢ 1 -t
1 2 3

Figure 3.4.5 Graph of r2[H(t — 1) — H(t —2)].

L I
1 2 3 t

Figure 3.4.6

Example 3.4.3 Writing in Terms of Heaviside Functions

Write in terms of unit step functions the function f(z) given by the graph in
figure 3.4.6.

® SOLUTION. The function f(¢) is

t if0<r<l,

2—t ifl1<t<2,

o= if2<t<3,
1 if3<zt.

Thus
JO=t[HO)—Ht—-DI+Q-D[HC-1)-HC -]+ 1H(I=3). (2)
~———

Note that the first term in (2) is zero except when 0 <7 < 1, and then it takes on the
value ¢. The second term in (2) is zero except when 1 <t <2, and then it takes on
the value 2 — ¢. The third term in (2) is zero except when 3 <t, and then it takes on
the value 1. Note: since we consider only ¢ > 0, the first term in (2) could have been
written 7[1 — H(t — 1)]. ¢

Example 3.4.4 Graphing Expressions with Heaviside Functions

Graph f(t)=2H(t)+tHt— 1)+ 3 —t)H({t —2)—3H(t —4) fort > 0.

® SOLUTION. Looking at the Heaviside functions, we see that the formula for f(¢)
undergoes changes at t =1, t =2, and t =4. Thus we break up the interval [0, co)
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TABLE 3.4.1
Computing values for Example 3.4.4.

tinterval — f()=2H@)+tH{t —1)+GB—1)H({ —2)—3H( —4)

0<t<l1 f)=2-14+1t-0+3—1)-0-3.0=2
l<t<2 fO)=2-141t-143—-1)-0-3-0=2+¢
2<t<4 f(O)=2-14t-1+43—1)-1-3-0=5
4<t f=2-1+t-1+3—1)-1-3-1=2

- N W A~ O
T

1 1 1 1 1 1 1
12 3 4 5 6 7 8
Figure 3.4.7

into four subintervals [0, 1), [1, 2), [2,4), [4, 00), and see what f(¢) looks like on
each subinterval. Using the definition of the Heaviside function, we form Table 3.4.1.
The graph of this function is given in figure 3.4.7. ¢

Laplace Transforms of Discontinuous Functions

We have seen that functions that have jump discontinuities can be represented in
terms of the unit step function H (t — c). Frequently, the Laplace transform can be
calculated using (T15):

LIf(t—c)H({ —c)]=e “F(s), forc>0. (T15) 3)

The formula for the Laplace transform of a step function is a special case of (3). We
let f(t —c)=1, in which case f(¢) =1. Then F(s) =1/s, so that (3) becomes

e—CS

LIH(t—c¢)]=

forc>0. (T14) )

Formula (4) (T14) can be independently derived. Formula (3) (T15) is trickier to
use in other cases, so several examples will be given after its verification. For taking
Laplace transforms, it is the only formula in the short table that involves the Heaviside
step function H (t — ¢). For taking inverse Laplace transforms, it is the only formula
we have obtained so far that involves e~“*, exponentials in the transform variable.

VERIFICATION OF (3) FOR ¢ > 0. We use the definition of the Laplace transform and
properties of the Heaviside step function, H(t —c¢) =0fort <cand H(t —c) = 1 for
t>c,
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E[f(t—c)H(t—c)]:/ooeﬂ’f(l—c)H(t—c)dt
0

=/ce*”f(t—c)H(t—c)dz+/ e f(t—c)H(t —c)dt
0

c

:/ce_”f(t—c)Odt+/ooe_”f(t—c)ldt
0 c

= /-00 e f(t—c)dt.

c

‘We now make the change of variables t =t — ¢ so the dt =dt:
o
Lfa-ata—al= [ e e
0

=e /00 e T f(r)dt =e"“F(s).
0

Example 3.4.5 Laplace Transform of Expressions with Heaviside Functions

Compute L[t>H (r — 1)].

® SOLUTION. In order to use (3) (T15), we must take
PPH(—1)=f(t—c)H(t —c).

Thus ¢ =1and > = f(t — 1). To compute e~ F(s) in (3), we need F(s) = L[ f(1)].
But we have f(t — 1), which is not f(¢). To compute f(¢), introduce a new variable,
say T,andlett=¢—1,ort =1+ 1. Then

fae—1=r,
fO =@+ 1)’>=12421+1,

so that
fO)=t>+2+1. 5)

Formula (5) may be clear directly from f(r — 1) = t2. Thus from (T9),

F(s)=LIf )] =Lt +2t +1]
2 2 1
3 52 s’

and (3) gives that

2 2 1
LIPH(—D]=e S F(s)=e* [—3+—2+‘] ¢
S S S

Example 3.4.6 Laplace Transform of Expressions with Heaviside Functions

Compute L[(e' + 1)H (t — 2)] using (3).

e SOLUTION. Taking
(e +DH@—-2)=f{t—-2)H(—2)
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givesc=2and f(t —2)=e' +1.Lett =t —2o0rt +2=t.Thenf(r)=eT+2+1=
e?e” + 1. Thus, f(t) = e’ + 1, so that

F(s):ﬁ[eze’—{—l]ze2 +1,
s—1 s
and from (3)
2 1
LI+ DH(E—2)]=e “F(s)=e¢ > [ 1 + _i| . ¢
s — s

Example 3.4.7 Inverse Laplace Transform Involving e~

e—3s

If Y (s) = S5, find y(1) = L7'[Y (5)].

® SOLUTION. The presence of e~ in Y (s) is an indication that we should use (3)
(T15). Taking

—3s
=e “F(s),

52

we see that c =3 and F(s) = 1/s%. Thus f (1) = L~'[F(s)] =t. According to (T15),
the result for y(¢) involves a shift and involves a Heaviside step function:

YO =L F($)l=ft—c)H{t —c)=(t—3)H( —3). ¢

Example 3.4.8 Inverse Laplace Transform Involving e~

IfY(s)=e >[2+ S ] find y(0) = L7 Y (5)].

e SOLUTION. Again the e ~2* suggests that we should use formula (T15). Taking

3 S
—2s —cs
z - F(s),
e |:s + 2 4] e (s)

we see that c =2 and F(s) = % + (S++4). Thus f(#) =3+ cos 2t. Hence shifting and

introducing a Heaviside step function gives

YO =L e S F($s) = ft —2)H(t —2) =[3+cos[2(t —2)]IH(t —2). ¢

3.4.1 Solution of Differential Equations

We can now use the Laplace transform to solve linear constant coefficient differential
equations with piecewise continuous forcing functions.

Example 3.4.9 Piecewise Continuous Forcing
Solve the differential equation
Y3y +2y=¢®), yO)=0, y(O)=1, ©)

using the Laplace transform where g(¢) has the graph in figure 3.4.8.
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Py 1
1 t

2 3

Figure 3.4.8

® SOLUTION. The function g(¢) is given by
1 if0=<r <1,
80=10 if1=<r.

)

Thus g(t) =[1 — H(t — 1)] (or equivalently, H(t) — H(¢ — 1)), and the differential

equation is
Y 43y +2y=1-H@—1), y0)=0, y©O)=1.

—S

Taking the Laplace transform of both sides of this differential equation gives
e

%Y (s) — sy(0) — y'(0) +3[sY (s) — y(0)] +2Y (s) = PRRPRE

1
®)

1
Y(s)= zs—i— —e* 5 .
s(s+3s+2) s(s+3s+2)

so that

First, we shall find the inverse Laplace transform of the first term in Y (s). Note that
1

s+1 _ s+1 _
s(243s5+2) sG+DGE+2)  ss+2)

By partial fractions,

L _A, B
s(s+2) s s+2’

so that
1=A(s+2)+ Bs.

Evaluating at s =0 and s = —2 yields A = %, B= —%. Thus

172 —1/2 1 1
L+ /]z___ezz.

)|
s(s+2) s s+2 2 2

)
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Now the second term of (8) is in the form e~“* F'(s), where ¢ = 1, so that (3), or (T15),
should be used. Here
1 1

F(S)zs(s2+3s+2) =S(S+2)(S+l)'

Again using partial fractions, we have

. 1 _A+ B C
TsG4+2DG+D s s+2 0 s+1

F(s)

)

so that
1=AG+2)(s+1)+Bs(s+1)+Cs(s +2).

Since the denominator has distinct linear factors, evaluating at their roots s =0,
s=—1,s=—2yields A= %, C=-—1,and B= % Hence

F(s) 1/2+ 1/2 n —1
§)=— ,
s s+2 s+1
and
1 1
f(t)=§+§e_2t—e_t.
Thus

L7e ™ F(s)l=ft—DH(—1)

1 1
— |:§ + Ee_z(’_l) — e_(t_l):| H(t—1). (10)

Finally, combining the two terms (9), (10) gives

y(t) = [l - le—ﬂ — B + %e_z(’_l) — e_(l_l):| H(t—1). (1)

The approach of this section should be contrasted with the examples in Section 1.7.4,
where we had to match initial conditions with terminal values at every discontinuity
of the “forcing function” g(¢). ¢

A PHYSICAL INTERPRETATION. As explained in Section 2.8, under certain operating
conditions, equation (6) of the preceding example is a mathematical model for the
RLC circuit in figure 3.4.9.

In figure 3.4.9 g is a voltage source that varies with time, y(0) =0 is the initial
charge in the capacitor, and y’(0) =1 is the initial current in the capacitor. There
are several ways to interpret g(¢) as given by (7). One is that it is the voltage across
nodes A and B in figure 3.4.9, and these nodes are connected to other circuit elements
not shown. Alternatively, g can be thought of as a 1-V battery that is shorted out
for ¢ > 1. Intuitively, one expects that, because of the relatively large resistance (the
circuit is overdamped, in the terminology of Section 2.8), the capacitor will charge
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0.4 !
(Q) —_—C=1/2 - |

@ T t
L=1 1.127
Figure 3.4.9 Figure 3.4.10 Graph of the solution (11)
of (b).
-1 [ — — —

TR R N N R B
12 3 4 5 6 7 8

Figure 3.4.11

for 0 <t < 1 and discharge for r > 1. Figure 3.4.10 is the graph of y(¢). Note that, in
fact, the capacitor keeps charging for 1.127 time units before beginning to discharge.
That is because the inductor gives the current charging the capacitor the electrical
equivalent of momentum. It takes a while for the current charging the capacitor to
stop and reverse direction.

Example 3.4.10 Periodic Forcing
Solve the differential equation

Y3y +2y=¢@1), y(0)=0, y(0)=I, (12)

using the Laplace transform, where g(¢) has the graph shown in figure 3.4.11.

This is the same as the previous example, except that g(7) is now a periodic
function. In the next section, we shall discuss periodic functions in more detail, since
they are very important.

® SOLUTION. First note that

g)=[1-HE-D]+[Ht—-2)—Ht-3)]+[HC—-4)—-H{E—-5]+---
—1—Ht-D+Ht-2)—HGt—-3)+HGt -4 —HE -5+

=Y (=D)"H(t —n).

n=0

While g(7) is given by an infinite series, for any specific value of # only a finite number
of terms in the series are nonzero. For example, if ¢t = 13.7, then H(13.7 — n) is zero
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Figure 3.4.12 Graph of (16).

if n > 13.7. The differential equation is now written as

V' 43y 42y = Z(—l)"H(t—n). (13)
n=0

It can be shown that it makes sense to take the Laplace transform of the series in (13),
which can be done term by term. Taking the Laplace transform of both sides of (13)

gives
o0 e s
S2Y(s) = 1+3sY () +2Y (5) = ) _(—=1)"—.
s
n=0
Solving for Y (s) gives
Y(S)Z;_i_i(_l)ne—ns ; (14)
s2 43542 ~ s(sZ2+354+2)
Ty e 1 (15)
Titl s & ¢ 56235+ |

From the preceding example, we know that

1
Eil [ensm] = f(t —n)H(t —n)

and

1 11
_ -y - B o2t
fn=L |:s(s2+3s+2)i| 2 tae e

Thus (15) gives that
> 11
yty=e"—e T+ (=) [5 e 20— e(’”)i| H@i—n).  (16)
n=0

Again, for any specific value of ¢, only a finite number of terms in the series in (16)
are nonzero. Figure 3.4.12 is the graph of (16). ¢
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Exercises

In Exercises 1-3, write the function defined on [0, 00) in terms of unit-step functions

and graph.

1.

In Exercises

f=

f=

f@)=

4-9, write the function defined on [0, c0)

|
—

3

~

sin ¢

sin ¢

2w <t <3m,

functions.
4.
1
1 1 >
1 2 3 4
5.
1
1 I 1 I >
1 2 3 4
6.
1+
//. >
1 2 3
7.
1
1 2 3 4

in terms of unit step
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- 2\3/1 5 6 7 8 g
1k

In Exercises 10-21, compute the Laplace transform Y (s) of y(¢).
10. y(1)=2—5H(t —1)+6H (1t —3).
1. y(t)=tH(t —2).

12. y(t)=(t —2)H(t —2).

13. yO) =3+ DH@ —1).

14. y(t)=e>H(t —2)+6H (t —3).
15. y(t) =sint H(t — m).

16. y(t)=sint H(t —/2).

17. y(t)=cost H(t —2m).

18. y()= (3 +1)H(t —2).

19. y(1)=e*H(t —3).

20. y(t1) =12 H(1 —1).

21. y(t) =t H(t —2).

In Exercises 22-29, compute the inverse Laplace transform y(¢) of Y (s).
—3s

22. ¥(s)= .
S
1 o, 1

+e .
s2+s s2+s

23. Y(s)=e ¥

2 V()= S
LY =4+ — e H——.
52 s244 s2+9
—3s
25. Y(§)=————.
() s24+2s+2
—2s
26. Y(s)= ——.
(s +4)>5
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es ef2s

27. Y(s) = ——— — ——.
) s24+1 s2+44

T1 1
28. Y(s)=e [-+ }
s s—=2

4 6
29. Y(s)=e~* [— n Z—S} .
s s4+9

30. Using only the definitions of the Laplace transform and the Heaviside function,

verify that
LIf@—c)H({—c)]=e “F(s)

if ¢ >0, f(¢) is piecewise-continuous of exponential order, and L[ f ()] = F (s).
In Exercises 31-48, solve the differential equation using the Laplace transform.

31 y"+y=g(®), y(0)=y'(0) =0, where

0, 0<tr<2,
g)=11, 2<t<5,
0, 5<t.
32. ¥ —y=g(), y(0)=y'(0) =0, where
0, 0<r<l1,
g)=11, 1<t<3,
2, 3<t.

33. ¥/ =3y=g(t), y(0)=1, g(¢) given by

34. y' +y=g(), y(0)=0, g(t) given by

V.

1 2 3

Y

35. ¥ +2y' +10y =g (1), y(0) =1, y'(0) =0, where
1, 0<r<3,

g(t)_{o, 3<t.

36. y/ +5y +6y=g(t), y(0)=y'(0) =0, where

0, 0<t<m/2,
g(t)y=qcost, m/2<t<3m/2,
0, 3m/2 <t.
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37. y"+4y=g(t), y(0)=0, y’(0) =0, g given by the graph in Exercise 5.
38. y' =2y +y=g(), y(0)=1, y'(0) =1, where

0= 2, 0<t<l,
§8=00, 1<

39. y"4+9y=g(t), y(0)=0, y'(0) =0, where
1, 0<t<2,
gt = {e", t>2.
40. y" =9y =g(t), y(0)=0, y'(0) =0, where
e!, 0<t<4,
g(t):{ 1, >4
41. y' =5y =g(t), y(0)=0, where

) = e 0<t<4,
g = 0, t>4.
42. v +5y=g(t), y(0) =0, where

o] 0 0si<4
EW=13 >4,

)

43. y +3y=g(t), y(0) =0, where

") = 0, 0<t<7,
§1= cost, t>7%.
44. y' —4y=g(), y(0)=0, where
_ fcost, 0<t<7%,
g(t)= 0. [>T
=)
45. y'+2y=g(t), y(0)=0, where
0, 0<r<3,

8= sint, t>3.

46. y'+4y=g(t), y(0)=0, where

(1) = sint, 0<t<35,
8W=1 0, r>s.

47. y"+9y=g(), y(0)=0, y'(0) =1, where

(1) = sinz, 0<t <4,
g = 0, t>4.

48. y"+4y=g(t), y(0)=1, y’'(0) =0, where

0, 0<tr<?2,

8= cost, t>2.

In Exercises 49 and 50, use the method given in Example 3.4.10 to solve the differential
equation using Laplace transforms.
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49. y" +4y=g(t), y(0) =0, y'(0) =0, where g(¢) is periodic and given by

50. ¥y +2y=g(), y(0) =1, where g(r) is periodic and given by

1P

Ak

3.5 Periodic Functions

A function g(7) defined on [0, c0) is periodic with period 7 if g(r + T') = g(¢) for all
t > 0. Periodic functions appear in many applications. We have already seen examples
of periodic functions and the Laplace transform. This section will consider them in
more detail.

The basic formula is

If g(¢) is periodic on [0, o) with period T and has a Laplace transform, then

T —st
Llg0)] = M-

_e—sT (1)

VERIFICATION. Suppose g(t) is periodic with period 7" and has a Laplace transform.
Then

o0

oo T
Lg(0)] :/ e g (t)dt =/ e e (t)dt +/ e g (t)dt
0 0 T
(lett =T 4+ 7 in the second integral)
T 00
= / e g()dt + / e THe(T + 1)d7
0 0

T 00
:/ ef”g(t)dt—i—eﬂ'T/ e g(v)dr,
0 0
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Figure 3.5.1

(since g(¢) has period T'). Thus

T
Llg()]= /0 gyt + T LIg )],

Solving this equation for L[g(¢)] gives (1). Since g(¢) is periodic, we only need
O<t<T.

Example 3.5.1 Laplace Transform of Periodic Function
Find L[g(¢)], where

1 if0<t<l,

g(t)= {0 ifl<r<2: period 2.

Figure 3.5.1 gives the graph of g(¢).
® SOLUTION. Since the period is 2, formula (1) gives

1 .
Llg®)]= 1_—6_%/(; e g(r)dt
1 1
= —1 oy f E_Stdt
I 0

1 o5t |'=!
T\ s =0

which can be simplified to

s(14+e3)" ¢

The most difficult part of (1) is computing the integral /()T e S'g(t)dr. This can be
done using the Laplace transform tables, as follows. If

A e forO<t<T,
g(t)_{o fort>T,

then

T
/0 e *g(ndt = LIg(1)], 2)
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| | t | | > t
1 2 3 4 1 2 3

Figure 3.5.2 g from Example 3.5.2 and g from Example 3.5.2.

since

T T
/ e_”g(t)dtz/. e g (ydt
0 0
_ /0 e~ g (1)dt = LIG (D).

Note that g(¢) = g(¢)[1 — H(¢ — T)]. This approach is (T31).

Example 3.5.2 Laplace Transform of Periodic Function
Let g(¢) have period 2, where g(¢) is graphed in Figure 3.5.2 and is given by

forO0<tr<1,
—t forl<t<2.

g = {’2

Find G (s).

o SOLUTION. Let

gOy=t[l-He—-DI+Q-0[Ht—1)—H(t—-2)]
=t+2(1—-t)HEt— 1)+ (¢ —2)H( —2).

Then g(1) =g(¢) for 0 <t <2 and g(¢t) =0 for t > 2. Graphs of g and g are given in
figure 3.5.2. Thus by (1), (2),

1 2
Llg(H)]= T2 /(; e *g(t)dt

1 .
= 1_e_z‘yﬁ[g(t)]
= I_Z_ZSﬁ[t-l—Z(l —DHGC -1+ (¢ —2)H(t —2)]
1 1 eSS 28
=1—e_25 |:S_2_2S_2+s—2j|. ¢

Inverse Laplace transforms are not usually computed using (1). One method to
compute them is by the use of series. Recall that, for |x| <1,

1 o
—  =14x+ 2_|_...: n. 3
T X+x nE_Ox 3)
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If s >0, T >0, then e™*7 < 1. Letting x =7, (3) becomes

1
1 —est

=1+e T 427 4 —Ze - @)
Thus, if L[ f(#)]= F(s),

1 o0
ﬁF(s):Ze*nsTF(s).

1 n=0

Taking the inverse Laplace transform term by using (T15) with c =nT gives

o1 [ﬁﬂs)] =Y ft—nT)H(@t —nT). (T32) (5)

n=0

Similarly, letting x = —e™*7 in (3) gives

1+e—5T Z( 1)n 7nsT

and

1 x
o [WF“)} = (=" f(t—nT)H(t —nT). (T33) ©)

n=0

Example 3.5.3 Inverse Laplace Transform with 1 —e™*T in the Denominator

Let G(s) = m Find g(1) = “HG ).

@ SOLUTION. Using (4), we get

G(S)__ —2s I)Z —3ns
i i —2+3n)s _ Z i —3ns
2 S2€ .

n=0 n=0

Now, by (T15), L1 [S%e_”] =(t—c)H(t—c). Thus,

gt)=> (t=2=3mH(t—2-3n) =) (t—3n)H(t —3n).

n=0 n=0

This example also illustrates that, if G(s) hasa 1/[1 — e~T-factor, it is not neces-
sarily the case that g(¢) is periodic. ¢
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ALTERNATIVE SOLUTION. We could also do Example 3.5.3 using formula (5) with
T=3and F(s)=—% + e *.Then f(1) =—1 4+ (t —2)H(t —2), and (5) is

> ft=3n)H(t—3n)

n=0

[-¢—=3n)+(t—-3n—-2)H(t —3n—-2)]H( —3n)

WK

3
Il
=}

—(t=3m)H( —3n)+ (t —3n—2)H(t —3n—2)H(t — 3n)

M

3
Il
=}

—(t=3n)H(t —3n)+ (t—-3n—2)H(t —3n —2).

e

3
Il
=}

The last equality follows, since
Hit—a)H(t—b)=H(t —c),

where c is the larger of a, b.

Exercises

In Exercises 1-8, sketch g(¢) and find G (s) using formula (1), or (1) and (2).
1. g(t)=|sint| (rectified sine).
2. g(t)=|cost| (rectified cosine).

3. 12 forO<t <1,
g() = period 2.
2—1> forl<t<2,
4. gt)=tfor0<t <1, period 1.
5. g(t)y=¢"for0<r <1, period 1.
6. g(1) =3 for0<t <1, period 1.

7. 1 forO<t<l,
g(r)= period 2.

—1 forl<t<?2,

8. t for0<t<l,
gy=1 1 1=<t<2, period 3.

—1 for2<t<3,

In Exercises 9-20, find g(z), given G(s).

1 1 1
9. G(S): 1 — o s—2+s—3 .
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3.6

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

G(s) 1 2s
§)= )
14+e 3 [s2465+13

1 K
CO=TT s [ eal

1 s
G(s)=—tanh —.
K 2

1 1 e s
G(s)= 1—e 2 s_2+ s3]

1
G(s) = —sech s.
s

1
GO = [— +
1 1 n e’ n e~
l—e 35 |s 52 s3 |
1 1 e
G(s) = Tte > |3 5 |

Gls)= 1 1 +e—2s
S_1+e_s s2—1 §2—4]|°

1
G(s)=—cschs.
s

1 [ 1 e ]
G(s)= .

G(s)=

14e3 s—|—2+s—2
Verify that H(t —a)H (t — b) = H(t — c), where c is the larger of a, b

In Exercises 22-28, solve the initial value problem, using the Laplace transform.

22.
23.
24.
25.
26.
217.
28.
29.

y +y=g(), y(0) =0, g(¢) from Exercise 1.

y' 4 y=]sin2¢|, y(0) =0, y’(0) =0.

y" —y=sint —|sint|, y(0) =0, y'(0) = 1.

y +y=g(), y(0)=1, g(¢) as in Exercise 5.

y —2y=g(t), y(0)=0, g(¢) as in Exercise 4.

v/ —4y=g(), y(0)=y'(0)=0, g(¢) as in Exercise 7.

v/ 42y +y=g(), y(0)=y'(0)=—1, g(¢) as in Exercise 8.

Suppose that the series > o " /n! for e’ can be Laplace-transformed term by
term. Show that the resulting series gives L[e’], whichis 1/(s — 1).

Integrals and the Convolution Theorem

We have seen that the Laplace transform of the derivative of a function is obtained by
multiplying the transform of that function by s, since

Llg'®)]=5G(s) —g(0). (TI8) )



254 Chapter 3

Thus, it should not be a surprise that the Laplace transform of an integral is obtained
by dividing by s. To be precise,

t
L |:/ f(r)dr:| = & (T23) 2)
0

s

DERIVATION OF (2). We use (1) with g (¢) :fé f(x)dt, so that g’(t) = f(¢) and
g(0)=0:

t
L[g' (1= F(s) =sG(s) —g(0) =sL [/o f(t)df], 3)

since g(0)=0. Equation (2) follows from (3) by algebraically solving for
LIy f(@drl.

Example 3.6.1 Inverse Laplace Transform Using (T23)

Although it is better to use partial fractions, calculate £~ [ﬁ] using (2).

® SOLUTION. We let F(s) = so that f (1) =3e . According to (2),

3
s+5°

_1| F(s) el 3 . !
. [ s ]_5 |:S(S+5)}_/o A

t 6751 !
:/ 3¢ Tdr =3
0 -5

Finding the inverse Laplace transform of a product of transforms is a ques-
tion which arises frequently. The following theorem is quite useful. The integral
theorem (2) for Laplace transforms is a special case of this theorem.

3
=30 —e7T). ¢

0

THEOREM 3.6.1 Convolution Suppose that f(t) and g(t) are functions with
Laplace transforms L[ f (t)] = F (s) and L[g(t)]= G(s). Then

t
L |:/ f(r)g(t — r)dr] =F(s)G(s), (T24) @)
0
and thus
!
Cil[F(S)G(S)]=/O f(@)g —rt)dr. &)

A derivation of (4) is given later in this section. The inverse of a product of transforms
equals f(; f(r)g(t —t)dr, which is a new function called the convolution of
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f and g. A convenient notation for the convolution of f and g is f * g,

t
(f (1) = /O F@alt— ). ©)

Fortunately it does not matter whether we have the convolution of f and g or the
convolution of g and f, since they are the same,

frg=gx*f. (7
VERIFICATION OF (7). By the definition (6) of the convolution of f and g,

t
f*g=/0 f()gt —1)dr. ®)

We make a change of variables (¢ fixed) in the integral in (8), w =¢ — 7. Then dw =
—dt and (8) becomes

0 t
f*g=/ f(t—w)g(w)(—dw)=/0 f—w)gw)dw =g * f.
t

Thus in the key convolution theorems (4) and (5) it does not matter whether
fot f(t)g(t —1)dt or fot g(t) f(t — t)dx is used, since they are equal.

Example 3.6.2 Convolution
Suppose f (1) =e¢' and g(tr) =e*. Compute f * g.
@ SOLUTION. Using (6), the convolution f * g is just another function of 7:
t
el *e4z 2/ ere4(t—r)dl,
0

t
:e4l / e73‘rdt
0

_3-[ =1
4 ¢

-3

1 1
—e 2_641(1_6—31)25(641_81). ‘

=0 3

Example 3.6.3 Inverse Laplace Transform Using the Convolution

Use the convolution theorem (5) to evaluate £~ [m]

® SOLUTION. Let F(s) = 1, G(s) = 1. Then

iy _ |
fO=LT[F(s)]=L [S+1]—€ ,

g)y=L"" [ﬁ} =e 2,
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Formula (5) now gives

- [;} oY :/t o T 20-1) 41
(s+D(s+2) 0

13
=e_2’/ efdr=e (e —1)=e' —e .
0

Of course, this example could also have been done using a partial-fractions
expansion ¢

Application of the Convolution Theorem to Differential Equations

Consider the initial value problem
Y 0Py =), ©)

with y(0) =0 and y’(0) =0.
Taking the Laplace transform of both sides of the differential equation yields

$2Y () +b2Y (s) = F(s),

since y(0) =0 and y’(0) =0. Here Y (s) is the Laplace transform of y(¢) and F(s)
is the Laplace transform of f(¢). Solving for the Laplace transform of the solution
gives

F(s)

s2 b2
We note that we can represent Y (s) as a product of transforms of known functions

Y(s) =

Y(s)=F(s)G(s),

where

G(s)=———.
(s) 52+ b2
We have introduced G (s) whose inverse transform can be obtained easily (if necessary
using (T3))

1
t) = —sinbt.
g(1) , Sin

Since Y (s) equals a product of transforms F(s)G(s), y(¢) may be obtained using
the convolution theorem (5)

t t
y(t):/ f(r)g(t—r)dr:/ f(t)%sinb(t—r)dt. (10)
0 0

The function (1/b) sinb(f — 7) is an influence function expressing how much the
input at T influences the output at ¢. The relatively simple solution (10) of (9) was
obtained using the convolution theorem for Laplace transforms.

Without using Laplace transforms, the usual method to solve (9) is the method of
variation of parameters. To show how (10) could have been obtained using variation
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of parameters, we use the trigonometric addition formula sin(a — b) =sina cos b —
cos a sin b, so that (10) becomes

y =wvj cos bt + v, sin bt, (11D

where vi =— fot f(r)% sinbtdt and vy =fé f(r)% cosbtdt. Equation (11) is in
the form assumed in the method of variation of parameters.

3.6.1 Derivation of the Convolution Theorem (optional)

The convolution theorem (T24)

t
L7F ()G (5)] =/ f(o)gt —v)de (12)

0
is very important, but not easy to verify. We will be able to recognize the inverse
transform of a product of transforms F(s)G(s) if we consider different dummy vari-

ables of integration for the defining Laplace transforms, F(s) = fooo e*T f(t)dt and
G(s)= [y~ e g(u)du, so that

F($)G(s) = /OO e T f(r)dt /00 e “g(u)du
0 0

Z/OO foo Wt £(1)g(u) dudr. (13)
0 0

We make a change of variables in the u-integral, and let t =u + 7, as motivated by
the exponent in (13). We integrate over ¢ (rather than u) for fixed 7, so that dt =du:

o0 o0
F(s)G(s):f / e T f(r)gt —v)dtdr. (14)
=0 Jt=t
The Laplace transforms of f(¢) and g(¢) are only defined for ¢t > 0. If we define

g(Q)=0for 0 <0, (15)

then we can extend the ¢ integral in (14) to begin from ¢ =0 instead of t = 7, since
this only adds O to the integral. Thus, switching orders

F(s)G(s) = /00 /00 e f(D)g(t —v)dtdt
=0 J1=0

2/00 /00 e f(r)g(t —T)dtdt
t=0 Jt=0

:/Oo e ! [/00 f(r)g(t— ‘L')d‘L':| dt.
t=0 =0

We now recognize that the function in brackets above must be the function whose
Laplace transform is F(s)G(s). Thus,

L [/00 f(r)g(t — t)dr] =F(s)G(s). (16)
=0
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However, g(Q) is zero (see (15)) for negative arguments which occur for t > ¢. Thus,
there are no contributions to the integral in (16) for T > ¢ so that

t
E[/ f(‘l:)g(t—t)d‘l:]:F(S)G(S). a7
=0
Equation (17) is the convolution theorem for Laplace transforms, and it is equivalent
to (12).
Exercises

1. If f(t)=t, g(t)=¢', find f * g from the definition (1).

2. If f(t)=e', g(t) =cost, find f * g from the definition (1).

3. Compute 1 * 1.

4. Compute 1 *1.

5. Using formula (5), compute

S L
£ [s2 (s2+1)]'

-1 s
£ [(s2+1)2]'

. Using formula (5), compute

In Exercises 7-16, solve the initial value problem using the convolution theorem
of Laplace transforms. Here f(¢) is an unspecified function which has a Laplace
transform.

7.

8.

9.
10.
11.
12.
13.
14.
15.
16.
17.

V' =5y +4y=f(1), y(0)=0, y'(0)=0.
V' +7y" +10y = f (1), y(0) =0, y'(0) =0.
V' =9y = f(t), y(0)=0, y'(0) =0.

y' =16y = f(1), y(0)=0, y'(0) =0.
V'+4dy=f(t), y(0)=0,y'(0)=7.
y'+25y=f(), y(0)=3, y'(0)=0.

Y +Ty=f(@), y0)=2.

y' =3y=f(t), y(0)=—6.

¥y =2y'+10y = f (1), y(0) =0, y'(0) =0.
V' +6y" +25y = f(1), y(0)=0, y'(0)=0.
y'+4y' + 13y = f(1), y(0) =0, y'(0) =0.

An example of an integral equation is

t
x(1) =/ h(t —t)x(v)dt +g(t)
0

= (h*x)(1) +g(1),
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where h, g are known functions and x(¢) is an unknown function. This integral
equation can be solved by taking the Laplace transform, solving for X (s), and then
computing L7X ()]

In Exercises 18-25, solve the given integral equation using the Laplace trans-
form.

t
18. x(t):l/ x(s)ds + 1.
2 Jo
t
19. x(t):f cos(t — t)x(t)dt +sint.
0
t
20. x(t):f (t—1)x(t)dt + 1.
0
t
21. x(t):/ e T x(t)dt + 2.
0
t
22. 6x(t)=/ (t —7)’x(v)dt +1.
0
t
23. x(t):/ 2sin(2t —27t)x(t)dt + sint.
0
t
24, x(t):/ cos(2t — 27)x(v)dt + €.
0

t
25. x(t):—/ sinh(t — t)x(t)dt + 3.
0

26. Suppose that f, g, h are piecewise continuous functions on [0, 00), and «, B are
constants. Using the definition (1) of convolution, verify that

a) (af +Bg)xh=a(f*h)+p(g*h).
b) fx(ag+Bh)=a(f*g)+B(f *h).
c) Using (5), verify that f x(gxh) =(f xg) *xh.
27. Suppose that f is piecewise continuous, of exponential order (| f(¢)| < Me*").
Show that, for s > «,

M
[F($)|<——.
s—a

28. Using Exercise 27 and the Laplace transform, show that there do not exist f, g
both piecewise continuous, of exponential order, such that f x g=1.

29. The following example illustrates one way in which integral equations are “nicer”
than differential equations. Let

e’ for0<t <1,

g(t):{—1+ef+ef—1 for 1 <t.

a) Show that g(¢) is continuous for ¢ > 0, but g’(1) is not defined. Also show that
g(t)isasolutionof y —y=H(t—1), y(0)=1fort>0,t #1.
b) Show that g(¢) satisfies the integral equation y(t) = fot [y(@)+H(T—D]ldt+1
for all t > 0, including t = 1.
30. Suppose that x(¢) is a piecewise continuous function for —oo <t < oco. Think
of ¢ as being the location across the real axis. That is, t measures a position



260

3.7

Chapter 3

Current

Figure 3.7.1

rather than time. Let x (¢) be a quantity that varies along the ¢-axis, such as light
intensity or frequency. A measurement of x(¢#) would actually be a (possibly
weighted) average of x over an interval, say [t — a, t + a], which contains 7. The
unweighted average over [t —a, t + a] would be

1 /a x(t+7v)dr. (18)
2a J_,

Let (1 %x)(z) be the value of (1% x) evaluated at r = z. Show that (18) can be
written as

L[(1 *x)(t+a)— (1xx)T—a)l.
2a

Impulses and Distributions

Suppose that a capacitor having charge Qg for time t <ty is suddenly partially dis-
charged (think of the spark in a spark plug) to a lower charge Q; at time #;. The
capacitor then maintains the charge Q for 7 >¢;. The amount of charge lost is
Q1 — Qo. If this discharge happens quickly, then for a very brief period of time,
the current i (¢), which is the rate of change of the charge ¢(¢), must be very large.
The faster the discharge, the higher the current gets. The relationship between change
in charge and current is

f

1
d—th:/ i(t)dt. (1)
I

AQ=Q1—Q0=/ =
0

1o

Typical graphs of () and i(¢) are shown in figure 3.7.1. If the time interval is
shortened, we have the graphs shown in figure 3.7.2.
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Since i(¢) is zero outside [#g, 1], (1) may be replaced by

AQ:/OO i(t)drt.

Similarly, one may think of a mass m being acted on by a large force for a brief
period of time, leading to a change in momentum. In this case the momentum mv
plays the role of the charge, and the instantaneous force (mv)’ plays the role of the
current.

Suppose we take the limit as the length of the time interval [#y, #1] goes to zero by
letting #; — t(;’ . The charge ¢(#) approaches the function (graphed in figure 3.7.3)

Ggt)=Q00—(Qo— Q1H(t —1),

where H is the Heaviside function. Let i (7) be the limit of i (¢) as 7 — ta’ . Buti(r)
goes to zero for t # fp and i (f9) — oo. On the other hand, we still want (1) to hold:

AQ=0Q)— Qo=/ HO

—00

which means ;(t) should have a finite area. Clearly, this limiting current f(t) is not a
function in the sense with which we are familiar. It is an example of a distribution or
impulse function. These generalized functions are a very convenient mathematical
notation.

Definition of Delta Function

8(t) is a mathematical object known as a delta function. It is an example of a
distribution or generalized function. It has the following properties:

i) 8(1)=0if r #0.
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ii) §(0) is not defined.
i) % 8()dt=1.
iv) If g(¢) is a continuous function on (—00, 00), then

/ g()8(t)dr = g(0). ¢

It is possible to build a logical, rigorous definition of §(¢), but we shall not do
so. Intuitively, we may think of §(¢) as an approximation of a physical impulse of
magnitude 1 at time ¢t = 0. For example, it could be the rapid transfer of one unit of
charge at time zero. It can be shown that if a is a constant, then

v)§(t —a)=0ifr #a.
vi) [% 8(t —a)dt =1.
vii) If g(¢) is a continuous function on (—00, 00), then

o
/ g8t —a)dt = g(a).
—00
From these formulas, we get
! 1 ift>0,
/,oo‘s(”d’— {0 if £ <0.

Thus, formally,

t
/ S(t)dt =H(t),

—0o0

and §(¢) may be considered, in some sense, to be the derivative of the Heaviside
function.

Laplace Transform of a Delta Function

One nice property of the Laplace transform is that it works almost as easily for
distributions and impulses as it does for ordinary functions. Proceeding formally,

L[5t —a)] =/ e '8(t —a)dt =e**. (by (vii) above)
0

Thus

LI8(t —a)]=e*. (TI3)

In particular,

LI§@®)]=1. (T12)

There are many other distributions, for example, “derivatives” of §(¢), but they will
not be considered here (note Exercise 11). ¢
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Example 3.7.1 Impulsive Forcing Function

Solve y/ +y=8(t — 1), y(0) = 1.

@ SOLUTION. Taking the Laplace transform of both sides using (T13) gives
sY(s)—y(O)+Y(s)=e".

Solving for Y (s), we have
—S

V()= —— +
§)=——+—,
s+1 s+1

so that, by (T2) and (T15),

| 1 | o= 1 _ —@-=1 _
¢

Physically, this example could be viewed as the simple linear RC circuit in fig-
ure 3.7.4, where y is the charge on the capacitor at time #, and there is an initial
charge of one on the capacitor. For 0 <t < 1, the voltage e is zero and the capacitor
is discharging. At time 7 = 1, there is a voltage impulse, that is, a very large voltage
applied for a brief period, which recharges the capacitor. Then the voltage is again
zero, and the capacitor resumes discharging.

The graph of (2) is given in figure 3.7.5. This graph should be interpreted as
meaning that, in a real problem, y(¢) would be given by a function like that in figure
3.7.6.

Needless to say, in real problems involving impulses, some care should be taken
to ensure that the equations being used still provide accurate models in the presence
of the large, but brief, values given by the impulse.
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Exercises

In Exercises 1-8, solve the differential equation.

Y +8y=38(t—1)+8(—2), y(0)=0.

Y42y +2y=8(t —5), y0) =1, y'(0)=0.

V' 46y +109y =8t — 1) —8(t —7), y(0) =0, y'(0) =0.
V' 43y +2y==28(t—1), y0)=1, y'(0)=0.

V' 44y +3y=1+48(—3), y(0)=0, y'(0)=1.

Y +4y=1-8(—4),y0)=1.

V' +y=148(t—27),y0)=1, y'(0)=0.

8.y +dy=1+45( —47), y(0) =y (0) =1

NNk »D =

Exercises 9 and 10 require a personal computer or access to computer facilities.

9. For Exercises 1-4 above,

a) Sketch the solution of the differential equation.

b) Obtain the graph of the solution, and compare it to your sketch.
10. For Exercises 5-8 above,

a) Sketch the solution of the differential equation.

b) Obtain the graph of the solution, and compare it to your sketch.
11. Let 8" (¢), n > 0, n an integer, have the properties that

i) §W@)=0ifr 0.

ii) [0, 8™t —a)g(t)dt = (—1)"g"™ (a) for continuous g.

Show formally that L[8") (1 —a)] = s"e ™.



CHAPTER 4

An Introduction to Linear Systems of Differential
Equations and Their Phase Plane

4.1

Introduction

Up to this point we have considered only single differential equations with one depen-
dent variable. In many applications, however, one is led to simultaneously consider
several ordinary differential equations with several dependent variables and one inde-
pendent variable. Such systems of differential equations may be linear or nonlinear.
Nonlinear systems are studied in Chapter 6. If all the differential equations are linear
in the dependent variables, the resulting linear systems of differential equations are
most naturally studied using vector notation and matrix theory. In this chapter, in
order to introduce the basic ideas, we only consider two linear differential equations
which will yield 2 x 2 matrices. In Section 4.2, we show how to solve such linear
differential equations using eigenvalues and their corresponding eigenvectors. In Sec-
tion 4.3, we show how to understand these solutions of linear differential equations
using the phase plane.

For simplicity, in this chapter we will consider linear homogeneous systems of
two differential equations with constant coefficients, such as

d
oy 43y, (1a)
dt
dy
— =4x —5y. 1b
gp =Ty (1b)

Our motivation is that this type of equation arises in physical applications. We
briefly consider two motivating examples, one from mixtures and the other from
electrical engineering. Another motivation for linear systems is that most numerical
software for solving differential equations is written for systems. Furthermore, in
Chapter 6 we show that interesting nonlinear systems of differential equations can be
approximated by these types of linear systems in the neighborhood of equilibria.

MULTILOOP CIRCUITS. One application involves multiloop circuits. Consider, for
example, the circuit in figure 4.1.1. The voltage law applied to the top and bottom
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00
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00
2H
Figure 4.1.1
loops of this circuit yields
di
30— =el(n). @
dis . .
2— +5i3+ir =ex(1), 3)
dt
respectively. The current law at node (a) is
i1+ir—i3=0. “4)
Using this equation to eliminate i> from (2) and (3) gives the system
di
i —is = e, (52)
di
2£—i1 +6i3 = ex (). (5b)

The equations for the currents are nonhomogeneous if at least one of the voltage
sources is nonzero.

Example 4.1.1 Constant Volume Mixture or Compartmental Model

Consider the mixture problem for two tanks diagrammed in figure 4.1.2. Here, we
wish to determine the system of differential equations that describes the amount of
salt in each well-mixed tank. Two 4-liter tanks are initially filled with saltwater. It
is given that tank A initially has 0.1 kilograms of salt, and tank B initially has 0.5
kilograms of salt. Pure water flows into tank A from an outside source at a rate of
15 liters/hour. Saltwater flows from tank A to tank B at 16 liters/hour. Saltwater is
piped back into tank A at the rate of 1 liter/hour, and in addition 15 liters/hour of the
saltwater mixture escapes entirely from tank B.

® SOLUTION. Note that we have made a mixture problem in which the amount of
water in each tank is constant, 4 liters. Tank A has 4 liters of the mixture, since water
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15 liters/hr

g

conc.=0

Tank A
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16 liters/hr

15 liters/hr

Figure 4.1.2

in entering and leaving at the same rate of 15 4 1 = 16 liters per hour. Similarly, Tank
B remains at 4 liters. Let x be the amount of salt in tank A at time ¢, and y the amount

of salt in tank A at time ¢. Then

dx [inflow rate’]
I = | salt from
! i outside 1
d [inflow rate’]
d_y = | salt from
! L tank A i
or
dx
dt
dy
dt

X
Z—0-15+1-2 — 16>,
Ty

[inflow rate outflow rate
salt from | — | saltfrom |,
tank B tank A
outflow rate outflow rate
salt from — | salttobe |,
_tank B to tank A discarded

Y

We have, then, the linear system of differential equations

) (6a)

=165 —1.2 —152. (6b)
4 4 4

dx y
— =—dx+=, 7
i x+4 (7a)
dy
— =4x —4y. 7b
g -4y (7b)

These differential equations should be solved subject to the initial conditions x (0) =

0.1 and y(0) =0.5.

¢

ELIMINATION. Much of this book is devoted to solving systems using matrix methods.
However, we should say that for small-sized systems elimination often is straightfor-
ward. There are many ways to solve (7a) and (7b) by elimination. For example, we

can eliminate y from (7a),

dx
y=4E+ 16x, ®)
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and substitute into (7b) to obtain

d*x dx dx
4d2+16d——4x—16d——64x 9)

Collecting terms and dividing by 4 yields

d’x dx

— +8—+15x=0. 10

o2 H8— -+ 15x (10)
This second-order differential equation with constant coefficients can be solved by
letting x = ¢!, so that the characteristic equation is P24+ 8r+15= r+5@+3)=0.
The general solution is

x(1)=cre 3 + e (11)
To find y(r), we substitute this into (8) and obtain, after some algebra,
y(t) =4cre™3 —dcpe™ . (12)

We will use matrix methods because they work better for more complicated problems.

SECOND-ORDER EQUATIONS HAVE EQUIVALENT SYSTEMS. One reason that numer-
ical software is written for first-order systems is that all differential equations can
be rewritten as equivalent first-order systems. Consider the following second-order
differential equation:

x4 o, (13)
hudd x=
dr? dt
There are many ways to write it as a system Usually we keep x as one variable
and introduce y as the derivative y = dt Then the system using the differential
equation (13) is

dx

— =y, 14
7= (14a)
dy d’x dx

=l s = 43x— 11— =—43x — 11y. 14b
dt  dt? * dt * Y (14)

4.2 Introduction to Linear Systems of Differential Equations

Physical problems are sometimes formulated in terms of linear systems of differential
equations. In the introduction to this chapter, we have shown that one specific mix-
ture problem with two containers satisfies the following system of linear differential

equations:
dx 4 —i—l (1a)
—_— = —4X =V, a
dr 47
y
2 gy -4y, (1b)

dt
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4.2.1 Solving Linear Systems Using Eigenvalues and Eigenvectors
of the Matrix

LINEAR SYSTEMS OF DIFFERENTIAL EQUATIONS WITH VECTOR AND MATRIX NOTA-
TION. We consider linear systems of two homogeneous differential equations with
constant coefficients,

d
X _ ax +by, (2a)
dt
d
d—i}:cx +dy. (2b)

Sometimes coupled systems can be shown to be equivalent to a second-order differ-
ential equation by elimination and solved in this way. Here we wish to instead use
methods to solve the differential equations based on vectors and matrices. Here we
just introduce these ideas using some simple examples. We introduce the (boldface)

column vector x:
X
X= , 3
] &)
and the 2 x 2 matrix of constants A:
a b
A [c d} . 4)

dx i—f
i (5)
dt
represents the left-hand side of (2). Matrix multiplication of a 2 x 2 matrix and a
2 x 1 column vector yields a 2 x 1 column vector defined by

We note that

a b||x|_ |ax+by
|:c d] |:yj| - |:cx +dyj| ' ©)
Using this notation, the linear system (2a)—(2b) becomes
dx
dr _ dx _|a b _
|:%:|_Z_|:C d]x_Ax. 7
t

We will solve the system mostly in the form (2a)—(2b) without using matrix mul-
tiplication. Matrix multiplication is used extensively in more advanced treatments
involving more equations.

SOLUTION OF LINEAR SYSTEMS USING EIGENVALUES AND EIGENVECTORS. We
explain how to solve linear systems of differential equations,

X
& o ax by, 8
T ax + by (8a)
d
%=w+@, (8b)
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or equivalently

dx |a b
E=|:C d]x:Ax, ©)]

using eigenvalues and eigenvectors. We know that elementary exponentials e’ are
solutions of constant coefficient homogeneous differential equations, where we deter-
mine r by substitution into the differential equation. Equation (8a)—(8b) or (9) is a
linear system with two unknowns, x and y. We assume there are elementary solutions
in which both x and y are proportional to the same exponential:

X(f) = Bgﬂ =M [z] =My, (10)

calling the unknown A instead of r. Here v=[] is a vector of constants, which we
must also determine.
Substituting (10) into the differential equation (9), we obtain

& b
e HEg R[]

dr
or, equivalently,
dx

— =xe"u=e"(au + bv) (12a)
dt
and
d
d_i}z)he)‘tvze“(cu +dv), (13)

or, after combining these two equations,

dx

— =1reMv=AeMv. 14

7 (14)
We first cancel the common factor e*’ and get that the vector v=[%] satisfies the

linear homogeneous system of algebraic equations,

au + bv = Au, (15a)
cu+dv=2>\v, (15b)
or
Av = A\v. (16)
It is usual to rewrite the system
(a—Mu+bv=0, (17a)

cu+(d—1)v=0, (17b)
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or

A —ADv=0, (18)

where I = [(1) (1)] is the identity matrix. For 2 x 2 systems this becomes

a—A b u
A

We note that for the linear system of algebraic equations, u =0, v =0 solves the
system (19) for all A. We call (0, 0) the trivial solution. This corresponds to what
we call the trivial solution x(¢) =0, y(¢) =0 of the linear system of homogeneous
differential equations. We wish to determine nontrivial solutions. We need some
knowledge of elementary linear algebra, explained in the next paragraph. We will
show that for nontrivial solutions, the determinant must be zero:

det[a;k dﬁx}Zdet(A—AI)=(a—*)(d—’\)‘bczo‘ 20)

The values of A which satisfy (20) are called eigenvalues of the matrix A. After
determining the eigenvalues, the nontrivial v=[% ] must be determined from (17a)-
(17b) and is called an eigenvector corresponding to that specific eigenvalue. We will
do some examples shortly to illustrate these ideas.

ELEMENTARY LINEAR ALGEBRA. We review some elementary algebra. The equa-
tions we have are

(a—Mu+bv=0, (21a)

cu+(d—-1v=0. (21b)
We are given a, b, ¢, d and are trying to solve for A and u# and v. If A were known,
then (21a)—(21b) would be two linear equations, which define two straight lines going
through the origin u =0, v = 0. Since the lines both go through the origin, there are
two possibilities. If the two equations (21a)—(21b) represent two different lines (if the
equations are not constant multiples of each other), then there is only one intersection,
u =0, v=0. If the two equations (21a)—(21b) represent the same straight line, then
the two equations are constant multiples of each other, and either straight line solution
may be used as their intersection. Either there is a unique solution # = 0, v = 0 or there
are an infinite number of solutions.

However, we do not know A yet, so we need to derive a way to find the values of A
such that there are an infinite number of nonzero solutions. We proceed as follows. v
can be eliminated from (21a), (21b) by multiplying (21a) by d — A, multiplying (21b)
by b, and subtracting. In this case, we get

ul(a—A)(d —A)—bc]=0.
If the bracketed term is nonzero, then # must equal zero, which results in v =0, and

we get only the trivial solution of the linear system of differential equations. Thus in
order for there to be nonzero solutions of the system of linear differential equations,

(@ —A)(d—x) —bc=0. (22)
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This condition determines A for which there are nonzero solutions of the differential
equation. Recall that the determinant of a 2 x 2 matrix is given by

q r|{__._
det|:s ti|_qt rs.

We rewrite the condition (22) in terms of the determinant equaling zero:
a—A b
det[ c d— )\:| =0. (23)

We do not want only # =0, v =0. Thus, in order for there to be an infinite number
of solutions, the determinant must equal zero, and we use that condition (22) or
(23) to determine the values of A: called the eigenvalues of the matrix. In this case,
the two equations (21a)—(21b) represent the same straight line, and either equation
may be used to find u, v, which are called the eigenvector [ ] corresponding to the
eigenvalue A.

DETERMINING THE EIGENVALUES. Since (18) is a linear homogeneous system, the
eigenvalues can be determined from the determinant condition:

det(A —AI) =0, (24)
or equivalently

detl:a;)» dﬁk}z(a_k)(d—k)—bczo. (25)

Evaluating this determinant gives a quadratic equation for the two eigenvalues:
A2 —(a+d)r+ad —be=0. (26)

Often in examples the roots of the quadratic (eigenvalues) are simple to compute and
use. In general we determine the eigenvalues using the quadratic formula:

_a+d=+/(a+d)?—4(ad — bo)
= 5 )

A

27

4.2.2 Solving Linear Systems if the Eigenvalues are Real
and Unequal
Example 4.2.1 Mixture Example

We consider the system of two first-order differential equations from Section 4.2
corresponding to two interconnected fluid tanks:

d 1
o ax 4oy, (28a)
dt 4
dy
L —dx — 4y, 28b
o Ay (28b)
or
dx
dar dx —4 1
= — = 4 =
|:Z_yi| T |:4 _4:|x Ax. 29)
t
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@ SOLUTION. For systems, we substitute:

Lol=L] <30>

and obtain (17a)—(17b) which is

—4 - 1 u
|: 4 _44_ )J |:Ui| =0. 31

FIND EIGENVALUES. The eigenvalues satisfy the determinant condition
1
detA—AD)=(—4—-1)(—4—1)— 4Z
=22 48+ 15=(A +3)(L+5)=0. (32)

This is the same as the characteristic equation obtained by elimination in the introduc-
tion. We see there are two eigenvalues A = —3, —5. There is a different eigenvector
corresponding to each eigenvalue, which we now determine.

FIND EIGENVECTORS CORRESPONDING TO X = —3. To obtain the eigenvector cor-

responding to A = —3, we substitute A = —3 into the homogeneous system (31) and
obtain
1
— —v=0, 33
u—+ 1 v (33a)
4u —v=0. (33b)

As explained earlier, since there is a nonzero solution, these two equations must
give the same result. Here the second equation is a constant multiple —4 of the first
equation. (If the two equations give different results, then you’ve made an algebraic
error or your value of X is not really an eigenvalue.) Since the equations are equivalent,
we only use one of them, it doesn’t matter which:

1
—u+ v =0. (34)

There is a constant multiple in the general solution, so that we can take any solution
of (34) other than u = v = 0. For simplicity, we take u = 1, so that v =4, and

an eigenvector corresponding to A = —3 is |;]‘i| . (35)

This means that the system of differential equations has the following elementary
solution corresponding to the eigenvalue A = —3:

_ X _ 1 -3
w=[]=[1] 5

FIND EIGENVECTORS CORRESPONDING TO A = —5. We follow the same procedure,

so that from (31) when A = —35 the eigenvector satisfies
1
u—+ Zv =0, (37a)

du—+v=0. (37b)
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These two equations give the same result, as they must, and we use either one. We
choose
1
-v=0. 38
u+t (38)
We may take u = 1 and v = —4, so that

an eigenvector corresponding to A = —5 is [_1 4i| . 39)

This means that the system of differential equations has the following elementary
solution corresponding to the eigenvalue A = —5:

_ X _ 1 _5
x(t) = M - [_4} e (40)

FIND GENERAL SOLUTION OF LINEAR SYSTEM OF DIFFERENTIAL EQUATIONS. As
in our earlier study of linear differential equations, it can be shown that the general
solution of a linear system of differential equations is a linear combination of the two
elementary solutions, here corresponding to each eigenvalue:

X(t) = B] = m ety [_14} e, 1)

This gives x(t) =cre ' +cre™> and y(t) =4cie™ —4cre™, which is the
same as (11)—(12) which was obtained in the introduction of this chapter by
elimination. ¢

Example 4.2.2 Second-Order Equation as a System

Find the general solution of

UL ST o))

i + ar +12x =0. (42)
@ SOLUTION. We can solve this differential equation without converting it to a
system. If we substitute x =e’?, we obtain the characteristic equation r> + 7r +
12 =0, which is easily factored as (r + 3)(r +4) = 0. The roots of the characteristic
equation are » = —4 and r = —3, so that the general solution is a linear combination
of these two simple exponential solutions:

x(t)=cq e M+ cze_3t. 43)

We wish to obtain the same answer using eigenvalues and eigenvectors for linear sys-
tems. First we must convert the second-order differential equation to a system. If we let
y= ‘;—f, then we obtain an equivalent system of two first-order differential equations:

dx_

=y, 44
=Y (44a)
dy

= =—12x —Ty. 44b
o x =Ty (44b)

or

dx_ 0 1
dr | =12 =7

1|X:AX. 45)
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For systems we substitute

X _ |u
b)) 4o
and obtain
—A 1 u
[—12 ~7 —/\} M =0 “7)
¢

FIND EIGENVALUES. The eigenvalues satisfy the determinant condition
detA —AD =22 +70+12=(A +4) (A +3)=0. (48)

This is the same as the characteristic equation, and we see there are two eigenvalues
A = —4, —3. There is a different eigenvector corresponding to each eigenvalue.

FIND EIGENVECTORS CORRESPONDING TO A= —4. To obtain the eigenvector

corresponding to A = —4, we use the homogeneous system (47) and obtain
4u+v=0, (49a)
—12u —3v=0. (49b)

These two equations must give the same result (one equation is a constant multiple of
the other), so that we only use one of them (if the two equations give different results
then you’ve made an algebraic error):

4u+v=0. (50)

There is a constant multiple in the general solution, so that we can take any solution
of (50). For simplicity, we take u =1, which gives v = —4, so that the eigenvector
corresponding to A = —4 is [ _14 ] This means that the system of differential equations
has the following elementary solution corresponding to the eigenvalue A = —4:

_ X _ 1 —4
X(t)—[yi|—|:_4:|e '. 51

FIND EIGENVECTORS CORRESPONDING TO A = —3. We follow the same procedure,
so that from (47), when A = —3 the eigenvector satisfies

3u+v=0, (52a)
—12u —4v=0. (52b)

These two equations give the same result, as they must, and we use either one:
3u+v=0. (53)

We may take u = 1, which gives v = —3, so that the eigenvector corresponding to
A=-3is [ j3 ] This means that the system of differential equations has the following
elementary solution corresponding to the eigenvalue A = —3:

_ X _ 1 -3
x(t) = u - [_3} e, (54)
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FIND GENERAL SOLUTION. The general solution will be a linear combination of the
two elementary solutions corresponding to each eigenvalue:

x(1) = m = [_1 4} e 4e [_13] e3t (55)

This gives x (1) = cre™* + coe™, which is equivalent to (43). We also obtain y(f) =

—4c1e™* —3c¢pe which in this case is the same as y = ‘fi—f. ¢

GENERAL SOLUTION OF LINEAR SYSTEM IF TWO EIGENVALUES ARE REAL AND
UNEQUAL: REAL DISTINCT EIGENVALUES. Suppose we have a2 x 2 matrix with real
distinct eigenvalues, which we call A and A;. Suppose the eigenvector v; corresponds
to the eigenvalue A1. That means that e*M'y satisfies the linear system. Similarly, the
eigenvector v, corresponding to the eigenvalue A, gives the solution e*2’v,. Since the
system of differential equations is linear, we can obtain the general solution using a
linear combination of these two, or

X(t) = |:))C’] =c1eMyy 4 ce™?yy. (56)

4.2.3 Finding General Solutions of Linear Systems in the Case
of Complex Eigenvalues

Consider the linear system

dx

dt
The eigenvalues of A arise by substituting x = ¢*'v. If the eigenvalues A =« £ if of a
matrix A are complex, then M = @B Dye to Euler’s formula, solutions involve
e*" cos Bt and e* sin B, as in the general solution of linear constant coefficient
differential equations with complex roots of the characteristic equation. The key fact
we need is the following:

Ax.

If A is a real matrix with a complex eigenvalue A and eigenvector v, then
A=a+iB,v=a-+ib,

then A is another eigenvalue (recall that 2 is called the complex conjugate
of 1) and v its associated eigenvector, where

A=a—if,v=a—ib.

That A is also an eigenvalue follows from the fact that 0 = det(A — AI) is a quadratic
polynomial with real coefficients if A is real, and thus the complex roots of the
characteristic polynomial will occur in conjugate pairs. Since AA = Av, then taking
conjugates of both sides gives

Av=1v
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or
AV=2¥,

since A is real, so that V is an eigenvector for the eigenvalue A.
This fact is very helpful since it means we actually have to compute only the
eigenvectors for one of the eigenvalues in a conjugate pair.

Example 4.2.3 Complex Eigenvalues and Eigenvectors

Find the eigenvalues and eigenvectors for

1 -1
A:[l 1]. (57)

@ SOLUTION. The eigenvalues and eigenvectors satisfy

1—A —1 u
[ 1 1—1} u:o_ (58)

The characteristic equation is

—1

1—x
det(A—)»I):detI: 1 -1

]:A2—2A+2:O. (59)

The roots of the characteristic polynomial are the eigenvalues, and they can be found
using the quadratic formula:

A:Zi— \’24_8)=1ii. (60)

The eigenvalues are Ay =1+, .o =1—1i. First, we find the eigenvector for A;.

Solving (58) gives
—i —1||u

The two linear equations must be equivalent (since that is the property of eigenvalues).
For the complex case, it may not be very obvious that the two linear homogeneous
equations are equivalent. Here we see that the second row is i times the first row.
Thus, we only use the first equation (row). Thus, —iu — v =0 or v = —iu. There are
several ways to proceed. We note that u is arbitrary, and

L)

We may take u = 1, in which case the eigenvector corresponding to the eigenvalue

AM=1+1iis
vi= [_1 ,} : (63)
Then, the complex conjugate will be the eigenvector associated with Ay =1 —i:
_ 1
V)=V = il (64)
¢
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GENERAL SOLUTION (COMPLEX EIGENVALUES): USING EIGENVALUES AND EIGEN-
VECTORS. It is helpful to find real solutions. Since the eigenvalues are complex
conjugates of each other, the eigenvectors are also complex conjugates of each other.
Because of this, it can be shown that the real and imaginary parts of one complex
solution form an independent set. We assume a complex eigenvalue is A =« + i and
the corresponding complex eigenvector v=a 4 ib. Using Euler’s formula, a complex
solution would satisfy

My =e @Bl (a4 ib) =% (cos Bt +i sin Br)(a+ib). (65)
Multiplying out and collecting real and imaginary parts, yields
@ tB) @ 4 ib) = ¢ (acos Bt — b sin Br) + ie* (asin B + b cos Bt). (66)

The real part

e*'(acos Bt — bsin Bt) (67)

and the imaginary part
e*'(asin Bt + b cos Bt) (68)

are independent solutions of % =Ax. In summary, we have

THEOREM 4.2.1  General Solution of the Differential Equation for Complex
Eigenvalues

If A is a real matrix with complex eigenvalue A =« + i and associated eigenvector
v=a-+ib, then the general solution can be written as a linear combination of these
two:

x(t) =c1e* (asin Bt + b cos Bt) + c2e* (acos Bt — bsin Bt). (69)

Example 4.2.4 Solution of ‘[//—; = Ax with Complex Eigenvalues and Eigenvectors

Find the general solution of

d
—=x-y, (702)
d
2 xty. (70b)
dt

o SOLUTION. Let

sl 7]

so that (70a)—(70b) is % =Ax. This A is the same as in the previous exam-
ple (4.2.3), so that we have A=« +if =141 is an eigenvalue and the associated
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eigenvector can be taken to be

v=a-+ib= [_ll]

I
—
O =
—
+
—
=
—_
[

Thus,

The formulas (67) and (68) become

x|(t)=e |:cost |:(1)1| —sint |:_01:|:| = [th Z?;tt} , (72a)
x)(1) =¢' |:cost [_Ol} +sint m] = [_e;ff; : ;] , (72b)

and x1(?), x2(¢) is a fundamental set of solutions of (70a) and (70b). The general
solution of (70a) and (70b) is c1Xx; + ¢2Xp or

x(t)=cje' cost + cye’ sint,

y(t) =cre' sint —cye’ cost. ¢

4.2.4 Special Systems with Complex Eigenvalues (optional)

Problems with complex eigenvalues can be complicated. In the following specific
problem, we show that solving the system simplifies in polar coordinates. Unfor-
tunately this is not a general result. However, it can be shown that problems with
complex eigenvalues always simplify in this way if one first introduces a very spe-
cial change of coordinates. Here we just consider one example in which a change of
coordinates turns out not to be necessary (for which polar coordinates simplifies the
analysis) The problem is

dx

E:Zx—Sy, (73a)
dy
— =5x+2y. 73b
5 =Nty (73b)
The eigenvalues satisfy
2—x =5 | 2 _
det|: 5 2_):|_(2—)») +25=0, (74)

so that the eigenvalues are complex, A =2 =+ 5i. For this example (but not neces-
sarily other examples) the differential equation simplifies introducing the complex
representation z(¢) = x(¢) +iy(t), since

dz dx  .dy

— =—4i—=2x—-5y+i +2y)=2(x+iy)+5i(x+iy)=2+5i)z.
p ; i . x —S5y+i(5x y) (x+iy)+5i(x+iy)=( 5i)z
(75)



280 Chapter 4

Using polar coordinates, z(t) =x +iy=rcosf +irsinf = r()e'?® we obtain

dz dr ;5 . ;,dO
—=— —. 76
dr i’ Tire dt (76)
Setting these two expression for + equal yields
dr d9
e ire? = = (2+51)re ()
dt
and simplifying (by dividing by ¢!?), we have
d do
d—;—i—irE:Zr—i-Sir. (78)

By equating the real and imaginary parts, we obtain a simple system of differential
equations

dr ) do 5 (79)
—— =, — =,
dt dt
which has the general solution
r(t) =r(0)e*, 6(1) =5t +6(0). (80)
Returning to cartesian coordinates, we have
x(t)= r(O)ezt cos(5t+6(0)), y()= r(O)ezt sin(5¢ + 6(0)). (81)

2t cos 5t and

The solution involves a linear combination of the correct functions e
e sin 5¢, since A =2 + 5i.
An alternate way to use polar coordinates is to note that 7> = x> 4+ y? and tan § = 2
In the next section (introduction to the phase plane) we will see that polar coordinates
are helpful in understanding the solution when the eigenvalues are complex. Thus,
dr dx

dy
ro=x Zerd——x(zx—5y)+y(5x+2y)—2(x +yH =22, (82

using the differential equation (and dividing by 2). Thus,
d
d—; =2r, so that, (t) =r(0)e*. (83)

The equation for the polar angle is a little harder to obtain

dy 2
do Xgr— 5 2y) —y(2x =5 5
w2l ymZX(x+ ) —y(2x y) (x? +y) 84)
dr x2 x?2 x?2

1

; 29—
Since sec” ) = ——

2
=55, we have
X

do
EZS’ so that 6(¢) =5t +6(0). (85)
The solution to the system of differential equations is

x(t) =r(0)e? cos(5¢ +6(0)), y(t)=r(0)e* sin(5t + 6(0)). (86)
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4.2.5 General Solution of a Linear System if the Two Real
Eigenvalues are Equal (Repeated) Roots

Consider the linear system % =Ax. If the two real eigenvalues are repeated, then
sometimes there are two independent eigenvectors, and the solution can be still rep-
resented by (56). This is very rare with 2 x 2 systems, but happens more often with
larger systems.

Example 4.2.5 Elementary Example with Repeated Real Eigenvalues with Two Indepen-
dent Eigenvectors

Consider
i—: =6x, (87a)
% =0y, (87b)
or
Z—j = [8 (6):| X =AX. (88)

@ SOLUTION. For systems, we substitute:
x(@) | o |u
[m} = H ®

6—X\ 0 u
[ 0 6—x} MZO' ©0)

The eigenvalues satisfy the determinant condition, (6 — )2 =0, so that the eigen-
values are repeated reals A = 6, 6. The eigenvectors corresponding to the eigenvalue

A = 6 satisfies (90)
0 O||u

Thus, Ou + O0v =0 and both u and v are arbitrary (constants), and the solution of the
system of differential equation is

x(t)=ue®, y(1) =ve®, 92)

and obtain

where u and v are arbitrary constants. This is the same result as obtained by directly
solving the original uncoupled system (87a)—(87b). In the language of eigenvectors,
the eigenvector corresponding to A = 6 satisfies

-]

where 1 and v are arbitrary constants. Here we say there are two independent eigenvec-
tors corresponding to the eigenvalues 6, and for convenience we call the eigenvectors

[6] and [}]
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If the two real eigenvalues are equal, but as is usual there is only one independent
eigenvector v, then only one independent solution to the differential equation can be
represented in the simple way e*'v. The second solution is more complicated, but as
in second-order equations, involves 7e¢*’ in some way.

Example 4.2.6 Elementary Example with Repeated Real Eigenvalues with One Indepen-
dent Eigenvector

Consider the system of differential equations

d
d_)tc =Tx+Yy, (93a)
Y _q (93b)
a0
or
dx 7 1

® SOLUTION. For systems, we substitute

-+
A

The eigenvalues satisfy the determinant condition (7 — 1) = 0, so that the eigenvalues
are repeated reals A =7, 7. The eigenvectors corresponding to the eigenvalue A =7

satisfies (96)
0 1||u

Thus, v =0and Ou 4+ Ov = 0, so thatonly « is arbitrary (constant). The special solution
of the system of differential equation corresponding to the eigenvalue A =7 is

and obtain

x(t)=ue’, y(1)=0, (98)

where u is an arbitrary constant. In the language of eigenvectors, the eigenvector
corresponding to A =7 satisfies v=[%]=u[} ], where u is an arbitrary constant.
Here we say there is only one independent eigenvector corresponding to the repeated
eigenvalue 7, and for convenience we call the eigenvector [é] For this example,
it is relatively easy to obtain all solutions of the linear system of differential equa-
tions (and not just the above solutions corresponding to the eigenvector) because
y(t) itself just solves an elementary first-order homogeneous differential equation
with constant coefficients. Thus, we first find easily the general solution for y(¢),

namely, y(¢) = y(O)e7’, and then x(¢) solves a (nonhomogeneous) linear first-order
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differential equation

KL y=y(0)e". (99)
dt

Linear first-order equations can always be solved by an integrating factor elp(dr
Here p(t) =—7 and the integrating factor is e~”" (see Section 1.6.3). Multiplying
both sides of (99) by e~ yields

afdx o N_d g
e (dt 7x)—dt(e x(1)) = y(0). (100)

Definite integrating from t =0 to t =1t yields
e 'x(t) — x(0) = y(0)r. (101)

Solving for x (1) gives x (t) = y(0)te’" + x(0)e”". Thus, the solution of the initial value
problem for the system (93) is

x(1) =y(O)te’ +x(0)e”, y(t)=y(0)e", (102)
which involves e”* and re’’. This is the same idea that occurs for constant coefficient
homogeneous differential equations with real repeated roots. ¢
4.2.6 Eigenvalues and Trace and Determinant (optional)

The eigenvalues satisfy the quadratic equation (26), 1> — (a +d)A +ad —bc =0,
obtained from the determinant condition. It is sometimes helpful to organize the

information concerning the eigenvalues in terms of the trace (tr) and determinant
(det) of the matrix A:[‘c‘, Z ]:

trA=a+d, (103)
detA =ad — bc. (104)

We first reexpress the quadratic in terms of the trace and determinant:
A2 — (tr A)A + detA =0. (105)

Using the quadratic formula gives

e tr A4+ /(tr A)2 — 4 detA
= ) .

(106)

If 4 detA < (tr A)?, then the eigenvalues are real, and if 4 detA > (tr A)Z, then the
eigenvalues are complex.

MORE ON EIGENVALUES AND TRACE AND DETERMINANT. Usually, we can obtain
the eigenvalues explicitly. However, the following result is sometimes useful (as a
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check, perhaps). The quadratic will factor with its two roots A1 and Aj, so that in
general

=2 —22) =A% — (A1 + A2)A + Ao =0. (107)

By comparing (105) and (107), we see that the sum of the eigenvalues equals the trace
of the matrix and the product of the eigenvalues equals the determinant:

M+ A =trA, (108)
A1Ao =detA. (109)

Example 4.2.7

. . or_a 1 . .
Consider the matrix [ 44 j4]. (a) Find the eigenvalues; (b) show that they are
consistent with the trace and determinant conditions.

® SOLUTION. (a) This matrix corresponds to our mixing problem, where we showed
(by factoring the quadratic equation) that the eigenvalues were A = —3 and A = —5.
(b) The trace of the matrix is —8 should equal the sum of the eigenvalues
—3 — 5 = —8. The determinant of the matrix 16 — 1 = 15 should equal the product of
the eigenvalues (—3)(—5) =15. ¢

TRACE AND DETERMINANT FOR 72 X n MATRICES. The result (108)—(109) also can
be shown to be valid for n x n matrices:

> hi=trA, (110)
i
Hki = detA. (111)

i

Exercises

In Exercises 1-12, find eigenvalues of the matrix A:

a b
A:[ d] (112)

c

If the eigenvalues are real, find the corresponding eigenvectors. When checking your
answers with those in the back of the book, keep in mind that any nonzero multiple
of the given eigenvector may be used.

a=0,b=1,c=-4,d=0.
a=1,b=3,c=1,d=-1.
a=2,b=1,c=1,d=2.
a=-3,b=-2,¢c=1,d=-5.
a=3,b=—-1,c=1,d=2.
a=-2,b=0,c=0,d=-3.
.a=1,b=0,c=1,d=-3.

N U R W
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8. a=—-1,b=3,c=1,d=1.
9.a=4,b=-3,c=1,d=0.
10. a=—-1,b=2,c=-2,d=—1.
11. a=3,b=2,c=0,d =4.

12. a=1,b=0,c=0,d=-3.

In Exercises 13-16, find eigenvalues only and show that the eigenvalues are consistent
with the trace and determinant condition.

13. a=0,b=1,c=—4,d=0.
14. a=1,b=3,c=1,d=—-1.
15.a=2,b=1,c=1,d=2.

16. a=-3,b=-2,c=1,d=-5.

In Exercises 17-28, determine eigenvalues and eigenvectors if the eigenvalues are real.
Also, determine the general solution of the following linear systems of differential

equations:
d
d_x =ax +by,
! (113)
D xtd
— =cx .
dt Y

As a hint, problems with * have complex eigenvalues. When checking your answers
with those in the back of the book, keep in mind that any nonzero multiple of the
given eigenvector may be used.

17*. a=0,b=1,c=—-4,d =0.
18. a=1,b=3,c=1,d=-1.
19. a=2,b=1,c=1,d=2.

20%. a=-3,b=-2,c=1,d=-5.
21*%. a=3,b=—1,c=1,d=2.
22. a=-2,b=0,c=0,d=-3.
23. a=1,b=0,c=1,d=-3.
24, a=—-1,b=3,c=1,d=1.
25. a=4,b=-3,c=1,d=0.
26%. a=—1,b=2,c=-2,d=—1.
27. a=3,b=2,c=0,d=4.

28. a=1,b=0,c=0,d=-3.

In exercises 29-44, determine eigenvalues and eigenvectors if the eigenvalues are
real. Also, determine the general solution of the following linear systems. As a hint,
problems with * have complex eigenvalues. When checking your answers with those
in the back of the book, keep in mind that any nonzero multiple of the given eigenvector

may be used.
dx dy

29, —=x,—= 2y.
dt * dt ey
dx

d
Zx—y,—y=3x—2y.

30 —=
dt dt
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dx y

31%. —=—x—-S5y, —=
dt RRAT rEy
dx dy

32, —=2x—y,—=2x+5y.
dt SR x4y

33%* d—x—x— d—y—x+
car T A T

N dx dy

34%, E=—2x+2y,E=—x
dx dy

35. E:—Sx—4y,zz2x+y.
dx dy

36%. — = S5y, —=-2x—
dt x40y dt Y
dx dy

37. —=y,—=2 .
arVar =Y
dx dy

38%, — =—x—2y, —=2x—y.
- T T
dx dy

39, —=-5x—y,—=3x—y.
- Tl T
dx dy

40*%, — = 2y, —=—4x -3
dt rHy dt T
d d

41%, d—::—x+4y,d—>;=—4x—y.
dx dy

42%, E=3x+2y,5=—2x+3y.
dx dy
dx dy

44. E:2x+3y,zz3x+2y.

In Exercises 45-50, you are given the eigenvalues and eigenvectors for a2 x 2 matrix
A. Write down the general solution of ‘é—’t‘ =Ax.

o (L)
o =2

NEET 1=
o o[ i[5

CM1+2i7 T1—2i
o o 2] 2
49. 1si. [lj’] , —5,[1__1.’“.

2
0.2 [2]]



An Introduction to Linear Systems of Differential Equations and Their Phase Plane 287

4.3 The Phase Plane for Linear Systems of Differential Equations

4.3.1 Introduction to the Phase Plane for Linear Systems
of Differential Equations

In this section, we continue to analyze only linear systems of differential equations,

d
i =ax + by, (1a)
dt
d
d_)t] =cx +dy. (1b)

This section is devoted to explaining the important concept of the plane plane. But
in this section we only consider the phase plane for linear systems (1a)—(1b). The

phase plane for nonlinear systems is discussed in Chapter 6.

Solutions x(¢), y(¢) of differential equations were previously each graphed as func-
tions of time. Here instead we introduce the x, y-plane. Each value of ¢ corresponds
to a point x, y in the plane. A solution of the differential equation x (¢), y(¢) satisfying
a given initial condition now traces out a curve in the x, y-plane. This parameterized
curve (along with an indication of the direction the solution moves along the curve
as time ¢ increases) is called a trajectory or orbit. (The term solution curve is also
sometimes used.) The set of trajectories (corresponding to all initial conditions) in the
x, y-plane, together with an indication of the solutions direction as time increases, is
the phase plane. Usually only a few representative solutions are drawn. (This sketch
is sometimes called a phase portrait.)

Example 4.3.1 Trajectory in the Phase Plane

We consider the linear system

dx (2a)
—_— =Yy, a
dt 4

dy

@ _ 2b
o x (2b)

@ SOLUTION. Although we can solve this system by matrix methods, in this
example, elimination is perhaps simpler. Substituting y = 4x into (2b) yields the

second-order differential equation with constant coefficients “

d?x

YT —X. 3)
The characteristic equation obtained by substituting x = ¢"” is r> = —1, so that r = =i

and the general solution is
X =c1COSt+cpsint, (4a)
y=—cysint+cycost. (4b)

We wish to consider the solution associated with one initial condition, and for sim-
plicity we choose x (0) = 1 and y(0) = 0. In this case ¢; = 1 and ¢ = 0, so the solution
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/2 T 2n

t
Figure 4.3.1 Solution of initial value problem x(t) =cos¢, y(t) = —sin .
2
Yot
-2 6 2

Figure 4.3.2 Trajectory in the phase plane.

of this initial value problem is

X =cost (5a)
y=—sint. (5b)

In figure 4.3.1we graph (5a)—(5b) in the traditional way x =x(¢) and y = y(¢), giving
two elementary trigonometric functions. The phase plane (x, y) results by just plotting
the set of points (x(¢), y(¢)) for different values of 7. Thus the figure does not show
t. The trajectory for this initial condition is the circle (graphed in figure 4.3.2) with
radius 1, since

4y =1 6)
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By plotting points for different # values, we see the trajectory moves clockwise. For
example, t =0 correspondstox =1, y=0and 7 = /2 correspondstox =0, y = —1.
The reason the solution moves clockwise in this example is that here the usual polar
angle 0 is & = —t, and thus the polar angle decreases in time. Arrows indicating how
the solution moves clockwise, as time ¢ increases is also included in figure 4.3.2. We
will soon give further discussion on the direction of the orbits in the phase plane. ¢

PHASE PLANES ON COMPUTER SCREENS. It is quite common now for phase planes to
be readily determined and vividly displayed on your computer screen using software
such as Matlab, Scilab, Mathematica, or MAPLE. You will probably learn more about
the subject if you have such a system available to you, or at least have access to a
graphics program for phase planes for differential equations. These programs solve
the system of differential equations numerically subject to given initial conditions. It
is then easy for the program to take the numerical time-dependent solutions for x ()
and y(¢) and use them directly to graph the phase plane (x, y). The time-dependent
solutions of the differential equation are the parametric description of the curve shown
on your screen which we call the phase plane.

NUMERICAL SOLUTIONS. Here we are not particularly interested in what numerical
method the program uses. That is a separate interesting specialized mathematical sub-
ject. Those interested in numerical methods for differential equations should consult
longer books on differential equations or specialized books on numerical methods for
ordinary differential equations.

DIRECTION FIELD. The phase plane can be graphically constructed directly from the
system of differential equations (1a)—(1b) without solving the system of differential
equation. The vector x = [’y‘] has the representation as a row vector X = (x, y) or
x =xi+ yj, so that in calculus it is shown that ‘Zi—’t‘ is a tangent vector to the orbit
or trajectories. As with using the slope to help sketch the solutions for first-order
differential equations (see Section 1.4), a grid of points is chosen. At each (x, y)
point in the grid, the right hand side of the system of differential equations (1a)—(1b)
immediately determines the vector

dx

dar | _|ax+by
Z_y T |ex+dy |’
t

which is tangent to the solution curves in the phase plane in the direction that time
increases.

If software plots these vectors, the plot is called a vector field plot. However, often
some of the vectors are small, and others large, so that it can be hard to tell what is
happening to solutions in some regions. Accordingly, many programs have the ability
to plot the direction field for systems, including the linear systems we study in this
chapter. This is easy to implement on computers or even graphing calculators. It is
similar to a velocity vector, and everywhere (at each point in the grid) it has magnitude
and direction. Usually the program draws a vector of equal small size so as not to
interfere with neighboring vectors, and we call this the direction field. By having all
vectors the same size it is easier to visualize the solutions. The phase plane may be
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Figure 4.3.3 Direction field for (2a)—(2b).

approximated by forming curves tangent to the vectors of the direction field. We will
do some examples.

EXAMPLE OF DIRECTION FIELD. Consider the previous example of a linear sys-
tem (2a)—(2b). The direction field for this linear system is shown in figure 4.3.3 from
some computer output. Since this is the first example for which we do a direction
field, we want to explain very carefully. Let us take, for example, x =1 and y = 1.
From the differential equation, at that point the direction field should be a vector in
the direction [ !, ]. Look at figure 4.3.3 at the point x =1, y = 1, and note the vector
there is in that direction. For example, for the point x =—1 and y = —1, from the
differential equation the direction field should be a vector in the direction [’11 ] We
also compare the phase plane of the exact solution (circle) with the direction field
and we see that the direction field suggests motion similar to the circle. The direction

field is tangential to the circular orbits in the phase plane.

EQUILIBRIUM SOLUTION. The origin x(t) =0, y(t) = 0is a constant or equilibrium
solution (does not depend on ¢) of any linear (homogeneous) system (1a)—(1b). Solu-
tions of the linear system whose initial conditions are at the origin stay at the origin.
The phase plane representation for the equilibrium solution is just a point that does
not move, the equilibrium at the origin. For solutions of the system of differential
equations that are not equilibria, the solutions will move in time. Then the trajectory

or orbits in the phase plane will be curves.

STABLE OR UNSTABLE EQUILIBRIUM. If all solutions of the linear system stay near
the equilibrium for all initial conditions near the equilibrium, then we say the equi-
librium is stable. If there is at least one initial condition for which the solution goes
away from the equilibrium, then we say the equilibrium is unstable. In this section,
we will determine conditions for which the equilibrium (the origin) for the linear

system is stable or unstable.
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Figure 4.3.4 Trajectory in phase plane sketched from direction field.

OVERVIEW. In this section our interest is in explaining or directly constructing the
phase planes using mathematical ideas. We will show how to obtain these trajecto-
ries in the phase plane using explicit solutions of the system of linear differential
equations by using the matrix methods for solutions to linear systems of differential
equations we have just studied in Section 4.2. Eigenvalues and eigenvectors will be
very important. We will learn how to solve the phase plane for linear systems by doing
a large number of examples. We begin with some very elementary examples where
we do not need matrix methods. Then, we proceed to systematically investigate most
cases of linear systems of differential equations including those involving real and
complex eigenvalues.
In the problems of this section, d—’[‘ does not depend explicitly on ¢. Thus if two
trajectories were to intersect, then at that point there would be two solutions which
satisfy the same initial condition which would violate the uniqueness of solutions.

Thus

Trajectories cannot intersect other trajectories or cross themselves.

This fact will be used repeatedly in what follows.

Example 4.3.2
For the following linear system, (a) identify its equilibrium; (b) sketch the direction
field using software; (c) explain the direction field using the system of differential
equations; and (d) sketch the phase plane using solutions of the system of differential

equations;
dx
— = —3x, 7
o x (72)
dy
— =—y. (7b)

dr
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Figure 4.3.5 Direction field for (7a)—(7b).

o SOLUTION. (a) Here x =y =0 solves the system of differential equations, so
(0, 0) is an equilibrium point. It is the only solution of —3x =0, —y =0, so it is the
only equilibrium solution.

(b) Figure 4.3.5 shows the direction field (based on some readily available com-
puter program) for the time-dependent system (7a)—(7b). (c) Since ”all—’t‘ = —3x, in the
right half-plane (where x > 0) trajectories satisfy fl—f <0, so x(t) decreases as time
increases and the solution flows to the left. Similarly, in the left half-plane (where
x < 0) trajectories flow to the right. Since % = —y, trajectories in the upper half-

plane (where y > 0) have ‘% <0, so y(t) decreases as time increases and the solution
flows downward. In the lower half-plane (y < 0) the solution moves upward at time
increases. From the figure we see that all solutions “flow into” the equilibrium (0, 0).
Such an equilibrium is called asymptotically stable.

(d) We also can explain the trajectories in the phase plane using the explicit solution
of the system. The system (7a)—(7b) constitutes an uncoupled pair of linear differential
equations whose solutions are

) =cre™, yO)=ce. ®)
If ¢o =0, the solution in the phase plane is simple, namely, the line y =0. Since
x(t) =c1e™!, the trajectories along y =0 approach the origin. More precisely, the
trajectories correspond to two rays approaching the origin (one with positive x and
one with negative x) and the equilibrium. Similarly, the solution corresponding to
c1 =0 corresponds to two rays approaching the origin (in opposite directions) along
x =0. These are the four straight rays sketched in figure 4.3.6. If both ¢; #0 and
¢y #0, then the trajectory is more complicated. Certainly, all solutions approach the
origin as t — +00. As t — 400, e~3" — 0 much faster than e/, so that these other
trajectories must approach and be tangent to the line x =0 as t — 400, as shown in
figure 4.3.6 This kind of equilibrium is an example of a stable node. We will discuss
other examples of this later in this section. ¢
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Figure 4.3.6 Phase plane for (7a)—(7b) sketched with direction field.

Example 4.3.3

Sketch the direction field and the phase plane for the system

=3 (9a)
— x’

dt

dy

= —y, 9b
It y (9b)

and describe the behavior of the solutions near the equilibrium (0, 0).

® SOLUTION. It turns out that the direction field and phase plane for this example is
almost identical to the previous one. The direction field and phase plane are the same
but the directions of the arrows in time are reversed. To show that, we let t = —.

Since, for example, by the chain rule ‘fj—’t‘ = Z—’r‘ % = —fl—f. The system of differential
equations becomes
dx
— =—3x, 10a
17 x (10a)
dy
—=—y. 10b
Je = (10b)

The trajectories are the same, but their directions are reversed in time. Now all solu-
tions flow away from the equilibrium (0, 0); the equilibrium is unstable. This kind of
equilibrium is called an unstable node. All solutions (except the equilibrium itself)
go away from the equilibrium (origin) as time increases, and we note that the solutions
go to infinity as t — +o0. It is most important to note that all solutions approach the
origin backward in time (as 1 — —o0). A more subtle result is to note that backward
in time the solution approaches the origin tangent to x =0. ¢
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Figure 4.3.7 Phase plane for (11a)—(11b) sketched with direction field.

Example 4.3.4

Sketch the direction field using software and sketch the phase plane for the linear
system of differential equations using solutions of the system of differential equations

dx_

2=y, 11
T x (11a)
dy

= =2y, 11b
=2 (11b)

® SOLUTION. The equilibrium is again the origin x =y =0 or (0, 0) The direc-
tion field is sketched in figure 4.3.7. The solution to the system is x(¢) =cje™’
and y(r) = cpe. If ¢, =0, the solution in the phase plane is again the line y =0.
Since x(t) = c1e™!, the trajectories along y = 0 approach the origin. More precisely,
the trajectories correspond to two rays approaching the origin, exactly the same as
Example 4.3.2. The solution corresponding to ¢; =0 corresponds to the vertical line
x =0, but arrows are introduced along x = 0 away (outgoing) from the origin, since
y is exponentially increasing and going toward = infinity. This solution x =0 with
y(1) = c2¢*" approaches the origin backward in time (as r — —o0). There are four
straight line rays sketched in figure 4.3.7, two going toward the origin but two away
from the origin. If both ¢; #0 and ¢ # 0, then the trajectory is more complicated.
These solutions approach infinity as t — 400 in the direction x = 0. These solutions
also approach infinity backward in time as t — —oo, but along y =0, as shown in
figure 4.3.7. This kind of equilibrium is an example of a saddle point. We will discuss
other examples of this later in this section. ¢

An equilibrium is defined to be stable if all initial conditions near the equilib-
rium stay near the equilibrium. (A more technical definition is needed for nonlinear
systems.) In this example, initial conditions along y =0 approach the equilibrium
in a stable-like manner. However, the definition requires this to occur for all initial
conditions. We can see from the figure that most initial conditions go away from the
equilibrium, so we say that all saddle points are unstable equilibrium.
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The last three examples were intended as motivation for a more general discussion
of phase plane analysis for linear systems of differential equations

d
X _ ax +by, (12a)
dt
d
%=m+@. (12b)

4.3.2 Phase Plane for Linear Systems of Differential Equations

For the rest of this section, we continue to study linear (homogeneous) systems of
differential equations

X
4% _ ax + by, 13
7 ax +by (13a)
d
%=m+@. (13b)

We note that x =y =0 corresponding to the origin (0, 0) is always an equilibrium
point.

An understanding of the phase plane of linear systems comes from their explicit
solution. In Section 4.2 we showed how to use eigenvalues and eigenvectors to solve

linear system. We substitute
x(2) A | U
=e , 14
Sol=[:] (’

(a—Nu+bv=0, (15a)
cu+(d—Ar)v=0, (15b)

and obtain

or what we will use from now on,

a—»\ b u
et 0 ][0 a#

The pair of equations has a nonzero solution for u, v if and only if the determinant of
the coefficient matrix is zero, that is,

det [a;k dfk:|= (a=2)(d=2) —bc=2>—(a+d)r+ad —bc=0. (17)

This is called the characteristic equation for the linear system of differential equa-
tions (13a)—(13b). This is also the condition for A to be an eigenvalue of the
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coefficient matrix A = [? Z ] The eigenvector [’1‘, ] corresponding to the eigenvalue A
satisfies (15a)—(15b) or (16).
There are a number of questions we wish to answer:

1. Is the equilibrium x = y =0 stable or unstable?

2. What happens to the solution as time increases, and in particular what
happens for long time (t — +00)?

3. What do trajectories of the solutions look like in the phase plane?

It turns out that the behavior of the solutions of linear systems of differential equa-
tions is linked to the nature of the eigenvalues A; and XA, of the coefficient matrix.
Different behavior occurs if the eigenvalues are both positive, both negative, of oppo-
site signs, or are complex (with positive, negative, or zero real part). We consider
most cases in detail by first considering a special example and then indicating what
happens in general. For your convenience, at the end of this section we summarize
these results in Theorem 1.

4.3.3 Real Eigenvalues

Case 1: )\, A Real, Distinct, and Positive (Unstable Node)
Example 4.3.5

We first do an example similar to Example 4.3.1, which has both eigenvalues real,
distinct, and positive:

d
d—f —x, (18a)
d
D4y, (18b)
dt

® SOLUTION. The eigenvalues (roots of the characteristic equation) are 1 and 4, and
the solution to the system is

x(t)=cre', y(t) =cre*. (19)

This can be rewritten as a vector, which helps in understanding the trajectories in the

phase plane:
t
x| e | 1|, O 4
X(t)_[y}_[cze‘”]_cl [O]e e He ' 0

For example, (see figure 4.3.8), if ¢» =0, the solution in the phase plane is c| [ (1) ]et.

This solution is in the direction [(1)] which corresponds to the x-axis (y =0), cor-
responding to two rays (depending on the sign of ¢;) which go to infinity as time
increases (and approach the origin as + — —o0). The other straight line trajectory
going to infinity as time increases corresponds to the solution cz[?]e‘“ and is in the
vertical direction. The other solutions shown in figure 4.3.8 go away from the origin
and go to infinity as time increases. We say the equilibrium (0, 0) is an unstable
node. These trajectories also go to the origin as t — —oo in the direction tangent to
y=0. ¢
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Figure 4.3.8 Phase plane for (18a)—(18b), an unstable node.

WE NOW DISCUSS CASE I IN GENERAL WITH REAL DISTINCT POSITIVE EIGEN-
VALUES A >0 AND Ay >0 (UNSTABLE NODE). Suppose V| is an eigenvector
corresponding to the eigenvalue A, and v, is an eigenvector corresponding to the
eigenvalue Aj, as shown in Section 4.2. That means there are two elementary solutions
of the system, vie*!’ and vpe*?!. From this we obtain the general solution,

x(1) = |:)}C}:| = C1V1€A1t + Csze)”zt. 21

If ¢ =0, the solution is X(t) = [} | =civie*!!, with A1 > 0. In the phase plane this
solution is in the direction of the eigenvector vy, since the solution is time-dependent
multiples of the eigenvector. In the phase plane, the trajectory of this solution is
a straight line in the direction of the eigenvector vi, going away from the origin
(since A1 > 0) toward infinity. These correspond to the two outward going rays in the
direction of the eigenvector v; shown in figure 4.3.9.

Similarly, if ¢; =0, the solutionis x(r) = [ } | = c2v2¢*?', with A5 > 0. In the phase
plane, this solution also corresponds to two outward going straight lines (since A, > 0)
trajectories in the direction of the other eigenvector vy, as seen in figure 4.3.9. The
other trajectories in the phase plane move away in time from the origin and go to
infinity. Backward in time, solutions approach the origin. In general, when the roots
are distinct, real, and positive, the origin is an unstable node whose phase plane
resembles figure 4.3.9. It can be shown (subtle) that backward in time the solution
approaches the eigenvector direction of the smallest positive eigenvalue (since as
t — —oo the exponential e*' corresponding to the largest eigenvalue goes to zero
fastest). Computer-generated phase planes for linear systems are often incomplete,
without the straight line trajectories corresponding to the eigenvector directions.

Case 2: )1, Ay Real, Distinct, and Negative (Stable Node)

We again start with an example.
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Figure 4.3.9 Phase plane for unstable node, assuming A» > A1 > 0.

Example 4.3.6

We do an example similar to Example 4.2.1 with both eigenvalues real, distinct, and

negative:
dx
= ——x, 22
= (22a)
__y (22b)
ar -

® SOLUTION. The eigenvalues (roots of the characteristic equation) are —4 and —1,
and the general solution to the system is

x(t)y=cre™, y(t)=cre . (23)

‘We can rewrite this as a vector:

—t
o[l e

A phase plane diagram for this system is given in figure 4.3.10. If ¢; = 0, the solution
in the phase plane is ¢ [(1) ]e". This solution is two straight line rays going toward the
origin along the x-axis (y = 0). If ¢; =0, the solution in the phase plane is two vertical
rays moving toward the origin. These four rays are marked in blue in figure 4.3.10. In
this example, the trajectories are moving toward the origin. For this reason, the origin
is called an asymptotically stable equilibrium. Most trajectories approach the origin
along curves that are tangent to the x-axis (y =0). The equilibrium at the origin is a

stable node. ¢
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Figure 4.3.10 Phase plane for (22a)—(22b), a stable node.

Example 4.3.7 Case 2. Ay, Ly Real, Distinct, and Negative (Stable Node)

Classify the equilibrium at the origin and sketch a phase plane for the linear system

d

d_f = —2x—1y, (252)
dy 2 (25b)
— =—x—2y.

dt Y

@ SOLUTION. We substitute

x| _ a|u

o)= ) (26
2% —1 1[u
[—1 —2—,\} [v]zo' @7

The eigenvalues satisfy the determinant condition

and obtain

M HAr+3=A+3)(h+1)=0. (28)

The origin is a stable node since the eigenvalues (roots) are —3, —1. To sketch
the trajectories in the phase plane, we determine the solution using eigenvalues
and eigenvectors. The eigenvector corresponding to A = —3 satisfies u — v =0. We
choose u =1, so that v=1, and the eigenvector corresponding to A =—3 is [}]
In this way, we obtain the elementary solution x(7) = [f] =c 1[ } ]e‘3’. The trajec-
tories in the phase plane are two straight line rays (y = x) approaching the origin
in the direction [H, as shown in figure 4.3.11. The eigenvector corresponding to

X = —1 satisfies —u —v=0. We choose u =1 and v = —1, so that the eigenvector
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Figure 4.3.11 Phase plane for (25a)-(25b), a stable node.

correspondingto A = —11is [ _11 ] The elementary solution corresponding to the eigen-
value L =—11is [} ] =c2[ !, Je™, which is the direction y = —x of the two straight

line rays approaching the origin in figure 4.3.11. From this we obtain the general

solution:
X [ ¥ 1 —t
[y:| =c |:1] e 4 |:_1] e . 29)

The solutions approach the origin as time increases. More specifically, the non-straight
line solutions approach the origin tangent to y = —x (same as the vector [ _11 ]) since
e~3" is much smaller than e~ as t — +00. ¢

WHEN THE ROOTS (EIGENVALUES) ARE DISTINCT, REAL, AND NEGATIVE, CASE 2
THE ORIGIN IS A STABLE NODE. The phase plane near the origin resembles that in
figure 4.3.11). Cases 1 and 2 are quite similar. They differ mainly in that when the
roots (eigenvalues) are both positive, the trajectories move away from the origin (the
origin is unstable), while when the roots are both negative, the trajectories approach
the origin (the origin is stable). The general solution is again given by (21).

Case 3: )1, Ay Real, Opposite Signs (Saddle Point)
Example 4.3.8

A simple example of Case 3 with eigenvalues with real opposite signs is the system

dx _4 (30a)
— =3x,

dt

d

. (30b)

dr —
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Figure 4.3.12 Phase plane for (30a)—(30b), a saddle point.

® SOLUTION. The eigenvalues (roots of characteristic equation) are 3 and —1, and
the general solution to the system is

3t
)

x(t)=cie y(t) =cre . 31D

We can rewrite this as a vector:

3t
ofllae el el e

The trajectories in the phase plane for this system are given in figure 4.3.12. If ¢, =0,
the solution in the phase plane is ¢ [ (1) ]e’. This solution is two straight line rays going
away from the origin along the x-axis y = 0. If ¢; =0, the solution in the phase plane
is two vertical rays moving toward the origin inward along the y-axis (x = 0). These
four rays are marked in figure 4.3.12. If ¢1 #0 and ¢ #0, then as time increases
the solution must go away from the origin. Specifically, as r — 400, y(¢#) — O but
[x(t)] = oo. As time goes backward, these solutions also go away from the origin and
go to infinity. Specifically, as t — —oo, x(¢) — 0 but | y(¢)| — oo. Trajectories come
in along the positive and negative y-axis and go out along the positive and negative
x-axis. The origin is unstable, since there are trajectories that start near the origin
but eventually move away. (Note, there are two trajectories on the y-axis which do
approach the origin, but they are the only ones.) The phase plane attained with the
help of the direction field is shown in figure 4.3.12. The origin is said to be a saddle
point. It is called a saddle point, because a property of a saddle of a horse is that in one
direction the saddle goes away from the seat and in the other direction it goes toward
the seat. The phase plane also looks like the topographic map for a pass through a
mountain. ¢
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Figure 4.3.13 Phase plane for a saddle point.

CASE 3: WHEN EIGENVALUES (ROOTS) ARE REAL AND OF OPPOSITE SIGNS, THE
ORIGIN IS AN UNSTABLE SADDLE POINT. The general solution is again given by
(21). Saddle points are always unstable. In general, the trajectories come in alongside
one eigenvector (corresponding to the negative eigenvalue) and go out alongside the
other eigenvector (corresponding to the positive eigenvalue). This is illustrated in
figures 4.3.13. The next example helps our understanding of the phase plane for a
saddle point.

Example 4.3.9 Case 3. A1, A» Real, Opposite Signs (phase plane of a saddle point)

Classify the equilibrium at the origin and sketch a phase diagram for the linear system

L (33a)
—=—"x s a
dt Y

dy

= =6x+2y. 33b
7 X +2y (33b)

o SOLUTION. For systems we substitute:

Lol=[: o

and obtain

—7—A 6 u
[ 6 2—)\} M =0. (3)
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Figure 4.3.14 Phase plane for (33a)-(33b), which is a saddle point

The eigenvalues satisfy the determinant condition
A2 +51—50=(L+10)(A —5)=0. (36)

The origin is an (unstable) saddle point, since the eigenvalues (roots) have oppo-
site signs 5, —10. To sketch the trajectories in the phase plane, we determine
the solution using eigenvalues and eigenvectors. The eigenvector corresponding to
A =15 satisfies —12u 4+ 6v=0. We choose u =1, so that v =2, and the eigenvec-
tor corresponding to A =35 is [%] In this way, we obtain the elementary solution
X(t) = [fé ] = [ % ]65’ . The trajectories in the phase plane are two straight line rays
(y =2x) going away from the origin toward infinity, in the direction B] as shown in
figure 4.3.14. The eigenvector corresponding to A=—10 satisfies satisfies 3u + 6v =0.
We choose v=1 and u = —2, so that the eigenvector corresponding to A =—10 is
[ 72]- The elementary solution corresponding to the eigenvalue A =—10is [} ]=
cz[ ’12 ]e’lo’ , which is the direction y = —x /2 of the two straight line rays approach-
ing the origin in Figure 4.3.14. Saddle points for linear systems are characterized by
two opposite rays approaching the equilibrium but two opposite side rays going away
from the equilibrium. From these solutions, we obtain the general solution:

I SR S

The non-straight line trajectories have the following properties. These trajectories
all go away from the origin as time increases. Specifically, the non-straight line
solutions approach infinity along the direction of the ray (eigenvector) associated
with the positive eigenvalue, as shown in figure 4.3.14. Backward in time, these
solutions approach infinity along the direction of the ray (eigenvector) associated
with the negative eigenvalue. ¢
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Figure 4.3.15 Case 5. Phase plane with one zero eigenvalue.

Case 4: Equal Eigenvalues (repeated roots) A1 = A,

We don’t think this case is as important as the others, so we omit phase portraits of the
two possibilities (one independent eigenvector and two independent eigenvectors).

Case 5: One Eigenvalue Zero (.1 =0)

There are two cases, depending on whether Ay <0 or A, > 0. We just consider one
example. Suppose A| =0 with eigenvector [ } ] and 1, = —10 with eigenvector [ 1, ].

Then the general solution would be

el

If ¢y =0, solutions along the eigenvector [_12] move to the origin as time increases.

If ¢ =0, solutions along the eigenvector [%] do not move in time. Other solutions
approach the line ¢| [ } ] parallel to the direction [ !, ] as shown in figure 4.3.15. If the
negative eigenvalue were positive, trajectories would move in the opposite direction
away from the line ¢ [ ; ]

4.3.4 Complex Eigenvalues

Cases 6 and 7: Complex Eigenvalues (nonzero real part) A =« £ if: Spirals

We now consider the case of complex roots A =« £ i, where o # 0 and B # 0. (Pure
imaginary roots, A ==ip, are discussed in Case 8.) For complex roots, because of
Euler’s formula, the solutions involve e*' cos(Bt) and e’ sin(Bt). It is clear that when
a > 0, the trajectories will travel away from the origin. Hence, the origin is unstable.
But when o < 0, the trajectories approach the origin and the origin is asymptotically
stable. The result in the phase plane is a spiral centered at the origin, and the proof in
some important special cases is given below. Case 6: If o > 0, then the equilibrium
is an unstable spiral. Case 7: If « < 0, then the equilibrium is a stable spiral. The
solutions may spiral either clockwise or counterclockwise but that is not usually an
important consideration. Figure 4.3.16 shows all four possibilities. The figure shows
only one spiral in each case corresponding to one initial condition. To account for all
initial conditions, one should visualize an infinite number of spirals.
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Figure 4.3.16 (a) Unstable spiral (counterclockwise), (b) unstable spiral (clockwise),
(c) stable spiral (counterclockwise), (d) stable spiral (clockwise).

Example 4.3.10 Phase Plane of a Spiral

Determine the phase plane for

d
d—f —2x +y, (39a)
dy
— =—x+2y. 39b
- T (39b)
® SOLUTION. The eigenvalues satisfy
2—A O _
det|:_1 2_);|_)» —414+5=0, (40)

so that the eigenvalues (roots) are complex, A =2 +1i. Since « =2 > 0, we have an
unstable spiral. To determine whether it is clockwise or counterclockwise, we just
take one simple nonzero point on the x or y axis. For example, say x =1, y =0, in
which case the tangent vector is [‘é—’t‘, ‘Zl—’t‘] =[2, —1], which points down and to the

right from (1, 0). Thus, the unstable spiral is clockwise as in figure 4.3.16b. ¢
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SOME VERY IMPORTANT EXAMPLES OF COMPLEX EIGENVALUES: CASES 6 AND 7.
These examples simplify using polar coordinates. But this does not always work. To
better describe the behavior of trajectories, we analyze the specific system

& B (41a)
— =ax — By, a
dt Y
d
d—i:ﬂx tay. (41b)
The eigenvalues satisfy
a—r =B |_ . .2 2_
det[ g - J =(@—-A)"+ ()" =0, (42)

so that the eigenvalues (roots) are complex, A =« £ if.
For this example (but not necessarily other examples), the differential equation
simplifies using the polar coordinates, r> = x* 4+ y? and tan § = )XC We obtain

dr_ dx

dy
r—=x —_— =
dt dt

o =x(ox = By) +y(Bx +ay) =a(x*+yH)=ar?,  (43)

+y
dividing by 2 and using the differential equation. We have

d
d_; = o, with the general solution (1) = r(0)e®". 44)

We next obtain the differential equation for the polar angle,

dy
2, d0  x G —yE  x(Bx+ay)—ylex—By) G2 +)?)
sec Od—z 5 = 5 = 3 . (45)
t X X X
Since sec? § = s 512 7= ;—i, we obtain

% = B, with the general solution obtained by integration, 6(¢) = Bt +6(0). (46)
Again, we see that if « > 0, the solution moves away from the origin, since r — +00
as t + oco. But, because 0 is a linear function of ¢, the trajectories spiral around the
origin. Similarly, when « < 0, the solutions spiral in toward the origin. We therefore
refer to the origin as a spiral point. It is a stable spiral if « <0, and an unstable
spiral if & > 0. We can determine the direction of rotation of the spiral from (46). If
B >0, then 6 (polar angle) increases in time, and the spiral is counterclockwise (see
figure 4.3.16a or ¢). If B < 0, then 6 decreases in time, and the spiral is clockwise (see
figure 4.3.16b or d). The direction of the spiral can also be determined in a simpler way
directly from the original system. For example, setting y =0 in (41b), we find that
‘% = Bx. Now, if B > 0, then as the trajectory crosses the positive x-axis, y =0, we
have % > (, and consequently, the trajectory is spiraling counterclockwise. Similarly,

B < 0 the trajectory spirals clockwise. These spirals are logarithmic spirals because
Inr(t)=Inr) +at=Inr(0)+ %(G(I) —6(0)).
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In the general case, the spirals may be distorted, but the stability criteria persists;
when the roots A =« + i are complex numbers, the origin is a spiral point that is
unstable when o > 0 (see figure 4.3.16 a or b) and asymptotically stable when o <0
(see figure 4.3.16 c or d).

Example 4.3.11 Case 6. Complex Eigenvalues (roots) .. = a % i: Unstable Spirals.

Classify the equilibrium at the origin and sketch the phase plane for the system

d

d—f =2x+y, (47a)
d

Y 42y (47b)
dt

® SOLUTION. The eigenvalues (characteristic equation) for this system is

2-% 1 ]_ 2
det[_l Z_J_(z—x)ﬂ_o,

which has complex eigenvalues (roots), A =2 % i. Thus, the origin is an unstable
spiral, since « =2 > 0. Setting y =0, x =1 in (47b), we get the tangent vector

d

|l 2

dy [T [-1]"

dt
which points down and to the right from (1, 0). Thus the unstable spiral is clockwise,
and we have precisely the case of figure 4.3.16 b. ¢

Case 8: Purely Imaginary Eigenvalues (roots) > = +if: Centers
Example 4.3.12 Undamped Spring-Mass System

Sketch the trajectories in the phase plane for the first-order system corresponding to
the unforced undamped spring mass system in Section 2.5:

2

d~x

o SOLUTION. We will solve this oscillation of a spring mass system in a number of
different ways.

SOLUTION USING SECOND-ORDER DIFFERENTIAL EQUATION METHODS. We can
determine the trajectories in the phase plane by solving the second-order linear dif-
ferential equation with constant coefficients associated with the spring-mass system
(48). The amplitude and phase form of the general solution are particularly helpful
here:

x(t) = A sin(ot + ¢), (49)
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Figure 4.3.17 Phase plane for spring-mass system which is a center (ellipse).

where the natural frequency satisfies v =,/ % In this case, by taking the derivative,
the velocity y = % satisfies

d
()= d—): = Awcos(wt + ¢). (50
Time can be eliminated from (49) and (50), giving directly the equation for the
trajectories in the phase plane:

2
x2+ y_2 = A%sin? + A% cos® = A%, (5D
o

The phase plane consists of a family of ellipses shown in figure 4.3.17. Trajectories
move clockwise since, for example, at x =0, y =1 from (50) we see that ”Zl—’t‘ =1so0

that x is increasing in time there. The solutions orbit periodically (cyclically) through
the same points, with the same velocities. We call the equilibrium (0, 0) a center.

SOLUTION USING DIRECTION FIELD. By introducing the velocity y= dx " this

dr’

equation (48) can be converted to a first-order system:

dx

==y, 52

T (52a)

dy k

—=——x. (52b)

dt m

The equilibrium is the origin x =y =0. The direction field for % =1 corresponds
to our earlier problem, (2a), (2b). With w = % =1 the ellipses become circles as

shown in figures 4.3.3 and 4.3.4. In that case the trajectories appear to be either circles
or spirals which encircle the origin clockwise. They can’t spiral because the exact
time-dependent solutions are periodic. They are ellipses here because of (51).
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SOLUTION USING SYSTEM OF FIRST-ORDER DIFFERENTIAL EQUATIONS. For the
spring-mass system, (52a)—(52b). For systems, we substitute:

x| a|u

b= 1) >
—A 1 u
ERVE

The eigenvalues satisfy the determinant condition
k

m

and obtain

A2+ = =0. (55)

The eigenvalues (roots) are purely imaginary A = +i \/g , and by Euler’s formula the
solution must involve cos \/gt and sin \/gt, which we already knew. ¢

Example 4.3.13 Case 8. Purely Imaginary Eigenvalues (Roots) . = +if: Centers

Another example we study is the special system

ad =—p (56a)

a a

dt >

dy

— — —Bx, 56b
; Bx (56b)

which is just system (41a)—(41b) with o« = 0.

® SOLUTION. Let us first determine the eigenvalues before we rely on previously
obtained results. To find the eigenvalues, we substitute

-1
2 2

The eigenvalues satisfy the determinant condition

A2+ B2 =0. (59)

and obtain

The eigenvalues (roots) are purely imaginary A = £if, and then, by Euler’s formula,
the solution involves cos B¢ and sin B¢. To analyze solutions in the phase plane, we
use previous results for polar coordinates and substitute o« =0 into case 6 and 7. In
this case from (44) and (46), we obtain

dr_O de—,B 60)
de 7 dr T

Hence r(t) =r(0) and 6(¢) = Bt + 6(0). Since r is constant (but arbitrary), the trajec-
tories are concentric circles about the origin. The circular orbits are counterclockwise
if B> 0 (see figure 4.3.18a) and clockwise B <0 (see figure 4.3.18b). Thus, the
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Figure 4.3.18 (a) Center: counterclockwise circles (8 > 0),
(b) center: clockwise circles (8 < 0)

A B
4 4
2 2
Yo Yo
_2 -2
-4 -4
4 2 0 2 4 4 2 0 2 4

Figure 4.3.19 (a) Center: Counterclockwise skewed ellipses,
(b) center: clockwise skewed ellipses.

motion is a periodic rotation around a circle centered at the origin. Appropriately, the
origin is called a center and is a stable equilibrium. ¢

IN GENERAL, WHEN THE EIGENVALUES ARE PURELY IMAGINARY, THE ORIGIN IS
A STABLE CENTER. The trajectories are “skewed ellipses” centered at the origin with
axes of the ellipse not necessarily x =0 and y =0 as in our examples. Motion is
periodic. The equilibrium is stable since nearby solutions do not move very far away.
However, since the solutions do not approach the equilibrium, the equilibrium is not
asymptotically stable. Typical phase diagrams are shown in Figure 4.3.19.

4.3.5 General Theorems

THEOREM 4.3.1  Theorem on Phase Portraits and Stability of Linear Systems. We
now summarize the phase plane behavior of a linear system of differential equations
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and the stability of the equilibrium at the origin:

d
d—::ax + by, (61a)
d
d—);zcx—i—dy, (61b)
in terms of the coefficient matrix
a b
A= [C d} . (62)
The eigenvalues of the coefficient matrix satisfy the determinant condition, which is
det[a;)L dﬁk]=k2—(a+d))»+(ad—bc)=0. (63)

Case 1: Two positive eigenvalues: unstable node (see figure 4.3.9)

Case 2: Two negative eigenvalues: stable node (see figure 4.3.11)

Case 3: One positive and one negative eigenvalue: unstable saddle point (see
figure 4.3.13)

Case 4: Equal eigenvalues (repeated roots)

Case 5: One eigenvalue zero: stable if A <0 (see figure 4.3.15) and unstable if
M >0

Case 6: Complex eigenvalues (positive real part): unstable spiral (see figure 4.3.16
a and b)

Case 7: Complex eigenvalues (negative real part): stable spiral (see figure 4.3.16
c and d)

Case 8: Complex eigenvalues (zero real part): stable center (see figure 4.3.19)

CLASSIFICATION OF STABILITY OF LINEAR SYSTEMS. Here we will classify the
stability of the zero solution of linear systems in terms of the trace and determinant
of the matrix. These results have nice extensions when we include the phase plane.
The eigenvalues of the matrix solve the following quadratic equation (105) in term of
the trace and determinant of the matrix:

A2 —tr AL +detA =0. (64)

Using the quadratic formula, we have

e trA+./(trA)2 —4detA
= 5 )

(65)

If 4 detA > (tr A)?, then the eigenvalues are complex (the phase plane will be spirals),
stable (spirals) if tr A < 0 and unstable (spirals) if tr A > 0. It is helpful to remember
(108) and (109), so that A{A» =detA and A + X, =tr A. If one eigenvalue is positive
(A1 > 0) and the other negative (1> < 0) (saddle points), the zero solution is automat-
ically unstable, and this corresponds to detA < 0. The other regions will have real
eigenvalues of the same sign (nodes) with det A = A1 A; > 0; the unstable case (nodes)
satisfy A1 + Ao =tr A > 0 while the stable case (nodes) satisfy A1 + 1> =trA < 0. This
classification of the stability of the zero solution (including phase plane) for linear
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det(A)

stable spiral | unstable spiral

)

stable node unstable node

)

tr(A)

saddle| point

_Z
N

Figure 4.3.20 Phase plane and stability for linear systems classified by determinant and trace.

V4

systems using trace and determinants is graphed in figure 4.3.20. From the figure,
we see an interesting theorem: the solution x = 0 is stable for linear systems if and
only if detA > 0 and trA < 0. If det A =0, at least one eigenvalue is zero.

Exercises

In Exercises 1-6, find the direction field using software,

dx [a b
i |:c d]x—Ax, (66)
where
1.a=0,b=1,c=—-4,d=0.
2.a=1,b=3,c=1,d=—1.
3.a=2,b=1,c=1,d=2.
4. a=-3,b=-2,c=1,d=-5.
5.a=3,b=—1,c=1,d=2.
6.a=-2,b=0,c=0,d=-3.

In Exercises 7-22, determine the eigenvalues and eigenvectors if the eigenvalues
are real (or use results from exercises from Section 4.2. if you have covered those
exercises). Also classify the system (state whether stable or unstable node, stable
or unstable spiral, center, saddle point) and in all cases sketch the phase plane of
the linear system. (As a hint, problems with * have complex eigenvalues.) When
checking your answers with those in the back of the book, keep in mind that any
nonzero multiple of the given eigenvector may be used.
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dx

dy
7. —=x,—=x+2
dt * dt ¥y
d d
8. Loy, D3 2y
i Ay
9%, — =_x—5y, —= .
dt Y dt Xty
0. o, Dress
Car T Y g T
11%* d—x—x— —y—x+
car T T
dx dy
12%*, E:—2x+2y,zz—x.
d d
13. d—::—Sx—4y,d—)t):2x+y.
dx dy
14%, == =x +5y, — =—2x —y.
dt xoy dt S
dx dy
15, — =y, —=2 .
ar =V A T
dx dy
16%, — = —x — 2y, — =2x — y.
dt Ty dt Y
dx dy
17. —=-5x—y, —=3x—y.
dt Y dt Y
180, vy Do 43
. — =X , — =—4x —3y.
dt Y dt y
dx dy
19%. E:—x+4y,E=—4x—y.
dx dy
20%, E:3x+2y,E:—2x+3y.
dx dy
21. E:4x+3y,zz3x+4y.
d d
22. d—:=2x+3y,d—f=3x+2y.

In Exercises 23-35, determine the eigenvalues and eigenvectors if the eigenvalues
are real (or use results from exercises from Section 4.2 if you have covered those
exercises), classify the system (state whether stable or unstable node, stable or unsta-
ble spiral, center, saddle point) and in all cases sketch the phase plane of the linear
system. (As a hint, problems with * have complex eigenvalues.) When checking your
answers with those in the back of the book, keep in mind that, any nonzero multiple
of the given eigenvector may be used:

dx |:a b

E_ B d]x:Ax, 67)

where

23*. a=0,b=1,c=—4,d=0.
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24.
25.

26*.
27*.

28.
29.
30.
31.

32%,

33.
34.
35.
36.

37.

a=1,b=3,c=1,d=-1.

a=2,b=1,c=1,d=2.

a=-3,b=-2,c=1,d=-5.

a=3,b=—-1,c=1,d=2.

a=-2,b=0,c=0,d=-3.

a=1,b=0,c=1,d=-3.

a=—1,b=3,c=1,d=1.

a=4,b=-3,c=1,d=0.

a=—1,b=2,c=-2,d=-1.

a=2,b=—-1,c=1,d=0.

a=3,b=2,c=0,d=4.

a=1,b=0,c=0,d=-3.

For Exercises 23—-28 without finding the eigenvalues, classify the system (stable
or unstable node, stable or unstable spiral, center, saddle point), determine using
the trace and determinant condition.

For Exercises 29-35 without finding the eigenvalues, classify the system (stable

or unstable node, stable or unstable spiral, center, saddle point), determine using
the trace and determinant condition.

In Exercises 38—41, graph the phase portrait given the eigenvalues and the eigen-
vectors:

38.

39.

40.

41.

r=1,

1

1

2] 1
)"1_17 1 ) )\'2__17[_2}

1

1

=11 =2 [_11]




CHAPTER 5

Mostly Nonlinear First-Order Differential Equations

5.1 First-Order Differential Equations

In this chapter, we will solve and analyze first-order differential equations. Earlier in
Sections 1.3 and 1.6 we studied first-order differential equations

dx

E=f(x,l),

when the differential equation was separable,

d—x—h(t) (x)
dr s

or the differential equation was linear,

dx

7 + p(H)x=q(1).

For separable differential equations, explicit solutions can be obtained by direct inte-
gration. For linear differential equations, the general solution, x () = x, (t) + cx; (1),
is always in the form of a particular solution x,(#) plus an arbitrary multiple of a
homogeneous solution xj, (¢). Explicit solutions of first-order linear differential equa-
tions can always be obtained using an integrating factor, exp( f p)de). If p(¢) is
a constant (in which case the linear differential equation has constant coefficients)
and ¢ (¢) is a polynomial, exponential, or sinusoidal function, or a product or sum of
these, it is usually easier to obtain a particular solution by the method of undetermined
coefficients.

In this chapter we will discuss other properties of first-order differential equations,
mostly for differential equations which are nonlinear. In Sections 5.2 and 5.3, we will
discuss qualitative properties of solutions of first-order differential equations which
are called autonomous:

dx_ ]
E—f(X)- (1
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5.2

First, we will study equilibrium solutions and their stability. Although (1) is separable,
we will introduce elementary geometric methods to describe the qualitative behavior
of the solution, obtaining different information than that obtained by integration.
Applications of these ideas to nonlinear models of population dynamics will be given
in Section 5.4.

Equilibria and Stability

The first-order differential equation

d

X
E=f(X) )]

is called autonomous (meaning self-governing). Autonomous equations have the
property that the rate of change ‘é—;‘ depends only on the value of the unknown solution
x and not on time ¢. Many physical systems have this property. If the nine o’clock
laboratory class is expected to get the same experimental results when measuring the
speed of a reaction as the ten o’clock class, then the physical experiment can be quite
complicated, but the results do not depend on the starting time. We have, of course,
assumed that both classes have the same initial experimental configuration, and are
measuring the reaction rate at the same concentration of chemicals x.

5.2.1 Equilibrium

A specific solution of an autonomous differential equation,

dx

— = f(x), 2

ar fx) 2)
is called an equilibrium or steady-state solution if the solution is constant in time
(it does not depend on time t):

x(t) = a = constant.

In order for a constant to be an equilibrium solution, it must satisfy the differential
equation. Since x = a does not depend on time, fi—f =0 and letting x =a in (2) gives
0= f(a). Thus

X =a is an equilibrium of ‘fi—’t‘ = f(x) precisely when

3)
0= f(a).

Thus, all zeros (or roots) of the function f(x) are equilibrium solutions. The
equilibrium x = a are determined from f(a)=0.

Think of (2) as modeling a physical process, and assume we are at an equilibrium
X =a, that is, x(f9) = a. Then ‘fi—f =0 says that everything is in perfect balance (the
forces, pressures, etc. balance) and the process x(¢) stays at x =a. We say x =a is
an equilibrium solution.
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Example 5.2.1 Equilibria
Find the equilibria of the first-order nonlinear autonomous differential equation

dx 3 @)
—_— =X —X".
dt

@ SOLUTION. In order for a constant x =a to be an equilibrium solution, it must
satisfy the differential equation (4). Letting x =a in (4) gives

O=x—x> =x(1 —xz).
In this case, there are three equilibria solutions:

x=0 and x =+1. ¢

5.2.2 Stability

A physical system in perfect balance may be very difficult to achieve (a pencil standing
on its point is unstable) or easy to maintain (a marble at the bottom of a bowl is stable).
This section introduces the fundamental idea of stability which plays an important role
in such areas as control systems and fluid mechanics. Solutions in perfect balance, that
is, equilibrium solutions, may be stable or unstable. What we mean by this is that if the
initial conditions are nudged a little bit, changed a small amount from the equilibrium,
then the solution of the differential equation may remain near the equilibrium or the
differential equation may take the solution away from the equilibrium. There are
more precise mathematical definitions of these ideas, but we will be satisfied with the
following definition of stability of an equilibrium:

An equilibrium x = a is stable :
 if all solutions starting near x = a stay nearby and
* the closer the solution starts to x = a the closer nearby it stays.

Otherwise the equilibrium is said to be unstable. To be stable, the solution should
stay near the equilibrium for all nearby initial conditions. For example, if the solution
does not stay near the equilibrium for even one nearby initial condition, we say the
equilibrium is unstable. Although these ideas are somewhat vague, we will develop
more mathematical details shortly.

Sometimes it is helpful to define a stronger sense of stability.

An equilibrium x = a is asymptotically stable :
x if x = a is stable and
* the solution approaches the equilibrium for all nearby initial
conditions, that is, x () — a as t — o0.

There were simple examples in Chapter 4 in which the equilibrium is stable, but
not asymptotically stable.
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5.2.3 Review of Linearization

To analyze the stability of an equilibrium, we must consider initial conditions that
are near to the equilibrium x =a. One way to do this analysis is to approximate the
differential equation in the neighborhood of the equilibrium. In this way we hope to
simplify the differential equation. Mathematically, if we wish to restrict our attention
to be near some point, then the function f(x) that appears in the differential equation
may be approximated by a polynomial, the Taylor polynomial used in Taylor series
analysis. Recall from calculus that the Maclaurin polynomial for approximating a
function f(x) around x =0 is

F)~ f(O)+ £ (0)x +f() 2

+ ..

(The Maclaurin polynomial is the first few terms of the Maclaurin series for f(x)
at x =0.) This can be generalized to approximating a function around x =a and is
called the Taylor polynomial,

f(x)%f(a)+f(a)(x—a)+f @ e —ayge..

which is the first few terms of the Taylor series expansion of f(x). The linear term,
f(a)+ f'(a)(x —a), including the constant f(a), is the linearization or tangent
line approximation to the function f(x) in the neighborhood of the equilibrium
x =a. Most of the time, when we are near the equilibrium, we will be satisfied with
approximating our function by its linearization:

fO= fl@+ fla(x—a). ®)

In using these approximations, we assume that f is twice continuously differentiable
at and near x =a. It is important that f(a), f'(a), and f”(a) are all constant since
they are evaluated at x =a.

5.2.4 Linear Stability Analysis

An equilibrium x =« is stable or unstable depending on the behavior of the solution
of the differential equation

dx_ 6
E—f(X) (6)

near the equilibrium. Recall that the equilibrium x =a satisfies f(a) =0. We first
assume x is near a and, as an approximation, replace f(x) by its linearization:

d
d—f = f(@) + f'(@)(x —a). 7
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The differential equation (7) simplifies because x = a is an equilibrium, f(a) =0, so
that

d
—f = f'(@)(x —a). )

d
The differential equation (8) is actually quite simple since f’(a) is a constant. It is
linear with constant coefficients. However, that may not be particularly apparent. It
is usual to introduce a new dependent variable

y=x-—a,

which is the displacement from an equilibrium x =a. Letting x =y +a, the
differential equation (8) becomes

d
d—f = f/(@)y. ©)

. . dy
since x = a is a constant and hence d—i = ‘é—f.

Equation (9) is a linear differential equation with constant coefficient f’(a). We
easily obtain its general solution to be

y=x—a=cef/(a)’. (10)

From (10), we see that the behavior of the solution near the equilibrium depends in a
very simple way on the sign of f’(a). If f'(a) > 0, the solutions exponentially grow
in time away from the equilibrium, and we say that the equilibrium x = a is unstable
(sometimes we say the equilibrium y =0 is unstable). If f'(a) <0, the solutions
exponentially decay in time toward the equilibrium, in which case we say that the
equilibrium x =a is stable (sometimes we say the equilibrium y =0 is stable). In
fact, if f/(a) <0, the equilibrium x =a is asymptotically stable, since from (10),
x(t) — a as t — 0o. We call this a linearized stability analysis:

Suppose x = a is an equilibrium of ‘fl—)t‘ = f(x).
If f'(a) <0, the equilibrium x = a is stable.
If f/'(a) > 0, the equilibrium x = a is unstable.
If f/(a) =0, the equilibrium x = a may be stable or unstable.

Example 5.2.2 Linear Stability
We reconsider the first-order nonlinear differential equation (4) from Example 5.2.1,

dx 3
E:f(x):x—x , (11)
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Figure 5.2.1 Nearx =0.x =0 Figure 522 Nearx=1.x=1
is unstable. is stable.

which has three equilibria, x =0 and x = +1. From the linear stability analysis, the
stability of the equilibria is determined from the sign of f’(a). In general, f’(x)=
1 —3x2. Since f/(0) = 1 > 0, we conclude that the equilibrium x = 0 is unstable since
the linearized equation y’ = y has time-dependent solutions y = ce’ which grow with
t as shown in figure 5.2.1. Figure 5.2.1 shows how x depends on r near x =0 and
shows that x =0 is unstable.

The other two equilibria are stable since f’(4+1) = —2 <0. They each have lin-
earized equation y’ = —2y which has the solution y = ce~% shown in figure 5.2.2 for
the case x = 1. Figure 5.2.2 shows how x depends on f near x =1 and shows that
x =1 is stable. Here lim;— ~, y =0. A similar behavior occurs near x = —1.

The solutions to (11) are graphed later in figure 5.3.4. Note in that figure that,
although x =1 is stable, if we start far enough from that equilibrium, say xo = —1.5,
then x (¢) need not go to the equilibrium x = 1. We still refer to x = 1 as being stable
since stability (as we describe it) only depends on nearby initial conditions. ¢

Validity of Linearization and the Borderline Cases (Neutral Stability)

If f'(a) =0, the equilibrium x = a is on the borderline between the clearly stable and
unstable cases. This case is of less importance in a first exposure to the concepts of
stability, and it is somewhat subtle and may lead to some confusion. Technically, for
the linear differential equation (9), since f’(a) =0, the linearized differential equa-
tion is y’ = 0. The equilibrium y = 0 is stable (but not asymptotically stable), since
from the solution of the linear differential equation (10), y(f) =corx(t)=a+c. In
other words, if the solution starts near the equilibrium, it doesn’t move at all accord-
ing to the linear differential equation since y’ = 0. (It thus stays near the equilibrium
according to the linear equation since it is assumed to start near the equilibrium.)

It will be shown in the next section that our conclusions concerning the stabil-
ity of an equilibrium x =a based on the linearization are always valid for the real
nonlinear problem in the clear cases f'(a) >0 and f’(a) <0. To be more explicit,
the equilibrium x = a is unstable if f’(a) > 0 and stable if f/(a) > 0. However, in the
borderline case between stable and unstable in which f’(a) =0, the stability of the
real nonlinear problem may differ from the simplistic conclusion reached from its
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linearization. When f’(a) =0, we will show that the equilibrium solution of the real
problem may be stable or unstable. Its stability is not determined by the linearization,
but is determined instead by keeping the first nonzero higher-order nonlinear terms
in the Taylor polynomial approximation of f(x) around its equilibrium. This case
which is linearly stable (but not asymptotically stable) f/(a) =0 is sometimes called
neutrally stable.

Summary of Linear Stability Analysis

We summarize these results which we refer to as a linearized stability analysis.

Suppose x = a is an equilibrium of ‘;—’t‘ = f(x).
If f'(a) <0, the equilibrium x = a is stable.
If f'(a) > 0, the equilibrium x = a is unstable.
If f/(a) =0, the equilibrium x = a may be stable or unstable
depending on the nonlinear terms

Exercises

In Exercises 1-7, determine all equilibria.

d
LY -,

dt
d

d—f:x+x3.

3.8 -2
. dt =X X .

4. fl—’; =2 - D> -3).

dx .

5. — =sinx.
dt

6 dx

. — =Cosux.

dt
dx ..

7. o =x(a — bx), where a and b are positive constants.

In Exercises 8-15, determine all equilibria and their linearized stability. If linear sta-
bility is valid, solve the linearized differential equation and graph this time-dependent
solution. If the linearized analysis is inconclusive, say so.

g dx ( 0
L =X(X — .
dt
d
9. d—’;=x(x—1)2.
dx 2
10. & = (x — Hx —2)2.

dr —
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d
1. d—: =2 — 12 =3).

X .
12. — =sinx.

dx

13. & —tanx.
d[ an x
d

14, &g
dt
d

15. 23 s,
dr

One-Dimensional Phase Lines

In the previous section, the nonlinear autonomous first-order differential equation

dx_ ]
E_f(x) (h

was discussed by analyzing the linear stability of equilibrium solutions. It is usually
easy to determine whether each equilibrium is stable or unstable. However, the linear
analysis only describes the behavior of the solution near the equilibrium. In the present
section, we will introduce a geometric method to understand the behavior of solutions
of (1) which is valid not only near an equilibrium but also far away from all equilibria.

The differential equation (1) states that ‘é—’t‘ is a function of x. That relationship
can often be graphed easily since f(x) is given. A typical functional relationship is
graphed in figure 5.3.1. At time ¢, the solution x () is a point on the x-axis, and as time
increases, x () moves along the x-axis. We introduce arrows to the right (—) if x(¢)
is an increasing function of time #, and arrows to the left («<—) if x () is decreasing.
The differential equation easily determines how these arrows should be introduced.
In the upper half-plane, where f(x) > 0, ‘fl—f > (), and it follows that x is an increasing
function of time. So the arrows in the graph point to the right (— ), indicating that
x(t) moves to the right as time increases. Similarly, where f(x) <0, in the lower
half-plane, (ZJ_); <0, and the arrows show motion to the left («—) as time increases
since x is a decreasing function of time there. These results can be summarized in the
one-dimensional phase line sketched in figure 5.3.1.

Places where the curve intersects the x-axis are the equilibrium points since f(x) =
0 and i—f =0 there. Not only can we determine graphically where the equilibrium is
located, but it is easy to determine in all cases if the equilibrium is stable or unstable. If
the arrows indicate that all solutions near an equilibrium move toward the equilibrium
as time increases, then the equilibrium is stable, as marked in figure 5.3.1. If some
solutions near an equilibrium move away from that equilibrium as time increases,
then that equilibrium is unstable.

The stability of an equilibrium can be easily determined from the one-dimensional
phase line, whether or not the stability of the equilibrium can be determined by lin-
earization. In the situation assumed in figure 5.3.1, two of the equilibria are clearly
stable and one unstable, as marked in the figure. If the slope of the curve is positive
when it crosses the x-axis at the equilibrium (f/(a) > 0), then the equilibrium is
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ax
at
Stable

dx equilibrium

A

Unstable
equilibrium

Figure 5.3.1 Phase line.

unstable. If the slope of the curve is negative when it crosses the x-axis (f'(a) <0),
then the equilibrium is stable. Thus, the geometric analysis has verified the conclu-
sions of the linear stability analysis in the usual simple cases in which f'(a) #0. In
the example graphed in figure 5.3.1, we assumed that the three equilibria all satisfied
the simple criteria. However, as is developed further in the Exercises, this geometric
method can also be used to determine the stability of an equilibrium in the more
difficult case in which the linearization does not determine the stability ( /' (a) = 0).

Furthermore, we have easily determined the qualitative behavior of the solution to
the differential equation corresponding to all initial conditions. We know qualitatively
how the solution approaches an equilibrium if the solution starts near an equilibrium,
and we even know how the solution behaves when it starts far away from an equi-
librium. If there is more than one stable equilibrium, we can determine which initial
conditions approach which equilibrium.

We discuss two illustrative examples.

Example 5.3.1 Two Stable Equilibria

As a specific example to illustrate the geometric method of a one-dimensional phase
line, reconsider the first-order nonlinear differential equation

dx X 3 2
I =fxX)=x—x"=—x@x"—-D=—x(x-1x+1),
which has three equilibria, x =0 and x ==+1. The phase line requires the graph
of the cubic f(x)=x — x>, which is given in figure 5.3.2. The graph sketched in
figure 5.3.2 has two critical points at x = :i:%, one a local maximum and the other
a local minimum. The one-dimensional phase line shows that the equilibrium x =0
is clearly unstable, while the equilibria x = %1 are clearly stable. There are two
stable equilibria. Since f’(0) =1 > 0, we conclude from a linear stability analysis
that the equilibrium x =0 is unstable. The other two equilibria are stable, since
f'(£1)=—2 < 0. This shows that the stability of the equilibrium determined from
the phase line agrees with the linear stability analysis.

We see that we do not need to sketch f(x) in order to determine the phase line.
All we need is the sign of f(x), perhaps from an elementary sign chart as shown in
figure 5.3.3.
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ax.
dt
Ky 0
at””
Stable Stable
X
Unstable

Figure 5.3.2 Phase line.

Stable Stable
_— O OO

Unstable

Figure 5.3.3 Phase line from sign of f(x).

/

_1\ - X = —1

t
Figure 5.3.4

In figure 5.3.4, we have sketched the qualitative behavior of x as a function of time
for various initial conditions. (This was called the direction field in Section 1.4.) We
begin with three equilibrium, x =0, +1, —1. For example, we see that the solution
approaches 1 as t — +oo for all initial conditions which satisfy x(0) > 0. For ini-
tial conditions such that x(0) <0, x(¢) - —1 as t — +o00. For the initial condition
x(0) =0, the unstable equilibrium, the solution stays at the equilibrium for all time,
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x(t) =x(0)=0. x ==%1 are stable. From this method we can only determine the
qualitative behavior of these curves. The precise dependence of x on ¢ can be deter-
mined by integration of this separable equation (or accurately approximated using
contemporary numerical methods). ¢

The advantage of the present geometric method is the simplicity by which we
obtain an understanding of fundamental relationships of equilibrium, stability, and
the manner in which the solution depends on the initial conditions. If the differential
equation is more complicated, for example, by depending on some parameter, then the
qualitative method based on the one-dimensional phase line is particularly effective.
If more quantitative details are needed, the one-dimensional phase line can always be
supplemented by further analytic work or numerical computations.

Two graphs of solutions cannot intersect. If two different solutions intersected in
a finite time, it would violate the uniqueness theorem of the initial value problem
because there would be two solutions with the same initial conditions. This proves,
for example, that the solution takes an infinite amount of time to reach x =1, since
x =1 is a solution of the differential equation.

In general, for first-order autonomous equations only very simple qualitative
behavior is possible. If a solution approaches an equilibrium, it does so directly
without any oscillations.

Example 5.3.2 An Explosion
Let us consider the simple nonlinear autonomous first-order differential equation

dx 2

=X 2)

@ SOLUTION. Although this problem can be explicitly solved relatively easily by
separation (see the Exercises), it is interesting to note that the one-dimensional phase
line is a quick and easy method that probably gives a better understanding of some
of the behavior of the solutions to this differential equation. In figure 5.3.5, ‘é—’t‘ is
easily graphed as a function of x. From this figure, we see immediately that x =0
is an unstable equilibrium. If the initial conditions are less than zero, x (0) < 0, then
the solution approaches 0 as t — oo. (It cannot reach the equilibrium, x =0, in a
finite time because of the uniqueness theorem.) For these initial conditions, the equi-
librium appears stable. However, to be stable, the solutions for all nearby initial
conditions must approach the equilibrium, not just those initial conditions less than
the equilibrium. From figure 5.3.5, we see that x(#) goes away from zero for initial
conditions that are positive, x (0) > 0. Thus, x = 0 is an unstable equilibrium. Further-
more, for these initial conditions, x(0) > 0 , it is clear that the solution approaches
infinity, x () — oo. However, from the phase line one cannot know that the solution
explodes in a finite time (has a vertical asymptote). This can most easily be seen from
the explicit solution obtained by separation in Exercise 20.

The stability of equilibria x = a is usually determined by the linearization. How-
ever, in this example, f(x) = x2,sothat f/(x) =2x, and f’(0) = 0. The linearization
approximation in the neighborhood of the equilibrium x =0 is

dx_

= £/(0)x =0x =0.
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ax
dt

Figure 5.3.5 Phase line.

In this case, f’(a) =0, and the linearization is on the border between being stable
and unstable. The linearization is neutrally stable, and the stability of x =0 cannot be
determined from the linearization. We have shown above that the equilibrium x =0 is
unstable based on the geometric one-dimensional phase line analysis of the nonlinear
differential equation. ¢

Exercises

In Exercises 1-11, graph the one-dimensional phase lines. In doing so, determine all
equilibria and their stability.

1 dx ( 0

L =X(X — .
dt
d

2. d—);zx(x—l)z.
d

3, d—f:(x—l)(x—Z)z.
d

4. d—f:(xz—l)(x2—3).
dx .

5. — =sinx
dt
dx

6. — =t
di an x

7 dx 241

L =X

dt

8. dx __,2
dt
dx

9. — =x7
dt

10. d—xz—x3
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dx
dt
In Exercises 12—13 determine stability using the one-dimensional phase line.

11. (x —3)*.

12 D23
-E—(X— )(x —=2)(x = 3).

13 D2 — 34
'E_(x_ )(x —2)(x —3)(x —4).

In Exercises 14—17, sketch time-dependent solutions based on the one-dimensional
phase line.

4 P
.dt—xx .

15, P 12

L =X(X — .
dt

dx _

dr
d

17. d—f:(xz—l)(x2—3).

16. (x — D(x —2)%

18. In this problem, we will consider equilibria x =a for the differential equation
‘;—’t‘ = f(x) in the case f'(a)=0.
a) Determine the stability of x =a, if f'(a) =0, but f”(a) #0.
b) Determine the stability of x =a, if f'(a) =0, f”(a) =0, but f"'(a) #0.
c) Generalize the results of part (b) to even and odd n.
d) Generalize the results of part (b) based on sign changes of f(x).
e) Simplify the criteria in (d) by applying the first derivative test for a maximum or
minimum to — [ f(x)dx.
19. Use separation to determine the stability of x =0 for ‘fl—’t‘ = x2. Compare your
results to those obtained in this section.
20. Use separation to show that solutions of ‘é—f = x2 explode in a finite time if the
initial condition is positive.
21. Use separation to show that solutions of [(11_); = x2 do not have a vertical asymptote
but are well behaved for all time if the initial condition is negative. Show that the
solution approaches x = 0, but never reaches x =0 in a finite time.

5.4 Application to Population Dynamics: The Logistic Equation

The simplest model for the growth of a population x results from assuming the growth
rate k is a positive constant

dx
— =kx.
dt *
In this case, the population exponentially grows, x(r) =x(0)e*’, and eventually
becomes indefinitely large. A more realistic model of population growth is needed
when the population becomes sufficiently large. Experiments having shown that there
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is a crowding effect. The growth rate %‘é—’t‘ is not a constant, but depends on the pop-
ulation itself, diminishing as the population increases. For simplicity, we choose to

model the growth rate itself as a linear function of the population:

Equivalently we have

the logistic equation:

X _ (@ —bx)=ax —bx? (1)
dt—xa X)=dax X .

Equation (1) is a first-order nonlinear differential equation which is autonomous. The
constants a and b are assumed to be positive. The growth rate, a — bx, depends on
the population x. When the population is zero, the growth rate is a. This represents
the growth rate without the crowding effect of environmental influences (and corre-
sponds to the growth rate we called k previously). The constant b is the decrease in
the growth rate per individual. According to this model, if the population becomes
sufficiently large, the growth rate becomes negative. This model was first investigated
in the late 1830s by Verhulst and is known as the logistic equation.

Although the logistic equation (1) is separable, the qualitative behavior of the
solutions can be more readily determined using the one-dimensional phase line and
other ideas of this chapter. To analyze a nonlinear equation such as (1), we first look
for equilibrium populations (equilibrium solutions of the differential equation). The
rate of change of the population will be zero if 0 = x(a — bx). The population can be
in equilibrium in two different ways:

0 and 2
x= and  x=_.
Zero population is certainly an equilibrium population. If the population is initially
zero, it will stay zero. The other equilibrium, x = a/b, is the largest population which
the environment can sustain without loss, since the growth rate will be negative if
x > . This equilibrium x = { is called the carrying capacity of the environment.

The stability of the equilibrium populations can be determined by a linearized
stability analysis. The nonlinear differential equation ’fl—’t‘ = f(x) =ax — bx? can be
approximated by its linearization in the neighborhood of each equilibrium,

j_)t} =f /(xe)y s

where y =x — x, is the displacement from an equilibrium and x, denotes an equilib-
rium. In this case, f'(x) =a — 2bx. The zero population is unstable since f'(0) =
a > 0. The small populations we consider here grow exponentially. However, the
environment’s carrying capacity x = % is stable since f'(%)=a —2b- % =—a <0.

To obtain the qualitative behavior of the populations away from the equilibria,
we first sketch the one-dimensional phase line in figure 5.4.1. The derivative ‘[Il—f isa
function of x, and the graph of this dependence is a parabola with intercepts at the
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dx
at X _ ax— bxR
at

o |

Figure 5.4.1 Phase line.

a/b — —

t

Figure 5.4.2 Solutions of the logistic equation.

equilibriax =0 and x = §. Since x is a population, we are only concerned with x > 0.
Arrows are introduced, indicating how the solution changes in time. In the upper half-
plane, arrows point to the right since x is increasing there. In the lower half-plane
arrows, point to the left. The instability of x = 0 and the stability of x =a /b are seen.
For populations less than the carrying capacity, the population increases as a function
of time toward the carrying capacity (but the population never actually reaches the
carrying capacity). For initial populations greater than the carrying capacity, the
population decreases toward the carrying capacity without reaching it. The qualitative
sketch of the population as a function of time is shown in figure 5.4.2 for various initial
populations. Note that the equilibrium populations x =0 and x = 3 are horizontal
lines (since they are constant). The analysis of possible inflection points is left for an

exercise.
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Exercises

Chapter 5

X2

0 1 2 3 4 5 6
t

Figure 5.4.3 Graph of (2) witha=>b=1.

EXPLICIT SOLUTION OF THE LOGISTIC EQUATION BY SEPARATION. An explicit
solution of the logistic equation can be obtained since the equation is separable. After
using partial fractions and a considerable amount of algebra, we find that if x(0) # 0,
then

a

b
x(1)= , 2)
n [ﬂ] ot

bx(0)

in terms of the initial population x(0). In the exercises, you are asked to show how
this explicit solution verifies the qualitative results obtained from the one-dimensional
phase line. Specific logistic curves depend on three parameters a, b, and x(0). A few
examples are sketched in figure 5.4.3 and are seen to be consistent with the qualitative
behavior shown in figure 5.4.2.

1. Consider ‘é—f =ax —bx? (witha >0, b >0, and x > 0).

a) How does the growth rate depend on the population?

b) Sketch the one-dimensional phase line.

c¢) Sketch the time-dependent solution qualitatively.

2. Suppose that we have a model of population growth which has a carrying capacity,
in the sense that the growth rate is negative for populations greater than the carry-
ing capacity and the growth rate is positive for populations less than the carrying
capacity. Show that the qualitative behavior of this model will be the same as the
qualitative behavior of the quadratic logistic model analyzed in this section.

. Derive the general solution (2) from the differential equation (1) by separation.

4. Show from the exact solution (2) that by rescaling the population there are only

two parameters.

W
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5. Show from the differential equation (1) that by rescaling the population there are
only two parameters.

6. Consider % =ax? — bx (witha >0, b > 0, and x > 0).

a) How does the growth rate depend on the population?

b) Sketch the one-dimensional phase line.

c) Sketch the time-dependent solution qualitatively.

d) Obtain the exact solution.

e) Show that the exact solution has the qualitative behavior obtained in (c).

7. Consider % =ax + bx? (witha > 0, b > 0, and x > 0).

a) How does the growth rate depend on the population?

b) Sketch the one-dimensional phase line.

c¢) Sketch the time-dependent solution qualitatively.

d) From the exact solution, show that the population reaches infinity in a finite time;
what might be called a population explosion.

8. From the differential equation (1), investigate the concavity of x(¢). Where will
an inflection point occur? Compare to the sketches in figure 5.4.2.

9. The logistic curve (2) is sometimes referred to as an S-curve for reasons to be
described.

a) Show that

e3(t—10) _ ,=5(t—t0)

x()=a+p 3)

e2(=10) 4 p=50—10)"
What are «, 8, and 79? (Hint: put (3) over a common denominator. Multiply
numerator and denominator by e~2 (=) )

b) Recall that the hyperbolic functions are defined as follows:

. el —e! el +e ! sinh ¢
sinht = > , cosht= > , tanht=

" coshr’

Show that x(t) =a + f tanh 5 (¢ — 19).
c) Sketch tanh ¢ as a function of t. Show that it might be called S-shaped. Consider
the asymptotic behavior as ¢t — F-00.
d) Now sketch the logistic curve.
e) Show thata + =% and @ — g =0.
10. Let Q(¢) be the population of a particular species at time ¢. Suppose that the rate
of population growth depends only on the population size, so that

dQ
P F(Q). 4)
Explain, in biological terms, why each of the following three statements could
be a reasonable assumption.
a) f(0)=0.
b) f/(Q) > 0 for small positive Q.
¢) f(Q) <0 forlarge Q.
11. Suppose that f(Q)=a+bQ + cQ%isa second-degree polynomial in Q. Show
that if f satisfies (a), (b), and (c) of Exercise 10, thena =0, b > 0, and ¢ <0, so
that (4) becomes the logistic equation.



CHAPTER 6

Nonlinear Systems of Differential Equations in the Plane

6.1 Introduction

In Chapter 5, we introduced the analysis of a single first-order differential equation
‘é—f = f(x). We discussed equilibrium and the stability of the equilibrium in that
chapter. The current chapter will discuss similar questions for systems of autonomous

differential equations of the form

d

d—f=f<x,y), (1a)
dy _

—=gly). (1b)

This chapter is self-contained in the sense that the material from Chapter 5 is not
necessary. However, Chapter 4 is essential for our presentation, in which we discussed
the linear systems

X
— = b 2
7 ax + by (2a)
d

d—);zcx—i-dy (2b)

and the phase plane for linear systems. In Section 6.2, we will show that the phase
plane near an equilibrium for the nonlinear system (1a)—(1b) usually looks like the
phase plane for the corresponding linear system.

Before beginning this analysis in the next section, we shall give several examples
of nonlinear systems, some of which will be examined more carefully later in this
chapter.

Electric Circuits

(Note Sections 1.10 and 2.8.) In many devices, such as diodes, the voltage v and
current i satisfy a nonlinear relationship. That is, the device has a nonlinear v-i
characteristic. If the device is current-controlled, that is, if the voltage drop is a
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L
000

Figure 6.1.1

function of current, we get circuit models of the form shown in figure 6.1.1 which,
by Kirchoff’s voltage law, lead to the differential equation

Ly i+ Lg=0 3)
JR— l —_— = N
dt C 1
or equivalently, the system
L (4a)
- = _— a
a- et
dq
A, 4b
dr ! (4b)

where i is the current in the loop and ¢ is the charge on the capacitor.

Mechanical Systems

(Note Sections 1.11, 2.5, 2.7.) If we no longer assume small velocities and small
displacements, we expect the resistance and spring force to vary in a nonlinear manner.
This would lead to a spring-mass system with the differential equation

d’x dx

— — =0, 5
mm2+f(m>+g@) 5)

or the equivalent system

dx (62)

— =Y, a

ar 7

dy 1 1

2= SO = g). (6b)

t m m

Chemical Reactions or Populations

Chemical reactions involving two substances with concentrations x and y, which can
not only combine but also disassociate, lead to differential equations of the form

d

d—:zax—i—bxy—i—cy—i—d, (7a)
dy

E:ex—i—fxy—}—gy—}—h, (7b)

where a, b, c,d, e, f, g, h are constants.



334 Chapter 6

A closely related idea is that of populations (which could be nonbiological) that
are either competing with or feeding on each other. Under the appropriate modeling
assumptions, these lead to differential equations of the general form

d

@ ax +bxy+ cxz, (8a)
dt

d

d—i:cy—i—exy—i—fyz, (8b)

with a, b, ¢, d, e, f constants. Specific population examples will be given later.

AIDS Models of Perelson

Alan Perelson has developed some mathematical models using differential equations
for how the HIV virus develops in humans. Perelson gained understanding over a
long period of time by being exceptionally perceptive and by understanding numerous
human experiments. He presented some of his work in 1999 with Patrick W. Nelson
in “Mathematical Analysis of HIV-I Dynamics in Vivo”, SIAM Review 41, 1(1999);
3-44. We give some of his basic ideas. Perelson continues to work on AIDS, so the
interested reader should look at his more recent work.

Perelson has over many years developed many models for AIDS. A philosophi-
cal difficulty he faced is that the more accurate his mathematical model, the more
complicated it was, and the less likely the best doctors in the world would follow it.
So Perelson delicately and successfully walked this tightrope. We have changed only
a few details for simplicity in our presentation. One of the simplest (yet effective)
models for humans at first involves three populations:

E=s+aT—rT —kVT, (9a)
dT*
o =kVT —bT*, (9b)
av

In the presence of HIV, there are two types of target cells, uninfected and productively
infected. Here T is the number of uninfected cells, T* is the number of productively
infected cells, V is the population of the HIV virus, and s represents the rate at which
uninfected target cells are created from sources within the body, such as the thymus.
The constant coefficients a and r are not well understood for humans, but represent
proliferation of the logistic type described in Section 5.4. The most common way of
modeling infection is by “mass-action,” in which the uninfected cells diminish at a
rate proportional to the number of infected cells (the more infected cells, the greater
the decrease of uninfected cells), with proportionality constant k. The constant c is
the natural death rate of the virus. The virus population grows proportional (with
proportionality constant N) to the number of infected cells.

Perelson has shown the uninfected cells change very slowly compared to the virus
and infected cells. So as a simplification, in some circumstances, Perelson replaces (9)
with a simpler system with just two populations, where the number of uninfected cells
in a person is approximated by a constant Tp:

dT*

=kVTy—bT*, 10
7 0 (10a)
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6.2

d—VzNT*—cV. (10b)

dt
This a linear system, whereas other models of his are nonlinear. These equations for
humans have four parameters, kTy, b, ¢, N. Unfortunately, none of the parameters are
known for individual humans, and they vary between individual humans. However,
these parameters have been determined by Perelson by finding the best fit between
experimental measurements and numerical solutions of these two equations. The
comparison for individual patients is so good that it has given Perelson confidence in
the validity of these equations.

This is a prelude to the main contribution of Perelson. One goal is to understand
the effectiveness of drugs (for HIV or any other disease). The main question is to
determine whether a given drug is effective. The traditional way drug companies do
this is by doing tests on a large number of people. This takes a great deal of time
and is very risky to patients in the experimental stage, especially for drugs that are
determined not effective in this way. Drug trials on humans are only attempted after
trials with animals.

Perelson has realized that a different approach can be applied to a small number
of individual infected patients. Experiments are run before a drug is introduced to
determine the individual patient’s parameters. Roughly speaking, after a patient takes
a drug, the differential equations should be modified to be

dT*
- =kVTy—bT*, (11a)
dv
—r=NT = (c+ad)V. (11b)

where d is the rate at which the drug is effective at killing the virus. Unfortunately,
we don’t know the effectiveness d of the drug. Perelson determines effectiveness
by doing experiments on a patient with the drug, and making a best fit with only
one unknown parameter d between the experimental measurement and numerical
solutions of (11). Perelson believes drug makers in the future will use this method
to test effectiveness of new drugs. Drugs don’t always work mathematically as we
have described, so Perelson and others investigate more realistic models. We use
Perelson’s AIDS models as one motivation for our study of nonlinear systems of
differential equations.

Equilibria of Nonlinear Systems, Linear Stability Analysis
of Equilibrium, and the Phase Plane

In this section, we study the nonlinear autonomous system of differential equations

dx

= =f@y), (1a)
d

d—f —g(x.y). (1b)

Examples have been given in the introduction to this chapter.
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Equilibrium Solutions

If x(¢), y(¢) is an equilibrium or constant solution of (1a)-(1b), then x(t) =r, y(¢) =
s for constants r, s. Substituting into (1a)—(1b), we find that the equilibrium solutions
r, s must satisfy

0= f(r,s), (2a)
0=g(,s). (2b)

These nonlinear algebraic equations may be used to determine the equilibrium
for a given system of differential equations. For linear systems x =0, y =0 is an
equilibrium, so that is not much of an issue.

Example 6.2.1 Equilibrium

Find all equilibria of
dx n (3a)
— =—X+xy, a
dt Y
dy
— =—4y +8xy. 3b
7 y+8xy (3b)
® SOLUTION. Let x(t)=r, y(t)=s, where r,s are constants. Thus (3a)—(3b)
becomes
O=—r+rs=r(—1+s), (4a)
0=—4s+8rs =4s(—142r). (4b)

Equation (4a) implies r =0 or s = 1. Then
If r =0, (4b) implies that s = 0.
If s = 1, (4b) implies —1 +2r =0, so that r = 4

Thus there are two equilibria for (3a)—(3b):

x=0,y=0 and x:%,y:l. ®))

6.2.1 Linear Stability Analysis and the Phase Plane

Once an equilibrium is found, we will develop here ideas that determine whether
the equilibrium is stable or unstable. We now wish to determine the behavior of the
solutions of (1a) and (1b) near an equilibrium. Suppose that x () =r, y(¢) =s is an
equilibrium. In Chapter 5 we analyzed first-order nonlinear autonomous differential
equations near an equilibrium and used a Taylor series of one variable to determine
the stability of an equilibrium. For our system (1a)—(1b), we use the two-dimensional
version of Taylor’s approximations learned in calculus, and we get

fG, )= fr,s)+ fx(r,)(x —r)+ f,(r, s)(y — ), (6a)
gx, y)~g(r,s) +gx(r,s)(x —r) +gy(r, s)(y — ), (6b)
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which is only valid as an approximation near the equilibrium x =r, y =s. This
provides the linearization of a function of two variables. It is very important that
the partial derivatives are evaluated at the equilibrium, and that they are just con-
stants. The subscript notation for partial derivatives has again been used. For example,
fr= W The approximation (6) uses only the linear or first-order terms. A more
accurate approximation can be gotten by using terms with higher powers of x —r
and y —s. We neglect these higher-order nonlinear terms for now and discuss later
the importance of the neglected nonlinear terms. Since (r, s) is an equilibrium, it
satisfies (2a) and (2b), f(r,s) =0, g(r, s) =0. This suggests that, near the equilib-
rium, the solutions of (1a) and (1b) can be approximated and resemble those of the
following linearized system of differential equations:

dx
s = fi(r,s)(x =r)+ f5,(r, s)(y —5), (7a)
dy
7 =8gx(r,s)(x —r)+ gy, s)(y — ). (7b)
We introduce the displacement from the equilibrium (as we did for first-order
equations):
Z=x-—r, (8a)
w=y—s (8b)

(which translates the equilibrium point 7, s to the origin z =0, w =0). In this way,
since r and s are constants, (7a) and (7b) become

Z—j:az—i—bw, (9a)
(Z—Ifzcz +dw, (9b)

where a, b, c, d are constants given by
a=fx(r,s),b=fy(r,s),c=gx(r,s),d=g,(r,s). (10)

But (92)—(9b) is a linear homogeneous system like that discussed in Chapter 4.

JACOBIAN MATRIX. Using matrix multiplication, the system (9a)—-(9b) can be

written as
i[z:|=|:fx(rvs) fy(r9s):| |:Z:| (11)
dt |w gx(r,s) gy(r,s)| |w]’

Matrix notation is particularly effective here, and we introduce the matrix of first
derivatives called the Jacobian matrix:

of  df

g .o | ox ay
Jacobian matrix = |: g og i| . (12)

ax  ay
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The matrix must be evaluated at the equilibrium x =r, y =s. Introducing the vector
displacement from equilibrium z = (z, w) = (x —r, y — s) whose components are z
and w, equations (11) are more conveniently written using matrix notation:

a'z_

— =Az, 13
Ea (13)
where A is a matrix of constants obtained by evaluating the Jacobian matrix at the
equilibrium:
fx(r’s) f(r7s) a b
A= Y = . 14
[gx (r,s)  gy(r,s) c d 1)
The Phase Plane

The phase plane that we discussed with many examples in Chapter 4 for linear systems
can also be introduced for nonlinear systems:

dx . 15
E_f(xs y)7 ( a)
d

d—f=g<x,y>. (15b)

Orbits or trajectories can be introduced and solutions graphed in the x, y-plane. Some
procedures for the phase plane of nonlinear systems will be discussed in the next sub-
section. Near an equilibrium, the nonlinear differential equation can be approximated
by its associated linearized system. Thus, we expect that the phase plane for the non-
linear system near an equilibrium can be approximated in some sense by the phase
plane of the corresponding linear system near the equilibrium. We will try to be fairly
precise and state a theorem below. The claim we wish to make is that in most cases the
phase plane for the nonlinear system in the neighborhood of an equilibrium resem-
bles the phase plane for the corresponding linear system (the linearized system of
differential equations defined above).

STABILITY OF AN EQUILIBRIUM AND PHASE PLANE NEAR AN EQUILIBRIUM. We
wish to describe the relationship between the nonlinear system (15a)—(15b) near
an equilibrium and its linearized system of differential equations (9a)—(9b). We are
interested in the stability of an equilibrium, and we are interested in the phase plane of
the nonlinear system in the neighborhood of an equilibrium. The following theorem
is motivated but not proved from the linearized system.

THEOREM 6.2.1 Suppose that (r, s) is an equilibrium of (15a) and (15b). Define
a,b,c,d by (10) or (14). Let Ay, Lo be the eigenvalues of the matrix A (14) which
satisfy the characteristic equation derived from the determinant condition:

a—A b a2 .
det[ . d,\}—k —(a+d)r+ad —bc=0. (16)

Recall that the eigenvalues ) of the matrix correspond to the time dependency e
To be more precise, we recall that the solutions of the linear system are linear
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combinations of solutions z=e'v, where v is an eigenvector of the matrix. Not
all solutions are of this form. The stability of the equilibrium and the phase plane in
the neighborhood of the equilibrium are usually determined by the linearization:

1. If A1 >0, Ay > 0, the equilibrium of the nonlinear system is unstable, and the
local phase plane will be an unstable node resembling figure 4.3.9 of
Chapter 4.

2. If M1 <0, o <O, the equilibrium of the nonlinear system is asymptotically
stable, and the local phase plane will be a stable node resembling
figure 4.3.11 of Chapter 4.

3. If A1, Ao are nonzero and of opposite signs, the equilibrium is unstable, and
the local phase plane will be a saddle point resembling figure 4.3.13 of
Chapter 4.

4. If 1 = X2 >0 (A = Ay <0), then the equilibrium is unstable (stable), but we
do not discuss the local phase plane.

5. If A\ =0 and Ay > 0, then the equilibrium is unstable. If .1 =0 and Ay <0,
then the equilibrium for the nonlinear system may be stable or unstable
depending on the neglected nonlinear terms. We do not discuss the local phase
plane in either case.

6. If \i=a+id8, Ay =a — 16, with § #0 and o > 0, the equilibrium is unstable,
and the local phase plane with be an unstable spiral (see a and b of
figure 4.3.16 of Chapter 4.)

7. If M =a+id, Mo =a —i, with§ #0 and o <0, the equilibrium is
asymptotically stable, and the local phase plane with be a stable spiral
(see c and d of figure 4.3.16 of Chapter 4.)

8. If A1 =i8, Ay = —i6, then the linearization has oscillatory solutions. The
phase plane of the linearization is a center (see figure 4.3.17 of Chapter 4).
The phase plane of the nonlinear system often looks like the same center, but it
is not guaranteed to look like a center. The equilibrium for the nonlinear
system will be stable or unstable depending on the nonlinear terms neglected
in the linearization. These will be discussed later. Only cases 5 and 8 have this
potential difficulty.

Local means that the linearized phase plane is valid only near the equilibrium of
the nonlinear system.
Resembles means that the axis may be bent and the phase plane somewhat distorted
in the neighborhood of the equilibrium.
Example 6.2.2 Phase Plane Near Equilibria
Determine the phase plane of example (3a)—(3b),

dx

E=f(X,Y)=—X+xy, (17a)
dy
E=g(x,y)=—4y+8xy, (17b)

near the equilibria (0, 0) and (%, 1) found in Example 6.2.1.



340 Chapter 6

w=y

Y
A

- 0 2
z=X
Figure 6.2.1 Stable node at (0, 0).
o SOLUTION. Since
af af dg dg
—=—1+y, —=x, — =8y, — =—4+28x, 18
ax Y dy x dax Y ay (18)
the matrix for this example is
—1+y X
[ 8y —4+8x]' (19)

EQUILIBRIUM (0, 0). Consider first the equilibrium x =0, y =0. In this case the
matrix is A= '  ]. By Theorem 6.2.1, the behavior of (17a)~(17b) near (0, 0) is
that of (9a)—(9b), which is

dz (20a)
- = — a
dt “

d

&Y 4w, (20b)
dt

where here z=x —r =x and w =y —s =y. In this example, the linear system of
differential equations decouples into two first-order differential equations, so that
from our study in Chapter 1 of first-order equations (with constant coefficients) it is
seen that eigenvalues (roots of the characteristic equation) are —1, —4. Thus, (0, 0)
is a stable node as studied in Chapter 4. The eigenvalues A and eigenvectors (i, v)

satisfy the linear system
—1—-2A 0 u 0
ot BRG] e

The determinant condition is det [ _10_)‘ _ 40_ 5 ] = 0. Thus, the characteristic equation

is (A + 1)(A +4) =0 with roots (eigenvalues) A = —1, —4 (as already determined),
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z=x-0.5
Figure 6.2.2 Saddle point at (%, 1).

o

so that the equilibrium (0, 0) is a stable node. From (21), for A = —1, since —3v =0,
the corresponding eigenvector is any multiple of [é], the x-axis, while for A = —4,

the corresponding eigenvector is any multiple of [‘1)], since 3u =0 is in the direction
of the y-axis. Near (0, 0) the phase plane of the nonlinear system (17a)—(17b) will
resemble that of its linearization, (20a)—(20b), which is shown in figure 6.2.1. ¢

EQUILIBRIUM (% 1). For the equilibrium x = % y = 1, the linearization involves the

displacement from the equilibrium, so that here z=x —r =x — % andw=y—s=
y — 1. For this equilibrium, (%, 1), the matrix is

1
A= [(8) ('2)} . 22)

The behavior of the nonlinear system (17a)—(17b)near the equilibrium (%, 1) can be
approximated by its linearized system

dz_l 23a)
a2 a
dw

— =8z. 23b
ar - c (23b)

The eigenvalues A and eigenvectors (u, v) satisfy the linear system
2 L 7Tu 0
2 =
FaEA|HEH! o

1
det [‘8)\ _EA] =0, (25)

The determinant condition is

Thus, the characteristic equation is A% — 4 = 0 with roots (eigenvalues) A = £2, so that
the equilibrium ( %, 1) is a saddle point. From (24), for A =2, since —2u + %v =0, the
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1.5

-0.5 0

—_

X

Figure 6.2.3 Phase plane using only linearizations.

corresponding eigenvector is any multiple of [ }‘ ], while for A = —2, the corresponding
eigenvector is any multiple of [ !, ] since 2u 4+ v =0. Thus, the local phase plane
is shown in figure 6.2.2, with the corresponding eigenvectors being the stable and
unstable directions for the saddle point (1, 1).

PHASE PLANE OF A NONLINEAR SYSTEM. It is important to keep in mind that

Theorem 6.2.1 describes only the behavior near each equilibrium, as shown in
figure 6.2.3.

6.2.2 Nonlinear Systems: Summary, Philosophy, Phase Plane,
Direction Field, Nullclines

Let us summarize the method for analyzing nonlinear systems:

1. Find equilibrium.

2. Linearize in the neighborhood of each equilibrium.

3. For each linearization, find eigenvalues. Find eigenvectors for the real
eigenvalues.

4. For the usual cases described above, sketch the phase plane for the nonlinear
system near each equilibrium by using the phase plane of the corresponding
linear system.

5. Determine trajectories in the phase plane away from equilibrium by using
a) direction field (or numerical solutions) from graphics software, described

below;
b) optional method of nullclines, described shortly, to understand 5(a).

In this subsection, we will do some examples to explain these ideas. More examples
will be done in other sections of this chapter.
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Direction Field

Here we will present some basic results for nonlinear systems of differential equations

of the form
d
= =f@x. ), (26a)
dy
2 ok y). 26b
i g(x,y) (26b)

One of the beauties of mathematics is that we can determine the direction field for
the phase plane directly from the differential equation. The direction field is a vec-
tor field in the tangential direction defined by the differential equation (‘fl—’t‘, ‘%) =
(f(x,y), g(x, y)). Itis not necessary to determine the phase plane from brute force
numerical solutions of the differential equation. Sometimes the following observation
is useful.

For solutions that are not equilibria, solutions in the phase plane will be curves.
Trajectories or orbits of the solution will move in time. From the differential equa-
tion (26a), we see that if f(x, y) > 0 then ‘fl—’t‘ > (0, which means x increases in time,
and we introduce arrows moving toward the right (—) in the x, y-plane. Similarly,
if f(x,y) <0 then x decreases in time, and we introduce arrows moving to the
left («—). From the other differential equation, (26b),we see that if g(x, y) > 0 then

d . . L. . .
d—{ > 0, which means y increases in time, and we introduce arrows moving upward

(1) inthe x, y-plane. And finally, if g(x, y) <O, then % < 0, and we introduce down-
ward arrows (|) in the x, y-plane. This is similar to drawing lines indicating which
direction (northeast or southeast) the wind is going.

By using the chain rule, we obtain from the system (26a)—(26b),

dy _dy/dt _g(x,y)
dx  dx/dt f(x,y)’

@7

from which we may determine the phase plane. Equation (27) is a first-order differ-
ential equation, and we showed in Chapter 1 how easy it is for computers to sketch its
slope field. It is somewhat subtle that the direction field is the slope field supplemented
by the vector direction.

Example 6.2.3 Direction Field and Phase Plane
Find the direction field and phase plane for system (17a)—(17b),

e (28a)
= x+xy, a
D 44 (28b)
= XYy,
=4y +8xy

® SOLUTION. The direction field is shown in figure 6.2.4. Arrows have been included
to make it a direction field. The phase plane for this example is shown in figure 6.2.5.
It is obtained by combining information from the direction field with our knowl-
edge of each equilibrium. The equilibrium (0, 0) is a stable node with eigenvalue
—1 with corresponding eigenvector [(1)], and with eigenvalue —4 with corresponding
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Figure 6.2.4 Direction field for (28a)—(28b).
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Figure 6.2.5 Phase plane for (28a)—(28b).

eigenvector [9]. The other equilibrium (1, 1) is an (unstable) saddle point with
eigenvalue 2 with corresponding unstable eigenvector direction [}‘] and with
eigenvalue —2 with corresponding stable eigenvector direction [_14].

Method of Nuliclines

It is easy for computers to sketch the phase plane (with or without the direction field)
of a given nonlinear system of differential equations,

dx
E=f(x’ y)’ (293)

dy
n =g(x, ). (29b)
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However, the method of nullclines can be used to understand why solutions behave the
way they appear. The phase plane satisfies the slope field of the nonlinear first-order
differential equation obtained by dividing the two equations to give

dy g, y)

= . 30
P G0

First graph f (x, y) = 0. Along this curve from (30), % = 00, so we draw short vertical
dashes (see figure 6.2.6) since the trajectories have vertical tangents there. Similarly,
along g(x, y) =0, % =0, so we draw short horizontal dashes. Both curves are called
nullclines. Interestingly enough, the intersection of nullclines will provide a graphical
determination of the equilibria. More important, we note that in the region in which
f(x,y)>0, ‘Lii—’t‘ > 0, so that x increases as a function of time which we can mark
in the phase plane with a right arrow — (and vice versa, f(x, y) <0 corresponds
to x decreasing in time, <—). Similarly, regions with g(x, y) > 0 correspond to y
increasing in time, which we indicate in the phase plane with an upper arrow 1 (and
vice versa meaning g(x, y) < 0 corresponds to y decreasing in time, | ). We combine
the arrows, as shown in the following example, so that we can predict and mark the
direction of the flow in the phase plane directly from the differential equation.

Example 6.2.4 Method of Nullclines (for Example 6.2.2)

Sketch the phase plane for the nonlinear example (28a)—(28b) using the method of
nullclines and the phase plane of the linearizations. The equations are

—=x(y—1) (31a)
; x(y , 31la
dy _
; 4y(2x —1). (31b)

o SOLUTION. For the method of nullclines, the trajectories in the phase plane satisfy
the first-order nonlinear differential equation

dy _ 4y(2x — 1). (32)
dx x(y—1)
The nullclines y =1 and x =0 are sketched in figure 6.2.7, along which j—)y( =00,
marked with vertical dashes. The nullcline x = 0 is parallel to the vertical dashes, so
that x =0 is a solution, as can be seen from the differential equation. The nullclines
y=0 and x :% are also sketched, along which % =0, marked with horizontal
dashes, so that y =0 is a solution. Only the intersections of different families are
equilibria, so that the two equilibria are x =0, y=0and x = % y = L. The nullclines
break the phase plane into nine regions, and we must determine what happens in each.
Ifx >0and y > 1, then ‘Zl—f > 0, and hence x increases as a function of time, which we
indicate by —. Similarly, x =0 and y = 1 divide the x, y-plane into four regions, and
the arrows in the x-direction can be determined in the other three regions as shown in
figure 6.2.7. If y > 0, and x > %, we have from the differential equation % >0, and
thus y increases, which we mark by 7. There are four regions of different y behavior.
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Figure 6.2.6 Method of Nullclines. Figure 6.2.7 Method of nullclines

for (31a)—(31b).

In the figure, we have indicated left-right and up-down arrows differently in each of
the nine regions. On each nullcline we can determine more information. For example,
on the horizontal dashes on the nullcline x = %, we introduce left arrows for y < 1
and right arrows for y > 1. We note that for the solution x =0, down arrows occur
for y > 0 and up arrows occur for y < 0. Similarly, for the solution y =0, left arrows
occur for x > 0 and right arrows occur for x < 0. We can now sketch trajectories by
hand in the phase portrait, but it is best also to use our knowledge of the local phase
plane near each equilibrium. Trajectories do not cross the solutions x =0 and y =0.
Trajectories must have zero slope when they cross the nullcline x = % and infinite
slope when they cross the nullcline y = 1.

The method of nullclines helps us understand why the phase plane looks they way
it is shown in figure 6.2.8. We also have noted in figure 6.2.8 that x =0, y=0is a
stable node with eigenvectors that we have determined and used. Similarly, x = %,
y=11is a saddle point, and we know and use the eigenvectors carefully. Note that
time-dependent solutions x () may have a local maximum or minimum when y =1
and y(¢) may have a local maximum or minimum when x = % The phase plane
using computer software is shown in figure 6.2.9 and can be compared to the other
results. ¢

Example 6.2.5 Method of Nullclines for a Linear Example

Sketch the phase plane for the following interesting linear example using the method

of nullclines:
X (33a)
ar - Y a
dy
A 33b
dt Y (33b)

® SOLUTION. The trajectories in the phase plane satisfy the first- order nonlinear
differential equation

v _ -y

= . 34
dx y—x (34
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Figure 6.2.8 Method of nullclines and linear systems for (31a)—(31b).

~

Figure 6.2.9 Solutions in the phase plane using computer software for (31a)—(31b).

0
X

The nullcline y = x is sketched in figure 6.2.10, along which Z—)yc = 00, marked with
dy

vertical dashes. The nullcline y =0 is also sketched, along which I =0 marked

with horizontal dashes. However, the nullcline y =0 is itself horizontal, so y =0 is
itself a solution, as can be verified from (33b). The nullclines intersect at the origin
(0, 0), which is the only equilibrium for (33a)—(33b). The nullclines break the phase
plane into four regions. We find the general direction of the trajectories in these four

regions. If y > x, then ”fi—;‘ > 0 and hence x increases as a function of time, which

we indicate by —; if y <x, ‘fi—’f < 0 and hence x decreases as a function of time, <.

If y >0, we have % <0 and y decreases, which we mark by |, and if y <0, we
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0 x
Figure 6.2.10

have i% > 0 and y increases in time, 1. In the figure, we have indicated left-right and
up-down arrows in each of the four regions. We now sketch trajectories by hand by
being consistent with the flow direction and remembering that trajectories must have
infinite slope when they cross the nullcline y = x. In this problem, since y =0 is a
nullcline and part of a constant solution, the trajectories do not cross it. ¢

Exercises

In Exercises 1-12,

(a) Determine all equilibria and classify (node, saddle, spiral, center, stable or
unstable).

(b) If an eigenvalue is real, find the eigenvectors.

(c) Graph the phase plane using the phase plane of linearized system.

(d) Graph the phase plane using the direction field from software.

(e) Graph the phase plane using the method of nullclines and part (c).

dx dy
1. — = , — =2y —4xy.
dt Xy dt Yoy
dx dy
2. — =— , —=—2y+8xy.
7 X +xy ar y+8xy
3 dx_2 ) dy
.dt—x xy,d—y Xy
dx dy
4, —=1-x>, —=y+1
dt dt Y+
5. 9 D ovin
=X =Yy, — =—2X X
dt dt Y
dx dy
6. — =y 41, = =x2 .
dt + dt Xty
7. 2 2
dt dt
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6.3

9 Z:x—y—i—x ,%:x+y

10. i—::Zx—y—xy,Zl—izx—i-Zy

11. d—x:—x— y, == =2x —y 4 xy?
dt

12. d—x=2x+y,d—y=—x—2y+y3.
dt dt

Exercises 13-17 refer to fl—’t‘ =x—xy+yx2, ‘fi—f =—y+xy. In each case find all

equilibria and classify (node, saddle, spiral, center, stable or unstable).

13. y=-8.
14. y:—l.
3
15. y:l.
3
16. y=1.
17. y =8.

Population Models

One of the many interesting applications of systems has been in developing population
models for interacting species. The species can be chemical, economic, or quantities
in Perelson’s HIV models. However, we shall consider two species and speak of them
as biological species.

Assume that there are two species whose populations at time ¢ are given by
x(t), y(t). We assume the rate of change of each population depends just on that
of the other. Often, it is the growth rate of each population that depends on the other,
so that we have

dx _ . !
dt_f(xsy)_xu(xvy)a ( a)
dy _ .

I =g(x,y)=yv(x,y), (1b)

where u(x, y) is the growth rate of species x and v(x, y) is the growth rate of species
y. See Chapter 1 for a discussion of constant growth rate models. It should be stressed
that merely writing (1a) and (1b) down has ruled out effects due to time (seasonal
variations), delay effects, and external factors such as a fluctuating food supply. How-
ever, models like (1a)—(1b) do provide some insight into the dynamics of populations.
Two special cases will illustrate how a model might be developed. In all our examples
we will assume x >0, y > 0.
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6.3.1 Two Competing Species

In this example, we consider two populations that are competing for the same limited
food and shelter. In this situation, the simplest assumptions concerning the growth
rates are

u(x,y)=a—by—cx, (2a)
v(x,y) =g —rx—sy, (2b)
where a, b, c, g, r, s are positive constants, and a and g represent the growth rates
if there were no competition. Here we assume that the growth rates of both species

diminishes as either species gets larger due to finite resources for both.
These assumptions lead to the nonlinear system

d
d—)::x(a—by—cx)zax—bxy—cxz, (3a)
d
d_:=Y(q—rx—sy)=qy—rxy—Sy2- (3b)

‘We note that if the population of one species is zero, y(t) = 0, then species x satisfies
the equation we called in Chapter 5, the logistic equation,

& ra—cx) 2 (4)
— =Xa—cx)=ax —cx-.
dt
Similarly, if x () = 0, then species y satisfies the different logistic equation
d
d—f=y(q—sy)=qy—sy2. )

The x- and y-axes contain trajectories. Equations (4) and (5) are first-order nonlinear
equations analyzed in Chapter 5 by one-dimensional phase lines. The logistic equation
in x, for example, has the property that there is a carrying capacity to the environment
x = 2. Populations less than ¢ increase and approach . Populations greater than £
decrease and and approach <. When we do a phase plane for our two-dimensional
systems, we will obtain the same result.

EQUILIBRIA. The equilibria of (3a)—(3b) are given by
x=0ora—by—cx=0 (6)

and
y=0orqg —rx —sy=0, @)

so that with some effort the four equilibria are
q a
0,0, (0.2),(%,0). @p). ®)
s c
where («, ) is the solution of

cx+by=a, (9a)
rx+sy=gq. (9b)
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(We assume cs — br # 0, so that the point (¢, 8) exists and is unique.) Thus

as —bg cq —ar
o= —

(10)

B

= , = .
cs —br cs — br

We note that (0,0) is zero population of both species and (0, £) and (£, 0) are
the environment’s carrying capacity for each species. The fourth equilibrium only
corresponds to nonnegative populations if both « > 0 and > 0.

Example 6.3.1 Competing Species

Suppose b=qg =r =s =1, c =3, and a =2 and carry out the analysis.

® SOLUTION. Then (3a)—(3b) is the nonlinear system for the competing species:

dx )
5:f(x,y):x(Z—y—Sx):Zx—xy—Sx, (11a)
dy 2
E=g(x,y)=y(1—x—y)=y—xy—y- (11b)

First we determine the equilibria, which satisfy

x(2—y—3x)=0, (12a)

y(I—x—y)=0. (12b)

From (12a), one possibility is x =0, in which case (12b) gives y =0 and y = 1. This

corresponds so far to two equilibria, (0, 0) and (0, 1). If 2 — y — 3x =0, then (12b)
gives the equilibrium (%, 0) as well as a fourth equilibrium satisfying

2—y—3x=0, (13a)

1—x—y=0, (13b)

which can be solved to show that (%, %) is an equilibrium. In summary the four
equilibria are
©0,0,0,1, (20). (11 (14)
9 9 9 9 3 b 9 2 b 2 .

LINEARIZATIONS. We recall that near each equilibrium the solution (and the trajecto-
ries in the phase plane) can be approximated by the corresponding linearized system
with the following matrix

dz
~ Az 15
o z (15)

We compute the matrix in general for this example:

af  af
|y | _[2—y—6x —X
A= e og _|: Zy 1—x—2y:|' (16)
dx dy
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Figure 6.3.1 Phase plane for competing species model using linearized systems.

We recall that z = [ §Z{ | is the displacement from the equilibrium. The matrix given
by (16) must be evaluated at each equilibrium. Each of the four equilibria must be

analyzed separately.

EQUILIBRIUM (0, 0). The matrix evaluated at (0, 0) is

20
A= |:0 1] . (17)
In this case the equilibrium is the origin (0, 0), so that the Taylor series or linearization
corresponds just to ignoring the nonlinear terms,‘fl—f:2x, ‘% =y. Since the matrix is

diagonal, the eigenvalues are just A =2, 1. Thus, the origin is an unstable node. For
X =1, the eigenvector is [ (1) ] while for A =2, the eigenvector is [ (1) ] Observe that the
trajectories are tangent to the y-axis as t — —o0, and the trajectories move away from
the origin as time increases. In the competing species figure 6.3.1, we have sketched
the phase plane diagram in the first quadrant near the origin.

EQUILIBRIUM (0, 1). The matrix (16) evaluated at (0, 1) is

1 0]
Az{q ol (8)

The eigenvalues A and eigenvectors (u, v) satisfy the linear system

| ] w

The eigenvalues are clearly .. = 1, —1 determined from the determinant condition (A +
1)(A — 1) = 0. Hence the equilibrium (0, 1) is a (unstable) saddle point. From (19), for
A =—1, the eigenvector is [ |, while for » =+1, the eigenvector is any multiple of
[ _21 ] since —u — 2v =0, which has been graphed in competing species figure 6.3.1.

EQUILIBRIUM (2,0). The matrix evaluated at (3, 0) is

2 -2
A:[O ;}. (20)
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The eigenvalues A and eigenvectors (u, v) satisfy the linear system

ORI gl

The eigenvalues are clearly A = —2,% determined from the determinant condi-
tion (A — %)(A +2) =0. Hence the point (%, 0) is also an (unstable) saddle point.

From (21), For A = —2, the eigenvector is [(1)] while for A = %, the eigenvector is any

multiple of [ _72] since —%u — %v =0, as has also been sketched in figure 6.3.1.

EQUILIBRIUM (1, }). The matrix evaluated at (%, %) is

_3 _1
A=|: ﬂ (22)
-2 ~12

The eigenvalues A and eigenvectors (u, v) satisfy the linear system

_3_ 1
S
2 2

The eigenvalues can be computed from the determinant condition A2 + 2 + % - le =

—

A 420+ % =0, and we obtain the eigenvalues A = —1 + ‘/TE Hence the equilibrium

(%, %) is a stable node. From (23), for A =—1+ “/75, since (—1 — /2)u — v =0 the
V2

eigenvector is any multiple of [ 1;\1@], while for A =—1— 72, the eigenvector is any
multiple of [ 1:\1@] since (—1 4 +/2)u — v =0. As t — 400, it is most important that
the trajectories go to the equilibrium (3, 3). We note, in addition, that as ¢ — o0,
. . el 1 1 . —1
the trajectories approach the equilibrium (5, 5) tangent to the eigenvector [ n ﬁ]

associated with the eigenvalue —1 + */77, as shown in figure 6.3.1.

PHASE PLANE. In figure 6.3.1, we have combined the phase planes in the neighbor-
hood of each of the four equilibria.

METHOD OF NULLCLINES AND LINEARIZATIONS. To understand the phase plane,
especially away from any equilibrium, we first apply the method of nullclines to
this example. Then we will also consider the linearizations. The method of nullclines
should give a graph very quickly. There is a huge amount of information in the method
of nullclines. A picture is worth a thousand words. We are considering the specific
system of differential equations corresponding to a competing species model

d
d_)::f(x,y):x(Z—y—?)x):Zx—xy—3x2, (24a)
d
T =gry)=y(l—x—y)=y—xy =y (24b)

Since it is a population model, we only consider the first quadrant and include the
usual x- and y-axes. Most of the results come from (24a) and (24b), but it is sometimes
helpful to note that

dy y(l-—x—y)

dx  x(2—y—3x) 25)
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0 05 5
X 3

Figure 6.3.2 Method of nullclines for competing species model.

1. Nullclines are curves along which % =0or % = 00. We first draw the

nullclines, which in this case include the axes. The x-axis, y =0, is a nullcline
and a horizontal line solution in the phase plane along which the slope is zero;
and the y-axis, x =0, is a nullcline and a vertical line solution along which the
slope is infinite. Now we determine and plot the other nullclines. Along

x + y =1, the slope is zero, and we place short horizontal lines along that
nullcline. Along 3x 4 y =2, the slope is infinite, and we place short vertical
lines along that nullcline; see figure 6.3.2.

2. We also determine the equilibria by intersection of the different families of
nullclines. In this example, carefully note that there are four equilibria
(marked with large dot) (0, 0), (0, 1), (%,0), (3. %)

3. In this example, these nullclines divide the first quadrant into four regions. We
must be prepared to calculate whether x and y are increasing or decreasing as
a function of time ¢ in each region. Let us do x first. From (24a), we see that if
y > 2 —3x, then ‘fi—;‘ < 0, and thus x decreases as a function of # and we put
left arrows (<) in the two regions. In addition, we put left arrows (<) along
the appropriate part of y =0(y > 3) and x + y = 1. We put right arrows (—)
in the other regions, and also along other portions of the nullcline with % =0.

4. For the time dependence of y, we use (24b). In this case, if y > 1 — x, then
% <0, y decreases as a function of time ¢, and we introduce downward
arrows ({,) in the appropriate two regions. In addition, downward arrows are
placed along x =0 for y < 1 and along the appropriate part of the nullcline
2 =7y + 3x. Upward arrows (1) are placed everywhere else.

5. The next step is to improve the solutions obtained by the method of nullclines
by using the phase plane behavior near each equilibrium, using knowledge of
the theory of linear systems (nodes, saddles, spirals) and using the
eigenvectors, which should have been calculated. Briefly, for example, the
equilibrium (%, 0) is a a saddle point, the stable direction is quite clear
(x-axis), but the unstable direction must be consistent with the northeasterly
flow in the region near the equilibrium determined by the method of nullclines,
which is confirmed by the specific eigenvector previously calculated [ _72].

For the other saddle point (0, 1), the unstable eigenvector direction was [31 ],
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0 05 1

Figure 6.3.3 Trajectories using method of nullclines for competing species model.

0.5

0 05 1

Figure 6.3.4 Trajectories (using software) for competing species model.

and we include that information as well. The equilibrium (%, %) is a stable
node, and the directions of the two eigenvectors must be consistent with the
direction of solutions within each quadrant near that equilibrium determined
by the method of nullclines. One should note that even some hand calculators
can find eigenvalues and eigenvectors of 2 x 2 matrices.

6. The eigenvector solutions which appear to be straight near the equilibrium
will curve (as shown) to be consistent with the information learned about the
direction field from the method of nullclines. We include trajectories that are
the continuation of the eigenvectors at each equilibrium.

7. Finally, we sketch a few representative solutions in the phase plane, making
sure we are consistent with the linear phase plane and with the direction field

determined by the method of nullclines. The result is shown in figure 6.3.3.

THE PHASE PLANE. We can obtain trajectories (using software) for the competing
species model, which we present in figure 6.3.4. In figure 6.3.3, we have combined the
phase planes in the neighborhood of each of the four equilibria and sketched the phase
plane diagram in the first quadrant for the system (11a)—(11b). This specific competing
species model has the property that zero population as well as both single species
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carrying capacities (0, 1) and (% O) are unstable. Only the competing equilibrium
population (%, %) is stable. Furthermore, from the phase plane we see that nearly all
initial conditions approach this stable competing equilibrium population (%, %) This
model runs counter to niche theory, which says that, given two essentially similar
species, one will eventually replace the other. Other competing species models are
considered in the exercises.

6.3.2 Predator-Prey Population Models

Now suppose we have a prey species x (rabbits) that is eaten by a predator species y
(foxes). If there are no predators, we assume the prey has sufficient sources of food.
On the other hand, if there are no prey, we assume the predators would die off. In this
situation, the simplest assumptions concerning the growth rates are

u(x,y)=a—by—cx, (26a)
v(x,y)=—q+rx—sy, (26b)

wherea, b, c, q, r, s are positive constants, a is the growth rate of prey without preda-
tors, and ¢ is the death rate of predators without prey. The interaction terms are such
that increasing the predator y diminishes the growth rate of the prey x, while increas-
ing the prey x increases the growth rate of the predator y. The growth rates of both
species diminish as either species gets large due to finite resources for both:

d

d—);=x(a—by—cx)=ax—bxy—cx2, (27a)
dy 2

== (—q +rx —sy)=—qy+rxy—sy. (27b)

If there are no predators, y(t) =0, we find that the prey x(¢) satisfies the logistic
equation discussed in Chapter 5:

9 a—cn) 2 (28)
— =Xa—cx)=ax —cx-.
dt

Without predators, the prey grows or decays to its environmental carrying capacity
x = Z. If there are no prey, the predators die off:

D _ = 2 29
E—y(—q—sy)——qy—sy- (29)

These one-dimensional phase lines (of Chapter 5) will correspond to trajectories in
the phase plane along the x- and y-axes.

EQUILIBRIA. The equilibria of (27a)—-(27b) are given by
x=0 ora—by—cx=0 30)
and

y=0 or —g+rx—sy=0, (€2))



Nonlinear Systems of Differential Equations in the Plane 357

so that there are four equilibria:

q a
©.0. (0.-%). (£.0). @8 (32)
Here (o, B) is the solution of
cx +by=a, (33a)
rx —sy=q, (33b)
so that
as +bg —cq +ar
= , B= . 34
¢ cs +br p cs +br (34)

We note that — % is nonphysical because of the negative y-value. Certainly meaningful
are (0, 0), the zero population of both species, and (%, 0) the carrying capacity for the
prey. The other equilibrium corresponds to nonnegative populations if 8 > 0, since it

is guaranteed that o > 0.

Example 6.3.2 Predator-Prey

Suppose thatb=qg =r =5 =1, c =2, and a = 3, so that (27a)—(27b) is the nonlinear
system for the predatory-prey system:

dx )
E=f(x,y):x(3—y—2x)=3x—xy—2x , (35a)
dy 2
E=g(x,y)=y(—1+x—y)=—y+xy—y . (35b)

@ SOLUTION. First we determine the equilibria, which satisfy
x(3—y—2x)=0, (36a)
y(=1+x—y)=0. (36b)

From the first equation, one possibility is x =0, in which case the second equa-

tion gives y=0 and y =—1. If 3 — y —2x =0, then the second equation gives the

equilibrium (% O) as well as a fourth equilibrium satisfying

3—y—2x=0, (37a)
—14+x—-y=0, (37b)

which can be solved to show that (% %) is an equilibrium. In summary, the

equilibria are
’ ’ ’ ’ 2 ’ ’ 3 ’ 3 '

The equilibrium (0, —1) is not physical, and we do not use it.

LINEARIZATIONS. The solution and phase plane near each equilibrium can be
approximated by the linearized system of differential equations:
dz

—=A1z 39
T z (39)
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Figure 6.3.5 Phase plane just based on linearizations,
For this example, the matrix is
af  af
| oy | _|3—y—4x —X
A= 9e  oe —|: y Cgx—2y| (40)
ax ay

We recall that z= [} ] is the displacement from the equilibrium. The matrix must

be evaluated at the equilibrium. Each of the equilibrium must be analyzed separately.

EQUILIBRIUM (0, 0). The matrix evaluated at (0, 0) is

3 0
Az[o _1]. (41)

Since the matrix is diagonal, the eigenvalues are just A =3, —1. Thus, the origin is an
(unstable) saddle point. A saddle point has stable and unstable directions, which are
the eigenvectors. From the one-dimensional problem, it is known that y decreases in
time (J) and x increases (— ) near the origin; see figure 6.3.5.

EQUILIBRIUM (2,0). The matrix evaluated at (3, 0) is

-3 -3
A:|: 2]. (42)
0 3

The eigenvalues A and eigenvectors (u, v) satisfy the linear system

[_30_ A %_—%A] m - [8} | 3)
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Figure 6.3.6 Phase plane for based on linearization and direction
field for predator-prey model.

The eigenvalues are A = —3, % from the determinant condition (A — %)(A +3)=0.
Since the eigenvalues have different signs, the equilibrium (%, O) is also an (unstable)

saddle point. From the one-dimensional phase line, the stable direction for A = —3
is x. The unstable eigenvector direction for A = % is [ _73] from —7u —3v =0. This
is graphed in figure 6.3.5.

EQUILIBRIUM (%, 1). The matrix evaluated at (%, %) is

_8 _
A=[ 13 } (44)
-

The eigenvalues A and eigenvectors (u, v) satisfy the linear system

RN | 5]

1 1
3 3

Wi— WA

From the determinant condition, the eigenvalues satisfy A2 + 34 + % + % =12 431+
% =0. The eigenvalues are A = —% + % %, so that A1 ~ —0.54, Ap &~ —2.45. The

equilibrium (‘—3‘, %) is a stable node. For A1 &~ —0.54, the corresponding eigenvector
is [_01'62 ], while for Ay &~ —2.45 the eigenvector is [*61'35 ] As t — 400, solutions
tend to the stable node in the direction [ ’01'62 ] This is also graphed in figure 6.3.5.

THE PHASE PLANE. In figure 6.3.6, we have graphed the phase plane based on the
linearizations and the direction field. We have noted that the equilibrium (% O) is a
saddle point, and we have included the trajectory that begins in the direction of the
unstable direction (eigenvector) of that saddle point. We see from the phase plane that
most initial conditions approach the equilibrium (‘—3‘, %), which is a stable node. Our
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Figure 6.3.7 Computer-drawn phase plane for predator-prey model.

understanding of the phase plane and the direction field can be improved using the
method of nullclines (as we did with the competing species example). In figure 6.3.7
we show a phase plane for this model drawn using a computer. ¢

Exercises

In Exercises 1-17, the x- and y-axes contain trajectories, and you are only to consider
the trajectories for x >0, y > 0.

In Exercises 1-9, determine and classify all equilibria (node, saddle, spiral, center,
stable or unstable).

Two Competing Species Models (3a)-(3b)

1. Consider the competing species model witha =2, b=c=1,g=r=06,5s=0.

a) Determine and classify all equilibria (node, saddle, spiral center, stable or
unstable).

b) Sketch the phase portrait using the linear systems (do not calculate the eigen-
vectors).

c) Sketch the phase portrait using the method of nullclines.

d) Improve the phase plane using eigenvectors if the eigenvalues are real.

e) Sketch the phase plane using software.

2. Consider the competing species model witha=3,b=2,c=1,g=2,r=s=1.

a) Determine and classify all equilibria (node, saddle, spiral center, stable or
unstable).

b) Sketch the phase portrait using the linear systems (do not calculate the eigen-
vectors).

¢) Sketch the phase portrait using the method of nullclines.

d) Improve the phase plane using eigenvectors if the eigenvalues are real. What
happens to the competing populations as time increases?

e) Sketch the phase plane using software.

3. In Example 6.3.1, reduce the inherent growth rate of x by changing a to %, increase
the effect of competition on x by changing b to 2, and increase the resource
limitations on x by changing cto 4,sothatb=2,c=4,g=r=s=1,a= %
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a) Determine and classify all equilibria (node, saddle, spiral center, stable or
unstable).

b) Sketch the phase portrait using the linear systems (do not calculate the eigen-
vectors).

c) Sketch the phase portrait using the method of nullclines. Explain in biological
terms what the method of nullclines represents.

d) Improve the phase plane using eigenvectors if the eigenvalues are real.

e) Sketch the phase plane using software.

4. In the system (3a)—(3b), if there are ample food and shelter, then one might set
¢ =0, s =0. For example, consider, b=a=2andg=r=1.

a) Determine and classify all equilibria (node, saddle, spiral center, stable or
unstable).

b) Sketch the phase portrait using the linear systems (including eigenvectors if the
eigenvalues are real).

¢) Sketch the phase portrait using the method of nullclines.

d) Sketch the phase plane using software.

Predator-Prey Problems (27a)—(27b)

5. Consider the predator-prey model witha=3,b=c=1,g=r=1,s5s=0.

a) Determine and classify all equilibria (node, saddle, spiral, center, stable or
unstable).

b) Sketch the phase portrait using the linear systems (do not calculate the eigenvec-
tors).

c) Sketch the phase portrait using the method of nullclines.

d) Improve the phase plane using eigenvectors if the eigenvalues are real.

e) Sketch the phase plane using software.

6. Consider the predator-prey model witha=3,b=1,c=6,g=r=s=1.

a) Determine and classify all equilibria (node, saddle, spiral, center, stable or
unstable).

b) Sketch the phase portrait using the linear systems (do not calculate the eigenvec-
tors). What happens to the competing populations as time increases?

c) Sketch the phase portrait using the method of nullclines.

d) Improve the phase plane using eigenvectors if the eigenvalues are real.

e) Sketch the phase plane using software.

7. In Example 6.3.2, remove the limitation on prey population by setting ¢ to 0, so
thata=3,c=0,g=r=s=b=1

a) Determine and classify all equilibria (node, saddle, spiral center, stable or
unstable).

b) Sketch the phase portrait using the linear systems (do not calculate the eigenvec-
tors).

¢) Sketch the phase portrait using the method of nullclines.

d) Improve the phase plane using eigenvectors if the eigenvalues are real.

e) Sketch the phase plane using software.

8. In Example 6.3.2, remove the limitation on predator and prey populations by
settingc=s=0,sothata=3 andg=r=>b=1.

a) Determine and classify all equilibria (node, saddle, spiral center, stable or
unstable).
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b) Sketch the phase plane using the method of nullclines.

¢) To show that periodic solutions exist, integrate the direction field equation.

9. In Example 6.3.2, increase the effect of the predator on the prey by increasing b
to6,sothata=3,b=6,c=2,g=r=s=1.

a) Determine and classify all equilibria (node, saddle, spiral center, stable or
unstable).

b) Sketch the phase portrait using the linear systems (including eigenvectors if the
eigenvalues are real).

¢) Sketch the phase portrait using the method of nullclines.

d) Sketch the phase plane using software.

In exercises 10-12, consider a predator-prey model in which we assume there
is unlimited food and shelter available, so that, left to itself, the prey will grow
exponentially. Assume that, without the prey, the predator will die out slowly. (Perhaps
there is an alternative food supply, but it lacks the proper nutrients.) Instead of a
constant multiple of xy, use the following more realistic uptake function:

dx y X

E:x(a—bm)zax—bmy, (463)
X X

E=y(—61 Vm)=—qy4"’1+xy~ (46b)

Note that again the x- and y-axes contain trajectories, and we need only consider
x>0,y>0.

10. Leta=b=1,q =2,r =1 in (46a)—(46b).
a) Determine and classify all equilibria (node, saddle, spiral center, stable or
unstable).
b) Sketch the phase portrait using the linear systems (do not calculate the eigenvec-
tors).
c) Sketch the phase portrait using the method of nullclines.
d) Improve the phase plane using eigenvectors if the eigenvalues are real.
e) Sketch the phase plane using software.
11. Leta=b=1,4g=0.5r =1 in (46a)-(46b).
a) Determine and classify all equilibria (node, saddle, spiral center, stable or
unstable).
b) Sketch the phase portrait using the linear systems (do not calculate the eigenvec-
tors).
c) Sketch the phase portrait using the method of nullclines.
d) Improve the phase plane using eigenvectors if the eigenvalues are real.
e) Sketch the phase plane using software.
12. Leta=b=1,q=1,r=2in (46a)—(46b).
a) Determine and classify all equilibria (node, saddle, spiral center, stable or
unstable).
b) Sketch the phase portrait using the linear systems (do not calculate the eigenvec-
tors).
c) Sketch the phase portrait using the method of nullclines.
d) Improve the phase plane using eigenvectors if the eigenvalues are real.
e) Sketch the phase plane using software.
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6.4

Figure 6.4.1 Nonlinear pendulum.

In Exercises 13—16, consider Perelson’s linear model(10a)—(10b). Do the follow-
ing: (a) determine all equilibria and classify (node, saddle, spiral, center), and stable
or unstable. (b) Sketch the linear system. If an eigenvalue is real, find the eigenvec-
tors. (c) Graph the phase plane using method of nullclines. (d) Graph the phase plane
using direction field from software.

13. kTp=3.b=1,N=1,c=2.
14. kTy=3,b=1,N=1,c=3.
15. kTp=2,b=1,N=1,c=1.

16. kTo=L, b=1,N=1,c=2.

Mechanical Systems

Most mechanics problems are linear only if one assumes that there are “small displace-
ments” or “limited variations in velocity.” In this section, we shall analyze nonlinear
problems, including one specific physical problem to motivate the subject.

6.4.1 Nonlinear Pendulum

The problem to be considered is a rigid pendulum of length / (see Figure 6.4.1). It is
free to rotate around the point P, which is (0, /). We suppose that the mass of the arm
of the pendulum is negligible with respect to the mass m at the end of the pendulum.
The mass moves along a circle.

Let (x, y) be the location of the mass at time 7, s the distance along the circle
from the origin to the point (x, y), and 6 the angle the pendulum makes with the
y—axis. At a given s, the velocity along the circle is %, in a direction tangential to the
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circle the mass is following. The component of the force of gravity in this direction is
—mg sin 6. As in Section 2.5, we assume the resistance is linear and in the opposite
direction to the velocity, so that

mass times acceleration = total force = gravity + damping

or
d?s . ds
mﬁz—mgmnG—(SE. @9)
If 6 is measured in radians, then s=1[6 and equation (1) becomes ml fit? =
—mgsinf — 81% or
ld29 +8ld9 +mgsinf =0. )
dr? dt

This is the equation of a nonlinear pendulum, which we use as motivation for the
consideration of a nonlinear system. We analyze important special cases later in this
section. Now, we will use x instead of 0, so that the angle is x and satisfies

d? d
mld—t;c +51d—’: +mg sinx =0. 3)

6.4.2 Linearized Pendulum

If the angle x is small, then sin x ~ x, and (3) is often approximated by the linear
constant coefficient differential equation

ml— &z + 81— dx + 0, 4
mgx =

aiz T e

which we studied in Chapter 2. If there is no damping, § =0, and we find that (4)

predicts oscillations with frequency %\/g as shown in Section 2.5.

6.4.3 Conservative Systems and the Energy Integral

If there is no damping, so that § =0, then the differential equation for the nonlinear
pendulum is

d%x g .
ﬁ+75mx=0. ®)
This is an example of a conservative system. In physics, by Newton’s law of motion,
F =ma, where F = forces, and the acceleration is given by a = %. A system is said
to be conservative if it conserves energy. We show the system conserves energy if
the forces depend only on position,

d*x d2
——f(x) S — f(x)=0. (6)



Nonlinear Systems of Differential Equations in the Plane 365

DERIVATION OF CONSERVATION OF ENERGY. Conservation of energy is a very useful
principle in physics for many purposes. We will find that it is very useful for finding
the phase planes of conservative systems. There are many ways to derive conservation
of energy. Conservation of energy follows from the differential equation

2
m ZIZT;C =f). @)
We write the second-order differential equation as a system in the usual way. We intro-
duce y = ‘fl—’lf, so that our two variables are x, position, and y, velocity. The system is
2—: =Y, (8a)
dy d*x 1
EZWZEJC(X), (8b)
using (7). Conservation of energy can be derived from the slope field equations
dy G _1f®
dx L Ty 2
dt
The first-order slope field equation separates:
mydy — f(x)dx =0. (10)
Integrating this equation yields a constant we call E:
%myz—/f(x)dsz. (11)

Equation (11) is called conservation of energy, and we can write it in different ways.
We note that y = ‘fl—f = v = velocity, so that (11) can be written as

2
%m (i-f) —/f(x)dx:E. (12)

The first term in (12) is called the kinetic energy and the second term the potential
energy. Thus, the sum of the kinetic energy plus the potential energy is the constant
total energy E:

Kineti (o B (13)
netic energy=-—m | — | ==

etic energy 2m ’r 2mv ,

potential energy = — / fx)dx =V (x). (14)

We note that the potential energy is defined as minus the integral of the force:

1 dx\?
Em (E) +V(Hx)=E. (15)

With this definition of the potential energy, we note that the derivative of the potential
energy is minus the force:

V/(x)=—f(x). (16)
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ALTERNATE DERIVATION I OF CONSERVATION OF ENERGY. If both sides of the
differential equation (7) are multiplied by <> We obtain

dx d’x
m—_—=
dt dt?
We note this is equivalent to

N N P

/ fdr =4 / Feodx = f .

Integrating (18) ylelds conservation of energy:

2
lm (f{—:) — ff(x)dx = E = constant. (19)

o o 17
f(X)E— . a7

since by the chain rule,

2

ALTERNATE DERIVATION II OF CONSERVATION OF ENERGY. If the energy is defined
as the sum of the kinetic and the potential energy, can we prove that energy is con-
stant in time? The energy could depend on time ¢, since x(¢) from the differential
equation (5) or (7):

Eo="m (2) 4 v 0)
—2"\ar e
Taking the derivative of the total energy with respect to ¢ yields, using the chain rule,
£ _ d2 +V'(x) 2y
ar |Mar T
Since V’/(x) = — f(x), we obtain
L d2 —f) (22)
ar |Mar? 0

using the differential equation (7). Since £ d ~ =0, we have proved using the differential
equation that the energy E(¢) is a constant.

Example Determine the Phase Plane of the Linearized Pendulum without Damping Using
the Energy Equation.
The linearized pendulum without damping (6 = 0) satisfies (4)
2x
d —— +gx=0. 23)

Letting y = dr , the slope field equations are

dy
d =L
_yzﬂz_ﬁ’ (24)
dx ‘é—f ly



Nonlinear Systems of Differential Equations in the Plane 367

Figure 6.4.2 Phase plane for linearized pendulum (without damping).

since % = % = —%x. Equation (24) is separable, and we find
lydy = —gxdx. (25)
Integrating this shows that the solution in the phase plane are ellipses, as shown in
figure 6.4.2:
1 1
~ly* + ~gx*=C. 26
AT (26)

Equation (26) is a form of conservation of energy for the linearized pendulum:

() 4 L _c 27)
2 \ar) T8 T

where %l(%)z = 11v2is the kinetic energy and % gx? is the potential energy. The
solutions are confined to these ellipses, and hence flow neither toward nor away from
the equilibrium. The equilibrium x =0, y =0 is said to be stable, and its type a
center. Counterclockwise arrows are added, since in the upper half-plane y = ili—f >0
and hence x increases (— ) in time. Similarly, in the lower half-plane y = ‘é—’t‘ <0and
hence x decreases (<—) in time. We have previously (Example 4.3.1) determined the
phase plane for a center by using the explicit time-dependent sinusoidal solution to
derive ellipses.

6.4.4 The Phase Plane and the Potential

We reconsider second-order conservative systems (6)

d*x
mﬁzf(x). (28)

Sometimes it is convenient to write (28) as a system:

dx
—=filx,y)=y, (29a)

dr
o)
o

dy _ = 29b
E—fz(x’)’)— (29b)



368 Chapter 6

We will use conservation of energy,
1
E= 5my2 +V(x), (30)

where the potential is related to the force through

Vix)= —/ f(x)dx and V' (x) = — f(x). 31

EQUILIBRIUM AND POTENTIAL. Equilibria for the system are those values of x where
the force vanishes, f(x)=0and y= ‘ji—f = 0. Often the potential is known and easy
to graph. We wish to determine properties of our system in terms of the potential.
Equilibrium points are equivalent to critical points of the potential, since V'(x)=0
there. In calculus, critical points (candidates for maxima and minima of the potential)
are places where the derivative is zero (the slope of the potential is zero).

CENTERS AND SADDLES FOR THE PHASE PLANE AND THE POTENTIAL. We will
show in three different ways that a minimum of the potential is a center and a
maximum of the potential is a saddle point.

DERIVATION 1. Suppose there is an equilibrium x =a determined from f(a)=0.

From the differential equation (28), m% — f(x) =0, we may approximate the dif-
ferential equation in the neighborhood of an equilibrium. We obtain, using Taylor

series for the function f(x) or tangent line approximation or linearization,
d’x ,
m—7 = f@)=fla)x—a)=0. (32)

Introducing the displacement from equilibrium, z = x — a, and noting f (a) =0, since
a is an equilibrium, we obtain

d’z
mm +az= 0, (33)
where « is a constant, o = — f/(a) = V" (a). This second-order constant coefficients

linear differential equation is easy to solve by the methods of Chapter 2. Letting z =
e, we find the characteristic equation, mA? +o =mA%+ V" (a) =0.If V" (a) > 0,
so that the potential has a minimum, the roots of the characteristic equation are
imaginary, the solution to the linear differential equation is sinusoidal, and the phase
plane is a center. If V" (a) <0, so that the potential has a maximum, one of the
roots of the characteristic equation is positive and the other negative, the solution to
the linear differential equation is a linear combination of plus and minus exponentials,
and the phase plane is a saddle point. We restrict our attention to V" (a) #0.

DERIVATION II. The same result can be obtained directly from the energy integral,
1
E=§mv2+V(x). (34)
We can approximate the potential near the equilibrium V (x) =V (a) + V'(a)(x —
a)+ @ (x —a)? using a Taylor series. Since for an equilibrium V'(a) = 0 we obtain

V//(a)

E—V(a)= %mvz + (x —a)?. (35)
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dx
dt

0
X

Figure 6.4.3 Phase plane of a saddle point.

Since E and V (a) are constants, we see that the phase plane will be ellipses (cen-
ter) if V" (a) > 0. If V" (a) < 0, the phase plane will be hyperbolas (saddle point),
graphed in figure 6.4.3, and in particular at energy E = V (a) the phase plane near the
equilibrium will have two intersecting straight lines corresponding to the eigenvectors
of the saddle point. We add arrows to the right (—) in the upper half-plane y = ”fi—’t‘ >0
since x increases in time there. Similarly, in the lower half-plane y = i’i—’f < 0 and hence
x decreases (<) in time.

DERIVATION IIL. Let us obtain the same result using matrices and their eigenvalues
of the matrix. For the system (29a)—(29b), the matrix is

aff o

%%_01 6
an ap | [ L@ of (36)
ox  dy m

The eigenvalues of the matrix, obtained from det [ ”

-2 1 7
[ (@) —A] =0, satisfy W=1l@ _

—%. Thus, if V”(a) > 0, corresponding to a minimum of the potential, the eigen-
values are purely imaginary and the phase plane is a center, while if V" (a) <0
corresponding to a maximum of the potential, one eigenvalue is positive and one
eigenvalue is negative, and the phase plane is a unstable saddle point.

CENTERS. When the linear analysis has purely imaginary eigenvalues and the phase
plane for the linear system are centers, this is the case in which the linear theory does
not guarantee that the equilibrium is stable for the nonlinear system. However, we
see from the examples to follow that the phase plane of the nonlinear system is a
center and that the equilibrium is indeed a stable center for conservative systems if
the potential has a local minimum at the equilibrium.

THE PHASE PLANE FROM A POTENTIAL USING CONSERVATION OF ENERGY. We
claim that the phase plane x, y = fli—’t‘ can be determined by graphing the potential and
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using various constant values of the energy,

1
E= Emy2 + V(x). (37)
The energy equation defines y as a function of x which is the phase plane. First we
obtain
1 2
Emy =FE—V(x). 38)

From this, we learn that the total energy must be greater than the potential energy
since kinetic energy is nonnegative. This will help our phase plane graph. Solving
for y gives two symmetric curves since y ==+. The method is best explained with
examples. We immediately do one example, and later we will graph the phase plane
for the nonlinear pendulum in this way. There is a different curve in the phase plane
for each value of the constant energy E.

Example 6.4.1 Conservative System

Consider the conservative system

d*x 2
W:f(x)zx(6—3x)=6x—3x . (39)

Find equilibria (classify) and graph the phase plane using the graph of the potential.

® SOLUTION. There are two equilibria, x =0, 2. The potential satisfies

Vix)=— / fx)dx =—=3x% +x°. (40)

The cubic potential is graphed in figure 6.4.4. The cubic has two critical points: x =0
is a local maximum and x = 2 is a local minimum. Thus from this section, x =0 is an
(unstable) saddle point and x =2 is a center. We will graph the phase plane x, y = d—’t‘
directly underneath the potential with the same x variable. It is not necessary to write

the energy equation, but it is being used throughout and is

E:%y2—3x2+x3. 41
The procedure is more straightforward, with some practice, than our written descrip-
tion. We introduce a few allowable constant values of E on the graph of the potential;
see Figure 6.4.4. One important value of E corresponds to the local maximum of the
potential at x =0, E = V(0) = 0. At this value of E, there is a maximum allowable
value of x, which we can compute (but is not necessary) to graph the qualitative
features of the phase plane. We draw vertical lines down to the phase plane at x =0
and the maximum value of x. Now we go down to the phase plane and draw the phase
plane diagram for that value of E£. At x =0 and at the maximum value of x, E equals
the the potential energy V (x), so that the velocity y = ‘2—’,‘ =0 at these two points. Here
x =0, y =0is the equilibrium which we know to be a saddle, while the largest value of
x (which also has y = 0) is not an equilibrium. We draw the E = 0 portion of the phase
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Figure 6.4.4 Phase plane for (39) based on the potential energy (40).

plane near the saddle point which is two straight lines near the saddle. We continue
drawing a small portion of the phase plane with this one fixed constant E. First we do
larger and larger values of x starting from the saddle point x =0. Since E is getting
larger than the potential V (x), the velocity in the phase plane y = %> will continue
to increase until its maximum (which occurs at the center x = 2) then decrease to the
maximum value of x. Since the curve is symmetric in y, we have drawn one closed
curve in this way which looks like an oval pointed near the saddle point. We must also
graph the phase plane for the same constant value of E =0, but include x less than the
saddle point x = 0 As x diminishes away from x =0, V (x) continues to get smaller
than E so y= d , — 00 as x — —00, as shown in the figure pendulum, with the
continuation from the straight line associated with the saddle point when E =0. The
center x =2 corresponds to £ =V (2) = —12 + 8 = —4. Other values of —4 < E <0
give smooth closed curves inside the pointed loop. For E <0, there are other orbits

(see figure 6.4.4), which turn around at their maximum and y = S —> +00. Orbits
for posmve values of E are also sketched. They have a max1mum value of x, fol-
low “near” the pointed loop for a while and then going off to x = —oo. The phase

plane must be symmetric in y = dt , SO two curves must be drawn in all cases. Note
the saddle point at x =0, y =0 and the center at x =2, y =0. For all conservative
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systems, the center (in this example x =2, y = 0) is really stable, even though our
theorem about the linear center did not guarantee it would be stable.

After the phase plane has been drawn, arrows must be added. For all conservative
systems arrows move to the right (— )in the upper half-plane (since there y =
‘é—f > 0) and to the left («<—) in the lower half-plane (since y = ‘é—f < 0). Tounderstand
the solutions, we see that each closed orbit inside the pointed loop is a periodic
solution. We will show how to calculate its period. The pointed loop is called a
separatix because it separates solutions with different kinds of behavior. ¢

NONLINEAR PENDULUM WITHOUT DAMPING. We return to the nonlinear pendulum
without damping, (3), ml % + mg sin x = 0. Dividing by m! yields

X fw=—ps (42)
—=f(x)=—Bsinx,

dt?

where = § > (. Some may prefer to make a scaling of time, so that the equation
would be equivalent to B = 1, but we leave . Converting to the usual system gives

d)C o 43
=y =/, (43a)
d

d_)t] =—Bsinx = fHr(x, y). (43b)

The equilibria are sinx =0, y =0, or
y=0,x=nmr forn=0,+1,42,... (44)

Note that the differential equation (42) is the same when shifted by x =27, so that
the phase plane will repeat itself every 27 units in x. Note that x is the angle of
the pendulum, and the physical problem is the same when x is increased by 2. The
equilibrium x = 0 is called the natural position of the pendulum, and it is the same
as x =2nm. The equilibrium x = 7 is called the inverted position of the pendulum,
and it is the same as x = 4 2nm. To determine the behavior near the equilibrium,
we need the eigenvalues of the linearized coefficient matrix

N

ax v 0 1
fr | |:—,B COS X Oi| ' (@3)
dx dy
The eigenvalues of the matrix, obtained from det [ _ ﬁ_c)és N _1)\] =0, satisfy the
characteristic equation
A2+ Bcosx =0. (46)

There are two equilibria.

NATURAL POSITION (x =0). The equilibriumis x =mw, y = ‘é—f =0. Then the charac-
teristic equation is A% 4+ 8 = 0. The eigenvalues (roots) are A = =i /8. This suggests
the possibility of, but does not prove that, there are periodic solutions. To determine
what solutions look like near the equilibriums look like, we will graph the phase plane
shortly.
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INVERTED POSITION (x =x). The equilibrium is x =7, y = ‘Zl—f =0. Then the char-
acteristic equation is A2 — 8 =0 with real roots A = +./B of opposite signs. These
equilibria, which correspond to the pendulum delicately balanced sticking straight
up, are unstable (saddles).

ENERGY EQUATION. We determine the phase plane and determine the behavior near
and far from the natural equilibrium position x =0 using the energy equation. The
kinetic energy is % y2, and the potential energy is V (x) = — [ fx)=B [sinx=
—p cos x. Thus,

1
E=§y2—ﬂcosx. (47)

The energy equation can be derived from the slope field equation.

PHASE PLANE FROM POTENTIAL ENERGY. To find the phase plane, we first graph
the potential energy and various values of E, where

V(x)=—pBcosx. (48)

There are a number of cases (see figure 6.4.5). The lowest energy, E = —p, corre-
sponds only to the equilibrium at the natural position x =0, x =2n7. If - < E <
+ 8, then there are a minimum and maximum value of x which the time-dependent
solution periodically oscillates between, and the phase plane consists of oval-shaped
closed curves (marked C in the phase plane) surrounding the natural position x = 0.
We put in arrows counterclockwise since arrows move to the right (— )in the upper
half-plane (since there y = ‘Zl—’t‘ > () and to the left (<) in the lower half-plane (since

y= ‘fi—’; < 0). This proves that the natural position is stable, and nearby trajectories
look like a center. Here x is the angle of the pendulum, so that the angle of the
pendulum oscillates periodically around the natural position. The energy level E = 8
corresponds to the sequence of identical saddle points at the inverted equilibrium
position, for example, x =7, y = ‘;—f =0, but there are orbits that go from one saddle
point to the next: see orbits marked B in figure 6.4.5. The trajectories B correspond
to the situation when the initial energy is just right, so that the pendulum approaches
the unstable inverted equilibrium. If £ > 8, there is no minimum or maximum value
of x. We put in arrows which move right (— )in the upper half-plane (since there

= ‘ji—)t‘ > 0) and left in the lower half-plane. Trajectories A in figure 6.4.5 correspond
to the situation when the pendulum is given enough initial velocity to keep swinging
around the pivot point of the pendulum, and the angle of the pendulum keeps increas-
ing (upper half-plane) or decreasing (lower half-plane). The trajectories B separate the
trajectories C, where the pendulum oscillates around the stable natural equilibrium
position from those like A, where it keeps whirling around the pivot point. For this
reason, trajectories B are called separatrices.

PERIOD OF PERIODIC ORBITS. A closed orbit (that does not have an equilibrium on it)
in the phase plane corresponds to a periodic solution. To show that it is periodic, con-
sider a specific initial condition. Since the orbit is closed, after some time (the period)
the solution returns to that point. Now the differential equation can be considered to
have the same initial condition, and hence, by the uniqueness theory of the initial
value problem, the time-dependent solution will be the same again and again.
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Figure 6.4.5 Phase plane of nonlinear pendulum using potential.

PERIOD. The system of equations (la) and (1b) from section 6.1 can be solved

for dt:
dx dy

fry) gy

The period T may be computed from either of the following equations (obtained by
integrating (49) around the orbit):

(49)

dx dy
T = = . 50
fx,y) f gx,y) 0

Sometimes the x-integral is easier. If the orbit is symmetric, as it is for conservative
systems, then the period is twice the integral from the minimum x to the maximum x:

Xmax d
period:T:Z/ a (51)

Xmin f('xa )’)’

assuming ‘é—’t‘ >0.
PERIOD OF A LINEAR SPRING-MASS SYSTEM (LINEAR OSCILLATOR). Consider the
linear spring-mass system without damping satisfying the differential equation

2

X

First we obtain the period using the general solution x = ¢ cos wt + ¢; sin wt, where
w=4+/k/m. The period is T =2n/w =2m/m/k. One property of linear oscillators
is that the period is a constant and does not depend on the amplitude or the energy



Nonlinear Systems of Differential Equations in the Plane 375

of the oscillation. The phase plane consists of a family of concentric ellipses (see
Chapter 4). One way to obtain the ellipses is directly from conservation of energy:

1 [dx\> 1
E=-m|— —kx?. 53
2m<dt> e (53)

dx dx __
@x/an and solve for =

:i:\/g \/ 2,5 x2 from the energy equation. In the upper half-plane ( > O) we choose

the plus sign. It is also necessary to know that xpin, = — 2TE and Xpmax =4/ ZTE deter-

mined from (53), since ‘[Il’t‘ =0 at maxima and minimas. Using (51) and evaluating

this integral yield

To obtain the period from (53), we note dt=

2E

2E
m (V& dx m . X m
T=2/— ————=2./—sin — =2r./—, (54)
k J_J2E [2E _ 2 k 2E k
3 k)| \/E
k
The answer appears to depend on the energy. However, by evaluating the integrals

above we see that the period does not depend on energy, as we obtained more easily
from the solution of the differential equation.

PERIOD OF A NONLINEAR OSCILLATOR (CONSERVATIVE SYSTEM). Letus determine
the period for conservative systems satisfying

d2x
moa =f). (55)
Conservation of energy is quite useful:
m (dx\*
E=—|— V(x), 56
2 < dt) + V) (56)

where the potential energy satisfies V (x) =— [ f(x)dx. We assume the potential
is shaped like a well somewhere along the x-axis. The phase planes will consist of
regions with closed curves corresponding to periodic solutions. The period can be

computed from dt = @‘f% =% where ¢ S=v= j:\/% E — V(x) is the velocity

determined from the energy equatlon. We can use (51). In this way, by integrating,

we obtain
Xmax (E)
period=T(E)=2./— / &)
Xmin (E) E— V(x)

We have noted that the minimum and maximum of x depend on the energy E, as can
be seen in figure 6.4.4. In general, the period T (E) for the nonlinear oscillator will
depend on the energy E.

NONLINEAR PENDULUM WITH DAMPING. This is a nonconservative system and is
briefly discussed in the exercises.



376 Chapter 6

Exercises

In Exercises 1-0, the potentials are given. Find and classify the equilibria (node,
saddle, spiral, center, stable, or unstable), and graph the phase plane:
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In Exercises 7-12, find the equilibria, find the potential, classify the equilibria

(node, saddle, spiral, center, stable or unstable), and graph the phase plane using the

potential
7. d?*x
_ 2
8. d*x
_ 2
9' d2x 2
sz(l—x ) (60)
10. d*x
_ 2
ﬁ_—x(l—x ). (61)
11. d*x )
) =—x(6—3x)=—6x +3x". (62)
12. d*x 5 )
m:(]—x)(4—x ). (63)
13. Derive conservation of energy for the pendulum without damping using the slope

14.

15.

16.

field equation.

Derive conservation of energy for a general conservative system using the slope
field equation.

Derive conservation of energy for a general conservative system by multiplying
the differential equation by ‘fi—)t‘.

Derive conservation of energy for a general conservative system by showing that
the derivative of energy is zero.
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In exercises 17-19, suppose that in the pendulum there is a resistive force of —§ fl—f .
Determine the nature of the equilibrium under the given parameters.

17. 1 =32 ft, m = 1slug, 6 = 1 slug/s.
18. 1 =32 ft, m = %slug, § = 1 slug/s.
19. 1 =32 ft, m = slug, 8 =1 slugs.

20. Determine the values of § for which (0, 0) is a stable spiral and stable node.
Interpret the answer in terms of under-damping and over-damping.

. . 2 . .
In Exercises 21-25, consider the damped pendulum ‘(fle +sinx =—§ ‘é—f. Determine
the phase plane using software or numerically determined solutions.

21. 6§ =0.

22. §=0.5.
23. §=0.25.
24. §=2.5.

25. §=2.0.



ANSWERS TO ODD-NUMBERED EXERCISES

Chapter 1: First-Order Differential Equations and their Applications

1.2 The Definite Integral and the Initial Value Problem

1-7. Substitute the expression for x into the differential equation.
9. x=3¢"+c.
11. x= —% sin 61 +c.
13. x=8 [j cost 2di +c.
15. x = [y In(4+ cos? H)d7 +c.
17. x= %15 — 15—7
19. x= [, 7L _dr +5.

44cos?t

21, x= [} {di +3.
23. vp=+2250 m/sec = 15+/10 m/ sec.
25. x=0.72 km.

2

27. x = 505 km.

000
29. x=2(%)? - 116.
3. D x=1In3m

33. vp=+1960 m/ sec.

35. z‘:\/ZTOf8 sec.

37. c=x0— [," f(D)dr.

1.3 First-Order Separable Differential Equations

I. Injx+1|=Injt|+Corx=ct —1.
3. x=¢ +c.

5. x =ce* /M4 _3,

7. x=3t+c.

9. x=(9—4r)~1/4,

11. x !

B l—fotcost_zdf.

*dr 1
13 / ———1/2:_(t2_1)'
2 cost 2



=0.
2.

! and x
x=1,x

3

Answers to Odd-Numbered Exercises

T =1+ L an@r +6)).

+¢+tan~! 2).

3

3

—e

19. —In|x|+In|x —1|=x+c; x=(1 —ke')
29. 7 =bf(z) +a.

2. Injx—1|=Injx=2|—(x=2) " '=t+¢;

31 Jtan~' Q1 +8x —2)=t+cix =

15. w3+ 12u=13+3t +13.
33, (t+x+De ™ F=—t+4c.

17. x =tan (
1.4 Direction Fields
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Answers to Odd-Numbered Exercises

1.4.1.
. All (19, xp).
. All (19, xp).
. to+x0#0.

1

Existence and Uniqueness

xo # 1.

. tg + 2x§ < 1.

. f(t,x)=t"13, f, =0 (if t # 0); both continuous if 7 # 0.
13.
15.
17.
19.
21.

x0=0.
x0=0.
to=nm,n=0, %1, £2,....
None.

x=landx=(%( - to))5/4 + 1, f, not continuous at xo = 1.

1.5 Euler’s Numerical Method

1

13.
15.
17.

el

S Lo W

a) 59, 049.

a)4.15 x 10720,

4.109, 6.129, 30.390, 193.137.

x(2) =551, 627. Appears to be going from —5 to infinity.
xN =x20=0.601 with 2 =0.1.

1.6 First-Order Linear Differential Equations

1.6.1

15.
17.

o

Solutions of Homogeneous First-Order Linear Differential
Equations

x=cel.

x=c exp(tz).

x=ct™ /2,

X =ce sint.

X =cexp (—fé cos s~ 1/2ds).

x=9e,

x =703,

x=10exp (—fst jfei ds).

x=36xp(}—1).

381
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1.6.2 Integrating Factors for First-Order Linear Differential Equations
19. x=1"te! + (1 —e)t .
21. x =3e' + ¢ (note: This can be done by just antidifferentiating both sides).
23 x=t(>+ D) T +c(*+ 1)L
25. x= %l — % + %e"“
27. x =412,
29. x=t"'Int+ct7!.

31. x= %t +c¢t73. One solution continuous at (0, 0); for the rest, |x| — oo as
t— 0.

33. x =12+ 3t. All solutions continuous and pass through (0, 0).

35 x=e " fot e ds +ce .

37. x=e "3 f e Psds + 3.
39, x=e¢~¢ fot 3e¢ ds + ce™* .

Al x=e7" [} Lids+e" 72,

43. x =118 5 573 sin sds.

45. x =
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47. t=—x — 1 +4ce”.
49. Hint. e/P0diter = o[p0di g¢1 — yo¢1 | 5o the new integrating factor is just a
constant times the old one.

51. (ux) =u(x’'+ px) < (kux) =ku(x’+ px).
53. G(t, ) =exp ([ $2ds) =exp (= f 902 gy).
55. du —qelrdt y= [gelrdiar, x = e [Pt [ gelpdtqy,

1.7 Linear First-Order Differential Equations with Constant
Coefficients with a Constant Input

8t

1. x=ce

3. x=ce .

5. x=ce .

7. x=ce .

9. x=ce>.

11. x:§+ce_3t.
13. x=%+ce4’.

15. x:—%+ce4’/5.
17. x=—2+ce /3,
19. x =—9 +ce?.
21. x —%+ce".

23. x= %e“” +ce T,

25. x:%e‘S’—i—cez’.
27. x:%e4’+ce_4’.
29. x=e"2 4 ce .
31. x:%t—i—i—g.

33. x=Tt— 1.

35. x=2t>+1-09.

—1,3_12,2, 2
37. X =zt 37+ 51— 55
—1,_ L
39. X=zt—73s.
—_9 3
41. x = 30 cos6t+20 sin 6¢.
—__5 1 g
43, x = i3 COS? + 73 sint.
45. x = cosZt—i—%sinZz.

€1
10
47. x==L cost+ < sint — 2 cos 5t + 2 sin 5¢
s =37 37 61 61 :
—_5_1 _1g
49. x = 5 50053[ 5sm3t.
— 1,3 _1 1
51. x=ze 3 Cost+ 3 sint.

53. x =8te 3 4 ce .
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55. ‘fi—lt’=7, v="Tt+c, x =Tte* + ce*.
57. x =4te' +ce'.

59. x=5te " +ce .

61. x=8te” +ce’.

63 1 2e7%, 0<t<l,
AT 2e et =20 D 1< <2.

2
X

-

o
-
\V]

1.8 Growth and Decay Problems

1. Idoubling = % ~46.2 years.
3. k=3In2~2.08 =208% per day.
4\4
5. x= 1500(3) .
7. 9.97 years.
9. O'=kiQ—k QO +k.
11. 3% per year implies faoubling = % ~23.10 years,

3% yield implies faoubling = (g3 ~ 2345 years.

13. Idoubling = % ~11.17 years.
15. k=1In(1.1) & 0.0953 =9.53% per year.
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17. 110.04 g.
19. a) 31.063 yr, b) 75.018 yr.

10In17 :
21. a) m A 226.4 min.

b) t
200
150
100

|
|
|
|
|
501

~
30 T 100 150 200

10 T7-30
HT) = 5oy 0 (70°)-
23. k=—151n3~—0.1099.

25. a) 4L = —k(T — Qo) = —k[T — (20 + 101)].
b) T =10+ 10¢ +30e~".

c) 60 Qo
50 T
40
T30
20

10

0 1 213 4 5

27. a) 44 =0.06(A — 500), A(0) = 2000.

b) A =500+ 150029 $3233.18.

¢) $411.06.
29. Q' =0.080Q +365B, Q(0) = 1000.

a) B=2$3.79.

b) B(r) = (800 — 80e"93") (365098 — 365)~1.
31. Q' =0.2Q 4400 cos 27z, Q(0) = 100.

V0= 000
b) 1200
1000
800
600
400
200

(=20 cos 271 + 2007 sin 27r1) + (100 + 0.2t

2+ 0.0l)

Q

0 246t81012
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1.9 Mixture Problems

1. a) Q(t) =120 — 60e~"/130 b,
c(t) = % = % - %e"/lso Ib/gal.
b) t = —1501n(0.5) ~ 104 min.
3.a) Q(t) =25—¢7/?15, ¢(1) =0.25 — e71/230.15,
b) lim; o c(¥) =0.25 > 0.2.

5. a)and b)
100 \'/?
( ) , 0<r=<100,
10£3(100-1/500(2=1/5y = 100 <1,

t
o) , 0<r=<100,
500 + 5t
c(t)y=
t
20 g0 <r.
1000
A B
10 0.02
Q c
5 0.01
0 100 ; 200 0 100 , 200

7. Q(t) =7(1000 + 31) — 500000(1000 + 37)~%/3,
c(t) =7 — 500000(1000 + 3¢) /3.

d

0. Bt _y3.4_7_ 51 _d%_5 St 50 B

dt 15046t dt 150 + 6¢ 250 — 21t

ds S ds S S
1. 2L —o1.5-18—>L 222 S W —

dt 23043t dt 230+ 3¢ 2754 5¢

d d d
13_i=11.5_1gi,ﬁ= 8L_ ﬁ,ﬁz &

dt 100 -7t dt 100 — 7t 200 dt 200

1.10 Electronic Circuits

i
1. £ 4 2i — 1 =0. Equilibriumis i = 4, i =

” +ce = % + [i(O) — %]eib,

=

di
3. d_;‘Fi—sint:O,i:%Sint_%COSI—F[i(O)—i_%]e#-

(1) = 9(1—e™) 0<r=<10,
=190~ et 1> 10.

dq A _ P 5 ,—t
7. dt—|—q_3smt,q(0)_1,q_2(smt cost) + e .
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1.11 Mechanics II: Including Air Resistance

1. a) v=—1960(1 — e~ */2).
b) v=—1947.
¢) —1960.
3. —14, 416 co/s.
5. a) vz_\/ﬁw,
(1 — ke=2v32r)

b) v=—+/32.

k = (1000 + +/32)(1000 — ~/32) !,

1.12 Orthogonal Trajectories

1. x=—t+cs.

5. 2x2In x| —x2=12 =22 In|t| + .
. In |z|
LX=— 3 + .
9. x::l:%t3/2+cz.
3

11. x—l—%:—t—l—cz.

13. x2=2In|sin?|+c>.
15. 2x2= -2+ c5.
17. x:(cz—%1n|t|)

—1
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Chapter 2: Linear Second- and Higher-Order Differential Equations

2.1 General Solution of Second-Order Linear Differential

Equations

1. x=cysint+cycost+1,x=1—cost.

3. x=cie et +1+3, x=—3e¥ +1+3.

5. x=cje 'cost+cre'sint+3,x=—2e cost —e !sint+3.
7. x=cicost+cpysint+t¢sint, x =cost —sint +¢sint.

9. b)i=2¢' 4+ e +e'=¢ +e* +2coshr=x.

2.2 Initial Value Problem for Homogeneous Equations

— O N W W=

. Yes, W[sint, cost]=—17#0.

. t, no, only one solution.

. a) Wlxg, x2](1) = —1#0Db) x3 =2x1 + 2x».
. Wixt, x2](tg) = 1.

/ dW=O

- W=x1x) —xoxy, G-

LW =1; p(t) =0, W(t)=W(t) = 1.

LW =e¥; p(t)==3, W(t) =e30e30710) = 3,
15.

W) =—t% pt)=%, W)=ty (to/)* = —17*.

1

2.3 Reduction of Order

1

13.
15.
17.
19.
21.

=0 N w =

x:clt_llnt+czt_1.
x=cje " +cote.

x=ci(t =1)+cre "

X =cot flt size*%ﬁds +c1t.
r=2,x=cit*+cyt?Int.
r==3,x=cit 3+t 3nt.
r=2,x=cjsin2t + cp cos2t.
r=2,x=cie +cote?.
r=—1,x=cre " +cate".
r=42 x=cie? +cre .
Use Wronskian.

2.4 Homogeneous Linear Constant Coefficient Differential
Equations (Second-Order)

1.
3.

x=cje* 4+ cre3.

X=cjcost+cpsint.
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x=cie % cost+cre 2 sint.

. x=cie +cre*.

9.
11.
13.
15.
17.
19.
21.
23.
25.
27.
29.
31.
33.
35.
37.
39.
41.
43,
45.
47.
49,

x=c1+cré.
X =c1+cot.

x=cie " +cre'3.

x= %e’ - %e‘zt.

X =] COS V2t + ¢ sin J2t.
x=—e 3 43¢,
x=cre™ +cyre .

x=cie" +crte’.

x =c1€> cos 4t + cpe’ sin 4.

X = clem’ + Q@’ml.

x=cre 2 cos 2t + cpe~? sin 2t.

X =1 COS \/§t + ¢p sin \/gt.

x=e 3 (cleﬁ’ + cze_\@).

We* cos Bt, ¥ sin Bt] = Be2* £0if B 0.
b=-2ary,c =ar12.
No answer required.
x"+3x"+2x=0.
x" —6x'+9x=0.

x" +16x =0.
x" —2x"4+2x=0.
x"=0.

389

2.4.1 Homogeneous Linear Constant Coefficient Differential Equations

51.
53.
55.
57.
59.
61.
63.
65.
67.
69.
71.
73.

(nth-Order)

x =c1e¥ + cate® + c3r2e?.

x=cie' +cre ! +c3eH +cqe”
-2t

2t

X =c1+cret +cze
x=cre  +eate™ +c3t2et +catdet.
x=cped.

x=cre tcost+cre " sint +cze’.

x=cre 'cost+cre ! sint +cate™ cost +cate ! sint.

x=cie' +cate! +cat?el +catdel.
x=cie' +cate! +cattel +cae™ 4+ cste™ + cot?e!.
x=cie' +cre " +c3cost+cysint.

Xx =c1 €08 5t + ¢y sin 5t + ¢3¢ cos 5t + ¢4t sin 5t.

x=cre' +cre H cost + cze ¥ sint.
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75.
7.
79.
81.
83.
85.
87.

89.
91.

Answers to Odd-Numbered Exercises

X" —4x" +4x' =0; r(r—2)*=0.

X" 4+50x" +625x =0; (r>+25)>=r%450r> +625=0.

X" +6x" +12x' +8x=0; (r+2)3=0.

X" —4x" 4+ 8x" —8x' +4x =0; (r2—=2r+2)2=0.

X" +2x" +x=0; r2+1)>=0.

x =3 (c1 + car + 312 + cat®) + €% (¢c5 cos Tt + ¢ sin 7r).

x=cj + cat + 312 + € (ca cos 5t + ¢5 sin 5t) + (c¢ + c7t) cos 5t
+ (cg + cot) sin 5¢.

x =eX[(c1 + cat + c3t2) cost + (ca + c5t + cot?) sin 1].

x = e (] cos 6t + ¢; sin 61) + e (c3 cos 6f + ¢4 sin 6¢) +
(cs + cgt) cos 6t + (c7 + cgt) sin 6¢.

2.5 Mechanical Vibrations I: Formulation and Free Response

No Friction

1.

11.
13.
15.
17.

19.

21.

x (t) =3 cos 5t — 7sin 5t = R cos(5t — ¢); the answer is R =+/58,
tan ¢ = —%, 4th quadrant, ¢ = arctan —% = —1.1659 radians.

. x (1) =+/3cos 14 + sin 147 = R cos(147 — ¢); the answer is R =2,

tan ¢ = %, st quadrant, ¢ = % radians.

. x (1) =—6c0s 5t + 6 sin 5t = R cos(5t — ¢); the answer is R = 6+/2,

tan ¢ = —1, 2nd quadrant, ¢ = STJT radians.

L x ()= /3 cos 6t —sin 6t = R cos(6t — ¢); the answer is R =2,

tan ¢ = —\%, 4th quadrant, ¢ = —% radians.

. x (t) = —4cos 2t +4+/3 sin 21 = R cos(2t — ¢); the answer is R =8,

tan ¢ = —«/§, 2nd quadrant, ¢ = 27" radians.

30x" 4+ 1470x =0, x(0) =10, x’(0) =0, x =10 cos 7¢.

2x" 4+ 128x=0,x(0)=2,x'(0)=1,x =2cos 8¢ + % sin 8¢.
k = 10007 21b/ft.

X =c1co82t+co sin2t,cl:Rcos¢:1,62:Rsin¢:\/§,x(0):c1 =1,
x/(0) =2¢y =24/3.

@ x=10/%sin /51
b) Amplitude = 10, /%,

¢) decreases,
d) increases

a) x =cos \/gt + \/%sin \/gt.
b) Amplitude = /14 7.

¢) Increasing m increases amplitude, increasing k decreases amplitude
toward 1.
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23

25.
27.

29.

[0dt = [(mx"x"+ kxx')dt. Integrating gives ¢ = %m()c/)2 + %xz.
x(t) =cj cos T+ ¢o sin J7t.
x(t) = cle“ﬁ’ + cze_‘ﬁ’.

x(t) =2cos V5t + % sin ﬁt:Rcos(\/gt — ¢), where R =,/2, tanp =

3 H=
55 ¢ =.59087 (1st quadrant).

31. If the constant =c, then 5 = cycles per second. Thus ¢ = cycles per 27
seconds or radians per second (the circular frequency). x(¢#) =r cos 6, where
6 =ct + 6p and r is a constant.

With Friction

33. 10x” +40x" 4+30x =0, x(0) =3, x'(0) = =5, x = e~ 4+ 2¢~, overdamped.

35. x” +49x =0, x(0) = 1,x'(0) =7, x =sin 7t +cos 7t, x = /2 cos (7t — %),
harmonic.

37. X" +7x +12x =0,x(0) = —1,x’(0) =1, x =2e~* — 3¢~ overdamped.

39. x” 4+4x" 4+ 5x =0, x(0) =2, x'(0) =2, x =4e > sint 4 2¢~ % cos t, damped
oscillation, x = e~24/20 cos(t —¢), p= tan—! 2 =1.107 radian.

41. Differentiate x, set equal to zero, and show that there is at most one solution.

43. 0 <m < 8% /4k, overdamped; m = §2/4k, critically dampled; 62/4k <m is
underdampled oscillation. As m — +00, solution decays slower, period — oo,
frequency — 0.

45. §=12m.

47. x(t)=e! (cl cos 41‘ ~+ ¢p sin 4t),underdamped.

49. x(t)=e>"/%(c; cos @t + co sin @t),underdamped.

51. x(t) =cre™? 4+ cre™ /3, overdamped.

53. x(t) =cre /3 4 cpte™2/3, critically damped.

55. x(t) =cre! 4+ cre”'/3, overdamped.

57.

1 -2
t= In r').
r—r <1—1r)—§

2.6 Method of Undetermined Coefficients

w

—_ =
et

. Yes.
. No, In|z].

sin ¢
0, — not allowed.
cost

. No, not constant coefficients.
. No, negative power of .
. Yes, sinh 3t = %e3t — %e’3’.

22 1 .
ng—ﬁt+§t3+cl cos 3t + ¢ sin 3¢.
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15. x = %t+ %tz-i-cl +cpe 8,

17. x=3e* +c1e¥ +cre¥, c1 =1, cr = — 3.
19. x=—2te +cre¥ +cre.

21. x =¢" + e’ cos2t + cre’ sin 2t.

23. x= —%te‘3’ +c1e3 +cpe,

25. x= % sint — 13—0 cost +cre~cos2t +cretsin2t, ¢ = %, c

3
O.\l

27. x= —gtcos 3t + c¢1 cos 3t + ¢3 sin 3¢.

29. x=— gcos2t+clcost+czsmt c1_3,02_2

3t _ 6e3t+c1e +cre” 2t

31. x:%te
33. xp=(Aot + A1tH)el, x =—}—tte’ — ‘l—ttze’ +c1e3 +ere.
35. x =% sin 4t + ¢ cos 4t + ¢ sin 4t.

37. xp=A1€e cos3t+ Aze' sin3t, x = —%e’ cos 3t 4 c1e’ cos 2t + core’ sin 2t.

39. xp:t(Ao+A1t+A2t2)+A3et,x St— 4t2—|- le’—i———l%e

41. xp:Atze”,ngtze” +cret +eate.

43. xp,=Are' + Arte' + Az x=¢' +te! +2e3 +cre + cpte?.

45. x,= Ao+ A1t + Ast® + Az cos 2t + A4 sin 2t,
x=6-—5t+2:2+ %sin2t+cle’t+cze’4’

47, xp=Ao+ At + Aot x =35 — 2t + 112 4 ce 73

49. x, = At s1n2t+BtcosZt,x_——t0052t+61 cos 2t + ¢p sin 2t.

51. xp, =(A1+ Axt)e', x =—3¢' +1¢ +ce?/3,

53. xp= Ao+ A1t + Apt? + Azt + Ast* + Asto.

55. xp=t(Ag+ At + Axt? + Ast?).

57. x, = Ae.

59. x, = Ate*.

61. x,=At?e™!

63. x, =1>(Ag+ A1t + Ast? + Astd)e™

65. xp =1(Ag+ A1t + Axt? + A3t> + Agr* + Aspd).

67. xp=12(Ao+ A1t + Ast? + Ast® + Aar*)e?.

69. x,=1(Ag+ Art + Art?)e? + Aze™.

71. xp = Acos 5t + B sin 5t.

73. xp = (Ao + A1t + Ast?) cos 4t + (Bo + Byt + Bat?) sin 4t.

75. xp=t(Acos5t+ Bsin5t).

71. xp = Ate' sin2t + Bte' cos2t.

79. xp=(Ag+ A1t)e " sin2t + (Bo + Bit)e " cos2t.

81. xp:(Ao—}-Alt—i-Aztz)e’ cost + (By+ Bit + Bat2)e' sint.

83. x, =Ajte " cost+ Bite " sint + Ase’ cost + Bye' sint.
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xp=Ate”" 4+ Bte' +e'(Dcost + Esint).

393

87. x, =t(Ag+ A1) cos4t +1(By+ Bit) sin4t + Are™" sin4t + Bre™ cos 4t

89.

91.
93.
95.

97.

99.
101.
103.
105.
107.
109.
111.
113.
115.

+ A3e_4t.

-+ Agte' sint + Agte'cost.
xp=(Ao+ Ait)e' cos3t + (By+ Bjt)e' sin3t.

Xp=1(Ag+ A1t + Aat® + Ast>)e=% cos 3t +1(By + Bit + Bot?
+ B3t3)e % sin 31.

(@) xp =12(Ag + At + Axt? + A3t?) (b) x = 95> + 213 — 1.

x=e* +ciel +carel + cst?el.

xz%cost—i—cl +coe’ +cze .

Xxp=Atcost+ Btsint+ Ct, x=—tcost+ 3t —2sint.

x= —%e’ — %tel +c1e® + cre ™ 4¢3 c08 2t + ¢4 8in 21

X = —%63’ + %tez’ +erel + e + c3e? +cqe .

xp=1(Ag+ At + Azt?)e’.

xp =14 (Ao + At + Aot? + Ast3)e' + (As + Ast + Agt?)e ™.

xp=t(Ae " cost+ Be ' sint).

2.7 Mechanical Vibrations II: Forced Response

Friction is Absent (§ =0)

1.

3

13.
15.
17.
19.
21.
23.
25.
27.

_ 1
M= 10072"
. k= 144(22)%72.
10 10
140272 <M< Goyzz-
8 1
1527
m=(2407%)"g.
mg=kd,mx" =Fr =—k(x +d) +mg=—kx, mx" +kx=0.
x= ﬁ(cos wt — cos wpt) + xp cos wot.
xX= kffwﬂ (sin wt — w% sin wot) + xg cos wyt.
X = ~L—1sinwt.

— 2mw
X = % cos 5t + ¢y cos 2t + ¢ sin 2t.

X = —2% cos 5t +cre? + cye 2,
x= %t sin 2t + ¢j cos 2t + ¢3 sin 2t.

X = 5t sinwt 4+ ¢1 cos wt + ¢ sin wt.

x, =1(Ag+ A1t + Axt®)e % cos 2t +1(Bgy + Bit + Bat?)e % sin 2t.
p=t(

xp= (Ao + At + Aot>+ Ast®)e~sint+ (As + Ast + Agt>+A7t3)e ™" cost

rt 443+ 8r2 4+ 8r+4 =2 +2r +2)%, Xp =12(Ae " cost + Be ' sint).
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Friction is Present (6 > 0)
29. x (1) = 73 cos4t + 73 sin4t = ‘g cos(4t — ¢),where tan ¢ = 3, ¢=1212.
31. x(t) = 29 cos 2t+29 sin 2t_r cos(2t — ¢),where tan ¢ = 9 , 9 =0.72661.
33. x(t) = 208 cos H_ZOS sint = 32‘{); cos(t—¢),where tan p = —5, p=1.7682.
35. x(t)=— 10 cost + 10 sint = 10 cos(t —¢), tan¢p = %, ¢ =2.8198.
37 x(t)=—% Zcost + 5 sint = f cos(t —¢),tanp = 5, ¢ =2.6779.
39. x(t)=—3 Lcost = 3 cos(t ¢), tangp =0, ¢p =m.
41. If y < % maximum occurs at z =1 —2y2 or w =wp/1 —2y2. As y — 0,

NG

o — wo. If y > 5=, the maximum occurs at @ = 0 since 3—5) #0forallw>0
and y —> 0 as w — o0.

2.8 Linear Electric Cicuits

1. q:%cost—l—%sint—%e”+21—6e’5’,
i—_ 56 9 1,—t_ 5 =5t
I =—13sInt+ {3c08t + 3¢ 26€ -

3. q=34+6e70 — 77! i =370 4 77!

5. L <10(607) 2 or L > 10(4071)—2.

1 ée cost — e "sint, O<t<m

7. q(t) =
1 2( 7”+1)e”(cost+s1nt) T <t<2m.

2n

8 F------

9. dE=Lii'+ Lqq' = (Li' + Lg)i = 0i = 0.
11. g(0)=—755,i(0) =
17, 1= 2

2.9 Euler Equation

1. x=cit+cpt™ L.
3. x=cit ' 4+ct 'int.



Answers to Odd-Numbered Exercises 395

X =clt_1/2 +czl‘_l/2 Int.

7. x=2"1—s2

2.10

x=crcos(2Int) + ¢ sin(2Int).

. x=1"Yeycos(vTInt) + ¢z sin(x/7 Int)].
13.
15.

17.
19.

x=cit" +cat" Int.

dx dxdy _ .dx1 _ dx
a)r5; =lavdr =ldyr=dy (etc.).
x=cit+cat~ +c3cos(nt) + ca sin(In 7).

x=cit+cotlnr+c3r(Ine)?.

Variation of Parameters (Second-Order)

.x——e +cle +cre” ,yes.

3. x=(sint)In|sint| —tcost + ¢y sint + ¢y cost, no.

5. x=[—1In|sect+tant|+sint]cost 4+ (—cost)sint +cjcost + ¢y sint =

1.

13.

15.
17.
19.

21.
23.
25.

2.11

x=(

(—cost)In|sect +tant|+ ¢y cost + cp sint, no.

x=—JeHIn(1+e¥)+e " tan~l e’ + e +cre’, no.

x= —%t7/2e3’ + %[5/2l€3t +ced et = 34—5t7/ze3’ + 183 + cate®, no.
—1 ~

x= —h}T[e"/z - [Tte_l/2 +ere 2 4 epre? = —h}T[e"/z +Cle /2 4

cate™ /% no.

Lte 2 4 c1e’ 4+ Cre™?, yes.

X = (—21—56_5t)€3t—%l€_2t+C]€3t+C2€_2t :-é

_ 2
x—7+c1t+czt .
x=—tV—r Tttt t=—r"nt+c; + L.
Use formulas for v and v} with v; = fot vi(s)ds and x, = vix] + v2x2.

) _2 P _

fé sinh(t —s)e 5 ds +cre' +cre™!, sinhz = %ez — %e z,
t _ i~ 1 _ _

_ fO [eS(s t) _62(3 l)]s+1ds +cre 2t + e 3t'

—1 1 rt e
y=vit+ vyt~ !, where v; =5 [] i—zds—i—cl,vg———e +ca.

Variation of Parameters (nth Order)

";T) 1—|—(%) e’+<%t> e+ ~|—czet+C3e_’=%+c1 +

crel +cze.

. x=(—%—§+§)1+(§—§)t—§t2—(t+l)e—’ ‘yoit et +

2 r_ P~ ~ 2 t
c3t” +cqe ——2——g—|—01+czt+C3t +cqe’.
x=—Lel — 17! 2t—i—l el terel + e +eze =Sl e +
cre 437t
x:—%e"e’ 2ee +1 2 2’—}—016’+cze_t+63e_2’=—%+c1e’

+ et +eze 2,
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11.

15.

17.

19.

21.

Answers to Odd-Numbered Exercises
X = ée’ — %ezze_t + 31—264’6_3’ +erel + e +eze N = %te’ +¢1et +

x= % Inte '+t Lre ™) — ;llt_’tze_’ +crel +oate +e3tie ! =
% Inte™' +&e~! 4+ cpre™ + c3t2et.

Z%tm/zezr—%t11/2t62[+%t9/2t262t+61€2t+C2t€2[+63t262t=

12887t13/262t +C]€2t +C2t€2t +C3l2€2t.

=

X = ﬁﬁe’ — it%et + %ttze’ +crel + e + ct?e! = %ﬁe’ +c1et +
cate! + cst?el.

X = %t41 + %t3t — %t”ztl/2 +c1 +cot +c3t1/2 = ﬁt“ +c1+cot ~|—c3t1/2.

Chapter 3: The Laplace Transform

3.1 Definition and Basic Properties

15.

A e

lim,_,,+ f(t) does not exist.

Continuous except at t = 1; lim,_, ;+ f(¢), lim,_, - f(¢) exist.
(1—e"%)/s.

(1—2e +e %) /52

st . _ _ e B
Jo~ e sinatdt =limp_, o0 (s> + a*) "} (—ae™" cosat —se™*" smat)|t=0.

17. ===

19.

21.

23.

25.

27.

29.

31.

33.

35.

_ s—4
F() = a0
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3. F©) = G-
— s+4
41. F(s)—(Y 2)7
43, F(s)= (s+2)7
— ! 6 1
45. F(s)= (s73)6 + 37 + 33
47. t—1.
49. %sin3t.
51. 1T+¢.

53. 3—7t+ 19sint.
55. 3cos4t+‘7—‘sin4t.
57. f(t) =53 +7¢&.
59. f()=41.

61. f(t)=%sin3t.

63. f(t) =231’

65. f(t)= [sm[

67. f(t)=At2e".

69. f(t)=e cos3t.

71. f(t)=1Ze" sin4t.

73. f(t)=e " cos/5t.

77. Yes.

79. | f(t)e S| < Me* e " = Me®" and [ @™ dt converges if 5 > .

3.1.2 Derivative Theorem (Optional)

81. F(s):ﬁ.
2
83. F(s):ﬁ.
85. F(s)= —2 5 — 2

(2492 (s249)3°

6(s—5

_ (s+4%-25
89. F(s)= (e

91. f(t)=4te 3.
93. f(t)=2tsin3t.
95. f(t)=tcos3t.
97. f(t)=35(% sin3t — cos 3t).
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99. f(t)=73(sint —tcost)+1tsint.
101. Use change of variables 7 = ct.
103. If F(s):rla),then F®(s)=(—1)"—2

(S*L{)”'H .

3.2 Inverse Laplace Transforms (Roots, Quadratics,
and Partial Fractions)

1,,3 -
. _(et_ 3[)
. Scos/Tt — L sm\/_t
1 —t

. cosht—i—Zsmhtor Qe — e

14¢.
L2t 2,0
3€ ze'.

4 —3t+4 2t

._‘.\0.\101w~

13. € cosSt+—e sin 5¢.
15. 2¢3 cos3r+ L “ e sin 3t.
17. 3¢ cost — 17e sint.
19. 3e3 —2¢%.

21. S+ 1 —e.

23. -2+l —f+jge—7f.

25. =342 +e!

2. s =~ B [ =15 — f5¢* (=8 sin 3¢ +cos 3).

29. S3+S22s;-?-26s = _K"'%s??;??:%’ f(6)=—35+35¢~" (=% sin 51429 cos 51).

3. i = sy T s f(0) == 35" + 55(22sin 20 + 3 cos 20).

3B, s = mey B, ()= e + Fel (L sinse+
100055t)

35. 24 sm3t+ cos 3t — 8smt—§cost

37. 3 4 cosh2t — cosht = 3e2’ +3 Zo7! — ée’ — %e".

— 2t 2t
39. 8cosh2t 8cosZt ]66 +166

5 —31 5,3t
41. 5,t 30t e .

43. 4 —t/3

1
— g cos 2t.

3’35t

s2 1 1

— _ 1 1 1 (1. 1
4. (s+3)2(x73)2 T 4s+3)2 12(5+3) + 4(s—3)2 + 12(:—3)* f@)= (42‘ W
1 1\,3
(3t +1)e”
S —__ 1 1 IS PR
A e = T aer Ty ft)y=—5te™" + 5sint.

s+5 1 31 1 S g
Y e =i ooy T T SO =gt
t(1 3.2
e'(5—1+351%).
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51.

53.

55.

57.
59.

61.

63.

65.

67.

s2—s 1 s+4 1.2 1 22s 124

(2442 T 244 (s2+4)2 25244 4 (s2+42 2 (s2+4)2’
— 1l Lo —
f(#)=5sin2f— Zt sin 2t — 7(5 sin 2t —tcosZt) = Z sin 2t —

1, o 1
7! sin 2t + 1 cos 2t.

31 3495—9s5—1 9s+1 3.
TR = LT e Ghyon /(0 =c0s3t — 5t sin 31—
118( sin 37 — 1 cos 31).

3 2

- ~365+36 | s-1 (1 -
e = (s24:3+6) + 530 (1) = 5 (§ sin 67 — 1 cos 61) — 3t sin 61—

é sin 6¢ + cos 6¢.
_ 3s=1 f(t)——le_’(l sin 5¢ —tcosSt) + 3te~" sin 5t
(s2425+10)2° -2 10 ’
52 _ 6525
(524654252 7 (s2+65+25)°

+ S2+6S+25,f(l‘) =—5e73(§sindr —tcos4r) —

4t e 3 sin 4¢ +3 1 o=31 gin 4¢.

_st5 1 31 1 I
FO=tmem=—mm ey crtony /O="207+

e'(d—1+31%).

_ 12 _ 3 3 3 3

F(s)= s(s—8)6 655365 + 2(s—8)°  16(s—8)° + 128(s—8)* 1024(s—8)3+
3 1.3

t —

8192(s—8)% 655363(S—8)’ f= é—% +e (- 8 T 5!~ mtz + 256
ostt + g51%).

Fs)= (s+1§2+(§—1)2 = (s+11)2 + 4(s5+1) + 2(321)2 N 4(55*1)’
fO=e"(G+1)+e (=5 +30).

_ s _ 7 161 527
F(S)_(s2+1)(x77)4_50(s—7)4 625(v )3+2256(s—7)2 2258(%7)""

255 92, f (1) = 5755 [ 527 cost — 336 sint + €7 (— 527+ 57 - 1611~

1500012 + 3713)].

3

3.3 Initial Value Problems for Differential Equations

15.
17.

19.

N A

_ 1432t 1,-2t
zTge” —ge -
e

1 5 —2t 5,3t
3 + —3e .
L3622t

2 2 .

1 -t T 9

T0€ |+ 1g sin3f + {5 cos 3¢.

2,22 11 -2t
5+ 55e 51n3t+13€ cos 3t.

1 —t 5 o
—1+Ze —ze ' +2cost+3sint.
t—é.
%tze_t +te™.

l—t 1 -t

1
Ee COSI+ sint — 7€
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21.
23.
25.
27.

Answers to Odd-Numbered Exercises

y()= —%tcost + % sint.
Y (t) = ¢t sin3t + % sin3t.
y (t) = +tsin2z.

1 1, 1
y (t) =—5tcost+ 5rsint + 5 sint.

3.4 Discontinuous Forcing Functions

1.

13.

15.

17.

FO=3[Ht—2)—Ht—5]+t[Ht—5]=3H(t —2)+ (t —3)H( —5).

- N W s~ 00 N
T

. f@)=sint[l —H(@ —m)]+sint[H(t —27x) — H(t —37)].

y

) AN
t
b4 2n 3n 4n

fO=11-H¢-DI+1[Ht-2)-Ht -3)]=1-H@¢ - 1)+

H(t—-2)—H(t—3).

L fO=¢-DHt-1)-H@¢-2)]+[Ht—-2)—H(t-3)]+

G=—D[H{t-3)—Ht—-d]=t—-DH{t—1)+Q—1)H(t —2)+
G-—0H(—3)— (@4 —1)H(t —4).

fO=Q-D[Ht-1)—H¢-3)1+¢ -4 [Ht—-3)—H(t-5)].
11.

Y(s)=e 2 [Yiz + %:I

Y(s)=e"* [s%—i-s%—i-s%-i-%]-
_ —7s 1

Y(s)=e T [_m]

Y(s)=e 27s [ﬁ]
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19. Y(s) == [5].

21 Y =e el | ot X

23. y(t)=[—e "D+ 1H@t —2)+[—e "D+ 11H(t -3)=
[1—e>'JH(t —2)+[1 —e>H(t —3).

25. y(t)=e "I sin(r — 3)H(t —3).

27. y(t) =sin(t — H(t — 1) — L sin(2(t —2))H (t —2).

29. y(t) =[4+6cos(3(t — 1))]H(t —1.

31. y()=[1 —cos(t —2)]H(t —2)—[1—cos(t —5)H( —5).

3.y = [ — L] —2[- 1 - GR L LD H@ - 1+
[—é =2 2) +3 1 PRI 2)]H(t —2).

35. y(t) = [m + me " cos 3t + %e_’ sin 3t] - [% - %e_(l_” cos3(t —3)—
e " sin3(t —3)|H(t —3).

37. ()= 3[1 —cos2t] — 3[1 —cos(2(t — D)|H (t — D)+
- cos(2(t —2)NH(r — 2) — Il —cos2(t = 3)H(t — 3).

39. y(t) =4 —§cos3t —[§ —§cos3(t —2)H(t —2) + fge2[e P+
3 sin 3(t —2)—cos3(t — 2)]H(t —-2)

41, y(1)=—3€ + 3> + e (530 — SN H (1 - 4).

43. y()=—H(r—%)( 110 —30-3) _ 5cos (t— %)+ % sin (1 — %)) =
—H(1 = %) (15e "2 — fsint — 55 cos1).

45. y(t) = %H(t —3)[(2cos 3 +sin 3) sin(t — 3) + (— cos 3 + 2 sin 3) cos(t — 3)
—1 —20—3)(— cos3+2sin3)]

47. y(t) = 8 sinzt— 4 sin 3t+8H(t —4)[ cos4sin3(t—4)+sin4dcos3(t —4)—
cos4sin(t —4) —sin4 cos(t — 4)]

49. y(t) = ?1L[1 —cos2t]+ % Zflozl(—l)"[l —cos(2(t —n))]H(t — n).

3.5 Periodic Functions

_ 1+e™ ™
L GO =mri=e -

y
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17s7]
3. Gls)= (1 “Si—e)-

7 G(S)— 1 2 —S+le—25 1

s

1 2 3 4 5

0 RY)
9. ;[(t—n)+(t 2") }H(r—n).
11. ) "cos2(t —n) H(t —n).
n=0
S 1 2
13. ;[(t—2)+%H(t—l—2n)i|H(t—2n)
> (t—1—2n)?
=Z(r—2n)H(t—2n)+fH(t—l—2n).
n=0
15. Y [ +sin(t =5 —nw)H(t — 5 —nm) ]| H(t —nm)
n=0

o0
=ZH(t—n71)+sin(t—%—nn)H(r—%—nn).
n=0

17. Z(—l)” [5(t —5n)?H(t —5n) + £(t —5n —2)*H (t — 5n —2)].

19. G(s)= S%cschs = Sz(eie_s) = s2(125_es—2s)‘
oo
gt)=Y 2(t—2n—1)H(t—2n—1).
n=0
1 > ni ni
23. 52{ [2 sin (t — 7) —sin(2t — nn)]H(t — 7)

n=0

+[251n (t—z—E)—sin(2t—n—nn)}H(r—z—ﬂ)}.
2 2 2 2
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00
25. e + Z sinh(t —n)H(t —n) —esinh(t —n—1)H(t —n—1).
n=0

27. 21; n;)[cosh(Z(t —2n)) — 11H (t —2n) — 2[cosh(2(t —2n — 1)) — 1] x
H(t —2n — 1)+ [cosh(2(r — 2n — 2)) — 1]H (t —2n —2).

29"" 1_1°°1_1 11
'rgs"“_s shos1-1 T s —1°

n=0 s

3.6 Integrals and the Convolution Theorem

1. txel=—1t—1+¢.
3.t

5. t —sint.

7. )’(t)=f(; f(‘l:)(%e‘l(t*f)_%el*f)dt.

9. y(t):fO’ f(-,;)(%e3(lfr) _ %673(171))&.
1. y(0) = fy f(D)F sin2(t = D)d + ] sin2r.

13. y()= [y f(0)e 70" Ddr 4277,
15. y(t) = [y f(r)3e' " sin3(t — 1)d.
17. y() = [y f(1)3e 20D sin3(t — 1)dr.

19. X(s)=5"—, x() = %etﬂ sin (+21).

21. X(s) =285 x(ny=2+21.

N

23. X(s)= szs(z%l) x(1) =4t —3sint.

25. x(t)=3-31%
27 |F)| < [T e | f()ldt < [y e Me¥dt = 2 for 5 > a.

—

3.7 Impulses and Distributions

L y)=e 3" DHGE - 1) +e3DH1-2) =33 HI - 1)+
8 g —2).

3. y(t) = $5e 3 Dsin(10¢ — D) H (t — 1)—
e 3D sin(10¢ — ) H(t — 7).

5. 90 =31 —e3) + e 07D — e BEINH (1 - 3).

7. y@)=1+sin(t —2x)H(t —2w)=1+sintH(t — 2m).

9. (a) The following are graphs of the solutions of Exercises 1-4.
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(1) y
1_
1 A t
1 2
2) y
1
N |
5
3) y
0.05
| t
“4) y
1\
" S
o0 n —st
11./ 8" (1 —aye ¥ dt = (—1)" [d (e )] = (=1)" (—s)"e™%
0 dr" t=a

Chapter 4: Linear Systems of Differential Equations and their Phase
Plane

4.2 Introduction to Linear Systems of Differential Equations
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1 3
o1 [1]was [2]
1 2
11. 3, |:O:| and 4, |:1]
13. A2 44, A =42, trace =0+ 0=2i — 2i, det =4 = 2i (—2i).
15. A2 —4r+3,1=1,3. trace=2+2=1+43,det=3=1-3.
17. A==2i.
19. x—cle |:i|+cze [ i|
SN LN
2 2
|4 3
23. x=cje |:1:|+cze |: ]
1
25. x=cje |:1:|+cze [ ]
1
27. x—cle |: i|~|—cze [ :|
0
29 + O
. x=cpeé 1 cre?t |
31. A==2i.
33, A=1=+£1.
35. x=cje ’|:_11:|+cze 3 |:_ ]
37. )c_cle2 |: :|+cze t|: i|
39. x=cje 2’|: i|~|—cze |: :|
41. A=—1+4i.
7|1 1
43. x =cje + cre
1 -1
2] 0
45. oz=0,,8=3,a:[0—,b=[1:|,
x=c1e" [ cos3t 2 —sin 3¢ 0 +c2e% ( cos 3t 0 + sin 3¢ 2
0] 1 1 0
— 2cos 3t Iy 2 sin 3¢t
~ —sin3t 21 cos3t |
1 1
47. a:l,ﬂ:Z,a:[O],b=[3],

1 . 1 1 . 1
x=cieé' (cos 2t [0i| — sin 2¢ |:3i|> + et (cos 2t |:3i| + sin 2¢ [O])

e cos 2t —sin 2¢ el cos 2t 4 sin 2¢
- —3sin2¢ 3cos 2t

405
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406

5,a
x=c1e¥ <cos 5t |:

49. a =0, B

o)

}+sin5t[

] — sin 5¢ [}]) + e <cos 5t |}

1
0

cos 5t — sin 5¢

|

cos 5t + sin 5¢
cos 5t

— sin 5¢ :|+C2|:

af
4.3 Phase Plane for Linear Systems of Differential Equations
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]
>
|
—
| —
—_ |
—
1
>
)
1

2, I:(l)i|, unstable node.

9. A ==2i, center.

7SN\
N

X

o

11. A=1=£1i, unstable spiral.

—
0 N

N/

0 x

<

13. & =—1,|: 11] Ay =3, |: 12 stable node.

\

\

407
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15. X1 =2, |:1j| , Ma=—1, [ ! j|, saddle point.

v

/

17. Ay =-2, |:_13:| , A =—4, |:_11:|, stable node.

N

19. A =—1=£4i, stable sprial.

1N

N

s

[y

21. A1=1,|:1

:| , =T, I:{I, unstable node.
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23. A =42i, center

%

25. M1 =3, I}i| , Ma=1, |:_11], unstable node.

N

27. A= % + i‘/Tg, unstable spiral.

NG

29. M1 =1, [ﬂ , Ay =3, [(1)], saddle point.

+

31. A =1, I}i| , Ay =3, [;i|, unstable node.

%
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33. A1 =X, = 1. Not two distinct eigenvalues.

35. M =1, [(l)j| , Ay =-3, [(1)], saddle point.

!

39.

41.

Chapter 5: Mostly Nonlinear First-Order Equations

5.2 Equilibria and Stability

1. x=0, 1.

3. x=1,2.

5. x=nm forn=0,x1,£2, ... (n any integer).

7. x=0and x=a/bif b#0.

9. x =0 is stable, for x = 1 the linear analysis is inconclusive.
11. x=-1, \/5 are unstable, x =1, —+/3 are stable.

13. x =nm, any integer n, unstable.

15. x=—11n5, stable.
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5.3 One-Dimensional Phase Lines
1. x =01is stable, x =1 is unstable.

dx
dt

3. x =1 is unstable, for x =2 the linear analysis is inconclusive (but x =2 is
unstable).

dx
dt

5. x =n is unstable if n is even and stable if » is odd.

dx
dt |1

7. No equilibria.

dx
dt
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9. For x =0 the linear analysis is inconclusive (but x = 0 is unstable).

dx
dt
X

11. For x =3 the linear analysis is inconclusive (but x = 3 is unstable).

dx
dt
X
—>
3

13. x =1, 3 are stable and x =2, 4 are unstable.

15. X

E

\
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Y1

[

-1

T

3

19. [4 = [di=—1+c, x=—. Note that ¢>0 if x(0) <0 and ¢ <0
if x(0) > 0. If x(0) > 0 and x(0) is close to zero, then x(¢) increases, so not
stable.

21. From Exercise 19, x(1) = — - and ¢ > 0if x(0) < 0. Thus lim; _, o, x (1) =0.
x(t) is defined for all positive ¢ and never reaches zero in finite time.

5.4 Applications to Population Dynamics: The Logistic Equation

1. a) growth rate =a — bx?. The growth rate is positive for x < \/% and the

. . a
growth rate is negative for x > \/; .

b) |9x
) dt
X
_\/E
b
c) X
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7. a) growth rate =a + bx. The growth rate increases as x increases.

b) dx
dt
X
c) X
Finite time
i explosion
1 (seed)
0 ' t
a
d)x(@)= b .
0=
1 —b
9. A)a=f=— fg=—In L2
2b a bxg
¢)lim; ,tanh =1, lim;_, o tanh r =—1.
tanh t
1 ____________
t
_____________ -
d) and e)
x(t)
al
b _
a+P= %
o-B=0

11. f(0)=a = a=0. f'(Q)=>b+2cQ. Condition (¢) = ¢ < 0. Condition (b)
= b > 0. Thus ”Z—?:rQ—kQZ where r =b, k = —c.
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Chapter 6: Nonlinear Systems of Differential Equations in the Plane

6.2 Equilibria of Nonlinear Systems, Linear Stability Analysis of
Equilibrium, and Phase Plane

1. (a) and (b) Equilibrium (0, 0): A=

1 0
]

1 0
0 2 A =1, 2 so unstable node.

Equilibrium (§, —1): A= 2 (7) X ==£+/2 so saddle point.
v
c) l
€) y
4 £ 1
==
~Er
o W y=1
lll&ll )l«:Q [
T “f)(:\(ﬁt
-3
e 2 0
3. (a) and (b) Equilibrium (0, 0): A = 0 1 , A =2, 1 so unstable node.

s [}

Equilibrium (1, 1): A=

B
=2 Y] a- I,[z],
(

0 , . = £+/2 s0 saddle point.

<)

<

T
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e) y
U
TANT
i -
4 TR T
b g . X
~\_r
+./ + 1 -
x=1
5. (a) and (b) Equilibrium (0, 0): A = _12 _21 , =0, 3 so borderline case.

Will not be stable. A =0, [i}, A=3, [_12}

1

0

Equilibrium (1,1): A= |: 0

1
- [!]

S X

_21}, A=1,2 so unstable node. A=1, [1],

I
1"<

—
-1—.

SRR .\’ 7(H
A

0o -2

7. (a) and (b) Equilibrium (1,1): A= 2 0

1 1
S

], A =2, —2 saddlepoint.
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0 2

Equilibrium (-1, —-1): A= |:2 0

1
-

Equilibrium (1, —1): A= [
different).

], A =2, -2 saddlepoint. A=2, [}],

0 2

_5 0:|, A ==2i, center (nonlinear may be

Equilibrium (—1,1): A= [g _021| , A ==£2i, center (nonlinear may be dif-
ferent).
C) \-(/

® | ¥
X | @

e) y

Tt
|:_|l: %’*HTLA‘ «%ﬁl
XRE} W"' z"_»”%l
™ T AT
|*|¥{ﬁﬂf‘f'| ||\
‘}J «_'K"'\J J‘}‘
N F T

1

9. (a) and (b) Equilibrium (0, 0): A= |:1

Equilibrium (—2,2): A= [_13 _11] A =—12+/3, saddlepoint.

A=—1—1/3, [_241“/5},,\:—14“/3 [_2Iﬂ,

o _)
%

C 2D

[ N

_11:|, A =121, unstable spiral.
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e) y
Yo
RN L
-I—»
11. (a) and (b) Equilibrium (0, 0): A= |:_21 :%:I, A =—142i, stable spira
c)
(7w 1
®

1V

e) y

._l-

4

1.

13. (0, 0), saddle; (% O), stable node; (1, —7), saddle.
15. (0, 0), saddle; (—3, 0), stable node; (1, %), unstable spiral.
17. (0, 0), saddle; (—%, O), stable node; (1, 9), unstable node.

6.3 Population Models

20

1. Equilibrium (0, 0): A:|:O 6

=)

i|, A=2,6, unstable node, A=2: |:

1

Answers to Odd-Numbered Exercises

1.

1
0

|
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Equilibrium (2, 0): A = [_02 :é}, A =—2, —6, stable node, > = —2: [(1) ,
_1_ =
r=—6: B
e -1 -1 . 1]
Equilibrium (1, 1): A= 6 0| A =2, -3, saddlepoint, A =2: a3l
_1_ -
r=—3: B
b)

3. Equilibrium (0,0): A=

-

0
1

1
(@) S]]

:|, k:%,l, unstable node, A:%: |:1:|,



420

1
Equilibrium (0, 1): A = %

1. 1

Equilibrium (3,0): A=

6
3.
A—S'[—n}’

b)
;

Answers to Odd-Numbered Exercises

0

0
—_1 _ -1
_1],A_ 7 1, stable node, A = —1: |:1],

_3
%44:—% 3 saddlepoint, = —3: [(1)]

LS.
0 3/8
¢) See combined figure for part d.
d v
Y
1 -+
AN
4
1

3/8

3

5. Equilibrium (0, 0): A = [0

0]
e -3
Equilibrium (3,0): A= |: 0
3
r=2 [_5_,
e -1
Equilibrium (1, 2): A= [ )

b)

| &
| N,

_01], A =3, —1, saddlepoint, . = 3: |:1],

X

0

-3 . 1
> i|, A= -3, 2, saddlepoint, A = —3: [O]’

_01], A=(—1% i«/7)/2, stable spiral,
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¢) and d) combined

\V‘—l- __t_

A 4
Y
A

7. Equilibrium (0, 0): A=[O _OJ, A=3.—1, saddlepoint, A=3: [é]

=[]

Equilibrium (4, 3): A= [2 :gi|, A= (—3+i+/39)/2, stable spiral,

b)
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9. Equilibrium (0, 0): A:|:

11.
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3

0 _()1i|, A=3, —1, saddlepoint, A=3:

ho=—1: m

Equilibrium (3,0): A= N _9}, A=-3, 1, saddlepoint, » = —3: (1)

N —

18

_ 1.

i[2]
_9 _Z

Equilibrium (%, é): A= 14 ‘1‘ A= %, stable node,
| 8 3

b)

c)

g 32 X
ey 1 0 1 . 1
Equilibrium (0,0): A= 0 s )»:1,—5, saddlepoint, A =1: ol
2
0
1.

1 _1

Equilibrium (1,2): A= % 02 ,k:%:l:%i\/g unstable spiral,
2

b)

-

@
.

0

=
>
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¢) and d) combined

y

v B

V\L-I——' \::j

> > >
-1 3
13. Equilibrium 7*=0,v=0; A= | _42 R A:—%,—%, stable node,
3 1
_ 1. _ 5.
S
b) v
™

c) v

15. Equilibrium 7*=0,v=0; A= -1

-+ 2]

A= —%, %, saddle point, A = %:
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b) v
T
<) y=v
1+ 1

6.4 Mechanical Systems

saddle
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3. /
AN //

; center

=]

\ /

saddle

center center
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x? Xt
7. V(x) =—— — —. Equilibrium x =0 is a saddlepoint.
2 4

2 4
9. V(ix)= —% + xz Equilibrium x =0 is a saddlepoint while x ==+1 are

centers.
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11. V(x)=3x2—x> Equilibrium x =0 is a center and x =2 is a saddlepoint.

17.
19.
21.

23.

x =2nm are stable spirals, x =7 + 2nm are saddlepoints
x =2nm are stable nodes, x = + 2n7 are saddlepoints
Same phase plane as in Figure 6.4.5.

- 0 T 2n 3n

4n

Sn
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25.

- 0 T 2n 3n 4 5n
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acceleration, 8

AIDS, 334

amplitude, 129

amplitude of oscillation, 129

amplitude of the forcing, 159

associated homogeneous
equation, 37

asymptotically stable, 317

autonomous, 21, 315, 316

beat, 167
branch, 82

capacitance, 84

capacitor, 84

carbon-14 dating, 72

Cauchy-Euler equation, 180

center, 308, 367

centers, 307

characteristic equation, 113,
273, 295

characteristic polynomial,
113, 277

chemical reactions, 333

circuit, 82

circuits, 265, 266

circular frequency, 131, 175

complex conjugate, 116, 276

conservation of energy, 365

constant coefficient, 112

continuous compounding,
63

convergent integral, 198

cooling, 69

cost of living, 72

Cramer’s rule, 191

critical damping ratio, 170

critically damped, 139

current, 4, 82

current law, 174

current source, 85

damped oscillation, 136
damping constant, 126
dashpot, 126

decay, 59

determinant, 272
direction field, 19, 289
discontinuous input, 52
distributed parameter, 82
distribution, 261
divergent integral, 198
doubling time, 61

drag, 89

effective interest rate, 63
eigenvalues, 271, 272;
repeated, 281
eigenvector, 271, 272
elastic potential energy, 134
electrical circuits, 332
electronic circuit, 4
electronic circuits, 82
elimination, 267
equidimensional equation,
180
equidimensionality, 184
equilibria, 335
equilibrium, 290, 316;
asymptotically stable,
292, 298; stable, 290;
unstable, 290
equilibrium solution, 69
equilibriums, 51
equipotentials, 92
error, 33
Euler equation, 179
Euler formula, 106, 116
Euler’s formula, 117
Euler’s method, 31
existence, 25
explicit solution, 16
exponential order, 199

farad, 84

first-order, 4

flux lines, 92

forcing frequency, 159
forcing function, 37, 159
form, 143, 148, 149, 152

free response, 128
frequency, 131
frequency-response
diagram, 160
fundamental set, 97, 103

general solution, 5, 42
gravity, 8

Green’s function, 47, 190
growth, 59

growth rate, 59

half-life, 66
Heaviside, 234

hertz, 131
homogeneous, 37, 96
Hooke’s law, 3, 125

identity matrix, 271

implicit solution, 16

impulse function, 261

indicial equation, 180

inductance, 84

inductor, 84

inflow, 74

influence function, 47, 190

initial value problem, 6

input, 37, 159

input voltage, 179

input-output voltage, 179

inverse Laplace transform,
200

isobars, 92

isotherms, 92

Jacobian matrix, 337
jump discontinuity, 199

kinetic energy, 134, 365
Kirchoff’s laws, 83

Laplace transform, 197
Legendre equation, 112
linear combination, 97, 103
linear damping, 89
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linear differential equation,
37

linear systems, 268

linearization, 318, 339

linearized stability analysis,
321

linearly independent, 97

local, 339

logistic equation, 15, 328

loop, 82

lumped parameter, 82

mechanical energy, 134

mechanical systems, 333

mechanics, 88

method of reduction of
order, 107

method of undetermined
coefficients, 153

method of variation of
parameters, 185

mixing problem, 266, 272

mixing problems, 74

modeling process, 1

natural frequency, 131
natural response, 128
neutrally stable, 321
Newton’s law, 3, 124
Newton’s law of motion, 8
nonhomogeneous term,
37
nonlinear differential
equation, 37
nonlinear oscillator, 375
note, 82
nullclines, 344
numerical approach, 2

ohm, 83

one-dimensional phase line,
322

operating points, 51

orbit, 287

order, 2

order of numerical method,
33

ordinary differential
equation, 2

orthogonal family, 92

orthogonal trajectories, 92

outflow, 74

output, 37, 159

output voltage, 179

overdamping, 138

particular solution, 37

pendulum, 363

Perelson AIDS model, 334

period, 130, 375

periodic function, 248

phase angle, 129

Phase plane, 335

phase plane, 287

piecewise continuous,
199

population models, 328,
333, 349

position, 8

potential, 82

potential energy, 365

predator, 356

predator-prey, 356

prey, 356

principle of superposition,
146

pseudo (circular) frequency,
136

qualitative approach, 1

radioactive decay, 65, 67
rate of inflation, 72
resistance, 83, 89
resistor, 83

resonance, 162
response, 159
right-hand side, 37

rule of 70, 62

saddle point, 294, 301
separable, 13
separatrices, 373
separatrix, 372

simple harmonic motion,
130

solution, 4

solution curve, 287

spiral, 304; stable, 304, 306;
unstable, 304, 306

spring constant, 126

spring-mass system, 374

stability analysis, 335

stable, 317, 367

stable node, 292, 298

steady-state, 316

steady-state solutions, 51

step size, 31

stiff, 36

stream lines, 92

systems, 265

tangent line approximation,
318

Taylor polynomial, 318

time-damped amplitude, 136

trace, 283

trajectory, 287

transient, 168

trivial solution, 39

underdamped, 136

undetermined coefficients,
143

uniqueness, 25, 200

unit step, 234

unstable, 317

unstable node, 296

unstable saddle point, 302

v-i characteristic, 84, 332
vector field, 19, 289
velocity, 8

voltage, 82

voltage law, 174

voltage source, 85

weight, 9
Wronskian, 102

yield, 63
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