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Preface

Arguably, one of the principles underpinning classroom success is that the instructor
always knows best. Whether this mildly dictatorial premise is correct or not, it seems
logical that performance can only improve if said instructor also pays attention to
customer feedback. Students’ opinion sometimes contains valuable points and, properly
canvassed and interpreted, may exercise a positive influence on the quality of a course
and the manner of its teaching.

When I polled my students about what they wanted from a textbook, their answers
clustered around five main issues.

The book should be easy to follow without being excessively verbose. A crisp, con-
cise, and to-the-point style is much preferred to long-winded explanations that tend to
obscure the topic and make the reader lose the thread of the argument.

The book should not talk down to the readers. Students feel slighted when they are
treated as if they have no basic knowledge of mathematics, and many regard the multi-
colored, heavily illustrated texts as better suited for inexperienced high schoolers than
for second-year university undergraduates.

The book should keep the theory to a minimum. Lengthy and convoluted proofs should
be dropped in favor of a wide variety of illustrative examples and practice exercises.

The book should not embed computational devices in the instruction process. Although
born in the age of the computer, a majority of students candidly admit that they do
not learn much from electronic number-crunching.

The book should be ‘slim’. The size and weight of a 500-page volume tend to discour-
age potential readers and bode ill for its selling price.

In my view, a book that tries to be ‘all things to all men’ often ends up disappoint-
ing its intended audience, who might derive greater profit from a less ambitious but
more focused text composed with a twist of pragmatism. The textbooks on differential
equations currently on the market, while professionally written and very comprehen-
sive, fail, I believe, on at least one of the above criteria; by contrast, this book attempts
to comply with the entire set. To what extent it has succeeded is for the end user to
decide. All T can say at this stage is that students in my institution and elsewhere, hav-
ing adopted an earlier draft as prescribed text, declared themselves fully satisfied by it
and agreed that every one of the goals on the above wish list had been met. The final
version incorporates several additions and changes that answer some of their comments
and a number of suggestions received from other colleagues involved in the teaching of
the subject.

In earlier times, mathematical analysis was tackled from the outset with what is called
the e-0 methodology. Those times are now long gone. Today, with a few exceptions, all
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viii Preface

science and engineering students, including mathematics majors, start by going through
Calculus I, IT, and III, where they learn the mechanics of differentiation and integration
but are not shown the proofs of some of the statements in which the formal technics are
rooted, because they have not been exposed yet to the e—§ language. Those who want
to see these proofs enroll in Advanced Calculus. Consequently, the natural continuation
of the primary Calculus sequence for all students is a differential equations course
that teaches them solution techniques without the proofs of a number of fundamental
theorems. The missing proofs are discussed later in an Advanced Differential Equations
sequel (compulsory for mathematics majors and optional for the interested engineering
students), where they are developed with the help of Advanced Calculus concepts. This
book is intended for use with the first—elementary—differential equations course, taken
by mathematics, physics, and engineering students alike.

Omitted proofs aside, every building block of every method described in this textbook
is assembled with total rigor and accuracy.

The book is written in a style that uses words (sparingly) as a bonding agent between
consecutive mathematical passages, keeping the author’s presence in the background
and allowing the mathematics to be the dominant voice. This should help the readers
navigate the material quite comfortably on their own. After the first examples in each
section or subsection are solved with full details, the solutions to the rest of them
are presented more succinctly: every intermediate stage is explained, but incidental
computation (integration by parts or by substitution, finding the roots of polynomial
equations, etc.) is entrusted to the students, who have learned the basics of calculus
and algebra and should thus be able to perform it routinely.

The contents, somewhat in excess of what can be covered during one semester, include
all the classical topics expected to be found in a first course on ordinary differential
equations. Numerical methods are off the ingredient list since, in my view, they fall
under the jurisdiction of numerical analysis. Besides, students are already acquainted
with such approximating procedures from Calculus II, where they are introduced to
Euler’s method. Graphs are used only occasionally, to offer help with less intuitive
concepts (for instance, the stability of an equilibrium solution) and not to present a
visual image of the solution of every example. If the students are interested in the
latter, they can generate it themselves in the computer lab, where qualified guidance is
normally provided.

The book formally splits the ‘pure’ and ‘applied’ sides of the subject by placing the
investigation of selected mathematical models in separate chapters. Boundary value
problems are touched upon briefly (for the benefit of the undergraduates who intend to
go on to study partial differential equations) but without reference to Sturm—Liouville
analysis.

Although only about 260 pages long, the book contains 232 worked examples and 810
exercises. There is no duplication among the examples: no two of them are of exactly
the same kind, as they are intended to make the user understand how the methods are
applied in a variety of circumstances. The exercises aim to cement this knowledge and
are all suitable as homework; indeed, each and every one of them is part of my students’
assignments.

Computer algebra software—specifically, Mathematica®—is employed in the book
for only one purpose: to show how to verify quickly that the solutions obtained are
correct. Since, in spite of its name, this package has not been created by mathematicians,
it does not always do what a mathematician wants. In many other respects, it is a
perfectly good instrument, which, it is hoped, will keep on improving so that when,
say, version 54 is released, all existing deficiencies will have been eliminated. I take
the view that to learn mathematics properly, one must use pencil and paper and solve
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problems by brain and hand alone. To encourage and facilitate this process, almost all
the examples and exercises in the book have been constructed with integers and a few
easily managed fractions as coefficients and constant terms.

Truth be told, it often seems that the aim of the average student in any course
these days is to do just enough to pass it and earn the credits. This book provides
such students with everything they need to reach their goal. The gifted ones, who are
interested not only in the how but also in the why of mathematical methods and try
hard to improve from a routinely achieved 95% on their tests to a full 100%, can use
the book as a springboard for progress to more specialized sources (see the list under
Further Reading) or for joining an advanced course where the theoretical aspects left
out of the basic one are thoroughly investigated and explained.

And now, two side issues related to mathematics, though not necessarily to differen-
tial equations.

Scientists, and especially mathematicians, need in their work more symbols than the
Latin alphabet has to offer. This forces them to borrow from other scripts, among which
Greek is the runaway favorite. However, academics—even English-speaking ones—
cannot agree on a common pronunciation of the Greek letters. My choice is to go to
the source, so to speak, and simply follow the way of the Greeks themselves. If anyone
else is tempted to try my solution, they can find details in Appendix D.

Many instructors would probably agree that one of the reasons why some students
do not get the high grades they aspire to is a cocktail of annoying bad habits and incor-
rect algebra and calculus manipulation ‘techniques’ acquired (along with the misuse of
the word “like”) in elementary school. My book Dude, Can You Count? (Copernicus,
Springer, 2009) systematically collects the most common of these bloopers and shows
how any number of absurdities can be ‘proved’ if such errors are accepted as legitimate
mathematical handling. Dude is recommended reading for my classroom attendees, who,
I am pleased to report, now commit far fewer errors in their written presentations than
they used to. Alas, the cure for the “like” affliction continues to elude me.

This book would not have seen the light of day without the special assistance that
I received from Elizabeth Loew, my mathematics editor at Springer-New York. She
monitored the evolution of the manuscript at every stage, offered advice and encourage-
ment, and was particularly understanding over deadlines. I wish to express my gratitude
to her for all the help she gave me during the completion of this project.

I am also indebted to my colleagues Peyton Cook and Kimberly Adams, who trawled
the text for errors and misprints and made very useful remarks; to Geoffrey Price for
useful discussions; and to Dale Doty, our departmental Mathematica® guru. (Readers
interested in finding out more about this software are directed to the web site http://
www.wolfram.com/mathematica/.)

Finally, I want to acknowledge my students for their interest in working through all
the examples and exercises and for flagging up anything that caught their attention as
being inaccurate or incomplete.

My wife, of course, receives the highest accolade for her inspiring professionalism,
patience, and steadfast support.

Tulsa, OK, USA Christian Constanda


http://www.wolfram.com/mathematica/.
http://www.wolfram.com/mathematica/.
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Chapter 1
Introduction

Mathematical modeling is one of the most important and powerful methods for studying
phenomena occurring in our universe. Generally speaking, such a model is made up
of one or several equations from which we aim to determine one or several unknown
quantities of interest in terms of other, prescribed, quantities. The unknown quantities
turn out in many cases to be functions of a set of variables. Since very often the physical
or empirical laws governing evolutionary processes implicate the rates of change of these
functions with respect to their variables, and since rates of change are represented in
mathematics by derivatives, it is important for us to gain knowledge of how to solve
equations where the unknown functions occur together with their derivatives.

Mathematical modeling consists broadly of three stages: the construction of the
model in the form of a collection of equations, the solution of these equations, and the
interpretation of the results from a practical point of view. In what follows we are con-
cerned mostly with the second stage, although at times we briefly touch upon the other
two as well. Furthermore, we restrict our attention to equations where the unknowns
are functions of only one independent (real) variable. We also assume throughout that
every equation we mention and study obeys the principle of physical unit consistency,
and that the quantities involved have been scaled and non-dimensionalized according
to some suitable criteria. Consequently, with very few exceptions, no explicit reference
will be made to any physical units.

1.1 Calculus Prerequisites

Let f be a function of a variable z, defined on an interval J of the real line. We denote
by f(z) the value of f at x.

Leaving full mathematical rigor aside, we recall that f is said to have a limit « at a
point zg in J if the values f(x) get arbitrarily close to « as x gets arbitrarily close to
xo from either side of zg; in this case, we write

lim f(z) = a.

T—rT0

We also say that f is continuous at xq if

lim f(z) = f(zo),

T—rT0

C. Constanda, Differential Equations: A Primer for Scientists and Engineers, Springer 1
Undergraduate Texts in Mathematics and Technology, DOI 10.1007/978-1-4614-7297-1_1,
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2 1 Introduction

and that f is differentiable at xq if

F(20) = lim f(zo+h) — f(xo)

h—0 h

exists. If this happens at every point in J, the function f is said to be differentiable on
J and f’ is called the (first-order) derivative of f. This process can be generalized to
define higher-order derivatives. We denote the derivatives of f by f/, f”, f", f®, f©),
and so on; alternatively, sometimes we use the more formal notation

af  d2f  dBf

dz’ dz®’  da®

Since at some points in the book we have brief encounters with functions of several
variables, it is useful to list in advance some of the properties of these functions that
are relevant to their differentiation and integration. For simplicity and without loss of
generality, we confine ourselves to the two-dimensional case.

Let f be a function of two variables « and y, defined in a region S (called the domain
of f) in the Cartesian (z, y)-plane. We denote the value of f at a point P(x,y) in S by
f(z,y) or f(P).

(i) The function f is said to have a limit a at a point Py in its domain S if

A f(P) =,
with P approaching P, on any path lying in S. The function f is called continuous
at PO if
lim f(P)= f(P).

P‘)P{)

(ii) Suppose that we fix the value of y. Then f becomes a function f; that depends on
2 alone. If f; is differentiable, we call f{ the partial derivative of f with respect to
z and write
of

fimtfo=5.

The other way around, when z is fixed, f becomes a function fs of y alone, which,
if differentiable, defines the partial derivative of f with respect to y, denoted by

0
f2 fy a£

Formally, the definitions of these first-order partial derivatives are

S+ hyy) = f (@) f,y+h) = fw,y)

h o fylz,y) = Jimy h

fo(z,y) = lim

h—0

(iii) We can repeat the above process starting with f, and then f,, and define the
second-order partial derivatives of f, namely

of\ _o*f of\ _ 9*f
foo = fede =5, (a) =gz S == ay (a) = Byos
B ar\ _ of af\ _ &f



1.2 Differential Equations and Their Solutions 3

If the mized second-order derivatives fy, and f,, are continuous in a disk (that
is, in a finite region bounded by a circle) inside the domain S of f, then fo, = fyz
at every point in that disk. Since all the functions in our examples satisfy this
continuity condition, we will not verify it explicitly.

(iv) The differential of the function f is

df = fodo + f, dy.

(v) The chain rule of differentiation is also a logical extension of the same rule for
functions of one variable. Thus, if x = z(r,s), y = y(r,s), and f(z,y) = g(r,s),
then

gT:fmxr+fyyr7 gs:fwxs+fyys-

(vi) When we evaluate the indefinite integral of a two-variable function f with respect
to one of its variables, the arbitrary constant of integration is a constant only as
far as that variable is concerned, but may depend on the other variable. If, say, F}
is an antiderivative of f with respect to x, then

/ f(x,y) dz = Fi(z,y) + C1(y),

where C is an arbitrary function of y. Symmetrically, if F5 is an antiderivative of
f with respect to y, then

/ f(z,y) dy = Fy(x,y) + Ca(a),

where Cs is an arbitrary function of z.

1.1 Example. For
fla,y) = 62y — day’®
we have
fo = 122y — 492, fy= 622 — 12212,
fow =12y, foy = fye = 120 —12¢°,  f,, = —24ay,

/f@wa:/wﬁy—ufwmzzﬁy—mwﬂ+a@»
t/ﬂf@%y>dy::j/(6x2y4,4xy3>dy::3x2yzA,xy44fcb(x> .

1.2 Remark. We use a number of different symbols for functions and their variables.
Usually—but not always—a generic unknown function (to be determined) is denoted
by y and its variable by ¢ or . m

1.2 Differential Equations and Their Solutions

To avoid cumbersome language and notation, unless specific restrictions are mentioned,
all mathematical expressions and relationships in what follows will be understood to
be defined for the largest set of ‘admissible’ values of their variables and function
components—in other words, at all the points on the real line where they can be eval-
uated according to context.
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1.3 Definition. Roughly speaking, a differential equation (DE, for short) is an equation
that contains an unknown function and one or more of its derivatives. m

Here are a few examples of DEs that occur in some simple mathematical models.

1.4 Example. (Population growth) If P(t) is the size of a population at time ¢ > 0 and
B(t) and 6(t) are the birth and death rates within the population, then

P =[B(t) —6(t)|P. m

1.5 Example. (Radioactive decay) The number N (t) of atoms of a radioactive isotope
present at time ¢ > 0 satisfies the equation

N' = —kN,

where k = const > 0 is the constant rate of decay of the isotope. m

1.6 Example. (Free fall in gravity) If v(t) is the velocity at time ¢ > 0 of a material
particle falling in a gravitational field, then

mv’ = mg — v,

where the positive constants m, g, and y are, respectively, the particle mass, the accel-
eration of gravity, and a coeflicient characterizing the resistance of the ambient medium
to motion. m

1.7 Example. (Newton’s law of cooling) Let T(t) be the temperature at time ¢ > 0 of
an object immersed in an outside medium of temperature . Then

T = k(T - 0),
where k = const > 0 is the heat transfer coefficient of the object material. m

1.8 Example. (RC electric circuit) Consider an electric circuit with a source, a resistor,
and a capacitor connected in series. We denote by V(t) and Q(t) the voltage generated
by the source and the electric charge at time ¢ > 0, and by R and C the (constant)
resistance and capacitance. Then

RQ' + é@ —V(t).

1.9 Example. (Compound interest) If S(t) is the sum of money present at time t > 0
in a savings account that pays interest (compounded continuously) at a rate of r, then

S '=rS. =

1.10 Example. (Loan repayment) Suppose that a sum of money is borrowed from a
bank at a (constant) interest rate of r. If m is the (constant) repayment per unit time,
then the outstanding loan amount A(t) at time ¢ > 0 satisfies the differential equation

A =rA—m

for 0 < t < n, where n is the number of time units over which the loan is taken. m
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1.11 Example. (Equilibrium temperature in a rod) The equilibrium distribution of
temperature u(x) in a heat-conducting rod of length ! with an insulated lateral surface
and an internal heat source proportional to the temperature is the solution of the DE

u' +qu=0
for 0 < x < [, where ¢ is a physical constant of the rod material. m

Informally, we say that a function is a solution of a DE if, when replaced in the
equation, satisfies it identically (that is, for all admissible values of the variable). A
more rigorous definition of this concept will be given at the end of the chapter.

1.12 Example. Consider the equation
y" =3y +2y=0.
If y1(t) = €', then y}(t) = e’ and v} (t) = €', so, for all real values of ¢,
vl — 3yL 4+ 2y1 = e! — 3e! +2¢' =0,

which means that y; is a solution of the given DE. Also, for y(t) = e** we have

yh(t) = 2t and y4 (t) = 4e*, so

Yy — 3yb 4 2o = 4e* — 62" + 2¢% = 0;
hence, y- is another solution of the equation. m
1.13 Example. The functions defined by

yi(t) =2t +1Int, ya(t) = —t " +1Int
are solutions of the equation

t2y" — 2y = —1—2Int

for t > 0 since

G =+t g =412,
vh(t) = 172 17, () = 2 i

and so, for all ¢ > 0,
2y — 2y = 12(4 — t72) — 2(26% + Int) = —1 — 2Int,
2y — 2yp = 2(—2t3 — ¢ %) —2(—t ' +1Int) = —1—2Int. =

1.14 Remark. Every solution y = y(t) is represented graphically by a curve in the
(t,y)-plane, which is called a solution curve. m

Exercises

Verify that the function y is a solution of the given DE.
1 y(t)=5e3"+2, o +3y=6.
2 y(t) = —2tet/?, 2 —y = —4e/?
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3 y(t) = —4e?cos(3t) + 12 -2, 1y’ —4y + 13y = 13t — 8t — 24.
4 y(t)= (2t —1)e 32 —4e?, 2y —y — 6y = —14e31/2,

5 y(t)=2e 2 —e 3 482 ¢ +4y' +y —6y=—45e /2

6 y(t) =cos(2t) —3sin(2t) +2t, y" +y’' +4y +4y=8(t+1).

T oy(t) =262 +3t73/2 = 2et/2 ) 2%y -ty — 6y = (12—t — t2)el/?.
8 y(t)=1-2t"1+t2(2Int — 1), 2" +5ty +4y=4—2t"1

1.3 Initial and Boundary Conditions

Examples 1.12 and 1.13 show that a DE may have more than one solution. This seems
to contradict our expectation that one set of physical data should produce one and
only one effect. We therefore conclude that, to yield a unique solution, a DE must be
accompanied by some additional restrictions.

To further clarify what was said in Remark 1.2, we normally denote the indepen-
dent variable by ¢ in DE problems where the solution—and, if necessary, some of its
derivatives—are required to assume prescribed values at an admissible point ¢y. Re-
strictions of this type are called initial conditions (ICs). They are appropriate for the
models mentioned in Examples 1.4-1.9 with ¢, = 0.

The independent variable is denoted by x mostly when the DE is to be satisfied on
a finite interval @ < x < b, as in Example 1.11 with ¢ = 0 and b = [, and the solution
and/or some of its derivatives must assume prescribed values at the two end-points
x = a and x = b. These restrictions are called boundary conditions (BCs).

1.15 Definition. The solution obtained without supplementary conditions is termed
the general solution (GS) of the given DE. Clearly, the GS includes all possible solutions
of the equation and, therefore, contains a certain degree of arbitrariness. When ICs or
BCs are applied to the GS, we arrive at a particular solution (PS). m

1.16 Definition. A DE and its attending ICs (BCs) form an initial value problem
(IVP) (boundary value problem (BVP)). m

1.17 Example. For the simple DE
y =5 —6t

we have, by direct integration,
y(t) :/(5—6t)dt:5t—3t2+C,

where C'is an arbitrary constant. This is the GS of the equation, valid for all real values
of t. However, if we turn the DE into an IVP by adjoining, say, the IC y(0) = —1, then
the GS yields y(0) = C = —1, and we get the PS

y(t) =5t —3t* —1. =
1.18 Example. To obtain the GS of the DE

Yy’ =6t+8,
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we need to integrate both sides twice; thus, in the first instance we have
y(t) = /(Gt +8)dt =3t + 8t + C1, Cj = const,
from which
y(t) = /(3t2 + 8t 4 Cy)dt = t* + 41> + C1t + Cy, Cy = const,

for all real values of ¢. Since the GS here contains two arbitrary constants, we will need
two ICs to identify a PS. Suppose that

then, replacing ¢ by 0 in the expressions for y and 3/, we find that C; = —2 and Cy = 1,
so the PS corresponding to our choice of ICs is

y(t)=t>+4t> -2t +1. m
1.19 Example. Let us rewrite the DE in Example 1.18 as
y' =6x+8

and restrict it to the finite interval 0 < = < 1. Obviously, the GS remains the same
(with t replaced by z), but this time we determine the constants by prescribing BCs.
If we assume that

y(0) = -3, y(1) =6,

we set £ = 0 and then x = 1 in the GS and use these conditions to find that Cy and Cq
satisfy
Co=-3, Ci+C=1

hence, ' = 4, which means that the solution of our BVP is
y(x) =2 + 42> + 42— 3. =

1.20 Example. A material particle moves without friction along a straight line, and
its acceleration at time ¢t > 0 is a(t) = e~*. If the particle starts moving from the point 1
with initial velocity 2, then its subsequent position s(t) can be computed very easily by
recalling that acceleration is the derivative of velocity, which, in turn, is the derivative
of the function that indicates the position of the particle; that is,

Hence, we need to solve two simple IVPs: one to compute v and the other to compute s.
In view of the additional information given in the problem, the first IVP is

Here, the DE has the GS
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Using the IC, we find that C' = 3, so
v(t)=3—e "
The second IVP now is
s'=3-e" s(0)=1,
whose solution, obtained in a similar manner, is
s(t)=3t+e ' m

1.21 Example. A stone is thrown upward from the ground with an initial speed of
39.2. To describe its motion when the air resistance is negligible, we need to establish
a formula that gives the position h(t) at time ¢ > 0 of a heavy object moving vertically
under the influence of the force of gravity alone. If g = 9.8 is the acceleration of gravity
and the object starts moving from a height hy with initial velocity vy, and if we assume
that the vertical axis points upward, then Newton’s second law yields the IVP

' =—g, h(0)=ho, h(0)=1p.
Integrating the DE twice and using the ICs, we easily find that
h(t) = —3% gt* + vot + ho.
In our specific case, we have g = 9.8, hg = 0, and vy = 39.2, so
h(t) = —4.9t% + 39.2t.

If we now want, for example, to find the maximum height that the stone reaches
above the ground, then we need to compute h at the moment when the stone’s velocity
is zero. Since

v(t) = h'(t) = —9.8t + 39.2,

we immediately see that v vanishes at ¢t = 4, so
hmax = h(4) = 78.4.

If, on the other hand, we want to know when the falling stone will hit the ground,
then we need to determine the nonzero root ¢ of the equation h(t) = 0, which, as can
easily be seen, ist =8. m

Exercises

In 1-4, solve the given IVP.
1 y"=-2(6t+1); y(0)=2, y'(0)=0.
2 ¢y =-12%; y(0)= -3, y'(0) = —6.
3 y”"=—-2sint—tcost; y(0)=0, y'(0)=1.
4 y' =273 y()=-1, y(1)=1.
In 5-8, solve the given BVP.
5 y'=2 0<z<1; y0)=2, y(1)=0.
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6 y’'=4cos(2z), O0<z<m y(0)=-3, y(r)=n—-3.
7Ty =—al—272 1<a<e y(1)=0, yle)=1—c.
8 y'=02r—-3)e " 0<a<l; y0)=1, y'(1)=—-e1
In 9-12, find the velocity v(t) and position s(t) at time ¢ > 0 of a material particle that

moves without friction along a straight line, when its acceleration, initial position, and
initial velocity are as specified.

9 at)= s(0) = —4, v(0) =0.
10 a(t) = —12sin(2t), s(0) =0, v(0)=6.
11 a(t) =3(t+4)"Y2 50)=1, v(0)=—1.
12 a(t) = (t+3)et, s(0)=1, v(0)=2.
In 13 and 14, solve the given problem.

13 A ball, thrown downward from the top of a building with an initial speed of 3.4,
hits the ground with a speed of 23. How tall is the building if the acceleration of
gravity is 9.8 and the air resistance is negligible?

14 A stone is thrown upward from the top of a tower, with an initial velocity of 98.
Assuming that the height of the tower is 215.6, the acceleration of gravity is 9.8,
and the air resistance is negligible, find the maximum height reached by the stone,
the time when it passes the top of the tower on its way down, and the total time
it has been traveling from launch until it hits the ground.

Answers to Odd-Numbered Exercises

1 yt)=2-t2-2t2. 3 y(t)=tcost. 5 y(x)=a>—3z+2.
7 ylx)=(1- ;v) Inzx. 9 w(t)=2t, s(t)=1t>—4.
11 w(t) =6(t+4)"/2 —13, s(t) =4(t+4)%/% - 13t —31. 13 26.4.

1.4 Classification of Differential Equations

We recall that, in calculus, a function is a correspondence between one set of numbers
(called domain) and another set of numbers (called range), which has the property
that it associates each number in the domain with exactly one number in the range.
If the domain and range consist not of numbers but of functions, then this type of
correspondence is called an operator. The image of a number ¢ under a function f is
denoted, as we already said, by f(¢); the image of a function y under an operator L is
usually denoted by Ly. In special circumstances, we may also write L(y).

1.22 Example. We can define an operator D that associates each differentiable func-
tion with its derivative; that is,

Dy=y'.
Naturally, D is referred to as the operator of differentiation. For twice differentiable
functions, we can iterate this operator and write

D(Dy) = D*y =y".
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This may be extended in the obvious way to higher-order derivatives. m

1.23 Remark. Taking the above comments into account, we can write a differential
equation in the generic form

Ly = f, (1.1)

where L is defined by the sequence of operations performed on the unknown function
y on the left-hand side, and f is a given function. We will use form (1.1) only in
non-specific situations; in particular cases, this form is rather cumbersome and will be
avoided. m

1.24 Example. The DE in the population growth model (see Example 1.4) can be
written as P’ — (8 — §)P = 0. In the operator notation (1.1), this is

LP=DP—-(8—0)P=[D—(8—-9)|P=0;
in other words, L=D — (8 —9¢) and f =0. m
1.25 Example. It is not difficult to see that form (1.1) for the DE
2y — 2y = et
is
Ly = (*D*)y — (2D)y = (*D* — 2D)y = e,
soL=t?D?—-2D and f(t)=e ! =

1.26 Remarks. (i) The notation in the preceding two example is not entirely rigorous.
Thus, in the expression D—(8—¢) in Example 1.24, the first term is an operator and
the second one is a function. However, we adopted this form because it is intuitively
helpful.

(i) A similar comment can be made about the term t2D? in Example 1.25, where ¢2 is
a function and D? is an operator. In this context, it must be noted that t2D? and
D?t? are not the same operator. When applied to a function y, the former yields

(t°D?)y = t*(D%y) = t*y",
whereas the latter generates the image
(D**)y = D*(t%y) = (t°y)" = 2y + 4ty + 2"

(iii) The rigorous definition of a mathematical operator is more general, abstract, and
precise than the one given above, but it is beyond the scope of this book. m

1.27 Definition. An operator L is called linear if for any two functions y; and yo in
its domain and any two numbers ¢; and ¢y we have

L(ciyr + cayo) = c1Lyr + caLys. (1.2)
Otherwise, L is called nonlinear. m

1.28 Example. The differentiation operator D is linear because for any differentiable
functions y; and y2 and any constants ¢; and ca,

D(c1y1 + c2y2) = (c1y1 + c2y2)’ = c1y) + coyh = c1Dy1 + c2Dy>. m
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1.29 Example. The operator L = tD? — 3 is also linear, since

L(cwyr + cay2) = (LD?)(c1y1 + caya) — 3(c1yn + caya)
= t(cryr + c2y2)” = 3(c1y1 + cay2)
= t(c1yy + c2y5) = 3(cryr + c2y2)
= a1ty —3y1) + ca(tys — 3y2) = c1lys + caLys. m
1.30 Remark. By direct verification of property (1.2), it can be shown that, more
generally:

(i) the operator D™ of differentiation of any order n is linear;
(ii) the operator of multiplication by a fixed function (in particular, a constant) is linear;
(iii) the sum of finitely many linear operators is a linear operator. m

1.31 Example. According to the above remark, the operators written formally as
L=a(t)D +b(t), L=D?+p(t)D+q(t)
with given functions a, b, p, and ¢, are linear. m

1.32 Example. Let L be the operator defined by Ly = yy’. Then, taking, say, y1(t) = t,
yo(t) =12, and ¢; = cp = 1, we have

L(ciyr + cay2) = L(t +17) = (t + ) (t + 17) =t + 3t* + 28°,
c1Lyy + coLys = (£)(t) + (t2) (%) =t + 2t3,

which shows that (1.2) does not hold for this particular choice of functions and numbers.
Consequently, L is a nonlinear operator. m

DEs can be placed into different categories according to certain relevant criteria.
Here we list the most important ones, making reference to the generic form (1.1).

Number of independent variables. If the unknown is a function of a single
independent variable, the DE is called an ordinary differential equation. If several inde-
pendent variables are involved, then the DE is called a partial differential equation.

1.33 Example. The DE
ty” — (t* = 1)y + 2y = tsint
is an ordinary differential equation for the unknown function y = y(¢).

The DE

up — 3(2 4 t) gy = €277F
is a partial differential equation for the unknown function u = u(z,t). m

Order. The order of a DE is the order of the highest derivative occurring in the
expression Ly in (1.1).

1.34 Example. The equation
t2y" — 2y’ + (t — cost)y =3

is a second-order DE. m
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Linearity. If the differential operator L in (1.1) is linear (see Definition 1.27), then
the DE is a linear equation; otherwise it is a nonlinear equation.

1.35 Example. The equation
ty" —3y=t>—1

is linear since the operator L = tD? — 3 defined by its left-hand side was shown in
Example 1.29 to be linear. On the other hand, the equation

y'+yy -2ty =0
is nonlinear: as seen in Example 1.32, the term yy’ defines a nonlinear operator. m

Nature of coefficients. If the coefficients of y and its derivatives in every term
in Ly are constant, the DE is said to be an equation with constant coefficients. If at
least one of these coefficients is a prescribed function, we have an equation with variable
coefficients.

1.36 Example. The DE
3y’ — 2y +4y =0

is an equation with constant coefficients, whereas the DE
Y —@2t+1)y=1—¢'
is an equation with variable coefficients. m

Homogeneity. If f =0 in (1.1), the DE is called homogeneous; otherwise it is called
nonhomogeneous.

1.37 Example. The DE
(t—=2)y —ty>=0

is homogenous; the DE
y" —ety +siny =4t -3

is nonhomogeneous. =

Of course, any equation can be classified by means of all these criteria at the same
time.

1.38 Example. The DE
v' -y +2y=0

is a linear, homogeneous, second-order ordinary differential equation with constant co-
efficients. The linearity of the operator D? — D + 2 defined by the left-hand side is easily
verified. m

1.39 Example. The DE
y/// . y/y// + 4ty =3

is a nonlinear, nonhomogeneous, third-order ordinary differential equation with variable
coefficients. The nonlinearity is caused by the second term on the left-hand side. =

1.40 Example. The DE

u + (2% — t)uy — 2ty = ®sint
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is a linear, nonhomogeneous, first-order partial differential equation with variable
coefficients. m

1.41 Definition. An ordinary differential equation of order n is said to be in normal
form if it is written as

y™ =F(t,y, ), ..., y"Y), (1.3)

where F' is some function of n + 1 variables. m

1.42 Example. The equation
(t+1)y" -2ty +4y=1t+3

is not in normal form. To write it in normal form, we solve for y”:

1
"= —— 2ty —4dy+t+3)=F(t N.
y t+1(y y+t+3) (t,y,y'). m

1.43 Definition. A function y defined on an open interval J (of the real line) is said
to be a solution of the DE (1.3) on J if the derivatives ¢/, v, ..., y(™ exist on J and
(1.3) is satisfied at every point of J. m

1.44 Remark. Sometimes a model is described by a system of DEs, which consists of
several DEs for several unknown functions. m

1.45 Example. The pair of equations

17/1 = 3x; — 29 + 1,

/ t
Ty = —2x1+ T2 —¢€

form a linear, nonhomogeneous, first-order system of ordinary DEs with constant coef-
ficients for the unknown functions z; and z5. m
Exercises

Classify the given DE in terms of all the criteria listed in this section.

y@ —ty” +y? = 0. 2 9y — 2y =-sint.

3 4y —2siny =t. 4 up — Uz + (22t 4+ 1)u = 0.
5 2y +ye¥ =0. 6 uly — Uy + SUgyyy = 1.
7 tup —4uy —u=z. 8 y'y" — t?u = cos(2t).

Answers to Odd-Numbered Exercises

Nonlinear, homogeneous, fourth-order ordinary DE with variable coeflicients.
Nonlinear, nonhomogeneous, first-order ordinary DE with constant coefficients.

Nonlinear, homogeneous, third-order ordinary DE with constant coefficients.

N o=

Linear, nonhomogeneous, first-order partial DE with variable coefficients.



Chapter 2
First-Order Equations

Certain types of first-order equations can be solved by relatively simple methods. Since,
as seen in Sect. 1.2, many mathematical models are constructed with such equations, it
is important to get familiarized with their solution procedures.

2.1 Separable Equations

These are equations of the form

d
== f@)gly), (2.1)
where f and g are given functions.

We notice that if there is any value yo such that g(yo) = 0, then y = yp is a solution
of (2.1). Since this is a constant function (that is, independent of ), we call it an
equilibrium solution.

To find all the other (non-constant) solutions of the equation, we now assume that
g(y) # 0. Applying the definition of the differential of y and using (2.1), we have

_ b

dy =y (x) dx o

dr = f(x)g(y) dz,

which, after division by g(y), becomes

——dy = f(z)dz.
O

Next, we integrate each side with respect to its variable and arrive at the equality
Gly) = F(z) +C, (2.2)

where F' and G are any antiderivatives of f and 1/g, respectively, and C' is an arbitrary
constant. For each value of C, (2.2) provides a connection between y and z, which
defines a function y = y(x) implicitly.

We have shown that every solution of (2.1) also satisfies (2.2). To confirm that these
two equations are fully equivalent, we must also verify that, conversely, any function
y = y(x) satisfying (2.2) also satisfies (2.1). This is easily done by differentiating both
sides of (2.2) with respect to z. The derivative of the right-hand side is f(x); on the
left-hand side, by the chain rule and bearing in mind that G(y) = G(y(x)), we have

C. Constanda, Differential Equations: A Primer for Scientists and Engineers, Springer 15
Undergraduate Texts in Mathematics and Technology, DOI 10.1007/978-1-4614-7297-1_2,
© Springer Science+Business Media New York 2013
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d d dy 1 d

gG(y(m)) =W G(y)ﬂ = Q) dr’

which, when equated to f(x), yields equation (2.1).
In some cases, the solution y = y(z) can be determined explicitly.

2.1 Remark. The above handling suggests that dy/dxz could be treated formally as a
ratio, but this would not be technically correct. m

2.2 Example. Bringing the DE

Yy +8zy =0
to the form

dy

= =-8

da XY,

we see that it has the equilibrium solution y = 0. Then for y # 0,
d
/ Y _ / —8z dx,
Y

In|y| = —42” + C,

from which

where C' is the amalgamation of the arbitrary constants of integration from both sides.
Exponentiating, we get

|y| _ 674z2+C _ eC 674902

)
$0
2 2
y(z) = £ = Cre™t .

Here, as expected, C is an arbitrary nonzero constant (it replaces +e® # 0), which
generates all the nonzero solutions y. However, if we allow C; to take the value 0 as
well, then the above formula also captures the equilibrium solution y = 0 and, thus,
becomes the GS of the given equation.

VERIFICATION WITH MATHEMATICA® . The input

y=Cl*EMN(-4%x"2);

Dly,x]+8xxx*xy
evaluates the difference between the left-hand and right-hand sides of our DE for the
function y computed above. This procedure will be followed in all similar situations. As

expected, the output here is 0, which confirms that this function is indeed the GS of
the given equation. m

2.3 Example. In view of the properties of the exponential function, the DE in the IVP
Y +4ze?"2 =0, y(0)=0

can be rewritten as p
Yy —2z
—= = —4xe *TeY,
dx
and we see that, since eV # 0 for any real value of y, the equation has no equilibrium
solutions. After separating the variables, we arrive at
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/efy dy = —/4,@672% dx,

from which, using integration by parts (see Sect.B.2) on the right-hand side, we find
that

—e 7Y =2z — /26_21 de = 2z +1)e ™ + C.

We now change the signs of both sides, take logarithms, and produce the GS
y(x) = —In[—(2z + 1)e > - C].

The constant C'is more easily computed if we apply the IC not to this explicit expression
of y but to the equality immediately above it. The value is C' = —2, so the solution of
the IVP is

y(xr) = —In[2 — (22 + 1)e 7).

VERIFICATION WITH MATHEMATICA® . The input
y=-Log[2 - (2%x + 1) *EN(-2%%) ;
{Dly,x] + 4*xx*EN(y - 2%x),y/.x— 0}//Simplify

evaluates both the difference between the left-hand and right-hand sides (as in the
preceding example) and the value of the computed function y at @ = 0. Again, this
type of verification will be performed for all IVPs and BVPs in the rest of the book
with no further comment. Here, the output is, of course, {0, 0}. =

2.4 Example. Form (2.1) for the DE of the IVP
xyr=y+2, y(l)=-1

is
d_y7y+2
de oz

Clearly, y = —2 is an equilibrium solution. For y # —2 and x # 0, we separate the
variables and arrive at

_dy

_/d_xx.
y+2 ’

Injy +2|=n|z|+ C,

hence,

from which, by exponentiation,
|y + 2| — €1n|x|+C — ecelnm — €C|.’L'|.
This means that
y+2==4ec=Ciz, C)=-const#0,

so
y(x) = Cho — 2.
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To make this the GS, we need to allow C; to be zero as well, which includes the
equilibrium solution y = —2 in the above equality. Applying the IC, we now find that
C1 = 1; therefore, the solution of the IVP is

y(z) =z — 2.

VERIFICATION WITH MATHEMATICA® . The input

V=X-2;
{x#D[y,x] -y-2,y/.x— 1}//Simplify

generates the output {0,—1}. m
2.5 Example. The DE in the IVP
2@+ yy' —y* =2, y(5) =2,

rewritten in the form

dy  y>+2
dr  2(z+ 1)y’
can be seen to have no equilibrium solutions; hence, after separation, for z # —1 we
have
2ydy dx
/ 42 / 41’
S0

In(y* +2) =In|z + 1|+ C,
which, after simple algebraic manipulation, leads to
y?=Ci(x+1)—2, C;=-const#0.

Applying the IC, we obtain y> = = — 1, or y = #(z — 1)%/2. However, the function
with the ‘—’ sign must be rejected because it does not satisfy the IC. In conclusion, the
solution to our IVP is

yla) = (z =12
If the IC were y(5) = —2, then the solution would be

y(o) = ~(o = 2,

VERIFICATION WITH MATHEMATICA® . The input

y=(x-1)%*(1/2);
{2% (x+ 1) xy«Dly,x] -y"2 -2,y/.x— 5}//Simplify

generates the output {0, 2}. =
2.6 Example. Treating the DE in the IVP
(5y* +3y* +e¥)y =cosz, y(0)=0

in the same way, we arrive at

/(5y4 +3y2 +e¥)dy = /cos:z:d:z:;
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consequently,
y° +y3 +e¥ =sinz + C.
This equality describes the family of all the solution curves for the DE, representing its
GS in implicit form. It cannot be solved explicitly for y.
The IC now yields C' = 1, so the solution curve passing through the point (0,0) has
equation
y° 4+ y3 +e¥ =sinz + 1.
Figure 2.1 shows the solution curves for C = —2, —1, 0, 1, 2. The heavier line (for
C = 1) represents the solution of our IVP.

1+

—
3 / ~
—

VERIFICATION WITH MATHEMATICA® . The input

u=yI[x]"5 + y[x]"3 + E'yI[x] - Sin[x] - 1;
{(Bxy[x]"4 + 3xy[x]"2 +E/\y[x]) (Solve[D[u,x]==0,y’ [x]])
[[1,1,2]] -Cos[x],u/.{x—0,y— 0}}//Simplify

generates the output {0, 0}, which shows that the function y defined implicitly above
satisfies the DE and IC. =

Exercises

Solve the given IVP.
y' = —dzy?, y(0)=1. 2 y =ysin(2z), y(r/4)=1.
(1+22)y =3+y, y0)=-2. 4 y' =2zy, y0)=1
y' *2xsecy, y( ):71'/6. 6 (4—2%)y =3y, y(0)=1.
, y(0)=—1. 8 o = 2ye®tl y(—1/2) = e
Yy =(x 3)(y + 1), y(0) = 1. 10 (e7% +4y)y' =222+ 1, y(0) = 0.

© N oW
—
<
IS
_|_
[\
<
=
<
Il
8
('b

Answers to Odd-Numbered Exercises

ylx) =1/(22> +1). 3 y(z)= -3+ (14 2x)"/2
sin~H2?41/2). 7 4y° +20y =52z — 1)e®® + 21.
y(r) = tan[(22? — 122 + ) /4].
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2.2 Linear Equations

The standard form of this type of DE is

Y+ p(t)y = q(t), (2.3)

where p and ¢ are prescribed functions. To solve the equation, we first multiply it by an
unknown nonzero function p(t), called an integrating factor. Omitting, for simplicity,
the mention of the variable ¢, we have

1y’ + ppy = pg. (2.4)

We now choose p so that the left-hand side in (2.4) is the derivative of the product uy;
that is,

py' + ppy = (py)' = py' + 1y
Clearly, this occurs if
= pp.

The above separable equation yields, in the usual way,

d
/—M:/pdt.
I
infu| = [ pat

uC’exp{/pdt}, C = const # 0.

Integrating, we arrive at

so, as in Example 2.4,

Since we need just one such function, we may take C' = 1 and thus consider the inte-

grating factor
p(t) = exp { / p(t) dt}. (2.5)

With this choice of p, equation (2.4) becomes

(1) = na; (2.6)
hence,
py = / pgdt + C,

or

1

)= | [uaar+ c}. (2.7)

2.7 Remarks. (i) Technically, C' does not need to be inserted explicitly in (2.7) since
the indefinite integral on the right-hand side produces an arbitrary constant, but it
is good practice to have it in the formula for emphasis and to prevent its accidental
omission when the integration is performed.

(ii) Tt should be obvious that the factor 1/u cannot be moved inside the integral to be
canceled with the factor p already there.
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(iil) Points (i) and (ii) become moot if the equality (uy) = ug (see (2.6)) is integrated
from some admissible value ¢y to a generic value t. Then

t

H()y(t) — plto)y(to) = / w(r)g(r) dr,

from which we easily deduce that
) t
)=~ { [ neatryar + uttolyten) . 2.9

to

In the case of an IVP, it is convenient to choose ty as the point where the IC is
prescribed.

(iv) In (2.8) we used the ‘dummy’ variable 7 in the integrand to avoid a clash with the
upper limit ¢ of the definite integral. m

2.8 Example. Consider the IVP

y —3y=6, y(0)=-1,

where, by comparison to (2.3), we have p(t) = —3 and ¢(t) = 6. The GS of the DE is
computed from (2.5) and (2.7). Thus,

p(t) = exp{/—Sdt} =e

y(t) — €3t{ /66_3t dt + C} _ BSt(*26_3t + C) _ C€3t _9

Applying the IC, we find that C' = 1, which yields the IVP solution

SO

y(t) =3t — 2.

Alternatively, we could use formula (2.8) with u as determined above and ¢y = 0, to
obtain directly

{jGe ST dr + O)y(O)} =M~ 2e7%7|) —1] =¥ 2.
0

VERIFICATION WITH MATHEMATICA® . The input

v=EN(3xt) - 2;
{Dly,t] -3%xy-6,y/.t—0}//Simplify

generates the output {0, —1}. =
2.9 Example. The DE in the IVP
ty' +4y =6t%, y(1)=4

is not in the standard form (2.3). Assuming that t # 0, we divide the equation by ¢ and
rewrite it as
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, 4
Y +¥y=6t.

This shows that p(t) = 4/t and ¢(t) = 6t, so, by (2.5),

4
p(t) = exp { / n dt} = Al = (") — ¢4,

Using (2.8) with ¢, = 1, we now find the solution of the IVP to be

t

y(t) = t4{ /675 dr + u(l)y(l)} =t (O H ) =+ 3) =2 3

VERIFICATION WITH MATHEMATICA® . The input

v=t"2 + 3xtN(-4);
{t*Dly,t] +4x*xy -6xt"2,y/.t—1}//Simplify

generates the output {0,4}. m
2.10 Example. To bring the DE in the IVP
y' = (2+vy)sint, y(r/2)=-3
to the standard form, we move the y-term to the left-hand side and write
y —ysint = 2sint.
This shows that p(t) = —sint and ¢(t) = 2sint; hence, by (2.5),

u(t) = exp{ - /sintdt} = st

and, by (2.8) with tg = 7/2,

t

y(t) :eCOSt{2/eCOSTSianT—i—u(w/2)y(7r/2)}

w/2
t
— e—cost{ -9 / eCOosT d(COST) _ 3} — e—cost( _ 2ecosr|:—/2 _ 3)
w/2
— efcost<_2ecost _ 1) — _efcost —9.

VERIFICATION WITH MATHEMATICA® . The input

y=-E"(-Cos[t]) - 2;
{Dly,t] - (2 +y)«*Sin[t],y/.t— Pi/2}//Simplify

generates the output {0, —3}. =
2.11 Example. Consider the IVP

(t* + 1)y —ty =2t(t* +1)*, y(0) =

W
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Proceeding as in Example 2.9, we start by rewriting the DE in the standard form

/ t 2
— =y =2t(t"+1).

Then, with p(t) = —t/(t* + 1) and q(t) = 2t(t*> + 1), we have, first,

o-enl- [} m{ - [2552)

— o~ (1/2)In(¢*+1) _ eln[(tul)*l/?] _ (t2 + 1)71/2,

followed by

y(t) = (> +1 1/2{/t7 +1) 1/227(72+1)d7+u(0)y(0)}
0

= (" + 1)1/2{ /t(T2 +DYV2A(r? 1) + %}
0

t
=+ 1)EP )P+ 2 =2 + 1)

VERIFICATION WITH MATHEMATICA® . The input

y=1(2/3)* ("2 + 1)"2;
{(t"2 +1) D[y, t] - t*xy-2*t* (£"2+1)"2,y/.t—0}//Simplify

generates the output {0, 2/3}. u

2.12 Example. The standard form of the DE in the IVP
(t=1)y +y=(t—1)e", y(2)=3
is
1 t

/ —
y+—qy=e

sop(t) =1/(t —1) and ¢(t) = e*. Consequently, for ¢ # 1,

1 t—1 t>1
t) = ex ——dtp =t =t 1| = ’ ’
wlt) p{ t—1 } | | —(t—1), t<1.

Since formula (2.8) uses the value of u at tg = 2 > 1, we take p(t) = ¢ — 1 and, after
integration by parts and simplification, obtain the solution

y(t) = . { /t(T —1)e"dr +u(2)y(2)} _(-2e+s
2

t—1 t—1

VERIFICATION WITH MATHEMATICA® . The input

yv=((t-2)*E" +3)/(t-1);
{(t-1)*D[y,t]l +y - (£ - 1) *E"t,y/.t—2}//Simplify

generates the output {0, 3}. =
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2.13 Remark. If we do not have an IC and want to find only the GS of the equation
in Example 2.12, it does not matter if we take p to be ¢ —1 or —(¢ — 1) since p has to be
replaced in (2.6) and, in the latter case, the ‘—’ sign would cancel out on both sides. m

Exercises

Solve the given IVP.
1 ¢y +4y+16=0, y(0)=-2. 2y +y=4dte 3 y(0)=3.
oy +y+ 126t =0, y(1)=—1. 4 t2y + 3ty =4e?, y(1) = €2
(t—2)y +y=8(t—2)cos(2t), y(m)=2/(m—2).
Yy +ycott =2cost, y(m/2)=1/2.
(12 +2)y" + 2ty = 3t2 — 4t, y(0) = 3/2.
ty + (2t — 1)y = 9t3e!, y(1) = 2e 72 + 2e.
(t? = 1)y' +4y =3(t + 1)*(¢* — 1), y(0) =0.
10 (2 +2t)y +y =+t y(2)=0.

© 0w N o o w

Answers to Odd-Numbered Exercises

1 y=2e*"—4 3 y= (2312
5 y=|[2cos(2t) +4(t —2)sin(2t)]/(t —2). T y=(t>—22+3)/(t> +2).
9 y=@-3t2+3t)(t+1)%/(t — 1)~

2.3 Homogeneous Polar Equations

These are DEs of the form

X

Y
v =1(2). (29)
where f is a given one-variable function. Making the substitution
y(x) = zv(z) (2.10)

and using the fact that, by the product rule, ¥y’ = v + a0’ from (2.9) we see that the
new unknown function v satisfies the DE

ol o= f()
or
dv  f(v) —v
de — oz

This is a separable equation, so

dv dx
/f(v)w R 21
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which, with v replaced by y/z in the result, produces the GS of (2.9). Clearly, in this
type of problem we must assume that x # 0.

2.14 Example. The DE in the IVP
vy =x+2y, y(l)=1

can be written as
y=1+22
T

so f(v) =1+ 2v. Then f(v) —v=wv+1 and, by (2.11),
/ do  [da
v+1 x’

Injv+1| =z + C.

which yields

Exponentiating and simplifying, we find that
v+1=Chx;
hence, using (2.10), we obtain the GS
y=Ciz? —z.
The constant is found from the IC; specifically, C; = 2, so the solution of the IVP is
y(x) = 22% — x.

VERIFICATION WITH MATHEMATICA®. The input

y=2*x"2 - x;
{x*Dly,x] -x-2x%xy,y/.x—1}//Simplify

generates the output {0, 1}. =
2.15 Example. Consider the IVP
(@? +2ey)y’ = 2(zy +¢7), y(1) =2

Solving for 3" and then dividing both numerator and denominator by z? brings the DE
to the form

Yy Y
2=42 =
4 2 + 2zy 1+2Q 1+ 2v ’
T
from which )
2
f(v)fv:va: v
14+ 2v 14+ 2v

By (2.11), we have

/1+2vdv/<2+l)d”— dr
v v X
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S0
20+ In|v|=In|z| + C,
or, according to (2.10),

2y mlLl=c
X

A
22

Applying the IC, we get C = 4+1n2; hence, the solution of the IVP is defined implicitly
by the equality

) Y
2= +In|l—=|=4
z n‘2$2

VERIFICATION WITH MATHEMATICA® . The input

u=2x*yI[x]/x+ Logly[x]/(2xx"2)]-4;
{(x"2 + 2xxxy[x]) * (Solve[D[u,x]==0,y’ [x]]) [[1,1,2]]
- 2% (x*xy[x] +y[x]"2),u/. {x—1,y[x] =2}}//Simplify

generates the output {0, 0}. =

Exercises

Solve the given IVP, or find the GS of the DE if no IC is given.
1 o2y =3y—u=z, y(l)=1. 2 2%y =y + 42
3 3xy?y =23+ 3y 4 2%y —2zy—y?> =0, y(1)=1.
5 (222 —ay)y = xy — 2.
6 (222 — 3ay)y’ = 2% + 22y — 3y

Answers to Odd-Numbered Exercises

1 oy@) =@ +2)/2. 3 yl@)=2(C+fz)? 5 y(z)=alny®/|z)) +C].

2.4 Bernoulli Equations

The general form of a Bernoulli equation is

Y +pt)y=q(t)y", n#l (2.12)

Making the substitution
y(t) = (w(t)/=" (2.13)

and using the chain rule, we have

/

y:

LR VC R S VS Sy GO B
1—n 1—n ’

0 (2.12) becomes
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B AR Ve SR/ CE

1—n

Since 1/(1 —n) —n/(1 —n) = 1, after division by w™/ =" and multiplication by 1 —n
this simplifies further to
w' + (1 =n)pw = (1 —n)g. (2.14)

Equation (2.14) is linear and can be solved by the method described in Sect.2.2. Once
its solution w has been found, the GS y of (2.12) is given by (2.13).

2.16 Example. Comparing the DE in the IVP
y' +3y+6y> =0, y(0)=-1

to (2.12), we see that this is a Bernoulli equation with p(t) = 3, ¢(t) = —6, and n = 2.
Substitution (2.13) in this case is y = w™!; hence,

so the IVP becomes
w' —3w=6, w(0)=-1.

This problem was solved in Example 2.8, and its solution is

VERIFICATION WITH MATHEMATICA® . The input

y=(EN(3xt) - 2)"(-1);
{Dly,t] +3xy +6xy"2,y/.t—0}//Simplify

generates the output {0, —1}. =
2.17 Example. For the DE in the IVP
ty' +8y = 12t*\/y, y(1)=16

we have p(t) = 8/t, q(t) = 12t, and n = 1/2; therefore, by (2.13), we substitute y = w?
and, since y’ = 2ww/’, arrive at the new IVP

tw' + 4w =6t w(l) = 4.
From Example 2.9 we see that w(t) = 2 + 3t~%, so
y(t) = (w(t)? = (2 + 3t

VERIFICATION WITH MATHEMATICA® . The input

y=(t"2 +3xt"(-4))"2;
Simplify [{t*DI[y,t] + 8%y - 12*t"2xSgrtlyl,y/.t— 1}, £>0]

generates the output {0, 16}. =
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Exercises

Solve the given IVP, or find the GS of the DE if no IC is given.
1 v +y=-y3 y0) =1 2 2ty 4+ 3y =9y /3, y(1) =1.
3 o —y+6ely32=0, y0)=1/4. 4 9y +2y=30e 2ty /2 y(0) =43
5 3ty —y=4t%y~2 y(1)=6Y3. 6 5%y +2ty =2y 3/

Answers to Odd-Numbered Exercises

1 yt)=02e*—1)"Y2 3 yt)=e2/4. 5 y(t) = (4t + 2t)1/3.

2.5 Riccati Equations

The general form of these DEs is

Y = qo(t) + a1ty + a2 (t)y?, (2.15)

where qo, ¢q1, and g2 are given functions, with gg, g2 # 0. After some analytic manipu-
lation, we can rewrite (2.15) as

v+ pi(t)v’ + pa(t)v = 0. (2.16)

This is a second-order DE whose coefficients p; and ps are combinations of qg, ¢1, g2,
and their derivatives. In general, the solution of (2.16) cannot be obtained be means of
integrals. However, when we know a PS y; of (2.15), we are able to compute the GS of
that equation by reducing it to a linear first-order DE by means of the substitution

1
y=m+— (2.17)

In view of (2.15) and (2.17), we then have
, ,w 1 1\’
Yy=y1——Q=@+ta\yt—)telyrt+—].
w w w

Since y; is a solution of (2.15), it follows that

/

w 1 291 2
o+ ny + gy — 5 =+ i+ q—+Q2y%+2u+ q_g,
w w w w
which, after a rearrangement of the terms, becomes
w' + (1 + 2qm1)w = —go. (2.18)

Equation (2.18) is now solved by the method described in Sect. 2.2.

The matrix version of the Riccati equation occurs in optimal control. Its practical
importance and the fact that it cannot be solved by means of integrals have led to the
development of the so-called qualitative theory of differential equations.
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2.18 Example. The DE in the IVP
y'=—1-2 42t + )y —y®, y(1) =

is of the form (2.15) with go(t) = —1 — 2, q1(t) = 2(t71 + ¢), and ¢2(t) = —1, and it is
easy to check that y;(t) = t satisfies it; hence, according to (2.18),

w + 2t 7w =1,
whose solution, constructed by means of (2.5) and (2.7), is
w(t)=1t+Ct2

Next, by (2.17),

1) =t+ 2L
N E I ok
The constant C is determined from the IC as C' = 2, so the solution of the IVP is
4+ 3t% + 6t
y(t) = —5——=—
346

VERIFICATION WITH MATHEMATICA®. The input

yv=(t"N +3%xt"2+6%t)/(t"3 +6);
Simplify [{Dly,t] + 1 +t"2 - 2% (N (- 1) +t)xy +y"2,v/.t— 1}]

generates the output {0, 10/7}. m
2.19 Example. The IVP
y' = —cost + (2 — tant)y — (sect)y®, y(0) =0

admits the PS y;(t) = cost. Then substitution (2.17) is y = cost + 1/w, and the linear
first-order equation (2.18) takes the form

w' — (tant)w = sect,

with GS t1 O
w(t) =

cost’

0 =14+ — ¢
y(t) = T C cost.
The IC now yields C = —1, so the solution of the IVP is

from which

- tcost

y(t) = :

t—1

VERIFICATION WITH MATHEMATICA® . The input

y=(t+ Cos[t]l)/(t -1);
Simplify [{D[y,t] + Cos[t] - (2 - Tan[t]) *xy + Sec[t] xy"2,
y/.t— 0}]

generates the output {0, 0}. =
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Exercises

In the given IVP, verify that y; is a solution of the DE, use the substitution y = y1 +1/w
to reduce the DE to a linear first-order equation, then find the solution of the IVP.

Y=t 37— (4 3y + 297, y(1) =5/2; yi(t) =1/t

Yy =—(*+6t+4)+2(t+3)y —y? y(0)=9/5 yi(t)=t+1

y =3t 2 =ttt — 3y — 722, y(1) = —1/2; yi(t) = —1/t.

y =4t —4e " + (2t — 4e’t2)y — e y2, y(0) =—1; y1(t) = —2.

y' =2—4cost+4sint+(4dcost—4sint—1)y+(sint—cost)y?, y(0) =3; yi(t) =2.
y' =2t2 — 1 —ttant + (4t — tant)y + 2y, y(n/4) = —1/2 —7/4; yi(t) = —t.

S Uk WN

Answers to Odd-Numbered Exercises

1 yt)=Bt+2)/(2t). 3 ylt)=@E —t-1)/(t>+1).
5 y(t)=2+1/(e" +sint).

2.6 Exact Equations

Consider an equation of the form

P(z,y) + Q(z,y)y =0, (2.19)

where P and ) are given two-variable functions. Recalling that the differential of a
function y = y(z) is dy = y'(x) dz, we multiply (2.19) by dz and rewrite it as

Pdx+Qdy=0. (2.20)

The DE (2.19) is called an ezact equation when the left-hand side above is the differential
of a function f(x,y). If f is found, then (2.20) becomes

df (x,y) =0,

with GS
f(z,y) =C, C = const. (2.21)

2.20 Remark. Suppose that such a function f exists; then (see item (iv) in Sect.1.1)

df = fodx + fydy,

o0, by comparison to (2.20), this happens if

fo=P [f,=Q. (2.22)

In view of the comment made in item (iii) in Sect. 1.1, we have f,, = fy», which, by
(2.22), translates as
P, = Q.. (2.23)
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Therefore, if a function of the desired type exists, then equality (2.23) must hold.

The other way around, it turns out that for coefficients P and ) continuously differ-
entiable in an open disc in the (z, y)-plane, condition (2.23), if satisfied, guarantees the
existence of a function f with the required property. Since in all our examples P and
@ meet this degree of smoothness, we simply confine ourselves to checking that (2.23)
holds and, when it does, determine f from (2.22). m

2.21 Example. For the DE in the IVP
y* —day® + 2+ 2oy — 62%y)y' =0, y(1) =1

we have
P(z,y) = y* —4ay® + 2, Q(z,y) = 2ay — 6222,

SO
P, =2y — 12gcy2 = Q.,

which means that the equation is exact. Then, according to Remark 2.20, there is a
function f = f(z,y) such that

P(z,y) =y* — 4ay® + 2,
fy(x,y) = Q(%y) =22y — 6$2y2.

N
&
<
S~—
I

(2.24)

Integrating, say, the first equation (2.24) with respect to z, we find that

few = [ fyde= [Py
= /(y2 —dxy® + 2)dx = xy® — 22%y° + 22 + g(y),

where, as mentioned in item (vi) in Sect. 1.1, g is an arbitrary function of y. To find g,
we use this expression of f in the second equation (2.24):

fy(@,y) = 22y — 62°y* + ¢'(y) = 2zy — 62°y>;

consequently, ¢’(y) = 0, from which g(y) = ¢ = const. Since, by (2.21), we equate f
to an arbitrary constant, it follows that, without loss of generality, we may take ¢ = 0.
Therefore, the GS of the DE is defined implicitly by the equality

zy? — 22%y> 4+ 2z = C.

Using the IC, we immediately see that C' = 1; hence,
zy? — 222y + 20 =1

is the equation of the solution curve for the given IVP.
Instead of integrating f, we could equally start by integrating f, from the second
equation (2.24); that is,

faw) = [ fev)ay= [ QGv)dy

= /(%y — 62°y%) dy = xy® — 20°y° + h(x),
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where h is a function of x to be found by means of the first equation (2.24). Using this
expression of f in that equation, we have

fol@,y) = y° —day® + W (2) = y* — day® + 2,

so h/(x) = 2, giving h(z) = 2z. (Just as before, and for the same reason, we suppress the
integration constant.) This expression of h gives rise to the same function f as above.

VERIFICATION WITH MATHEMATICA® . The input

U=x*y[x]"2 - 2*x" 2%y [x]"3 +2xx - 1;

{y[x]1"2 - 45x*xy[x]"3 +2 + (2xxxy[x] - 6xx"2xy[x]"2)
* (Solve[D[u,x]==0,y" [x]])[[1,1,2]1],
u/.{x—1,ylxl — 1}}//Simplify

generates the output {0, 0}, which confirms that the function y defined implicitly by
the equation of the solution curve satisfies both the DE and the IC. m

2.22 Example. The DE in the IVP
6y~ ' 4+ 8272y + (dy — 307y ? —1207%y)y =0, y(1) =3

has P(z,y) = 6xy~1 4+ 827 3y3 and Q(x,y) = 4y — 3z%y~2 — 122~ 2y%. Obviously, here
we must have x, y # 0.
Since
Py(z,y) = —6xy ™2 + 2427 %y = Qu(z,y),

it follows that this is an exact equation. The function f we are seeking, obtained as in
Example 2.21, is

fw9) = [ fola)ds = [ Play)ds
= /(ny_l + 82733 de = 3%y~ — 4% + g(y),
with g determined from
fo(z,y) = =322y~ 2 — 12272 + ¢/ (y) = 4y — 3%y~ % — 1227 2y
hence, ¢'(y) = 4y, so g(y) = 2y?, which produces the GS of the DE in the implicit form
3xy™t — 4% 22 = C.

The IC now yields C = 6.

VERIFICATION WITH MATHEMATICA® . The input
Uu=3*x"2xy[x]"N(-1) - 4*x"(-2) *y[x]1"3 + 2xy[x]"2-6;
{6xxxy[x]N(-1) + 8xx"(-3) xy[x]"3 + (4x*y[x]

- 3xx2xy[x]N(-2) - 12%x" (-2) xy [x]72)
* (Solve[D[u,x]==0,y’" [x]])[[1,1,2]],
u/. {x—1,yIx] = 1/2}} //Simplify

generates the output {0, 0}. =
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2.23 Example. Consider the IVP
zsin(2y) — 327 + (y + 2° cos(2y) )y’ =0, y(1) =

Since, as seen from the left-hand side of the DE, we have P(z,y) = xsin(2y) — 322 and
Q(z,y) = y + 22 cos(2y), we readily verify that

Py(:r?y) =2z COS(2y) = be(xvy)v

so this is an exact equation. Then, integrating, say, the y-derivative of the desired
function f, we find that

few) = [ fen)dy = [ Qg)ay
= /[y + 2% cos(2y)] dy = %yQ + %:102 sin(2y) + g(x).

The function g is determined by substituting this expression in the z-derivative of f;
that is,
fo(2,y) = zsin(2y) + ¢'(x) = wsin(2y) — 322,

which yields ¢/(z) = —32?; therefore, g(x) = —3, and we obtain the function
fla,y) =3y* + 327 sin(2y) — .

Writing the GS of the DE as f(x,y) = C and using the IC, we find that C = 72/2 — 1,
so the solution of the IVP is given in implicit form by

y? + x?sin(2y) — 22° = 7% — 2.

VERIFICATION WITH MATHEMATICA® . The input

u=yI[x]"2 + x"2%8in[2*y[x]] - 2*x"3 - Pi’2 + 2;

{x*Sin[2*y[x]] - 3*x"2 + (yv[x] + x"2*Cos[2"y[x]])
* (Solve[D[u,x]==0,y' [x]])[[1,1,2]],
u/.{x—=1,ylx] »Pi}}//Simplify

generates the output {0, 0}. =

2.24 Example. The general procedure does not work for the IVP
2y 2 —day + 1+ 2oy~ ' —62%)y =0, y(1)=1
because here, with P(x,y) = 2y~2 — 4xy + 1 and Q(z,y) = 22y~ ! — 622, we have

Py(x,y) = —4y~° —dx # Qu(x,y) = 2y~ ' — 12z,

so the DE is not exact. However, it may be possible to transform the equation into an
exact one by using an integrating factor pu(x,y). Writing the DE as P + Qy’ = 0 and
multiplying it by p, we arrive at P; + Q1y’ = 0, where P, = Pu and Q1 = Qu. We now
try to find a function p such that (P1), = (Q1)s; that is, (Pu)y = (Qu)s, which leads
to the partial differential equation

P,Uy + Py,“ = Qﬂx + Qzﬂ- (225)
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Since, in general, this equation may be difficult to solve, we attempt to see if x4 can be
found in a simpler form, for example, as a one-variable function. In our case, let us try
p = p(y). Then (2.25) simplifies to

P’ = (Qz — Py)p,
and with our specific P and @) we get

L 2y~ — 122+ 4y=3 + 4x _ 2(y~! —dx + 2y~3) _2
a 22 —dzy+1 M Ty —dmry )Ty

which is a separable equation with solution u(y) = y?. Multiplying the DE in the given
IVP by 42, we arrive at the new problem

2 —dxy® +y° + (2zy — 62%y%)y’ =0, y(1)=1.
This IVP was solved in Example 2.21. =

2.25 Remark. It should be pointed out that, in general, looking for an integrating fac-
tor of a certain form is a matter of trial and error, and that, unless some special feature
of the equation gives us a clear hint, this type of search might prove unsuccessful. m

Exercises

In 1-6, solve the given IVP, or find the GS of the DE if no IC is given.

dzy + (222 — 6y)y’ =0, y(1)=1.

2 12074+ 22y 73 + 622y + (22° — 322y~ )y’ =0, y(1) =2.

3 322y 24272y — 203 4+ (6y~* — 223y — 227 1y)y' =0, y(1) = —1.

4 2xsiny —ycosx + (z2cosy —sinz)y =0, y(r/2) =x/2.

5 2e2® — 2sin(2z) siny + [2y7 + cos(2x) cosyy’ = 0, y(0) = 7 /2.

6 (v+y) t—a2—4dcos(2z—y)+[(z+y)t+2cos(2z — )y =0, y(x/2) =0.

In 7-10, find an integrating factor (of the indicated form) that makes the DE exact,
then solve the given IVP or find the GS of the DE if no IC is given.

T oy+3y 422y =0, y(1)=1, p=p).
8 2uy+y’+ayy =0, y(1)=2, p=puy).
9 1+22%— (z+4ay)y’ =0, p=p().
10 —22° —y+(z+22°)y =0, y(1)=1, p=p(x).

=

Answers to Odd-Numbered Exercises

1 22%y—3y°+1=0. 3 72 -2y 34ty 2 a1yt =3
5 cos(2x)siny + e —y=? =2 —4/7°. 7 3z +ayt =4
9 22+hnjx|—y—-2y*=C.
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2.7 Existence and Uniqueness Theorems

Before attempting to solve an IVP or BVP for a mathematical model, it is essential to
convince ourselves that the problem is uniquely solvable. This requirement is based on
the reasonable expectation that, as mentioned at the beginning of Sect. 1.3, a physical
system has one and only one response to a given set of admissible constraints.

Assertions that provide conditions under which a given problem has a unique solution
are called existence and uniqueness theorems. We discuss the linear and nonlinear cases
separately.

2.26 Theorem. Let J be an open interval of the form a <t < b, let ty be a point in J,
and consider the [VP

Y +p(t)y =q(t), y(to) = yo, (2.26)

where yo s a given initial value. If p and q are continuous on J, then the IVP (2.26)
has a unique solution on J for any yo. m

2.27 Remark. In fact, we already know that the unique solution mentioned in
Theorem 2.26 can be constructed by means of formulas (2.5) and (2.8). m

2.28 Definition. The largest open interval J on which an IVP has a unique solution
is called the maximal interval of existence for that solution. m

2.29 Remarks. (i) Theorem 2.26 gives no indication as to what the maximal interval
of existence for the solution might be. This needs to be determined by other means—
for example, by computing the solution explicitly when such computation is possible.

(ii) If no specific mention is made of an interval associated with an IVP, we assume
that this is the maximal interval of existence as defined above.

(iil) Many IVPs of the form (2.26) model physical processes in which the DE is mean-
ingful only for ¢ > 0. This would seem to create a problem when we try to apply
Theorem 2.26 because an open interval of the form 0 < ¢ < b does not contain the
point tg = 0 where the IC is prescribed. A brief investigation, however, will easily
convince us that, in fact, there is no inconsistency here. If the IVP in question is
correctly formulated, we will find that the maximal interval of existence for the
solution is larger than 0 < ¢ < b, extending to the left of the point t; = 0. The
DE is formally restricted to the interval 0 < ¢ < b simply because that is where it
makes physical sense. m

2.30 Example. In the IVP

y — (t* + 1)y =sint, y(1)=2
we have

p(t) = —(t* +1), q(t) =sint.

Since both p and ¢ are continuous on the interval —co < ¢t < oo, from Theorem 2.26 it
follows that this IVP has a unique solution on the entire real line. m

2.31 Example. Bringing the equation in the IVP

t+1)y +y=¢€* y2)=3



36 2 First-Order Equations

to the standard form, we see that

1 62t
- t
11 q(t)

p(t) i

The functions p and ¢ are continuous on each of the open intervals —ooc < ¢t < —1 and
—1 < t < oo; they are not defined at ¢t = —1. Since the IC is given at tp = 2 > —1,
from Theorem 2.26 we conclude that the IVP has a unique solution in the interval
—1<t<oo. m

2.32 Remark. If the IC in Example 2.31 were replaced by, say, y(—5) = 2, then,
according to Theorem 2.26, the IVP would have a unique solution in the open interval
—00 < t < —1, which contains the point tg = —5. =

2.33 Example. To get a better understanding of the meaning and limitations of The-
orem 2.26, consider the IVP

ty' —y =0, y(to) = yo,

where p(t) = —1/t and ¢(¢t) = 0. The function ¢ is continuous everywhere, but p is
continuous only for ¢ > 0 or ¢ < 0 since it is not defined at ¢ = 0. Treating the DE as
either a separable or linear equation, we find that its GS is

y(t) = Ct. (2.27)

The IC now yields yo = C'tg, which gives rise to three possibilities.
(i) If 9 # 0, then, by Theorem 2.26, the IVP is guaranteed to have a unique solution

y(t) =Lt (2.28)
to

on any open interval containing ¢y but not containing 0; more specifically, on any
interval of the form 0 < a <t <b (if tp > 0) or a <t < b < 0 (if ¢y < 0). However,
direct verification shows that the function (2.28) satisfies the DE at every real value
of t, so its maximal interval of existence is the entire real line.

(ii) If to = 0 but yo # 0, then the IVP has no solution since the equality yo = Ctp =0
is impossible for any value of C.

(iil) If to = yo = 0, then the IVP has infinitely many solutions, given by (2.27) with any
constant C, each of them existing on the entire real line.

The ‘anomalous’ cases (ii) and (iii) are explained by the fact that they prescribe the
IC at the point where p is undefined, so Theorem 2.26 does not apply. =

We now turn our attention to the nonlinear case.
2.34 Theorem. Consider the IVP
y' = f(ty), y(to) = o, (2.29)
where f is a given function such that f and f, are continuous in an open rectangle
R={(t,y): a<t<b c<y<d} (2.30)

If the point (to,yo) lies in R, then the IVP (2.29) has a unique solution in some open
interval J of the form tg — h <t < tg + h contained in the interval a <t <b. m
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2.35 Example. For the IVP

20y-1y't)=2t+1, y(2)=-1

we have 2% 4 1 2% 4 1
f(tvy):—v f (t7y):——,
20y -1 7 2(y — 1)?
both continuous everywhere in the (¢, y)-plane except on the line y = 1. By

Theorem 2.34 applied in any rectangle R of the form (2.30) that contains the point
(2,—1) and does not intersect the line y = 1, the given IVP has a unique solution
on some open interval J centered at tg = 2. Figure 2.2 shows such a rectangle and
the arc of the actual solution curve lying in it. The open interval 2 —h <t < 2+ h
indicated by the heavy line is the largest of the form mentioned in Theorem 2.34 for
the chosen rectangle. But the solution exists on a larger interval than this, which can
be determined by solving the IVP.

Fig. 2.2

We separate the variables in the DE and write

/Z(yf 1) dy = /(2t+1)dt,
N (y—1)*=2+t+C. (2.31)

The constant, computed from the IC, is C = —2. Replacing it in (2.31), we then find
that
y(t) =1+ (2 +t—2)1/2

Of these two functions, however, only the one with the negative root satisfies the IC;
therefore, the unique solution of the IVP is

y(t) =1— (12 4+t —2)Y2 (2.32)

We establish the maximal interval of existence for this solution by noticing that the
square root in (2.32) is well defined only if

+t—2=(t—-1)(t+2)>0;

that is, for ¢ < —2 or ¢ > 1. Since ty = 2 satisfies the latter, we conclude that the
maximal interval of existence is 1 <t < co. m
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2.36 Example. The situation changes if the IC in Example 2.35 is replaced by y(0) = 1.
Now the point (t9,yo) = (0,1) lies on the line y = 1 where f and f, are undefined, so
every rectangle R of the form (2.30) that contains this point will also contain a portion
of the line y = 1 (see Fig.2.3). Consequently, Theorem 2.34 cannot be applied.

Fig. 2.3

To see what kind of ‘pathology’ attaches to the problem in this case, we note that
the new IC leads to C'= 0 in (2.31), which means that

y(t) =14 (£2 4+ 1)'/2. (2.33)

The square root is well defined for either t < —1 or ¢ > 0, and the two functions given by
(2.33) are continuously differentiable and satisfy the DE in each of the open intervals
—o0 <t < —1and 0 < t < co. The point ¢ty = 0 is well outside the former, but is
a limit point for the latter. Hence, we conclude that our IVP has a pair of distinct
solutions, whose maximal interval of existence is 0 < t < co. Both these solutions are
right-continuous (though not right-differentiable) at 0 and comply with the IC in the
sense that y(0+) = 1. The nonuniqueness issue we came across here is connected with
the fact that the conditions in Theorem 2.34 are violated.

VERIFICATION WITH MATHEMATICA® . The input

{yl,y2}={1+ (£"2 + )" (1/2),1 - ("2 +£)"(1/2)};
Simplify[{2x* ({y1l,y2} - 1) «DI[{yl,y2},t] - 2%t - 1,
{y1,y2}/.t—=0},t>0]

generates the output {{0, 0},{1, 1}}. m

2.37 Remarks. (i) The conditions in Theorems 2.26 and 2.34 are sufficient but not
necessary. In other words, if they are satisfied, the existence of a unique solution
of the kind stipulated in these assertions is guaranteed. If they are not, then, as
illustrated by Examples 2.33(ii), (iii) and 2.36, a more detailed analysis is needed
to settle the question of solvability of the IVP.

The restrictions imposed on f in Theorem 2.34 can be relaxed to a certain extent. It
is indeed possible to prove that the theorem remains valid for functions f subjected
to somewhat less stringent requirements.

(ii) Theorems 2.26 and 2.34 imply that when the existence and uniqueness conditions
are satisfied, the graphs of the solutions of a DE corresponding to distinct ICs do not
intersect. For if two such graphs intersected, then the intersection point, used as an
IC, would give rise to an IVP with two different solutions, which would contradict
the statement of the appropriate theorem. Consequently, if y1, y2, and y3 are the
PSs of the same DE on an open interval J, generated by initial values yo1, yo2, and
Yos, respectively, such that yo1 < yo2 < yos, then y1(t) < y2(t) < y3(t) at all points
tin J.
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Figure 2.4 show the graphs of the solutions of the equation in Example 2.8 with
yO:fl,O,lattO:O. ]

o

Fig. 2.4

Exercises

In 1-4, find the largest open interval on which the conditions of Theorem 2.26 are
satisfied, without solving the IVP itself.

1 (2t+ 1)y —2y=sint, y(0)=-2.

2 (-3t+2)y +ty=¢e', y(3/2)=-1.

3 2-lnt)y+3y=5, y(l)=e. 4 y' + 3ty =2tant, y(r)=1.

In 5-8, indicate the regions in the (¢,y)-plane where the conditions of Theorem 2.34 are
not satisfied.

5 (Qu+t)y =2t+y. 6 3y =t(y>— 1)V
7 (2+9y2-9)y =Int. 8 y = (t+2)tan(2y).

In 9-12, solve the DE with each of the given ICs and find the maximum interval of
existence of the solution.

9 y =dty* y(0) =2 y(-1)=-2; y@3)=-1
10y =8y% y(0)=-1; y(0)=1.
11 (y—-2)' =t y(2)=3; y(-2)=1 y(0)=1; y(1)=2.
12 (y—3)y =2t+1; y(-1)=3; y(-1)=1; y(-1)=5; y(2)=1

Answers to Odd-Numbered Exercises

1 —1/2<t<oo. 3 0<t<e? 5 y=—t/2.
t2+y2:9ort§0.
9 y(t)=2/(1—4t2), —1/2<t<1/2; y(t)=2/(3—4t?), —oco<t< —\/3/2;
y(t) =1/(17 —2t%), /17/2 < t < 0.
11 y(t) =2+ -3)2, V3<t<oo yt)=2—(t?-3)"/2, —co<t<—3;
y(t) =2 -+ 12, —co<t<oo; ylt)=2+> -1 1<t<oc.
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2.8 Direction Fields

Very often, a nonlinear first-order DE cannot be solved by means of integrals; therefore,
to obtain information about the behavior of its solutions we must resort to qualitative
analysis methods. One such technique is the sketching of so-called direction fields, based
on the fact that the right-hand side of the equation y’ = f(¢,y) is the slope of the tangent
to the solution curve y = y(t) at a generic point (¢,y). Drawing short segments of the
line with slope f(t,y) at each node of a suitably chosen lattice in the (¢,y)-plane, and
examining the pattern formed by these segments, we can build up a useful pictorial
image of the family of solution curves of the given DE.

2.38 Example. In Sect. 2.5 we mentioned the difficulty that arises when we try to solve
a Riccati equation for which no PS is known beforehand. The method described above,
applied to the equation

y/ _ e—2t o 3+ (5 o 26_2t)y+ (e—2t o 2)y2

in the rectangle defined by —1.5 < ¢ < 2 and 0.5 < y < 1.6, yields the direction field
shown in Fig. 2.5, where several solution curves are also graphed.

Figure 2.5 suggests that y(t) = 1 might be a PS of the given DE, and direct verifica-
tion confirms that this is indeed the case. Consequently, proceeding as in Sect. 2.5, we
determine that the GS of our equation is

1

y(t) =1+ 24 e 2t 4 Cet’
The solution curves in Fig. 2.5 correspond, from top to bottom, to C = —2.78, —1.05,
1, 10, 10,000, —30, —15, —6.
Of course, other equations may not benefit from this type of educated guess, however
refined a point lattice is employed to generate their direction fields. m



Chapter 3

Mathematical Models with First-Order
Equations

In Sect. 1.2 we listed examples of DEs arising in some mathematical models. We now
show how these equations are derived, and find their solutions under suitable ICs.

3.1 Models with Separable Equations

Population growth. Let P(t) be the size of a population at time ¢, and let §(t)
and 0(t) be, respectively, the birth and death rates (that is, measured per unit of
population per unit time) within the population. For a very short interval of time At,
we may assume that § and § are constant, so we approximate the change AP in the
population during that interval by

AP ~ (5 — §)PAt,

or, on division by At,

AP

— =~ (B—-9)P. 3.1

—-~(5-0) (3.1)
Clearly, this approximation improves when At decreases, becoming an equality in the
limit as At — 0. But the limit of the left-hand side in (3.1) as At — 0 defines the

derivative P’ of P; therefore, we have

P =(3-0)P, (3.2)
which is a separable DE that yields

dP

— =(B8—4)dt.

S =(-9)

If the size of the population at t = 0 is P(0) = Py, then, integrating the two sides above
from Py to P and from 0 to ¢, respectively, we arrive at

t

InP—-—InP) = / [B(T) — d(7)] dr.

0

C. Constanda, Differential Equations: A Primer for Scientists and Engineers, Springer 41
Undergraduate Texts in Mathematics and Technology, DOI 10.1007/978-1-4614-7297-1_3,
© Springer Science+Business Media New York 2013
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We now use the fact that In P — In Py = In(P/P,) and take exponentials to obtain the
solution of the IVP as

P(t) = Pyexp { /t [B() = 6(7)] dT}, t>0. (3.3)

0

3.1 Remark. By (3.3), when /5 and ¢ are constant we have
P(t) = PyeP=91,

so the population decreases asymptotically to zero if § > [ and increases exponentially
without bound if 8 > d. The latter conclusion seems unreasonable because any limited
environment has limited resources and can, therefore, sustain only a limited population.
This leads us to the conclusion that the model governed by equation (3.2) is valid only
for relatively small populations and for a finite time interval. A more refined model,
with a wider range of validity, will be discussed in Sect.3.3. =

3.2 Example. Suppose that the annual birth and death rates in a population of initial
size Py = 100 are B(t) = 2t + 1 and §(t) = 4t + 4. Then 5(t) — 0(t) = —2t — 3 and,
by (3.3),

t
P(t) = 100 exp { /(fzf - 3) dT} = 100e "3,
0

Since B(t) < 46(t) for all t > 0, the population is in permanent decline. If we want to
find out how long it takes for its size to decrease to, say, 40, we replace P(t) by 40, take
logarithms on both sides, and reduce the problem to the quadratic equation

t?+3t—Ing =0.

This has two roots: t = [~3 — (9+41n(5/2))'/?]/2 ~ —3.28, which must be discarded as
physically unacceptable, and ¢ = [~3+ (9+41n(5/2))'/2]/2 ~ 0.28, which is the desired
answer.

VERIFICATION WITH MATHEMATICA® . The input
Round [100*E"( - 0.28"2 - 3%0.28)]

generates the output 40. Since the computed result is an approximation, the command
instructs the program to round the output to the nearest integer. m

Radioactive decay. As in the preceding model, if x = const > 0 is the rate of
decay of a radioactive isotope (that is, the number of decaying atoms per unit of atom
‘population’ per unit time), then the approximate change AN in the number N (¢) of
atoms during a very short time interval At is

AN ~ —kN At
so, dividing by At and letting At — 0, we obtain the DE
N’ = —kN.

After separating the variables, integrating, and using an IC of the form N(0) = Ny, we
find the solution
N(t) = Noe ", t>0. (3.4)
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3.3 Example. An important characteristic of a radioactive substance is its so-called
half-life, which is the length of time ¢* it takes the substance to decay by half. Since
N(t*) = Ng/2, from (3.4) it follows that

% NO = Noei’{t* .
Dividing both sides by Ny and taking logarithms, we find that

. In2
" =——. m
K

Compound interest. A sum Sy of money is deposited in a savings account that
pays interest compounded continuously at a constant rate of r per unit of money per
unit time. If S(¢) is the size of the deposit at time ¢, then, for a very short interval of
time At, the approximate increment AS in S is

AS ~ rSAt.
Dividing by At and letting At — 0, we arrive at the exact equality
S =rsS,

which is a separable equation. The procedure described in Sect.2.1 with the IC
S(0) = Sy now yields

S(t) = Spe™, t>0. (3.5)
3.4 Example. If we want to find out how long it takes an initial deposit to double in

size at a rate of 6 %, we replace S(t) = 2S5y and r = 0.06 in (3.5) and divide both sides
by Sp to find that

9 — 006t
Using logarithms to solve for ¢, we obtain ¢ ~ 11.55.

VERIFICATION WITH MATHEMATICA® . The input
S0 *Round [E" (0.06%11.55)]
generates the output 25y. m

3.5 Remarks. (i) It is obvious that the result in Example 3.4 is independent of the
size of the initial deposit.

(ii) Suppose, for simplicity, that time is measured in years. If interest is not compounded
continuously, but n times a year (for example, monthly, or weekly, or daily) at a
constant annual rate of r, then it can be shown by mathematical induction that

after ¢ years the capital is
nt
S(t) = So (1 + f) .
n

We can easily verify that for any positive integer n, this value of S(¢) is smaller than
the value given by (3.5), and that the right-hand side above tends to the right-hand
side in (3.5) as n — oo.

VERIFICATION WITH MATHEMATICA® . The input
Limit [SO% (1 + r/n) N (nxt), n— oo]

generates the output Spe™. m
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Exercises

Use the mathematical models discussed in this section to solve the given problem.
In each case, assume that the conditions under which the models are constructed are
satisfied.

1 The birth and death rates of two non-competing populations are 81 = 1/(t + 1),
91 = 1/10 and B2 = 2/(t + 2), 62 = 1/10, respectively. If their starting sizes are
Py = 2 and Py = 1 units, find out how long it takes the second population to
(i) become larger than the first one, and (ii) be twice as large as the first population.

2 For two non-competing populations, the birth and death rates and starting sizes
are 1 = 1/20, 61 = 2t/(t> + 1), Pio = 1 and B2 = 1/(t + 1), 0o = a = const,
Pyy = 3, respectively. Find the value of a if the two populations become equal in
size after 5 time units.

3 The half-life of a radioactive isotope is 8. Compute the initial amount (number of
atoms) of substance if the amount is 6,000 at time ¢ = 4.

4 A radioactive substance with an initial size of 10 has a decaying coefficient of 1/16.
At t = 8, the amount of substance is increased by 5. Find out how long it takes
the increased amount of substance to decay to its original size.

5 A sum of money is invested at an annual interest rate of 3%. Two years later, an
equal sum is invested at an annual rate of 5%. Determine after how many years
the second investment starts being more profitable than the first one.

6 A bank pays an annual rate of interest of 5%, and an annual fixed loyalty bonus
of 1/100 of a money unit. Modify the compound interest model accordingly, then
compute the value of one money unit after 5 years. Also, find out what interest
rate would need to be paid by the bank to generate the same amount at that time
if there was no loyalty bonus.

Answers to Odd-Numbered Exercises

1 t=2(14+v2)~483; t=2(3+2V3)~12.93.
3 Ny=6,000/2~8485. 5 t=3 years.

3.2 Models with Linear Equations

Free fall in gravity. Let m = const > 0 be the mass of an object falling in a
gravitational field, and let y(t), v(t), and a(t), respectively, be its position, velocity,
and acceleration at time ¢. Also, let g be the acceleration of gravity and v = const > 0
a coefficient characterizing the resistance of the ambient medium to the motion of
the object. Assuming that the vertical coordinate axis is directed downward and that
resistance is proportional to the object’s velocity, from Newton’s second law we deduce
that

or, since a = v’, ~
v+ —v=g. (3.6)
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This is a linear equation that we can solve by means of formulas (2.5) and (2.8). Thus,

an integrating factor is
() = exp { / e dt} = e(1/m)t
m

so, with an IC of the form v(0) = vy, we obtain the solution
t
v(t) = e—(v/m)t{ /e(v/m)rg dr + M(O)U(O)}
0

e(WM{ﬁ%ngﬁ%+%}

m

_£%<M)Z£>e<wmn, t>0. (3.7)
v v

Since v = v/, integrating the right-hand side above and using a second IC, of the
form y(0) = yo, we find that

)= "9 T (@ _ UO) (e=O/mt _ 1) 440, t>0, (3.9)
Y Y Y

If v is replaced by 3’ in (3.6), we see that the function y is a solution of the DE

'+ Ly =g
m

This is a second-order equation, of a type investigated in Chap. 4.

3.6 Example. An object of mass m = 10 dropped into a liquid-filled reservoir reaches
the bottom with velocity v, = 24.5. If g = 9.8 and the motion resistance coeflicient of
the liquid is v = 2, we can use (3.7) and (3.8) to compute the depth of the reservoir.
First, we rewrite these two formulas in terms of the specific data given to us, which
also include yo = 0 and vy = 0 (since the object is dropped, not thrown, from the top,
where we choose the origin on the vertical downward-pointing axis); that is,

y(t) = 49t +245(e7t/° — 1), w(t) =49 — 49e7/5.

The latter allows us to find the time ¢; when the object reaches the bottom. This is the
root of the equation v(t) = v, which, after simplification, reduces to

—t/5 _ 1
1*6 /75

and yields ¢, = 3.466. Then the depth of the reservoir is given by the position y(¢,) of
the object at that time, namely

y(ty) ~= 49 - 3.466 + 245(e~349/5 _ 1) ~ 47.33.

VERIFICATION WITH MATHEMATICA® . The input
y=49%t + 245 (EN(-t/5) - 1);
tb=Solve[{y==47.33,t>0},t]1[[1,1,2]];
Round[D[y,t] /.t —tb, 0.5]

generates the output 24.5. The last command asks for the rounding of the result to the
nearest half unit. m
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Newton’s law of cooling. As mentioned in Example 1.7, the temperature T'(¢) of a
body immersed in a medium of (constant) temperature 6 satisfies the DE

T' + kT = ko),

where k = const > 0 is the heat transfer coefficient. This is a linear equation, so, by
(2.5), an integrating factor is

ult) = exp{ / kdt} _ o,

hence, by (2.8) and with an IC of the form 7'(0) = Ty,

T(t)=e M [ ket dr + p(0)T(0)
(/ }
= e MO — 1) + T} =0+ (To - O)e ™, t>0. (3.9)

3.7 Example. The temperature of a dead body found in a room at 6 a.m. is 32°C.
One hour later, its temperature has dropped to 30 °C. The room has been kept all the
time at a constant temperature of 17 °C. Assuming that just before dying the person’s
temperature had the ‘normal’ value of 37°C, we want to determine the time of death.

Let us measure time in hours from 6 a.m. With 7'(0) = Ty = 32 and 6 = 17, formula
(3.9) becomes

T(t) = 17+ 15e*, (3.10)
hence, since T'(1) = 30, it follows that
30 =17+ 15e*,

which yields
k =1n(15/13). (3.11)

If t4 is the time of death, then, by (3.10),
T(tg) = 37 = 174 15e "4, (3.12)
The value of t4 is now computed from (3.12) with k given by (3.11):

In(4/3)

—_— =2
In(15/13) '

tg = —

that is, death occurred at approximately 4 a.m.

VERIFICATION WITH MATHEMATICA® . The input
Round [N[17 + (32 - 17) *E" (-Log[15/13] * (-2)) 11

generates the output 37, rounded to the nearest integer. m

RC electric circuit. In a series RC circuit, the voltage across the resistor and the
voltage across the capacitor are, respectively,

Ve=RI, Vo=7=,

QO
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where the positive constants R and C' are the resistance and capacitance, respectively,
I is the current, and @ is the charge. If V' is the voltage of the source, then, since I = @Q’
and since, by Kirchhoft’s law, V = Vi 4+ Vo, we have

Q , 1
V=RI+=<= -
R +C RQ +CQ,

or, what is the same,
1 1
!/ . I
Ctre?=gY

By (2.5), an integrating factor is

_ Lol = ety
u(t)exp{/RCdt}e ,

so, by (2.8) and with an IC of the form Q(0) = Qo,
. t
Qt) = et/(RC){E /ET/(RC)V(T) dr + QO}~ (3.13)
0

3.8 Example. Suppose that R = 20, C' = 1/20, V(t) = cost, and Q9 = —1/100. By
(3.13) and formula (B.1),

Q) = et{%/e'r cosdr — ﬁ} — {1 L[(cost + sint)e’ — 1] — -}
= 55 (5cost + Hsint — Te™").
The current in the circuit is then computed as

I(t) = Q'(t) = 555 (5cost — 5sint + Te™").

VERIFICATION WITH MATHEMATICA® . The input

Q= (1/200) * (5%xCos[t] + 5xSin[t] - 7*+E (-t));
{D[Q,t] +Q - (1/20) xCos[t],Q/.t— 0}//Simplify

generates the output {0, —1/100}. =

Loan repayment. Let A(t) be the amount of outstanding loan at time ¢, let 7 = const
be the rate at which the money has been borrowed, and let p = const be the repayment
per unit time. Again considering a very short interval of time At, we see that the
variation AA of A during this interval can be written as

AA ~rAAt — pAt,
which, when we divide by At and let At — 0, becomes
A —rA=—p.

By (2.5), an integrating factor for this linear equation is

u(t) = exp{ - /rdt} -
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50, by (2.8) and with an IC of the form A(0) = Ao,

t

aw = [+ u0a0)

0

—e{B s aof = (a0 2)er (3.14)
r r r
3.9 Example. To be specific, let us compute the monthly repayment for a mortgage
of $100,000 taken out over 30 years at a fixed annual interest rate of 6 %. We replace
Ap = 100,000, r = 0.06, t = 30, and A(30) = 0 in (3.14), then solve for p to obtain

rAg 6,000
P e T 1 Z 18 L

which, divided by 12, yields a monthly repayment of approximately $600.
VERIFICATION WITH MATHEMATICA® . The input

Round[7188/0.06 + (100000 - 7188/0.06) xE"(0.06%30), 100]

generates the output 0. The rounding is to the nearest 100. m

Exercises

Use the mathematical models discussed in this section to solve the given problem.
In each case, consider that the assumptions under which the models are constructed
are satisfied.

1 An object of unit mass is dropped from a height of 20 above a liquid-filled reser-
voir of depth 50. If the acceleration of gravity is 9.8 and the resistance-to-motion
coefficients of air and liquid are 1 and 4, respectively, compute the time taken by
the object to hit the bottom of the reservoir.

2 An object of mass 4, projected vertically upward with a speed of 100 from the
bottom of a liquid-filled reservoir, starts sinking back as soon as it reaches the
surface. If the acceleration of gravity is 9.8 and the resistance-to-motion coeflicient
of the liquid is 1, find the depth of the reservoir.

3 An object is immersed in a medium kept at a constant temperature of 100. After
one unit of time, the temperature of the object is 10. After another unit of time, its
temperature is 15. The object starts melting when the temperature reaches 40. Find
out (i) when the object starts melting, and (ii) the object’s initial temperature.

4 An object with a heat exchange coefficient of 1/10 and an initial temperature of
10 is immersed in a medium of temperature ¢ — 3. Given that the object starts
freezing when the temperature reaches 0, find out how long it takes the object to
start freezing.

5 An RC circuit has a resistance of 1, a capacitance of 2, an initial charge of 2/17,
and a voltage V(t) = cos(2t). At time ¢ = 7/4, the resistance is doubled. Find the
charge @ at time t = 7.

6 An RC circuit has a resistance of 2, a capacitance of 1, and a voltage given by
V(t) = cos(t/2). Find the value of the initial charge if the current at ¢ = 7 is —1/4.
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7 A loan of $200,000 is taken out over 20 years at an annual interest rate of 4 %.
Compute the (constant) loan repayment rate and the total interest paid. Also, find
out how much sooner the loan would be repaid and what savings in interest would
be achieved if the loan repayment rate were increased by one half from the start.

8 A loan of $1,000 is taken out over 15 years at a variable annual rate of interest of
(5/(t + 1)) %. Compute the (constant) repayment rate.

Answers to Odd-Numbered Exercises

t~ 22.7.

t =1+ (In(3/2))/(In(18/17)) ~ 8.09; T = 80/17 ~ 4.7.

Q =2/65+ (8/17)e~™/* — (16/65)e~37/16 ~ 0.108749.

r = 1,210.64/month; $90,554.60; 8.56 years earlier; $41,332.30.

N ot W+

3.3 Autonomous Equations

These are equations of the form

y'(t) = fy):
that is, where the function f on the right-hand side does not depend explicitly on t. Such
equations are encountered in a variety of models, especially in population dynamics.

The simplest version of the population model discussed in Sect. 3.1 is described by
an IVP that can be written as

y =ry, y(0)=yo, (3.15)

where the DE is an autonomous equation with f(y) = ry, » = const. But, as observed
in Remark 3.1, this model is useful only for small populations and finite time inter-
vals, becoming inadequate for large time when r > 0 and the environment has limited
resources. To make the model realistic also in this case, we need to consider a more
refined version of it.

Population with logistic growth. We replace the constant rate r in the function f
by a variable one u(y), which, for a physically plausible model, should have the following
properties:

(i) u(y) = r when y is small (so for a small population, the new model gives approx-
imately the same results as (3.15));

(ii) u(y) decreases as y increases (the rate of growth diminishes as the population gets
larger);

(i) u(y) < 0 when y is very large (the population is expected to decline as the envi-
ronment resources are stretched too far).

The simplest function with these properties is of the form u(y) = r — ay, where
a = const > 0. Therefore, the logistic equation is

Y = (r —ay)y,
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or, with B =r/a,

y =r(1-Z)y. (3.16)
(%)

The roots of the algebraic equation f(y) = 0 are called critical points. Here, since
f(y) =r[l — (y/B)]y, they are 0 and B. The constant functions y(t) =0 and y(¢t) = B
are the equilibrium solutions of the DE (3.16).

We notice that (3.16) is a separable equation. To compute its non-equilibrium solu-
tions, first we separate the variables and write it as

B
—— dy = rdt,
y(B —y)

then use partial fraction decomposition (see Sect. A.1) on the left-hand side, followed

by integration:
1 1
-+ = )dy=r / dt.
/(y By)

In|y| —In|B —y|=rt+C,

This leads to

or

In

y
=rt+C
B—J e

which, after exponentiation, becomes

The constant C7, determined from the generic initial condition y(0) = yo > 0, is
C1 = yo/(B — yo). Replacing it in the above equality and solving for y, we arrive at

_ yoBe""
~ B—yo+yoet’

y(t)

Finally, we multiply both numerator and denominator by e~"*

to the form

and bring the solution

Yo B
t) = .
y(?) Yo + (B —yo)e "t

(3.17)

3.10 Remark. The denominator on the right-hand side in (3.17) is never equal to zero
for any ¢t > 0. This is clear when 0 < yo < B. If yo > B, then, solving the algebraic
equation

Yo+ (B —yo)e " =0

for ¢, we find that

1
t=——1In Yo
T yo — B

)

which is a negative number because the argument of the logarithm is greater than 1.
Hence, the function (3.17) is defined for all ¢ > 0, so we can compute its limit when ¢
increases without bound. Since e™"* — 0 as t — 0o, we have

lim y(t) = B.

t—o00
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This shows that, in a certain sense, B is the size of the largest population that the
environment can sustain long term, and for that reason it is called the environmental
carrying capacity. m

3.11 Definition. Roughly speaking, an equilibrium solution yy of a DE with time ¢
as the independent variable is called stable if any other solution starting close to g
remains close to yo for all time, and it is called asymptotically stable if it is stable
and any solution starting close to yy becomes arbitrarily close to ¥y as t increases. An
equilibrium solution that is not stable is called unstable. m

3.12 Remark. The explanation in Remark 3.10 shows that the equilibrium solution
y(t) = B is asymptotically stable. By contrast, the equilibrium solution y(t) = 0 is
unstable since any solution starting near 0 at ¢ = 0 moves away from it as ¢ increases. m

3.13 Example. Proceeding as above, we find that the critical points and equilibrium
solutions of the DE

y' = f(y) =400 (1 - 1%)y = 400y — 4y* = 4y(100 — 7))
are 0, 100 and y(¢t) = 0, y(t) = 100, respectively. Also, by (3.17), its GS is

- 100y0
" 4o + (100 — yg)e—400t”

y(t) (3.18)
According to Remark 3.10, this solution is defined for all ¢ > 0, and we readily verify
that y(¢) — 100 as t — co. From the right-hand side of the DE we see that ¢’ > 0 when
0 <y < 100, and 3" < 0 when y > 100. Differentiating both sides of the given equation
with respect to t and replacing y’ from the DE, we find that

df
y' = & y' = (400 — 8y) - 4y(100 — y) = 32y(50 — y)(100 — y).
Consequently (see Sect. B.1), y”” > 0 when 0 < y < 50 or y > 100, and y” < 0 when
50 < y < 100. These details together with the information they convey about the graph
of y are summarized in Table 3.1.

Table 3.1
Yy 0 50 100
Yy + + -
y’ + - +
Ascending, Ascending, Descending,
Graph of y concave up  concave down concave up

Taking, in turn, yo to be 25, 75, and 125, we obtain the PSs

B 100 B 300 B 500
yi(t) = 1 3e—1007" ya(t) = 3§ o—do0t’ ys(t) = PR
By Remark 2.37, y1(t) < y2(t) < ys(t) for all ¢ > 0. The graphs of these solutions,
sketched on the basis of this property and the details in Table 3.1, and the graphs of the
equilibrium solutions, are shown in Fig. 3.1. These graphs confirm that, as expected, the
equilibrium solution y(¢) = 100 is asymptotically stable and that y(¢) = 0 is unstable.
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75

50

25

0.002 0.004 0.006 0.008 0.01 0.012

Fig. 3.1

The graph of any solution starting with a value between 0 and 50 at ¢ = 0 changes
its concavity from up to down when it crosses the dashed line y = 50.

VERIFICATION WITH MATHEMATICA® . The input

y1=100/(1 + 3*E"(-400%t));

y2=300/(3 + E"N(-400%t)) ;

y3=500/(5- E"(-400%t)) ;

y={vl,y2, y3};

{Dly,t] - 4xy* (100 -y),y/.t— 0}//Simplify

generates the output {{0, 0, 0}, {25, 75, 125}}. =m
Logistic population with harvesting. The DE for this model is of the form

g 1_2 _
y=r(1-2)u-a

where o = const > 0 is the rate of harvesting, which, obviously, contributes to the
decline of the population. The analysis here proceeds along the same lines as in the
preceding model.

3.14 Example. Consider the DE
y' =28 (1 - %)y —40 = 4(Ty —y*> — 10) = 4(y — 2)(5 — y). (3.19)

The critical points are 2 and 5, and the equilibrium solutions are y(t) = 2 and y(¢t) = 5.
Investigating the signs of ¥’ and

Y =47 - 2y)y = 16(7 —2y)(y — 2)(5 — y),

we gather the details about the graph of y in Table 3.2.
For y # 2, 5, separating the variables and integrating on both sides of the DE, we

find that
d L .
/WZM/{fﬂ(y—?) 3<y—5)}dy_4/dt;

hence, In|(y — 2)/(y — 5)| = 12t + C, or, after exponentiation,

y_2201€12t.
y—>5
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Table 3.2
y 0 2 3.5 5
y' - + + -
y" - + - +
Graph of ¥ | concave down_coneave iy concave o concave 1
P concave down concave up

An IC of the form y(0) = yo now yields C1 = (yo — 2)/(yo — 5), so, after some simple
algebra, in the end we obtain

5(yo —2) — 2(yo — 5)e 2

t) =
y(?) Yo — 2 — (yo — H)e 12t

(3.20)

As in Example 3.13, it is easy to check that for yg > 2, the denominator on the
right-hand side in (3.20) does not vanish for any ¢ > 0; therefore, we can compute

lim y(t) = 5.

t—00

For 0 < yg < 2, the numerator of solution (3.20) is equal to zero at t = t*, where, since
2(5 = yo) > 5(2 — o),

. 1
t'=—In——+=
12 5(2 = yo)
This means that populations starting with a size less than 2 are not large enough to
survive and die out in finite time.
The PSs for yog =1, yo = 3, yo = 4, and yy = 6 are, respectively,

—5 4 8¢~ 12t 5+ 4e—12t
O — ="
yl( ) 71 +4€712t’ y2( ) 1 + 26712t7
10 + 212 20 — 2e~ 12t
ys(t) = i ya(t) = pEpSTTa

Their graphs, sketched with Table 3.2, are shown in Fig. 3.2.

[N RO e Y =) S |

0.05 0.1 0.15 0.2 0.25 0.3 0.35
Fig. 3.2
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The equilibrium solution y(t) = 5 is asymptotically stable, whereas y(t) = 2 is unsta-
ble. The graph of any solution starting with a value between 2 and 3.5 at t = 0 changes
its concavity from up to down when it crosses the dashed line y = 3.5. Solution y;
vanishes at ¢ ~ 0.04.

VERIFICATION WITH MATHEMATICA® . The input

yl=(-5+8%EN(-12xt)) /(-1 + 4xEN(-12%t));

v2=(5+4*%E"(-12%t)) /(1 + 2*%E (-12%t)) ;

y3=(10+2%EN(-12%t)) /(2 + BN (-12%t)) ;

va= (20 - 2%E N (-12%t)) /(4 - EN(-12%t)) ;

y={v1l,v2,y3, v4};

{Dly,t] -4x(y-2)*(5-vy),y/.t— 0}//Simplify

generates the output {{0, 0, 0, 0}, {1, 3,4, 6}}. =

Population with a critical threshold. This model is governed by a DE of the
form

y =—r(1-2L)y, (3.21)
(-5)

where r, B = const > 0. Since (3.21) is the same as (3.16) with r replaced by —r, the
solution of the IVP consisting of (3.21) and the IC y(0) = yo can be obtained from
(3.17) by means of the same substitution:

Yo B

y(t) = Yo+ (B —yo)e™’

(3.22)
From this we see that when yy < B, the denominator does not vanish for any ¢t > 0, so

we can compute
lim y(t) = 0.

t—o0

If, on the other hand, yy > B, then the denominator vanishes at t = t*, where

1
t*z—ln Yo
T Yo — B

>0,

which implies that the solution becomes infinite as ¢ approaches the value t*. The
number B in this model is called a critical threshold. A population that starts with
a size above this value grows without bound in finite time; one that starts below this
value becomes extinct asymptotically.

3.15 Example. The critical points and equilibrium solutions of the DE

- —40<1— 2y—0)y—2y — 40y = 2y(y — 20)

are 0, 20 and y(t) = 0, y(t) = 20, respectively. Since
= (4y — 40)y" = 8y(y — 10)(y — 20),

the analysis based on the signs of the derivatives is simple and its conclusions are listed
in Table 3.3.
In this case, (3.22) yields

20yo
Yo — (yo — 20)et0t’

y(t) =
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Table 3.3
Y 0 10 20
Y - - +
y’ + - +
Descending, Descending, Ascending,
Graph of y concave up concave down  concave up

which, for yo equal, in turn, to 5, 15, and 25, generates the PSs

20 60 100

T 14 3¢t valt) = ys(t) = 5 _ edot”

y(t) 3t ed0t”

Solution y3 tends to infinity as ¢ approaches the value t* = (In5)/40 ~ 0.04, where the
denominator vanishes.

The graphs of these solutions, sketched according to Table 3.3, and the graphs of the
equilibrium solutions, are shown in Fig. 3.3.

0.02 0.04 0.06 0.08 0.1 0.12  0.14

Fig. 3.3

It is clear that the equilibrium solution y(¢) = 0 is asymptotically stable and that
y(t) = 20 is unstable. The graph of any solution starting with a value between 10 and 20
at ¢t = 0 changes its concavity from down to up when it crosses the dashed line y = 10.

VERIFICATION WITH MATHEMATICA® . The input
v1=20/(1+ 3%xEN(40%t));
y2=60/(3 + EN(40%*t));
y3=100/(5 - EN(40%t)) ;
v={yl,v2,y3};
{Dly,t] - 2xy"2 +40xy,y/.t— 0}//Simplify

generates the output {{0, 0, 0}, {5, 15, 25}}. =m

3.16 Remark. As already mentioned, this model tells us that for yy > B the solution
increases without bound in finite time. Since this is not a realistic expectation, the
model needs further adjustment, which can be done, for example, by considering the

equation
y = —r 1_£ 1_2 y, r>0, 0< B;<Bs,.
B1 B2
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We now have a population model with logistic growth (characterized by a carrying
capacity Bz) and a threshold level By, where 3y’ < 0 for large values of y, meaning that
y remains bounded when yq is large. m

Models of population dynamics are not the only ones that give rise to autonomous
equations.

Chemical reaction. When two substances of concentrations ¢; and cs react to
produce a new substance of concentration y, the DE governing the process is of the
form

Y = alcr —y)(c2 —y),
where c1, c2, a = const > 0.

3.17 Example. Consider the DE
Y =3(y" — 6y +8)=3(2-y)(4d ). (3.23)

Its critical points and equilibrium solutions are 2, 4 and y(t) = 2, y(t) = 4, respectively.
Here, we have

y" =6(y—3)y’ =18(y —2)(y — 3)(y — 4),

which helps provide the information given in Table 3.4.

Table 3.4
Y 0 2 3 4
Y + - _ n
y" — + _ +
Graph of y . (ﬁlsc(:\?ed(ii%%& , lggz(ézr\llcgiﬁg, Descencgng, Ascending,
p concave down concave up

Proceeding as in Example 3.14, for y # 2,4 we have

/@—yﬁlﬁ/{ml—@ 2<y1—2>}dy‘3/dt’

—y_4:Cth
y—2 '

from which

We now use the generic IC y(0) = yo and then solve this equality for y to bring the

solution of (3.23) to the form

2(yo —4) —4(yo — 2)e”*
Yo —4 — (yo — 2)e~ 5

It can be verified without difficulty that if 0 < yo < 4, the denominator in (3.24) is
never equal to zero; hence, we can evaluate

(3.24)

y(t) =

lim y(t) = 2.

t—o0
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When yy > 4, however, the denominator vanishes at ¢ = t*, where

1 y()*?

t*==1In > 0.
Yo — 4

Consequently, physically meaningful solutions obtained with such ICs do not exist for
t >t
The PSs corresponding to, say, yo equal to 1, 2.5, 3.5, and 5 are

6 — 4e6t 6 + 4e— 6

)= ——— )= ———
yl( ) 3 e_6t ) 92( ) 3+€—6t )
2 4 12¢6t 2 — 12¢76¢
t)y=""-"="_ )y ="—">="__.
wt) =T 3= ul=T 3w

As expected, the first three functions approach the equilibrium solution y(t) = 2 as
t — oo, whereas the fourth one becomes infinite at ¢ = t* = (In3)/6 ~ 0.18.

The graphs of these functions, sketched in accordance with the details in Table 3.4,
are shown in Fig.3.4 and indicate that, of the two equilibrium solutions, y(t) = 2 is
asymptotically stable and y(¢) = 4 is unstable. The graph of any solution starting with
a value between 3 and 4 at ¢ = 0 changes its concavity from down to up when it crosses
the dashed line y = 3.

Fig. 3.4

VERIFICATION WITH MATHEMATICA® . The input

yl=(6 - 4*E"(-6xt))/(3 - EN(-6x%t));
y2=(6+4xE (-6%xt))/(3+E" (-6%xt));
y3=(2+12%EMN(-6%t)) /(1 +3%xEN(-6%t));
vad=(2-12%EMN(-6%t)) /(1 - 3%xEN(-6%t));

v={y1l,v2,vy3, v4};
{Dly,t] - 3% (y"2-6%xy+8),y/.t— 0}//Simplify

generates the output {{0, 0, 0, 0}, {1, 2.5, 3.5,5}}. =

3.18 Remark. Clearly, the methodology used in Examples 3.13-3.15 and 3.17 can be
applied to any autonomous equation of the form 3’ = ay? + by + ¢ with constant
coefficients a, b, and ¢, where the quadratic polynomial on the right-hand side has real
roots. m
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Exercises

Find the critical points and equilibrium solutions of the given DE and follow the
procedure set out in this section to solve the DE with each of the prescribed ICs.
Sketch the graphs of the solutions obtained and comment on the stability /instability of
the equilibrium solutions. Identify the model governed by the IVP, if any, and describe
its main elements.

© 0 N O ks wWwN

e S S
O A W N - O

y' =300y — 2y2; y(0) =50; y(0) =100; y(0) = 200.
y' = 240y — 3y?%; y(0) = 20; y(O) =60; y(0)=100.
y' =15y —y?/2; y(0) = )=2

y' =5y —y?/4 y(0) =5 y(0) =15 y(0)=25.

y' =8y —2y*—6; y(0)=1/2; y(0)
y' =30y —3y* —48; y(0)=1; y(0)=3; y(0)=6; y(0)=09.
y' = 2y* - 80y; y(0) =10; y(0)=30; y(0) = 50.

y' = 3y* — 180y; y(0) =20; y(0) =40; y(0) = 70.
y'=y?/5-4y; y(0)=5; y(0)=15; y(0)=25.

Y =y?/20—y/2; y(0)=2; y(0)=7; y(0)=1L

Y =2y* — 12y + 10; y(O) 0; y(0)=2; y( 6
Y =y* -9y +18 y(0)=2; y(0)="7/2 y(0)=5 y(0)="T.
Y =2y—y*+8 y(0)= ( 5
Y =2y—y*+3; y(0)=
Y =y*+y—6; y(0)=—4 y(O) =-2; y(0)=1; y(0)=
Y=y +8y+T7 y(0)=-8 y(0)=-6 y(0)=-3 y(0)=1

Answers to Odd-Numbered Exercises

1

11

0, 150; y(¢) =0 (unstable), y(t) = 150 (asymptotically stable);

y = 15090/ [y0 — (yo — 150)e~3%!]; population with logistic growth;

r =300, B = 150.

0, 30; y(¢t) =0 (unstable), y(t) = 30 (asymptotically stable);

y = 30y0/[yo — (yo — 30)e~1%!]; population with logistic growth; r = 15, B = 30.
1, 3; y(t) =1 (unstable), y(t) = 3 (asymptotically stable);

y=1[o—1) = (yo—3)e™"]/lyo— 1 = (yo — 3)e™";

population with logistic growth and harvesting; » =8, B=4, a =6.

0, 40; y(t) = 0 (asymptotically stable), y(t) = 40 (unstable);

y = 40y0/[yo — (yo — 40)e8%*]; population with a critical threshold; » = 80, T = 40.
0, 20; y(t) = 0 (asymptotically stable), y(t) = 20 (unstable);

y = 20y0/[yo — (yo — 20)e**]; population with a critical threshold; r = 4, T = 20.
1, 5; y(t) =1 (asymptotically stable), y(t) =5 (unstable);
y=1[yo—5—5(yo—1)e®]/[yo — 5 — (yo — 1)e~®]; chemical reaction;
c1=1,co=5 a=2.
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13 -2, 4; y(t) = —2 (unstable), y(¢) = 4 (asymptotically stable);
y=[4(yo +2) +2(yo — e™*/[yo + 2 — (yo — 4)e™*].

15 -3, 2; y(t) = —3 (asymptotically stable), y(t) = 2 (unstable);
y=[=3(y0 —2) = 2(yo +3)e>]/[yo — 2 — (yo + 3)e~""].



Chapter 4
Linear Second-Order Equations

A large number of mathematical models, particularly in the physical sciences and
engineering, consist of IVPs or BVPs for second-order DEs. Among the latter, a very
important role is played by linear equations. Even if the model is nonlinear, the study
of its linearized version can provide valuable hints about the quantitative and qualita-
tive behavior of the full model, and perhaps suggest a method that might lead to its
complete solution.

4.1 Mathematical Models with Second-Order Equations

Below, we mention briefly a few typical examples of such models.

Free fall in gravity. As stated in Sect. 3.2, the position y(¢) of a heavy object falling
in a gravitational field is a solution of the IVP

Y
y' + E@/ =g, y(0)=wo, ¥(0)=uy0,

where m is the mass of the object and v = const > 0 is a coefficient related to the
resistance of the surrounding medium to motion.

RLC electric circuit. If an inductor (of inductance L) is added to the series circuit
discussed in Sect. 3.2, and if the voltage generated by the source is constant, then the
current I(¢) in the circuit satisfies the IVP

"+ %I/+ %I:O, 1(0) = Iy, I'(0) = I.

Harmonic oscillator. A material point of mass m moving in a straight line is
attached on one side to a spring characterized by an elastic coefficient £ and on the
other side to a shock absorber (damper) characterized by a damping coefficient 4. The
point is also subjected to an additional external force f(t). When the displacement of
the point is small, the elastic force in the spring is proportional to the displacement,
and the friction force in the damper is proportional to velocity. Since both these forces
oppose the motion, it follows that, according to Newton’s second law, the position y(t)
of the point at time ¢ is the solution of the IVP

my” +y" +ky = f(t), y0)=yo. ¥(0) =1y,
where the numbers yy and y;o are the initial position and velocity of the point.
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Steady-state convective heat. In this process, the distribution of temperature in
a very thin, laterally insulated, uniform rod occupying the segment 0 < 2 <[ on the
z-axis is the solution of the BVP

ky" —ay + f(x) =0, y(0)=yo, y()=u,

where k and « are positive coefficients related to the thermal properties of the rod
material, f represents the heat sources and sinks inside the rod, and the numbers yg
and y; are the values of the temperature prescribed at the end-points. Of course, the
BCs may have alternative forms, depending on the physical setup. For example, if the
heat flux is prescribed at = = [ instead of the temperature, then the second BC is
replaced by

y'(1) =y

Temperature distribution in a circular annulus. If the heat sources and sinks
inside a uniform annulus @ < r < b are described by a circularly symmetric and time-
independent function g(r), and the inner and outer boundary circles r = a and r = b are
held at constant temperatures y, and ys, respectively, then the equilibrium temperature
y(r) in the annulus is the solution of the BVP

k(" +r7ly) +9(r) =0, y(a) =ya, y(b) =,
where k is the (constant) thermal diffusivity of the material.

Time-independent Schrodinger equation. The wave function ¥(z) of a
particle at a point x in a quantum field satisfies the DE

R (x) — 2m[V(z) — EJp(z) =0, —o00 <2 < 00,

where m, V, and E are the mass, potential energy, and total energy of the particle,
respectively, and £ is the reduced Planck constant. Also, the solution ¥ must not grow
at infinity.

Motion of a pendulum. The position at time ¢ of a pendulum of length [ is
identified by its angular displacement 6(t), which is a solution of the nonlinear IVP

10" + gsinf =0, 9(0) =6y, 9/(0) = b1,

where g is the acceleration of gravity and we have assumed that the air resistance is
negligible.

4.2 Algebra Prerequisites

Before discussing solution methods for DEs, we recall a few basic concepts of linear
algebra and some related properties. The presentation of these concepts is restricted
here to the form they assume in the context of second-order linear equations.

4.1 Definition. A 2 x 2 matrix is an array of four numbers ai1, ai2, as1, and ass
(called elements, or entries), arranged in two rows and two columns:

ail a
A= 1 a12 )
a21 22
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The number defined by

a11 @12

det(A) = o1 Qoo

= a11G22 — 0210412

is called the determinant of A. m
4.2 Remarks. (i) It is obvious that if we swap its rows (columns), the sign of the
determinant changes.

(ii) It is also clear that if the elements of a row (column) have a common factor, then
this factor can be taken out and multiplied by the value of the new, simplified
determinant; in other words,

cail caiz
a1 G22

cail a2
Caz1 a22

a1l ai12
21 22

= C(CL11CL22 - a21a12)~

(iii) Determinants are very useful in algebraic calculations, for example, in the solution
of a linear system by Cramer’s rule. Specifically, this rule gives the solution of the

system
a11x1 + apxe = by,
a21%1 + azxz = by
as
b1 a12 a1 by
; by G99 biass — baais . asy by baai1 — biag: (4.1)
1= — 9 = = .
a1l ai2 det(A) ’ a1l ai2 det(A)
a21 922 a21 a22

Obviously, Cramer’s rule can be applied only if det(A) # 0. =m

4.3 Example. By Cramer’s rule, the solution of the system

2171 — T2 :4,
T +3$2 =-5

is

4-1 2 4

R Tl
nemo it h T T e

) s

4.4 Definition. Let f; and f; be two continuously differentiable functions on an
interval J. The determinant

win 210 = | 1) 50| = noso - s re

is called the Wronskian of f1 and fo. m
4.5 Example. If fi(t) =2t — 1 and fa(t) = t2, then f{(t) = 2 and f5(t) = 2t, so

_ 2
Wf1, fo](t) = ’%2 ! ;t' =42 -2 22 =212 m
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4.6 Example. For fi(t) = e~ and fa(t) = €3 we have f](t) = —e~t and fi(t) = 3e3;

hence,
et o3t

_ =3ete f et =46, m
—e~t 33t

WLfi, fo](t) =

4.7 Example. The derivatives of fi(x) = sin(az) and fa(x) = sin(a(z — ¢)), where
a, ¢ = const # 0, are fi(x) = acos(ax) and f4(x) = acos(a(z — ¢)), so

sin(az)  sin(a(z — ¢))
acos(azx) acos(a(z —¢))

WLfi, fo](x) =

= asin(az) cos(a(x — ¢)) — acos(az) sin(a(z — ¢)).

Using the trigonometric identity sin(a — 8) = sin accos 8 — cos asin 3, we can bring this
to the simpler form

W(f1, f2](x) = asin(ax — a(x — ¢)) = asin(ac). m

4.8 Example. If fi(z) = sinh(az) and fa(z) = cosh(a(x — ¢)), where a, ¢ = const,
a # 0, then f{(z) = acosh(az) and f}(z) = asinh(a(x — ¢)); therefore,

sinh(az) cosh(a(z — ¢))
acosh(azx) asinh(a(x — ¢))

Wlf1, fol(z) =

= asinh(axz) sinh(a(x — ¢)) — a cosh(az) cosh(a(z — ¢))

= —acosh(ax — a(x — ¢)) = —acosh(ac). m
In what follows, fi; and f2 are functions defined on the same interval J.

4.9 Definition. An expression of the form c; f1 + ¢o f2, where ¢; and ¢y are constants,
is called a linear combination of f1 and fo. m

4.10 Definition. The functions f; and f5 are said to be linearly dependent on J if there
are constants ¢; and c¢a, not both zero, such that ¢1 f1(t) + cafe(t) = 0 for all ¢ in J.
If f1 and f3 are not linearly dependent, then they are called linearly independent. m

4.11 Remarks. (i) Clearly, f1 and f> are linearly dependent if and only if one of them
is a constant multiple of the other.

(ii) It is not difficult to show that if f; and fo are linearly dependent, then
W(f1, f2](t) =0 for all t in J.

(iii) The converse of the statement in (ii) is not true: W{f1, f2](t) = 0 for all ¢ in J does
not imply that f; and f; are linearly dependent.

(iv) The contrapositive of the statement in (ii) is true: if W{[f1, f2](to) # 0 for some ¢
in J, then f; and f; are linearly independent. m

4.12 Example. Let fi(t) = cos(at) and f3(t) = sin(at), where a = const # 0. Since

cos(at)  sin(at)

_ 2 (2 _
—asin(at) acos(at)| — acos”(at) + asin“(at) =a # 0

W{f1,t2)(t) =

for at least one value of ¢ (in fact, for all real ¢), we conclude that f; and fo are linearly
independent on the real line. m
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4.13 Example. The functions fi(x) = sin(az) and f2(z) = sin(a(x — ¢)) considered
in Example 4.7 are linearly dependent on the real line if ¢ is equal to any one of the
numbers kn/a with k=..., =2, —1, 1, 2, .... For then we have

fa(x)

in(a(z — ¢)) = sin(ax — k) = sin(ax) cos(kn) — cos(ax) sin(kn)

=s
= (=1)*sin(az) = (=1)*fi(x) for all real x;
that is, fo is a multiple of fi. In this case we also see that
W(f1, f2](x) = asin(ac) = asin(kr) =0 for all real z,

which confirms the assertion in Remark 4.11(ii). If ¢ is ascribed any other value, then
f1 and fy are linearly independent on —oco <z < c0. ®m

4.14 Example. According to Remark 4.11(iv), the functions fi(x) = sinh(ax) and
fa(x) = cosh(a(x — ¢)) considered in Example 4.8 are linearly independent for any
a = const # 0 since their Wronskian is equal to —a cosh(ac), which vanishes only if
a=0. m

4.15 Example. If fi(t) =t, W[f1, f2](t) = t? — 2, and f2(0) = 2, we can easily deter-
mine the function f,. First, we write

t fo
1 f3

then solve this linear equation by the method in Sect. 2.2 and find the GS

W[fl,fz](t)Z’ A fm 22,

fg(t) =t?4+24+C.
The IC f2(0) = 2 now yields C' = 0, so
f2(t) =t*+2.

VERIFICATION WITH MATHEMATICA® . The input

{f1,£f2}={t,t"2 + 2};
{Det [{{f1,£2},{D[f1,t],D[£f2,t]}}],£f2/.t— 0}

generates the output {t> —2, 2}. =

4.16 Theorem. If fi; and fs are linearly independent on J and

arfi(t) +azfa(t) = by fi(t) + bafa(t) for allt in J,
then a1 = by and ax = by. m

Proof. The above equality is equivalent to (a; — b1)f1(t) + (a2 — b2) f2(t) = 0 for all
values of ¢ in J. Since f; and f5 are linearly independent, from Definition 4.10 it follows
that the latter equality holds only if the coefficients of the linear combination on the
left-hand side are zero, which leads to a; = b; and as = by. =

4.17 Example. Suppose that

(2a — b) cost + (a + 3b)sint =4 cost — 5sint for all real ¢.
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In Example 4.12 it was shown that cost and sint are linearly independent functions;
hence, by Theorem 4.16,

2a — b=4,
a + 3b = —5.
This system was solved in Example 4.3, and its solution is a = 1 and b = —2.

VERIFICATION WITH MATHEMATICA® . The input

{a,b}={1, - 2};
(2*%a - b) *Cos[t] + (a+ 3%b) *xSin[t] - 4*xCos[t] + 5xSin[t]
// Simplify

generates the output 0. m

Exercises

In 1-10, compute the Wronskian of the given functions.

1 fit)=2t—1, folt)=te®. 2 fi(t) =sin(2t), folt) = tsin(2t).
3 fi(t) =tsint, fot) =tcost. 4 fi(t)=e7t, folt) =t%""

5 fi(t) = e*sint, fo(t) = e* cost.

6 fi(t) = ( t), fa(t) = ( (t—c¢)), a, c=const#D0.

7 i) = ( t), fa(t) = ( (t—c¢)), a,c=const, a#0.

8 fi(x) = cosh(ax), fa(x) = cosh(a(x —c)), a,c= const# 0.

9 fi(x) =sinh(ax), fo(x)=sinh(a(z —¢)), a, ¢ = const # 0.

10 fi(z) = cosh(a:z:) f2(x) = sinh(a(z — ¢)), a, ¢ =const, a # 0.
In 11-16, find the function fo when the function f;, the Wronskian W{f1, f2], and f2(0)
are given.
11 fi(t) =2t+1, W[fi, f](t) P42t +1, fo(0)=0.
12 fi(t)=3t—1, W[f1, f2](t) 73t2+2t73 f2(0) =
13 fi(t) =t —2, W[f1, fo](t) = (3—=2t)e 2", f2(0)=1
14 fi(t)=2t—1, W[f1, fo](t) = (2> =t —1)e’, f2(0) =0
(t)
(t) =

15 f1(t) =t+1, W][f1, f2](t) = (1 +1t)cost —sint, fo2(0) =
16 fi(t) =4t+1, W][f1, fo](t) = cost — (4t% + t)sint, fo(0) =

Answers to Odd-Numbered Exercises

W[f17f2](t) = (4t2 —2t— 1)€2t' 3 W[flan](t) = _t2'
W[fl, fQ](t) = 76475. 7 W[fl, fQ](t) = CLCOS(CLC).
W (f1, f2](x) = asinh(ac). 11 fo(t) =12 + .

13 fo(t) = e 2. 15 fo(t) =sint.
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4.3 Homogeneous Equations

The general form of this type of linear second-order DE is
y" +pt)y +a(t)y =0, (4.2)
where p and g are given functions. Sometimes we also consider the alternative form
a(t)y” +b(t)y + c(t)y = 0,

where a, b, and c are prescribed functions, with a # 0. These equations are accompanied
in mathematical models by either ICs or BCs. Since the two cases exhibit a number of
important differences, we discuss them separately.

4.3.1 Initial Value Problems

An IVP consists of equation (4.2) and ICs of the form

y(to) = yo, ¥ (to) = Y10 (4.3)

In what follows, it is convenient to use the operator notation for the DE, as explained
in Sect. 1.4. Thus, if we write formally L = D? + pD + ¢, then the IVP becomes

Ly=0, y(to) =yo, ¥ (to) = y10- (4.4)

4.18 Theorem (Existence and uniqueness). If p and q are continuous on an open
interval J that contains the point to, then the IVP (4.4) has a unique solution on J. m

4.19 Example. For the IVP
(t*—t—06)y" —(t+ 1)y +y=0, y0)=1, y'(0)=-1

we have p(t) = —(t+1)/(t?—t—6) and q(t) = 1/(t>*—t—6). Since t? —~t—6 =0 at t = —2
and t = 3, it follows that p and ¢ are continuous on —oco < t < —2, —2 <t < 3, and
3 <t < oo; therefore, by Theorem 4.18, the IVP has a unique solution for —2 < ¢ < 3,
which is the interval containing the point ¢ty = 0 where the ICs are prescribed. m

4.20 Remarks. (i) From Theorem 4.18 it is obvious that if yo = y10 = 0, then the
IVP (4.4) has only the zero solution.

(ii) The maximal interval of existence for the solution of (4.4) is defined exactly as in
the case of an IVP for a first-order DE (see Definition 2.28). When the equation
has constant coefficients, this interval is the entire real line.

(iii) The comments made in Remark 2.29 also apply to the IVP (4.4). m

Below, we assume that p and ¢ are continuous on some open interval J, whether J
is specifically mentioned or not.
The next assertion is the principle of superposition (for homogeneous equations).

4.21 Theorem. If y; and yo are such that Ly; = Lys = 0, then L(c1y1 + cay2) = 0 for
any constants ¢y and co. m
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Proof. Since L is a linear operator (see Example 1.31), it follows that
L(ciyr + c2y2) = c1lys + c2Lys = 0. m
We now turn our attention to finding the GS of the equation Ly = 0.

4.22 Theorem. If y; and y2 are solutions of Ly = 0 on an open interval J and
Wlyi,y2](to) # 0 at some point ty in J, then there are unique numbers c¢1 and co
such that c1y1 + cays is the solution of the IVP (4.4) on J. m

Proof. By Theorem 4.21, y = c1y1 + coy2 satisfies Ly = 0. The ICs now yield

c1y1(to) + c2y2(to) = o,
ey (to) + cays(to) = yro,

which is a linear algebraic system for the unknowns ¢; and co. Since the determinant
of the system is

‘yl(tO) vallo)) Wly1, y2](to) # 0,

Y1 (to) vs(to)

we conclude that the system has a unique solution. This solution can be computed in
a variety of ways, for example, by Cramer’s rule (4.1). m

4.23 Example. Consider the IVP

y' =2y =3y=0, y0)=1, ¢'(0)=-5.

We can readily check that y;(t) = e~" and ya(t) = €3 are solutions of the equation on

the entire real line, and that W{yy,y2](0) = 4 # 0. By Theorem 4.22, the solution of
the IVP is of the form y = c1y1 + coy2. Applying the ICs, we arrive at the system

C1 + Cy = ].,
—c1 + 3co = —9H,
which has the unique solution ¢; = 2 and ¢s = —1. Consequently, the solution of the

IVP is
y(t) =2e " — e m

4.24 Theorem. If y1 and y2 are two solutions of the equation Ly = 0 on an open
interval J and there is a point to in J such that Wyi,ys|(to) # 0, then c1y1 + caye,
where ¢1 and co are arbitrary constants, is the GS of the equation Ly =0 on J. m

Proof. By Theorem 4.21, any function of the form ciy; + coys satisfies the equation
Ly = 0. Conversely, let y be any solution of this equation, and let y(ty) = yo and
y'(to) = y10- By Theorem 4.22, y can be written uniquely as cjy; + ca2y2, which proves
the assertion. m

4.25 Remark. It can be shown that if y; and ys are two solutions of (4.2) on an open
interval J and t( is a point in J, then for any ¢ in J,

Wlyi, y2](t) = W[ylayQ](tO)eXp{ - /tp(T) dT}~

This implies that the Wronskian of two solutions is either zero at every point in J or
nonzero everywhere on J. m
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4.26 Definition. A pair of functions {y1, y2} with the properties mentioned in Theo-
rem 4.24 is called a fundamental set of solutions (FSS) for equation (4.2). m

4.27 Example. Clearly, {e~?, 3!} is an FSS for the DE in Example 4.23, whose GS
can therefore be written as y(t) = cie ™t + cpe3’. m

4.28 Remarks. (i) The conclusion in Theorem 4.24 is independent of any additional
conditions accompanying the DE.

(ii) Combining the statements in Remarks 4.11(iv) and 4.25 and Theorem 4.22, we
can show that two solutions of (4.2) form an FSS if and only if they are linearly
independent. This means that we may equally define an FSS as being any pair of
linearly independent solutions.

(iii) In practice, it is generally very difficult to find particular solutions of homogeneous
linear equations with variable coefficients. However, as we see in Sect. 4.4, this task
is relatively simple when the coefficients are constant. m

Exercises

In 1-10, find the largest interval on which the conditions of Theorem 4.18 are satisfied,
without solving the given IVP.

ty" + 1%y +2y =0, y(1)=2, y'(1)=0.

( ) " 2ty/ +y51nt = 07 y(o) = 4 y/(o) = —1.
(t*=3t+2)y" +y +(t -1y =0, y(0)=0, y'(0)=1.
(2 =2+ 1)y +ty —y=0, y(2)=1, ¢/ (2)=—1.
(2 —4)y" +2¢y =3(t+2)y=0, y(0)=1, y'(0)=1.
(#+3t—4)y" —y' +ely=0, y(3)=0, y'(3)=2.
"sint+y =0, y(37/2)=1, y'(37/2)=—

Yy
y"cos(2t) —3y =0, y(—-w/2)=2, y(—7/2)=3.

© 00 NN O Uk wWN

2—ey" +ty +4ty =0, y(1) =1, y'(1)=-2.
10 (tant+1)y" +y'sint+y =0, y(r)=-1, y'(7r)=4.

In 11-16, use the formula in Remark 4.25 to compute the value at the indicated point
t of the Wronskian of two solutions yi1, y2 of the given DE when its value at another
point is as prescribed.

11ty +2y +3ty=0, t=2, Wy, y2](1) = 4.

12 (t+ 1)y —y +2(t2+t)y=0, t=3, Wy, y2](0) = 2.

13 (+ 1)y —ty +ely=0, t=1, Wiy, y2](0) = —1.

14 (2 +t)y” + 2t+ 1)y +ysin(2t) =0, t=4, Wiy, y2](1) =9.
15 ¢/ +y cott+ety=0, t=n/2, Wlyi,y2](7/6) = —2.

16 y"sint+y'sect+y=0, t=7/3, Wy, y2)(7/4) = 1.

Answers to Odd-Numbered Exercises

1 ¢t>0. 3 t<1. 5 —2<t<2. T om<t<27. 9 t>1In2.
11 Wiy,pel(2) =1 13 Wly,pe)(1) = V2. 15 Wiy, pa)(n/2) = —
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4.3.2 Boundary Value Problems

A BVP consists of equation (4.2) (with ¢ usually replaced by z as the independent
variable) on a finite open interval a < x < b, and BCs prescribed at the end-points
x = a and x = b of this interval. Here we consider the following three types of BCs:

yla) =a, y(0) =B; yla)=a, y'(b) =5 y'(a)=a, y(b)=p  (45)

where o and 3 are given numbers.

It turns out that the different nature of conditions (4.5), compared to (4.3), makes
BVPs less simple to analyze than IVPs when it comes to the existence and uniqueness
of solutions. Even when we can construct the GS of the DE, the outcome for the
corresponding BVP is not necessarily a unique solution: it could be that, or multiple
solutions, or no solution at all, depending on the BCs attached to the equation.

4.29 Example. Consider the BVP

y'+y=0, y(0)=3, y(r/2)=-2.

We easily verify that y; = cosx and ys = sin x are solutions of the DE. Since, as shown
in Example 4.12 with a = 1, they are also linearly independent, from Remark 4.28(ii)
it follows that they form an FSS. Hence, by Theorem 4.24,

y(x) = cycosx + casinx

is the GS of the equation. Applying the BCs, we obtain ¢; = 3 and ¢z = —2, so the
unique solution of the BVP is

y(x) = 3cosx — 2sinzx.

If we now consider the same DE on the interval 0 < 2 < 27 with y(0) = 3, y(27) = 3,
then the GS and the new BCs yield ¢; = 3 but no specific value for ¢y, so the modified
BVP has infinitely many solutions of the form

y(x) = 3coszx + casinx,

where cp is an arbitrary constant.

Finally, if the interval and the BCs are changed to 0 < =z < 7 and y(0) = 3,
y(m) = —2, then we get ¢; = 3 and ¢; = 2, which is impossible; therefore, this third
BVP has no solution. =m

The next assertion states conditions under which BVPs of interest to us are uniquely
solvable.

4.30 Theorem. If J is an open finite interval a < x < b and p and q are continuous
functions on J, with q(x) < 0 for all x in J, then the BVP consisting of (4.2) and any
one of the sets of BCs in (4.5) has a unique solution on J. m

4.31 Remark. As happens with many existence and uniqueness theorems, the condi-
tions in the above assertion are sufficient but not necessary. When they are not satisfied,
we cannot draw any conclusion about the solvability of the BVP. In Example 4.29 we
have g(x) = 1 > 0, which contravenes one of the conditions in Theorem 4.30 and,
therefore, makes the theorem inapplicable. m
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Exercises

Verify that the given functions y; and yo form an FSS for the accompanying DE, then
discuss the existence and uniqueness of solutions for the equation with each set of BCs
on the appropriate interval. Compute the solutions where possible.

1 4y"+y=0, yi(x)=cos(x/2), y2(x)=sin(z/2).
(i) y(0) =2, y(m) = —4; (i) y(0) =2, y(27) = =2; (ii)) y(0) =2, y(27) = 3.
2 Yy — 4y +8y=0, yi(x) =e**cos(2x), y2(r) = e** sin(2x).
(i) y'(0) =2, y(n/8) = e™/*/V2; (ii) ' (0) = —4, y(n/4) = —3¢™/%;
(i) /(0) = 2, y(r/8) = 1.
3 ¥V +2y+2y=0, yi(x) =e “cosz, ya(x)=e Tsinz.
(©) y(0) =1, y'(r/4) =2 (ii) y(0) =3, y'(r/2) = —e™ /%
(i) 4(0) = 1, y/(r/4) = —v/Ee /4,
4 4y" -8y +5y =0, yi(z) =e*cos(x/2), yo(x) = e”sin(x/2).
(i) ¥'(0) =2, y'(m) = 3e7/2; (i) ¥'(0) = =4, ¥'(27) = 2;
(iii) ¥'(0) = —4, y/(27) = 4e™.

Answers to Odd-Numbered Exercises

1 (i) y(z) = 2cos(x/2) — 4sin(x/2);

(ii) y(z) = 2cos(x/2) 4 csin(x/2), ¢ = const arbitrary; (iii) no solution.
3 (i) No solution; (ii) y(x) = e *(3cosz — 2sinx);

(i) y(z) = e *(cosx + csinx), ¢ = const arbitrary.

4.4 Homogeneous Equations with Constant Coefficients

As mentioned in Remark 4.28(iii), for a DE of the form
ay’ +by +cy=0, a,b c=const, a0, (4.6)

it is fairly easy to find an FSS. Since the left-hand side in (4.6) is a linear combination
of y, 3/, and y”, we are looking for a function that keeps its original ‘shape’ when
differentiated. A reasonable candidate is a solution of the form

y(t) = €™, r = const.

Replacing this in (4.6), we arrive at the equality (ar? + br + c)e"™ = 0 for all real ¢,
which holds if and only if
ar? +br +c¢=0. (4.7)

The quadratic equation (4.7) is called the characteristic equation corresponding to (4.6),
and its left-hand side is called the characteristic polynomial. This equation has two
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characteristic roots, r1 and 1y, that could be real and distinct, real and repeated, or
complex conjugate. Obviously, the nature of the roots influences the form of the GS.

4.4.1 Real and Distinct Characteristic Roots

If 1 # ro, the Wronskian of the solutions

yi(t) = e, ya(t) = e
at any point ¢ is

erlt e’l"zt

Wlyr,y2](t) = = (rg —rp)elMH2)t £ 0, (4.8)

t

rie"tt roem

By Theorem 4.24 and Definition 4.26, {y1, y2} is an FSS for (4.6), whose GS can
therefore be written in the form

y(t) = cryi(t) + coya(t) = cre™" + coe™". (4.9)
4.32 Example. Consider the IVP
y' -y —6y=0, y(0)=1, y'(0)=8.

The characteristic equation is 72 —r — 6 = 0, with roots r; = —2 and ry = 3, so the GS
of the DE is
y(t) = cre ™ + o€,

Then 3/ (t) = —2c1e7 2t + 3cpe3, and applying the BCs, we find that

c1 + ¢ = ].,
7201 + 362 = 8,
from which ¢; = —1 and ¢y = 2; hence, the solution of the IVP is

y(t) = —e 2 4263,

The graph of the solution for ¢ > 0 is shown in Fig.4.1.

25}

20

0.2 0.4 0.6 0.8
Fig. 4.1
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VERIFICATION WITH MATHEMATICA® . The input

y=-EN(-2%t) + 2*xEN(3xt);
{Dly,t,t] - Dly,t] - 6xy, {y,Dly,t1}/. t—= 0} //Simplify

generates the output {0, {1, 8}}. m

4.33 Example. The characteristic equation for the DE in the BVP

is 72 — 1 = 0, with roots 71 = —1 and ro = 1, so its GS is
y(z) = cre™" + coe”.
Since y'(z) = —c1e™ " 4 coe”, from the BCs we find that
c1 + co =2,
—e7leg +ecr = f%;

hence, ¢; = (4e? + €)/(2€? + 2) and c3 = (4 — e)/(2e? + 2), which yields the solution

4e? + ¢ 4—e

—X xT

Y@ = 5m 5 T

There is an alternative, perhaps neater, way to write the solution of this BVP. It is
easily verified that y;(«) = sinh 2z and ys(x) = cosh(z — 1) satisfy the DE. Additionally,
they satisfy y1(0) = 0 and y5(1) = 0, which turns out to be very handy when we apply
the BCs. Since, as seen from Example 4.8 with a = ¢ = 1, the Wronskian of these two
functions is nonzero, it follows that they form an FSS, so the GS of the DE can be
expressed as

y(x) = ¢y sinh @ + ¢g cosh(x — 1).

Then y/(z) = ¢1 coshx + casinh(z — 1), so, using the BCs, we find that cycoshl = 2
and ¢j coshl = —1/2, from which ¢ = 2sech1 and ¢; = —(1/2) sech 1. Consequently,
the solution of the BVP is

y(z) = (sech1)[ — 1 sinhz + 2cosh(z — 1)].

The graph of the solution for ¢ > 0 is shown in Fig. 4.2.
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VERIFICATION WITH MATHEMATICA® . The input

y=Sech[1] % (Sinh[x] + 2*Cosh[x-1]) ;
{Dly,%x,%x] -y,{y/.x—=0,Dly,x] /.x— 1}}//Simplify

generates the output {0, {2, 1}}. =

Exercises

In 1-8, find the solution y(t) of the given IVP.
y'+y —6y=0, y(0)=2, y(0)=9.

y' =4y’ +3y =0, y(0)=0, y'(0)=—4.

2" +y' —y=0, y(0)=4, y'(0)=-5/2.
3y —4y' —4y =0, y(0)=1, y'(0)=-10/3.
y'+4y =0, y(0)=-2, ¢y (0)=—4
3y"—y' =0, y(0)=2, y'(0)=-2/3.

6y" —y' —y=0, y(0)=2, y'(0)=-3/2.

8 4y’ +4y' —15y =0, y(0)=2, ¢'(0)=11.
In 9-16, find the solution y(z) of the given BVP.

9 y' -2y -3y=0, y(0)=0, y(l)=et—e
10 2y 43y —2y=0, y'(—1)=e12-2e2 y(1) =22 +e2.
11 y" -2y =0, y(0)=1, y'(In2)=-16.

12 " -2y —8y =0, y'(—In2)=63/4, y'(0)=0.
13 y'—4y=0, y(0)=2, y(1)=3.

14 99" —y=0, ¢y'(0)=4/3, y(1)=-2.

15 ¢y’ —16y=0, y(0)=-1, ¢'(2)=12.

16 9y" —4y =0, ¢'(0)=-2, y/'(3)=-1/3.

it I => TS SR N U V)

Answers to Odd-Numbered Exercises

1 yt)=3e*—e 3. 3 y(t)=3e""t+e'/2 5 y(t) = —3+4e 1.
7T y(t)=3e"3 —et2. 9 ylx)=e" e, 11 y(z) = 3 — 2%*.
13  y(z) = (csch2)[3sinh(2x) — 2sinh(2(x — 1))].
15 y(z) = (sech8)[3sinh(4x) — cosh(4(z — 2))].

4.4.2 Repeated Characteristic Roots

When the characteristic equation has a repeated root r1 = ro = rg, we have only one
purely exponential solution available, namely y;(¢) = e™?. To find a second one that
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is not simply a constant multiple of y;, we try a function of the form yo(t) = u(t)e™",
where u is determined by asking yo to satisfy the equation. Since

b
ar%—l—bro—i—c:o and 7“0:—%

when r¢ is a repeated root, and since

! /
Yo =1u et + roue™?,

Yy = u e 4 2rqu’e™t + riuem?,

we have

ayy + byy + cyz = a(u” + 2rou’ + rju)e™ + b(u' + rou)e™" + cue™”
= [au” + (2arg + b)u’ + (ard + bro + c)ule™ = au” e,
which is zero if v”(t) = 0; that is, if u(t) = aot + a1, where o and a; are arbitrary

numbers. The constant term in u reproduces the solution y;, so we discard it. Given
that we need only one solution, we take ag = 1 and end up with y, = te™?. Then

e’l"[)t teTot

roe ™t (1 + rot)e? =1+ TOt)€2TUt — rote?0t = 70t £ ),

Wlys, yo](t) =

so {y1,y=2} is an FSS for the DE, yielding the GS
y(t) = cre" + cate™! = (c1 + cat)e™". (4.10)
4.34 Example. The characteristic equation for the IVP
Y 4y +4y=0, y(0)=1, y'(0)=-8

is 72 + 47 + 4 = 0, with roots r; = ro = —2. Consequently, the GS of the DE is

y(t) = (c1 + cat)e™ 2.
Using the ICs, we find that ¢; = 1 and co = —6, which leads to the solution

y(t) = (1 — 6t)e 2"

The graph of the solution for ¢ > 0 is shown in Fig. 4.3.

1 3
—0.5

Fig. 4.3
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VERIFICATION WITH MATHEMATICA® . The input

yv=(1-2%xt) *EN(-2x*t);
{Dly,t,t] + 4xD[y,t] + 4%y, {y,Dly,t1}/.t— 0} //Simplify

generates the output {0, {1, —4}}. =
Reduction of order. The characteristic equation method does not work for a linear
DE with variable coefficients. Sometimes, however, when by some means or other we

manage to find a PS y; of such an equation, the technique described above may help
us compute a second one, and, thus, the GS.

4.35 Example. It is easy to verify that the DE
262" +ty — 3y =0

admits the solution y; = t~'. To find a second, linearly independent, solution, we set
yo(t) = u(t)yi(t) = t1u(t). Then

yh = —t2u+t !,y =2t 3w — 272
which, replaced in the DE, lead to
2tu” — 3u’ = 0.

Setting first u' = v, we arrive at the separable equation 2tv’ = 3w, with solution
v(t) = u'(t) = t3/2 + C. Since we need only one solution, we discard the constant and
integrate again to obtain u(t) = (2/5)t°/2. Hence, we may take yo(t) = u(t)y; (t) = t3/2.
(The coefficient 2/5 is unnecessary because ys is multiplied by an arbitrary constant in
the GS.) The Wronskian of y; and ys is

t_l t3/2

Wiy, y2](t) = ‘ 42 3g1/2| T %flm +1712 = %flﬂ #0
2

for any ¢t # 0, so {y1, y2} is an FSS, which means that the GS of the given DE is
y(t) = crya(t) + coya(t) = et ™" + cot®/?

VERIFICATION WITH MATHEMATICA® . The input

y=clxtN(-1) + c2xt"(3/2);
2xt"2%D[y,t,t] + t*D[y,t] - 3xy//Simplify

generates the output 0. m

Exercises

In 1-4, find the solution y(t) of the given IVP.
1 y"+6y+9y=0, y(0)=-3, y(0)=11.
2 444y +y=0, y(0)=1, y(0)=-9/2.
3 25y" —20y' +4y =0, y(0)=10, y'(0)=09.
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4 o' —8y +16y=0, y(0)=3, y(0)=8.
In 5 and 6, find the solution y(z) of the given BVP.
5 9 —6y +y=0, y0)=1, y(1)=3e/5.
6 v’ +10y +25y=0, y(0)=-2, y((In2)/5)=—-1+ (In2)/10.

In 7-12, use the method of reduction of order and the solution provided for the given
DE to find a second, linearly independent, solution of the equation.

7ty 42ty —6y =0, y(t)=t3.

8 3t%y’ — 5ty +4y =0, y(t) =t

9 2y +3ty'+y=0 (t>0), y(t)=t"".
10 4t%y" +y =0 (t>0), yi(t) =t/2

11 (t—1)y" —(t+1)y +2y=0, y1(t) =€
12 B+t —ty +y=0 (t>0), yi(t) =t

Answers to Odd-Numbered Exercises

1 y(t) = (2t — 3)e 3L 3 y(t) =5(t +2)e?/>. 5 y(x) = (2z 4 1)e*/3.
T oyt) =t 9 ypt)=t"'Int. 11 y(t) = (> +1).

4.4.3 Complexr Conjugate Characteristic Roots

We recall the Taylor series expansions

a_1, 9 a2 o ot o
e” = +ﬁ+i+§+z+a+'“,

71 012 a4 OzG
cose=tmgr Tt e T
013 a5 a7

sina:ﬁ—§+a_ﬁ+..._

Replacing a = if in the first one and taking the other two and the fact that i2 = —1
into account, we now obtain

w082 G0 (i8) | (i6)

CElr gttty T T T
9 62 ¢ o 6

=l4+—-t—-———-——i+—+—0—"-

1! 20 3! 4! 5l

_ (1 62 o [0 6 6
— 754»17... 44 ﬁ7§+57...
= cosf + isind. (4.11)

This equality is known as Fuler’s formula.
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Suppose that the characteristic equation has complex conjugate roots
le)‘+i/1/7 TQZA_Z'NH M#O’

and consider the complex-valued solutions y; and ys defined by

n (t) — et — e(z\-‘riu)t — eMeint — ekt[COS(/M) —|—isin(ut)], ( )
4.12
ya(t) = et = Pt — pMtemint — oM eog(ut) — i sin(ut)].

By (4.8),

Wly1, 4] (t) = 2ipe® #0
at any point ¢, so these functions form an F'SS. However, since we are dealing exclusively
with real DEs and real ICs or BCs, we want to write the GS of the equation in terms of

a fundamental set of real-valued solutions. This is easily done if we notice, from (4.12),
that the functions

1 1 :

u(t) = PX4 (t) + 2 ya(t) = e cos(ut),
u(t) = %m (t) — %yg(t) = M sin(ut)

are real-valued and, by Theorem 4.21, are solutions of the DE. Also, since
u'(t) = e [Acos(ut) — psin(ut)],
o/ (8) = M Asin(ut) + rcos(ut)],

we have

eM cos(ut) eMsin(ut)

Wi, ol(t) = eM[Acos(ut) — pwsin(ut)] e M[Asin(ut) + pcos(ut)]
= 2 M\ cos(ut) sin(ut) + p cos? (ut)
— Acos(ut) sin(ut) + psin?(ut)] = pe®** # 0,
which shows that {u, v} is an FSS. Consequently, the real GS of the DE is
y(t) = cru(t) + cou(t) = eMey cos(ut) + co sin(put)], (4.13)

with real arbitrary constants ¢; and cs.
4.36 Example. Consider the IVP

9y" — 6y +10y =0, y(0)=2, y'(0)=1L

The roots of the characteristic equation 97> —6r+10 = 0 are r; = 1/3+iand 12 = 1/3—1,
so, by (4.13) with A = 1/3 and p = 1, the GS of the DE is

y(t) = e3(cy cost + ¢y sint).

The constants ¢; and ¢o, determined from the ICs, are found to be ¢; = 2 and ¢y = 3;
hence, the solution of the IVP is

y(t) = e/3(2cost + 3sint).
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The graph of the solution for ¢ > 0 is shown in Fig.4.4.

200
100+
4 8 2
-100r-
Fig. 4.4

VERIFICATION WITH MATHEMATICA® . The input

y=EN(t/3) * (2% Cos[t] + 3xS8in[t]);
{9xDly,t,t] - 6«D[y,t] + 10*y, {y,Dly,tl1}/.t— 0} //Simplify

generates the output {0, {2, 11/3}}. =

Exercises

In 1-8, find the solution y(t) of the given IVP.
y'+2y +5y =0, y(0)=1, y'(0)=-5.

y' —4y +13y =0, y(0)=3, ¢'(0)=09.

y' —6y +10y =0, y(0)=1/2, 3/'(0) =-3/2.
y' =4y +20y =0, y(0)=2/3, 3'(0)=-2/3.
4y — 4y’ + 17y =0, y(0)=2, 3'(0) =13.
4y" =8y +5y =0, y(0)=1, y'(0)=-1/2.
36y"” — 36y" + 13y =0, y(0)=6, y'(0)="1.

8 9y”" -6y +5y=0, y(0)=-3, ¢'(0)=3.

N O Ok wWoN

In 9-16, discuss the existence of solutions y(x) for the given DE with each set of BCs
and compute the solutions where possible.

9 ¢ =2y +5y=0, (i) y(0) =1, y(n/4)=—2e"/%

(i) y(0) =1, y(m/2) = =2/ (iii) y(0) =1, y(r)=e".
10 ¢ —4y' +5y=0, (i) y(0) =—-2, y(w/2)= —e;

(il) y(0) = =2, y(2m) = —2*7; (i) y(0) = =2, y(m)= —€.
11 y' -4y +8y =0, (i) ¥'(0) =8, y(n/8) =-3;

(i) ¥'(0) =8, y(r/4) =3e™/?; (iii) y'(0) =8, y(n/8)=2%2e™/%.
12 29" -2y +y =0, (i) ¥'(0) =1, y(n/2) = V2™

(i) ¥'(0) = —1, y(n/2)= -2 (i) y'(0) = —1, y(m) = —4e™/%.
13 " +6y +18y =0, (i) y(0) = —1, ¢/ (7/12) = 3v2e /%

(i) y(0) = =1, y/(7/6) =9e~™/2 (iii) y(0) = —1, ¢'(x/12) = 1.

_ O — =
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14 9y" + 12y +8y =0, (i) y(0) =2, ' (37/8) =3;

(i) y(0) =2, o'(3n/8) = —(4v/2/3)e™™/*; (iii) y(0) =2, y'(37/4) = —e /2
15 9y — 12y + 13y =0, (i) ¥ (0) =5/2, o/ (7/2) = —(8/3)e™/?;

(i) ¥'(0) =5/2, y'(m) = —(5/2)e*/3; (i) ¥'(0) = 5/2, ¢/(m)=1.
16 2y" —2y' +5y=0, (i) ¥'(0)=—-1, ¢y'(2n/3) = —

(i) ¥'(0) = —1, y'(n/3) = =7e™/%; (iii) '(0) = —1, ¥'(27/3) = —(5/2)e™/>.

Answers to Odd-Numbered Exercises

y(t) = e"t[cos(2t) — 2sin(2t)]. 3 y(t) =e3[(1/2) cost — 3sint].
y(t) = et/?[2 cos(2t) + 6sin(2t))]. 7 y(t) = et/?[6 cos(t/3) + 12sin(t/3)].
i) y(z) = e*[cos(2x) — 2sin(2x)]; (ii) no solution;

iii) y(x) = e®[cos(2x) 4+ csin(2z)], ¢ = const arbitrary.
i) No solution; (ii) y(z) = €**[cos(2z) + 3sin(2z)];
iii) y(z) = e2*{4 cos(2x) + c[sin(2x

(
(ii
11 (
(iii ) =
13 (i) y(x) = e73%[— cos(3z) + csin(3z)], ¢ = const arbitrary;
( I;
(
(
(

cos(2z)]}, ¢ = const arbitrary.

ii) y(x) = e3%[— cos(3x) — 2sin(3z)]; (iii) no solution.
i) y(x) = e?*/3[3cosx + (1/2) sinz];
i) y(x) = e2*/3{(15/4) cosz + c[sinx — (3/2) cosx]}, ¢ = const arbitrary;

15

iii) no solution.

4.5 Nonhomogeneous Equations

Using the operator notation introduced in Sect. 1.4, we can write the general linear,
nonhomogeneous, second-order DE in the form

Ly=y"+pt)y +at)y = f(t), (4.14)
where the functions p, ¢, and f are prescribed.

4.37 Theorem. The GS of equation (4.14) is

y(t) = ye(t) + yp(t), (4.15)

where y. (called the complementary function) is the GS of the associated homogeneous
equation Ly = 0 and y, is any PS of the full nonhomogeneous equation Ly = f. m

Proof. Let {y1, y2} be an FSS for the associated homogeneous DE. Then, as we know
from Sect. 4.3, y. = c1y1 + coy2 with arbitrary constants ¢; and cs. Since L is a linear
operator, it follows that for any numbers ¢; and co,

L(ciyr + c2y2 + yp) = L(ciy1 + c2y2) + Ly, =0+ f = f,
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so any function of the form
Yy =ciyr + c2y2 + Yp (4.16)

is a solution of (4.14).
Now suppose that there is a solution g of (4.14) that cannot be written in the
form (4.16). As

Lg—yp)=Ly—Lyp=f—f=0,
we deduce that y — y, is a solution of the associated homogeneous equation, so there
are ¢1, ¢ = const such that

Y — Yp = C1y1 + Cay2;
hence,
Y = C1y1 + Cay2 + Yp,

which contradicts our assumption.
In conclusion, every solution of (4.14) is of the form (4.16), confirming that (4.15) is
the GS of the given nonhomogeneous equation. m

Below, we restrict our attention to nonhomogeneous DEs with constant coefficients.
Since we already know how to find y. for such equations, we need to design a suitable
procedure for computing y,.

4.5.1 Method of Undetermined Coefficients: Simple Cases

This technique, based on educated guesses suggested by the nature of the nonhomoge-
neous term f, is best illustrated by examples.

4.38 Example. Consider the IVP
y' -2y +y=2t-7, y(0)=-5 1y (0)=1
The roots of the characteristic equation 72 —2r+1 = 0 are r; = 75 = 1. Hence, by (4.10),

Ye = (c1 + cot)e’.

To find a PS y,, of the full equation, we notice that f is a first-degree polynomial, so
we try y, in the form of a first-degree polynomial with unknown coefficients; that is,

yp(t) = apt + .
Substituting in the DE, we arrive at
ygf2yz’)+yp:a0t72a0+a1 =2t—7.

We now equate the coefficients of ¢ and the constant terms on both sides and obtain
apg = 2 and —2ag + a; = —7, from which oy = —3; therefore, the GS of the DE is

y(t) = ye(t) + yp(t) = (c1 + cat)e’ + 2t — 3.

The constants ¢; and ¢y, determined from the ICs, are ¢; = —2 and ¢; = 1, so the
solution of the IVP is
y(t) = (t —2)e' + 2t — 3.
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VERIFICATION WITH MATHEMATICA® . The input

y=(t -2)*E" + 2%t - 3;
{Dly,t,t] - 2%D[y,t]l +y-2xt +7,{y,Dly,tl}/.t— 0}//Simplify

generates the output {0, {5, 1}}. =
4.39 Example. The characteristic equation in the IVP
Y+ 3y + 2y =—12e*, y(0) = -2, ¢ (0)=2
is 72 + 3r + 2 = 0, with roots 71 = —1 and ro = —2; hence, by (4.9),
ye(t) = cre™ 4 coe .
Since the right-hand side in the DE is an exponential, we try to find a function y, of
the same form; that is,

yp(t) = ae™.

From the DE we then obtain
Yy + 3y, + 2y = dae® 4 6ae® + 20e* = 120 = —12e*,

so a = —1, which yields the GS

y(t) = ye(t) + yp(t) = cre" + coe™ 2" — e*.

Applying the ICs, we find that ¢; = 2 and c¢o = —3, so the solution of the IVP is
y(t) = 2e7t — 372t — 2t

VERIFICATION WITH MATHEMATICA® . The input

y=2%EM(-t) - 3B (-2xt) - EN(2%¢t);

{Dly,t,t] +3xDI[y,t] + 2%y + 12xE"(2xt), {y,Dly,tl}/.t— 0}

// Simplify

generates the output {0, {2, 2}}. =

4.40 Example. In the IVP
y" —6y" + 8y = 40sin(2t), y(0)=1, y'(0)=-10,

the characteristic equation 72 — 6r + 8 = 0 has roots r; = 2 and ro = 4, so, by (4.9),

Ye(t) = cre® + coet.

The function f is a multiple of sin(2t). However, if we tried y, in the form asin(2t),
the DE would lead to

Yy, — 6y, + 8y, = 4asin(2t) — 12acos(2t) = 40sin(2t),

and, matching the coefficients of the linearly independent functions sin(2t) and cos(2t)
on both sides, we would get o = 10 and o = 0, which is impossible. To avoid this, we
try y, as a linear combination of both cos(2t) and sin(2¢); that is,

Yp(t) = acos(2t) + Bsin(2t).
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Then, substituting in the DE, we find that

Yy — 6y, + 8y, = (4a — 123) cos(2t) + (12cr + 43) sin(2t) = 40sin(2t),
and the matching of the coeflicients now leads to the system

do — 128 =0,
120 + 48 = 40,

from which a« = 3 and 8 = 1. Consequently, the GS of the DE is
Y(t) = ye(t) + yp(t) = cre® + coe + 3 cos(2t) + sin(2t).

The constants ¢; and co are determined from the ICs; they are ¢; = 2 and ¢; = —4, so
the solution of the IVP is

y(t) = 2 — 4e* + 3 cos(2t) + sin(2t).

VERIFICATION WITH MATHEMATICA® . The input

yv=2%EMN(2%t) - 4 EN(4%t) + 3xCos[2*t] + Sin[2x*t];
{Dly,t,t] - 6xD[y,t] + 8%y - 40*Sin[2x*t], {y,Dly,tl}/.t— 0}
// Simplify

generates the output {0, {1, —10}}. =
4.41 Example. Consider the IVP
Y+ 2y +2y = (5t —11)e', y(0)=-1, ¥ (0)=-3.

The characteristic equation 72 4+ 2r +2 = 0 has roots r;, = —1 +i and ro = —1 — i,
which means that, by (4.13),

ye(t) = e '(cy cost + casint).
Given the form of f on the right-hand side of the DE, we try
yp(t) = (aot + a)e’.

Then, differentiating this expression, replacing it and its derivatives in the equation,
and sorting out the terms, we arrive at

Yy + 2y, + 2y, = (baot + dag + 5o e’ = (5t — 11)e’.

In Sect. 4.4.2 it was shown that te! and e? are linearly independent functions, so, equat-
ing their coefficients on both sides, we obtain bag = 5 and 4oy + ba; = —11, from
which ap = 1 and a; = —3. Thus, the GS solution of the DE is

y(t) = ye(t) + yp(t) = e '(cpcost + casint) + (t — 3)el.

We now apply the ICs and find that ¢; = 2 and ¢ = 1, which means that the solution
of the IVP is
y(t) = e ¥ (2cost +sint) + (t — 3)e".
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VERIFICATION WITH MATHEMATICA® . The input

y=EMN(-t) * (2% Cos[t] + Sin[t]) + (t - 3) *E t;
{Dly,t,t] + 2xDI[y,t] + 2%y - (5xt - 11) xE"t,
{y,Dly,t1}/.t— 0} //Simplify

generates the output {0, {—1, —=3}}. =
4.42 Example. The IVP
y" + 2y +y=—24e' cos(2t), y(0)= -2, 3 (0)=-3

is handled similarly. The roots of the characteristic equation are r; = ro = —1, so,
by (4.10),
ye(t) = (c1 + cat)e .

Recalling the argument used in Example 4.40, we seek a PS of the form
yp(t) = e'[acos(2t) + Bsin(2t)]
and, in the usual way, arrive at the equality
e'[83 cos(2t) — 8arsin(2t)] = —24e’ cos(2t).

We know from Sect.4.4.3 that functions such as e’ cos(2t) and efsin(2t) are linearly
independent, so, equating their coefficients on both sides, we find that @ = 0 and
B = —3. Consequently, the GS of the IVP is

Y(t) = ye(t) + yp(t) = (c1 + cat)e " — e’ sin(2¢).

The ICs now produce the values ¢; = —2 and ¢o = 1, which means that the solution of
the IVP is
y(t) = (t —2)e” " — 3¢’ sin(2t).

VERIFICATION WITH MATHEMATICA® . The input

yv=(t -2)%EMN( -t) - 3xE"t*Sin[2x*t];
{Dly,t,t] + 2%D[y,t] +y + 24*xE "t xCos [2xt],
{y,Dly,tl1}/.t— 0} //Simplify

generates the output {0, {—2, —=3}}. =
4.43 Example. The characteristic equation for the IVP
3y" — 4y +y =50tcost, y(0)=0, ¥'(0)=0
is 3r2 — 4r + 1 = 0, with roots 1 = 1/3 and ro = 1; therefore, by (4.9), we have
ye(t) = c1et/3 + cqet.

To find a PS, we note that the right-hand side of the DE is a product of a first-degree
polynomial and a cosine. In this case, we try a function of the form

yp(t) = (ot + ) cost + (Bot + B1) sint,

which, replaced in the equation, leads to the equality
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[(—20(0 — 4ﬁ0)t —4dag + 68y — 2001 — 461] cost
+ [(4ag — 250)t — 6ag — 40 + 4oy — 2b1]sint = 50t cost.

Using the Wronskian, we now convince ourselves that the functions ¢ cost, cost, tsint,
and sin t are linearly independent; hence, equating their coefficients on both sides above,
we obtain the set of four equations

720[0 — 460 = 50, *40[0 + 660 — 20[1 — 4B1 = 0,
4050 - 260 = O, 760[0 - 460 + 40[1 - 2B1 = 0,

from which a9 = —5, Bp = —10, oy = —18, and 1 = —1, so the GS of the full DE is
y(t) = ye(t) + yp(t) = c1e?/® + coet — (5t + 18) cost — (10t + 1) sint.
Finally, using the ICs, we find that ¢; = 18 and ¢y = 0; therefore,
y(t) = 18e!® — (5t + 18) cost — (10t + 1) sin .

VERIFICATION WITH MATHEMATICA® . The input

y=18%E"(t/3) - (5%t + 18) *Cos[t] - (10*t + 1) *Sin[t];
{3%D[y,t,t] - 4%D[y,t] +y - 50xt*Cos[t], {y,Dly,tl}/.t— 0}
// Simplify

generates the output {0, {0, 0}}. m
4.44 Example. For the BVP

y" +4y +5y = —4dcosx —4sinz, 3 (0)=-3, y(r)=—e2"

we have ry = =241, 1y = —2 — i, so, by (4.13),

ye(x) = €72 (cq cosx + casinz).

Trying a PS of the form
yp(x) = acosz + fsinx

in the DE, we find in the usual way that « = 0 and g = —1, so the GS of the DE is
y(7) = ye(x) + yp(x) = e **(c1 cosx + cosinx) — sin .
Since, as is easily seen,
y'(z) = e *"[(co — 2¢1) cosx — (c1 4 2¢2) sin ],

the BCs now yield ¢; = 1 and ¢ = 0, which means that

2

y(x) = e “Tcosz — sinx.

VERIFICATION WITH MATHEMATICA® . The input

y=EN(-2%x) *xCos [x] - Sin[x];
{D[y,x,x] +4xD[y,x] + 5%y + 4*xCos[x] + 4*xSin[x],
{Dly,x]/.x—0,y/.x—Pi}}//Simplify

generates the output {0, {—3, —e72"}}. =
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4.45 Example. The characteristic roots for the DE in the BVP

dy —y=32+x—42°, y(0)=2, y(2)=2

are 11 = 1/2 and ro = —1/2. By analogy with the comment made in Example 4.33,
here it is more advantageous to write y. as a combination of hyperbolic functions. In
view of the given BCs, we choose the (admissible) form

Ye(z) = cysinh (3 2) + ¢ cosh (3 (z — 2)).
For a PS, we try a quadratic polynomial
yp(z) = apr? + arz + g,

which, when replaced in the equation, produces the coefficients g = 4, a3 = —1, and
ag = 0, so the GS is

y(z) = ye(x) + yp(x) = crsinh (§ x) + ez cosh (5 (z — 2)) + 42® — =
Using the fact that
y'(z) = S crcosh (3 2) + § cosinh (& (2 — 2)) + 8z — 1,
we apply the BCs and arrive at the pair of simple equations
cocoshl =2, %clcoshl 4+ 15 = 22—9,
from which ¢; = —sech1 and ¢y = 2sech 1. Hence, the solution of the BVP is

y(z) = (sech1)[ — sinh (3 ) + 2cosh (3 (z — 2))] + 42* — x.

VERIFICATION WITH MATHEMATICA® . The input

y=8ech[1] * (- Sinh[x/2] + 2% Cosh[ (x - 2)/2]) + 4xx"2 - x;
{4*D[y,x,x] -y -32-x+4xx"2,{y/.x— 0,Dly,x] /.x— 2}}
// Simplify

generates the output {0, {2, 29/2}}. =

Exercises

In 1-30, use the method of undetermined coefficients to find a particular solution of the
DE and then solve the given IVP.

Yy’ +3y +2y=8t+8, y(0)=-1, ¢y'(0)=
Y +y — 6y =14t — 61>, y(0) =4, y'(0) =
— 8y + 16y = 6(8t2 — 8t + 1), y(0) = —2, y(0)=—7.
y" + 6y + 9y =9t — 39, y(0)=—6, y'(0)=6.
y" =2y +2y=2(t* -5t +6), y(0)=3, y'(0)=0.
y" — 2y +5y =513 — 612 — 4t +4, y(0)=3/2, y'(0)=-9/2.

(=2 I S U VN
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y'+2y — 8y =—16e"%, y(0)=3, y'(0)=
2y =Ty + 3y = (7/2)e", y(0) =3, y'(0)=T.
9y + 12y + 4y = 2¢~", y(0)= -1, y'(0)=1

10 y" —6y'+9y = —25e=>, y(0) =1, y'(0) =10.

11 4y” — 4y + 5y =583, y(0) =4, y/(0) =13/2.

12 4y” — 16y’ + 17y = (1/2)e*, y(0) =7/6, y'(0) = 17/6.

13y +2y — 3y = 8cos(2t) — 14sin(2t), y(0) =4, y'(0) = —4.

14 y” — 6y + 8y =85cost, y(0)=11, y'(0)=8.

15y’ +2y +y=25sin(2t), y(0)=0, y'(0)=0.

16 9y" + 6y’ +y = (53/8) cos(t/2) —sin(t/2), y(0) =—7/2, y'(0) =

17y — 6y + 10y = (89/6) cos(t/3) + 3sin(t/3), y(0) = 1/2 v(0)=-2

18 4y” — 8y + 5y = —17cost — 6sint, y(0 ) =1, y'(0 )

19 2" +y —y=—18(t+ 1)e, y(0)=—1, y(0) =

20 3y’ -7y +2y=(25-12t)e”", y(0) = 6’ y'(0) =3

21 ¢ — 4y +4y=(t —4)et, y(0)= -4, ¢'(0) = —4.

22 y" — 2y + 5y = (65t — 56)e=%, y(0) = -3, y'(0)=

23 4y" — 5y +y =2e"{(—13cost + 6sint), y(0)= -3, 3'(0) =2.

24 y" -2 +y=—€[3cos(2t) +4sin(2t)], y(0)=1, y'(0) =5.

25 dy"+4y' +y=e *(29cost +2sint), y(0) =2,

26 4y" — 4y’ + 17y = —e'[cos(2t) — 8sin(2¢)], y(0)

27 y" —y=4cos(2t) — 5tsin(2t), y(0)=-1, y'(0)=1.

28y —2y +y=2[(2t —3)cost+ (t+ 1)sint], y(0)=-2, y'(0)=—1.

29y +y=3(t+1)cos(20) + 4sin(20), y(0) =0, y'(0)=-1.
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30 y" —2y +2y=(8—"Tt)cos(t/2)+4(1 —t)sin(t/2), y(0)=0, y'(0)=—2.
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In 31-38, use the method of undetermined coefficients to find a particular solution of

the DE and then solve the given BVP.

31 " +4y +3y =30, y(0)=3, y(In2)=17/2.

32y’ + 5y + 6y = —(15/2)e /2, y(—In2) =4 —2%2 /(0) =2.

33 y'—dy=4dz, y'(0)=1, y(1)=0.

34 9y’ —dy = 18(9 — 222), y'(0) =2/3, y'(3/2) = 85/3.

35 ' —4y +4y = (2n% — 8) cos(rx) — 8wsin(nx), y(0) =1, y(3)=2.
36 9y +6y +y=224+92+2, y(0)=1/3, y(2)=0.

37 y" — 4y’ + by = —9cos(2z) — Tsin(2z), y'(0) = =3, y(m) = —1+2e>".
38 " +2y + 10y =13e", y'(0)=3/2, y'(n/3) =e™/®— (1/2)e /3.

Answers to Odd-Numbered Exercises

1 y,(t) =4t —2, y(t) =3e 2 — 2" + 4t — 2.
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11 y,(t) = 2%, y(t) = et/?[2cost — (1/2)sint] + 2¢3¢.
13 y,(t) = 2sin(2t), y(t) =3e 3 + e’ + 2sin(2¢).
15 y,(t
17 y,(t
19 y,(
21 y,(
23 y,(t) =2e 'sint, y(t) = e’ —4et/* + 2etsint.
25  y,(t) = e 2 (cost — 2sint), y(t) = (1 —2t)e "2 + e~?*(cost — 2sint).
27 yp(t) = tsin(2t), y(t) = —e ' + tsin(2t).
29 y,(t) = —(t +1)cos(2t), y(t) =cost— (t+ 1)cos(2t).
( e
(
(
(

31 yu(z) =2€%, y(z) =" 4 2e*.
33 yp(x) = —z, y(z) = (sech2)[cosh(2z) 4 sinh(2(x — 1))] — =.
35 yu(x) = —2cos(mz), y(x) = (3 —z)e* —2cos(rx).

)

37 yp(z) = —cos(2x) +sin(2z), y(x) = e**(—2cosx — sinx) — cos(2x) + sin(2z).

4.5.2 Method of Undetermined Coefficients: General Case

The technique described in the preceding subsection does not always work, even when
the nonhomogeneous term looks quite simple.

4.46 Example. Consider the IVP
y'+3y +2y =4de”!, y(0)=-1, y'(0)=8,

where, as we have seen in Example 4.39, y.(t) = cie™! + coe™2t. The right-hand side
in the above DE is again an exponential function, so we might be tempted to follow
the procedure used in that example and seek a PS of the form y,(t) = ae™*. But, since
e~ ! is a component of the complementary function—and, therefore, a solution of the
associated homogeneous equation—such a choice would lead to the equality 0 = 4e™?,

which is untrue. This means that our guess of y,, is incorrect and needs to be modified. m

The next assertion sets out the generic form of a PS for nonhomogeneous terms of a
certain structure.

4.47 Theorem. If the nonhomogeneous term f in a linear DE with constant coefficients
is of the form

F(8) = eX[Po(t) cos(pt) + Qu(t) sin(ut)], (4.17)
where P, and Q, are polynomials of degree n and X\ + iy is a root of the characteristic

equation of multiplicity s (that is, a root repeated s times), then the full equation has a
PS of the form
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yp(t) = t7e A, (t) cos(ut) + B (t)sin(ut)], (4.18)
where A,, and B,, are polynomials of degree n. m

4.48 Remark. Formula (4.18) remains valid if one of the polynomials P and @ is of
degree n and the other one is of a lower degree. m

4.49 Example. Applying Theorem 4.47, we can now solve the IVP in Example 4.46.
The right-hand side of the DE in that IVP is as in (4.17), with A = —1, p = 0, and
n =0 (since P, is a constant). Here, A + iu = —1 is a simple root of the characteristic
equation, so s = 1. Then the PS suggested by (4.18) with Ay (t) = « is

yp(t) = ate™,
which, replaced in the DE, gives
Yy + 3y, + 2y = a(—2e" " +te”!) + 3ale”" —te ") + 2ate™! = ae”t = 4e7 .
Thus, a = 4, and the GS of the IVP is
Y(t) = yeo(t) + yp(t) = cre™" + coe ™2 +dte™ = (4t + c1)e ™" + coe 2.
When the ICs are implemented, it turns out that ¢; = 2 and ¢ = —3; consequently,
the solution of the IVP is
y(t) = (4t +2)e "t — 372

VERIFICATION WITH MATHEMATICA® . The input

yv=(4xt +2)*E"N(-t) - 3%xE N (-2%¢t);
{Dly,t,t] +3*D[y,t] + 2%y - 4*xE"(-t), {y,Dly,tl1}/.t— 0}
// Simplify

generates the output {0, {—1, 8}}. =
4.50 Example. The characteristic equation for the DE

y' — 4y +4y = (12t — 6)e*

is 72 — 4r +4 = 0, with roots r; = ry = 2, and the nonhomogeneous term is as in (4.17)
with A =2, 4 =0, and n = 1. Since A + iu = 2 is a double root of the characteristic
equation, it follows that s = 2, so, in accordance with (4.18), we seek a PS of the form

yp(t) = t*(apt + a1)e* = (apt® + art?)e.
Differentiating and substituting in the DE, in the end we find that
yy — 4y, + 4y, = (6agt + 201 )e* = (12t — 6)e™,
so ag = 2 and a1 = —3, which means that the GS of the DE is
Y(t) = ye(t) + yp(t) = (c1 + cat)e? + (28° — 3t*)e*" = (2t° — 3t + cat + ¢1)e?.

VERIFICATION WITH MATHEMATICA®. The input

yv=2%t"3 - 3%xt"2 + c2xt + cl) *EN(2%t) ;
DIy,t,t] - 4*D[y,t] + 4%y - (12%t - 6) *E"(2*t) //Simplify

generates the output 0. m
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4.51 Example. The characteristic equation for the DE
Yy +3y =12t +1
is 72 + 3r = 0, with roots r; = 0 and r, = —3; hence,
3t

Ye(t) = c1 + cae™

The nonhomogeneous term is as in (4.17), with A =0, p = 0, and n = 1. The number
A +iu = 0 is a simple root of the characteristic equation, so s = 1. Then, using (4.18),
we seek a PS of the form

yp(t) = tlaot + 1) = apt® + ast.
Replaced in the equation, this yields
yg + 3y1’, = 6apt + 200 + 31 = 12t 4+ 1,
from which ag = 2 and a1 = —1; hence, the GS of the given DE is
y(t) = ye(t) + yp(t) = 1 + coe 3 4212 — ¢t

VERIFICATION WITH MATHEMATICA® . The input

y=cl+ c2*EMN(-3%t) +2*t"2 - t;
D[y,t,t] +3xD[y,t] -12%xt - 1//Simplify

generates the output 0. m
4.52 Example. The characteristic equation for the DE
y" + 4y = (16t + 4) cos(2t)

is % +4 = 0, with roots r; = 2i and ro = —2i. The right-hand side term is as in (4.17),
with A =0, p = 2, and n = 1. Since A+ ipu = 2i is a simple characteristic root, it follows
that s = 1 and, by (4.18), we seek a PS of the form

yp(t) = t[(aot + a1) cos(2t) + (Bot + B1) sin(2t)]
= (aot® + aqt) cos(2t) + (Bot® + Bit) sin(2t).
Performing the necessary differentiation and replacing in the DE, we find that
Yy, +4yp = (8ot + 200 + 431) cos(2t) + (—8apt — 4ay + 2f) sin(2t)
= (16t + 4) cos(2t).

Since tcos(2t), cos(2t), tsin(2t), and sin(2¢) are linearly independent functions (see
Example 4.43), we equate their coefficients on both sides and obtain the algebraic
system

850 = ].6, 2050 + 4ﬂ1 = 4, 780&0 = O, 740[1 + 260 = O,
with solution ag = 0, ay = 1, By = 2, and B = 1; hence, the GS of the DE is

Y(t) = ye(t) + yp(t) = c1 cos(2t) + co sin(2t) + t cos(2t) + (2t2 + ) sin(2t)
= (t 4 c1) cos(2t) + (2t% +t + ¢o) sin(2t).
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VERIFICATION WITH MATHEMATICA® . The input

y=(t +cl)*Cos[2*t] + (2*t"2 + t + c2) *Sin[2*t];
Dly,t,t] +4%y - (16%t + 4) *Cos[2xt] //Simplify

generates the output 0. m

The next assertion is the principle of superposition for nonhomogeneous linear equa-
tions, which is a generalization of Theorem 4.21.

4.53 Theorem. If L is a linear operator and Ly, = f1 and Lys = fa, then

Liyi+y2)=fi+ fo. m

This theorem allows us to guess a suitable form for the PS of a linear nonhomogeneous
DE when the right-hand side is a sum of functions of the types considered above.

4.54 Example. For the DE
Y+ 2y =1t +3t+2—te ' —4dte ' cos(2t)
we have ry =719 = —1 and f = f1 + fo + f3, where
) =12 +3t+2,  fot) = —te™",  f3(t) = —4te " cos(2t).

By Theorem 4.53, we seek a PS of the form vy, = yp1 + yp2 + yp3, with each term in
yp constructed according to formula (4.18) for the corresponding term in f. All the
relevant details required by Theorem 4.47 are gathered in Table 4.1.

Table 4.1
Term in f no A+iu s Term in y,
2+3t+2 2 0 0 aot? + aqt + as
—te™! 1 -1 2 t2(ﬁ0t + 61)€_t
—4te~tcos(2t) 1 —1+4+2i 0 e *[(yot + 1) cos(2t) + (dot + 01) sin(2t)]

Consequently, our guess for a PS of the full equation is a function of the form

Yp(t) = aot® + art + az + (Bot® + Brt?)e ™
+ e (ot + 1) cos(2t) + (St + 01) sin(2t)].

A long but straightforward computation now yields
Yp(t) = > =t + 2 — Lt~ + e [t cos(2t) — sin(2t)].

VERIFICATION WITH MATHEMATICA® . The input
y=t"2 -t +2- (1/6) *t"3*xEN(-t) + EN(-t) * (t*Cos[2%*t]
- Sin[2%*t]);
Dly,t,t] + 2*D[y,t] +y - t"2-3%t - 2 + t*E"(-t)
+4xt*E"N(-t) *Cos[2%t] //Simplify

generates the output 0. m
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Exercises

In 1-38, use the method of undetermined coefficients in conjunction with Theorem 4.47
to find a particular solution of the DE, and then solve the given IVP.

Y’ =5y +6y =2 y(0)=1, y'(0)=4.

Yy — Ty + 3y = 20@'5/2 y(0) =1, 3(0) = —6.
2y —y' —y=6e""2 y(0)=4, y'(0)=-5/2
3y +y' —2y=—15e"", y(0)=-2, y'(0)=5.

y" — 2y — 8y =2(5—6t)et, y(0)=-3, y'(0)=S8.

3y — Ty +2y = —2(5t +2)e'/?, y(0) = -1, y'(0) =-5/3.
2y —y' — 3y = (7T—20t)e/2, y(0) =3, y'(0) = 10.

y" — 6y’ + by = 2(4t + 3)e®, y(0) = -2, ¥/(0) = —13.
y'+3y' =6, y(0)=1, ¢'(0)=—4

2" —y' =-1, y(0)=2, y(0)=0.

3y" —2y' = =6, y(0) =-3/2, y'(0) =10/3.

y'+4y' =2, y(0) = -3, ¥(0)= 17/2

y' -y =76t y(0)=4, ¥ (0)=

3y —y =2t-8, y(0)=4, ¢y'(0)= 10/3.

4y +y' =24 — 18t — 3t2, y(0) =38, y'(0)=-2.

2" — 3y’ = —9t% + 18t — 10, y(0) =2, 3/(0) =5.

Y+ 4y + 4y = 6e7 2t y(0) = -2, y'(0)=5.

4y — 4y +y=—16e%, y(0)=1, 3/ (0)=—3/2.

9y" — 6y’ +y = 9et’3, y(0)=3, 3 (0)=0.

y" =8y +16y = (1/2)e", y(0) =2, y'(0)=

163" — 24y’ + 9y = 32(3t — 1)e3/4, 4(0) =0, y’(o) = -2.
4y + 12y + 9y = 24(t — 1)e 32, y(0) = -2, 3/(0) = 4.
Yy’ 4+ 4y =4sin(2t), y(0) =1, ¥'(0)

4y" +y = 4sin(t/2) — 4cos(t/2), y(0)=1, 3 (0)=—2.

y"” + 9y = 6[3 cos(3t) + sin(3t)], y(0) =2, y'(0)=2.

9y" + 4y = —12[cos(2t/3) + 3sin(2¢/3)], y(0) =1, 3'(0) =5/3.

y" +y=—2sint + 2(1 — 2t) cost, y(0)=2, y’(O) =0.

y" + 25y = 4 cos(5t) — 10(4t + 1) sin(5t), y(0) =1, 3'(0) =

9y" +y = 6(3 — 2t) cos(t/3) — 12tsin(t/3), y(0) =2, 3 (0)= —8/3

925y + dy = 10(4t + 7) cos(2t/5) + 10(9 — 4t) sin(2t/5), y(0) =1, y/(0) = 4.
y" — 2y + 2y = —4etcost, y(0) =3, y'(0)=3.

y" + 2y + by = 4e [cos(2t) + sin(2t)], y(0) =0, ¥'(0) = —5.

y" — 4y’ + 13y = 6e*'sin(3t), y(0) =1, y'(0) = 10.

4y" — 4y’ + 5y = 8et/?(2cost +sint), y(0) =2, y'(0) = —4.

y" + 4y’ + 8y = —2e%[cos(2t) + 2(1 — 2t)sin(2t)], y(0) =2, ¢'(0) = —11.
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36 4y” + 8y + by = 8e [8t cos(t/2) +sin(t/2)], y(0)=1, y'(0)=—1.

37 9y" —12y +13y = —18e?*/3[(4t —1) cost+ (2t +3) sint], y(0

38 y’ — 6y + 13y = 2e3[(8¢ + 3) cos(2t) + 2(3 — 2t) sin(2t)], y
y'(0) = —6.

In 39-46, use Theorems 4.47 and 4.53 to set up the form of a particular solution for the
given DE. Do not compute the undetermined coefficients.

39 o/ — 4y +3y=t—1+te! —2t%e7! + 3sint.

40 6y" —y' +2y = (2t + 1)e! +3e Y2 —tsint + 4e~! cos(2t).

41 3y" — 2y =t + 2+ 2tcos(3t) + (2 — 1)e?t/3 — (1 — 2t)el.

42 " — 6y’ =1> —3e!/6 4 (1 — t2)eb + 2tel sint.

43 y" — 6y +9y =3+ (1 —t)e 3 + 2te3 — 3! cos(2t).

44 16y + 8y +y=1t+4+t2e V4 (1 —22)et/* —2(12 — 1)e M *sint.
45 y" — 6y + 10y = (2t — 3) sint + t2e3 — de! + 2e3t cost.

46 9y" — 18y’ + 10y = 2t + te!/3 + 3et cost — (t — 2)et sin(t/3).

Answers to Odd-Numbered Exercises
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yp(t) =2t — 1, y(t) =2e73t + 2t — 1.
11 y,(t) =3t —2, y(t) = (1/2)e*/3 + 3t — 2.
13 y,(t) =32 —t, y(t) = 4et + 32 — ¢.

15 yp(
17 yp(
19 y,(t) = (1/2)t%e!/3, y(t) = [(1/2)t? —t + 3)e!/3.

21 y,(t) = (2 — 1234, y(t) = (13 — 12 — 2t)e3t/ 4.

23 yp(t) = —tcos(2t), y(t) = (1 —t)cos(2t) + sin(2t).

25  y,(t) = —t[cos(3t) — 3sin(3t)], y(t) = (2 —t)cos(3t) + (3t + 1) sin(3t).
27 yp(t) = (t —t*)sint, y(t) =2cost+ (t —t*)sint.

29  y,(

31 y,(t) = —2te'sint, y(t) =e'(3cost — 2¢sint).

33 y,(t) = —te* cos(3t), y(t) = e*[(1 —t)cos(3t) + 3sin(3t)].

35 yu(t) = (t —t?)e " cos(2t), y(t) = e 2[(24 ¢ —t*)cos(2t) — 4sin(2t)].
37 yp(t) = e*/3[(t2 + t) cost + (1 — 2¢2) sint],

y(t) = e2/3[(t> + t + 2) cost — 2(1 + t?) sint].
39 y,(t) = aot + aq + t(Bot + B1)et + (yot? + vt +y2)et + dcost + esint.
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41  y,(t) = t(aot + a1) + (Bot + B1) cos(3t) + (ot + 1) sin(3t)
+ t(8ot? + d1t + 02)e?t/3 + (ot + £1)el.
43 y,(t) = a+ (Bot + B1)e 3 + t2(yot + 71)e3" + e3[d cos(2t) + e sin(2t)].
45  y,(t) = (aot + a1) cost + (Bot + B1) sint + (yot? + 71t + y2)e’ + det
+ tedt(ecost + (sint).

4.5.3 Method of Variation of Parameters

This technique is generally used to compute a PS of the full DE when the (simpler)
method of undetermined coefficients does not work because the nonhomogeneous term
f is not of the form (4.17).
Suppose that {y1, y2} is an FSS for the differential equation y” +p(t)y’+q(t)y = f(t).
We seek a PS of the form
Yp = ury1 + u2y2, (4.19)

where u; and us are functions of ¢; then
r_ / / /
Yp = U1Y1 + ULY] + UgY2 + U2Ys.

Imposing the condition
ujyr + usyz = 0, (4.20)

we reduce the first derivative to the form
Yy = uryy + Uy,
from which
Yy = uiyy +uryy + uhyh + ugyy
Replacing y,, y;, and yg in the DE and taking into account that
yl +pyi+ a1 =0, ¥y +pys+aqy2=0
we find that
Yy + DY, + qyp = uyyy +uryy + ubyh + uayy + plury) + uayh) + quiys + uays)

uy(yy +pyy + qy1) +ua(yy + pys + qua) +uiyy 4 ubys
= uyy; + usys = f.

This equation and (4.20) form the system

uhyr + uhye = 0,
uyy) + usys = f

for the unknown functions ) and ub; hence, by Cramer’s rule (see (4.1)),

0 ya y1 0

o = Fyal _ wf o= nifl __wnf _
Y1 Y2 Wly1, y2] y1 2| Wiyt yel
) ()
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Integrating to find u; and uy and then replacing these functions in (4.19), we obtain
the PS

y2(t) f(t) yi(t)f(t)
yp(t) = =1 (t) | ==———=dt +y2(t) | ==——2=dt. (4.21)
! Wiy, y2)(t) Wly1, y2](t)
4.55 Example. The characteristic equation for the DE
y' +y=tant
is 72 +1 = 0, with roots r; =4 and o = —i. Hence, Ye(t) = ¢1 cost+casint, and we can

apply (4.21) with y1(t) = cost, ya(t) = sint, and f(t) = tant. Since Wy1, y2](t) = 1
(see Example 4.29), we have

yp(t) = —cost/sinttantdt—i—sint/Costtantdt

.2

sin“t

= fcost/ m dt+sint/sintdt.
cost

The first integrand is rewritten as

sin?¢ ~ 1—cos®t

= =sect — cost,
cost cost

and, since

sect(sect + tant sec?t + secttant
/sectdt:/ (sect + n)dt:/ + BY

sect + tant sect + tant
t+tant)’

:/Mdtzlﬂsect—i—tanﬂ—i—c,
sect + tant

we finally obtain

Yp(t) = —(cost)(In|sect + tant| —sint) — sint cost
—(cost)In |sect + tant|,

where, of course, no arbitrary constant of integration is necessary.
VERIFICATION WITH MATHEMATICA® . The input

y= - Cos[t] *Log[Sec[t] + Tan[t]];

Dly,t,t] +y - Tan[t] //Simplify

generates the output 0. m

4.56 Example. The characteristic equation for the DE
y' — 4y +3y=3t+2

is 2 — 4r + 3 = 0, with roots r; = 1 and ro = 3, so an FSS for the corresponding
homogeneous equation consists of y1(t) = e* and y»(t) = e3. Since

et e3t

4t 4t at
=3 —e = 2e
et 3e3t )

W[ylva] =
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from (4.21) with f(t) = 3t + 2 and integration by parts it follows that

3t t
up () :fet/—(3t+2)e dt+e3’f/—(3t+2)e dt

2edt 2edt
=Lt /(315 +2)e tdt + 1 e /(3t +2)e 3 dt

sefBt+5e =1 (t+ e ¥ =t 42

VERIFICATION WITH MATHEMATICA® . The input

vy=t +2;
D[y,t,t] - 4xD[y,t] +3%xy - 3%t -2//Simplify

generates the output 0. m

4.57 Example. Applying the same treatment to the DE
y' =2y +y=4e,

we have r1 = ro = 1,50 91 (t) = e, ya(t) = tet, f(t) = 4e?, and Wy1,yo](t) = €?*; then,
by (4.21),

4tet 4et
yp(t) = —et / BT dt + tet / E dt = —2t2€t + 4t2€t = 2t2€t.

VERIFICATION WITH MATHEMATICA®. The input
y=2*t"2*ENt;
Dly,t,t] - 2%D[y,t] +y - 4*E "t //Simplify

generates the output 0. m

4.58 Remark. Obviously, if the DE is written as a(t)y” + b(t)y’ + c(t)y = f(t) with
a # 0, then division by the coefficient a brings it to the form considered at the beginning
of this section so that formula (4.21) can be applied. m

Exercises

In 1-26, use the method of variation of parameters to find a particular solution y, of
the given DE. Work from first principles, without applying formula (4.21) directly.

y' +2y —3y=9-—9t. 2 y' —y —6y=4(3t—4).

Y Ay +dy=A(+20). 4 9y — 6y +y=19— 3t

Y +y=—t2—-2. 6 4y’ +y=2t2+1t+16.

29" — 5y’ + 2y = 40e 2", 8 3y’ —2y —y=4(t—2)e "

Yy =2y +2y =€ 10 y” + 2y +5y=28e".

11 25y" — 20y’ + 4y = —98e~L. 12 y" — 6y’ 4+ 9y = (5/4)(5t — 14)et/2.
13 2y" — 3y — 2y = —18e'/2. 14 4y" —y' — 3y = (22t + 19)e?’.

15 9/ +2y +y=2e"t. 16 4y’ + 4y +y = 8(3t —2)e /2

© N ot w
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17y’ — 6y + 10y = te3t. 18 y' +2y +10y=9(2 —t)e '

19 gy’ — 9y = 1273 20 y’ — 2y — Sy = 6e*t.

21 ¢y’ +2y=4. 22 3y’ —y =2(4—1).

23y + 4y = 4cos(2t). 24 9y” + 4y = —48sin(2t/3).

25 oy =2 +y=t3e. 26 4y’ +4y +y= -8t 2+t Y)e V2%

In 27-30, verify that the given pair of functions form an F'SS for the associated homoge-
neous DE, then, working from first principles, use the method of variation of parameters
to find a particular solution y;, of the nonhomogeneous equation.

27 (t+ 1)y +ty —y=(t+1)?% yi(t)=t, y@)=c"

28 2ty — (t+2)y +y=—12, yi(t)=t+2, ya(t) =et/%

29ty + (2t — 1)y — 2y = 32132, yi(t) =2t — 1, yao(t) = e 2

30 (t—2)y"+(1 -ty +y=2(t—1)et, yn(t)=t—1, ya(t) =e".

Answers to Odd-Numbered Exercises

1 y,(t)=3t—1. 3 y,(t)=2t+3. 5 y,(t)=—t%

T yp(t) = 2e 2 9 y,(t) =€ 11 y,(t) = —2¢7 %
13 y,(t) = 6e'/2. 15 y,(t) =t?e " 17 y,(t) = te¥.
19 y,(t)=—(2t+1/3)e7 3% 21 y,(t) =2t —1.
23 y,(t) = (1/4) cos(2t) + tsin(2t). 25 y,(t) = (1/2)t e,
27 y,(t)=t2—t+1. 29 y,(t) = (2t —1)%e*.

4.6 Cauchy—Euler Equations

The general form of this class of linear second-order DEs with variable coefficients is
at®y” + bty +cy =0, (4.22)

where a, b, and ¢ are constants.
Suppose that ¢ > 0. To find an FSS for (4.22), we try a power-type solution; that is,

y(t) =t", r = const.
Replacing in (4.22), we arrive at
[ar(r — 1)+ br + cJt" =0,
which holds for all £ > 0 if and only if the coefficient of t" is zero:
ar’ +(b—a)r +c=0. (4.23)

The quadratic equation (4.23) has two roots, r; and r, and it is clear that the form of
the GS of (4.22) depends on the nature of these roots.
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(i) If r1 and ro are real and distinct, we construct the functions y;(t) = t™ and
y2(t) = t™. Since their Wronskian

t i ri+re—1
W[y1»y2](f) = Tltr1—1 ,r2tr2—1 = (7“2 - 7“1)t

is nonzero for all ¢ > 0, the pair {y1, y2} is an FSS and we can write the GS of the
DE as
y(t) = c1y1(t) + coya(t) = crt™ + cot™.

4.59 Example. For the DE in the IVP

Yy —ty —3y=0, y(1)=1, y(1)=7

we have a = 1, b = —1, and ¢ = —3, so equation (4.23) is r? — 2r — 3 = 0, with roots
r1 = 3 and 72 = —1. Hence, the GS of the DE is y(t) = c1t3 + cot~!. Applying the ICs,
we now obtain ¢; = 2 and ¢; = —1, which means that the solution of the IVP is

y(t) = 2t3 - t717

with maximal interval of existence 0 < t < oo.
VERIFICATION WITH MATHEMATICA® . The input

y=2*t"3 - 1/t;

{t"2xD[y,t,t] - t*D[y,t] - 3%y, {y,Dly,t1}/.t— 1}//Simplify
generates the output {0,{1, 7}}. m

(ii) If ry = ro = ro, it is not difficult to verify (by direct replacement in the equation
and use of the Wronskian) that y;(t) = t™ and ya(t) = ¢™ Int form an FSS. Then the
GS of (4.22) is

y(t) = cryn(t) + c2ya(t) = (1 + coInt)t"™.

4.60 Example. In the case of the IVP
t?y" +5ty' +4y =0, y(1)=2, y'(1)=-5

we have r? +4r+4 = 0, so r; = ro = —2, which leads to the GS y(t) = (c1 +coInt)t 2.
Using the ICs, we find that ¢; = 2 and co = —1; hence, the solution of the IVP is

y(t) = (2 — Int)t 2,

with maximal interval of existence 0 < t < oo.
VERIFICATION WITH MATHEMATICA® . The input

y=(2 - Loglt]) xt"(-2);
{t"2xDly,t,t] + 5xt*D[y,t] + 3y, {y,Dly,tl}/.t— 1}
// Simplify

generates the output {0,{2, —5}}. =m

(iii) If r1 and ro are complex conjugate roots—that is, 11 = A+ ip and ro = X —ip,
where 1 # 0—we start with the complex FSS {¢t*# A~} and then use the formula
a’ = e to form the real FSS {#* cos(pInt), t* sin(uInt)}. Hence, the real GS of the
DE is

y(t) = tMer cos(plnt) + ¢y sin(pInt)].
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4.61 Example. For the IVP
t2y" =5ty +10y =0, y(1)=1, 2(1)=0
we have 12 — 6r +10=0, s0 7, = 34 ¢ and r» = 3 — 4. The real GS is
y(t) = t3[c1 cos(Int) + ¢y sin(Int)],

with the two constants computed from the ICs as ¢; = 1 and ¢co = —3; therefore, the
solution of the IVP is
y(t) = t*[cos(Int) — 3sin(Int)],

with maximal interval of existence 0 < ¢t < oco.

VERIFICATION WITH MATHEMATICA® . The input

y=t"3% (Cos[Log[t]] - 3*Sinl[Logltl]);
{t"2*D[y,t,t] - 5xt*D[y,t] + 10xy, {y,Dly,tl}/.t— 1}
// Simplify

generates the output {0,{1, 0}}. =
4.62 Remark. If t < 0, we substitute ¢ = —7 and y(¢) = u(7) in the DE and bring it

to the form
720" + bru’ 4 cu =0,

which is the same as (4.22) with 7 > 0. =

Exercises

Solve the given IVP.
2y’ +ty —dy =0, y(1)=-2, y(1)=8

2 %y —dty +4y =0, y(-1)=1, y'(-1)=-10.
3 3%y -2y —2y=0, y(-1)=5, y'(-1)=-2/3.
4 2y +5ty +3y=0, y(2)=-1, y'(2)=-1/2.
5 6t%y" +5ty —y=0, y(1)=-2, 3/ (1)="7/3.
6 2t%y — Tty +4y =0, y(1)=1, y'(1)=11.
7T ' -ty +y=0, y(1)=1, y(1)=-1.
8 4t?y’ +8ty' +y=0, y(1)=0, y'(1)=3.
9 t%y —ty +5y=0, y(1)=1, y'(1)=3.
10 2y" + 5ty +5y =0, y(1)=3, y'(1)=-T7.

Answers to Odd-Numbered Exercises

1 yt)=t>-3t"2. 3 y@t)=t>—4t"3. 5 y(t) =22 —4t~1/3
7 y(t)=t(1—2Int). 9 y(t) =tlcos(2Int) + sin(2Int)].
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4.7 Nonlinear Equations

Consider an IVP of the form

y// = f(tvyvy/)v y(to) = Yo, y/(to) = Y10, (424)

where the function f satisfies certain smoothness requirements guaranteeing the exis-
tence of a unique solution in some open interval J that contains the point ty. As we
would expect, no method is available for solving (4.24) analytically when f is a generic
admissible function. In certain cases, however, this problem can be reduced to one for
a first-order equation, which, depending on its structure, we may be able to solve by
means of one of the techniques described in Chap. 2. We discuss two such specific cases.

Function f does not contain y explicitly. If f = f(t,y'), we substitute

y'(t) = u(t), (4.25)

so (4.24) becomes

u' = f(t,u), uty) = yio.
Once we find u, we integrate it and use the IC y(ty) = yo to determine y.
4.63 Example. With (4.25), the IVP

2ty'y" +4(y')> =5t +8, y(2) =

|5

, y(2)=2

changes to
2tun’ + 4u? =5t +8, u(2) =2,

or, on division of the DE by wu,
otu’ + 4u = (5t +8)u~t, w(2)=2.

This is an IVP for a Bernoulli equation (see Sect.2.4), so we set u = w'/? and arrive
at the new IVP
tw' +4w=>5t+8, w(2)=4.

Since the DE above is linear, the procedure laid out in Sect. 2.2 yields the integrating

factor A
u(t) = exp { / ?dt} =1

and then the solution
. t
w(t) = t_4{ /7'3(57' +8)dr + u(?)w(2)} =142,
2

from which
Y =u=uw?=(t+2)"2

Consequently, taking the IC y(2) = 16/3 into account, we find that the solution of the
given IVP is

y(t) = /(t+2)1/2 dt =2 (t+2°%2+C=2(t+2)%
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VERIFICATION WITH MATHEMATICA® . The input

y=1(2/3) % (£t +2)"(3/2);
{2*t*D[y,t] *D[y,t,t] + 4% (D[y,t])"2 - 5%t - 8,
{y,Dly,tl}/.t— 2}//Simplify

generates the output {0,{16/3, 2}}. m
Function f does not contain t explicitly. If f = f(y,y’), we set

u=y (4.26)
and see that, by the chain rule of differentiation,

dy'  du dy du
n_ Y _ W 4.27
dt dy dt Tay " (4.27)

where u is now regarded as a function of y. Also, at t =ty we have
u(yo) = y'(to) = Yo, (4.28)
so the IVP (4.24) changes to
wi' = f(y,u), u(yo) = Yo

Once u is found, we integrate it and use the IC y(ty) = yo to determine y.

4.64 Example. Consider the IVP
w' =y +2), y0)=1 y(0)=-L
Implementing (4.26)—(4.28), we arrive at the new IVP
yu' =u+2, u(l)=-1,
which can be solved by separation of variables. Thus,
/ du _ / dy
u—+2 Yy’

so In|u+ 2| =Inly| + C, or, after exponentiation,

u=Cy — 2.

Since the IC gives C7 = 1, we have

/

Yy =u=y—2.
A second separation of variables now leads to
d
Y _ / dt;
y—2
y =2+ Che'.
Using the first IC from the original IVP, we finally obtain the solution of that problem as

y(t) =2 — e

hence, Inly — 2| =¢t+ C, or
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VERIFICATION WITH MATHEMATICA® . The input

y=2 - ENt;
{y*DIly,t,t] - Dly,tl * (Dly,t]l +2),{y.Dly,tl}/.t— 0}
// Simplify

generates the output {0,{1, —1}}. =m

Exercises

Solve the given IVP and state the maximal interval of existence for the solution.
y'=2e"%(y")?, y(0)=-1, ¥ (0)=1

2ty'y" =3(y")? +1%, y(1) =4/15, y'(1)=1.

ty" = (4t2 —9t)(v")? + 2/, y(1)=—(1/3)In2, /(1) =1/2.

20-2+(y)* +2ty'y" =0, y(1)=-2/3, y'(1) =1

v =y, y(0)=1, y'(0)=-1

3y'y" =16y, y(0)=1, y'(0)=2.

2yy" = (y')* +1, y(0)=5/2, y'(0)=2.

v =2y, y(0)=v2, y(0)=-L

W N O Uk W N

Answers to Odd-Numbered Exercises

1 y(t)=(1/2)e* —3/2, —oco <t < o0.

3 y(t)=(1/3)In(t/(3—1)), 0<t<3.

5 y(t)=(1-2t)2, —co<t<1/2.

7 y(t) = (1/2)(t> + 4t +5), —oco <t < 0.



Chapter 5

Mathematical Models with Second-Order
Equations

In this chapter we illustrate the use of linear second-order equations with constant
coefficients in the analysis of mechanical oscillations and electrical vibrations.

5.1 Free Mechanical Oscillations

We recall that the small oscillations of a mass—spring—damper system (see Sect. 4.1) are
described by the IVP

my" +yy +ky=f(t), y0)=yo, ¥ (0)=y, (5.1)

where ¢ is time, v = const > 0 and £ = const > 0 are the damping and elastic
coefficients, respectively, m is the moving mass, and f is an external (driving) force.
The system undergoes so-called free oscillations when f = 0.

5.1.1 Undamped Free Oscillations

As the label shows, oscillations of this type occur if v = 0, in which case the IVP
reduces to

my” +ky =0, y(0) =y, ¢'(0)=yuw.
Since k/m > 0, we can write w3 = k/m, so the DE becomes
y' +wiy =0,
with GS
y(t) = ¢1 cos(wot) + ca sin(wpt).

The constants are determined from the ICs as ¢; = yo and ¢ = y10/wp; therefore, the
solution of the IVP is

y(t) = yo cos(wot) + % sin(wyt). (5.2)
0

The numbers wy and T = 27 /wy are called, respectively, the natural frequency and the

period of the oscillations.
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5.1 Remark. Solution (5.2) can be changed to an alternative, more convenient form.
It is easy to show that for generic nonzero coeflicients a and b and argument 6, we can
write

acosf + bsind = Acos(f — o), (5.3)

with A > 0 and 0 < ¢ < 2m. Since, according to a well-known trigonometric formula,
the right-hand side expands as A(cos @ cos ¢ + sinfsin ), it follows that

Acosp =a, Asinp =10,

from which, first eliminating ¢ and then A, we readily find that

b
A=+a?>+b% tanp= e (5.4)

It should be noted that the value of tan ¢ in (5.4) is not enough to find the correct ¢ in
the interval 0 < ¢ < 27. For that, we also need to consider the signs of cos ¢ and sin p—
that is, of @ and b—and make any necessary adjustment. For example, tan¢ = —1 has
two solutions between 0 and 27, namely ¢ = 37/4 and ¢ = 77 /4. However, the former
has siny > 0, cos ¢ < 0, whereas the latter has sin¢ < 0, cosp > 0.

For function (5.2), we have a = yo, b = y19/wo, and 6 = wot, so, by (5.4),

/ 2
Yio 1 2 2 2 Y10
A=y + 2 = —/yd2w? +y3, tanp= , 5.5
0" 2w \/ Yows + Yio Yo (5.5)

y(t) = Acos(wot — ¢). (5.6)

and (5.3) yields

In the context of oscillations, the numbers A and ¢ are referred to as the amplitude
and phase angle, respectively. m

The physical phenomenon described by this model is called simple harmonic motion.

5.2 Example. A unit mass in a mass—spring system with & = 4 and no external forces
starts oscillating from the point 3/ V2 with initial velocity 3v/2. Consequently, the
position y(t) of the mass at time ¢ > 0 is the solution of the IVP

y' +4y =0, y(0)= y'(0) = 3v/2.

3
\/57
Here, wo = 2, 3o = 3/v/2, and y19 = 3v/2; hence, by (5.5), we get A = 3 and tanp = 1.
Given that a = yo > 0 and b = y10/wp > 0, the angle ¢ has a value between 0 and 7/2;
that is, ¢ = tan~!' 1 = 7/4, and, by (5.2), (5.5), and (5.6), the solution of the IVP is

3 3 s
t) = —= cos(2t) + —= sin(2t) = 3cos | 2t — — ).
y0) = 5 cos(2t) + s sin(20) = 3cos (20 )

If the ICs are changed to y(0) = 3/v/2 and y'(0) = —3v/2, then a > 0 and b < 0, s0 ¢
is an angle between 37/2 and 27; specifically, ¢ = 27 +tan~*(—1) = 27 — /4 = Tr /4.
Since A obviously remains the same, the solution is

o= seos (- 7).



5.1 Free Mechanical Oscillations 105

For the pair of ICs 3(0) = —3/v/2 and y/(0) = 3v/2, we have a < 0 and b > 0, s0 ¢
is between /2 and m; that is, p = 7 + tan~!(—1) = 7 — 7/4 = 37 /4, and

y(t) = 3cos (2t— ?jf)

Finally, if y(0) = —3/v2 and y'(0) = —3v/2, then a < 0 and b < 0, which
indicates that ¢ is an angle between m and 37/2; more precisely, ¢ =7 + tan~!'1

=m+7/4=>57/4, s0
)
y(t) = 3cos (2t— ZW)

VERIFICATION WITH MATHEMATICA® . The input

y=3%xCos[2xt - {Pi/4,7xPi/4,3%Pi/4,5%xPi/4}];
{Dly,t,t] + 4*y, {y,Dly,tl1}/.t— 0} //Simplify

generates the output

{{0, 0,0, 0}, {{3/V2, 3/v/2,-3/v2, =3/V2}, {3v2, —=3V/2, 3v/2, —=3V2}}}. m

Exercises

1 In a system with k = 1, the position and velocity of a unit mass at t = 7/2 are —3
and —2, respectively. Determine the position y(¢) of the mass at any time ¢t > 0,
its initial position and velocity, and the amplitude of the oscillations.

2 In a system with & = 72, the position and velocity of a unit mass at t = 3 are —1
and —4, respectively. Determine the position y(¢) of the mass at any time ¢ > 0,
its initial position and velocity, and the amplitude of the oscillations.

3 (i) Determine the position y(t) at time ¢ > 0 of a unit mass in a system with k = 9,
which starts oscillating from rest at the point 2.

(ii) Find the times when the mass passes through the origin between ¢t = 0 and
t=3.

4 (i) Determine the position y(t) at any time ¢ > 0 of a unit mass in a system with
k = 4, which starts oscillating from the point 1 with initial velocity 2.

(ii) Compute the amplitude and phase angle of the oscillations and write y(¢) in
the form (5.6).

(iii) Find the time of the next passage of the mass through its initial position.

5 An object of unit mass starts oscillating from the origin with initial velocity 12 and
frequency 4. At t = 37/8, the object’s mass is increased four-fold. Determine the
new oscillation frequency and the position y(¢) of the object at any time ¢ > 0.

6 A unit mass starts oscillating from the point 1 with initial velocity 3v/3 and fre-
quency 3. At the first passage of the mass through the origin, its velocity is increased
by three units. Determine the position of the mass at any time ¢ > 0 and express
it in the form (5.6).
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Answers to Odd-Numbered Exercises

1 y(t) =2cost—3sint; y(0) =2, ¢'(0)=-3; A=+13.
3 (i) y(t) =2cos(3t). (ii) t=n/6, ©/2, 57/6.

L ) 3sin(4t), 0<t<3m/8,
5 w=2 ylH)= {(3/\/5)[008(215) —sin(2t)], t > 37/8.

5.1.2 Damped Free Oscillations

These are modeled by the IVP

my” +yy' +ky =0, y(0)=yo, ¥(0)=yi.
Introducing the damping ratio ¢ by
g i i

¢= 2mwo  2m k/m B 2/mk

>0,

we divide the DE by m and rewrite it in the form y” + (v/m)y’ + (k/m)y = 0, or, what
is the same,

Y + 2Cwoy’ + wiy = 0.

The characteristic roots are

T1:w0(*<+\/42—*1)7 T2:w0(*4*\/m),

and their nature depends on the sign of the quantity ¢ — 1.

(i) If ¢ > 1, then m and ro are real and distinct, which means that the GS of the
DE is

y(t) = cre™t + coe™.
Since, as is easily verified, v + ro = —2Cwg < 0 and r179 = w% > 0, both r; and 75 are
negative; hence, y decreases rapidly to zero regardless of the values of ¢; and cp. This
case is called overdamping. Using the ICs, we find that the solution of the IVP is

To — — T
YoT2 — Y10 et 4 Y10 — YoT1 orat (5.7)

t) =
¥t re =71 re =71

5.3 Example. The position y(¢) at time ¢ of a unit mass that starts oscillating from
the point 2 with initial velocity —1 in a system with v = 5, k = 6, and no external
force, satisfies the IVP

y'+5y +6y=0, y0)=2, ¢'(0)=-1

The characteristic roots 71 = —3, ro = —2 and the ICs yo = 2, y10 = —1, replaced in
(5.7), yield the solution

y(t) = —3e 3 + 5e 2,

whose graph is shown in Fig. 5.1.
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2

Fig. 5.1

VERIFICATION WITH MATHEMATICA® . The input

y=-3%xEN(-3%t) + 5xEN(-2x¢t);
{Dly,t,t] +5%D[y,t] + 6xy,{y,DIly,tl}/.t— 0}//Simplify

generates the output {0, {2, —1}}. =
(ii) If ¢ = 1, then 1 = ro = —wp < 0, and the GS of the DE is
y(t) = (c1 + cot)e w0t

Once again we see that, irrespective of the values of ¢; and cs, y ultimately tends to 0
as t — oo, although its decay does not start as abruptly as in (i). This case is called
critical damping. Applying the ICs, we obtain the solution of the IVP in the form

y(t) = [yo + (yowo + y1o)tle <" (5.8)

Critical damping is the minimum damping that can be applied to the physical system
without causing it to oscillate.

5.4 Example. A unit mass in a system with v = 4, k£ = 4, and no external force starts
oscillating from the point 1 with initial velocity 2. Then its position y(¢) at time ¢ > 0
is the solution of the IVP

y'+4y' +4y =0, y(0)=1, y'(0)=2
Since 11 =r9 = =2, wy = 2, yo = 1, and y19 = 2, from (5.8) it follows that
y(t) = (4t + 1)e 2

The graph of this function is shown in Fig. 5.2.

1.5¢
1

0.5¢

Fig. 5.2
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VERIFICATION WITH MATHEMATICA® . The input

y=(4*xt + 1) *xEN(-2%t);
{Dly,t,t] +4xD[y,t] +4xy,{y,Dly,t1}/.t— 0}//Simplify

generates the output {0, {1, 2}}. =m

(iii) If 0 < ¢ < 1, then the characteristic roots are

ri=wo(—¢+iV/1-C?), ra=wo(—¢—iv1—¢?),
and the GS of the DE is
y(t) = e_c“’ot[cl cos(wit) + co sin(wst)], (5.9)

where w; = wgy/1 — (2. This is the underdamping case, where y still tends to 0 as
t — oo (because of the negative real part of the roots), but in an oscillatory manner.
If the ICs are applied, we find that

_ SWowo + Yo
w1 '

€1 =1Yo, C2 (5.10)

5.5 Example. The position y(¢) at time ¢ > 0 of a mass m = 4 that starts oscillating
from the point 1/2 with initial velocity 7/4 in a system with v = 4, k = 17, and no
external force, is the solution of the IVP

4y +4y' + 17y =0, y(0)=1, 4 (0) =1

The characteristic roots of the DE are r = 1/2 + 2i and ro = 1/2 — 2i, and we have
wo =V17/2, ¢ =1/V17, w1 =2, ¢; = 1/2, and ¢3 = 1; hence, by (5.9) and (5.10),

y(t) = e~ t/? (1 cos(2t) + sin(2t)].

This solution is graphed in Fig.5.3.

1,
0.5
\2/ 4 6 8 10
~05
Fig. 5.3

VERIFICATION WITH MATHEMATICA® . The input

y=EMN(-t/2) % ((1/2) *Cos[2xt] + Sin[2xt]) ;
{4xDly,t,t] +4xDI[y,t] +17*y, {y,Dly,tl}/.t— 0} //Simplify

generates the output {0, {1/2, 7/4}}. =
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Exercises

1 In asystem with v = 6 and k = 9, the position and velocity of a unit mass at t = 7
are (m — 2)e 3™ and (37 — 7)e ™3™, respectively.

(i) Identify the type of damping.

(ii) Determine the position of the mass at any time ¢ > 0 and find its initial position
and velocity.

(iii) Find the velocity of the mass when it passes through the origin.

2 In a system with v = 2 and k = w2 + 1, the position and velocity of a unit mass at
t =3/2 are e 3/2 and (27 — 1)e~3/2, respectively.

(i) Identify the type of damping.

(ii) Determine the position of the mass at any time ¢ > 0 and find its initial position
and velocity.

(iii) Find the position and velocity of the mass at ¢t = 2.

3 In a mass—spring system with £ = 1, a unit mass starts oscillating from the origin
with initial velocity 2. When it reaches the farthest position to the right for the
first time, a damper with v = 5/2 is attached to it.

(i) Determine the position y(t) of the mass at any time ¢ > 0.
(ii) Identify the type of damping after the damper is attached.

4 In a system with m = 4, v = 4, and k = 5, the mass starts oscillating from the
point 1 with initial velocity —1/2. When it reaches the origin for the first time, the
damper is removed.

(i) Determine the position y(t) of the mass at any time ¢ > 0.
(ii) Identify the type of damping before the damper is removed.

5 (i) In a system with v = 4 and k = 3, a unit mass starts oscillating from the point
2 with initial velocity —1. Identify the type of damping.

(ii) At t = In(3/2), the damping coefficient  is altered so that the system undergoes
critical damping, and the velocity is changed to —41+/3/27. Establish the IVP for
the new model.

(iii) Determine the position y(t) of the mass at any time ¢ > 0.

6 (i) In a system with v = 2 and k = 2, a unit mass starts oscillating from the point
1 with initial velocity —2. Identify the type of damping.

(ii) At t = 7/2, the damping coefficient ~ is changed so that the system undergoes
critical damping. Establish the IVP for the new model.

(iii) Determine the position y(t) of the mass at any time ¢ > 0.

Answers to Odd-Numbered Exercises
1 (i) Critical damping. (ii) y(t) = (2 — t)e=3t. (iii) v = —e~5.

3 (1) y(®) :{

2sint, 0<t<m/2,

ii) Overd ing.
(83)e7 /412 _ (2/3)en2, ¢ 52, (1) Overdamping
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5 (i) Overdamping.
(ii) Y+ 2\/§y/ + 3y =0, y(]n(3/2)) — 41/27’ y’(ln(3/2)) _ _41\/3/27.
(i) y() = 4 WD+ (5/2)e”, 0 <t <In(3/2),

Y= @/ene) e, s nG)2).

5.2 Forced Mechanical Oscillations

As we did for free oscillations, we discuss the undamped and damped cases separately.

5.2.1 Undamped Forced Oscillations

Here, the governing IVP is

my" + ky = focos(wt), y(0)=wo, ¥ (0) =y,

where w is the frequency of an external driving force and fy = const. Using the notation
k/m = w? introduced in Sect.5.1.1, we divide the DE by m and rewrite it as

Y+ wiy = Jo cos(wt). (5.11)
m
The complementary function for this nonhomogeneous DE is

Ye(t) = ¢1 cos(wot) + c2 sin(wot).

Clearly, the form of a convenient particular solution depends on whether w coincides
with wg or not.

(i) If w # wo, then, by Theorem 4.47 with n =0, A =0, u = w, and s = 0, we seek
a PS of the form y,(t) = acos(wt) + Bsin(wt). Replacing in the DE and equating the
coefficients of cos(wt) and sin(wt) on both sides, we find that a = fo/(m(wg —w?)) and
B =0, so the GS of the equation is

y(t) = c1 cos(wot) + o sin(wot) + @2 —o7) cos(wt). (5.12)
['he constants, determined from the ICs, are
Jo Y10
=90 - ——5 5t === 5.13
a=d m(wd — w?)’ 2 wo (5.13)

5.6 Example. In a mass—spring system with k£ = 1, a unit mass starts oscillating from
rest at the origin and is acted upon by an external driving force of amplitude 1 and
frequency 11/10. The position y(¢) of the mass at time ¢ > 0 is, therefore, the solution
of the IVP

y" + 1y = cos (% t), y(0) =0, %'(0)=0.
Then wy = 1, w = 11/10, fo = 1, yo = 0, and y10 = 0, so, by (5.12), (5.13), and the
trigonometric identity cosa — cosb = 2sin((a + b)/2) sin((b — a)/2), we have

y(t) = % cost — 12%0 cos (% t) = [% sin (% t)] sin (% t).
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The function y represents an oscillation whose amplitude (given by the quantity between
the square brackets) is itself oscillatory; this is known as amplitude modulation.

Figure 5.4 shows the graphs of the full function y (continuous line) and those of its
amplitude and its reflection in the t-axis (dashed lines). A forcing frequency w close to
the natural frequency wy, as is the case here, produces so-called beats.

VERIFICATION WITH MATHEMATICA®. The input

yv=((200/21) *Sin[t/20]1) *Sin[(21/20) xt];
{Dly.,t,t] +y - Cos[(11/10) *xt],{y,Dly,tl1}/.t— 0}//Simplify

generates the output {0, {0, 0}}. m

(i) If w = wo, then, by Theorem 4.47 with n =0, A = 0, 4 = wp, and s = 1, we seek
a PS of the form
yp(t) = t[a cos(wot) + B sin(wot)].
Replacing in (5.11) and identifying the coefficients of cos(wpt) and sin(wot) on both
sides, we find that & = 0 and 8 = fy/(2mwy), so the GS of the DE is

fo
2muwyg

y(t) = ¢1 cos(wot) + ca sin(wot) + t sin(wot).
As the last term shows, this solution increases without bound as ¢ — oo, a phenomenon
known as resonance.

Exercises

1 In a system with m = 4, £ = 1, and no external driving force, the mass starts
oscillating from rest at the point 1. At ¢t = 7, a driving force f(t) = 6 cost begins
to act on the mass. Determine the position of the mass at any time ¢ > 0.

2 Inasystem with & = 972 and no external driving force, a unit mass starts oscillating
from the point 2 with initial velocity 3w. At ¢ = 1/6, a driving force given by
f(t) = 872 cos(mt) begins to act on the mass. Determine the position of the mass
at any time ¢ > 0.

3 In a system with & = 1 and an external driving force f(¢) = 3cos(2t), a unit
mass starts oscillating from rest at the point —2. At t = 7/2, the driving force is
removed. Determine the position of the mass at any time ¢ > 0.
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4 Inasystem withm = 9, k = 472 and an external driving force f(t) = 3272 cos(27t),
the mass starts oscillating from the origin with velocity —27. At ¢t = 3/4, the driv-
ing force is removed. Determine the position of the mass at any time ¢ > 0.

5 In a system with k = 9 and an external driving force f(t) = 6 cos(3t), a unit mass
starts oscillating from the origin with initial velocity 6. At ¢ = 7/6, the driving
force is removed. Determine the position of the mass at any time ¢ > 0.

6 In a system with k = 472 and an external driving force f(t) = 87 cos(27t), a unit
mass starts oscillating from the point 1 with initial velocity —27. At t = 1, the
frequency of the driving force is halved. Determine the position of the mass at any
time ¢ > 0.

Answers to Odd-Numbered Exercises

_ Jcos(t/2), 0<t<m,
1 y(t) = {cos(t/2) —2sin(t/2) — 2cost, t> 7.

3yt = —cost —cos(2t), 0<t<m/2,
vi= —cost + sint, t>m/2.

) (24 1) sin(3t), 0<t<m/6,
5 )= {—(1/3) cos(3t) + (2 + 7/6)sin(3t), t> 7/6.

5.2.2 Damped Forced Oscillations
By analogy with the unforced case, here the IVP is

Y+ 2Cwoy’ + wiy = % cos(wt), y(0) =wo, ¥'(0)= o, (5.14)

where fj cos(wt) is a periodic driving force. In this physical setting, the complementary
function (with fully determined constants) is called the transient solution, and the
particular solution is called the steady state solution, or forced response. Obviously, the
form of the transient component depends on the type of damping. At the same time,
the term on the right-hand side of the equation indicates that the forced response is a
linear combination of cos(wt) and sin(wt), which (see (5.6)) can be brought to the form
A cos(wt — ).

5.7 Example. The position y(t) at time ¢t > 0 of a unit mass in a system with v =5
and k = 4, which starts moving from the point 13 with initial velocity —95 and is acted
upon by a periodic external force of amplitude 34 and frequency 1, is the solution of
the IVP

y" + 5y + 4y = 34cost, y(0)=13, ¢'(0)=—95.

The characteristic roots of the DE are r1 = —4 and ro = —1. Applying the usual
solution procedure, we find that

y(t) = 30e~* — 20e" + 3cost + 5sint.
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The transient solution 30e~4" — 20e~! decays very rapidly as t increases. The forced
response 3cost + Hsint has, as expected, an oscillatory nature and quickly becomes
dominant. Performing the necessary computation, we find that its amplitude and phase
angle are

A=+/32+52=134, ¢=tan"'(5/3) ~ 1.03;

hence, the forced response has the approximate expression v/34 cos(t — 1.03).

The graph of the solution is shown in Fig. 5.5.

10
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ANVAN
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Fig. 5.5

VERIFICATION WITH MATHEMATICA® . The input

v=30%E"N(-4%t) - 20%xE"(-t) + Sqrt[34] * (Cos[t - ArcTan[5/3]]

// TrigExpand;

{Dly,t,t] +5%D[y,t] +4x*y - 34xCos[t], {y,Dly,t]l}/.t— 0}

// Simplify

generates the output {0, {13, —95}}. =

Exercises

1

(i) In a system with v = 4, k = 3, and an external driving force f(¢) = 20cost, a
unit mass starts oscillating from rest at the origin. Identify the type of damping in
the transient solution.

(ii) At ¢ = 7, the driving force is removed and the velocity of the mass is increased
by 6. Establish the IVP for the new model.

(iii) Determine the position y(t) of the mass at any time ¢ > 0.
(i) In a system with v = 2, k = 2, and an external driving force f(t) = 10 cos(2t),

a unit mass starts oscillating from rest at the origin. Identify the type of damping
in the transient solution.

(ii) At t = 7/2, the driving force is removed. Establish the IVP for the new model.
(iil) Determine the position y(t) of the mass at any time ¢ > 0.

(i) In a system with v = 5, k = 4, and an external driving force f(t) = 65 cos(t/2),
a unit mass starts oscillating from rest at the point 1. Identify the type of damping
in the transient solution.

(ii) At t = 7, the coefficient v assumes the value that makes the damping critical,
the frequency of the driving force is doubled and its amplitude is lowered to 25,

and the velocity of the mass is changed to (5/7 — 10)e™*™ 4 32e~™ — 26. Establish
the IVP for the new model.
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(iil) Determine the position y(t) of the mass at any time ¢ > 0.

4 (i) In a system with v = 2, k = 1, and an external driving force f(t) = 2cost, a
unit mass starts oscillating from the point 1 with initial velocity 1. Verify that the
damping in the transient solution is critical.

(ii) At t = 27, the damping coeflicient v is doubled, the mass is increased so that
the damping remains critical, the amplitude of the driving force is raised to 50,
and the velocity of the mass is changed to 5 + (1/2 — 7)e~2". Establish the IVP
for the new model.

(iii) Determine the position y(t) of the mass at any time ¢ > 0.

Answers to Odd-Numbered Exercises

1 (i) Overdamping.
(i) v +4y +3y =0, y(r)=3e3" —5e ™ -2, y/(r)=—9e 3" + 5e ™ + 2.

(iif) y(t) = {
3 (i) Overdamping.
(i) y" + 4y +4y = 25cost, y(m) = 5e 4" — 16~ + 8,
y'(7) = (5/m — 10)e™ 4™ 4 32~ — 26.

(i) y(t) Se~4 — 16e~t + 12 cos(t/2) + 8sin(t/2), 0<t<m,
iii =
Y [11e*™ — 16e™ + (5/m)e 2"tle= 2t + 3cost + 4sint, t > .

3e 3t — et +2cost+4sint, 0<t<m,
3e 73t — (2™ +5)e !, t> .

5.3 Electrical Vibrations

The IVP for a series RLC circuit can be written in two different, but very similar, ways.
If the unknown function is the charge @, then the problem is

LQN + RQI + %Q = V(t)v Q(O) = QOv Ql(o) = Qlov (515)

where, as mentioned earlier, R, L, C, and V denote, respectively, the resistance, induc-
tance, capacitance, and voltage. Alternatively, we can make the current I the unknown
function. In this case, since I(t) = Q'(t), differentiating the DE in (5.15) term by term
and adjoining appropriate ICs, we arrive at the IVP

1
LI"+ RI'+ =1 =V'(t), 1(0)=1, I'0)=1Io. (5.16)
The equations in both (5.15) and (5.16) can be written in the form

1
Ly" + Ry + o= E(t). (5.17)

It is clear that (5.17) is analogous to the equation in (5.1). Comparing these two DEs, we
can establish a direct correspondence between the various physical quantities occurring
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in the mathematical models of mechanical oscillations and electrical vibrations, as shown
in Table 5.1.

Table 5.1

Mechanical oscillator RLC circuit

m L
¥ R
1
k —
C
f E
1

wo m
R [C
¢ 5@

The analysis of the RLC circuit model is therefore identical to that of the mass—
spring-damper system, with the changes indicated above. Here, wq is called the res-
onance frequency, and the case ( = 1, referred to as the critically damped response,
represents the circuit response that decays in the shortest time without going into
oscillation mode.

5.8 Example. A series circuit with R =2, L =1, C =1, and V(t) = (25/2) sin(2¢) is
governed by the DE
I" + 21" + I = 25 cos(2t),

where the right-hand side (see (5.16)) is V’(t). Taking a pair of ICs, for example,
I(0) = 7 and I'(0) = 28, we obtain the solution

I(t) = (30t + 10)e~* — 3 cos(2t) + 4sin(2t).

The last two terms on the right-hand side can be rewritten in the form indicated
in (5.3), with the amplitude and phase angle computed by means of (5.4) as A = 5 and
@ ~ 2.214, respectively. Then the solution becomes

I(t) =~ (30t +10)e~" + 5 cos(2t — 2.214).

The graph of this function is shown in Fig. 5.6.

20+
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| 2 s\ 8\/10

Fig. 5.6
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VERIFICATION WITH MATHEMATICA® . The input

y=(30%t + 10) *E"(-t) + 5% ((Cos[al - a2] // TrigExpand)

/. {al—2xt,a2—2.214});

Egqn=D[y,t,t] + 2xD[y,t] + vy - 25%xCos[2xt] //Simplify;
{Ccos,Csin}=Round [{Coefficient [Eqn,Cos[2x*t]],

Coefficient [Egn,Sin[2xt]]1}];

{CcosxCos[2#*t] + CsinxSin[2xt], Round[{y,DIly,tl1}/.t— 01}

generates the output {0, {7, 28}}. The input commands are rather convoluted since,
our solution being an approximate one, we want the program to round the numerical
coefficients to the nearest integer. m

Exercises

1

(i) In an RLC circuit with R =6, L =1, C = 1/8, and V(¢) = 85 cost, the initial
values of the charge and current are 8 and 4, respectively. Determine the charge
Q(t) and current I(t) at any time ¢ > 0.

(ii) Write the forced response for @ in the form (5.6) and find when it attains its
maximum value for the first time.

(i) In an RLC circuit with R = 4, L = 4, C = 1, and V(t) = 289cos(2t), the
initial values of the charge and current are —15 and 17, respectively. Determine
the charge Q(t) and then the current I(¢) at any time ¢ > 0.

(ii) Write the forced response for @ in the form (5.6) and find when it attains its
maximum value for the first time.

In an RLC circuit with R =0, L = 1, C = 1, and V(¢) = 65sin(¢/2), the initial
values of the current and its derivative are 4 and 1, respectively. At ¢t = 7, a
resistance R = 2 is added to the circuit. Compute the current I(¢) at any time
t>0.

In an RLC circuit with R = 0, L = 1, C = 1/(4n?), and V(t) = 3msin(nt), the
initial values of the current and its derivative are 3 and 27, respectively. At t = 1/2,
a resistance R = 57 is added to the circuit. Compute the current I(¢) at any time
t>0.

Answers to Odd-Numbered Exercises

1

3

(i) Q(t) = e 2 +Tcost+6sint; I(t) =—2e 2"+ 6cost — Tsint.
(ii) Forced response ~ /85 cos(t — 0.7); ¢~ 0.7.

() = sint + 4 cos(t/2), 0<t<m,
| (3/25)(35m — 16 — 35t)e™* + 12cos(t/2 + 16sin(t/2), t > .



Chapter 6
Higher-Order Linear Equations

Certain physical phenomena give rise to mathematical models that involve DEs of an
order higher than two.

6.1 Modeling with Higher-Order Equations

We mention a couple of examples.

Generalized Airy equation. The motion of a particle in a triangular potential well
is the solution of the IVP

y" +aty +by =0, y(0)=yo, ¥'(0)=yi0, y"(0)=1yo0,
where a, b = const. This type of DE is also encountered in the study of a particular
kind of waves in a rotating inhomogeneous plasma.

Harmonic oscillations of a beam. The stationary oscillations of a uniform,
load-free beam of length [ with both ends embedded in a rigid medium is modeled by
the BVP

EIy® —mw?y =0, y(0)=0, y(0)=0, y(I) =0, y'() =0,

where y(z) is the deflection of the beam at a generic point x in the open interval
0 < = < [, the constants E, I, and m are the Young modulus of the material, the
moment of inertia of the cross section, and the mass, and w is the oscillation frequency.
If the end-point 2 = [ is free, then the BCs at that point are y”/(I) = 0 and y"'(I) = 0.
If, on the other hand, the beam is simply supported at both end-points, the BCs are

y(0) =0, y"(0)=0, y() =0, y"(I) =0.

6.2 Algebra Prerequisites

All the concepts of linear algebra discussed in Sect. 4.2 can be extended to more general
cases in the obvious way, although, as expected, in such generalizations the computation
becomes more laborious.

C. Constanda, Differential Equations: A Primer for Scientists and Engineers, Springer 117
Undergraduate Texts in Mathematics and Technology, DOI 10.1007/978-1-4614-7297-1_6,
© Springer Science+Business Media New York 2013
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6.2.1 Matrices and Determinants of Higher Order

An n x n matrix is a number array of the form

aip a2 -+ Qin
a1 a2 -« a2n
anl Gnp2 *** Qnpn

For simplicity, we denote the generic element of such a matrix by a;; and write A = (a;;).
The elements a11, aso, ..., an, are said to form the leading diagonal of A.

6.1 Remark. The calculation of the determinant of an n x n matrix is more involved,
and lengthier, than that of a 2 x 2 determinant. A method for evaluating det(A), called
expansion in the elements of a row or column, consists of the following steps:

(1) Choose a row or a column of the given determinant—it does not matter which one
because the result is always the same. If some of the entries are zero, it is advisable
to choose a row or a column that contains as many zeros as possible, to simplify the
calculation.

(2) For each element a;; in that row/column, note the number i of the row and the
number j of the column where the element is positioned, then multiply the element
by (—1)"7; that is, form the product (—1)™7a;;.

(3) For each element in the chosen row/column, delete the row and the column to which
the element belongs and compute the (n — 1) x (n — 1) determinant d;; formed by
the remaining rows and columns.

(4) For each element in the chosen row/column, multiply the determinant computed in
step (3) by the number obtained in step (2): (—1)"a;;d;;.

(5) Sum up the numbers computed in step (4) for all the elements of the chosen
row/column. m

6.2 Example. The 3 x 3 determinant below is expanded in its second column:

% _z % =ol§ R coen | e coren]f )

=—(8+1)+2(4+3)=5.

This column has been chosen because it contains a zero. If instead of the second column
we choose, say, the third row, then, once again,

2 0-1
3-1 2| = (11| TG e |27 4 cpese 2 0
L o 4 -1 2 302 3-1

=—-14+2(4+3)+4(-2)=5 =

6.3 Remark. The properties listed in Remarks 4.2 remain valid in the case of an n xn
determinant.
(i) Swapping any two rows (columns) changes the sign of the determinant.

(ii) If the elements of a row (column) have a common factor, then this factor can be
taken out and multiplied by the value of the new determinant.
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(iii) Cramer’s rule for solving a linear algebraic system is adapted in the obvious way to
the case of n equations in n unknowns. Thus, by analogy with formulas (4.1), for
every j = 1,...,n, the value of x; is given by the ratio of two n x n determinants:
the one in the denominator (which must be nonzero) is formed from the system
coefficients, and the one in the numerator is obtained by replacing the jth column
in the former by the column of the terms on the right-hand side of the system. We
will say more about the solution of such systems in Sect.6.2.2. m

Exercises

In 1-6, compute the given determinant by expanding it in a row or a column.

2-1 3 4 2 3
1 (0 2 1] 2 2 1 0]
1 0-2 -1-2 1
1 3-2 2-3 2
3 |—-1 4-1|. 4 (1-2 1|
2 1-3 4 3-1
2 1 0-1 0 3 1 1
1 3 1 2 2-1 0 2
5 -1 4-2 0 6 1 5 1 3f
-2 1 0 3 -2 1-3 4

In 7-10, solve the given equation for the parameter a.

3—-1 0 1 0 2
7 2 1 1|=-1. 8 |[-3 4 1|=1.
-4 0 a -1 5 a
a 1-1 2 a-1
9 3 0 2(=2. 10 [0 1 3a|=238.
—2—-a 7 3—-2 4

Answers to Odd-Numbered Exercises

1 15 3 -8 5 —20. 7 a=-—1. 9 a=3,-9/2.

6.2.2 Systems of Linear Algebraic Equations

The general form of a system of n linear algebraic equations in n unknowns is

a1121 + -+ a1p Ty = by,
(6.1)

Ap1T1 + -+ QppTp = b’ru

where A = (a;;) is the n x n matrix of the system coefficients, x1,...,z, are the
unknowns, and by, ...,b, are given numbers.
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6.4 Theorem. (i) If det(A) # 0, then system (6.1) has a unique solution.
(i) If det(A) = 0, then system (6.1) has either infinitely many solutions, or no
solution. m

Systems with a unique solution can certainly be solved by means of Cramer’s rule
(see Remark 6.3(iii)), but that type of computation may take an inordinately long time.
By contrast, the method known as Gaussian elimination is much faster and has the
added advantage that it can also handle the case when det(A) = 0. In this alternative
technique, we write the system coefficients and the right-hand sides as a numerical
array and then perform a succession of so-called elementary row operations, which are
of three types:

(i) Multiplication of a row by a nonzero factor;
(ii) Swapping of two rows;
(iii) Replacement of a row by a linear combination of itself with another row.
These row operations correspond to exactly the same operations performed on the
equations of the system. Selected to generate zeros in all the places below the leading

diagonal of the matrix of coefficients, they produce equivalent versions of the given
system in which the unknowns are eliminated one by one.

6.5 Example. Consider the system

2171 — T2 + Tr3 = *3,
Ty + 229 + 223 = 5,
3{E1 - 2.%'2 — I3 = —8&.

The initial array of the coefficients and right-hand sides mentioned above is

2-1 1|-3
1 2 2 5
3-2-1|-8

(For clarity, we have separated the system coefficients from the right-hand sides by a
vertical line.) Let Ry, Ro, and Rs be the rows of the array. In the next step, we use Ry
as a ‘pivot’ to make zeros below the number 2 in the first column, which is equivalent
to eliminating x; from the second and third equations. The elementary row operations
that achieve this are indicated to the right of the array:

2-1 1|-3 2-1 1|-3
1 2 2 5 2Ry — Ry = 0 5 3|13
3-2-1|-8 2R3—-3R 0-1-5|-7

We now we use R as a pivot to make a zero below 5 in the second column. This is
equivalent to eliminating zs from the third equation:

2-1 1|-3 2-1 1| -3
0 5 3| 13 = 0 5 3 13
0-1-5|—-7 bHR3+ Ry 0 0-22|-22

The final table means that the system has been brought to the equivalent form

261 — X2+ x3 = —3,
5$2 + 3$3 = 13,
— 22x3 = —22,
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from which we find the unknowns in reverse order, by back-substitution: the third
equation gives xs = 1, then the second yields o = (13 — 3x3)/5 = 2, and, finally, from
the first one we obtain z; = (=3 + a2 — x3)/2 = —1.

VERIFICATION WITH MATHEMATICA® . The input

{2%x1 - x2 +x3 +3,x1 +2%x2+2%x3 -5,3%xl - 2%x2 - x3 + 8}
/. {x1— —-1,x2— 2,x3— 1}

generates the output {0, 0, 0}. m

6.6 Remark. For the sake of neatness, we could have added a further step to the above
scheme by replacing Rs by —Rs3/22, but this would not have improved the speed of the
solution process. This is the same reason why we chose not to extend the work and
convert the numbers above the leading diagonal to zeros as well. m

6.7 Example. Trying to apply the same technique to the system

i) + 2.’,E3 = 2,
T1 — 229 + 223 = —3,
4x1 4+ 229 — 623 = —9,

we notice that the initial system array

does not allow us to start with Ry as a pivot because of the 0 in the first column. This
is easily remedied by swapping R; and Ry, which is an admissible row operation. The
sequence of arrays in this case is

0 1 2| 2 Ry 1-2 2|-3

1-2 2| -3 R = 0 1 2| 2

4 2-6|-9 4 2—-6|-9 Rs—4R;

1-2 2|-3 1-2 2| -3

= 0 1 2| 2 = 0 1 2 2

0 10-14| 3 R3—10R: 0 0-34|—-17
from which, proceeding as in Example 6.5, we find the solution 7 = —2, zo = 1, and
T3 = 1/2.

VERIFICATION WITH MATHEMATICA® . The input

{x2 +2%%x3 -2,%x1 -2%x2 +2%xX3 +3,4%xx1 +2%xx2 - 6%xx3 + 9}
/. {xl— -2, x2—1,x3— 1/2}

generates the output {0, 0, 0}. m

6.8 Example. For the system

T — o + 224 = 1,
— 2I2 + T3 + Xry4 = 72,
3171 + Tr3 — T4 = ].,

—2x1 + X9 — 2x3 + 234 = 2,
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we construct the sequence of arrays

1-1 0 2 1
0-2 1 1|-2
3 0 1-1 1 R3—3R

1-1 0 2 1
0 -2
0 3
-2 1-2 2 2 Rys+2Ry 0—-1-—
1-1
0-2
0 0

1 1]-2
1-7|-2 2R3+ 3R>

2 6 4 2R4— Ry
1-1 0 2 1 -1 0 2 1
0-2 1 1| -2 N -2 1 1| =2
0 0 5-11|-10 5—111| —10
0 0-5 11 10 R4+ R3 0 0 0 O 0

The last array represents the equivalent three-equation system

T — T2 + 2x4 =1,
—2x0 + T3+ x4 = —2,
5173 - ].].I4 =—10

(the forth equation is 0 = 0). Alternatively, moving the x4-terms to the right-hand side,
we can write
xrKT — X9 = 1— 2$4,
721724’ T3 = 727.&84,
5rg = —10 + 1lxy,

from which, in the usual way, we obtain

2

{E1:1—5

8 11
Ta, X2 =Fxg, Tz=—2+4 Fa4

If we write x4 = 5a (to avoid denominators), then
r1=1—2a, x3=8a, x3=-2+41la, x4 =5a,

which shows that the given system has infinitely many solutions, one for each arbitrarily
chosen real number a.

VERIFICATION WITH MATHEMATICA® . The input
{xl - X2 +2%xX4 -1, -2%X2+X3 +x4+2,3xx1+x3-x4-1,-2%xx1

+x2 -2 x3+2xx4 -2} /. {x1—=>1-2%a,x2— 8xa,
x3— —2+ 1l%xa, x4 —>5%a}

generates the output {0, 0, 0, 0}. m
6.9 Example. Consider the system in Example 6.8 with the right-hand side in the

fourth equation replaced by 0. It is easy to verify that the same chain of elementary
row operations in this case yields the final array

1-1 0 2 1
0-2 1 1| -2
0 0 5-11|-10
0 00 0| —4

The fourth equation of the equivalent system represented by this array is 0 = —4, which
is nonsensical, so the modified system is inconsistent. This means that the given system
has no solution. m



6.2 Algebra Prerequisites 123

Exercises

Use Gaussian elimination to find the solutions (if any) of the given algebraic system.

© 0w N O ks wN

10

11

12

13

14

15

16

T+ 2x9 —x3 =2, 2x1 — 22+ 203 =—2, —2x1+3x2+ 23 =09.
201 —x0o+3x3=1, 1 —2x3=3, 3x1+ T2+ 23 =05.

T1 + a2 — 203 =2, 221 + 22+ 223 = —2, 4x1 + 22 + 10223 = —10.
201 +x3 =1, 311 — 29+ 203 = —4, 911 — 29+ dx3 = —1.
209 —x3 =05, 11 —3x3=9, —x1 — 222+ 423 =1.
3r1+ 290 —x3=—-2, 207 —3x20=1, —x1 4+ T2 —23 =1.

3x1+ a0+ 223 = —6, —2x1 — 332 +23 =11, 21 — 220 = —1.
—2x1+3x2+x3 =3, 1 —x2+ 203 =—-2, —bri+8x2+brs="T.
T1— T2 +x3 + 224 = =3, 2w1 +x2 — 223 +x4 =9,

] — 29 — x4 = —6, —x1 + 32+ 13+ 204 =17.

200 —x3+3x4 = —1, 1 —220+ 23 — 224 =1,

—r1 —3x3 + x4 = —5H, —2x1 +4x9 — 3+ x4 = —5.

T — X2+ x4 =1, 201 + 22+ 23+ 224 = 1,
—2x1+ 23+ 24 =2, D1+ 32+ 23 + 224 = —1.
209 + 3 =0, x1 —x3+ x4 = —1,

—x1 4+ 2x0 + 23+ 204 =1, 221+ 220 — 14 = —2.

201 + 19 — 203 — x4 = =7, 21+ 219 — 313 = —T,

—2x1 —xo +4x3+ 224 =12, —627 — 223 + 224 = 0.

201 —x0o —x3+ x4 =1, —x1 — 220+ 323+ 224 =0,

4x1 4+ 3x9 — Tes —3x4 =1, 32y —4as + 23 + 4wy = —1.

3r1 — 22+ 2x3+x4 =8, —x1 — 213+ 214 = -5,

4x1 + 19 — 2x3 = —14, x1 4+ 22 + 3x3 — x4 = 8.

T, —To+2x4=—-1, x1 —x3—224 =1,

—x1 — 2w + 3x3 + 1024 = =5, 221 — 329 + 3 + 84 = —4.

Answers to Odd-Numbered Exercises

© Ut W =

11
13

Ty =-1, 29 =2, x3=1.

1 =—4—4a, o =6+6a, z3=a.

No solution. 7 x1=-3, xo=-—1, x3=2.
Ty =—1, 20 =2, x3=-2, x4=1.

1 = —2a, ro=—-1+4+3a, x3=2—9a, x4 = 5a.

No solution. 15 z1=-1, 20=2, x3=4, x4=1.
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6.2.3 Linear Independence and the Wronskian

These two concepts are also easily generalized.
6.10 Definition. We say that n functions fi, fo, ..., f, defined on the same interval
J are linearly dependent if there are constants ¢, ca, ..., ¢y, not all zero, such that

c1fi(t) +eafa(t) + -+ enfa(t) =0 forall tin J.

If these functions are not linearly dependent, then they are called linearly independent. m

6.11 Definition. The Wronskian of n functions that have derivatives up to order n —1
inclusive is defined by

A@) ) fa(D)

A ) e )
W[f17f27"'7fn]<t): : . . . . n

1(n—1)(t) fz(n—l)(t) . 7(ln—l) (t)

6.12 Remarks. (i) The assertions listed in Remarks 4.11(ii)—(iv) also hold for a
set of n functions. In particular, if fi,..., f,, are linearly dependent on J, then
W(f1,..., fa](t) = 0 for all ¢ in J; on the other hand, if W([f1,..., fa](to) # 0
for some to in J, then fi,..., f, are linearly independent on J. Remark 4.11(i) is
modified to state that fi,..., f,, are linearly dependent if and only if at least one

of these functions is a linear combination of the others.
(ii) Theorem 4.16, generalized in the obvious way, remains valid.

(iii) It is useful to note that, for any positive integer n, the functions in each of the
following sets are linearly independent on the real line:

1, t, t2, ...,
e te™ t2e, ..., t"e™, a #0;
cos(at), sin(at), tcos(at), tsin(at), ..., t" cos(at), t"sin(at), a #0;

e cos(bt), e sin(bt), te™ cos(bt), te® sin(bt), ...,
t"e cos(bt), t"e sin(bt), a,b#0. m
6.13 Example. Consider the functions
) =224+t fot)=t>+1, f3(t)=t—2.
Simple algebra shows that

f3(t) = f1(t) — 2fa(1),

which means that these functions are linearly dependent on the set of real numbers.
Then, as expected (see Remark 6.12(i)), their Wronskian, computed by expansion in
the third row, is

W+t 241 t—2
4 2 0

?P+1 t—2
2t 1

2 —
’2‘% +tt 2‘

4+1 1

=42+ 1-2t(t—2)] - 22 +t— (4t +1)(t —2)] =0. =



6.2 Algebra Prerequisites 125

6.14 Example. Let fi(t) = e, fo(t) = €', and f3(t) = te'. Using the common factor
property mentioned in Remark 6.3(ii) and performing expansion in the first column, we
find that

et et tet 11 t
WIfi, fo, f3](t) = | —et et (t+1)et| =etele | -1 1t+1
et el (t+2)et 1 1t+2

_ ot 1t+1+1 t +1 t
TV 1t T 12 T Lt
=e[(t+2) = (t+ 1)+ (t+2) —t+ (t+1) —t] = de”.

Since the Wronskian is nonzero for all real values of ¢, from Remark 6.12(i) it follows
that the three given functions are linearly independent on the real line. m

6.15 Example. Suppose that we want to find numbers a, b, and ¢ such that

(a+b)e "+ (2a—b+c)e’ + (a — b — c)te’ = bet
for all real values of t. According to Example 6.14, the functions e~?, e?, and te' are
linearly independent, so, by Remark 6.12(ii) and Theorem 4.16, we may identify their
coefficients on both sides and arrive at the system

a+b =0,
2a — b+ c=25,
a—b—c=0,
with the unique solution a =1, b = —1, and ¢ = 2.

VERIFICATION WITH MATHEMATICA®. The input
((a+b)*EN(-t) + (2¥a-b+c)*Et + (a-Db-c)*xtxEt
-5x8"t) /. {a— 1, b— —1,c— 2} //Simplify

generates the output 0. m

Exercises

In 1-4, compute the Wronskian of the given functions and state whether they are
linearly dependent or independent on the real line.

1 fi(z) =2? 43z, folz)=22+2, f3(z)=2>+9z—4
2 fl(:lc)—2x—|—3 folz) =222 -z +1, f3(x)=2a2—um.
3 fi(t) = fa(t) = e, f3(t) =te !

4 fl():COSf, fo(t) =sint, fa(t) = cos(2t).

In 5-8, verify that the given functions are linearly independent on the real line and then
find the numbers a, b, and ¢ for which the equality indicated in each case holds for all
real values of the variable.

5 fl(t):]'v f2(t):t727 f3(t):t2+ta
(2a+b+c)fi(t) + (a —c) f2(t) + (b + 2¢) f3(t) = 3t* + 2t + 5.
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6 fil)=t+1 flt)=t"—1 fit)=

(a—b—c)f1(t) + (a+b—2c)f2()+( +b+c)f3()—3t2—t—6.
7 filx) =1, fao(x) =€, [f3(x)=ze";

(2a+2b—c)fi(x)+ (a—b+c)fa(x) + (a —2¢) f3(x) = 1 + 6e” + we™.
8 fi(x)=1, fa(x)=2—cosz, f3(xr)=cosz—3sinz;

(a—2b+c)f1(x)+ (Ba+b—2¢)fa(x) + (2a —b—¢) f3(x) =5+ 3cosxz — 6Gsinx.

Answers to Odd-Numbered Exercises

1 WIf1, f2, f3](z) = 0; linearly dependent.

3 Wlf1, fo, f3](t) = (6t —5)e?!; linearly independent.
5 WIfi, fo, f3](t) =2; a=1, b=—-1, ¢c=2.

7 WIf1, fo, f3](x) = e**; a=3, b=-2, c=1.

6.3 Homogeneous Differential Equations

The general form of an IVP involving a linear DE of order n is

Ly =y"™ +ar(®)y" ™V + -+ an1()y +an(tly = (1), (6.2)
y(to) = yo, ¥'(to) =y10, ---, ¥" " (t0) = Yn-1,0,
where n is a positive integer, a1, as, ..., an—1, and f are given functions,

L=D"+a;(t)D" '+ 4+ a,_1(t)D + a,(t)
is the nth-order differential operator defined by the left-hand side of the equation, and
Y0, Y10, - - - Yn—1,0 are prescribed numbers.

6.16 Theorem (Existence and uniqueness). If the functions a1, as, ..., an, and f
are continuous on an open interval J and ty is a point in J, then the IVP (6.2), (6.3)
has a unique solution on J. m

6.17 Example. Consider the IVP
(t+2)y" —2ty” +ysint =te', y(0)=—1, y'(0)=2, 3" (0)=0.
To bring the DE to the form (6.2), we divide both sides by ¢ + 2 and see that

2t sint tet
—_— t)=20 t) = —— t) = .
t+27 GQ() ) a3() t+2’ f() t+2

aq (t) = —

All these functions are continuous on the intervals —oco < t < —2 and —2 < t < 0.
Since top = 0 belongs to the latter, we conclude that, by Theorem 6.16, the given IVP
has a unique solution on the open interval —2 <t < occ. m

In the first instance, we consider IVPs for homogeneous DE of order n; that is, where
equation (6.2) is of the form
Ly = 0. (6.4)
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6.18 Remark. The building blocks of the solution of the IVP (6.4), (6.3) coincide
with those used for second-order equations. Thus, the generalizations to this case of
Remarks 4.20, 4.25, and 4.28, Theorems 4.21, 4.22, and 4.24, and Definition 4.26 are
obvious and immediate, and we will apply them without further explanations. m

Below, we assume that all the functions a4, as, ..., a, are constant. The nature of
the roots of the characteristic equation dictates the form of the GS just as it did in
Chap. 4. Since here we use the same procedure to construct an FSS, we will omit the
verification of the fact that the Wronskian of these solutions is nonzero.

6.19 Example. The characteristic equation for the DE
y@ — 5y +4y =0

is r* — 5r? 4 4 = 0, which is easily solved if we notice that this is a quadratic in the
variable 2. Then we have 72 = 1 and r? = 4, so the characteristic roots are 1, —1, 2,
and —2. Since they are real and distinct, the GS of the DE is

y(t) = cre’ + coe™t ez dcpe . m

6.20 Example. The characteristic equation for the DE in the IVP
y" +3y" —4y=0, y0)=1, Yy (0)=7, 2'(0)=-14

is 73 + 3r? — 4 = 0. To solve it, we notice that » = 1 is a root. Synthetic division (see
Sect. A.2) now helps us find that the other two roots are both equal to —2, so the GS
of the DE is

y(t) = cret 4 (ca + ct)e .

If we apply the ICs, we arrive at the linear system
c1 + ¢o = ].,

g —2c04+ c3=17,
c1 + 4co — 4ez = —14,

which yields ¢; = 2, co = —1, and ¢3 = 3; therefore, the solution of the IVP is
y(t) = 2e' + (3t — 1)e 2.

VERIFICATION WITH MATHEMATICA® . The input

y=2*EM + (3%t - 1) *EN(-2%¢t);
{Dly.,{t,3}] + 3«Dly,t,t] - 4xy, {y,Dly,t],Dly,t,tl}/.t— 0}
// Simplify

generates the output {0, {1, 7, —14}}. =

6.21 Remark. The algorithm of synthetic division mentioned above is a useful tool
for determining whether a polynomial equation of degree n > 3 has integral (or, more
generally, rational) roots. m

6.22 Example. The characteristic equation for the DE

y(4) _ 2y/// _ 3y// + 4y/ +4y=0
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is 7* — 2r3 — 3r2 + 4r + 4 = 0. Testing the divisors of the constant term with synthetic
division, we find that ry = ro = —1 and r3 = rqy = 2; hence, the GS of the given DE is

y(t) = (c1 + cat)e™" + (c3 + cat)e™.

VERIFICATION WITH MATHEMATICA® . The input

v=1(cl+c2xt) *EN(-t) + (c3 +caxt) *EN(2x¢t);
D[y,{t,4}] - 2xDI[y,{t,3}] - 3%D[y,t,t] + 4«D[y,t] + 4%y
// Simplify

generates the output 0. m
6.23 Example. Consider the DE
2y/// _ gy// + 14y/ _ 5y — 07

whose characteristic equation is 2r® — 972 + 14r — 5 = 0. Here, synthetic division yields
no integer roots, but identifies the fraction r; = 1/2 as a root, along with the complex
conjugate roots ro = 2+ and r3 = 2 — ¢. Thus, the general solution of the given DE is

y(t) = cret’? + e**(co cost + czsint).

VERIFICATION WITH MATHEMATICA® . The input

y=cl*EMN(t/2) + EN(2%t) * (c2*Cos[t] + c3*8in[t]);
2xD[y,{t,3}] - 9*%D[y,t,t] + 14«D[y,t] - 5*xy//Simplify

generates the output 0. m

6.24 Example. The physical parameters F, I, and m of a horizontal beam of length
7 are such that EI/m =1 (see Sect.4.1). If the beam has one end embedded in a rigid
wall and its other end starts moving from equilibrium with initial velocity 1, then the
deflection y(x) of the beam is the solution of the BVP

The associated characteristic equation 74 — 1 = 0 has roots 1, —1, 4, and —i, so the GS
of the DE can be written in the form

y(t) = ¢ cosht + cosinht 4 ¢z cost + ¢y sint.

Since y'(t) = ¢y sinht + ¢3 cosht — ¢z sint 4 ¢4 cost, the BCs yield the algebraic system

Cc1 + c3 =0,

C2 + Cqy = 07

(coshm)e; + (sinhm)cg — €3 =0,
(sinh 7)c; + (cosh)es —cd=1

We could certainly solve the above system by Gaussian elimination, but this time it is
easier to replace c3 = —c; and ¢4 = —co from the first two equations into the last two
and arrive at the new, simpler system

(14 coshm)ep + (sinh7)ea = 0,
(sinhm)e; + (14 coshm)es = 1,
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with solution ¢; = —sinhx/(2(1 + cosh7)) and ¢o = 1/2. Hence, the solution of the
BVP is

sinh 7
2(1 4+ cosh)

The first coefficient on the right-hand side simplifies to (tanh(7/2))/2.
VERIFICATION WITH MATHEMATICA® . The input

1
y(x) = (cosx — coshz) — 3 (sina — sinh z).

yv=(Sinh[Pi] /(2% (1 + Cosh[Pi]))) * (Cos[x] - Cosh[x])
- (1/2) * (Sin[x] - Sinh[x]) ;

{Dly.{x.4}] -y, {yv.,Dly,x]}/.x— 0, {y.Dly,x]}/.x—Pi}
// Simplify

generates the output {0, {0, 0}, {0, 1}}. =m

Exercises

In 1-8, write the form of the GS for the DE whose characteristic roots are as specified.

1 T1:72, ’I”QZO, 7”3:4. 2 T1:1, T2:3/2, ’I”3:3.

3 ri=ro=-1, rg=1. 4 r =2, ro=3+4+14, r3=3—1.
5 ri=ro=1/2, r3=-142i, ry =—1-—2i.

6 r=ro=r3=0, rg =3.

7T rm=243i, r9o=2-3i, r3=r4=-2, r5 =0.

8 ri=ro=r3=-1, ry=1r5=2, r¢ =1, r7 = —i.

In 9-16, at least one root of the characteristic equation is an integer. Use the synthetic
division procedure described in Sect. A.2, if necessary, to compute the solution of the
given IVP.

9 " -3y’ —10y' =0, y(0)=1, ¥'(0)=2, 3"(0)
10 y”" —y" =4y +4y =0, y(0)=2, y'(0)=-5, y"( 5
11 y" +y" =5y +3y=0, y(0)=4, y'(0)=-5, y"(0)=18.
12 ¢ —y" 43y +5y=0, y(0)=2, y(0)=—4, y"(0) -2
13 4y" —4dy” =3y’ — 10y =0, y(0)=2, y'(0)=-5, y"(0) = —12.
14 " +6y" +12y +8y =0, y(0)=-3, y
15 y@ —6y” +9y" +6y — 10y =0, y(0)=3, y'(0)=4, y"(0) =11, y"(0) =9.
16 y@W —y” —2y" =0, y(0)=1, y'(0)=0, y"(0) =2, y"(0) = —2.

Answers to Odd-Numbered Exercises

y(t) = cre™ " + co + cge™. 3 y(t) = (c1 + cat)e " + cze.
5 y(t) = (c1 + cat)et’? + e~ eg cos(2t) + cqsin(2t)].
y(t) = €*[c1 cos(3t) + casin(3t)] + (cst + ca)e ™ + c5.
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9 y(t)=2-e2. 11 y(t) = (2 —t)el + 2e73.
13 y(t) = —2e% + e /?(4cost +sint). 15 y(t) = et + e (2cost —sint).

6.4 Nonhomogeneous Equations

These are DEs of the form (6.2) in which f is a nonzero function. The statement
of Theorem 4.37 applies here as well, so the general solution of such an equation is
written as y(t) = yc(t) + yp(t), where y. is the complementary function (the GS of
the associated homogeneous equation) and y, is any particular solution of the full
nonhomogeneous equation. As in Chap. 4, the latter can be found by the method of
undetermined coefficients or by that of variation of parameters.

6.4.1 Method of Undetermined Coefficients

We illustrate the application of this technique by discussing a few specific examples.

6.25 Example. Suppose that the characteristic roots and right-hand side of a DE are,
respectively,

rm=ro=0, r3=-1, rg=3+1 1r5=3-—1,
ft) =t =14 te " +2e* + (t — 2)e3 sint.

Treating f as a sum of four individual terms and using Theorem 4.47, we enter all the
necessary details in Table 6.1.

Table 6.1
Term in f(t) n A+ip s Term in y,(t)
t2—1 2 0 2 t2(apt? + ant + )
te=t 1 -1 1 t(ﬁot + 61)€_t
2¢t 0 1 0 ~vet
(t—2)edsint 1 3+i 1  te3[(Sot + 1) cost + (eot + £1) sint]

The sum of the functions in the last column of the table is the general form of a PS
for the given DE. m

6.26 Example. Consider the IVP
y" —y" =2y =4e', y(0)=0, y(0)=2 y"(0)=0.

The characteristic equation r* — r2 — 2r = r(r?> — r — 2) = 0 has roots 0, —1, and 2, so

Ye(t) = c1 +coe™ " + cse?t.
Since 1 is not a characteristic root, we try a PS of the form y, () = ae’. After replacing
in the DE and equating the coefficients of ¢! on both sides, we find that o = —2. Hence,
yp(t) = —2¢', and the GS of the DE is
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y(t) = ye(t) + yp(t) = c1 + cae™" + cze® — 2e.

Using the ICs, we now arrive at the system

Cl+02+ 63:2,
7024’263:4,
02+463:2,

which is easily solved, either by Gaussian elimination, or, more simply in this case, by
obtaining co = —2 and c¢3 = 1 from the last two equations and then ¢; = 3 from the
first one. The solution of the IVP is, therefore,

y(t) =3 —2e~ " + % — 2¢'.

VERIFICATION WITH MATHEMATICA® . The input

y=3-2%EMN(-t) + EN(2xt) - 2*E"t;
{Dly.{t,3}] - DIly,t,t] - 2%D[y,t] - 4xE"t, {y,DIly,t],Dly,t,t]}
/.t— 0}//Simplify

generates the output {0, {0, 2, 0}}. m
6.27 Example. The characteristic equation in the IVP

y"' =y =5y =3y=—6t—7, y(0)=1, ¥ (0)=-1, y"(0)=4

is 73 — r2 — 5r — 3 = 0. Following the procedure set out in Example 6.22, we find that

the roots are —1, —1, and 3, so

Ye(t) = (c1 + cat)e™" 4 cze3h.

Since 0 is not a root, we try
yp(t) = aot + a1

and from the DE obtain in the usual way the values oy = 2 and a; = —1. Consequently,
the GS of the equation is

y(t) = ye(t) + yp(t) = (c1 + cat)e ™ + cze® + 2t — 1.
The ICs now lead to the system

1 + c3 =2,
—c1+ e+ 3e3 = =3,
Cc1 — 262 + 903 = 4,

with solution ¢; = 2, ¢o = —1, and ¢3 = 0. Hence, the solution of the given IVP is
y(t) = (2—t)e t +2t 1.

VERIFICATION WITH MATHEMATICA®. The input

y=(2-t)*EN(-t) + 2%t - 1;
{Dly,{t,3}] - DIy, t,t] -5«D[y,t] - 3%y + 6%t + 7,
{y,Dly,t],Dly,t,t]l}/.t— 0}//Simplify

generates the output {0, {1, —1, 4}}. =
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6.28 Example. Consider the IVP
YAy =8t —4, y(0)=—1, y(0)=-3, 3"(0)=10.
The characteristic equation 72 + 4r = r(r? + 4) = 0 has roots 2i, —2i, and 0, so
Ye(t) = ¢1 cos(2t) + co sin(2t) + cs.

Since 0 is a simple root (that is, of multiplicity 1) of the characteristic equation, from
Theorem 4.47 with n =1, A = 4 = 0, and s = 1 it follows that we should try a PS of
the form

Yp(t) = t{aot + 1) = apt® + aqt.

Substituting in the DE and matching the coefficients of the first-degree polynomials on
both sides, we find that ag = 1 and oy = —1, which leads to the GS

y(t) = ye(t) + yp(t) = c1 cos(2t) + casin(2t) + c3 + t* — .

Then, applying the ICs, we get ¢y = —2, co = —1, and ¢3 = 1, which means that the
solution of the IVP is

y(t) = —2cos(2t) —sin(2t) +1* —t + 1.

VERIFICATION WITH MATHEMATICA® . The input

y=-2%Cos[2*t] - Sin[2*t] +t/2 -t +1;
{Dly,{t,3}] +4%D[y,t] - 8xt +4, {y,Dly,t],Dly,t,tl}
/.t— 0}//Simplify

generates the output {0, {—1, =3, 10}}. =

6.29 Example. In the case of the IVP
y W2y 2y —y=—12¢5, y(0)=3, Y(0)=1, y'(0)=1, y"(0)=-11,

the roots of the characteristic equation are 1, 1, 1, and —1. This can be determined
either by applying the method described in Example 6.22 or by noticing that the left-
hand side of the characteristic equation can be factored in the form
22— 1= 1) =2r(r* = 1) = (r* = 1)(r* +1-2r)
=(r+D0r-Dr—-12=0+1)r—1)>3

Then

Ye(t) = (c1 + cat + 63t2)6t + cqet

and, according to Theorem 4.47 with r =1, n =1, A= =0, and s = 3, we try
yp(t) = at’e’.
After the necessary computations on the left-hand side of the DE, we find that = —1,
so the GS of the DE is
y(t) = ye(t) + yp(t) = (c1 + cat + c3t® — t%)e’ + cae™".

To find the constants, we differentiate y three times and then use the ICs, which leads
to the system
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C1 +C4:33
1+ e —c =1,
c1 4+ 2co +2c3+¢c4 =1,
Cl+362+603764:75.

We could, of course, apply Gaussian elimination, but this time we prefer to simplify the
procedure by making use of the peculiarities of the system’s structure. Thus, replacing
c1 + ¢4 = 3 from the first equation into the third and ¢; — ¢4 = 1 — ¢ from the second
equation into the fourth, after simplification we obtain the new system

co+ c3=-—1,
co + 363 = *3,
with solution ¢ = 0 and ¢3 = —1. Then ¢; = 2 and ¢4 = 1, so the solution of the IVP is

y(t) = 21> —t3el + et
VERIFICATION WITH MATHEMATICA® . The input

y=1(2-t"2 - £"3) xE "t + EN(-t) ;
{Dly,{t,4}] - 2xD[y,{t,3}] +2xD[y,t] - y + 12*E"t,
{y,Dly,t]1,Dly,t,t],Dly,{t,3}1}/.t— 0} //Simplify

generates the output {0, {3, 1,1, —11}}. =

Exercises

In 1-8, use Theorem 4.47 to write the form of a PS for the DE whose characteristic
roots and right-hand side are as specified.

1 ri=1,rm==2r3=ry=4; f(t)=2—e* +te' + (t —3)e'.

2 rs=ry=—1, r5=4; f(t)=t+ 2t +1)e 4 +3e* — (t+ 1)e .

3 r=0,ro=r3=-3, ry=2i, r5 =—2i; f(t)=—1+t2e3" +2cost — 3sin(2t).
4

r=2, rg =
ri=ro=0,r3=rg=r5=1, 16 =1/2, 77 = —i/2;
f(t) =2t — 1+ 4tet + 3cos(2t) + e/ ?sint.
5 r=0,ro=r3=1/3, ry =4i, r5 = —4i;
f(t) =tet 4+ (t* —1)e'/3 + el sint + t cos(4t).
6 r=ro=0,1r3=r4=r5=-1, 16 =1, 17 = —1;
f(t) =13 —2t +4tet +t2e~t + (1 — t)sint.
T rm=ro=r3=0,rg=r5=2, rg =141, r; =1—1;
ft)=t+2+ (3> — 1)e* + te! — 2e~tsint.
8 ri=ro=r3=r34=0,1r5=1, r6=1+2¢, r7 =1— 23
f(t) =2+ 3t%e! + (t — 1)e? + t%e cos(2t).
In 9-20, at least one of the roots of the characteristic equation is an integer. Use the

method of undetermined coefficients in conjunction with synthetic division, if necessary,
to find a PS of the DE, then solve the given IVP.
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9 y"—2y" =8y = =27e", y(0) =3, y'(0) =7, ¥'(0) = =25.
10 v —(5/2)y" +y' =97, y(0)=-3
11 y" =2y =Ty —dy =10e"", y(0) =4,
12y —y" — 8y + 12y = 20e*, y(0) = 1,
13 o — 2y +4y =4t — 14, y(0) = —3, y/(0) =6, y(0) = 0.
14 " +3y" + 7y +5y = —8~", y(0) =3, y(0)
15y =2y 4y = =2, y(0) = =3, ¥'(0) = 0, y"(0) = 1, y""(0) =5.
16y — " 4 4y" — 4y’ = —3(cost +sint),
y(0) =1, ¥'(0) =5, y"(0) =6, y"'(0) = —T.
17 y@W 4y —y" 4y — 2y = —4cost + 12sint,
y(0) =2, y'(0) =5, y"(0) = =5, y"'(0) = 3.
18 ¢y — 29" — 2" + 6y + by = —20e,
y(0)=—1, ¥'(0) =1, y"(0) = 1, y"'(0) = 29.
19 y©®) —2y® 4 59" = 48 — 120¢,
y(0) =0, ¥'(0) = =1, y"(0) =0, y"(0) = 2, y™¥(0) = 0.
20 y® — 2y — 3y 4 4y" + 4y’ = —18e~,
y(0) =2, y'(0) =1, y"(0) = 8, y"(0) = —1, y*(0) = 32.

Answers to Odd-Numbered Exercises

yp(t) = a + Be? + t(y1 + yat)et + t2(61 + dat)ett.
Yp(t) = at + t2(B1 + Bot + Bst?)e 3" + 1 cost + 2 sint + t[51 cos(2t) + da sin(2t)].
Yp(t) = (o1 + gt )e’ + t2(B1 + Pat + Bst?)e/3 + € (v1 cost + y sint)

+t[(01 + 02t) cos(4t) + (e1 +eat) sin(4t)].
yp(t) = t3(c + aot) +t2(B1 + Bat + B3t?)e + (41 + Yat)e! + e~ (51 cost + da sint).

p
9 y(t)=1+e 2 — 2t 4 3¢t 11 y(t) = (3 —t)et +ett —t2e7 L.

13 y(t) = —e 2" +el(cost + 2sint) +t — 3. 15 y(t) = (2t —1)et —t2 —t — 2.

17 y(t) = e’ — e 2 + (2t + 2) cost. 19 y(t) =t + 2t —t* — el sin(2t).

6.4.2 Method of Variation of Parameters

This solution technique for higher-order DEs is based on the same idea as for second-
order equations.

6.30 Example. The characteristic equation for the DE
y///72y//7y/+2y:2t75

is 73 — 2r2 —r +2 = 0, with roots 1, —1, and 2. Therefore, {e!, e~ €?'} is an FSS, so
we seek a PS of the form
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Yp = ulet + ugeft + ugezt

where wuq, us, and ug are functions of ¢. Then
Y, = uhe’ +urel +ube™ — uge™t + ufe? + 2uze?
and we impose the usual restriction on the functions w1, us, and ugz, namely
uhel + uhe ' + ube? = 0. (6.5)
The second-order derivative is now

yg = u’let + ugel — uéeft +uge b4 2u’ 2ty 4U3e2t

and we impose the second restriction
uhe! —ube " + 2uhe* = 0. (6.6)

In view of this, the third-order derivative is
Yy, = uhe +ure’ +ube ™t —uge ™t + dufe + Suge®

Replacing y,, y,, and y," in the DE and sorting out the terms, we arrive at the equality

uhel 4+ uhe ™t + dufe = 2t — 5. (6.7)
Equations (6.5)-(6.7) form a linear system for u}je’, ube !, and uje
solved by Gaussian elimination, gives rise to the arrays

2t which, when

1 1 1 0 1 1 1 0
1-1 2 0 Ry—-Ry = 0-2 1 0
1 1 4)12t-5 R3— Ry 0 0 3|2t-5

and, hence, to the simpler system

ujel + uhe t + wuhe* =0,
—2ube™! + whe? =0,
ule?t = 2t — 5,
with solution

uje' =1 (5-2t), whe '=21(2t—5), ube* =1(2t-5).

Solving for u}, uj, and u}, integrating by parts, and omitting the arbitrary constants
of integration, we now obtain

ur(t) =% (2t = 3)e™", wua(t) =% (2t — 7', us(t)=3(2- t)e 2

ypt) = L2 -3)+ 12 -T)+L2-t)=t-2

VERIFICATION WITH MATHEMATICA® . The input

y=t -2;
Dly,{t,3}] - 2%DI[y,t,t] - D[y, t] + 2%y -2xt +5//Simplify

generates the output 0. m
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6.31 Example. It is easily seen that the roots of the characteristic equation for the DE

"

Yy +y = 2sint

are 0, 4, and —i, so {1, cost, sint} is an FSS. Then we seek a particular solution of the
form
Yp = U1 + ug cost + ugsint

and, proceeding as in Example 6.30, arrive at the system

uj + (cost)uy + (sint)usy =0
— (sint)uf + (cost)uly =0,
— (cost)ub — (sint)uf = 2

After computing uf, and uf from the last two equations, u} is obtained from the first
one; thus,

uh(t) = 2sint, uh(t) = —2sintcost, wuh(t) = —2sin’t = —1 + cos(2t),
from which, by integration,
ur(t) = —2cost, wus(t) =cos’t, wus(t) =—t+ 3 sin(2t) = —t +sint cost,

yielding
yp(t) = —2cost + cos® tcost + (—t + sint cost) sint
= —2cost + cost(cos®t +sin®t) — tsint = — cost — tsint.

Obviously, the term — cost is not significant since it can be included in the complemen-
tary function, which is of the form

Ye(t) = ¢1 + cacost + e sint.

VERIFICATION WITH MATHEMATICA® . The input

y= - Cos[t] - t*Sin[t];
D[y,{t,3}] +DIly,t] - 2x8Sin[t] //Simplify

generates the output 0. m

Exercises

Use the method of variation of parameters to find a PS of the given DE.
1y -y =-2. 2 y" —3y +2y=—4de ",
3 y"+3y" +3y +y=06e". 4 y" —6y" + 12y — 8y = 6(4t — 1)e*.
5 y" 44y = —8[cos(2t) + sin(2t)]. 6 y" —3y" +4y — 2y = 30e’ sin(2t).

Answers to Odd-Numbered Exercises

1 y(t)=2t. 3 y,(t) =t 5 y,(t) = tcos(2t) + sin(2t)].



Chapter 7
Systems of Differential Equations

As physical phenomena increase in complexity, their mathematical models require the
use of more than one unknown function. This gives rise to systems of DEs.

7.1 Modeling with Systems of Equations

Here are a few simple illustrations of such models.

Parallel LRC circuit. If an inductor of inductance L, a resistor of resistance R, and
a capacitor of capacitance C are connected in parallel, then the current I(¢) through
the inductor and the voltage drop V (¢) across the capacitor are the solutions of the IVP

1
I == —
LV’ 1(0) = Io,
v Lo Ly V(0) =V,
T ¢’ RC” -

The (first-order) DEs in this IVP are linear and homogeneous.

M:litary combat. Suppose that two military forces of strengths z;(¢) and x2(¢),
respectively, engage in battle, and that the rate at which the troops of each of them are
put out of action is proportional to the troop strength of the enemy. If the corresponding
proportionality constants are a > 0 and b > 0, then the evolution of the combat is
described by the IVP

) = —axa, x1(0) = 10,

.%'/2 = —bfL’l, {EQ(O) = 20,

where x1¢ and x99 are the initial strengths of the two opposing forces. The above system
consists of two linear, homogeneous, first-order DEs.

Solution mix. Consider two containers linked by two pipes. The containers hold
volumes v; and vy of water in which initial amounts s19 and sgq, respectively, of salt
have been dissolved. Additional salt solution is being poured into the containers at rates
r1 and ro, with salt concentrations ¢; and cy. Solution flows from the second container
into the first one through one of the connecting pipes at a rate rs;, and from the first
container into the second one through the other connecting pipe at a rate ri2. Also,
solution is drained from the containers outside the system at rates r1g and rog. If s1(t)
and s5(t) are the amounts of salt in the two containers at time ¢ and all the salt solutions
involved are homogeneous, then the process is described by the IVP
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r12 + 710 721
!
si=cr — ———s1+ —s2, 51(0) = s,
U1 V2
r12 r21 + 720
/
85 = CoTg + — 81 — ———— 52, 52(0) = 520,
U1 V2

where all the constants involved are nonnegative. The two first-order DEs in this system
are linear and nonhomogeneous.

Predator—prey. Suppose that an ecological system consists of only two species: a prey
population p;(t) and a predator population pa(t). Also, suppose that the net growth
rate a > 0 of prey in the absence of predator is proportional to the size of the prey
population, the death rate 6 > 0 of predator in the absence of prey is proportional to
the size of the predator population, the predation rate 8 > 0 is proportional to the rate
of predator—prey encounters, and the birth rate v > 0 of predator is proportional to the
size of its food supply—in other words, of prey—and to the size of its own population.
Under these assumptions, the evolution of the system is described by the IVP

py = ap1 — Bpip2,  p1(0) = pio,
ph = Yp1p2 — dp2,  p2(0) = pao,

where p1gp and pog are the initial sizes of the two populations. This system, which
consists of two nonlinear, homogeneous, first-order DEs; also describes certain processes
in chemistry and economics and is referred to generically as a consumer-resource model.

Contagious disease epidemic. In a given population, let S(¢) be the number of
individuals susceptible (exposed) to some disease but not yet infected, I(t) the number
of those already infected, R(t) the number of those recovered from the disease, « the
rate of infection (assumed to be proportional to the number of infected individuals), 8
the recovery rate of those infected, and v the reinfection rate of those recovered. The
evolution of the disease in the population is modeled by the IVP

S =—alS+~R, S(0)=So,
I' =alS — B, 1(0) = Io,
R’ = BI — R, R(0) = Ry,

where Sy, Iy, and Ry are the initial sizes of the corresponding population groups. All
the first-order DEs above are homogeneous; the first two are nonlinear, whereas the
third one is linear.

Coupled mechanical oscillators. Consider two collinear mass—spring systems
(see Sect.5.2.1) with spring constants k1 and ko, where the masses m; and mq are
connected to each other by a third spring of constant k3. Initially in equilibrium (that
is, at rest) at points x19 and zgg, respectively, the two masses are acted upon by two
external forces f1 and fo. If 21(t) and x2(t) are the displacements of the masses from
their equilibrium positions at time ¢, then Newton’s second law applied to each mass
leads to the IVP

mizy = —kiz1 + ks3(v2 —21) + f1,  21(0) = 10, 27(0)
myal = —kywy — ks(ea = 01) + fo, w2(0) =m0, 2(0) =

Both equations above are linear, nonhomogeneous, second-order DEs. Their ensemble
can easily be rewritten as a system of four first-order equations. Indeed, if we set z, = y;

and xf, = yo and perform simple algebraic manipulations, we arrive at the equivalent
IVP
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J"/l = Y1, (El(O) = T10,
ki +k k 1
Y= ——— "+ — 2+ — f1, 41(0) =0,
mi mi mi
Ty = Yo, 12(0) = 220,
k ks + k 1
Yh= — 1y — 2 gy —— fo, y2(0) = 0.
ma ma ma

7.2 Algebra Prerequisites

The algebraic concepts and methods mentioned in this section can be developed for
general m x n matrices with either real or complex elements. However, we restrict our
attention to square n x m real matrices since this is the only type that occurs in our
treatment of systems of DEs.

7.2.1 Operations with Matrices

Let M,, be the set of n x n matrices introduced in Sect.6.2.1. This set can be endowed
with a structure of vector space, characterized by two operations: one ‘external’ (called
multiplication of a matrix by a number, or scalar) and one ‘internal’ (called addition
of matrices). Thus, if A = (a;;) and B = (b;;) are elements of M, and X is any
number, then

M = (Maij), A+ B = (ai + byj), (7.1)
both of which also belong to M,,.
7.1 Example. Let

2-1 3 1 2-1
A=[1 12|, B=|2-2 1|, r=—2
4 0 1 3 1-5
By (7.1), we have
-4 2-6 3 1 2
M=|-2-2 4|, A+B=(3-1-1]. u
-8 0-2 7 1-4

Two particular matrices play a special role in matrix manipulation: the zero matrix 0
and the identity matrix I defined, respectively, by

00 --- 0 10 - 0
00 ---0 01 - 0
O=1. . . |, I=1.. . .
00 --- 0 00 --- 1

The use of the same symbol 0 for both the number zero and the zero matrix should
create no ambiguity since its meaning will be clear from the context.
If A= (a;j), then we write —A = (—a;;).
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7.2 Remarks. (i) As expected, two matrices in M, are said to be equal if each element
in one matrix is equal to the element at the same location in the other.

(ii) It is easily verified that for any matrices A, B, and C in M,, and any numbers A
and p,

A+(B+C)=(A+B)+C,

A+ B =B+ A,
A+0=A4,
A+ (—A) =0,

AMA+ B)=)MA+ \B,
A+ p)A = A+ pA.
These properties have special names in linear algebra but, for simplicity, we omit

them. m

On M,, we can also define multiplication of matrices. If A = (a;;) and B = (b;5),

then
AB = (ci;) = <é aikbkj) . (7.2)

We note that to form the matrix AB, we operate with one row of A and one column of
B at a time. The generic element ¢;; in AB consists of the sum of the products of each
element in row 4 in A and the corresponding element in column j in B.

7.3 Example. Let A and B be the matrices defined in Example 7.1. According to
formula (7.2), the first element in the matrix AB is

3

C11 = Z a1kbr1 = a11bi1 + ai2bor + arzbzr = (2)(1) + (=1)(2) + (3)(3) = 9.
k=1

The element in the second row and third column is

3

Co3 = Zagkbkg = a21b13 + a22b23 + a23b33 = (1)(71) + (1)(1) + (72)(75) = ].O
k=1

Calculating the remaining elements ¢;; in a similar manner, we find that

9 9-18
AB=[-3-2 10|. =m
7T 9 -9

7.4 Remarks. (i) Using definition (7.2), we readily verify that for any elements A, B,
and C of M,

A(BC) = (AB)C,
A(B+C) = AB + AC,
(A+ B)C = AC + BC,
A=Al =A

(ii) In general, AB # BA. As an illustration, we see that for the matrices A and B in
Example 7.3 we have
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0 1-2
BA = 6 -4 11| +# AB.
~13-2 2

(iii) A 1 x n matrix is usually called an n-component row vector. Similarly, an n x 1
matrix is called an n-component column vector. In what follows we operate mainly
with column vectors, which, to make the notation clearer, are denoted by bold
letters.

(iv) As mentioned in Sect.6.2.1, the elements ai1, ..., an, of an n X n matrix A are
said to form the leading diagonal of A. m

7.5 Definition. If A = (a;;), then AT = (a;;) is called the transpose of A. m

7.6 Example. The transpose of the matrix

2 1 4
A= 3—-1 0
5 2-3
is
-2 3 5
A= 1-1 2
4 0-3
The transpose of the column vector
2
v = 5
—4

is the row vector vI = (2,5, —4). m

In view of the definition of matrix multiplication, the linear algebraic system (6.1)
can be written generically as
Ax =D, (7.3)

where A = (a;;) is the n x n matrix of the system coefficients, x is the column vector of
the unknowns z1, ..., z,, and b is the column vector of the right-hand sides b1, ..., b,.
7.7 Example. For the system

3r1 — 2z +4x3=—1,

2.%'1 — .%'3:3,
T1+ X9 —3x3=7

we have
3-2 4 1 -1
A=12 0-1], x=|xz2|, b= 31,
1 1-3 T3 7
so, in matrix notation, the given system is
3—-2 4 T1 -1
2 0-1 To | = 3]. m
1 1-3 T3 7

7.8 Definition. A square matrix A such that det(A4) # 0 is called nonsingular, or
invertible. If det(A) = 0, the matrix is called singular, or non-invertible. m
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Every nonsingular matrix A has a (unique) inverse; that is, there is a matrix A=! of
the same type as A that satisfies AA™! = A~'A = 1.

The inverse matrix can be found by means of an extended version of Gaussian elim-
ination. We place the identity matrix I to the right of A and then perform suitable
elementary row operations simultaneously on both sides until the matrix on the left
becomes I. It can be shown that the matrix we end up with on the right is A=!.

7.9 Example. Applying the above procedure to the matrix

2 3-1
A=(1 2 0},
1 3 2
we generate the chain of arrays
2 3-1 1 0 0
1 2 01 01 0 2R—Ry
1 3 2| 0 0 1 2R3—R;y
2 3-1 1 0 0 Ri—3R:
= 0 1 1|-1 2 0
0 3 5|—-1 0 2 R3—3R
2 0-4| 4-6 0 Ry/2+Rs
= 0 1 1|-1 2 0 Ry—Rj3/2
0 0 2| 2-6 2 R3/2
1 0 0 4-9 2
= 0 1 0|-2 5-1
0 0 1 1-3 1
from which we conclude that
4-9 2
At=[-2 5-1
1-3 1

VERIFICATION WITH MATHEMATICA®. The input

A={{w2,3,-1},{1,2,0},{1,3,2}};
InvA={{4,-9,2},{-2,5,-1},{1,-3,1}};
A.InvA

generates the output {{1,0,0,},{0,1,0},{0,0,1}}. =m
7.10 Remark. In the case of a nonsingular 2 x 2 matrix
A— <0L11 a12) ,
a21 a2

the above procedure reduces to swapping the elements on the leading diagonal, changing
the sign of the other two elements, and dividing all the elements by the determinant of

the matrix; that is,
- agy —a1g)
det(A) \—a21 an)’
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7.11 Example. If

then det(A) = 5, so
4 3
A,lz_l 4 3\ _ (7575
5\1 2 _1_ 2
5 5
VERIFICATION WITH MATHEMATICA® . The input

a={{-2,3},{1,-4}};
InvA= - (1/5) *{{4,3},{1,2}};
A.InvA

generates the output {{1,0},{0,1}}. m
7.12 Remark. If A is nonsingular, then
AN (Ax) = (AT A)x = Ix = x,
so, multiplying both sides of (7.3) on the left by A~!, we obtain the solution as
x=A"'b. =
7.13 Example. The matrix of coefficients for the system

2x1 + 3582 — I3 = *3,
X1 +2I2 = 71,
$1+3I2+2$3:2

is the matrix A whose inverse A~! was computed in Example 7.9. Hence, according to
Remark 7.12, the solution of the given system is

4-9 2 -3 1
x=A""b=|-2 5-1|[-1]=[-1];
1-3 1 2 2
that is, z1 =1, xo = —1, and x3 = 2.

VERIFICATION WITH MATHEMATICA® . The input

{2%%x1 +3%x2 - x3 +3,xL +2%x2+1,x1+3%xx2+2xx3-2}
/. {x1—1,%x2— —1,x3— 2}

generates the output {0,0,0}. m

7.14 Remark. Sometimes we encounter matrix functions. These are matrices whose el-
ements are functions of the same independent variable or variables, and, just as for single
functions, we can talk about their continuity and differentiability, and their derivatives
and integrals. Thus, if A(t) = (fi;(¢t)) and each of the f;; is differentiable, we write
A'(t) = (fi;(t)). For any such n x n matrix functions A and B and any n x n constant
matrix C,

(CAY =CA,

(A+B) =A"+ B,

(ABY =A'B+AB'. =
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Exercises

Use the given matrices A and B to compute 2A + B, 34 — 2B, AB, BA, A~' (if it
exists), and B! (if it exists). Also, in each case verify that A% — B% # (A+ B)(A— B).

2-1 -1 0 1 3 2 8
va=(37) 5= (5 ) 2 a-(1 ) 5=(30)

2 -4 -1 3 1-3 0 2
soa=(371) 5=(T5 3) aa=(372). 5=(0 3)

3 0-1 1-2 0
5 A=[-2 1 2|, B=| 1 2-3
0 4 1 ~1 0 4
110 2 1-1
6 A= 2-1 3|, B=|-1 0 1
-3 0-1 —2-1 3
2-1 1 —2 2 1
7 A=|0 1-3|, B=[ 0 1-1
4 1-7 4-3 0
11 2 0-1 1
8 A= 1 0 3|, B=[4-2 3
~1-2 2 2 1-3

Answers to Odd-Numbered Exercises

) 3.2 8 -3 0 -4 2 1 2 1\ 1 /-4 0
8 8)° \=5-2) (=1 &) (=16 10)" 3 2)° 2\=2 1)
5 8—18 —92 2 4 7 1 (14
4 ’ 3 8) \1a—18) 10 \=2 2)
1
17 5 1
729 7 4-3 4-6-4 7 —2-5
5 (-3 4 1|, [-8-112 -3 6 5 ~1-10 0],
1 8 6 2 12 -5 3 8-8 -3 16 5
L[ T 41 L[ 886
eI
3\ g12-3 0\ 2 2 4
2 0 3 10 —7 1 0 5-15
7 o3 7], [0 1 —1210—1,—40 4,
12 -1 —14 49 21 ~36 30 3 8—7 13
3 3 3
Ais singular, = (4 4 2
4-2 2
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7.2.2 Linear Independence and the Wronskian

These concepts, introduced for scalar functions in Sects. 4.2 and 6.2.3, can be extended
to vectors, with many similarities but also some differences.

7.15 Definition. We say that m vectors v(¥), ... v(™) are linearly dependent if there
are numbers cq, ..., ¢y, not all zero, such that

in other words, if at least one of these vectors is a linear combination of the others.
Vectors that are not linearly dependent are called linearly independent. m

For n vectors of n components each we have a simple test, based on (7.4) and Theo-
rem 6.4, to establish their linear dependence or independence. Let V = (v(}) ... v(")
be the matrix whose columns consist of the components of these vectors.

7.16 Theorem. The vectors vV ... v(") are linearly independent if and only if
det(V)#£0. m

7.17 Remark. Theorem 7.16 implies that v(!), ... v(") are linearly dependent if and
only if det(V) =0. m

7.18 Example. Consider the vectors

4 2 -1
v =[—=2], v@=1(0], v® = 171,
3 1 a
where a is a number. Since
4 2 -1
det(vi) v v@y=|_2 0 1|=4+4a,
3 1 a

from Remark 7.17 and Theorem 7.16 it follows that the three given vectors are linearly
dependent if a = —1 and linearly independent for all a # —1.

VERIFICATION WITH MATHEMATICA® . The input
Det [{{4, 2, -1}, {—2,0, 1}, {3, 1, —1}}]

generates the output 0. m

7.19 Definition. Let x(), ... x("™) be vector functions of a variable ¢, defined in an
open interval J. We say that these functions are linearly dependent on J if there are
numbers cq, ..., ¢y, not all zero, such that

Clx(l) (t) + -+ me(m) (t) =0 fOI‘ all tin J

Otherwise, the vector functions are said to be linearly independent on J. m
7.20 Definition. The Wronskian of n vector functions x(1), ... x(™ of n components
each is

WxW, . x™] () = det(X (1)),

where X = (x(!) ... x(™) is the n x n matrix whose columns consist of the components
of these vector functions. m
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7.21 Remarks. (i) By Theorem 7.16, if W([x™"), ..., x(™)](ty) # 0 at a point ¢ in
J, then the vectors x((tg),...,x(™(ty) are linearly independent. According to
Definition 7.19, this also implies that the vector functions x(1), ... x(") are linearly
independent on J.

(ii) It is possible for a set of vector functions to be linearly dependent at some (or even
all) points in J but linearly independent on J. m

7.22 Example. If J is the set of real numbers and

2t —3 1 1—-1¢
xVy=[2-t ], xP®)=[t+1], xP@)=[ 3 |,
—4 -2 —6
then
20—-3 1 1-—t¢
WM, x@ xO)t)=|2—t t+1 3 |=18(t2—1).
-4 -2 —6

Since the Wronskian is zero only at ¢t = 0 and ¢ = 1, it follows that the given vector
functions are linearly dependent at these two points but linearly independent on J. m

Exercises

In 1-4, determine whether the given sets of vectors are linearly dependent or indepen-
dent.

1 1) = (27 ) ]-) (2) = (717 727 1)T7 V(B) - (17 37 72)T'
2 v =(1,0, -3 v®=2,147, v® =1 17"
3 V(l) == (47 )T7 V(2) = (_37 27 _1)T7 V(S) = (3’ _77 2)T

4 V(l) = (07 27 73) ) V(Q) = (17 47 3)T7 V(g) = (17 67 7]‘)T

In 5-8, determine the (real) values of ¢ where the given vector functions are linearly
dependent and then state if the functions are linearly dependent or linearly independent
on the set of real numbers.

2 — 2t 2t2 — 1 t+1
5 fWwy=11-t |, fO@1) = t , Oy = 2t
11 2 -2
tet (1+t)et (2t — 1)et
6 fO@)=|et|, fAH)=| 3t |, fOF) = —2e!
-2 -1 -5
t2 2 —t 20+t
7 fWH)=(t-1], £ = 3t |, fO@)=( -3
3 7 2
sint 2sint sint
8 f(t)=(2cost|, fOt)=[3cost], fO@t)=1] 0

-3 —4 1
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Answers to Odd-Numbered Exercises

Linearly independent. 3 Linearly dependent.

5 Linearly dependent only at ¢ = 0, —1, 31/34. Linearly independent on the set of
real numbers.

7 Linearly dependent for every real value of ¢. Linearly dependent on the set of real
numbers.

7.2.3 FEigenvalues and FEigenvectors

Let A = (a;;) be a numerical n x n matrix, let v = (v;) be an n x 1 vector, let  be a
number, and consider the equality

Av =rv. (7.5)

7.23 Definition. A number r for which there are nonzero vectors v satisfying (7.5) is
called an eigenvalue of A, and those nonzero vectors v are called the eigenvectors of A
associated with 7. m

7.24 Remarks. (i) Since rv = rIv, where I is the identity n x n matrix, we use the
properties listed in Remarks 7.2(ii) and 7.4(i) to rewrite (7.5) in the equivalent form

(A—rI)v=0, (7.6)

which is a homogeneous system of n equations for the n components of v. By Theo-
rem 6.4, if det(A — rI) # 0, then system (7.6) (and, hence, (7.5)) has only the zero
solution. Therefore, for nonzero solutions we must have

det(A—rI)=0. (7.7)

This is a polynomial equation of degree n whose n roots are the eigenvalues of A. The
roots can be real or complex, single or repeated, or any combination of these cases.

(ii) By analogy with the terminology used for single DEs, we may call (7.7) the
characteristic equation of the matrix A and the polynomial on the left-hand side the
characteristic polynomial of A. m

5—4
-(5)

=6-r)(-7T—r)— (—4)8=r>+2r—3.

7.25 Example. If

then

det(A—rI):’5r 4

8 —T—r

By Remark 7.24(i), the eigenvalues of A are the roots of the equation r? — 2r — 3 = 0,
which are 1 = 1 and ro = —3.

To find the eigenvectors associated with the eigenvalue 1, we need to solve (7.6) with
r = 1; in other words, the system (A — I)v = 0, which, numerically, is
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4 -4 vy _ (0
8 —8 vy ) \0)’

4U1 - 4U2 = O,
8U1 — 8U2 =0.

or

It is obvious that this system reduces to the single equation v; — vo = 0. Setting, say,
vg = a, where a is any nonzero number, we have v; = a, so we obtain the one-parameter

set of eigenvectors
a 1
v = (a) —a<1), a # 0.

Proceeding in a similar manner in the case of the second eigenvalue, we solve (7.6) with
r = —3; that is, (A 4+ 3I)v = 0. As is easily verified, this reduces to the single equation
2v1 — v9 = 0, whose general solution is the one-parameter set of eigenvectors

OO

VERIFICATION WITH MATHEMATICA® . The input
a={{5,-4},{8,-7}};
Id=IdentityMatrix[2];
{r1,r2}={1,-3};
{vi,v2}={{a,a},{b,2xb}};
{(A-rlx1d).vl, (A-r2xId).v2}

generates the output {{0,0}, {0,0}}. =m
7.26 Example. Let

0 0-1
A=[-1 1-1
2
Then
-r 0 -1
det(A—rl)=|-11—r —1|=—r®+4r%—5r+2,
2 0 3—r

so the eigenvalues of A are the roots of the equation r3 — 472 4+ 57 — 2 = 0. Trying
synthetic division on this equation, we find that ry =2 and ro =r3 = 1.
The eigenvectors corresponding to r = 2 are the nonzero solutions of the system
(A—2I)v =0, or
721)1 — V3 = 0,
—U1 7’0271)3:0,
21)1 + V3 = 0

Since the first equation is the same as the third one multiplied by —1, we may discard it
and solve the subsystem consisting of the last two equations. Setting v; = a, where a is
an arbitrary nonzero number, from the third equation we get v3 = —2a and then, from
the second equation, v; = a. Thus, we obtain the one-parameter set of eigenvectors

a 1
VvV = a =a 1
—2a —2
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Similarly, for the eigenvalue r = 1 we solve the system (A — I)v = 0, which is

—V1 — Vs :O,
—V1 — Vs :O,

21)1 + 2’U3 = O
The equations of this system are multiples of v; + v3 = 0; hence, v; = —v3. We also see
that vo can take any value, so we write vo = b and vs3 = ¢, where b and c are arbitrary
numbers, not both equal to zero. Since v; = —c¢, we obtain the two-parameter set of
eigenvectors
—c 0 -1
v = bl=0b|1]+c 0], b, cnot both zero.
c 0 1

We note that the two vectors on the right-hand side above are linearly independent.
VERIFICATION WITH MATHEMATICA® . The input

a={{o,0,-1},{-1,1,—-1}, {2,0,3}};
Id=IdentityMatrix[3];
{r1,r2}={2,1};
{vi,v2}={{a,a,-2*a}, {-c,b,c}};
{(A-r1x1d).vl, (A-r2xId).v2}

generates the output {{0,0,0},{0,0,0}}. =

7.27 Remarks. (i) If m of the roots of the equation det(A — rI) = 0 are equal to r,
we say that r is an eigenvalue of algebraic multiplicity m. For convenience, when
m = 1 we call r a simple eigenvalue, and when m = 2 we call it a double eigenvalue.

(ii) Tt can be shown that for each eigenvalue r of algebraic multiplicity m, there are k,
0 < k < m, linearly independent associated eigenvectors. Obviously, each simple
eigenvalue has only one such associated eigenvector. The number £ is called the
geometric multiplicity of r.

(iii) The deficiency of an eigenvalue r is the difference m — k between its algebraic and
geometric multiplicities. Normally, %k is also the number of arbitrary constants in
the general expression of the eigenvectors associated with r. From what we said in
(ii) above, it follows that a simple eigenvalue is non-deficient (in other words, its
deficiency is zero). Both eigenvalues in Example 7.26 are non-deficient: 1 is a simple
eigenvalue with one linearly independent eigenvector (that is, m =k = 1) and 2 is
a double eigenvalue with two linearly independent eigenvectors (m = k = 2).

(iv) Usually we need to operate with just one selection of linearly independent eigen-
vectors associated with an eigenvalue. The simplest selection can be made from
the general formula of the eigenvectors by setting, in turn, each arbitrary constant
equal to some convenient value (normally 1) and the rest of them equal to 0. Thus,
in Example 7.26 we can take the representatives

1 0 -1
V(l) — 1 for r = 27 V(2) = 1 R V(S) = 0 forr =1.
-2 0 1

We adopt this type of choice throughout the chapter and refer to the eigenvectors
selected in this way as basis eigenvectors. m



150 7 Systems of Differential Equations

7.28 Theorem. Figenvectors associated with distinct ergenvalues are linearly indepen-
dent. m

Proof. For brevity, we show this for n = 2, but the technique is applicable in exactly
the same way for any n.

Let A be a 2 x 2 matrix with eigenvalues 71 # 7, let v(!) and v(?) be eigenvectors
associated with r, and 7o, respectively, and suppose that ¢; v +¢,v(?) = 0. Multiplying
this equality on the left by A —r;I and taking into account that (A —r;I)v() = 0 and
(A —roI)v(® = 0, we see that

0=ci(A—r)v) 4 co(A —rIIv® = o (Av® — 1 v?)

= cp(rov® — rv®)) = ¢y (ry — 1) v

Since 71 # 2 and v(?) # 0 (because it is an eigenvector), it follows that c; = 0.
Repeating the procedure but starting with A — roI, we also arrive at ¢; = 0, so we
conclude that vV and v(?) are linearly independent. m

Exercises

Compute the eigenvalues and corresponding basis eigenvectors of the given matrix A.

3 —12 -7-9
L= (37 2 a-(T0) s a-(10):
3
1
3

2 4-2 —2 -2
4 A:( 3). 5 A=[-3 5-3|. 6 A= 0-2
—2 2-2 -3 -1
0-1 2
7 A_< ;)) 8 A(5/§7_/g>. o A (21 4
—1-1 3
—1/2 1/2 -1 1 6-5
10 A= 1. 11 A=[-2-3 2.
1—1/2 3/2 1 2-2
10 0 1-2 3-2 6
12 A= 4—1—4. 13 A=(1 0 2 14 A= 2-2 3
4 2 3 1-1 3 2 1-4
—3 2-1 2-2 3
15 A=[-3 3-2|. 16 A= 0 1 1
2 4-3 -1 2 0

Answers to Odd-Numbered Exercises

1 r=-3-1; v =2, 1T, v@ =3,1)T.

3 r=i,—i; v =1 +i, )", v® =(1-4,1)".

5 r=0,2-1; v\ =(=1,0,1)", v® =(1,1,0)T, v® =(0,1,2)T.
7 r=11;, v=(1,2)T.
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9 r=0,1,1; vl =(1,2,1)T, v® =(-1,1,0)", v® =(0,2,1)T.

11 r=1,-1,-1; v®U =(2,-1,0)7, v® =(1,0,1)".

13 r=1,1,1; v® =(1,1,0)7, v® =(-2,0,1)T.

15 r=-1,-1,-1; v=(0,1,2)T.

7.3 Systems of First-Order Differential Equations

A general system of n first-order DEs for n unknown functions z1, ..., z, of one inde-
pendent variable ¢ can be written as

{E/l = Fl(t,,’Bl, . ,LL’n),
(7.8)
= Fo(t,z1,. .., %),
where Fi,...,F, are given functions of n + 1 variables. In an IVP, such a system is
accompanied by ICs of the form
X1 (to) = T10y - - {Bn(to) = Tno, (79)

where x1g, ..., Tyo are prescribed numbers.

7.29 Definition. A solution of system (7.8) on an open interval J is a collection of
functions 1, ..., z, that are differentiable on J and satisfy the system at every point
t in J. A solution of the IVP (7.8), (7.9) is any solution of (7.8) that also satisfies the
ICs (7.9) at a specified point tp in J. m

Naturally, we are interested to know under what conditions the given IVP has a
unique solution. The answer is given by the next assertion.

7.30 Theorem (Existence and uniqueness). If all the functions F; and their partial

derivatives Fy j, i, j =1,...,n, are continuous in an (n + 1)-dimensional ‘rectangular’

domain
R={a<t<f, a1 <1 <f1, ..., Qp<p <P}

and (to, T10, - -, Tno) s a point in R, then there is a number h > 0 such that the IVP
(7.8), (7.9) has a unique solution {x1, ..., x,} in the open interval to—h <t < to+h. m

We point out that the restrictions on the F; above are sufficient conditions, which
may be relaxed to a certain extent without invalidating the statement of the theorem.

7.31 Definition. We say that system (7.8) is linear/homogeneous/has constant co-
efficients if all its equations are linear/homogeneous/have constant coefficients. For
simplicity, we refer to a system of first-order DEs as a first-order system. m

The general form of a linear, nonhomogeneous, first-order system of n DEs for un-
known functions x1,...,x, in one variable t is
17/1 = all(t):zzl —+ 4 aln(t)xn + fl(t),
: (7.10)
2 = an ()1 + -+ apn ()20 + fo(t).

For system (7.10), Theorem 7.30 becomes simpler.
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7.32 Theorem (Existence and uniqueness). If all a;; and f;, i,j =1,...,n, are
continuous on an open interval J and to is a point in J, then the IVP (7.10), (7.9) has
a unique solution on J. m

7.33 Remark. As in Definition 2.28, in what follows we take J to be the largest open
interval (maximal interval of existence) on which the unique solution of the IVP can be
defined. For our specific examples, J will normally be the entire real line. m

Sometimes it is possible to change an IVP for a first-order linear system into an
equivalent IVP for a single higher-order equation.

7.34 Example. Consider the IVP

) = x + a2, x1(0) =-2,
xh =4x1 + 32, 22(0) = —4.

Differentiating the first equation and then replacing a4 from the second equation, we
find that
) =) + 2y =2 + (dz1 + 22).

Since, from the first equation, xo = x} — x1, it follows that
o) =2 +day + (@) — 21) = 22 + 324,

which is a second-order DE for z1, with GS

z1(t) = cre ™t 4 cpe®.

We are already given that x1(0) = 2; the second IC for z; is obtained from the first
equation:
21(0) = 21(0) + 22(0) = —2 — 4 = —6.

Applying the ICs to the GS, we arrive at
x1(t) = —2e3".
Finally, from the first equation we have
wo(t) = 2} (t) — 21 (t) = —6€3 4 23" = —4e3t,

VERIFICATION WITH MATHEMATICA® . The input

{x1,x2}={-2*%EN(3*t), -4*EN(3xt)};
{{DIx1,t] - x1 - x2,D[x2,t] - 4xx1 - x2}, {x1,x2}/.t— 0}

generates the output {{0,0}, {—2,—4}}. =

In matrix form, an IVP for a general linear first-order system of n DEs in n unknowns
can be written as

x = A(t)x + £(t), (7.11)

X(to) = X0, (712)

where A is the n x n coefficient matrix, x is the column vector of the unknowns, f is

the column vector of the nonhomogeneous terms, and x( is the column vector of the
ICs.
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When the system is homogeneous, (7.11) reduces to
x' = A(t)x. (7.13)

The principle of superposition mentioned in Sect.4.3.1 also applies to homogeneous
linear systems.

7.35 Theorem. If xV) ... x(") are solutions of system (7.13) in J, then so is the
linear combination clx(l) +---+ cnx(") for any constants ¢1,...,c,. ®

7.36 Theorem. If x(V) ... . x") are linearly independent solutions of (7.13) in J, then
for any solution x of (7.13) there are unique numbers cy, ..., cy, such that

x(t) = clx(l)(t) + ot epx™ (t) foralltinJ. m (7.14)

7.37 Remark. According to Theorems 7.35 and 7.36, formula (7.14) with arbitrary
constants ¢y, .. ., ¢, represents the GS of system (7.13). m

7.38 Definition. As in the case of a single DE of order n (see Remark 4.28(ii) for
n = 2), a set of n linearly independent solutions of (7.13) is called a fundamental set of
solutions (FSS). m

7.39 Remark. The property of the Wronskian stated in Remark 4.25 carries over un-
changed to homogeneous systems; that is, if x(1), ..., x(™ are solutions of (7.13) on J,
then their Wronskian is either zero at every point of J or nonzero everywhere on J. m

Exercises

In 1-6, use the method of reduction to a second-order equation to solve the IVP x’ = Ax,
x(0) = x¢ for the given matrix A and vector xg.

A R T
() (o) ()
(3 () e e (i) ()

In 7-10, use the method of reduction to a second-order equation to solve the IVP
x' = Ax + f(t), x(0) = xq for the given matrix A, vector function f(¢), and vector xg.

a1 0= () == (3)

o a=(355) 0= (o o). 0= (3)
o a4 ro= () 6= ()
o 4= ) 0= (05 0= ()
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Answers to Odd-Numbered Exercises

4e?t — 33t 2 — 8t)e!
1 x(t)= <2e2t — 363t)' 3 x(t) = (El + 4t§et>'
2cost — Hsint det —3e 4 + 2t + 1
5 x(t)= ( cost — 12 sint)' T x(t) = ( 2t —3e M4t )
[ (Bt+T)e % —sint
9 x(t) = (—(2t +5)e 2 +2cost )

7.4 Homogeneous Linear Systems with Constant Coefficients

It is useful to have a quick look at this type of system for n = 1, which is, of course,
the single DE

¥ =ax, a=const#0. (7.15)

As we know, the GS of (7.15) is
z(t) = Ce™, (7.16)

where C' is an arbitrary constant. Among all the solutions (7.16) there is one, and only
one, which is time-independent, namely = = 0; we call it an equilibrium solution.
If a < 0, then
lim |z(t)] =00, lim x(t) =0.

t——o0 t—o0

On the other hand, if @ > 0, then

tLlIElOOI(t) =0, tlg(r)lo |x(t)| = oo.

Recalling Definition 3.11, this means that the equilibrium solution x = 0 of equa-
tion (7.15) is asymptotically stable if ¢ < 0 and unstable if a > 0.

Now consider a general homogeneous linear system of DEs of the form

x' = Ax, (7.17)

where A is a constant nonsingular n x n matrix. The equilibrium (or time-independent)
solutions of (7.17) are obtained by setting x’ = 0; that is, by solving Ax = 0. Since
det(A) # 0, this homogeneous algebraic system has only the zero solution. In other
words, just as for equation (7.15), the only equilibrium solution here is x = 0. In the
case of (7.15), the stability or instability of the equilibrium solution depends on the
sign of the number a. In the case of system (7.17), that property depends on the sign
of the eigenvalues of the matrix A. Later in this section we will have a full discussion
of several specific examples for n = 2.

By analogy with single DEs, we seek solutions of (7.17) of the form

x(t) = ve', (7.18)

where v is an unknown constant, nonzero, n-component column vector and r is an
unknown number. Differentiating (7.18), we have x’ = rve", which, substituted in
(7.17), yields the equality rve™ = Ave". Since the coefficients of €™ on both sides
must be the same, it follows that Av = rv, so, by Definition 7.23, r is an eigenvalue of
A and v is an eigenvector associated with 7. Once we have computed the eigenvalues
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and eigenvectors of A—the former as the roots of the equation det(A —rI) = 0 and the
latter as the nonzero solutions of (7.6) (see Remark 7.24)—we use them in (7.18) to
generate solutions of system (7.17). However, in view of Theorem 7.36 and Remark 7.37,
to write the GS of the system we need to construct n linearly independent solutions.
Below, we examine in turn each of the several situations that may occur in this type of
construction.

Solutions of the form (7.18) have an important property.

7.40 Theorem. If the eigenvalues of A are distinct, then the solutions of system (7.17)
obtained from (7.18) are linearly independent. m

Proof. Let rq,...,r, be the (real or complex) distinct eigenvalues of A, let v v
be corresponding associated eigenvectors, and let x(V), ... x(™ be the solutions con-
structed from these elements according to (7.18). Given that x()(0) = v i =1,...,n,
we have

Wx®, .. x™)(0) = det(vV) ... v(),

and since, by Theorem 7.28, vl v oare linearly independent, from Theo-
rem 7.16 it follows that the above determinant is nonzero. Hence, by Remark 7.21(i),
xM . x(™ are linearly independent. m

7.4.1 Real and Distinct Eigenvalues

For simplicity, we restrict our attention to systems in two or three unknown functions
and discuss several specific illustrations.

In the two-dimensional case, we may regard the components x;(t) and x2(t) of the
GS x(t) as the coordinates of a point moving in the (x1,x2)-plane, called the phase
plane. The curves traced by this point for various values of the arbitrary constants c;
and co are graphical representations (called trajectories) of the solutions, and form what
is known as the phase portrait of the system. If the eigenvectors are real, a line through
the origin and parallel to an eigenvector is called an eigenline.

7.41 Example. For the IVP

x) =3z +4xe, 1(0) =2,
xh = 3wy + 222, 22(0) =5
we have
det(A —rl) = sor 4 =(B-r)(2-7r)—12=1r% —5r —6.
3 2-—r
Setting r2 — 57 — 6 = 0, we find the eigenvalues 7y = —1 and ro = 6. For r = —1,

the system (A + I)v = 0 reduces to the equation v; + vy = 0, so an associated basis
eigenvector (see Remark 7.27(iii)) is

v = (7).

Similarly, for » = 6 the system (A—61)v = 0 reduces to the single equation 3v; —4vy = 0,
which yields the basis eigenvector
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o ()

Using 71, v&Y) and ry, v(?)| we now construct the two solutions
xD(t) = vWent = -1 et x®(t) = v@erat = 4 bt
1 b) 3 .

Since the eigenvalues are distinct, from Theorem 7.40 it follows that x(*) and x(?) are
linearly independent, so the GS of the system is

-1\ _ 4 —cre”t 4 4deqgedt
i) = eox V(0 +eax®i0 = e (7]t (3) e = (T ).

where ¢; and ¢y are arbitrary constants.
To sketch the phase portrait of this system, suppose first that ¢; # 0, ¢ = 0. Then

x(t) =1 <1> et =cvWle?,

and we can see that, as t increases from —oo to oo, the point (1, x2) moves along the
first eigenline (z7 + x2 = 0), asymptotically approaching the origin from the second
quadrant (if ¢; > 0) or from the fourth quadrant (if ¢; < 0). If we now take ¢; = 0,
co # 0, we have

x(t) = co (g) %t = cov@ et

so the point moves along the second eigenline (327 — 4xz2 = 0), away from the origin,
in the first quadrant (if ¢ > 0) or in the third quadrant (if ¢; < 0).
Next, consider the full solution x(t). As t starts increasing from —oo, the first term is

the dominant one (since . lim e~ =o00, lim €% =0), so the point begins its motion

i

——00 t—)l—oo

at ‘infinity’ on a curve that is asymptotically parallel to the first eigenline. As ¢ increases

to oo, the second term becomes dominant (since tlim eft = oo, lim e~! = 0), so the
— 00

point swings and goes back to ‘infinity’, its trajectory ending up asymptotically parallel
to the second eigenline. A few of the system trajectories and the direction of motion on

them are shown in Fig. 7.1.

) /

>

Fig. 7.1
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As we can see, the point approaches the origin indefinitely on two trajectories but
moves away from it on any other, which means that the equilibrium solution x = 0 is
unstable. In this case, the origin is called a saddle point. This situation always arises
when the eigenvalues of A are of opposite signs.

To find the (unique) solution of the IVP, we apply the ICs to the GS and arrive at

the system
-1 4 2
2 (1) ()= ()

—C1 + 402 = 2,
c1 + 302 = 5,

or, in terms of components,

from which ¢; = 2 and ¢ = 1; hence, the solution of the given IVP is

o (1Y e (4N e [—2e7t 4 4e
X(t)_2< 1)6 +<3)e T\ 2et 4365 )

VERIFICATION WITH MATHEMATICA®. The input

{x1,x2}={-2*%E"(-t) + 4*EN(6%t), 2xE"(-t) + 3*xEN(6xt)};
{{DIx1,t] - 3%x1 - 4*x2,D[x2,t] - 3xxl - 2xx2}, {x1,x2}/.t— 0}

generates the output {{0, 0}, {2, 5}}. =m

7.42 Remark. It is obvious that if we choose a different pair of basis eigenvectors, the
general solution will have a different look. Thus, if in the preceding example we took

o _( 2 @ _ (8
=) = (5)

then the GS would be written as
B 2\ _, 8\ 6 [ 2cie”t+ 8coel
x(t) = (_2> e "+ co <6) et = C9eyet 4 Beaedt ) -
The solution of the IVP, however, does not change since the ICs now lead to the system

2c1 + 8¢y = 2,
—2c1 + 6¢cy = 5,

which yields ¢; = —1 and ¢o = 1/2. When replaced in the new form of the GS, these
two values give rise to the same solution x(t) as before. m

7.43 Example. For the IVP
) =Lfwi 4 23y, 21(0) =4,
x’2:§x1+%:172, x2(0) =1

we have
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The eigenvalues of A are the roots of 72 — 4r +3 = 0; that is, r1 = 1 and 7o = 3.
Computing associated basis eigenvectors as in Example 7.41, we find that

-1 1
1 = (2) —
= () =)
so the GS of the system is

—1 1 —cret + cqedt
— (1) ot (2) o3t — t 3t _ 1 2
x(t) = epvie’ + eavi¥e c1 ( 2) e+ ¢y (1) e ( Seiel + epedt )

Because both eigenvalues are positive, we easily deduce that on each eigenline, the
point x moves away from the origin as ¢ increases from —oo to co. The same argument
shows that this is also true for the point on any other trajectory (when both ¢; and ¢y
are nonzero). However, we note that as t — —oo, the first term in the general solution is
the dominant one (it tends to 0 more slowly than the second one), whereas as t — oo,
the second term is dominant (the absolute values of its components tend to infinity
faster than those of the first term). Consequently, trajectories start (asymptotically)
at the origin parallel to the first eigenline (221 + x2 = 0) and head toward ‘infinity’
asymptotically parallel to the second eigenline (x1 — 29 = 0). A few trajectories of the
system and the direction of motion on them are shown in Fig. 7.2.

/

/

Fig. 7.2

Clearly, the equilibrium solution x = 0 is unstable. In this case, the origin is called
an unstable node. If both eigenvalues were negative, we would have a stable node, with
the trajectories looking as in Fig. 7.2 but with the direction of motion toward the origin.

Using the IC, we readily find that ¢; = —1 and ¢ = 3, so the solution of the given

IVP is . 5
-1 1 e’ + 3e
x(t) = - ( 2) ¢ +3 (1) ¢* = (2et + 363t) :

VERIFICATION WITH MATHEMATICA®. The input

{x1,x2} ={E"t + 3%xE"(3*t), -2*%E"t + 3*xE"( 3*t)}
{{DIx1,t] - (7/3) *x1 - (2/3) *x2,D[x2,t] - (4/3) =*
{x1,x2}/.t— 0}

x1 - (5/3) xx2},

generates the output {{0, 0}, {4, 1}}. =m
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7.44 Example. Consider the IVP

x) = 5y — 6x3, x1(0) = -2,
xh =2x1 — ma — 2w3, 22(0) = —1,
xh =4z — 2w9 — 4xg,  23(0) = —1.

Expanding the determinant, say, in the first row, we see that

det(A—rl)=| 2 —1—r =2 |[=r—7
4 -2 —A4-—r

so the eigenvalues of A are ry = 0, 72 = —1, and r3 = 1. The corresponding algebraic
systems (A—rI)v = 0 for these values of r reduce, respectively, to the pairs of equations

5’1}1 —6’1}3 = 0, (% — V3 = O, 2U1 —3’1}3 = 0,
21)1 —V2 721)3 = 0, 41)1 721)2 73’03 = O, 2’U2 — V3 = 0

and yield associated basis eigenvectors

6 2 3
vih=1[2], v®@=[1], v® =11
5 2 2

Therefore, the GS of the system is

6 2 3
x)=c [2| +ea |1 e t4es|1]e
5 2 2

Using the ICs, in terms of components we have

601 + 202 + 363 = 72,
2c1 + 2+ c3=
5c1 + 2¢0 + 2¢3 =

[
[
—_ =

We can solve this system by Gaussian elimination and arrive at the values ¢; = 1,
co = —1, and ¢3 = —2, so the solution of the IVP is

6 6 —2et — 6e!
x(t)=(2]-[1]e'—2[1]e=[2— et —2¢
5 5—2et — 4et

VERIFICATION WITH MATHEMATICA® . The input
{x1,x2,x3}={6 - 2+E"(-t) - 6xE"t, 2 - E"(-t) - 2xE"t,
5 - 2%EN(-t) - 4xE t};
{{DIx1,t] - 5%x1 + 6*%x3,D[x2,t] - 2%xxL + X2 + 2%x3,
D[x3,t] - 4%x1 +2xx2 + 4xx3}, {x1,x2,x3}/.t— 0}

generates the output {{0, 0, 0}, {-2, -1, —1}}. =
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Exercises

In 1-10, use the eigenvalue-eigenvector method to solve the IVP x' = Ax, x(0) = x¢ for
the given matrix A and vector xg, and sketch the phase portrait of the general solution

et
va= (308 = () 2 a=(3) ==(3)
s oa= (W) = (3) 1a-(30) == (1))
5= (23 5) = () o a= (P 8) - (L])
a3 () s e () ()

() () oan (), < ()

In 11-16, use the eigenvalue—eigenvector method to solve the IVP x’ = Ax, x(0) = xo
for the given matrix A and vector xg.

5—4 -3 1 0-1 1 3
11 A=[1 0-1|, xo=[ 2|. 12 4=(3 2-3], xo=[-3].
4 -4 -2 1 1-1 0 1
0 4-2 2 —4-7 6 4
13 A=[-1 2 1|, x=1]0 14A=[ 1 4-2|, x=1{2].
~1 4-1 3 —2-92 3 4
“1-1-1 ~3 1 1-1 5
15 A=[-2-2-1|, xo=| 3]. 16 A=[-4-1 4|, xo=[-3
4 4 3 1 2 1 2 4

Answers to Odd-Numbered Exercises

,387275 *667% Jre3t
1 x(t) = ( —2t)' 3 x(t) = (36—2t+63t>'

+ Set/2 —6€2t 4 3e5t
5 = < et 4 3et/2 7 x(t) = 32t _ o5t |
2€t _ eZt
2€t/3 et

. 11 = 2¢et

9 (2675/3 et) x(t) 722)5
— 2¢t 4 % —2—¢t
13 —et + e2t , 15 x(t)=| 2+e7?

—2t e + th _e—t + 2et
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7.4.2 Complexr Conjugate Eigenvalues

It is obvious that if the (real) coefficient matrix A has a complex eigenvalue r, then
its associated eigenvectors v, which are the nonzero solutions of the algebraic system
(A—rI)v = 0, are complex as well. Taking the conjugate of each term in the system, we
see that (A — 7I)v = 0, which means that 7 is also an eigenvalue of A with associated
eigenvectors v; therefore, we can set up two complex solutions for system (7.17), of the
form ve™ and ve™. However, since A is a real matrix, we would like to have two real
solutions instead of the above complex conjugate pair. These solutions, constructed on
the basis of the argument used in Sect.4.4.3, are

xM(t) = Re(ve™), xP(t) = Im(ve™). (7.19)

7.45 Remark. Since the eigenvalues 7 and 7 are distinct, from Theorem 7.40 it follows
that the complex solutions ve™ and ve™ are linearly independent, and it is not difficult
to verify that so are the real solutions x(*) and x(?) defined by (7.19). =m

7.46 Example. For the IVP

) =— x + 2, x1(0) =3,

xh = —2x1 + x2, 2(0) =1
we have

—1—-7r 1

det(A —rl) = =(-1-r1-r)+2=r+1,

-2 1-r

so the eigenvalues of A are the roots of the equation 72 + 1 = 0; that is, r; = 7 and
ro = —i. Solving the algebraic system (A — iI)v = 0, we find the basis eigenvector

v 1
S \1+i)
Then, using (7.19) and Euler’s formula, we construct the real solutions
x((t) = Re L et =Re L (cost 4 isint)
141 1414
. cost
~ \cost —sint )’
x@ () = Im L et =Im L (cost 4 isint)
141 1+1

. sint
~ \cost+sint /)"

According to Remark 7.45, x() and x(®) are linearly independent, so we can write the
real GS of the system as

cost sint
X(t) = Clx(l) (t) + CQX(Q) (t) =C (COSt _ sin t) + o (COSt T Sint) .
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Since both z; and x5 are periodic functions, the trajectories are closed curves around

the origin. Therefore, the equilibrium solution x = 0 is stable and the origin is called a
center. A few trajectories and the direction of motion on them are shown in Fig. 7.3.

o
C

\S

Fig. 7.3

Applying the ICs to the GS, we find that ¢; = 3 and ¢o = —2, so the solution of the
given IVP is

x(t) = 3 cost _ 9 sint __ (3cost—2sint
~ “\cost —sint cost+sint) ~ \ cost—5sint) "’

VERIFICATION WITH MATHEMATICA® . The input

{x1,x2}={3*Cos[t] - 2%Sin[t], Cos[t] - 5%Sin[t]};
{{D[x1,t] +x1 - x2,D[x2,t] +2x1 - x2}, {x1,x2}/.t— 0}

generates the output {{0, 0}, {3, 1}}. =m
7.47 Example. Consider the system

) = —x — 2w, x1(0) =2,
xh = 2x1 — x2, x2(0)=05.

Since

—1—7r -2

9 717T:(—1—r)(—1—r)+4:r2+2r+5,

det(A — rI) = ’

the eigenvalues of A are the roots of the quadratic equation 72 + 2r 4+ 5 = 0; that is,
r1 = —1+ 2i and ro = —1 — 2i. Solving the system (A — (=1 + 2i)I)v = 0, we obtain
the basis eigenvector
v= ( 1.) |
—1i

By (7.19), two real solutions of the given system are

cos(2t)

x(D(f) = Re(vel~1+20t) — Re{ (_1Z> e~ [cos(21) +z’sin(2t)]} - <Sm(2 t)) e,
@) (f) = Im(vel~1+20t) — Im{ (1) e~*[cos(2¢) + z’sin(2t)]} ( j:;gg) e,
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As in Example 7.46, from Theorem 7.40 and Remark 7.45 we conclude that these two
solutions are linearly independent, so the real GS of the system is

w0 =010 210 = o () e ()

The periodic factor in the solution indicates that, as ¢ increases from —oo to oo, the
trajectories keep going around the origin. The exponential factor shows that they are
getting arbitrarily close to the origin, which means that the equilibrium solution x = 0
is asymptotically stable. The origin is called a stable spiral point. A few trajectories and
the direction of motion on them are shown in Fig. 7.4. If the real part of the eigenvalues
were positive, the motion on each trajectory would be away from the origin, which
means that the origin would be an unstable spiral point.

Fig. 7.4

The ICs yield ¢; = 2 and ¢y = —5, so the solution of the IVP is

_ (2cos(2t) — 5sin(2t)\ _;
x(t) = (5 cos(2t) + 2sin(2t) c
VERIFICATION WITH MATHEMATICA® . The input

{x1,x2}={E"(-t) * (2% Cos[2xt] - 5xSin[2x*t]),
EMN(-t) % (5%Cos[2xt] + 2*xSin[2xt])};
{{D[x1,t] +x1 +2xx2,D[x2,t] - 2*x1 +x2}, {x1,x2}/.t— 0}

generates the output {{0, 0}, {2, 5}}. =m

7.48 Example. For the system in the IVP

= 2z 4+ 22— w3, 21(0) = -2,
xh = —4dxy — 3xg — w3, x2(0) =3,
xh = dxy + dwg + 223, x3(0) = =2

we have, after expansion of the determinant in any of its rows or columns,

2—r 1 —1
det(A—7r)=| —4 —3—7r —1 |=4—dr47r*—13,
4 4 2-r
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so the eigenvalues of A are the roots of the equation 73 — r? + 4r — 4 = 0. Using the
synthetic division algorithm or taking advantage of the symmetry of the coefficients,
we find that r;1 = 1, ro = 24, and r3 = —2i. A basis eigenvector associated with r = 1
is found by solving the algebraic system (A — I)v = 0, and gives rise to a first solution
of the DE system as
-1
xM (1) = 1| e
0

A basis eigenvector associated with r = 2i is a solution of (A — 2iI)v = 0; specifically,
1414 _
v=| -2 | %,
2

s0, by (7.19), two other—this time, real—solutions of the system are

cos(2t) — sin(2t)

x?) (1) = Re(ve??) = —2cos(2t) ,
2 cos(2t)
4 cos(2t) + sin(2t)
x®) (1) = Im(ve??) = —2sin(2t)
2 sin(2¢)

Since, by direct computation, W [x x(2) x®)](t) = 2¢t # 0, it follows that the three
solutions constructed above are linearly independent, which means that the real GS of
the system can be written in the form

-1 cos(2t) — sin(2t) cos(2t) + sin(2t)
x(t) = c1 1)et+e —2cos(2t) + c3 —2sin(2t)
0 2 cos(2t) 2sin(2t)

Applying the ICs, we find that ¢; = 1, co = —1, and ¢3 = 0. Hence, the solution of the
IVP is
—et — cos(2t) + sin(2t)
x(t) = et + 2 cos(2t)
—2 cos(2t)

VERIFICATION WITH MATHEMATICA®. The input

{x1,x2,x3}={ - E"t - Cos[2*t] + Sin[2xt], E"t + 2xCos[2x*t],
-2xCos[2xt]};

{{DIx1,t] - 2%x1 - x2 + x3,D[x2,t] + 4xxL + 3%x2 + X3,
D[x3,t] - 4xx1 - 4xx2 - 2%xx3}, {x1,x2,x3}/.t— 0}

generates the output {{0, 0, 0}, {-2,3, —2}}. =

Exercises

In 1-6, use the eigenvalue-eigenvector method to solve the IVP x’ = Ax, x(0) = xo
for the given matrix A and vector xg, and sketch the phase portrait of the GS of the
system.
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() ) (21 =)

8 4= (;} ;,) 0= ((1)> 4 4= (gﬁ 5}2)’ (?)

5 A= (5(/)2 _1é2>’ X0 = (?) 6 A= (15/22 _421) > X0 = (_é)

In 7-10, use the eigenvalue-eigenvector method to solve the IVP x’ = Ax, x(0) = xo
for the given matrix A and vector xg.

Xy =
Xp =

1-2 2 3 1 0-2 3

7 A=(2-4 6|, xo=[2]. 8 A=[|-1 3 4|, xo=[ 2
1-2 3 0 1-2-3 —1
101 0 3 2-2 —1

9 A= 1-1-2], xo=[ 3], 10A4=[-1 2 1], xo=| 2].
-1 0 1 —1 110 0

Answers to Odd-Numbered Exercises

1 x0= (Soon—ammn) 3 X0= (e )

4 —cost —sint

_ [ 2cos(t/2) = 3sin(t/2) ) , = !
5 x(t) = ( cos(t/2) + 8sin(t/2) e 7 X = ? :Sirsll?t
—elsint
9 x(t) = [2et+etcost
—el cost

7.4.3 Repeated Eigenvalues

If all the eigenvalues of the coefficient matrix A are non-deficient, then the GS of system
(7.17) is written, as before, in the form

x(t) = eixW (@) + -+ enx™(t) = ervWemt .o 4 e, vMemt (7.20)

where the eigenvalues are repeated according to algebraic multiplicity and vV, ... v(®)
are linearly independent basis eigenvectors associated with the eigenvalues.

7.49 Example. Consider the system

) =—2x1 — 2wy + 223, 21(0)=0,
xh = —4dxq + 23, x2(0)=4,
xh = —8x1 —4we + 6x3, x3(0)=3.
Since
2 p -2 2
det(A—rI)=| —4 —r 2 |=—r+4r? —dr=—r(r—2)>

-8 —46-r
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the eigenvalues are r; = 0 and 7o = r3 = 2. Computing the solutions of the algebraic
systems Av = 0 and (A — 2I)v = 0, respectively, we obtain the basis eigenvectors

1 1 0
vl = 1| forr= 0; v = | -1| andv® = [ 1| forr=2.
2 1 1

These eigenvectors are linearly independent, so, by (7.20), the GS of the system is

1 1 0
x(t)=c1 |1]+c2|—1 X teg 1] e
2 1 1

Applying the ICs, we find that ¢; = 1, co = —1, and ¢3 = 2; hence, the solution of the
given IVP is

1 1 0 1—e?
xt)= (1] = [-1])e+2|1]e* =[1+3e*
2 1 1 2+ e?

VERIFICATION WITH MATHEMATICA® . The input

{x1,x2,x3}={1-E"(2*t), 1 +3xE"(2*t), 2 + EN(2xt)};
{{D[x1,t] +2*x1 +2%x2 - 2*x3,D[x2,t] +4*xl - 2%x3,
D[x3,t] + 8%x1 +4xx2 - 6xx3}, {x1,x2,x3}/.t— 0}

generates the output {{0, 0, 0}, {0, 4, 3}}. =m

7.50 Remark. In the case of deficient eigenvalues, we do not have enough basis eigen-
vectors for a full FSS and must construct the missing solutions in some other way.
Suppose that the coefficient matrix A has a double eigenvalue ¢y with deficiency 1, and
let v be a (single) basis eigenvector associated with rg; that is, Av = rgv. This yields
the solution x()(t) = ver! for system (7.17). By analogy with the case of a double
root of the characteristic equation for a DE, we seek a second solution of the system of

the form
x = (u+vt)e™, (7.21)

where u is a constant column vector. Then
x' = [v+ro(u+ vt)e™,
which, replaced in (7.17), leads to the equality
(v +rou+rovt)e™ = A((u+ vt)e™!) = (Au + Avt)e™?.
Since Av = rgv, this reduces to
(v +rou)e™! = Aue™".

Equating the coefficients of e on both sides and writing rou = rolu, we see that u
satisfies the algebraic system
(A=roHu=wv. (7.22)

We notice that the left-hand side of this system is the same as that of the system
satisfied by v. The vector u is called a generalized eigenvector. m
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7.51 Example. For the system in the IVP

) =—3x1 — 22, 21(0)=0,
xh = %.’,El*%xz, 22(0) =2
we have
1, 1
det(A—rl)=| 2, 32 | =r42r+1=(r+1)>
3 TaoT

which yields the eigenvalues 1 = ro = —1. The algebraic system (A + I)v = 0 reduces
to the single equation x; — x93 = 0, so we obtain only one basis eigenvector, namely

(1
v=1_1)
which generates the solution

x(l)(t) =ve = (}) et

Writing out (7.22), we see that it reduces to the single equation

1 1
5’11,1—5’11,2:1.

Since we need only one such vector u, we can choose, say, us = 0 and obtain the
generalized eigenvector
" 2
=0}

x(t) = (u+ vt)et = (2 N t) e,

Then the solution (7.21) is

The Wronskian of x(!) and x computed at t = 0 is

Wix®, x2](0) =

1 2
R

0

so, by Remark 7.21(i), x(") and x(?) are linearly independent. Therefore, the GS of our
system is

X(t) _ Clx(l) (t) + CQX(2) (t) —c <1> et 4 ¢y <2 ;l* t) ot — <Cl + 62(2 + t)) et

c1 + cot

Given that e~? decays to zero much faster than ¢ increases to infinity, the point
(x1,x2) approaches the origin asymptotically on each trajectory. Also, rewriting the

GS in the form
1 2
x(t) = (c1 + cat) (1) e+ (0) e !

we note that the first term is the dominant one when ¢ increases without bound in ab-
solute value, so all trajectories are asymptotically parallel to the eigenline (x1 — 25 = 0)
both as t -+ —oo and as t — oo.
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A few trajectories of the system and the direction of motion on them are shown in
Fig. 7.5.

Fig. 7.5

The equilibrium solution x = 0 is asymptotically stable, and the origin is called a
stable degenerate node. If the (repeated) eigenvalue were positive, we would have an
unstable degenerate node, with the trajectories looking just as in Fig. 7.5 but with the
direction of motion on them away from the origin.

Using the ICs, we now find that ¢; = 2 and ¢; = —1, so the solution of the IVP is

w=a() e () = () e

VERIFICATION WITH MATHEMATICA® . The input

{x1,x2}={-t*E"(-t), (2 - t) *xE"(-t) };
{{D[x1,t] + (1/2) *x1 + (1/2) *x2,DI[x2,t] - (1/2) *x1 + (3/2) xx2},
{x1,x2}/.t— 0}

generates the output {{0, 0}, {0, 2}}. =m

7.52 Remark. The various cases occurring in the discussion of the nature of the origin
as an equilibrium solution are summarized in Table 7.1. =

Table 7.1
Nature of eigenvalues Nature of equilibrium solution x =0
Opposite signs Saddle point (unstable)
Both negative (Asymptotically) stable node
Both positive Unstable node
Equal and negative (Asymptotically) stable degenerate node
Equal and positive Unstable degenerate node
Complex conjugate, zero real part Center (stable)

Complex conjugate, negative real part  (Asymptotically) stable spiral point

Complex conjugate, positive real part  Unstable spiral point
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7.53 Remark. In the case of a system that consists of at least three DEs, the method
for computing a generalized eigenvector needs to be modified slightly if there is more
than one basis eigenvector for a deficient eigenvalue. Again, suppose that the coefficient
matrix A has an eigenvalue 1y with deficiency 1 but two associated basis eigenvectors
v and v(?) | which give rise to the solutions x(1)(t) = v(Demot and x(3)(t) = v(2erot
for (7.17). We seek a third solution of that system in the form

x(t) = [u+ (a1v® + agv®)t]ero?, (7.23)
where a; and as are nonzero constants chosen later in the procedure to ensure compu-
tational consistency. Then x' = {a;v(Y) +aav® +ro[u+ (a; v +agv@)t]}erot | which,
replaced in (7.17), yields

[alv(l) +asv® 4 rou + arrov it + agrov(z)t]emt
= Alu+ (a1v + aav®)t]et = [Au + a1 AvVt 4+ ap AvPt]emot,
Recalling that Av() = rov(D) and Av(® = rov(?)| canceling the like terms, writing
rou = rolu, and equating the coefficients of ™! on both sides, we conclude that the
generalized eigenvector u is a solution of the algebraic system

_ — gv® )
0 = . .
(A—roDu=a;v'’ +agv'®. n (7.24)

7.54 Example. For the system

x) = —2x1 — Y29, x1(0) = —1,
xh= a1 +4xo, 22(0) =1,
xg: r1 + 3ZE2+ZE3, $3(O) =2
we have
—2-r =9 0
det(A—rD)=| 1 4—r 0 |=0-7)(*=2r+1)=(1-7)>,
1 3 1—7r

so the eigenvalues of the matrix A are r; = ro = r3 = 1. Since the algebraic system
(A —T)v = 0 reduces to the single equation vy + 3vy = 0, it follows that vs is arbitrary
and that, consequently, two (linearly independent) basis eigenvectors are

-3

0
v = 1], v =10
0 1

In this case, (7.24) with ro = 1 yields the three equations

—3U1 — QUQ = —3&1,
uy + 3ug = az,
u1 + 3us = as,

which are consistent if a; = a2. We notice that us remains arbitrary. Setting, say,
a1 = as = 1 and us = ug = 0, we obtain the generalized eigenvector

1
u= 1,0
0
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Hence, using the eigenvectors, u, and (7.23), we construct the three solutions

- 0
xW(t) = vlet = 1]et, x@@)=v@et = (0] ¢,
0 1
1-3t
x® () = [u+ (v + v)tlet = t e.
t

Since the Wronskian of these solutions at t = 0 is

-3 0 1
WM, x@ x®j0)=| 1 0 0|=1%#0,
01 0

from Remark 7.21(i) it follows that they are linearly independent, so the GS of our
system is

—3c1 + 03(1 — 3t)
x(t) = e;xM () + eax@ () + esx®(t) = 1+ et et.
Co + Cgt

Applying the ICs leads to the values ¢; = 1, ¢o = 2, and ¢ = 2, which means that the
solution of the given IVP is
—1—-6¢
x(t) = 1+2t] €.
2+ 2t

VERIFICATION WITH MATHEMATICA® . The input
{x1,%x2,x3}={(-1-6x%t)*E"t, (L+2xt)*E , (2 +2%t)xE"t};
{{D[x1,t] +2xx1 + 9%x2,D[x2,t] - x1 - 4xx2,

D[x3,t] - x1 - 3%xx2 - x3}, {x1,%x2,x3}/.t— 0}

generates the output {{0, 0, 0}, {-1, 1, 2}}. =

7.55 Remark. If the deficiency of an eigenvalue is m > 1, we need to construct a
chain of m generalized eigenvectors to have a full FSS for the homogeneous system
(7.17). For definiteness, suppose that the coefficient matrix A has an eigenvalue ¢ with
deficiency 2 and one basis eigenvector v, which gives rise to a solution x(M) () = ve’!. As
in Remark 7.50, we can use (7.21) and (7.22) to produce a first generalized eigenvector
u and, thus, a second solution x(?). To obtain a third solution of (7.17), we seek it in
the form

x(t) = (w+ut + § vt*)e™, (7.25)
where w is a second generalized eigenvector. Then, replacing x in (7.17) and recalling

that Av = rgv and Au = rgu + v, we easily find that w is a solution of the algebraic
system

(A—rp)w=u. m (7.26)

7.56 Example. Consider the system

x) = x — ma+ 2x3, 21(0) =6,
17/2 = 6x1 — 4$2 + 5:173, xz(O) = 3,

xh =2x; — X2, x3(0) = —5.
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Here we have

1—r -1 2
det(A—rl)=| 6 —4—1r 5|=(-1-7)*+2r+1)=—(r+1)>
2 -1 -—r

so the eigenvalues are 11 = ro = r3 = —1. Solving the algebraic system (A4 + I)v = 0,
we find that this triple eigenvalue has geometric multiplicity 1, and we choose the
associated basis eigenvector
1
v=12
0

By (7.22), the first generalized eigenvector, u, satisfies (A + I)u = v. On components,
this is equivalent to

2u1 — uo + 2uz =1,

6u; — 3us + dugz = 2,

2u1 — uo + wugz =0,
which Gaussian elimination reduces to the equations 2u; — us + 2ug = 1 and uz = 1.
Since one of u; and us may be chosen arbitrarily, we take, say, u; = 0, and obtain

0

Then, by (7.26),
2wy — wo + 2wz =0,
6wy — 3ws + dSws =1,
21 — wo + wz = 1.

Applying Gaussian elimination once more, we reduce this system to the pair of equations

2w —we+2ws = 0 and ws = —1, and, with the choice wo = 0, get the second generalized
eigenvector
1
W = 0
-1

According to (7.21) and (7.25), we can now construct for the system the three solutions

1 t
xMt)y=vet=[2]e?, xP@t)=(u+vt)et=[1+2t]e,
0 1
1+ 442
x3 ()= (wrut+ivi)e = | t+¢2 |e
-1+
Since their Wronskian at ¢ =0 is
1 01
Wx®, x® x®)j0)=1[2 1 0]|=1#0,
0 1-1
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from Remarks 7.39 and 7.21(ii) it follows that they are linearly independent, so the GS
of the system is

C1 + 02t+ 03(1 + %tQ)
x(t) = arxP (@) + coxP (1) + esx® () = | 2¢1 + co(1 + 2t) + es(t +12) | et
co + Cg(t — 1)

To compute the solution of the given IVP, we apply the ICs and find that ¢; = 2,
co = —1, and c¢3 = 4; hence,

202 —t+6
x(t)= |42 +2t+3 | e "
4t —5

VERIFICATION WITH MATHEMATICA® . The input

{x1,x2,x3}={(2%t"2 - t + 6) *xE"(-t), (4*t"2 + 2xt + 3) *xE"(-t),
(4%t - 5) xEN(-t) };

{{DIx1,t] - x1 +%x2 - 2%%x3,D[x2,t] - 64x1 + 4%xx2 - 5%x%3,
D[x3,t] - 2xx1 + x2}, {x1,x2,x3}/.t— 0}

generates the output {{0, 0, 0}, {6, 3, —=5}}. =m

Exercises

In 1-6, use the eigenvalue—eigenvector method to solve the IVP x’ = Ax, x(0) = x, for
the given matrix A and vector xg, and sketch the phase portrait of the general solution
of the system.

i (e 2 a0 o)
(e () e () ()
a1 e () e a7 ()

In 7-16, use the eigenvalue—eigenvector method to solve the IVP x’ = Ax, x(0) = xg
for the given matrix A and vector xg.

2-1-1 2 0-1-1 4
7 A=(1 0-1], xo={0 8 A=|-1 0 1|, xo=[4
1-1 0 3 1-1-2 1
2-3-3 4 1/4—1/4 1/2 2
9 A=[-3 2 3|, xo=[-1| 10 A=[ 1/4-1/4 1/2], x0=[4].
3-3-4 3 —1/4 1/4-1/2 0
—2-3 4 5 1-1-2 4
11 A= 1 2-2]|, xo=[-2] 12 A=(1-2-1], xo={3
—1-1 2 1 0 1-1 0
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—2 1-3 1 31 1 1
13 A= 2-3 6|, xo=[ 3| 14 A=[-6-2-3]|, xo={ 2]
1-1 2 1 2 1 2 -3
-2 5 6 1 -3 2-3 2
15 A=[-1 2 2|, xo=[ 1| 16 A=[-1 0-2]|, xo=[-2].
1 2 3 1 1-1 0 -2

Answers to Odd-Numbered Exercises

1 x(t) = (1 ‘”%) et 3 x(t) = (EJ) et/s.

—9t L+e

5 x(t)= ( B Bt) e 2t 7T x(t)=|1-¢

1+ 2¢t

2e~t + 2¢% 44 (1—1t)e

9 x(t)=| e t—2e* |. 11 x(t) = (t —2)et
et + 2¢e% 2 —¢t
t—1 1— 4t —2t2

13 x(t)=[3-2t| et 15 x(t)= 1—2t et.

1—t —1—-t—1

7.5 Other Features of Homogeneous Linear Systems

Fundamental matrices. Consider the general homogeneous linear system (7.13);
that is,
x' = A(t)x, (7.27)

let x(M, ... x(" be an FSS for it, and construct the matrix
X(t) = (xM) ... x™(@)),
whose columns are the components of the vector functions x™1), ... x(").

7.57 Definition. The matrix function X is called a fundamental matriz for system
(7.27). m

7.58 Remarks. (i) Obviously, there are infinitely many fundamental matrices for any
given system.

(ii) Since each column of a fundamental matrix X is a solution of (7.27), it follows that
X satisfies the matrix equation X' = AX.

(iii) A fundamental matrix X allows us to construct an alternative form of the solution
of an IVP for system (7.27). Let ¢ be a column vector of constant components

c1,...,Cy. Denoting by :vl(-j) the ith component of x(9), we can write the GS of
(7.27) as
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(1) (n)

Ty T
x:clx(1)+~~+cnx("):cl 4o,
x(l) xgln)
Vot el AR e
= 5 = | = xe. (7.28)
o) 4 el 20 2 e,

The columns of X (t) are linearly independent vector functions, so, according to
Definition 7.19, there is at least one point ¢ where det(X (t)) # 0 and where, therefore,
X (t) is invertible. If we are also given an IC of the form x(tg) = xo, where xq is a
prescribed constant vector and ¢y is such that det(X (t9)) # 0, then, in view of (7.28),
we have X (tg)c = xp, from which ¢ = X ~1(#y)xo. Replacing in (7.28), we conclude that
the solution of the IVP is

x(t) = X (t)( X (to)xo) = (X (1) X (tg))x0. m (7.29)
7.59 Example. The IVP

) =3z +4xo, x1(0) =2,
xh = 3wy + 222, x2(0) =5

was discussed in Example 7.41, where we constructed for it the two linearly independent

solutions
xD(t) = (1) et xP() = (g) St

Using these solutions, we have

X0 = 0 x20) = (T o).

fay

e

N—

|
/\‘
— =
[SUIEN
N\

|

—_

—

o

N—

I

|
=~
[S[EEENTIN
~—

SO

xx 0= (" o) (

hence, by (7.29) with o = 0, the solution of the given IVP is
_ 1/ 3e !4 4e —de ! + 4ebt\ (2 —2e~t + 4e8t
1 _ 2 =
(X(t)X (0))X0 - 7 (_3et + 366t 4eft + 3€6t 5 2eft + 3€6t )

confirming the earlier result. m

= w
RN N

L[ Bemt 4468 —demt 4 4e80
T 7\ =3¢t 436t det 4 3¢5t )

Exponential matrixz. As mentioned at the beginning of Sect. 7.4, the solution of the
scalar IVP 2/ = ax, z(0) = z0, a = const, is = zge®. It can be shown that a similar
formula exists for the solution of the corresponding IVP in the case of systems of the
form
x' = Ax, (7.30)
x(0) = xo, (7.31)
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where A is a constant n X n matrix. To construct this formula, we need a definition
for e, which can easily be formulated if we make use of series expansions. The Taylor
series

— 1 1 1

at __ = ongn il a2 ..
e fzn!at—1+1!at+2!at+ (7.32)

n=0
is convergent for any real values of a and t¢. Since the power A™ of an n x n matrix A
can be computed for any positive integer n (by multiplying A by itself n times) and the
result is always an n x n matrix, it follows that the right-hand side in (7.32) remains
meaningful if @ is replaced by A, and we write formally

1 1 1
At nyn _ 242 4 ...
e *E n'Ath+1!At+2!At+ ) (7.33)

n=0

where we have set AY = I. It turns out that, just like (7.32), series (7.33) converges for
any constant n X n matrix A and any value of ¢. Its sum, which we have denoted by
et is referred to as an exponential matri.

7.60 Remark. The matrix function e“* has many of the properties of the scalar expo-
nential function e®*. Thus,
(i) €’ = I, where 0 is the zero matrix;
(ii) If AB = BA, then e8B! = cAteBt,
(iii) ()" = Aet = eAtA.
These properties are proved directly from definition (7.33). m

7.61 Remarks. (i) The vector function x(t) = e“*x is the solution of the IVP (7.30),
(7.31) since, by properties (i) and (iii) in Remark 7.60,

x'(t) = Aetxy = Ax(t), x(0) = Ixp = xo.

But the same solution is also given by (7.29), so

where X is any fundamental matrix for the system.
(ii) If the ICs are given at ¢ = to, then it is easily verified that the solution of the
new IVP is
x(t) = A% m

7.62 Example. As can be seen from the solution of Example 7.59 in conjunction with
Remark 7.61(i), for the matrix
3 4
= 2

_ 1 et 4+ 4e8t —de~t + 45
At _ Ty &
e =X()X(0) = 7 <3€t 43¢0t et 4+ 36t L

Diagonalization. The IVP (7.30), (7.31) would be much easier to solve if the equa-
tions of the system were decoupled; that is, if they were individual (first-order) DEs
for each of the unknown components of the vector function x. As it happens, there
is a procedure that, under certain conditions, allows us to reduce the problem to an
equivalent one of just this form.

we have
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Let rq,...,7, be the (real) eigenvalues of A (some may be repeated according
to multiplicity), and suppose that there are n linearly independent basis eigenvec-
tors v(D ..., v(™ associated with them. In the usual notation, consider the matrix
V = (vD ... v(") whose columns consist of the components of these eigenvectors.
Then

AV = (AvWD AV = (pv@® e v
(1) (n) o 0

iV ... TRl Sy ...
=l o= =R
7’1'07(11) . rnv,(Ln) v,(}) . 'Ufl") 0...m
where R is the n x n matrix with r1,...,7, on its leading diagonal and zeros else-

where. Since the eigenvectors are linearly independent, from Theorem 7.16 it follows
that det V' # 0, so V is invertible. Multiplying the above equality by V~! on the left
yields

R=V"1AV. (7.34)

If we now make the substitution
x=Vy (7.35)

in (7.30) and (7.31), we arrive at the equalities Vy’ = AVy and Vy(0) = xo, which, on
multiplication on the left by V= and in view of (7.34), reduce to

y' = (V" 'AV)y = Ry, (7.36)
y(0) =V~ xq. (7.37)
The equations in (7.36) are y§ = ™Y1, - -, Y, = TnYn. Solving each of them with its

appropriate IC supplied by (7.37), we then use (7.35) to obtain the solution x of the
IVP (7.30), (7.31).

7.63 Example. The IVP

x) = 3z +4xe, 1(0)
xh = 3x1 + 229, 2(0)

2,
)

was solved in Example 7.41 (see also Example 7.59). Using the eigenvalues and eigen-
vectors of its associated matrix A, we have

(-1 4 L 1(-3 4 (-1 0
-3 v () (00

Thus, the decoupled IVP (7.36), (7.37) is

yiy _ (-1 0\ (m yi(0)) _ 1 /=3 4\ (2)_ (2
Yy 0 6/ \ya)’ \we(0)) 7\ 1 1)\5 1)
or, explicitly,
vy =y, w(0) =2,
Yo = 6y2, 92(0) = 1.

Solving these two individual scalar IVPs, we find that y; () = 2e~* and ya(t) = €%, so,

by (7.35), the solution of the original IVP is
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—1 4\ [2e7? —2e7t 4 45t
X(t) = 1 3 eﬁt = 2€—t + 3e6t )

confirming the earlier result. m

Exercises

In 1-10, compute the exponential matrix e for the IVP x’ = Ax, x(0) = x¢ with the
given matrix A and vector xg, and use it to solve the IVP.

i (3 () 2 ()=o)
R A SR

(-3 1 e _(-5/3 -4 1

5 A_(ll), xo_( 0). 6 A_< . ( 1).
—4 12 -6 0 5—4 4 1

7 A=| 1 -3 1|, xo=|1]. 8 A=[-1 . xo=| 1]
6-18 8 1 -3 3 3 -2

—2-2 1 1 2 1-1 ~1

9 A=| 1 1-1|, x9=|{0 10 A= —2—1 1], xo=| 1
1 20 2 0-1 1 0

In 11-16, use the diagonalization method to solve the IVP x’ = Ax, x(0) = x( with
the given matrix A and vector xg.

11 A_(_g_é), xo(_f). 12 A<§__1$>, xo(;>.

o a=(yp ) ==(a) 4= (5 1) =)
4
5

. —1/2 —1/2 _ (0 (=
Answers to Odd-Numbered Exercises

et t —t t —t t
— +2e' —2e "+ 2e —4e " + 2e
1 et = ( —t ot 9e—t _ ¢t > , x(t) = < de—t _ ¢t >

cost  —2sint ¢, x(t) = —2cost — 2sint ot
(1/2)sint  cost ’ o cost —sint ’

“=(
i (—t m) x<t>(t;1>

3— 2€2t —6 + 6e%t 3 — 32 —3 4 32t
1 —e” —2+43e”t 1—et , x(t)=| —1+2et
e v+ 2e2t et — Ge2t —2e~t 4 32t de—t — 32t
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2¢ t —cost + 2sint
9 x(t)=|—et+cost—2sint |. 11 x(t)<
2cost 4+ sint

13 x(t) = <f€;/;+_i22i> 15 x(t) = <cos<t/;;rl+(ts/ii)(t/2))'

7.6 Nonhomogeneous Linear Systems

36_2t _ €2t
—3e72t 4 22t )"

Owing to its linear nature, it is easy to see that, as in the case of single nonhomogeneous
linear DEs, the GS x of a system of the form

x' = A(t)x + £(t) (7.38)

is written as the sum of the complementary (vector) function x. (the GS of the associ-
ated homogeneous system) and a particular solution x,, of the nonhomogeneous system;
that is,

x(t) = xc(t) + x,(t). (7.39)

Since we have shown how x. is computed, we now turn our attention to methods for
finding x,, in the case of systems (7.38) with constant coefficients.

7.64 Remark. It is important to stress that any IC attached to (7.38), say,
x(to) = Xo, (7.40)

must be applied to the full GS (7.39) and not to x.. m

Diagonalization. This technique, described in Sect. 7.5 for the homogeneous case,
carries over to nonhomogeneous systems with the obvious modifications. Once again, we

assume that there are n linearly independent eigenvectors vV, ..., v(") associated with
the (real) eigenvalues rq,...,r, of the (constant) matrix A, and construct the matrix
V =(v® ... v(®). Then, making the substitution x = V'y in (7.38) and (7.40), we
arrive at the equivalent decoupled IVP
y =Ry +V'f, (7.41)
y(to) =V~ 'xq, (7.42)

where R is the diagonal matrix of the eigenvalues defined earlier (see also (7.34)).
7.65 Example. Consider the IVP

x’lzgler%ngl, x1(0)

xé:%$1+§$2+9t710, 1172(0)

2,
O.

The corresponding homogeneous system was discussed in Example 7.43, where it was
shown that the eigenvalues and basis eigenvectors of the matrix A are, respectively,
r1 =1 and ro = 3 and

SO
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Therefore, the decoupled IVP (7.41), (7.42) is
viy (1 0\ (wn n 1/-1 1 -1
ys)  \0 3)\y2) "3\ 2 1)\9t-10)"
y1(0)\ l -1 1 2
y200)) 3\ 2 1)\5)’

or, on components,
=y +3t-3, 1n(0)=1,
Yp = 3y2 +3t —4, y2(0) =3.
Using, for example, the method of undetermined coefficients, we find that the solutions

of these two individual scalar IVPs are y;(t) = e' — 3t and ya(t) = 2¢3* + 1 — t. Hence,
the solution of the given IVP is

-1 1 et — 3t —et +2e3t +2t 41
xm_vﬂ“‘( 2 1) <2e3t+1—t)<2ef+2e3t—7t+1 '

VERIFICATION WITH MATHEMATICA®. The input

{x1,x2}={-E"t + 2+%EM(3%t) + 2xt + 1, 2*«E"t + 2«E" (3 xt)
- 7xt + 1};

{{DIx1,t] - (7/3) *x1 - (2/3) *x2 +1,D[x2,t] - (4/3) *x1
- (5/3) *xx2 - 9%t + 10}, {x1,x2}/.t— 0}

generates the output {{0, 0}, {2, 5}}. =m

Undetermined coefficients. In essence, this method works in the same way as for
single DEs, with some adjustments, one of which is illustrated below.

7.66 Example. In the IVP

oy =Toy+ 200 -9t +17, z,(0) =7,

xéz%xl—i—%xg—l, x2(0) =5,
the matrix A is the same as that of the system in Example 7.65. Therefore, using its

eigenvalues and eigenvectors already computed there, we obtain the complementary
function

x.(t) = crvPemt 4 cov@eret — ¢ (;) et + ¢y <1) et

Since the nonhomogeneous term

f(t) = <_g> t+ (ED

is a first-degree polynomial in ¢ with constant vector coefficients and 0 is not an eigen-
value of A, we seek (see Theorem 4.47) a particular solution of the form x, = at + b,
where a and b are constant vectors. Replacing in the system, we arrive at the equality
a = A(at+b) +f, from which, equating the coefficients of ¢ and the constant terms on
both sides, we find that

-9 17
e (2) =0z (1)

It is easily seen that A is invertible and that
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1 5 —2
-1 _ .
e ()

hence,

SO

Then the GS of the system is

x(t) = ¢ (;) e +co G) et + (gtﬁ) .

Applying the ICs, we now find that ¢; = 1 and ¢y = 0, which means that the solution

of the IVP is .
(-1 L (5t—6\  [—et+5t—6
X(t)< 2)6 +<3—4t><2et+3—4t>'

VERIFICATION WITH MATHEMATICA® . The input

{x1,x2}={-E" +5%xt - 6, 2%E "t +3 - 4xt};
{{DIx1,t] - (7/3) *x1 - (2/3) *x2 + 9%t - 17, D[x2,t] - (4/3) *x1
- (5/3) *x2 + 1}, {x1,x2}/.t— 0}

generates the output {{0, 0}, {-7,5}}. =

7.67 Example. Consider the IVP

7 2
$/1:§$1+§$2—5€t, $(0)

4

1 17
x’2:§x1+%x278et, x2(0) = 4.

The matrix A is the same as that in the preceding example, so the complementary
function x. is unchanged:

x.(t) = crvPemt 4 cov@eret — ¢ (;) et + ¢y <1) et

We notice that the exponential function e’ in the nonhomogeneous terms also occurs
in x., and that the eigenvalue r = 1 has algebraic multiplicity 1. In the case of a single
DE, for a characteristic root » = 1 of multiplicity 1 and a similar nonhomogeneous
term, it would suffice to try a PS of the form ate’, a = const. For a system, however,
the corresponding form ate?, where a is a constant vector, does not work. Instead, here
we need to try

x,(t) = (at +b)e’,

where a and b are constant vectors of components ay, as and by, by, respectively. Sub-
stituting in (7.38) and denoting the column vector of components —5, —8 by q, we
have

ae' + (at + b)e’ = A(at + b)e’ + qe’.
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The functions te! and e’ are linearly independent (see Sect. 4.4.2), so from Theorem 4.16
it follows that we can match their coefficients on both sides and arrive at the algebraic
system

a = Aa,

a+b=A4b+q,
or, what is the same,

(A—-Ta=0,

(A-I)b=a—-q

The first equality shows that a is an eigenvector of A associated with the eigenvalue
r =1, so its components are a; = —p and as = 2p for some number p. Then the second
equality yields the pair of equations

%bl—l—%bg =a1+5=—-p+5,

%b1+%b2 :a2+8:2p+8,
which are consistent if and only if —p + 5 = 2p 4+ 8; that is, p = —1. In
this case, a3 = 1 and ag = —2, and the above system reduces to the single equation

2b1 + by = 9. If we choose, say, by = 4 and by = 1, then the GS of the given nonhomo-
geneous system can be written as

x(t) = xc(t) + x,(t) = 1 (;) e +co G) e+ { (;) t+ (f) }et.

Applying the ICs, we find that ¢; = 2 and c¢o = —1, so the solution of the IVP is

o= (- [ (b= (47272)

VERIFICATION WITH MATHEMATICA® . The input

{x1,x2}={(t +2) *xE"t - EN(3*t), (5-2%t)*E "t - EMN(3xt)};
{{DIx1,t] - (7/3) *x1 - (2/3) *x2 + 5%E"t, D[x2,t] - (4/3) *x1
- (5/3) xx2 + 8xE t}, {x1,x2}/.t— 0}

generates the output {{0, 0}, {1, 4}}. =m

7.68 Remark. Just as in the case of single DEs, if the nonhomogeneous term f is a sum
of several terms, then, by the principle of superposition (formulated for nonhomogeneous
linear systems), x, is the sum of the individual PSs computed for each of those terms. m

7.69 Example. Suppose that the eigenvalues of the 2 x 2 coefficient matrix A are ry = 1
and ro = —1, and that the nonhomogeneous term is

2t — 3 — 4et
£() = (1 + 262 — 5et) '
This term is a linear combination of a first degree polynomial and the exponential
functions e?, e?, and e~*, with constant vector coefficients. Since 0 and 2 are not

eigenvalues of A and both 1 and —1 are eigenvalues of algebraic multiplicity 1, we seek
a PS of the form

x,(t) = at + b+ (ct + d)e’ + ee?’ + (gt + h)e ™",

where a, b, ¢, d, e, g, and h are constant vectors. m
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Variation of parameters. Consider the homogeneous system x’ = Ax in an open
interval J, and let x(*) and x() be two solutions of this system such that x(!)(¢) and
x(2)(t) are linearly independent for all ¢ in J. According to (7.27), the complementary
function for the nonhomogeneous system (7.38) is then written in the form

where c is an arbitrary constant vector and X = (x(l) x(2)). By analogy with the case
of a single DE, we seek a PS of (7.38) of the form

x,(t) = X (t)u(t), (7.43)
where u is a vector function to be determined. Replacing in the system, we find that
X'u+ Xu' = A(Xu) +f = (AX)u+f.
As noted in Remark 7.58(i), we have X’ = AX, so the above equality reduces to
Xu' =f. (7.44)

The linear independence of the columns of X also implies that det X (¢) # 0 for all
admissible ¢. Consequently, X (¢) is invertible, and we can multiply both sides of (7.44)
on the left by X ~1(¢) to obtain

u'(t) = X H()F(t). (7.45)

Hence, a PS of the nonhomogeneous system is given by (7.43) with u computed by
integration from (7.45).

7.70 Example. The IVP

7 2
$/1:§$1+§$2—5€t, $(0)

L,
4

1
/4 5 t
rh =321+ 522 — 8, 12(0)

was discussed in Example 7.67. From the eigenvalues and eigenvectors used there, we
can construct the fundamental matrix

et ot
X(t)= {v(l)et v(2)e3t} = <2€t 3t) .

e
—e bt et —5et

(26315 63t) ’ f<t) - (8615) )
iy L [—eTt et —5e'\ [ -1

u'(t) = 3\ 2e3t 3t _get) =\ _ge—2t )"

Integrating (and setting the integration constant equal to zero since we need only one

PS), we find that
—t
U.(t) = (36215) )

Then

so, by (7.45),

hence, by (7.43),
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—et 3t —t t+3)\ ,
(1) = 9et ) (3e2) = \3-2t)

Consequently, the GS of the nonhomogeneous system (with the complementary function
X, as mentioned in Example 7.67) is

X(t) +x,(t) = 1 <;> e’ +co (1) et <3tir§t) el

The constants c¢; and co, determined from the ICs, are ¢; = 1 and ¢ = —1, which
means that the solution of the given IVP is the same one we computed earlier, namely

= (3= () (120 e (S35 o

Exercises

x(t)

In 1-16, compute the solution of the IVP x’ = Ax + f(t), x(0) = x¢ with the given
matrix A, vector function f, and vector xg, by each of (a) the method of undetermined

coefficients, (b) diagonalization, and (c) variation of parameters.

()
o= (1) 0= (572) =-()
0= (1) - (18). ()
(7). 0= (215 - ()

=(ofs ) 10= (o) 2= (T5)

4 0-6

T A=1|-2 0 4|, f(t)= 4427, xo= 2
3 0-5 —5—3e? 1
1-2-1 t—1 4

8 A= 4-5-4), fO)=|t—-4], x=1[1
-6 6 6 6 1

11 A=

( (%),
0 a-(371). f(t)_<1_—7§t), xo@'
( .
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(a8 0= (). == ()

13 A= (9{}(5) _;ﬁ) £(t) = ((5/§)et) e (_3
(

—4 -2 Te 2t 72

3 1)7 f(t): (1062t)7 X0 = .
—2/3 2/3 2/3

15 A= (—1/3 1/3 —2/3), £(t) = (5e2t) ( )
2/3-2/3 1/3 4e2t
6 8-8 2t -1 3

r A:(35 6), (o - (2) xoz( 3)
1 1 0 -1 1

In 17-26, compute the solution of the IVP x' = Ax + f(¢), = xo with the given
matrix A, vector function f, and vector xg, by each of (a) he method of undetermined
coefficients and (b) variation of parameters.

m s () 10 (2l) ()
a4 0= (57 ()
o (1) 0 (o) oe (0)

20 A= (_E{2 5;12) ) = <::53:L§Z:Z) X0 <1(2))'

12 A=

14 A=

21 A:(
0 3-1
22 A= 1-2 1], f(t)=

23 A=

24 A=

(

() -(3)
25 A(i’ 4), f(t) = i’) xo(_i).

() :

26 A=

Answers to Odd-Numbered Exercises

et —1 2t — 2¢tt — 1 4 €2
1 x(t) = (et+t+2)' 3 x(t) = ( 2e~t — it 4 o2t .
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~3e 2 4 (t + )¢ 267 + ot 4 def
5 x(0)= (S a7 X0 = 2
—2e72t _ 1 4 2¢t

et 3t 2t —t
+t+2 6et + e~ + 2e
9 :( et 4t — ) 11 x(t) = (363t+62t et)'
—2et 4 2
— — et/2
13 - < (2t tl ¢! 2€t/2> 15 x(t) = 2et + 22t
—t)e! —2e —t _ 9pt 4 9p2t
17 _ 2sin(t/2) + 2¢t
— \—2cos(t/2) — 4sin(t/2) + 2 — 8e'
o2t —sint +4 42t
+et+1 .
19 = < _ _2t ) 21 x(t)=| —sint+2+¢
6t 1 +6et+1 et
~ (4cos(2t) — 2sin(2t) + 3 (At +2)et+1
23 = ( 2cos 2t) + 2 ) 25 x(t) = (—(2t+2)et —2)



Chapter 8
The Laplace Transformation

The purpose of an analytic transformation is to change a more complicated problem
into a simpler one. The Laplace transformation, which is applied chiefly with respect to
the time variable, maps an IVP onto an algebraic equation or system. Once the latter
is solved, its solution is fed into the inverse transformation to yield the solution of the
original IVP.

8.1 Definition and Basic Properties

Let f be a function of one independent variable t on the interval 0 < ¢ < oco.

8.1 Definition. The function

oo

F(s) = L{f ()} = / e f(8) dt, (8.1)

0

if it exists, is called the Laplace transform of f. The variable s of F' is called the
transformation parameter. The operation £ that produces F' from the given function f
is called the Laplace transformation. m

8.2 Remarks. (i) The right-hand side in (8.1) must be understood as an improper
integral; that is,
P

F(s) = lim [ e *'f(t)dt. (8.2)
p—00
0
(ii) It is clear from the above definition that we must distinguish between the terms
‘transformation’ and ‘transform’: the former is a mathematical operator, the latter
is a function.

(iii) In general, the transformation parameter s is a complex number, but for the dis-
cussion in this chapter it suffices to consider it real. m

We now indicate a class of functions for which the improper integral (8.1) exists.

8.3 Definition. A function f is said to be piecewise continuous on 0 < t < p if it is
continuous everywhere on this interval except at a finite number of points, where it may

C. Constanda, Differential Equations: A Primer for Scientists and Engineers, Springer 187
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have finite discontinuities. In other words, if ¢ = ¢y is a point of discontinuity for f,
then the one-sided limits f(to—) and f(to+) exist and either f(to—) = f(to+) # f(to)
or f(to—) # f(to+). m

8.4 Example. The function defined by

is continuous on the intervals 0 < ¢ < 1 and 1 < ¢ < 3. At the point of discontinuity
t =1, its one-sided limits are f(1—) = —4 and f(14) = 2, so f is piecewise continuous
on 0 <t <3 (see Fig.8.1). m

ﬂ;/////é

Fig. 8.1

8.5 Example. The function defined by

2 + 1, 0<t<l,
o= )5 —4t, 1<t<2,
f(t) )
—— 3, 2<t<3
t—2

is not piecewise continuous on 0 < ¢ < 3. Although it is continuous on each of the
intervals 0 <t < 1,1 <t <2 and 2 <t < 3, its one-sided limit f(2+) does not exist
(see Fig.8.2). m
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8.6 Theorem. If [ is piecewise continuous on 0 <t < p for any p > 0 and there are
constants M >0, k > 0, and v such that

|f(t)] < Me™ for all t > k, (8.3)

then the Laplace transform F of [ exists for all s > ~. Furthermore, F(s) — 0 as
§—>00. m

8.7 Remarks. (i) Since all the functions occurring in the rest of this chapter satisfy
the conditions of Theorem 8.6, they will not be verified explicitly. Also, to keep
the presentation simple, the constants M, k, and v in (8.3) will be mentioned (if
required) only in mathematical arguments of a general nature but not in specific
cases.

(ii) The inverse Laplace transformation is the operator £~! defined by

a+i
_ —1 _ L : / st
FO) =L7H{F(s)} =5 Jim [ e F(s)ds,
a—1if3

where o and g are real numbers. This formula involves integration in the complex
domain, which is beyond the scope of this book, so we do not use it. Instead, we
find the original function f corresponding to a transform F' by means of the table
in Appendix C.

(iii) For practical purposes, the Laplace transformation is bijective; in other words,
each admissible function has a unique transform, and each transform has a unique
inverse transform (or original).

(iv) As is easily verified, both £ and £~ are linear operators; that is, for any functions
f1 and fy whose transforms F} and F; exist for s > v, and any constants ¢; and ca,

L{cifi(t) +eafo(t)} = ar L{f1(D)} + c2L{f2(t)},
L7He Fi(s) 4 coFy(s)y = ct L7HFi(s)} + oL HFy(s)}. m

8.8 Example. By (8.2), the Laplace transform of the constant function f(t) =1 is

p
1 P 11 1
F(s)=L{1}= lim [ e *"dt= lim {—e—ﬂ = lim (- —e_ps> ==,
p—o0 S

p—o0 S 0 p—o0 \ S S
0

which exists for all s > 0. This implies that we can also write £71{1/s} = 1.
VERIFICATION WITH MATHEMATICA® . The input

F=1/s;
InverselaplaceTransform[F, s, t]

generates the output 1. m

at

8.9 Example. The transform of the function f(¢) = e, a = const, is



190 8 The Laplace Transformation

4 p
F(s) = £{e"} = lim [ e e dt = lim o (s—a)t gy
P00 p—r00
0 0

1 P 1
= lim [ e—<s—“>f} = lim [ (e—<s—“>P1)].
p—oo S—a 0 p—00 S—a

The limit on the right-hand side exists if and only if s > a (which makes the coefficient
of p negative). In this case, e~ (5=@P 5 0 as p — o0, so
1
F(s) = L{e"} = , $>a. (8.4)

s —a

at

Clearly, we can also say that, the other way around, L71{1/(s —a)} = ¢
VERIFICATION WITH MATHEMATICA® . The input

F=1/(s -a);

InverselaplaceTransform([F, s, t]

generates the output . m

8.10 Example. By the linearity of the Laplace transformation and the result in Ex-
ample 8.9,

L‘{sinh(at)}_ﬁ{%(e“teat)}%{81 _ ! }_

—a s+a

a

52 _ a2
for s > |a|. This also means that £L~1{a/(s* — a?)} = sinh(at).
VERIFICATION WITH MATHEMATICA® . The input

F=a/(s"2 - a"2);
InverselLaplaceTransform[F,s,t] //ExpToTrig// Simplify

generates the output sinh(at). m

8.11 Remark. If ¢ in formula (8.4) is a complex number—that is, a = a; + ias—then,
by Euler’s formula,

6_(S—a)P = e_(s—al)P-‘riazP = e_(s_al)peiazp
= e~ =®P[cos(agp) + i sin(azp)].

Since the factor multiplying the exponential is bounded, the left-hand side above tends
to zero as p — oo when s > a;. Consequently, formula (8.4) remains valid if a is a
complex number, and the transform of e in this case exists for s > Re(a). =

8.12 Example. From Euler’s formula applied to e and e~ ** we readily find that
cos(at) = (e’ + e~) /2. The real parts of the coefficients of ¢ in both terms are zero,
so, by (8.4) and Remark 8.11,

E{cos(at)}z%( r 1 ):SQS 5> 0.

s—ia s+ia +a?’
At the same time, we can write £={s/(s* + a?)} = cos(at).
VERIFICATION WITH MATHEMATICA® . The input

F=s/(s"2 + a"2);
InverselaplaceTransform[F, s, t]

generates the output cos(at). m
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8.13 Example. Using formulas 6-8 in Appendix C and the linearity of the Laplace
transformation, we have

L{2e73" — 5t 4 sin(4t)} = 2L{e 3"} — 5L{t} + L{sin(4t)}

2 5+ 1 >0
= - =4+ = s .
s+3 s2 52416’

VERIFICATION WITH MATHEMATICA® . The input

F=2/(s+3) -5/8"2+4/(s"2 + 16) ;
InverselaplaceTransform([F, s, t]

generates the output 23! — 5t + sin(4t). m

8.14 Example. If F(s) = 4/s3, then from formula 6 in Appendix C it follows that
f) = Fs)) = o A Sop 2L g
= s)} = S S

VERIFICATION WITH MATHEMATICA® . The input

f=2%t"2;
LaplaceTransform([f, t, s]

generates the output 4/s. m

8.15 Example. The computation of the inverse transform of F(s) = (3s+5)/(s? + 4)
requires some simple algebraic manipulation. Thus,

_ 4 [3s+5 _ 3 5
so=crrey =G = e P v )

_ap-1 $ 2 a1 2
=3 {52+22}+2£ {32+22}’

from which, by formulas 8 and 9 in Appendix C,

f(t) = 3cos(2t) + 2 sin(2t).

VERIFICATION WITH MATHEMATICA® . The input

f=3%Cos[2%*t] + (5/2) *xSin[2x*t];
LaplaceTransform[f,t,s] //Simplify

generates the output (3s +5)/(s?> +4). =

8.16 Example. Some preliminary algebraic work is also necessary to find the inverse
transform of the function F(s) = (s +7)/(2+ s — s?). Since 2+ s — 5% = (s +1)(2 — s),
we set up the partial fraction decomposition (see Sect. A.1)

s+ 7 A B 2 3

(3+1)(273)_3+1+273_3+1_572

and then use the linearity of £~! and formula 7 in Appendix C to deduce that

f(t) - El{ﬁ—72} = 2€7t - 362t.
s§— S
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VERIFICATION WITH MATHEMATICA® . The input

£=2%E"(-t) - 3xE"(2%¢t);
LaplaceTransform[f,t,s] //Simplify

generates the output (s +7)/(2+ s —s?). =

8.17 Remark. In general, L{f(t)g(t)} # L{f(t)}L{g(t)}. m

8.18 Definition. Let f and ¢ be functions defined for ¢ > 0. The function f % g
defined by

(f*g)(t) = / f(t - T)g(r)dr, >0 (8.5)
0

is called the convolution of f and g. m

8.19 Remark. It is not difficult to prove that

Ixg=gx*f;
(f*xg)xh=fx(g*h)
[r(g+h)=fxg+[xh
fx0=0x%f=0,

where 0 is the zero function. Since these properties are also satisfied by multiplica-
tion of functions, the convolution operation is sometimes referred to as the product of
convolution. m

8.20 Theorem. If the Laplace transforms Fy and Fy of fi and fo exist for s > a >0,
then

L{(fr+ f2)(O)} = L{A O f2(8)} = Fi(s)Fa(s). m
8.21 Remark. The formula in Theorem 8.20 has the equivalent alternative
LTHFi(s)Fa(s)} = (f1 * f2)(8), (8.6)
which is particularly useful in the computation of some inverse transforms. m
8.22 Example. Let F be the transform defined by

1 1 1
F(s) = A1 2Tl = Fi(s)F2(s).

Then
R

Rlt) = £ = £ g f = sine

s0, by (8.6) and integration by parts,

Ft) =L7HF(s)} = L7H{Fu(s

t

— [ £t = n)salr)ar =

0

~

Fy(s)} = (f1* f2)(t)

(t —71)sinTdr =t —sint.

o
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VERIFICATION WITH MATHEMATICA® . The input

f=t -S8in[t];
LaplaceTransform[f,t,s] //Simplify

generates the output 1/(s* + s?). m

Exercises

In 1-6, use the definition of the Laplace transformation to compute the transform F' of
the given function f.

2, 0<t<?2, 1, 0<t<1,
1®) {—1, t>2. 1®) {3, t>1.
t 0<t<l1 2 0<t<3
3 t)y=<" - ’ 4 ft)=<¢"" - ’
1®) {1, t>1. 1®) {115, t>3.
0 0<t<1 et 0<t<?
5 )=+ - ’ 6 f(t) = = ’
1®) {e2t, t>1. 1® {1, t>2.

In 7-10, use the formulas in Appendix C to compute the transform F' of the given
function f.

7 f(t)=3t—2+sin(4t). 8 f(t)=1-2t3 +5e 2
9 f(t) =3e* —2cos(3t). 10 f(t) = 2sin(nt) + 3t> — 4et/2.

In 11-24, use partial fraction decomposition and the table in Appendix C to compute
the inverse transform f of the given Laplace transform F'.

11 F(s):szi%. 12 F(s):%. 13 F(s):szir%.

14 F@):%. 15 F(s):%.

16 F(s):%. 17 F(s):%

18 F@):%. 19 F(s):i—ii. 20 F(s)zsiji—lf
21 F(s):%. 22 F(s):%.

23 F(s) = 1+2s—s? 24 F(s) = 252 + 25+ 10

§3—s24s5—1" s34+ 52 4+4s+4°

In 25-30, use the definition of convolution and the table in Appendix C to compute the
inverse transform f of the given Laplace transform F'.

4 3
s(s+4) 26 Fls) = (s=1)(s+2)
B S
(s=2)(s+3) s s+1)

25 F(s)=

27 F(s) =
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Answers to Odd-Numbered Exercises

2 — 3¢ 28 1—e % 2e~ % €633
1 F(s)= ———. 3 F(s)= — . 5 F(s)= .
(5)= " ()= - = (5) = S
3 2 4 3 2
7T Fs)=5-——-4+—5—— 9 F(s)= 5

52 s s2416 s—2 249
11 f
17 f
23 f

29 f

=e? — 1. 13 f(t) = 2e! — 3e 2. 15 f(t)=2—¢'+3e".
=1-2t+e " 19 f(t)=2—cost. 21 f(t)=2+ 3cost — sint.
t — 2cost. 25 f(t)=1—e*. 27 f(t) = e* — et

8.2 Further Properties

Below, we consider the Laplace transforms of some types of functions that occur fre-
quently in the solution of IVPs arising from certain mathematical models.

8.23 Definition. The function H defined for ¢ > 0 by

0, 0<t<a,
H(t—a):{1 Pe

)

where a = const > 0, is called the Heaviside function or (because of the look of its
graph—see Fig. 8.3) the unit step function. m

|

sP---9

Fig. 8.3

8.24 Remark. The Heaviside function can be defined on any interval, including the
entire real line. We restricted its definition to ¢ > 0 because in this chapter we are
concerned exclusively with IVPs where ¢ is nonnegative. m

8.25 Example. The Heaviside function can be used to write piecewise continuous func-
tions in a more compact form. If f is defined by

. fl(t), 0§t<a,
f(t)_{h(t), t>a,

then, in view of Definition 8.23,

f@) = [1() + [f2(t) = L) H(t = a).
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Thus, for the function in Example 8.4 we have a = 1, f1(t) =t—5, and fa(t) = 4—2¢, so
F)=t—5+(9—3)H({t—1), 0<t<3. m

8.26 Example. The other way around, a function defined with the help of the Heavi-
side function can easily be written explicitly in terms of its segments:

1, 0<t<?2 0, U=t<d,
1-Ht-2)=< " "~ " HEt-1)-H{t—-2)=41, 1<t<2,
( ){0,122, (t—1)—H(t—2) oo

s >2.m

8.27 Theorem. If f is a function that has a Laplace transform F defined for s > a > 0,
then

L{ft—a)H({t—a)} =e *F(s), s>a m (8.7)
Proof. This is computed directly from the definition:

o0 oo

L{f(t—)H((t —a)} = /e’“f(t Q) H(t— a)dt = /e’“f(t ~a)dt.

0 a

With the substitution 7 =t — a, the right-hand side now becomes

oo oo

/ e f(r)dr = e / e TH(T)dT = e F(s). m

0 0

8.28 Example. For the function (t — 2)3H (¢t — 2) we have f(t) = t> and a = 2. By
formula 6 in Appendix C, F(s) = L{f(t)} = 6/s%, so, replacing in (8.7), we find that

L{(t—2)°H(t—2)} = S%e*%.

VERIFICATION WITH MATHEMATICA® . The input

F=(6/s"4) *EN(-2%8) ;
InverselaplaceTransform[F,s,t] //Simplify

generates the output (t —2)3H(t —2). =
8.29 Example. To compute the inverse transform of e=3¢/(s? + 4), we compare this

expression to the right-hand side in (8.7) and see that a = 3 and F(s) = 1/(s* + 4).
Therefore, by formula 8 in Appendix C,

s =cren = e A= L2 e,

so, according to (8.7), the desired inverse transform is

f(t—3)H(t—3) = % sin(2(t —3))H(t — 3) = {27 sin(2(t — 3)) ?>§§< §
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VERIFICATION WITH MATHEMATICA® . The input

f=(1/2) *Sin[2% (t - 3)] *HeavisideThetal[t - 3];
LaplaceTransform[f,t,s] //Simplify

generates the output e 3°/(s? +4). m
8.30 Theorem. If f has a Laplace transform F defined for s > v > 0 and a = const,
then
L{e"f(t)} =F(s—a), s>vy+a m (8.8)
Proof. From the definition of the Laplace transformation,
E{eatf(t)} — / —st atf /e—(s a tf
0 0

and we notice that the right-hand side is the transform F' evaluated at s — a; that is,
F(s — a), defined for s — a > « or, what is the same, s > v+ a. =

8.31 Example. The Laplace transform of the function e?!cos(3t) is computed by
means of (8.8) with a = 2 and f(t) = cos(3t). By formula 9 in Appendix C,

F(s) = L{f(t)} = L{cos(3t)} = 5/(s%> +9), s0
s—2 B s—2
(s—2)2+9 s2—4s+13°

L{e* cos(3t)} =

VERIFICATION WITH MATHEMATICA® . The input

F=(s-2)/(s"2 -4xs+ 13);
InverselaplaceTransform[F,s,t] //FullSimplify

generates the output e cos(3t). m

8.32 Example. To find the inverse transform of (2s — 1)/(s? + 65 + 13), we complete
the square in the denominator and write

2s—1  2s—1  2(s+3)-7
s24+6s5+13  (s+3)2+4 (s+3)2+4
s+3 7 2

(s+3)2+22 2 (s+3)2+22
The fractions on the right-hand side are of the form Fj(s —a) and Fz(s — a), where

s 2
m, FQ(S) = 5= a=-3.

Fi(s) = s2 4227

Then, by formulas 7 and 8 in Appendix C,

f1(t) = L7HF1(s)} = cos(2t),  fa(t) = L7H{Fa(s)} = sin(2t),
so, by the linearity of £~! and (8.8) with a = —3,

=2 ¥ cos(2t) — F e sin(2t).
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VERIFICATION WITH MATHEMATICA® . The input
f=2%E"N(-3%t) «xCos[2xt] - (7/2) *xE"(-3xt) *Sin[2xt];
LaplaceTransform[f,t,s] //Simplify

generates the output (2s —1)/(s? + 65+ 13). m

8.33 Example. Consider the transform F(s) = (35> — 8s + 15)/(s® — 2s® + 55). Since

53 —25%+5s5 = s(s?>—25+5) and the second factor is an irreducible quadratic polynomial
(see Sect. A.1), partial fraction decomposition yields

352 -8s+15 A Bs+C 3 2 3 2

s(s2—2s+5) s 32723+5:;_52723+5:;_(371)2+22’
so, by formula 5 in Appendix C and (8.8),
3 2
| | —1 _ t
VERIFICATION WITH MATHEMATICA® . The input

f=3 - E't*xSin[2xt];
LaplaceTransform[f, t,s] // Together

generates the output (352 — 8s + 15)/(s% — 252 +5s). m
8.34 Theorem. If f, f', ..., f= Y are continuous on any interval 0 < t < p and

satisfy (8.3) with the same constants M, k, and v, and if ) is piecewise continuous
on 0 < t < p, then the Laplace transform of ™ exists for s >~ and

L0} = " F(s) =" F0) == 77V (0). (5.9

Proof. First we verify (8.9) in the ‘base’ case n = 1, assuming, for simplicity, that
f’ is continuous on 0 < ¢t < p for any p > 0. (If f' is only piecewise continuous,
the proof remains essentially the same, with minor modifications to accommodate the
discontinuities of f'.)

Using (8.7) and integration by parts, we see that

p—o0

L{f'(t)} plLII;o/peStf’(t) dt = lim {eStf(t)|§/pseStf(t) dt}.
0 0

Since, according to (8.3), f(p) < Me™? for p > k, it follows that if s > v, then
e Pf(p) < Me =3P 0 asp — oo.

Hence, o

LU0} = 5O +5 [ f0)dt = sF(s) - F(0), (8.10)
0
which is (8.9) for n = 1.
Under the appropriate assumptions on f”, we now have

LLFT 0} = LA @0)'} = sL{S' (1)} = 1/(0)
= s(sF(s) = [(0)) = J'(0) = s*F(s) — s/ (0) — f'(0), (8.11)

which is (8.9) for n = 2. Continuing in this fashion, after n steps we arrive at the general
formula (8.9). =
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8.35 Remark. Given that (8.9) makes use of the values of f and its derivatives at t = 0,
all the IVPs that we solve in the rest of this chapter will have their ICs prescribed at
t() =0. =

Exercises

In 1-16, use the table in Appendix C to compute the transform F' of the given function f.

1 fO)=0C—4)H({—4). 2 f(t)=sin(2(t —1))H(t—1).
3 f)=e"HEt-3). 4 ft)=>—-2t+1)H(t—1).
5 ft)=2t-1DH({t—2). 6 f(t)=(t>—8t+10)H(t - 3).
7 ft)=e€*H({t—1). 8 f(t)=cos(t—3n/2)H(t— 7).
9 f(t)=(@{t+2)et. 10 f(t)=(3t—1)e 2"
11 f(t) = (t? — 2t)e~ 12 f(t) = (2 —t + 1)et/2.
13 fH)y=[2- 3sm(2t)] : 14 f(t) = [3t — 2 + 2 cos(3t)]e*
15 f(t) = [cos(2t) — 3sin(2t)]e’ 16 f(t) = [2cos(4t) + sin(4t)]e=3!

In 17-30, use the table in Appendix C to compute the inverse transform f of the given
Laplace transform F'.

17 F(s) = ;223 es. 18 F(s) = 83; Do 19 Fs) = _32+L7r2 —s
20 F(s) = - Jlr et 21 F(s) = 3;1 e + ﬁ 22,
22 F(s)= 583—2’— 2 e 2% — Si . e 17s, 23 F(s) = —ﬁ
24 F(s) = ?53::31)?; 25 F(s) = % 26 F(s) = 2:92_;2*)3
27 F(s):%. 28 F<S):_4L924«Sk—;s2+5'
29 F(s)= G _12)2 e”s. 30 F(s)= (is_:rl:;z e 272,
Answers to Odd-Numbered Exercises
1 F(s)—sée“ls 3 F(s)zsile_‘%
5 F(s) = 33; 2% 7 Ps) = - ! e
9 F(s) = (is:él;. 11 P = ?1)3'
13 F(S):silisz—i-gs—i-ﬁ 15 F(S):%
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17 f(t)=(t—3)H({t—1). 19 f(t) = —sin(r(t—1)H(t—1).
21 f()=tH({t—1)+eH(t—-2). 23 f(t)=(2t—1)e 2.

25 f(t)=(>+t)et. 27 f(t)=e ¥?[3cos(2t) + 2sin(2t)].
29 f(t)=(t— 12" VH({-1).

8.3 Solution of IVPs for Single Equations

In view of Theorem 8.34 and Remark 8.7(iii), the Laplace transformation can be used
to good advantage in the solution of IVPs for linear DEs with constant coefficients. The
strategy comnsists in applying £ to reduce the differential problem given in the ¢-domain
to an algebraic one in the s-domain, solving the latter, and then applying £~ to find
the solution of the original problem.

8.3.1 Continuous Forcing Terms

Borrowing the terminology used in the mechanical model represented by certain second-
order equations, we refer to any nonhomogeneous terms in a DE as ‘forcing’ terms.
Homogeneous equations can also be deemed to have continuous forcing terms since
their right-hand sides are zero.

8.36 Example. Consider the IVP
y' =3y’ +2y=0, y(0)=0, y'(0)=1.

Writing Y (s) = L{y(t)} and applying (8.10) and (8.11), we transform the IVP into the
algebraic equation

[s*Y = sy(0) — /' (0)] = 3[sY — y(0)] = 2Y = 0;

that is,
(52 =35+2)Y —1=0,

with solution

1
Y = —
(s) 52 —3s54+2

To find the solution of the given IVP, we now use partial fraction decomposition and
the table in Appendix C; thus,

y(t) = L7HY (s)} = 54{@} = E_l{m}

—El{ 127 11}—€2t€t.
s — s —

VERIFICATION WITH MATHEMATICA®. The input

y=E"(2%t) - E't;
{Dly,t,t] - 3%D[y,t] +2x*y,{y,Dly,tl}/.t— 0}//Simplify
generates the output {0, {0, 1}}. m
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8.37 Remark. We notice that the coefficient of Y in the above example is the charac-
teristic polynomial associated with the given DE. This is always the case for an equation
with constant coefficients. m

8.38 Example. With the same notation and applying £ on both sides of the DE, we
change the IVP

y" + 3y =sint —3cost, y(0)=1, ¥ (0)=5
to
[s2Y — sy(0) — 4/ (0)] + 3[sY — y(0)] = L{sint} — 3L{cost},
or, with the given ICs,

1 S

2
35)Y —s—8 = -3 .
(5% + 35) s s2 41 s2+1

After simple algebra (involving partial fraction decomposition), this yields

¥(s) = 1 1-3s . g s +857— 2549
YT rss\s2+1  s(s+3)(s2+1)
A B Cs+D 3 2 1

s+s+3+s2+1 s s+3 2417

Then the solution of the IVP is

v = e ren =se il —ae{ b e

=3—2¢% —gint.

VERIFICATION WITH MATHEMATICA® . The input

y=3-2%xE"(-3%t) - Sin[t];
{Dly,t,t] +3«D[y,t] - Sin[t] + 3xCos[t], {y,Dly,tl}/.t— 0}
// Simplify

generates the output {0, {1, 5}}. m
8.39 Example. The same technique changes the IVP
y' =2y’ +5y=-5 y(0)=0, y'(0)=-3

to
[s°Y = sy(0) — y'(0)] — 2[sY — y(0)] + 5Y = —5L{1},

or, after the ICs are implemented,
9 5
(s*—25s+5)Y +3= -3

Therefore,

—35—5 A+ Bs+C 1+ 5—5
 s(s2—2s+5) s s2-25+5 s s2—25+5



8.3 Solution of IVPs for Single Equations 201

which, since s? — 25 +5 = (s — 1) + 4, can be written as

1 (s—1)—4 1 s—1 2
Y(s)= -4 o2 2 —2 .
e P Sy P A A s § S

By Theorem 8.30 with @ = 1 and formulas 5, 8, and 9 in Appendix C, we see that the
solution of the given IVP is

y(t) = L7HY(s)} = —1 + e'[cos(2t) — 2sin(2t)].

VERIFICATION WITH MATHEMATICA® . The input

y=-1+EM* (Cos[2xt] - 2*8in[2x*t]);
{Dly,t,t] - 2%D[y,t] + 5%y + 5, {y,Dly,tl}/.t— 0}//Simplify

generates the output {0, {0, —3}}. =

8.40 Example. After application of the Laplace transformation, the IVP
yv' -2 +y=2t—1, y(0)=1, y(0)=5

reduces to 9 1
2

-2 1)Y —-s5s—-3=—— -

(s s+1) s R

which, since s2 —2s + 1 = (s — 1)?, in final analysis leads to

$*+3s?—s+2 A B c D
Y$§)=——mmmm————— = — + — —
() s2(s —1)2 s 82 * s—1 + (s —1)2
3 2 2 )

s s2 s—1 (s—1)%
The formulas in Appendix C now yield
y(t) = L7HY (s)} = 3 + 2t — 2e’ + 5te! = (5t — 2)e’ + 2t + 3.

VERIFICATION WITH MATHEMATICA® . The input

y=(5%t - 2) *E"t + 2%t + 3;
{Dly,t,t] - 2%D[y,t]l +y-2xt+1,{y,Dly,tl}/.t— 0}//Simplify

generates the output {0, {1, 5}}. =m
8.41 Example. Applying L to the IVP
y" =2y" =y +29=-6, y(0)=-1, y(0)=6, y"(0)=38
and sorting out the terms, we arrive at
(s —2s* —5+2)Y +5* —8s+3 = —g,
from which

—53 4852 —3s5—6
s(s3 —2s2 —s+2)

Y(s) =
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We now use synthetic division or the symmetry of the coefficients to obtain
§3 -2 —s+2=(s—1)(s+1)(s — 2),
so, by partial fraction decomposition,

Y (s) A+ B n C " D 3+ 1 1 " 2
) = — = —— — .
S s—1 s+1 s-—2 s s—1 s4+1 s—2

Hence, the solution of the given IVP is
y(t) = L7HY ()} = =3+ ' — et + 2.

VERIFICATION WITH MATHEMATICA®. The input

y=-3+E - EN(-t) + 2%xEN(2%t) ;
{Dly,t,3] - 2%D[y,t,t] - DIy, t] +2xy +6,{y,Dly,t],DIly,t,tl}
/.t— 0}//Simplify

generates the output {0, {—1, 6, 8}}. =
8.42 Example. Consider the IVP

y' — 6y +8y=f(t), y0)=2, y(0)=1,

where f is an unspecified function with Laplace transform F. Applying £ and perform-
ing the necessary algebra, we arrive at

(s —6s+8)Y =25 — 11+ F(s).

Since 52 — 65 + 8 = (s — 2)(s — 4), partial fraction decomposition now yields

7 3 1 !
YO =y o {2(8—4) C2(s - 2)}F(S)'

The last term on the right-hand side can be written as F(s)G(s), where

SO

g(t) = L7HG(s)} = e — L e

Then, by (8.6) and (8.5), the inverse transform of that term is

LHFEGE) = (7)) = [ 6= nglr)dr

[

1 /f(t—7)(e47 — ey dr,
0

Hence, the solution of the IVP is

y(t) = LY ()} = e — Bt 4 1 /f(t _ (e — ) dr.
0
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If, say, f(t) = 8t + 2, then, integrating by parts, we have

(e*™ —2°T)[1 4+ 4(t — 7)) dr

[ V)

—

lo/f(tr)(e4fe2f)dr

o= O

et =3P i+,
and so,
YO =G = Fe g he 3o gt 1= 2~ M i,

VERIFICATION WITH MATHEMATICA® . The input

y=2*EMN(2%t) - BN (4*t) +t +1;
{Dly,t,t] - 6xD[y,t] + 8xy - 8xt -2, {y,Dly,tl}/.t— 0}
// Simplify

generates the output {0, {2, 1}}. =

Exercises

Use the Laplace transformation method to solve the given IVP.

Ly +4y' +3y= -3, y(0)=-2, y'(0)=5.
2 =3y +y=2 y(0)=7, y(0)=3.
3 Y+ ty=4 y(0)=2 y(0)=3
4 4y —4y +y=-3. y(0)=—5 y(0)=1
5 ¢y"4+y=1, y(0)=4, y'(0)=-1.
6 vy’ +4y=-8, y(0)=-1, y'(0)=4.
7y =5y + 6y =6t—5, y(0)=-3, y'(0)=-T7.
8 2/ 0y =Tt (0 =0, (0) = s
9 y' =6y +9y=24-9t, y(0)=2, y(0)=0
10 " =2y +2y=4-2t y(0)=3, y(0)=2
11 " =4y +5y =10t - 13, y(0)=1, y'(0)=3.
12 y'+4y' =3¢, y(0)=-1, y(0)=-5
13y’ +4y — 5y = —14e*, y(0)=-3, y'(0) =
14 " +8y +16y = —75¢", y(0) =1, y'(0) =11
15 9y” — 12y +4y = 50e7!, y(0) =—1, y'(0) = —2.
16 4y" —4dy'+5y =13e~", y(0)=3, y'(0)=-2.
17 4y"+8y +5y = —37e*, y(0) =5, y'(0) =3.
18 y’" +2y —8y = —2cost+9sint, y(0)=2, y'(0)=9
19 y" -2y = —12cos(2t) +4sin(2t), y(0) =4, y'(0)=0
20 9y” — 6y +y=4(3cost +4sint), y(0)=0, y'(0)=—1
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21 " + 6y + 9y = Tcos(2t) + 17sin(2t), y(0) =-3, ¢'(0) =8.
22y — 2 —3y=-3t—8—12¢, y(0)=7, ' (0)=2.

23 y" +3y —10y =30 —12e7t, y(0) = -2, ¥ (0)=6.

24 y'+4y +4y=2("-38), y(0)=-3, y(0) =1
25 y'+y =3, y(0)=2, y(0)=2

26 2" —y' —y=3¢, y(0)=2, y'(0)=-3.

27 ¢y -4y =8, y(0)=2, ¥ (0)=-8, ¥ (0)=—4

28 Y +2y" — 3y = 3, y(o) 3, ¥ (0)=6, y'(0)=-T.
29 Y -2y +y =2, y(0)=2, y(0)=2, y'(0)=5
30 y" —dy"+4y =-9¢7", y(0)=4, y'(0)=2, y'(0)=5

31 " —y' — 4y +4y =4, y(0)=0, y'(0)=5 y'(0)=-T7.
32y =3y +4y =2¢, y(0)=2, y'(0)=-2, y’(0)=3.

Answers to Odd-Numbered Exercises

y(t) =e" eBt—-1. 3 y(t) (t— 2) t44
y(t) = 3cost —sint + 1. y(t) =t — 2t — 23,
y(t) =tedt +2 —t. 11 y() e? (2cost—381nt)+2t—1
13 y(t) = et — 277 — 2¢2. 15 y(t) (2t — 3)et/3 4 2¢7 L.
17 y(t) = 2e ![sin(t/2) — 2 cos(t/2)] — e?
19 y(t) = 3 — e + 2cos(2t) + sin(2t).
21 y(t) = — cos(2t) + sin(2t). 23 y(t)=e* —e Pt +et -3
25 y(t)=3t+1+et. 27 y(t)=e 2" — 2% — 2t + 3.
29 y(t) =2+ (t —1)e! + 2. 31 y(t)=e! —2e 2t +1.

8.3.2 Piecewise Continuous Forcing Terms

The Laplace transformation method is particularly useful when the right-hand side of
the DE is a discontinuous function, since in such cases it is very difficult to find a PS
of the nonhomogeneous equation by the methods discussed in Sect. 4.5.

8.43 Example. Consider the IVP

y" +y = g(t), -
o =0, yo) =0, = {

1, 0<t<1,
0, t>1.

Noticing that g(t) = 1 — H(t — 1) and recalling Theorem 8.27 (with f(¢) = 1 and,
therefore, F'(s) = 1/s), we apply £ to every term in the equation and arrive at

[82Y — sy(0) — g (0)] + Y = (s> + 1)Y = £{1 — H(t— 1)} = % L

S
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hence,
1
Y(s)= ———(1—¢e7%).
()= s -
Since, by partial fraction decomposition,
1 A Bs+C 1 S

s(s2+1) ;Jr $2+1 s $2+1

it follows that

so, by (8.7),
1 S 1 S
)= LYYy =L -2 (-2 _e*
o=ty =c - 2 (G- w5 )
=1—cost—[1—cos(t—1)]H(t—1).
VERIFICATION WITH MATHEMATICA® . The input

y=1- Cos[t] - (1 - Cos[t - 1]) xHeavisideThetalt - 1];

{Dly,t,t] +y - 1 + HeavisideTheta[t - 1], {y,Dly,tl}/.t— 0}

// Simplify
generates the output {0, {0, 0}}. m

8.44 Example. Consider the IVP

y' +5y + 4y =g(t), (t) = 12, 1<t<2,
y(0) =0, ¢'(0)=0, )0, 0<t<1, t>2

205

The right-hand side of the DE can be written in the form g(t) = 12[H(t—1)— H(t—2)],

so, proceeding as in Example 8.43, we find that
(2 +5s+4)Y = L{H(t - 1)} — L{H(t —2)} = — (- e 2%);

therefore,
12

Yis) = s(s?+5s+4)

(e—s o 6_28).

Since s% + 55+ 4 = (s + 1)(s + 4), partial fraction decomposition gives
12 A B C 3 4 1

s(s+1)(s+4) ;+s+1+s+4ig 3+1+s+4’

from which

v =y e (3o S g e e,

so, by (8.7),

y(t) = [3 —de” 1 p e 4Dt — 1)

—[3—4e” 2 4 oD g (1 — 2).
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VERIFICATION WITH MATHEMATICA® . The input

y=(3-4%xE"(-(t -1)) + E"(-4% (t - 1))) *HeavisideTheta[t - 1]
- (3-4%EM(-(t-2)) +EMN(-4%(t-2)))
¥ HeavisideTheta [t - 2];
{Dly,t,t] +5%D[y,t] + 4%y - 12% (HeavisideTheta [t - 1]
- HeavisideTheta[t - 2]), {y,Dly,tl}/.t— 0}//Simplify

generates the output {0, {0, 0}}. m
8.45 Example. The forcing term in the IVP

Y+ 4y + 4y =g(t), =1t 1<t <3,
y0) =0, vy =1, 770, 0<t<1, t>3

can be written as

g(t) = t[H(t —1) — H(t = 3)]
=@t-1)Ht-1)—-(t—-3)H{t—-3)+H(t—1)—3H(t—3),

s0, by Theorem 8.27 with f(¢) =t and then f(t) =1,

—S

1 1 1 3 1
Lot} = e = ge®+res—Ses =Tl

3s+1 _4
5 5 - e .
s s s s s

g2

After application of £, the left-hand side of the DE becomes

[sY — sy(0) — y/(0)] +4[sY — y(0)] + 4Y
=(s*+4s+4)Y —1= (s +2)%YV - 1;

therefore, equating the transforms of the two sides, solving for Y, and using partial
fraction decomposition, we arrive at

Yis)e — L SEL s 3sFl
(s+2)2  s%2(s+2)? s2(s +2)2
1 1[1 1 L
—mw[;‘m]e
1/2 1 2 5 s
Z[;+S_28+2(8+2)26 '

Then, by Theorem 8.27 in conjunction with Theorem 8.30,
y(t) =te 2 + 11— e 2Dt —~ 1) H(t - 1)
— 112272078 4 (¢t - 3) —5(t — 3)e 2V H(t - 3).

VERIFICATION WITH MATHEMATICA® . The input

y=t*EN(-2%t) + (1/4) * (1L - EN(-2% (£ -1))) (£ - 1)
xHeavisideThetal[t - 1] - (1/4) * (2 - 2*EN( - 2% (£ - 3))
+t-3-5%(t-3)*E"(-2% (t - 3))) *HeavisideThetalt - 3];

{Dly,t,t] +4xDI[y,t] + 4%y - t x (HeavisideTheta [t - 1]

- HeavisideTheta[t - 3]), {y,Dly,tl}/.t— 0}//Simplify

generates the output {0, {0, 1}}. m
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Exercises

Use the Laplace transformation method to solve the given IVP.

1y —y =H(t—1), y(0)=0, y(0)=0.
2 Y +2) =—4H(t—2), y(0)=0, y'(0)=0
3 2 —y =1-H(t—-1), y0)=0, y(0)=0
4 y'—4y =16)2— H(t—2)], y(0)=0, y'(0)=0
5 y'+y —2y=6H(t—1/2), y(0)=0, y'(0)=0.
6 y' —4dy +3y=6[1—2H(t—3)], y(0)=0, y(0)=0.
7y =2/ +y=H(t—2), y(0)=0, y(0)=0.
8 y" =6y +9y=9[1—-H(t-1)], y0)=0, y'(0)=0
9y’ —dy +5y="5H(t—1), y(0)=0, y'(0)=0
10y +4y=42—-H(t—2)], y(0)=0, y'(0)=0
11 y" =3y’ +2y=4tH(t - 1), y(0)=0, y'(0)=0
12y +y — 6y =30H(t—2), y(0)=5, y'(0)=0
13 2y’ -3y —2y=10H(t—3), y(0)=0, 3'(0)=5
14 " +3y =18H(t - 1/2), y(0)=3, ¥'(0)=-3.
15y +2y +y=tH(t—4), y(0)=2, y(0)=1.
16 dy"+y=1-5e'""H(t—1), y(0)=4, y'(0)=0.
17 3y’ +y =H(t—1)—H(t—2), y(0)=0, y(0)=0.

=
4]

S~—
I

y' =5y +4y=12[H(t—2)+ H(t—3)], y(0)=3, y'(0)=0.
y' +9y =9[3tH(t— 1) — H(t —2)], y(0)=0, %' (0)=0.
Y — 4y +4y = e H(t — 1) — 4H(t —3), y(0)=0, 3 (0)=1.

N =
S ©

Answers to Odd-Numbered Exercises

1 yly)= (" = HH(t - 1).
3 y(t)=2e? —t—24[t+1 -2V H(t—1).
5 y(t) =[e 2712 4 2¢t1/2 _ 3|H(t — 1/2).
7 y(t) =[1+(t—3)e!"2]H(t - 2).
9 y(t) = {1 — > Dcos(t — 1) — 2sin(t — )]} H(t — 1).
11 y(t) = [3e2D — 8et~1 4 2t + 3| H(t — 1).
13 y(t) = 2e% — 2e71/2 4 [e2(173) 4 4e(=3)/2 _ 5| H(t — 3).
15 y(t)= (Bt +2)e b+ [t —2+ (10 — 3t)et|H(t — 4).
17 y(t)=[t —4+3eT DB HE - 1)+ [5—t — 3N/ H(t - 2)
19 y(t) =[3t—3cos(3(t—1)) —sin(3(t —1))|H(t —1)

+ [cos(3(t —2)) — 1]H(t — 2).

207
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8.3.3 Forcing Terms with the Dirac Delta

Sometimes, mathematical modeling is required to take into account external influences
that act either at a single specific point, or at a single moment of time, or both. Since
such action cannot be described by a continuous function or even a Heaviside-type
function, we need to introduce a new, special tool for it.

8.46 Example. Suppose that a spring-mass—damper system is subjected to an external
force g that acts on the mass only at ¢ = to, when it produces a unit impulse. Physically,
it is unrealistic to consider that the action happens instantaneously, however fast it is,
so it makes sense to assume that, in fact, it occurs over a short time interval, say,
to —e <t < tyg+ e, where ¢ is a very small positive number. Given the brief duration
of its action, we may assume that the applied force is piecewise constant, as defined by

go, lto—e<t<tyg+e,
g(t) = go = const.
07 t§t0757t2t0+57
The impulse generated by this force is
&) to+e
Ito2) = [ atyat= [ godt=22g0
—0o0 to—E

Hence, the force produces a unit impulse if go = 1/(2¢). We denote the corresponding
function by g¢, :

1/(2e), to—e<t<tp+e,
gto,e(t):
0, t<tg—eort>ty+e.

The heavy lines in Fig. 8.4 are the nonzero segments of the graphs of gt, e, 9ty.c /25 Gt /45
and gy, /g for some ¢y > 0 and ¢ > 0.

4et S

2/et —_—

l/et
1/(2e)-

)

Fig. 8.4

The area of the rectangle formed by each of these lines with the horizontal axis and
the appropriate vertical dashed lines is equal to the value of the impulse of the force
represented by that particular function. The ‘ideal’ mathematical situation, where the
force is assumed to act at the single moment ¢, is now achieved by shrinking ¢ to zero.
We notice that, as ¢ decreases toward 0, the base of these rectangles decreases to 0
whereas their height increases to infinity. But for any nonzero value of ¢, however small,
the area of the rectangle—that is, the impulse—remains equal to 1. This peculiarity
can be resolved by the introduction of a new mathematical concept. m
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8.47 Definition. The quantity
d(t —to) = lim g, (t)
e—0
is called the Dirac delta. m

8.48 Remark. It is obvious that d(¢t — t) is characterized by the following two prop-
erties:

(i) §(t — to) =0fort 75 to;
J 8t —to)dt =1.
Clearly, the limiting process by means of which the Dirac delta is defined does not
ascribe it a finite value at ¢ = to. (If it did, then the integral in (ii) would be zero.)

Consequently, ¢ is not a function. In mathematics this object is called a distribution,
or generalized function. m

8.49 Theorem. If [ is a continuous function on the real line, then
/f t*to dt f(to) ] (812)

Proof. By the mean value theorem for integrals, there is at least one point t* in the
interval tg — e <t <ty 4 ¢ such that

e’} to+e to+e
[ 10g = [ 51 / £t 22 () = S(t").

Letting € — 0, we obtain (8.12). m
8.50 Example. If ty > 0, then, by the definitions of £ and § and Theorem 8.49 with
f(t) =e,
L{6(t —ty)} = /e*sté(t —to)dt = / e St —tg)dt =e 5 5> 0.
0 “oo
In particular, £{6(t)} =1. m

8.51 Example. Let g be a continuous function. A direct application of Theorem 8.49
with f(t) = e 5'g(t) yields

E{g(t)5(t*to)}:/6‘St9(t)5(t*to)dt: /B_Stg(t)5(t7t0)dt:g(to)e—sto. .
O hade o}

8.52 Example. Let o = const > 0. To compute L{d(a(t — o))}, we use the definition
of £ and the substitution «(t —tp) = 7 (or, what is the same, t = 7/a + to):

oo oo

LI5(alt — 1))} = / e~ t5(alt — to)) dt = / e-s<7/a+to>5<7)-$dﬂ

so, by (8.12),
L{5(alt — o))} = éefsto. .
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8.53 Example. Consider the IVP
y' +nly=06(t—1), y0)=1, 2(0)=0.
Applying £ to all the terms in the DE, we change the IVP to
[s2Y — sy(0) — ¢/ (0)] + 7Y = e %,
from which, after using the ICs, we obtain

s+e? s 1 T

Y(s) = = + e ’.

2472 2472 gws2472

Then the solution of the IVP is
1
y(t) = L7HY(s)} = cos(nt) + —sin(w(t — 1))H(t — 1).
T

Writing sin(w(t—1)) = sin(rt—7) = sin(wt) cos m—cos(wt) sin w = — sin(nt), we simplify
this to

cos(mt), 0<t<1,

1 . _
y(t) = cos(mt) = Tsin(m) H(t ~ 1) = {cOs(ms) — (1/m)sin(xt), t>1.

VERIFICATION WITH MATHEMATICA® . The input

y=Cos[Pi*xt] - (1/Pi) *xSin[Pix*t] xHeavisideThetalt - 1] ;
{Dly,t,t] + Pi”2xy - DiracDeltalt - 11, {y,DIly,tl}/.t— 0}
// Simplify

generates the output {0, {1, 0}}. m
8.54 Example. From formula 14 in Appendix C with f(¢) = 2t + 1 and ¢ = 1/2 it
follows that £{(2t + 1)d(t — 1/2)} = 2e~%/2, so the Laplace transformation changes

the IVP
y' =4y +3y=(2t+1)5(t—3), y(0)=0, y'(0)=2

into the algebraic problem
(s —4s+3)Y — 2 =2¢"%/2,

hence,
2

s2 —4s+3

1 1

Y(S): s—3 s—1

(1 +e_s/2) = (

By formula 2 in Appendix C, we now obtain

)(1+e—5/2).

y(t) = L7HY (5)} = ¥ — e + [307D — =2 gt - 1),

VERIFICATION WITH MATHEMATICA® . The input

y=EMN(3xt) - Bt + (EN(3% (£t -1/2)) -EN(t -1/2))
x*HeavisideTheta [t - 1/2];

{D[y,t,t] -4%D[y,t] +3%xy - (2%t + 1) *DiracDeltalt - 1/2],
{y,Dly,t1}/.t—= 0}//Simplify

generates the output {0, {0, 2}}. m
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8.55 Example. Applying the Laplace transformation to the IVP
y'Hy =6t—1)-0(t-2), y(0)=0, ¥ (0)=0,
we arrive at
(82 4+ 8)Y = e — e 2%,

therefore,

V() = s ) = (5o g ) - e ™)

s2+s

which yields the solution
y(t) = L7HY (s)} =[1 - e_(t_l)]H(t -1)—-[1- e_(t_2)]H(t —2).

Explicitly, this is
0, 0<t<1,
y(t) =<1 —e (-1, 1<t<2,
e () fe (=) >

VERIFICATION WITH MATHEMATICA® . The input

y=(1-E"(-(t -1))) *HeavisideThetalt - 1] - (1 - EN(-(t - 2)))
*HeavisideTheta [t - 2] ;

{D [v,t,t] +D[y,t] - DiracDeltalt - 1] + DiracDeltal[t - 2],
{y,Dly,tl}/.t— 0}//Simplify

generates the output {0, {0, 0}}. m

Exercises

Use the Laplace transformation method to solve the given IVP.

y' =2y =25(t—2), y(0)=0, y'(0)=0.

2y +y =6t —1), y(0)=1, y'(0)=0.

y'—y' =1-6(t-1), y(0)=0, y'(0)=0.

y' +y =20(t—1)—6(t—3), y(0)=0, ¢y (0)=1
(

y'+4y=0(t-3), y(0)=-1, y'(0)=0.

2 1
y'—y=t=06(t—-1), y(0)=0, y'(0)=0.
Yy —dy=et+25(t—2), y(0)=-1, ¢y'(0)=1.
Y+ 9y = (t+1)d(t—2), y(0)=2, y'(0)=09.
9y" — 4y = e'd(t — 2), y(0)=1, 3'(0)=0.
y'+3y +2y=06(t—1), y(0)=0, v (0)=0.
y' =y —2y=t—-1+6(t—-2), y(0)=0, ¥y'(0)=-1.
y'+ 2y +y=3-456t—1/2), y(0)=2, y'(0)=0.

© 0 N O Otk W=

- e e
w N = O
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14y —4y' +4y=20(t—1), y(0)=0, y'(0)=0.

15 y” — 2y — 3y =4(cost)d(t —7), y(0)=0, ¢'(0)=0.

16 o' — 2y +2y = (sint)d(t — 7/2), y(0)=0, y'(0)=1.

17 ¢4y =25(t—1)—-06(t—-2), y(0)=1, 3'(0)=0.

18 y'+y=0(t—7/2)+d(t—7), y(0)=0, y'(0)=1.

19y —dy=08(t—1/2)+6(t —1), y(0)=1, y'(0)=—1.
20y —y —6y=(t+1)5(t—2)—6(t—3), y(0)=0, y'(0)=0.

Answers to Odd-Numbered Exercises

1 yt)=[22 —1H{t—-2). 3 yt)=c —t—1+(1—e"HH(t~-1).
5 y(t) = —cos(2t) + (1/2)sin(2(t — 3))H(t — 3)
7 y(t) =sinht —t —sinh(t — 1)H(t — 1).
9 y(t) = 2cos(3t) + 3sin(3t) + sin(3(t — 2))H (t — 2).
11 y(t) =[et 7t — 20D H(t - 1).
13 y(t)=3—(t+1)e t —(t—1/2)e?/?"tH(t —1/2).
15 y(t) = [e™t — SEMH(t — 7).
17 yt)=1+2(1—e"HH(Et-1)— (1 —e2"H)H(t - 2).
19 y(t) = cosh(2t) — (1/2) sinh(2t) + (1/2) sinh(2¢t — 1)H(t — 1/2)

+(1/2)sinh(2(t — 1))H (t — 1).

8.3.4 Equations with Variable Coefficients

In special circumstances, the Laplace transformation can also be used to solve IVPs
for DEs with nonconstant coefficients. Owing to the difficulties that arise in such cases,
however, the scope of the method here is very limited.

8.56 Example. Consider the IVP
vty =2y =4, y(0)=0, y'(0)=0.
As usual, let L{y(t)} = Y (s). By formula 16 (with n = 1) in Appendix C,
Lity'(t)} = —% L{y'}s) = =[sY(s) = y(0)] = = [sY (s)] = =Y — sY".
Consequently, the transformed problem is
[s?Y — sy(0) —y/(0)] = Y — sY' —2Y = %,

or, in view of the ICs,
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Division by s brings this linear first-order DE to the form

4
Y/+ <§S)Y—2,
S S

for which, by (2.5), an integrating factor is

p(s) = exp { / <§ — S) ds} = 631n5—52/2 = 61“(53)6_52/2 = 836_82/2;
S

hence, by (2.7),

L 2 3 —s2/2 4 L ¢ —5%/2
Y(S):S—Se//se /<S—2>d3—8—3€/ —4se™>/? ds

= Lo (4652/2 N c) 4 G
S

s 53

Since we have used the Laplace transform of y, we have tacitly assumed that y is an
admissible function, which, in this context, means that it satisfies the conditions in
Theorem 8.6. Then, according to that theorem, the transform Y of y must tend to zero
as s — oo. But this is not the case with the second term in the above expression of Y,
which, if C' # 0, increases without bound in absolute value as s increases. Consequently,
Y cannot be the transform of what we called an admissible function unless C' = 0.
Therefore, the solution of the IVP is

mw_ﬁl{%}_%?

S

VERIFICATION WITH MATHEMATICA® . The input

y=2xt"2;
{Dly,t,t] +t«D[y,t] - 2%y -4, {y,Dly,tl}/.t— 0}//Simplify
generates the output {0, {0, 0}}. m

8.57 Example. We apply the same procedure to the IVP
ty" +2ty —2y=-2, y(0)=1, y'(0)=2.

As seen in the preceding example, L{ty'(t)} = —Y — sY”. Similarly,

E{ty”ﬂ)}::‘*é%(ﬁ{y”}ﬂs)::‘*BQYV*Sy(O)"yKOH'
= 7(52Y —5—2) = —-2sY — Y+ 1,

so, transforming the equation and gathering the like terms together, we arrive at

2 2
(2 4+26)Y + (254 4)Y = 14> =512
S S

After division by s(s 4 2), this becomes

2 1
Y+-Y =,
S S
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for which we construct the integrating factor
2 2Ins In(s?) 2
u(s) = exp —dsp =e =e =s
s

1 1 1 1 C
Y(s):—/32-5—2ds:$—2(8+0)=;+5—2.

g2

and, thus, the GS

Since this transform tends to zero as s — 0o, we invert it and obtain
1 C
y(t) = c‘l{— - —2} =1+Ct.
s s

To find C, we apply the second IC, which yields C = 2; therefore, the solution of the
IVP is
y(t) =2t + 1.

VERIFICATION WITH MATHEMATICA® . The input

yv=2%xt + 1;
{t*DIly,t,t] + 2xt*D[y,t] - 2*xy + 2, {y,Dly,t]1}/.t— 0}
// Simplify

generates the output {0, {1, 2}}. m

Exercises

Use the Laplace transformation method to solve the given IVP.

y' =2ty +4y = -2, y(0)=0, y'(0)=0.
2y +ty —2y=2, y(0)=1, y'(0)=0.
y' +ty —y=1, y(0)=-1, y'(0)=3

3y”" + 2ty — 2y =6, y(0)=-3, ¢y'(0)=
"2ty +4y =10, y(0)=0, ¢y'(0)=
" —dty' +8y =8, y(0)=

2ty" +ty' —y=-3, y(0)=3, 3y (0)=-1.
"3ty +3y=15, y(0) =5, y

0 N O O kW N

Answers to Odd-Numbered Exercises

1 yt) = -t 3 y(t)=3t—1. 5 y(t)=1t>—t. 7 y(t)=3—t.
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8.4 Solution of IVPs for Systems

The solution strategy for solving systems of linear first-order DEs with constant coeffi-
cients is the same as in the case of single equations.

8.58 Example. Consider the IVP

) =2x1 + x2, 21(0) =1,
xh = x1 + 2x2, 2(0) =0.

Setting X1 (s) = L{z1(t)} and X5(s) = L{x2(t)} and applying the ICs, we have

L{z(t)} = sX1(s) —21(0) = sX; — 1,
L{z5(t)} = sXa(s) — 22(0) = sX2,

so the given IVP reduces to the algebraic system

(S*Q)le X2: ].,
~ X1+ (s —2)Xy = 0.

Using, for example, Cramer’s rule (see Remark 4.2(iii)), we find that

1 —1’
0 s—2 s—2 s—2
X = = =
) =T T —hi3 GG
-1 s—-2
s—2 1’
-1 0 1 1
Xo(s) = — —
2(s) s—2 -1 s2—45+3 (s—1)(s—3)’
-1 s—2

which, after partial fraction decomposition, become

11 11 11 11
- T Xo(s)=—-— 4 = .
55 1tas g LW=—557t553

Xl(s)

The solution of the IVP is now obtained by means of the inverse Laplace transformation:

_ 1 . 1 1 . 1
l’l(t)zﬁ 1{X1(s)}:§£ 1{51}+§£ 1{33}:%6t+%63t,

. 1 (1 11
za(t) = L7H{Xa(s)} =—5 £ 1{ﬁ}+§£ 1{53}—%6t+%63t~

VERIFICATION WITH MATHEMATICA®. The input

{x1,x2}={(1/2) *E "t + (1/2) xE"(3xt), - (1/2) *E"t
+ (1/2) *EMN(3xt) };

{{DIx1,t] - 2%x1 - x2,D[x2,t] - x1 - 2%x2},
{x1,x2}/.t— 0}//Simplify

generates the output {{0, 0}, {1, 0}}. m

8.59 Example. With the same notation as above, we use £ and reduce the IVP
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2y = —1lzy + 8wy — 10e™t,  21(0) = 3,
xh = —12z1 + 9wy — 12¢7 %, 22(0) =5
to the algebraic problem
10
X7 —3=-11X; +8Xy — —
541 1+ 842 st 1
Xo—5=-12X; +9X 12
SA2 = 1 2 s+ 1
or, in simplified form,
(s+11)X,— X, = 2T
1 2 = s+ 1 )
5s — 7
12X -9 X, = .
1+ (s —9)Xo P
Performing the necessary algebra, from this we obtain
352+ 65+ 7 352 +6s+7 1 2 2
Xi(s) = = = + + ,
(s+1)(s2425s—3) (s+1)(s—1)(s+3) s+1 s—1 s+3
o5+ 7 o5+ 7 3
Xo(s) = =

$24+25—3  (s—1)(s+3) :371+s+3'

Hence, the solution of the given IVP is

r1(t) = L7HX 1 (s)} = —e 7t 4 2! 4 273
zo(t) = L7HXo(s)} = 3e! 4 2¢ 73
VERIFICATION WITH MATHEMATICA® . The input
{x1,x2}={-E"(-t) + 2*%E "t + 2%E"(-3xt), 3xE"t
+2%EN(-3xt) };
{{DI[x1,t] + 11xx1 - 8%x2 + L0*E"(-t),D[x2,t] + 12xx1 - 9xx2
+ 12xEMN(-t) }, {x1,x2}/.t— 0}//Simplify
generates the output {{0, 0}, {3, 5}}. =m

8.60 Example. Applying £ to the IVP

) = —Tey — 9z9 — 13,  21(0) =9,
x’2 4$1 + 5$2 + 7, 1172(0) = *8,

we arrive at the algebraic system

9s — 13
(s+7Xi+ ==
7—8
X1+ (- 5)Xa =
s
with solution
952+ 14s+2 952+ 14s5+2 2 7 3
X = = = — —_—
1(s) s(s2+2s+1) s(s+1)2 3—‘_s+1+(s+1)27
—8s2—13s—3 —8s2—135s—3 3 5 2
Xa(s) = =

s(s2+2s+1) s(s+1)2 s s+1 (s4+1)%
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Then the solution of the given IVP is

r1(t) = L7HX ()} =2+ Te P+ 3te™" =2+ (3t + T)e?,
2o(t) = L7HXo(s)} = =3 —5e ! —2te ™t = —3 — (2t +5)e "

VERIFICATION WITH MATHEMATICA® . The input

{x1,x2}={2+ (3%t +7)*EN(-t), -3 - (2%t +5)*E"(-t)};
{{DIx1,t] + 7*x1 + 9*x2 + 13, D[x2,t] - 4*x1 - 5%x2 - 7},
{x1,x2}/.t— 0}//Simplify

generates the output {{0, 0}, {9, —8}}. =
8.61 Example. The same technique applied to the IVP

xy =2x1 — 22+ w3, x1(0) =1,
xh =2x1 — x9 + 2x3, x2(0) =1,

r3 = X1 — X2, 1'3(0) =2
leads to
(S*2)X1+ XQ* X3:17
72X1 + (S + ].)X2 — 2X3 = ].,
7X1 + X2 + SX3 = 2.

Using Gaussian elimination to solve this algebraic system, synthetic division or the
symmetry of the coefficients to factor out the denominator, and partial fraction decom-
position, after a rather long but straightforward calculation we find that

o s24+25—1 - 24251 1 " 2

TS o2 rs—1 (s—1)(s2+1) s—1 241

X, — s2+4s—3 s +4s-3 1 " 4

TS —24s-1 (s—1)(s2+1) s—1 241’
2s

X:

3 32+13

which yields

z1(t) = L7HX 1 (s)} = e + 2sint,
To(t) = L7HXo(s)} = e + 4sint,
z3(t) = L7 X5(s)} = 2cost.

VERIFICATION WITH MATHEMATICA® . The input

{x1,x2,x3}={E"t + 2*Sin[t], E "t + 4xSin[t], 2*Cos[t]};
{{DIx1,t] - 2%x1 +x2 - x3,D[x2,t] - 2xxL + x2 - 2%x3,
D[x3,t] - x1 +x2}, {x1,x2,x3}/.t— 0}//Simplify

generates the output {{0, 0, 0}, {1, 1, 2}}. =m
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Exercises

X0, with

Ax+ 1, x(0) =

Use the Laplace transformation method to solve the IVP x’

the given matrix A, vector function f, and constant vector xg.

(s

)7X0

(

11 —4¢

) -
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-3 —6 4 cost -1
20 A( 4 7>’ f(t)<—6cost)’ XO( 1>'

-5 6 -3 0 0
21 A= (-1 2 -1, f)={0], %= {3
4 -4 2 0 5
1 -1 1 0 2
22 A=| 2 -2 1|, fO)=[0], xo=[ 3
-2 1 0 0 —2
-1 1 0 0 5
23 A=[-1 1 1|, fO)=[0], xo=[2
1 -1 -2 0 2
-3 -2 2 1 ~1
24 A=| 2 1 1|, fO)=[-1], xo=[ 4
—2 -2 2 0 3
~1/2 —3/2 —1/2 0 —4
25 A= 1/2 3/2 1/2|, ft)=[(0], xo=| 3
-3 -5 1 4 .
3 -2 -2 -5 ~1
26 A=(0 2 1|, f&)=( 0], xe=| 2
1 -2 -1 -1 -5

Answers to Odd-Numbered Exercises

_ [(2e7t =M [ 2cos(2t) — sin(2t)
1 x(t) = (4et - e3t> : 3 x(t) = (3 cos(2t) —4sin(2t) )
(1-6t\ _, _ [(2et —3e7% 42
5 x(t)<3_9t)e . 7 x(t)(et_€_2t+1 .
[ (6t+13)e " +3 [ €e¥(cost —2sint) +1
9 x(t) = ((3t +5)et—1)" 11 x(t) = —e¥(2cost +sint) +1)°

2t — 3et/? + 2t + 2 —et/2(2cost +sint) + 4t + 2
13 X(t)_(et+3et/23t4 ' 15 x(t) = e/?(cost — 2sint) + 2t +2)

(I —t)et +et _ (2cos(2t) — 2sin(2t) + 2\ ,
17 x(t) = < Cpet—ge-t ) 19 x(O)= —2sin(2t) + 1 <
et —e 2 (t+4)e t+1
21 x(t)=| 2+¢€ |. 23 x(t)= e t+1
442 (t+2)e?
el(sint — cost) — 3
25 x(t) = e'(cost —sint) +2 | .
—2e'(cost +sint) — 3



Chapter 9
Series Solutions

Owing to the complicated structure of some DEs, it is not always possible to obtain the
exact solution of an IVP. In such situations, we need to resort to methods that produce
an approximate solution, which is usually constructed in the form of an infinite series.
In what follows we illustrate a procedure of this type, based on series expansions for
functions of a real variable.

9.1 Power Series

9.1 Definition. A power series is an expression of the form

o0
Zan(t—to)", (9.1)
n=0
where tg is a given real number and the a,,, n = 0,1,2,..., are constant real coefficients.
Series (9.1) is said to be convergent at t if

m—r o0

m
s(t) = lim sp,(t) = W}E)nw Z an(t —to)™ exists;
n=0

$m/(t) is called the sequence of partial sums and s(t) is the sum of the series.

o0
Series (9.1) is said to be absolutely convergent at t if the series > |an||t — to|™ is
convergent. n=0
A series that is not convergent is called divergent.
The radius of convergence of series (9.1) is a nonnegative number p such that the
series is absolutely convergent for all ¢ satisfying |t —to| < p (that is, to—p <t < to+p)
and divergent for all ¢ satisfying |t — o] > p (that is, t <tg—port >tg+p). m

9.2 Remarks. (i) The radius of convergence may be a finite number (including 0) or
infinite, and its definition is independent of the behavior (convergence or divergence)
of the series at the points t = tg — p and t =ty + p.

(ii) Power series with the same radius of convergence p can be added, subtracted,
multiplied, and differentiated term by term, and the result is always a series with
radius of convergence p.

(iii) Two power series are equal if they have the same coefficients a,. In particular, a
series is equal to zero if all its coefficients are 0. m

C. Constanda, Differential Equations: A Primer for Scientists and Engineers, Springer 221
Undergraduate Texts in Mathematics and Technology, DOI 10.1007/978-1-4614-7297-1_9,
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9.3 Example. Let f be an infinitely differentiable function, and let ¢y be a point in its
domain. The Taylor series of f about ¢y, namely

> f£(n)
Z —f nfto) (t—to)", (9.2)
n=0 '

where f(™(to) is the derivative of order n of f at to, is a power series. m

9.4 Definition. If the Taylor series (9.2) converges to f(t) at all points ¢ in some open
interval containing tg, then the function f is said to be analytic at to. =

9.5 Remarks. (i) The sum f + g and product fg of two analytic functions at o are
also analytic at . The same is true for the quotient f/g provided that g(to) # 0.

(ii) Polynomials are terminating power series; that is, they are power series with finitely
many terms, and, therefore, an infinite radius of convergence. The ratio of two
polynomials is analytic at g if ¢g is not a zero of the denominator. m

In what follows we investigate equations of the form
P(t)y" +Q(t)y' + R(t)y =0, (9-3)
where P, O, and R are given analytic functions.

9.6 Definition. A point t such that P(tg) # 0 is called an ordinary point for (9.3). If
P(tp) = 0, then ¢ is called a singular point. m

9.7 Remarks. (i) The above definition implies that if ¢y is an ordinary point, then
the functions Q/P and R/P are analytic at ¢ty and, thus, can be expanded in power
series around this point.

(ii) To simplify the computation, in the examples discussed below we confine ourselves
almost exclusively to the case where P, @, and R are polynomials. m

9.2 Series Solution Near an Ordinary Point

In the neighborhood of an ordinary point ¢y, we may consider a solution of (9.3) of the
form (9.1), where the coefficients a,, are determined from a recurrence relation obtained
by replacing series (9.1) in the equation.

9.8 Theorem. If ty is an ordinary point for equation (9.3), then the general solution

of the equation can be written as

Yy =y + C2y2,

where ¢1 and co are arbitrary constants and y; and ys are linearly independent series
solutions of the form (9.1). The radius of convergence of y1 and ys is at least as large

as that of the series for Q/P and R/P. m

9.9 Example. For the equation
y'+y=0

we have P(t) = 1, Q(t) = 0, and R(t) = 1, so Q(t)/P(t) = 0 and R(¢t)/P(t) = 1. Tt
is trivial to see that the radius of convergence of the series for both Q/P and R/P is



9.2 Series Solution Near an Ordinary Point 223

infinite, and that ¢ = 0 is an ordinary point for the equation. This allows us to seek the
solution of the DE in the neighborhood of 0 in the form (9.1) with ¢o = 0. Substituting
the series in the equation, we arrive at

Z n(n — a,t" % + Z ant™ = 0. (9.4)
n=0 n=0

To write both terms as a single infinite sum, we change the index of summation in the
first term by setting m = n — 2, so the summation is now over m from —2 to oco; that
is, the first term becomes

D (m42)(m+ Damat™.
m=—2
Noting that the summand above vanishes for m = —2 and m = —1, we start the

summation from 0 and, replacing m by n, we combine the two terms in (9.4) to obtain

o0

D I+ 1)(n+ 2)anis + anlt" = 0.

n=0

Hence, by Remark 9.2(iii), the coefficient of t™ must be 0 for all nonnegative integers
n, which yields the recurrence relation

1
= =0,1,....
R TR T ) B
Taking, in turn, n = 0,1, ..., we compute all the coefficients a,, in terms of ay and a1,
which remain arbitrary; specifically,
_ 1 1
az = —ﬁao ~ o ao,
_ 1 1
as = _ﬂal ~ T3 ai,
1 1 1
QL = ——— Q9 = apgp = — a
T e TR T TR
1 1 1
ar = ———Qa3 = ——— a1 = — a
PT 45 345t BTl

We now replace these coefficients in (9.1), gather the like terms together, and write the
solution of the given equation as

y(t) = cryi(t) + caya(),

where

and the arbitrary constants ¢; and c¢s stand for ag and a1, respectively. Since, clearly,
y1 and yo are solutions of the equation and since they are linearly independent
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(one is not a multiple of the other), this formula represents the GS of the DE. In fact,
we recall that the power series for y; and yo are the Taylor series about ¢ = 0 of cost
and sin¢. This confirms what we already knew from Sect. 4.3 about the form of the GS
of our equation.

We also mention that, by Theorem 9.8, the series for y; and y» have an infinite radius
of convergence; that is, they converge for all real values of .

VERIFICATION WITH MATHEMATICA® . The input

yvl=(1- (1/2!)*t"2 + (1/4!) xt"4;
y2=(1/11) %t - (1/31) *t"3 + (1/5!) xt"\5;
y=cl*xyl + c2x*xy2;

rem=DI[y,t,t] +v;

rem // Expand

generates the output c1t*/24+ cot® /120, which is the remainder when the GS is replaced
in the equation. m

9.10 Remark. A ‘rule of thumb’ for determining the expected order of magnitude of
the remainder when a truncated series solution is substituted in the given DE is based
on considering the lowest power of ¢ that occurs on the left-hand side of the equation
after the replacement. If that power is IV, then we anticipate the lowest power of ¢ in
the remainder to be no less than NV 4+ 1. In the above example, N for y; and ys is 2
and 3, respectively, and the corresponding remainders confirm our prediction. The rule
is invalid for a solution represented by a terminating series, where the remainder is
obviously zero.
This type of comment will be omitted in the rest of the examples. m

9.11 Example. The series solution method does not always produce the general so-
lution of a DE with constant coefficients in the form supplied by the characteristic
equation technique. For the equation

y"' =3y +2y =0,

the latter leads to

y(t) = cre’ + coe?t.

On the other hand, substituting series (9.1) in the equation and manipulating the
summation index as we did in Example 9.9, we arrive at the equality

S+ 1)+ 2)anis — 3(n + 1ani1 + 2a,)t" =0,

n=0

from which we obtain the recurrence relation

1
Ap42 = (

— _Bn+Daps1 —2a,], n=0,1,....
n+nm+m[< Jan+1 ]

Hence, with arbitrary coefficients ag and a;, we get the GS

y(t) =ao(l —t* =7 — Ht' — 317+ --)
+ar(t+3P+ I8+ 2+ 350+,

A quick check shows that the series multiplied by a¢ and a; are not the Taylor expan-
sions around t = 0 of e’ and e?!. Further checking shows that they are, in fact, the
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expansions of 2e’ — e’ and e?' — e’. But that is perfectly acceptable since, as is easily
verified by means of their Wronskian, these two functions also form an FSS for our
equation and are, therefore, a legitimate alternative choice for writing its GS. We easily
deduce from the (constant) coefficients of the equation that both series occurring in y
converge for all real t.

VERIFICATION WITH MATHEMATICA® . The input
yl=1-t"2-t"3 - (7/12) xt"4 - (1/4) xt"5;
yv2=t + (3/2)*t"2 + (7/6) *xt"3 + (5/8) xt"4 + (31/120) *xt"'5;
y=cl*xyl + c2*xy2;
rem=D[y,t,t] - 3*«D[y,t] + 2x*xy;
rem// Expand

generates the output ¢y (31¢4/12 — ¢5/2) + co(—21t*/8 + 31t5/60). =
9.12 Example. It is obvious that ¢t = 0 is an ordinary point for the DE

(t+2)y" + (t — 1)y’ + 2ty = 0.

Here, we have Q(t)/P(t) = (t —1)/(t + 2) and R(t)/P(t) = 2t/(t + 2). Since these

functions are undefined at ¢t = —2, it follows that their power series in the neighborhood

of t = 0 converge for |t| < 2; in other words, their radius of convergence is p = 2.
Replacing y by (9.1) in the equation, we find that

Z n(n — Dant™ ' 42 Z n(n — 1)a,t" 2
n=0 n=0

o0 oo o0
+ Z nan,t™ — Z napt™ 1 42 Z ant™tt = 0.
n=0 n=0 n=0

To even out the various powers of ¢ in the sums above, we set m = n — 1 in the first
and fourth terms, m = n — 2 in the second, and m = n + 1 in the fifth, then change m
back to n; thus,

Z (n+ Dnap1t™ + 2 Z (n+2)(n+ 1ap4at™
n=—1 n=—2
+ Z nay,t" — Z (n+1)anp1t" +2 Z Gp_1t" = 0.
n=0 n=—1 n=1
We notice that the terms with n = —2 and n = —1 vanish, and that the terms with

n = 0 are 4ag — a;. Therefore, using only one summation symbol for n > 1, we can
write

4as —ay + Z[Q(n +2)(n+ Dapsa + (n2 — Dapt1 + na, + 2a,1Jt" =0,

n=1
from which
4&2 —a; = 0,

2(n 4 2)(n + Danio + (n* — Daps1 +nay, +2a,1 =0, n=1,2,....
Consequently, as = a1 /4 and

1

2
—[(n" — D)ap+1 + na, + 2a,-1|, n=12,...,
2n+2)(n+1) I Jan+1 1

Ap4+2 = —



226 9 Series Solutions
yielding the GS
yt)=cr(1 -2+ Lt'+ S5+ 5 t°+--+)
tot+i? - -2+ L5+, (9.5)
where the constants ¢; and co have replaced ag and ap in the series.

According to Theorem 9.8, the two series multiplied by ¢; and ¢y converge for at
least all ¢ satisfying |t < 2.

VERIFICATION WITH MATHEMATICA® . The input
yl=1- (1/6)*t"3 + (1/48) *t"4 + (1/120) *t"5 + (1/480) xt"6;
y2=t + (1/4)*t"2 - (1/12) *t"3 - (3/32) *t"4 + (1/80) xt"'5;
y=Ccl*xyl + c2%y2;
rem= (t+2) *D[y,t,t] + (£-1) *D[y,t] + 2xtx*xy;
rem // Expand

generates the output ¢;(2t°/15 + 7t6/240 + t7/240) + co(—17t* /48 — t5/8 + 15/40). m
9.13 Example. Consider the IVP
y' -ty +(t+1)y=0, y0)=-1, y'(0)=3.

Clearly, t = 0 is an ordinary point for the DE, and the terminating series Q(t)/P(t) = —t
and R(t)/P(t) = ¢t + 1 have an infinite radius of convergence. We follow the usual
procedure and establish that

2a9 + ap + Z[(n +1)(n+2)ant2 — (n — 1)ay + an—1Jt" =0,

n=1

from which, computing explicitly the first few terms, we construct the GS

— 1,42 143 1 4,4 1 45
yt)=cr(1—302—§t° — gyt + g t° +--+)

1 44 1 6 1 7 1 8
tot— 5t — ot + st — tamt o)

If we apply the ICs, we see that ¢; = —1 and ¢o = 3; hence, replacing these coefficients
in the GS and taking care of the like terms, we find that the series solution of the IVP is

yt)=-1+43t+ 32+ 265 - St — L0+

This series converges for all real values of ¢.

Given the analyticity of the coeflicients of the DE at ¢ = 0, we could also construct
this solution directly from the equation itself and the ICs. Thus, solving the equation
for ¢, we have

y' =ty = (t+ Dy,
from which, by repeated differentiation, we obtain

"

y" =ty —ty vy,
y W=ty — (t—1)y" -2y,
y® =ty — (1 —2)y" - 3y,
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Hence, setting ¢ = 0 in all these derivatives, we find that
y//(o) =1, y”/(O) =1, y(4) (O) = =9, y(S)(O) =-1,

Replaced in the Taylor series for y around ¢ = 0, these values yield

yl(o) y//(o) 2 y///(o) 3 9(4) (0) 4 y(s)(o) 5
y(t)—y(0)+ T t+ ! t° + | t° + ! t* 4+ ] [
142 143 5 44 1 45
1 3t 5 t Et 2_4 t m t e ?

which coincides with the solution constructed earlier.
VERIFICATION WITH MATHEMATICA® . The input

y=-1+3%xt+ (1/2)*t"2 + (1/6) xt"3 - (5/24) xt"4
- (1/120) *t"5;

rem=D[y,t,t] - t*xD[y,t] + (t + 1) xy;

{rem//Expand,{y,DIly,tl}/.t = 0}

generates the output {19t4/24 — 7¢°/40 — t5/120, {1, 3}}. =m
9.14 Example. The point ¢ = 0 is obviously an ordinary point for the DE

P+ 1)y’ +ty —4y =0,

227

where, since t? + 1 # 0 for all real ¢, the power series for Q(¢)/P(t) = t/(t*> + 1) and
R(t)/P(t) = —4/(t*> + 1) have an infinite radius of convergence (see Remark 9.5(ii)).

This implies that the solution series to be constructed will converge at all points ¢t.

Replacing (9.1) with ¢y = 0 in the equation and adjusting the summation index as

necessary, we arrive at

202 —4ag + Y _(n+2)[(n + Dant2 + (n — 2)an)t" =0,

n=1
from which
as = 2ag,
n—2
Ap42 = —n+1an, n=12....

The computation of the first few coefficients now yields the general solution
yt) =1 +2%) +eo(t+ 328 — 20+ 267 — 9 +--),

where the first term is a terminating series.
VERIFICATION WITH MATHEMATICA® . The input
yl=1+2%t"2;
y2=t + (1/2) *t"3 - (1/8) *t"5 + (1/16) *t"7 - (5/128) xt"9;
y=Ccl*xyl + c2%y2;
rem= (t"2 + 1) *D[y,t,t] + t*D[y,t] - 4xvy;
rem // Expand

generates the output —385cyt?/128. m
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Exercises
Construct the GS of the given DE from two linearly independent series solutions around

t = 0. In each case, compute the first five nonzero terms of the corresponding series and
indicate the interval on which the series are guaranteed to converge.

y'+y —y=0.

2 Yy +2y +2y=0.
3 y'+4y +3y=0.
4 2y —y —y=0.
5 2y —y +y=0.
6 4y’ —4y' +y=0.
7 ¥y +(1-t)y +2y=0.
8 y'+2y+(2-t)y=0.
9 ¢ +ty+(2t+1)y=0.
10 y"+ (1 -ty +@# —-1y=0.
11 (t+1)y” — 2y + 2ty = 0.
12 (2t—1)y" +2ty —y=0.
13 (t—2)y" + -1y +y=0.
14 (t+2)y" +(t—t*)y —2y=0.
15 2+ 1)y —y' +({t—1)y=0.
16 (2t+1)y" +ty’+(1—-t)y=0.
17 (t—1)y"+ @+ 1)y + (> +t)y=0.
18 (1-t)y"+(2—-t)y —t?y=0.
19 (P+t+ 1)y + 2=ty +(t*—2)y=0.
20 (P+t+2)y '+ —t+ 1)y +2+t—t2)y=0.

Answers to Odd-Numbered Exercises

1 yt)=c(l+i2 -1+ Lt - L5400

feat— 5P+ 5187 = 3t'+ 551° —--); —oco <t < oo
3 yt)y=a(l-32+28 - Bty o— ..
fopt—20 4+ 23 -5t 4 3567 —-++); —oo <t < o0.
5 y(t):cl(lf}Ithitg’Jr152t4+mt5+ )
toa(t+ 3t — 5P —ggt' — g t’ —); —oo <t <o
7 y(t):Cl(l—t2+§t3—11—2t4+%t5—---)

et —§t%); —oo <t <oo.
9 yt)=cr(1-32 -3+ 5t'+ 55 +--)
topt— 33—t + £ 0+ K104 -+); —oo <t < o0
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11 yt)=c(1 -3+ £t — 3z t"+ 575t5— )

+et+t24+ 33—t — Lo 4+-); —1<t<l.
13 yt)=c(1+ 382+ H5t1+ 55 t°+ 5555 +++)

tet— TP+t — ot St ) —2<t <2
15 y(t)=ci(1— 382+ 1t — g6 — 47+

+og(t+ 32—ttt + 5 t° + 58+ ); —oo <t <oo.
17 yt)=a(l+ i+ S0+ 10+ 215+

tot+3tP+i+ St + Ht0+--); —1<t<l.
19 yt)=c(1-2?+383+ G5t — Ht°+--+)

1,43 11 45 2 46 47 7 .
+Cz(t—§t +mt _Rt —5,0—40t +), —o0 < t < oo.

9.3 Singular Points

Singular points occur, as a rule, in DEs that model phenomena with a certain lack of
smoothness in their geometric or physical makeup. Although their number is small in
any specific case, they pose a significant challenge since solutions very often exhibit an
unusual behavior in their vicinity, which requires special handling.

9.15 Definition. We say that ¢ is a regular singular point of equation (9.3) if P(tg) =0

and
tliglo(t —to) % < 00, tli_)r?o(t —tp)? % < 0. (9.6)

A singular point that does not satisfy (9.6) is called an irregular singular point. m

9.16 Remark. Employing an argument based on the concept of removable singularity,
we may say that, generally speaking, conditions (9.6) are equivalent to stating that the
functions (t — t9)Q(t)/P(t) and (t —t9)?R(t)/P(t) are analytic at ty. m

9.17 Example. The singular points of the DE
(t? — 4t +3)y" + 8ty + (5t — 1)y =0

are the roots of the equation P(t) = t?> — 4t +3 = 0; that is, t = 1 and ¢ = 3. Since
t2 —4t+3 = (t — 1)(t — 3), at t = 1 conditions (9.6) yield

. 3t . 8t
MV M T e

t—1 t—1)(5t -1
tim(t - 1)L g L DO o
t1 (t—-1)(t—-3) to1 t—3

so t = 1 is a regular singular point.
A similar analysis shows that ¢ = 3 is also a regular singular point. m

9.18 Example. The singular points of the equation

tt+1)%" + (t+2)y + 2ty =0
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aret=0and t = —1. For t =0,

t
limt@:hmt t+2 = lim t+2 =2< o0,
t—0 P(t) t—0 t(t + 1)2 t—0 (t + 1)2
R(t 2t 212
limt2£ = limt?——— =lim ——— =0 < o0;
t—0 P(t) t=0 t(t+1)2 =0 (t+1)2
hence, t = 0 is a regular singular point. However, in the case of t = —1,
Q(t) t+2 t+2
t+1)—>=(t+1 =
(t+ )P(t) (t+ )t(t+1)2 tt+1)

which becomes infinite as ¢ — —1. This means that ¢t = —1 is an irregular singular point
for the given DE. m

9.19 Remarks. (i) The behavior of the solution of a DE in the neighborhood of an
irregular singular point is difficult to analyze. In the rest of this chapter, we restrict
our attention to the investigation of regular singular points.

(ii) Since frequently the solution is not analytic at a singular point, it cannot be sought
as a power series of the form (9.1). m

9.20 Example. It is easily checked that ¢ = 0 is a regular singular point for the DE
t*y" — 6y = 0.

This is a Cauchy-Euler equation (see Sect.4.6) that has the linearly independent
solutions y;(t) = 3 and y(t) = t2, and it is obvious that y» does not fit the form
(9.1). m

9.21 Remark. If ¢t = ¢; is a singular point for (9.3), it can always be transferred to
the origin by the simple change of variable s = t — ty. Consequently, without loss of
generality, in what follows we assume from the start that the singular point of interest
ist=0. m

9.22 Example. The DE
(t—1y" +2ty — (1 -2ty =0

has a singular point at t = 1. We set s =t — 1 and y(t) = y(s+ 1) = x(s), and see that
y'(t) = 2'(s) and y'(t) = 2”(s), so the equation is rewritten as

s’ +2(s+ 1)’ + (25 +4s+ 1)z =0,

which has a singular point at s =0. m

Exercises

In 1-4, find the singular points of the given DE, use a suitable substitution to transfer
each such point to the origin, and write out the transformed equation.

1 (t+2)y"+ty —3y=0.
2 (2t-1y"+y —(t+2)y=0.
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3 -9y +2t+1)y +ty=0.
4 (3t2—2—1)y" + (1 —t)y + (2t + 1)y =0.

In 5-14, find the singular points of the given DE and check whether they are regular or
irregular.

5 ty' + 2+ 1)y + (t—2)y=0.
(t—1y"+(B3t+2)y +2y=0.

(2t —1)3y" + (2t — 1)%y +ty = 0.

2y +4y' + (t+ 1)y = 0.

(3 +2t2)y" + 2y — (t+4)y = 0.

10 (*—t)y"+(t+2)y —y=0.

11 (212" — (2 —t—-2)y +(1—-2t)y=0.
12 22t +1)%y" + (2t +1)%y' + 4y = 0.

13 %" + (e! = 1)y +2y = 0.

14 t3y" — 2t%y + ysint = 0.

© 0w N O

Answers to Odd-Numbered Exercises

1 t=-2 s=t+2; sa’+(s—2)2' —3x=0.
3 t1=3; s=t—3; (s>+6s)2" +(2s+7)a’ + (s +3)z = 0;
to=-3; s=t+3; (s>—6s)2r" +(2s—5)x' + (s —3)z =0.
5 t = 0: regular singular point.
t = 1/2: irregular singular point.
9 ¢ = 0: irregular singular point; ¢ = —2: regular singular point.
11 ¢ = 1: irregular singular point; ¢ = —1: regular singular point.

13 ¢ = 0: regular singular point.

9.4 Solution Near a Regular Singular Point

Assuming, as mentioned in Remark 9.21, that the singular point of interest is t = 0, we
multiply equation (9.3) by t2/P(t) and bring it to the form
t) (t)
2y 4298 L 2 RO 9.7
VY Y (9-7)
By Definition 9.15 and Remark 9.16, the functions tQ(t)/P(t) and t*R(t)/P(t) are
analytic at ¢ = 0; that is, there are power series such that
Q) (t)

t 22— L4 2 =2 — t4 .-
P ag +art+-- 20 Bo+ Bit+---,
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which, replaced in (9.7), lead to
2y +t(ao +art +--- )y’ + (Bo + St + -+ )y = 0.

The coefficients in the above equation are of the Cauchy—Euler type multiplied by
power series, so it seems natural that we should try a solution of the Cauchy—FEuler
form multiplied by a power series; that is,

o oo
y=t"(ag+art+---)=1t" Z ant” = Z at" ", ag # 0. (9.8)
n=0 n=0

As illustrated by the examples below, when we replace this series in the DE and
equate the coefficient of the lowest power of ¢ on the left-hand side to zero, we arrive
at a quadratic equation in r, called the indicial equation. Its roots r1 and re are the
so-called exponents at the singularity.

9.23 Remarks. (i) The technique that we just described is known as the method of
Frobenius, and the solutions generated with it are called Frobenius solutions.

(ii) Although the case of complex conjugate roots can be handled more or less in the
same way as that of real roots, we will not consider it here.

(iii) Without loss of generality, we construct solutions defined for ¢ > 0. A problem
where ¢t < 0 can be reduced to this case by means of the substitution s = —t.

(iv) In what follows, we accept without formal checking that ¢ = 0 is a regular singular
point for the DEs under consideration. m

The solutions are constructed differently when ry and ry are distinct and do not
differ by an integer, when r; = r2, and when r; and ro differ by a nonzero integer. We
examine each of these situations separately.

9.4.1 Distinct Roots That Do Not Differ by an Integer

For definiteness, we assume that r{ > rs.

9.24 Theorem. Suppose that t = 0 is a reqular singular point for equation (9.3), and
let p > 0 be the minimum of the radii of convergence of the power series for the analytic
functions tQ(t)/P(t) and t*R(t)/P(t) around t = 0. If r1 — ro is not a positive integer,
then equation (9.3) has, for t > 0, two linearly independent Frobenius solutions of
the form (9.8) with r = r1 and r = rq, respectively. The radii of convergence of the
power series involved in the construction of these two solutions are at least p, and their
coefficients are determined by direct substitution of (9.8) in equation (9.3). m

9.25 Example. Consider the equation
267" + (t* — )y’ +y =0,
where, for t # 0,

Q) _t—t) _1 LR _ £ 1
O R R L T R TE R

are polynomials. Hence, the power series occurring in our construction will converge for
all real values of ¢.
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Replacing y by (9.8) and performing all necessary differentiation, we arrive at

2 Z(n +7)(n+7r—Dat" ™" + Z(n + 7)ant" Tt

n=0 n=0

oo oo
- Z(n +1)ant™t" + Z a,t"t" = 0.
n=0 n=0

To make the powers of ¢ in the various summands above equal to n + r, we substitute
m =n+ 1 in the second term and then change m back to n; thus,

2 Z(n +r)(n 41— 1Dat"" + Z(n +7—1)a,_t"*"

n=0 n=1
oo oo
- Z(n +1)ant" " + Z ant" " = 0.
n=0 n=0

We now write out separately the term for n = 0 and, after some simple algebra, group
the rest of the terms into one sum for n > 1:

(2" = 3r+ Dagt” + > _(n+r—1)[(2n+2r — L)an + an1]t""" = 0.
n=1
Given that ag # 0, from this we conclude that
2% —3r+1=0,
m+r—-1[2n+2r—Da, +apn-1] =0, n=12,....

The top equality is the indicial equation, with roots (exponents at the singularity)
r1 =1and ro = 1/2. Since n +7r — 1 # 0 for n > 1 and either of these two values of r,
the bottom equality yields the recurrence relation

1
-
2n+2r—1

ap = n-1, n=12....

For r = 1, this reduces to

and for r = 1/2,

Computing the first few coefficients a,, in each case and taking, for simplicity, ag = 1
in both, we obtain the Frobenius solutions

— 1 142 1 43 1 44
p(t)=t(l—5t+t* — gzt + g5t —),
yo(t) =t2(1-Le4+ 12— Lt 4 Lt —).

We see that y; and y, are linearly independent, so the GS of the given equation is
Yy = C1y1 + C2ye.
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VERIFICATION WITH MATHEMATICA® . The input

yl=tx (1 - (1/3) %t + (1/15)*t"2 - (1/105) *xt"3 + (1/945) xt"4) ;
y2=tN(1/2) * (1 - (1/2) *t + (1/8) *xt"2 - (1/48) *t"3
+ (1/384) xt"4) ;
y=Cclx*xyl + Cc2x%xy2;
rem=2*t"2*D[y,t,t] + (£"2 - £) *D[y,t] +v;
rem// Expand

generates the output c;t%/189 4 3cot'1/2 /256. m
9.26 Example. For the DE
3ty" +5y" +(t—5)y=0

we have tQ(t)/P(t) = 5/3 and t>R(t)/P(t) = (t*> — 5t)/3, which is a trivial case of
power series with an infinite radius of convergence.
The direct replacement of (9.8) in the equation leads to

3 Z(n +r)(n4r—1at" "+ 5 Z(n +r)ant™ !

n=0 n=0
o0 o0
+ g ant"trt — 5 E ant™" = 0.
n=0 n=0

We make the powers of ¢ equal to n + r in all the summands by setting m =n —1 in
the first and second terms and m = n + 1 in the third one, and then switching from m
to n. Adjusting the starting value of n accordingly, we arrive at

3 Z (n+7r+1)n+7r)an1t"" +5 Z (n 47+ Day 1 t""

n=-—1 n=-—1
o0 o0
+ Z p_1t"T" =5 Z apt™t" = 0.
n=1 n=0
Here, we need to write separately the terms for n = —1 and n = 0, combining the rest

of them for n > 1; thus, after some algebraic simplification, we get
(3r% 4+ 2r)agt " + [(r 4+ 1)(3r + 5)a; — bag|t"

Z [(n+7r4+1)(B3n+3r +5)ant1 — dan + an_1Jt"T" =0,

from which (since ag # 0)
3r? 4+ 2r =0,
(r+1)(3r+5)a; — bap =0,
(n+r+1)3n+3r+5)apt1 —dbap +an—1 =0, n=12....

The roots of the indicial equation (the top equality) are 1 = 0 and ro = —2/3; the
other two equalities yield, respectively,

5
(r+1)3r+5)

(5an —an—1), n=12....

a1 = agp,

1
(n+7r+1)(3n+3r+5)

An41 =
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For r = 0, these formulas become
a1 = aop,

1
an1 = ( (5an - a’n.*l)v n= 1727 ceey

n+1)(3n+5)
and for r = —2/3,
ayp = 5&0,

1
il = ———————— (5ap —an_1), n=1,2,....
It = e 1) 0 T nmt)

Computing the first few terms (with ag = 1, as usual) in each case, we obtain the GS

yt) =cr(l+t+ 32+ 5% — 4 th 4+

oot 2B (145t 43624 1045 - 134ty ),

Both power series above converge for all real values of ¢.
VERIFICATION WITH MATHEMATICA® . The input
yl=1+t+(1/4) *t™2 + (1/132) *t"3 - (1/264) xt"4;
y2=tN(-2/3) % (1 + 5+t + 3xt"2 + (10/21) xt"3 - (13/840) xt"4);
y=Ccl*xyl + Cc2xy2;
rem=3xt*D[y,t,t] + 5%xD[y,t] + (£t - 5) xy;
rem // Expand

generates the output c1(7t*/264 — t°/264) 4 co(3119/3 /56 — 13t'3/3/840). m

Exercises

Find the singularity exponents of the given DE at the regular singular point ¢ = 0 and,
in each case, use (9.8) to construct two (linearly independent) Frobenius solutions for
t > 0. Compute the first five nonzero terms in each of these solutions and determine
the minimal interval of convergence for the power series occurring in them.

1262+ (22 1)y + (Bt =1y =0. 2 3% —ty+ (* + 5t + 1)y = 0.
20y’ +y +(t—2)y=0. 4 3ty +y +(t+1)y=0.

3t2y" + (2 + 5t)y’ — (t+ 1)y = 0.

20%y" + (262 — )y’ + (3t —2)y =0. 7T 2ty" + (t+3)y +ty=0.

Aty + (B =20y +(t—1y=0. 9 23" =3ty + (2* + ¢t +3)y = 0.

10 6t%y" + (262 + 5t)y’' + (3t — 2)y = 0.

11 (2t —t2)y" + (3t +5)y + (t+5)y = 0.

12 3ty + (2 -ty +(1—t})y=0. 13 2%y —3ty' + (t +2)y = 0.

14 2%y" + (P 43y + (2t — Ly =0. 15 2ty" + (£ + 1)y’ + (* — 1)y =0.
16 3(t2 +1)y" + (2 =t +4)y + (2 +4)y = 0.

o O ot W
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Answers to Odd-Numbered Exercises
R N I (U (I Yoy v T

yo(t) = t7V2 (142t — 42+ 843 - Bt 4. ); —o0 <t < o0,
ra 0 )= 0P s gt ),

(SIS

3 T =
ya(t) =142t + 582 — L3 —gEtt+ - —oco <t < oo

_ 1 _ 1. _ 413 2 1,2 2 .3 1 44 .
5 m=g3 r2=-1 yi(t) =t/ (1+ﬁt_%t + 36855 ¢ ~ So5,4a0 ¢ o)

Yoty =t7'—2— 3t —oo <t<oo.

7 =0, r2=—3 n(t)=1- 5P+ g5t + g7t — im0+
ya(t) =t 7121+ Jt— 5782 — 558 + gz t* +-++); —o0 <t < oo

9 m=35 ro=1 pn(t) =31 - Ft— 2+ 5+ it +-);
ya(t) =t(1—t— 82+ P13+ A5 tt + -+ ); —oo <t < 0.

11 71 =0, ro=—3; p(t)=1—t+ 30— G+ 55t +-;

2
_ 3,013 87,167 .
ya(t) = 732 (1= o4 202 - P28 4 Ghqeot — -+ ); —2<t <2
— _ 1, __ 42 1 1 42 1 3 1 4 .
13 =2 =% nt)=t*(1-3t+5 - 5t st — )

yo(t) =tV2(14t =22+ L83 — st 4+ ); —co<t<oo.
15 ri=g, ra=0; yi(t) =t"2(1+5t— 550> — $551° — g t* + )

Yo(t) =1+t + g2 — g5 t° — gaggt* + -1 —oo <t < oo

9.4.2 Equal Roots

Let KT =72 =T0.

9.27 Theorem. Suppose that t = 0 is a reqular singular point for equation (9.3), and
let p > 0 be the minimum of the radii of convergence of the power series for the analytic
functions tQ(t)/P(t) and t*R(t)/P(t) around t = 0. Then equation (9.3) has, fort > 0,
a Frobenius solution yy of the form (9.8) with r = 1o, and a second solution ya of the
form

ya(t) =y () Int + 7 i but". (9.9)

n=1

The radii of convergence of the power series involved in the construction of y1 and ys
are at least p, and their coefficients are determined, respectively, by direct substitution
of (9.8) and (9.9) in equation (9.3). m

9.28 Example. Consider the DE

2ty" + (2 —t)y' +y =0.
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Replacing (9.8) in it, we arrive at

Z(n +r)n 47— Dat" ™"t + Z(n +7)ant™ "
n=0 n=0
Z n 4 r)ant" T 4 22 a,t" Tt =0,
= n=0

which, with the substitutions m = n — 1 in the first and third terms and m =n + 1 in
the fourth one, changes to

2ragt T4 > 2(n 47+ 12000 — (07— Dag)t"t = 0;
n=0

hence,
r2ag =0,
2(n +r+1)2%ap1 — (n+7r—1a, =0, n=0,1,....
Obviously, the roots of the indicial equation are r; = ro = 0. For r = 0, the second
equality above yields the recurrence relation

n—1

e ., n=01,...
2nr1z ™ "

an+1 =

and (taking ap = 1) we obtain the terminating series solution
_ 1

To construct a second solution, we replace (9.9) in the DE and, after tidying up the
left-hand side, find that

2ty + (2= )yf + ] Int+4yi — g+ Y 20°but" =D (n— 1)byt” = 0.
n=0 n=0

Since y; is a solution of the given DE, it follows that the coefficient of Int¢ vanishes.
Using the explicit expression of y; and adjusting the power of ¢ in the first summand
by writing m = n — 1, we now bring the above equality to the form

—34+3t+2b1 4 Y [2(n+1)%bpy1 — (n— Db,]t" =0,

n=1

which leads to

Then

3 1 1 1
bi=3, by=—dk, bi=-s bi=-rdm ...
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SO

yo(t) =y () Int+ 31— 351° — 5 8° — 4,&08 tt—

It is easy to see that y; and yo are linearly independent; hence, the GS of our DE may
be expressed as y = c1y1 + ca2y2. The power series occurring in both y; and ys converge
for all real values of t.

VERIFICATION WITH MATHEMATICA® . The input

yl=1- (1/2) xt;

y2=ylxLog[t] + (3/2)*t - (1/16) *t"2 - (1/288) xt"3
- (1/4608) xt"4;

y=Ccl*xyl + c2%*y2;

rem=2*t*D[y,t,t] + (2 - £) *D[y,t] +v;

rem// Expand

generates the output cot?/1,536. m

9.29 Example. Starting with (9.8) and applying the same procedure to the DE
2y + (82 + 5t)y" + (3t + 4)y = 0,
after the customary manipulation of the terms and powers of ¢ we arrive at the equality
(r+2)%apt” + [(r + 3)%ar + Baglt"™ + > (n+ 7+ 2)[(n+ 7+ 2an + an1Jt"T" =0,
n=2
from which
(r 4 2)%ap = 0,

(r +3)%a; + 3ap = 0,
m+r+2)[(n+7r+2)ap+an-1]=0, n=2,3,....

The roots of the indicial equation are ry = ro = —2, and for » = —2 we use the second
and third equalities above with ag = 1 to produce the Frobenius solution

yi(t) =t 2(1—t+ i -1+ 4t*+).

Continuing the procedure with (9.9) and performing the necessary computation, we
find that

2ty + tyr +4yr +bit T+ Y n(nby + by 1)t = 0.

n=2
After y; is replaced by its expression, this leads to
(b1 — 1)t 4 4by + 2b1 + 1 + (9b3 + 3by — 3 )t + (16bs + 4b3 + £ )t* +--- =0
and, hence, to the coefficients
by=1, bo=-3 b3=14, b=—-22 ...,

which give the solution

yo(t) = () Int+ ¢ 2(t =3¢+ LLyP — Zgd 4 ),
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In view of the obvious linear independence of y; and y2, the GS of the equation is
Yy = c1y1 + coy2, with the power series occurring in both y; and y» convergent for all
real values of t.

VERIFICATION WITH MATHEMATICA® . The input

yi=tN(-2)%(1-t+ (1/2)*t"2 - (1/6) xt"3+(1/24) xt"4);
y2=yl*Logl[t] + £/ ( - 1) * (1-(3/4) xt+(11/36) xt"2

- (25/288) xt"3) ;
y=Ccl*xyl + c2%y2;
rem=t"2*DI[y,t,t] + (£"2 +5%t) *D[y,t] + (3%t + 4) *xy;
rem // Expand

generates the output 5c1t%/24 + co[5(t3 Int) /24 — 113t3/288]. =m
9.30 Example. The usual treatment based on (9.8) and applied to the DE
2y +ty +t2y =0 (9.10)

produces the equality

oo
r2agt” + (r 4+ 1)%a t'" + Z[(n + 1), + an_oJt"T" =0,

n=2

SO

r?ag = 0,

(r+1)%a; =0,
(n+7)2ay +a,2=0, n=23,....

This means that the roots of the indicial equation are r; = ro = 0. For = 0, the above
coefficient relationships (with ag = 1) yield the Frobenius solution

_ 1,2 1 4,4 1 6
yl(t)—].fzt +6_4t 7mt +

A second solution ys is now constructed from (9.9). Carrying out the necessary
differentiation and algebra, we get

2ty| + i n2b,t" + i bp_ot™ =0,
n=1 n=3

or, with y; replaced by its computed expansion,

bt + (4by — 1)t* + (9b3 + b1 )t* + (16bs + b + £ )t*
+ (25b5 + b3 )t® + (36bg + by — 155 )1° + - = 0.
We then have

by =0, bo=1 b3=0, by=—-=2-, by=0, bg=

=

SO
ya(t) = pn(t) It + 1% — Bt + hagr t° —

Since y; and ys are linearly independent, we may write the GS of the equation as
y = c1y1 + c2y2. The power series occurring in y; and yo converge for all real ¢.
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VERIFICATION WITH MATHEMATICA® . The input

yl=1- (1/4) xt"2 + (1/64) xt™4 - (1/2304) xt"6;
yv2=ylxLogl[t] + (1/4) *t”2 - (3/128) *t"4 + (11/13824) xt"6;
y=cl*xyl + c2x*xy2;

rem=t"2*D[y,t,t] + t*D[y,t] + t"2x%y;

rem// Expand

generates the output —c;t®/2,304 + c2[11¢8/13,824 — (t®1nt)/2,304]. m

9.31 Remarks. (i) The DE in the preceding example is known as Bessel’s equation
of order zero, and its solution y; is called Bessel’s function of the first kind and
order zero. If the coefficients a,, computed from the recurrence relation with » =0
are expressed in terms of their numerical factors and we use x as the independent
variable instead of ¢, then this function, denoted in the literature by the symbol Jg,
can be written in the form

Jo(!E) = Z %!@2”.
n=0

There is also a Bessel function of the second kind and order zero, denoted by Yj,
which is defined in terms of Jy and y» by

Yo(a) = = [(v ~ In2)Jo(a) + 1a()],

where ) )
v = lim <1+—+---+—) —Inn ~0.5772 (9.11)
n—oo 2 n

is Euler’s constant. Since Jy and Y[ are linearly independent solutions of Bessel’s
equation of order zero, the GS of the latter may also be written as y = ¢1Jp + ¢2Yp.

(ii) If we divide Bessel’s equation of order zero (with z as its variable) by 2%, we bring
it to the alternative form

1
y'+ -y +y=0.
T

This shows that, as x — oo, the influence of the middle term diminishes, so the
solutions of the given DE become asymptotically closer to those of the equation
y" 4+ y = 0, therefore exhibiting an oscillatory behavior. The graphs of Jy (lighter
curve) and Yy (heavier curve) are shown in Fig.9.1. m
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Exercises

Find the exponents at the singularity for the given DE at the regular singular point
t = 0 and, in each case, use (9.8) and (9.9) to construct two (linearly independent)
series solutions for ¢ > 0. Compute the first five nonzero terms in each of the power
series occurring in these solutions and determine the minimal interval of convergence
for these power series.

ty' +(t+ 1y +2ty=0. 2 29" +3ty’+ (1 —-t)y=0.

2y —ty + (2 —t+1)y=0. 4 ty"+(1—-2t)y +(1—-t)y=0.

ty' + (1 -ty —y=0. 6 4ty +2t%' + (3t+ 1)y = 0.

2y + 3 +t)y + 2t +1)y=0. 8 (#*+t)y" +y' +2y=0.

2 -ty + (2 -1y — (t+2)y=0. 10 4t%y" +4(t2 +2t)y' + (1 —2t)y = 0.

© N ot w

Answers to Odd-Numbered Exercises

1 ori=ro=0; pmt)=1-32+ 134+ Lt — Lo+
ya(t) = ()t + (=t + 5% + 8% — St + FHt° +---); —oo <t < o0
3 om=r=l nl) =1t 5 it )

yo(t) =yp(t)Int +t( =2t — 5+ Z 3+ g5 t" — =G t° +---); —oo <t < oo

5 ri=ra=0; yt)=1+t+32+234+ 2Bt

15,631 .
yo(t) = yr(t)Int+ (=20 — 347 — Lt — B d — 20019 4.0 ) —oo <t < o0,

T orm=ra=—1 y{t)=ttQ1+t-32+ -2t
ya(t) = ya () I+ (=5t 4+ § 17— PL 3+ 53 4 — Fgp t° -+ ); —o0 <t < o
9 ri=ry=0; yi(t)=1-2+32+Zt"+ 5+,

yo(t) =y () It + (3t = 8% + 55 1% — Fi5 t* — g t° +---); 1<t <L

9.4.3 Distinct Roots Differing by an Integer

Let r1 = r9 + ng, where ng is a positive integer.

9.32 Theorem. Suppose that t = 0 is a reqular singular point for equation (9.3), and
let p > 0 be the minimum of the radii of convergence of the power series for the analytic
functions tQ(t)/P(t) and t*R(t)/P(t) around t = 0. Then equation (9.3) has, fort > 0,
a Frobenius solution yy of the form (9.8) with r = r1, and a second solution ya of the
form

o0

y2(t) = cya(t) Int +¢™ <1 + Z bnt">, ¢ = counst. (9.12)
n=1

The radii of convergence of the power series involved in the construction of y1 and ys

are at least p, and their coefficients are determined, respectively, by direct substitution

of (9.8) and (9.12) in equation (9.3). m
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9.33 Remark. The constant ¢ in (9.12) may turn out to be zero. In this case, equa-
tion (9.3) has two linearly independent Frobenius solutions. m

9.34 Example. Replacing series (9.8) in the DE
t2y// +t2 I (t+2)y =0,

we arrive at the equality

Z(?’L + 7‘)(” +r— 1)antn+r + Z(n + r)ant"”‘H
n=0 0

o o
— Z ant™trt =2 Z ant™" = 0.
n=0 n=0

The substitution m = n + 1 in the second and third terms (followed by a change from
m back to n) leads to

Z(n +7r)(n+r—Dat"t" + Z(n + 71— 1)a,_t"*"
n=0 n=1

oo o
- Z Ap1t"TT =2 Z ant™™" =0,
n=1 n=0

or, equivalently,

(r* =7 = 2aot” + > _{[(n+7r)(n+7—1)=2an+ (n+7—2)an_1}t""" =0.

n=1

After simplifying the coefficients, we equate them to zero and find that

(r? —r —2)ag =0, (9.13)
m+r—=2)[(n+r+Da,+a,-1]=0, n=1,2,.... (9.14)

As expected, (9.13) yields the indicial equation r? — r — 2 = 0, with roots r, = 2 and
ro = —1. For r =2, we have n + r — 2 =n # 0 for all n > 1, so, from (9.14),

1
n+3

Taking ap = 1, we use this formula to compute the coefficients a,,, which, replaced in
(9.8), give rise to the Frobenius solution

ap = ap—1, nm=1,2,....

2 1 1,2 1 43, 1 44
pt) =t*(1—jt+ 556" — gt + 5@t + )
If we now set » = —1 in (9.14), we get
(n—=3)(nan + an-1)=0, n=12....

This yields, in turn,

1 1
a; = —ap, az = —3a1 = 354ao, 0:03

as=—%as, a5=—304= 5503, G6=—ga5=—75503, ...,
with a3 undetermined and, therefore, arbitrary. The above coefficients produce the series
T ao(l—t+3%) +as(t® — 2tt+ 517 — 5t + )]

= ao(til — ]. + %t) +a3y1.
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Consequently, without loss of generality, we may take as = 0 (and, as usual, ag = 1) to
end up with the second Frobenius solution

yot) =t ' =1+ 1t (9.15)

Given that, as is obvious, y; and y» are linearly independent, the GS of the equation is
Yy = c1y1 + c2y2, with the power series in y; and yo convergent for all real values of ¢.

The same result is achieved if we substitute (9.12) with » = —1 in the equation.
Proceeding as in Example 9.28, we then arrive at the equality

2ety) — ey +ctyr — 24 > _(n—1)(n = 2)but""!

n=1 o I o
+) (= Dbt =D bt =2 bt =0,
n=1 n=1 n=1

from which, if we replace y; by its expression and perform the necessary operations and
simplifications, we obtain

—2(b1 + 1) = (2b2 + b1)t + 3ct® + ( — T ¢+ 4bs + b3)t® + (75 ¢ + 10bs + 2by)t*
+ (= g5 ¢+ 18bg + 3b5)t° + (355 ¢ + 28br + 4bg)t° + - -+ =0,
SO
b1:_17 b2:%7 C:Oa b4:_4llb37 b5:
be = — 135 b3, b7 = 515 b3,

120
With these coefficients we now construct the series
-1 1 2 143, 1 44 145 146
=1 St bs (P - 1+ ot — gt et ),
which for b = 0 reduces to (9.15).

VERIFICATION WITH MATHEMATICA® . The input

yl=t"2(1 - (1/4) *t + (1/20) *xt"2 - (1/120) *t"3 + (1/840) xt"4);
y2=tN(-1) - 1+ (1/2) *t;

y=cl*xyl + c2x*xy2;

rem=t"2*D[y,t,t] + t"2*DI[y,t] - (£t + 2) *xy;

rem// Expand

generates the output cit”/168. m
9.35 Example. The same treatment applied to the DE
E+t)y" +E+3)y +2t+1)y=0
leads in the first instance to the equality
(r? + 2r)apt " 4+ [(r + 1)(r + 3)ay + (r* + Vao]t”

+Z{(n+r+1)(n+r+3)a"+l+[(”+T)2+1]an+2an,1}t"+“”:()

n=1

and, hence, to the indicial equation and recurrence formulas
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r?+2r =0,

(r+1)(r+3)a; + (r* + 1)ag = 0,
(n+r+1)n+r+3)an1 +[(n+7r)?+1an +2a,1=0, n=12....

The roots of the top equation are r; = 0 and ro = —2. For r = 0, the other two give
ap = 7% ap,
1
any1 = — [(n* 4+ Dan +2a,_1], n=1,2,...,

(n+1)(n+3)

which, with ag = 1, yield the Frobenius solution
pit)=1-2t—3224+ L3 — Lty

If we now try » = —2 in the above recurrence relations, we get

—aj + 5ag = 0,
(n2 —Dap41 + (n2 —4dn+5)a, +2a,-1=0, n=12 ...,
and, since ag # 0, we arrive at two contradictory results: a; = 5ag from the former and,
for n =1, a1 = —ag from the latter. This means that the method fails and we must use

(9.12) with » = —2 to construct a second solution.
Doing so, after simplification we obtain

2ty + 2cy) + 2ct "ty + 572 42t 71

oo

+i(n—2)(n— bat™ 2 + i bnt" 3 + Zn—2 bt 2
n=1 n=1

+3 Z(n — 2)bpt" " 42 Z bt + Z bt = 0
n=1 n=1 n=1

Substituting the expression of y; in this equality and computing the first few terms
yields

(5=b1)t >+ (2c+242b1)t 7" + (— 5 ¢+ 3bs + by + 2b1)
+ (= 2 ¢+ 8by + 2bs + 2b2)t + (& ¢ + 1505 + 5by + 2b3) 1>
+ (2 ¢+ 24bs + 10bs5 + 2by)t° +--- =0,

from which
bi=5 =6, by=—6—4%bs bi=f— kb,

_ 7 AT
b5_100+ ba, b = — 180 — 6b2’ )

where by remains arbitrary. When these coefficients are replaced in (9.12), we see that
the series multiplied by bs is, in fact, y1, so, as in the preceding example, we may take
by = 0 and find the second solution

ya(t) = —6y1 () Int + 72 (145t — 61> + 2 t* + £L 87 +---).

Since y; and ys are linearly independent, it follows that y = c1y1 + coy2 is the GS of
the equation. The power series in y; and ys converge for all real t.
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VERIFICATION WITH MATHEMATICA® . The input

yl=1- (1/3) %t - (1/6) xt”2 + (1/10) xt"3 - (1/36) *xt"4;

y2=-6%ylxLoglt] + tN(-2) % (1 + 5%t - 6+xt"3 + (1/4) *xt"4
+ (77/100) *t"5) ;

y=cl*xyl + c2x*xy2;

rem= (£"2 + t) *D[y,t,t] + (£ + 3) *D[y,t] + (2%t + 1) xy;

rem // Expand

generates the output cl( — 148% tt — % y5) + c2 [% 3+ % tt + (% th+ §t5) In t]. [
9.36 Example. Consider the DE

2,11 / 2 —

ty" +ty' + (- 1)y =0.

Starting with expansion (9.8) and following the usual procedure, we derive the equality

(r* = Daot” +7(r + 2)art™™ + Y [(n+7r=1)(n+71+ an + an_o]t"™" =0,

n=2

which leads to
(r* —1)ag = 0,
r(r+2)a; =0,

(m+r—1n+r+1a, +an_2=0, n=23,....

Hence, the indicial equation is r* — 1 = 0, with roots (exponents at the singularity)
r = 1 and T9 = —1.
For r = 1, we see that a; = 0 and
1

T o\ Yn—2y :2337"'3
n(n+2)a 2N

ap =

so, computing the first few coefficients and taking ap = 1/2 (see Remark 9.37 below),
we obtain the Frobenius solution

yi(t) = 5t(1— 32+ g t! — g3t + ).

A second solution can be constructed by means of (9.12). We replace this expression,
with r = —1, in the DE and, making use of the fact that y; is a solution, after some
straightforward manipulation we establish that

2ctyy + Z n(n — 2)b,t"* + Z by _ot" "t = 0.
n=1 n=3

If we plug the series for y; in this equality and write the first few terms explicitly, we get

— by 4 (c+ 1)t + (3bg + b1)t* + (— 2 ¢+ 8by + ba)t® + (15b5 + by)t*
+ (383 ¢ + 24bg + ba)t* + (35b7 + bs)t° + ( — g ¢ + 48bs + bg)t* + - = 0;

therefore,
3 1
bi=0, c=-1, b3=0, by=—g —5b2, b5=0,
— T 4 1 — _ __3 _ _1
b = 5351 t 1oz b2, b7 =0, bs=—gp3es —samwle -
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where by remains undetermined. The series multiplying bs when the above coefficients
are inserted in (9.12) is twice the series for y;. However, instead of setting the arbitrary
coefficient equal to zero, as we did in Examples 9.34 and 9.35, this time we take by = 1/4
and so,

ya(t) = =y (®) Int + ¢~ (1 + 312 — g et + 1,1552 0 — 44;1,268 5 4.
The linear independence of y; and y2 now shows that we can write the GS of the given
equation as y = c1y1 + c2y2. The power series involved in this solution converge for all
real values of ¢.

VERIFICATION WITH MATHEMATICA® . The input

yl=(1/2) *t* (1 - (1/8) xt"2 + (1/192) xt™4 - (1/9216) xt"6) ;
y2=-yl*Logl[t] + t"(-1)* (1 + (1/4) xt"2 - (5/64) xt"4

+ (5/1152) xt"6 - (47/442368) xt"8) ;
y=cl*xyl + c2*xy2;
rem=t"2*D[y,t,t] + t*DI[y,t] - (£"2 - 1) xy;
rem // Expand

generates the output —c;t?/18,432 + ¢2t%[—47/442,368 + (Int)/18,432]. m

9.37 Remark. The DE in Example 9.36 is Bessel’s equation of order 1. Its solution y;
(with the choice ag = 1/2 intentionally made by us for the leading coefficient) is called
Bessel’s function of the first kind and order 1 and is denoted by J;. Switching the
independent variable from ¢ to x and expressing the coefficients a,, from the recurrence
relation with » = 1 in factor form, we have

L e O 2
Ji(z) = = n,
(@) 2‘22) 22npl(n 4 1)! ©

The Bessel function of the second kind and order 1, denoted by Y7, is defined as
2
Yi(z) = —[(v = In2)Ji(z) — y2(2))],
where yy is computed with by = 1/4 (our choice in Example 9.36) and v is Euler’s
constant given by (9.11). Since {J1, Y1} is an FSS for Bessel’s equation of order 1, the

GS of this equation may also be written as y = ¢1J1 + c2Y7.
The graphs of J; (lighter curve) and Y; (heavier curve) are shown in Fig.9.2. m

0.61

Fig. 9.2



9.4 Solution Near a Regular Singular Point 247

Exercises

Find the exponents at the singularity for the given DE at the regular singular point
t = 0 and, in each case, use (9.8) and (9.12) to construct two (linearly independent)
series solutions for ¢ > 0. (In 1-12, expect two Frobenius solutions.) Compute the first
five nonzero terms in each of the power series occurring in these solutions and determine
the minimal interval of convergence for these power series.

APy + 2P+ 4y + (t -1y =0. 2ty + (P +2)y + 2ty =0.

@ +t)y" +3y — (P +4y=0. 4 97" + (32 = 3t)y — (2t +5)y = 0.

2y + (t+6)y + (P +1)y=0. 6 2y’ + (27 —t+4)y + (£ +4t — 1)y =0.
Py — (P + 200y + (Bt —4y=0. 8 2 — %y + (2t —6)y =0.

2y + (262 +3t)y =3y =0. 10 ty" + (* —t+4)y' + (2t — 1)y = 0.

11 (-t + =2y +(—y=0. 12 2" + (> = 5t)y' + (5 — 4t)y = 0.
13 2/ + (2 + 4y + (42 —t+2)y=0. 14 %" -2ty + 2+t +2)y = 0.
15 4t’y” + (22 +8t)y' —3y =0. 16 %"+ (5t — )y’ + (t+3)y = 0.

17 £y + (27 =3ty +3y=0. 18 2"+ 2y +2(t — 1)y =0.

19 2y +12% + (3t —2)y=0. 20 t%" +3ty' + (2t —3)y =0.

21 2y — (2 +0)y + 20—t —-3)y=0. 22 ty +2—-t)y +(1—t)y=0.

23 (2+2t)y" +(A—2t)y + (6t +2)y=0. 24 ty" +4(t+ 1)y + (2 +4)y =0.

© N Ot W

Answers to Odd-Numbered Exercises

_ 1 _ 1. — +1/2 1 1 42 1 3 1 4 .
1 ori=g, m=—g ) =t"2(1-jt+ 58—t + gt —);
yg(t):t_1/2; —00 < t < 00.
3 r1=0,ro=-2 yi(t)=1+3t+22+ L3+ 51+
yo(t) =t (148t + 22+ It + L6+ .1); —c0 <t < .

5 m =0, o==2 yi(t)=1-gt+ 50" — 556+ 555t +;
yot) =t 2(1—3t—3t3+ St — Lo+ ); —co<t<oo.

7T =4, =1 y(t) =t 1+ Gttt +3024t4+ Ok
yo(t) =t (14t + 382+ 53+ 57 t*); —o00 <t < 0.

9 =1 ro==3 pt)=t(1—2t+F2— =t + s t* — - );
yo(t) = t73(1 =2t + 26> — $13); —o0 < t < o0.

11 =0, ro=—1; p(t)=1—3t+ 53+ gt* +55°+-;
yo(t) =t 11+ 58+ gt + 5t + 5t +--+); —1<t<l

13 ri=-1, ro=-2; y1()=t1(1+t—12 234+ Lttt o)

y2(t) = 3yr(t) Int +t72(1 — 8% — 53 + 2L ¢4 — 23fgot5+ )y —oo <t < oo.
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15 ri=35, r2=—3 )=t (1 Ht+ gt~ b+ 147?456 th—)s
ya(t) = =55 y1 (1) Int+t732(1 -3t + o3 t° — 16,7384 t+ 327?680 5~ );
—00 < t < o0.

17 r=3, rp=1 yt)=0>31-2t+22 - 43+ 214 4. );
yo(t) = —dyr () Int +t(1+ 2t — 83 +12¢* — 245 + ... ); —oo <t < 0.
19 7 =2 r=-1 y{t)=2(1-2t+32 - L3+ LStt+.);
yo(t) = =2y () Int+t 11+t 4+ 32 -2t + B 4. ) —00 <t < o0
21 ri =3, ro=—1 y(t) =31+ 5t+ 52— 65— g5t* +---);
ya(t) =t (1+ 582 — 3834+ F5t° + 504+ ); —oo <t < oo
23 r =0, ro=-1; yl(t):1—%t—%t2+%t3+%t4+u~;
yo(t) = =3y () Int + 71 (1 = 6% — G + Ft' + o t° + -+ ); —2<t <2



Appendix A
Algebra Techniques

A.1 Partial Fractions

The integration of a rational function—that is, a function of the form P/Q, where P
and @ are polynomials—becomes much easier if the function can be written as a sum
of simpler expressions, commonly referred to as partial fractions. This is done by means
of a procedure that consists of the following steps:

(i) Using long division, if necessary, we isolate the fractional part of the given function,
for which the degree of P is strictly less than the degree of Q.

(ii) We split @ into a product of linear factors (first-degree polynomials) and irre-
ducible quadratic factors (second-degree polynomials with complex roots). Some
of these factors may be repeated.

(iii) For each single linear factor ax + b, we write a fraction of the form C/(az + b).
For each repeated linear factor (az + b)", we write a sum of fractions of the form
Ch n C R Cn
ar+b  (ax +b)2 (az + b)""

(iv) For each single irreducible quadratic factor az? + bx + ¢, we write a fraction of
the form (Cyz + C3)/(az? 4 bx + ¢). For each repeated irreducible quadratic factor
(ax? + bx + )", we write a sum of fractions of the form

Cnz + Cho Co1z + Co o Cn1x + Cha
ax? +br+c  (ax?+ bz + ¢)? (az? + bx + o)™’

(v) The fractional part of the given function is equal to the sum of all the partial
fractions and sums of partial fractions constructed in steps (iii) and (iv). The
unknown coefficients C, C;, and C;; are determined (uniquely) from this equality.

A.1 Example. The denominator of the fraction (z — 5)/(2? — 42 + 3) is a quadratic
polynomial, but it is not irreducible. Its roots are 1 and 3, so we write

r—25 r—5 A B

:102—4:10—1—3:(95—1)(:10—3) =1 z-3

If we eliminate the denominators, we arrive at the equality

r—5=A(x—-3)+B(x—-1)=(A+ B)x—3A - B,

C. Constanda, Differential Equations: A Primer for Scientists and Engineers, Springer 249
Undergraduate Texts in Mathematics and Technology, DOI 10.1007/978-1-4614-7297-1_10,
© Springer Science+Business Media New York 2013
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which, in fact, is an identity, meaning that it must hold for all admissible values (in this
case, all real values) of x. Then, matching the coefficients of 2 and the constant terms
on both sides, we obtain the system

A+B=1, 3A+B=35,

with solution A = 2 and B = —1. Hence,

v-5 2 1
22 —4x+3 -1 x-3
A.2 Example. Similarly, we have
22+ T+ 4 x2+7x+47A B C

3 +422 + 4 z(z+2)2 7;+x+2+(x+2)2’

or
2? + 7 +4 = Az +2)* + Bx(x + 2) + Cx.

Equating the coefficients of 22 and = and the constant terms on both sides would yield a
system of three equations in three unknowns, whose solution would require a little time
and effort. This can be avoided if we recall that the above equality, which—we must
emphasize—has been set up correctly, holds for all real values of x. Thus, for x = 0
we obtain 4 = 4A, so A =1, and for x = —2 we get —6 = —2C, so C' = 3. We chose
these particular values of x because they made some of the terms on the right-hand side
vanish. To find B, we can take = to be any other number, for example, 1, and replace
A and C by their already determined values. Then 12 = 9A+ 3B+ C = 12+ 3B, from
which B = 0; hence,

22 +Tx+4 1+ 3
—-———— =—+ —— . n
+4a?+4e o (x+2)?

A.3 Example. Since 22 + 1 is an irreducible quadratic polynomial, we have

2+x—a2* 24xz—2> A Bzx+C
34+22 @2+l oz 2241

or

2+x—2°=A(x? + 1)+ (Bz + O).

Using either the method in Example A.1 or that in Example A.2, we find that A = 2,
B =-3,and C =1, so

24— a2 2 1-3z

=4+ — =
3 + 22 r x224+1

A.4 Example. Without giving computational details but mentioning the use of long
division, we have

x5 4+ 222 —3x+2 +1+x273x+2 L1t x2 —3x+2
=X _— = —_——————

xt — a3 + 22 xt — a3 + 22 22(x?2 —x + 1)
A B Cx+ D
=r+1+—-—+ 5+ F———
T T x> —x+1

L1 1+2+ xr — 2
=z ——t =4+ .=
r x2 z2—z4+1
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A.2 Synthetic Division

Consider a polynomial equation of the form
aor” +ar" - ap_r+a, =0, (A1)

where all the coefficients ay, . . ., a, are integers. If a root of this equation is an integer,
then that root is a divisor of the constant term a,, and can be determined by means of
a simple algorithm.

(i) Let ro be a divisor of a,. We line up the coefficients of the equation in decreasing
order of the powers of r (writing 0 if a term is missing) as the first row in Table A.1.

Table A.1
ap aip a2 -+ A4p—1 0n |
(ii) Next, we complete the second row in Table A.1 with numbers by, . .., b, computed
as shown in Table A.2.
Table A.2
ao ai az o Qn |
bop=ap by =borg+ar by=birg+ax --- by =>by 170+ an | o

(iii) If b, # 0, then r( is not a root of the equation, and we repeat the procedure with
the next candidate—that is, the next divisor of the constant term. If b,, = 0, then
ro is a root; furthermore, by, b1, ..., b,—1 are the coefficients of the polynomial
equation of degree n — 1 which yields the remaining roots.

(iv) When this new equation is not easily solvable, we may try applying the procedure
again, starting with the new set of coefficients b;.

A.5 Example. For the equation
rt—2r3 —3r? 4 4r+4=0,

the divisors of the constant term 4 are +1, +2, and +4. To check whether, say, 1 is a
root, we apply the algorithm described above and arrive at Table A.3.

Table A.3
1 -2 -3 4 4
1 -1 —4 0 4|1

The number 4 in the last place before the vertical bar in the second row means that
1 is not a root, so we try the next candidate, —1. This time we get Table A .4.

Table A.4
1 -2 -3 4 4]
1 -3 0 4 o0f -1
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Since the last number in the second row before the bar is 0, we conclude that —1 is
a root. We can try —1 again, starting the operation directly from the second row, as
shown in Table A.5.

1 -3 0 4 0] -1
1 -4 4 0 -1

Hence, —1 is a double root, and the coefficients 1, —4, and 4 in the third row tell us
that the remaining two roots of the characteristic equation are given by the equation
r? — 4r + 4 = 0, which yields another double root, namely 2. =

We can extend the above algorithm to determine whether an equation of the form
(A.1) has rational roots; that is, roots of the form a/b, where b # 0 and a and b are
integers with no common factor greater than 1. If this is the case, then the numerator
a is a divisor of the constant term a,, and the denominator b is a divisor of the leading
coefficient ag.

A.6 Example. For the equation
2r® —9r® + 14r — 5 =0,

the divisors of the constant term —5 are +1 and £5, but none of them satisfies the
equation. Since the divisors of the leading coefficient 2 are +£1 and £2, it follows that
any possible nonintegral rational roots need to be sought amongst the numbers +1/2
and +5/2. Trying the first one, 1/2, with the procedure described above, we construct
Table A.6.

Table A.6
2 -9 14 5|
2 -8 10 0] 1/2

This shows that 11 = 1/2 is a root and that the other two roots are given by the
quadratic equation r? — 4r +5 = 0 (for convenience, we have divided the coefficients
2, —8, and 10 in the second row by 2); they are ro =2+iand rs =2 —i. m



Appendix B
Calculus Techniques

B.1 Sign of a Function

If f = f(x) is a continuous function on an interval J and a and b are two points in J such
that f(a) and f(b) have opposite signs, then, by the intermediate value theorem, there
is at least one point ¢ between a and b such that f(¢) = 0. In other words, a continuous
function cannot change sign unless it goes through the value 0. This observation offers
a simple way to find where on J the function f has positive values and where it has
negative values.

B.1 Example. To determine the sign of
flx) = (@ +3)(x—-1)(5—=)

at all points = on the real line, we note that the roots of the equation f(x) = 0 are
1 = =3, x2 = 1, and z3 = 5. Since the sign of f does not change on any of the
subintervals © < —3, =3 < x < 1,1 <z < 5, and = > 5, we can test it by computing
the value of f at an arbitrarily chosen point in each of these subintervals; here we picked
the points —4, 0, 2, and 6. The conclusions are listed in Table B.1.

Table B.1

x| (=49 -3 (0 1 (2 5 (6)
f@+ + + 0 - — 04+ +4+0— — —

This makes it unnecessary to study and combine the sign of every factor in the expres-
sion of f(z). m
B.2 Integration by Parts

If u and v are continuously differentiable functions of a variable x, then
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or, in abbreviated form,

/udv:uvf/vdu.

L = /e‘” cos(bx)dx, Iy= /e‘” sin(bz) dx.

B.2 Example. Let

Then

1 1 1 b
I = = e*cos(bx) — [ = e*(—sin(bx))bdr = = e** cos(b -1
1=—¢ cos(bx) /ae (— sin(bx))b dx e cos( x)Jra 2

1 1 1 b
I, = — e*sin(bx) — / — e cos(bx)bdx = — e sin(bx) — — I4.
a a a a

This is a simple algebraic system for I; and I5, which yields

1
Il = /eam COS(bZZ?) dI’ = m BQLE [CL COS(bx) —+ bSlIl(b.’,E)] + C,
1
I, = /e‘” sin(bz) dx = pea) e*lasin(bx) — beos(bx)] + C. m

B.3 Integration by Substitution

Let f = f(x) be a continuous function on an interval [a,b], and let © = z(t) be a
continuously differentiable function on an interval [c, d], which takes values in [a, b] and

is such that 2(c) = a and 2(d) = b. Then

/b f(a) da = / Fla(t)2 (¢) dt.

B.3 Example. If g = g(t), then, in the absence of prescribed limits,

9O [ g [Y9_ .
/g(t) dt_/g(t)g<t)dt_/ g ol + G




Appendix C
Table of Laplace Transforms

ft) = L7HF(s)}

F(s) = L{f(t)}

1| f™(t) (nth derivative) s"F(s) — s Lf(0) — --- — f(»=1(0)
2| f(t—a)H(t — a) e~ F(s)

3] et (1) F(s—a)

4| (f*9)®) F(s)G(s)

501 = (s>0)

6| t" (n positive integer) 3:% (s > 0)
N
8| sin(at) 52;;& (s> 0)
9| cos(at) ﬁ (s >0)
10| sinh(at) > faQ (s > |a])
11| cosh(at) > faQ (s > |a])
12[ 6(t—a) (a>0) e

13] 6(c(t —a)) (c, a>0) %eﬂw

14) f(t)é(t —a) (a=0) fla)em

15 Of f(r)dr L F(s)

16| t"f(t) (n positive integer) | (—1)"F((s)
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Appendix D

The Greek Alphabet

Below is a table of the Greek letters most used by mathematicians. The recommended
pronunciation of these letters as symbols in an academic context, listed in the third
column, is that of classical, not modern, Greek.

Letter Name Greeks say. ..
@ Alpha Ahl-fah
153 Beta Beh-tah
v, I’ Gamma Gahm-mah
6, A Delta Del-tah
€, € Epsilon Ep-sih-lohn
¢ Zeta Zeh-tah
n Eta Eh-tah
0, 0 Theta Theh-tah
L Iota Yoh-tah (as in ‘York’)
K Kappa Kahp-pah
A A Lambda Lahmb-dah
L Mu Mu
v Nu Nu
£ = Xi Xih
w, 1T Pi Pih
p Rho Roh
o, X Sigma Sig-mah
T Tau Tau (as in ‘how’)
v, T Upsilon FEwe-psih-lohn
o, o, Phi Fih
X Chi Khih
P, ¥ Psi Psih
w, 2 Omega Oh-meh-gah

One allowed exception: 7 (and its upper case version IT) can be mispronounced ‘pie’,
to avoid the objectionable connotation of the original sound.
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Further Reading

The following is a short list, by no means exhaustive, of textbooks on ordinary
differential equations that contain additional material, technical details, and informa-
tion on the subject going beyond the scope of this book.

1

10

11

Birkhoff, G., Rota, G.-C.: Ordinary Differential Equations, 4th edn. Wiley,
New York (1989)

Borrelli, R.L., Coleman, C.S.: Differential Equations: A Modeling Perspective, 2nd
edn. Wiley, New York (2004)

Boyce, W.E., DiPrima, R.C.: Elementary Differential Equations and Boundary
Value Problems, 10th edn. Wiley, Hoboken (2012)

Coddington, E.A., Levinson, N.: Theory of Ordinary Differential Equations.
Krieger, Malabar (1984)

Corduneanu, C.: Principles of Differential and Integral Equations. AMS Chelsea,
New York (2008)

Edwards, C.H., Penney, D.E.: Elementary Differential Equations with Boundary
Value Problems, 6th edn. Pearson, Boston (2008)

Kohler, W., Johnson, L.: Elementary Differential Equations with Boundary Value
Problems, 2nd edn. Pearson, Boston (2005)

Ledder, G.: Differential Equations: A Modeling Approach. McGraw-Hill, Boston
(2005)

Nagle, R.K., Saff, E.B., Snider, A.D.: Fundamentals of Differential Equations, 8th
edn. Pearson, Upper Saddle River (2011)

Simmons, G.F., Krantz, S.G.: Differential Equations: Theory, Technique, and
Practice. McGraw-Hill, New York (2007)

Zill, D.G.: A First Course in Differential Equations with Modeling Applications,
10th edn. Brooks Cole, Pacific Grove (2012)
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Index

A

amplitude, 104
modulation, 111

analytic function, 222

antiderivative, 3

autonomous equations, 49

B
basis eigenvectors, 149
beats, 111
Bernoulli equations, 26
Bessel’s
equation, 240, 246
function, 240, 246
boundary
conditions, 6
value problem, 6, 70

C
Cauchy—FEuler equations, 97
center, 162
characteristic
equation, 71, 147
polynomial, 71, 147
roots, 72
complex conjugate, 77
real and distinct, 72
repeated, 74
chemical reaction, 56
column vector, 141
complementary function, 80, 130, 178
compound interest, 4, 43
consumer-resource model, 138
contagious disease epidemic, 138
convective heat, 62
convolution, 192
coupled mechanical oscillators, 138
Cramer’s rule, 63
critical
damping, 107
point, 50
critically damped response, 115

D
damped
forced oscillations, 112
free oscillations, 106
damping
coefficient, 61, 103
ratio, 106
determinant, 63, 118
expansion in a row or column, 118
diagonalization, method of, 175, 178
differential, 3
differential equations, 4
classification of, 9
homogeneous, 12
linear, 12
order of, 11
ordinary, 11
partial, 11
with constant coefficients, 12
Dirac delta, 209
direction field, 40
distribution, 209
driving force, 103

E
eigenline, 155
eigenvalues, 147
algebraic multiplicity of, 149
complex conjugate, 161
deficiency of, 149
geometric multiplicity of, 149
real and distinct, 155
repeated, 165
eigenvectors, 147
generalized, 166
elastic coefficient, 103
electrical vibrations, 114
elementary row operations, 120
environmental carrying capacity, 51
equilibrium solution, 15, 50, 154
asymptotically stable, 51, 154
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equilibrium solution (cont.)
stable, 51
unstable, 51, 154
Euler’s formula, 77
exact equations, 30
existence and uniqueness theorem, 70
for linear equations, 35
for nonlinear equations, 36
for systems, 151
exponents at the singularity, 232

F
forced
mechanical oscillations, 110
response, 112
forcing terms
continuous, 199
piecewise continuous, 204
with the Dirac delta, 208
free
fall in gravity, 4, 44, 61
mechanical oscillations, 103
Frobenius
method of, 232
solutions, 232
fundamental set of solutions, 69, 153

G
Gaussian elimination, 120
general solution, 6, 222
generalized
Airy equation, 117
function, 209

H
half-life, 43
harmonic
oscillations of a beam, 117
oscillator, 61
Heaviside function, 194
homogeneous
equations, 67, 126
with constant coefficients, 71
linear systems
with constant coefficients, 154
polar equations, 24

I
indicial equation, 232
with distinct roots differing by an integer,
241
with equal roots, 236
with roots that do not differ by an integer,
232
initial
conditions, 6
value problem, 6, 67
integrating factor, 20, 33
integration
by parts, 253
by substitution, 254

intermediate value theorem, 253

K
Kirchhoft’s law, 47

L
Laplace
transform, 187
transformation, 187
inverse, 189
properties of, 187, 194
limit, 1
linear
first-order equations, 20
independence, 124, 145
operator, 10
second-order equations, 61
linearly dependent
functions, 64, 124
vector functions, 145
vectors, 145
loan repayment, 4,47

M
mathematical models, 4
with first-order equations, 41
with higher-order equations, 117
with second-order equations, 61, 103
matrix, 62, 118
exponential, 174
functions, 143
fundamental, 173
inverse of, 142
invertible, 141
leading diagonal of, 118, 141
multiplication, 140
nonsingular, 141
transpose of, 141
maximal interval of existence, 35, 152
military combat, 137
motion of a pendulum, 62

N
natural frequency, 103
Newton’s

law of cooling, 4, 46

second law, 8,61
node, 158

degenerate, 168
nonhomogeneous equations, 80, 130
nonlinear equations, 100

O
operations with matrices, 139
operator, 9

of differentiation, 9
ordinary point, 222
overdamping, 106

P

partial
derivative, 2
fractions, 249

Index
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particular solution, 6, 88, 178
period of oscillation, 103
phase
angle, 104
plane, 155
portrait, 155
piecewise continuous function, 187
population
growth, 4, 41
with a critical threshold, 54
with logistic growth, 49
with logistic growth and a threshold, 56
with logistic growth and harvesting, 52
power series, 221
predator—pray, 138
principle of superposition, 67,91, 153, 181

R
radioactive decay, 4, 42
radius of convergence, 221
RC electric circuit, 4, 46
recurrence relation, 222
resonance, 111

frequency, 115
Riccati equations, 28
RLC electric circuit, 61
row vector, 141

S
saddle point, 157
Schrédinger equation, 62
separable equations, 15
sequence of partial sums, 221
series solution, 221
convergence theorem for, 222
near a regular singular point, 231
near an ordinary point, 222
simple harmonic motion, 104
singular point, 222
regular, 229

263

solution, 151
curve, 5,19, 31
mix, 137
spiral point, 163
steady-state solution, 112
synthetic division, 127, 251
systems
of algebraic equations, 63,119
of differential equations, 13, 137, 151
nonhomogeneous linear, 178

T

Taylor series, 222

temperature in a circular annulus, 62
temperature in a rod, 5

trajectories, 155

transformation parameter, 187
transient solution, 112

U
undamped
forced oscillations, 110
free oscillations, 103
underdamping, 108
undetermined coefficients, method of, 81, 88,
130, 179
unit
impulse, 208
step function, 194

\%

variation of parameters, method of, 94, 134,
182

vector space, 139

A%
Wronskian, 63, 124, 145

Y
Young modulus, 117
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