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Chapter 1

FIRST ORDER DIFFERENTIAL
EQUATIONS

1.1 Introduction

Many of the laws of science and engineering are most readily expressed by describing
how some property of interest (position, temperature, population, concentration, etc.)
changes over time. This is usually expressed by describing how the rate of change of the
quantity is related to the quantity at a particular time. In the language of mathematics,
these laws are described by differential equations. An ordinary differential equation
is an equation relating an unknown function y(t) and some of the derivatives of y(t),
and it may also involve the independent variable ¢, which in many applied problems will
represent time. A partial differential equation is an equation relating an unknown
function u(t) (where the variable t = (¢1,...,t,)), some of the partial derivatives of u
with respect to the variables 1, .. ., t,,, and possibly the variables themselves. In contrast
to algebraic equations, where the given and unknown objects are numbers, differential
equations belong to the much wider class of functional equations in which the given
and unknown objects are functions (scalar functions or vector functions).

Example 1.1.1. Each of the following are differential equations:

1.y =y—t
2. 4y — 4y +y =0

/

3.y =wyy
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4. my" = f(t)
Pu  O%u

5. 8_25% + 8_25% =0
ou d*u

The first equation involves the unknown function y, the dependent variable ¢ and the
derivative y’. The second, third, and fourth equations involve the unknown function y
and the first two derivatives ' and y”, although the first derivative is not explicitly men-
tioned in the fourth equation. The last two equations are partial differential equations,
specifically Laplace’s equation and the heat equation, which typically occur in scientific
and engineering problems.

In this text we will almost exclusively use the prime notation, that is, v/, 3", etc. to
2

denote derivatives. In other sources you may find the Leibnitz notation —y, EZQJ’ etc. in
use. The objects of study in this text are ordinary differential equations, rather than
partial differential equations. Thus, when we use the term differential equation without
a qualifying adjective, you should assume that we mean ordinary differential equation.

The order of a differential equation is the highest order derivative which appears in
the equation. Thus, the first equation above has order 1, while the others have order 2.
In this course, we shall be primarily concerned with ordinary differential equations (and
systems of ordinary differential equations) of order 1 and 2. The standard form for an
ordinary differential equation is to solve for the highest order derivative as a function of
the unknown function vy, its lower order derivatives, and the dependent variable ¢. Thus,
a first order ordinary differential equation is given in standard form as

y =F(ty) (1)
while a second order ordinary differential equation in standard form is written
y'=F(ty.y). (2)

In the previous example, the first and third equations are already in standard form,
while the second and fourth equations can be put in standard form by solving for y”:
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Remark 1.1.2. In applications, differential equations will arise in many forms. The
standard form is simply a convenient way to be able to talk about various hypotheses to
put on an equation to insure a particular conclusion, such as ezistence and uniqueness
of solutions (see Section 1.5), and to classify various types of equations (as we do in the
next two sections, for example) so that you will know which algorithm to apply to arrive
at a solution.

Remark 1.1.3. We will see that differential equations generally have infinitely many
solutions so to specify which solution we are interested in we usually specify an initial
value y(ty) for a first order equation and an initial value y(¢y) and an initial derivative
y'(to) in the case of a second order equation. When the differential equation and initial
values are specified, then one obtains what is known as an initial value problem. Thus
a first order initial value problem in standard form is

Yy =F(t,y); y(to) = 1o (3)

while a second order equation in standard form is written

v ' =F(t,yy); ylto) =y, v'(to)=u1. (4)

For an algebraic equation, such as 222+ 5z — 3 = 0, a solution is a particular number
which, when substituted into both the left and right hand sides of the equation, gives
the same value. Thus, x = 1 is a solution to this equation since

2
2. (1)2+5. (3)-2-0
2 2
while z = —1 is not a solution since
2-(=1)?+5-(-1)—=3=—-6#0.

A solution of an ordinary differential equation is a function y(¢) defined on some specific
interval I = (a,b) C R such that substituting y(t) for y and substituting ¢/(¢) for v/,
y"(t) for ", etc. in the equation gives a functional identity. That is, an identity which
is satisfied for all t € I. For example, if the first order equation is given in standard
form as ¢y = F(t,y), then y(t) defined on I = (a,b) is a solution on I if

y'(t) = F(t,y(t)) foralltel,
while y(t) is a solution of a second order equation y” = F(t,y,y’) on the interval I if

y'(t) = F(t,y(t),y'(t)) foralltel.
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Example 1.1.4. 1. The function y;(¢) = 3e™?, defined on (—o0, 00), is a solution
of the differential equation ' + 2y = 0 since

Yi(t) +2y1(t) = (=2) -3¢ +2-3¢7* =0

for all t € (—o0, o), while the function yo(t) = 2e3!, also defined on (—oo, c0),
is not a solution since

Ys () + 2u2(t) = (=3) - 27 +2- 272 = =27 £ 0.

More generally, if ¢ is any real number, then the function y.(t) = ce”* is a solution
to ¥’ 4+ 2y = 0 since

VA1) + 2ya(t) = (—2) e 2. ce% =0
for all ¢t € (—o0, 00).

2. The function y;(t) =t + 1 is a solution of the differential equation
Y=yt (1)
on the interval I = (—o0, 00) since
() =1= (1) =)~ 1

for all t € (—00,00). The function y»(t) = ¢t + 1 — 7e' is also a solution on the
same interval since

yh(t) =1—Te' =t+1—-Te" —t = y(t) — t

for all t € (—o00.00). Note that ys(t) = y1(t) — y2(t) = Te' is not a solution of (f)
since

ys(t) = Te' = ys(t) # ys(t) — t.

There are, in fact, many more solutions to 3’ = y — t. We shall see later that all
of the solutions are of the form y.(t) = ¢ + 1+ ce’ where ¢ € R is a constant. Note
that y; is obtained by taking ¢ = 0 and y» is obtained by taking ¢ = 7. We leave
it as an exercise to check that y.(t) is in fact a solution to (}).

3. The function y(¢) = tant for t € I = (—%,%) is a solution of the differential

2772
equation 3/ = 1 + y? since

d
y'(t) = d_ttant =sec’t =1+tan’t =1+ y(t)*
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for all t € I. Note that z(t) = 2y(t) = 2tant is not a solution of the same equation
since

Z(t) = 2sec’t = 2(1 + tan®t) # 1 +4tan’t = 1 + 2(¢)*.
Note that in this example, the interval on which y(t) is defined, namely I =

(—g, g), is not apparent from looking at the equation 3y’ = 1 + y%. This phe-

nomenon will be explored further in Section 1.5.

4. Consider the differential equation

y" + 16y = 0. (1)
Let 1 (t) = cos4t. Then
1) = i(y’ (1) = i(—él sin4t) = —16 cos4t = —16y; (t)
! dt ! dt

so that y;(t) is a solution of (). We leave it as an exercise to check that ys(t) =
sin4t and y3(t) = 2y1(t) — y2(t) = 2cos4t — sin 4t are also solutions to (1). More
generally, you should check (as usual by direct substitution) that y(t) = ¢y cos 4t +
cosindt is a solution to (1) for any choice of real numbers ¢; and c,.

Examples of Differential Equations

We will conclude this introductory section by describing a few examples of situations
where differential equations arise in the description of natural phenomena. The goal will
be to describe the differential equations or initial value problems which arise, however, we
will postpone the solution of all but one of the resulting differential equations until later
in the chapter when some techniques have been developed. Prior to the examples, we
remind you of various useful interpretations of the terms derivative and proportion, both
of which are pervasive in the formulation of mathematical models of natural phenomena.

Remark 1.1.5 (Derivative). In calculus you spent a good deal of time studying what
the derivative of a function y(¢) is. That is, its “definition” and various interpretations
of the derivative, together with rules for calculating the derivative for specific functions.
All of these are important in understanding and working with differential equations, and
not just the rules for calculating derivatives, which may be the part you remember best.
The following is a summary of some of the interpretations of derivatives which you will
find useful. The function y is defined on an interval I = (a,b) and ¢y € I.

e Definition: The derivative of y at tq is

. t) — y(to)
"(t)) = 1 y(—
y'(to) ==
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provided the limit exists. This is the definition you learned in calculus.

e Rate of Change: The derivative of y at ty, y'(¢y), is the instantaneous rate
of change of y at t5. This is the fundamental interpretation of derivative which
appears in setting up mathematical models of many natural phenomena. The re-

y(t) — y(to)

the rate of change of y(t) between times ¢ and ¢, so that the limit (*()) is interpreted

as the instantaneous rate of change of y at ty.

lationship to the definition of derivative is that the fraction represents

e Slope of the tangent line: The derivative of y at to, ¥/(f), is the slope of
the tangent line to the graph of the function y(¢) at the point (to,y(tp)). The

t) —yl(t
relationship to the definition of derivative is that the fraction M is the

0
slope of the secant line joining the two points (o, y(t9)) and (¢, y(t)), so that the
limit () is interpreted as the slope of the line which best approximates the graph
of y(t) at the point (¢o,y(ty)), that is, the slope of the tangent line.

e Differentiation formulas: What you may remember best from calculus are the
formulas for calculating derivatives for various functions. You will certainly need
these in studying differential equations, but the other properties (interpretations)
of the derivative are equally necessary. For your convenience, a short table (Table
1.1) of commonly used derivatives (and integrals) is included. For a more extensive
table consult your calculus book.

Remark 1.1.6 (Proportion). A commonly used principle in setting up a mathematical
model is that of proportionality. A function f said to be proportional (or directly
proportional to a function g if f = kg for some constant k. Recall that this means that
f(t) = kg(t) for all ¢ in the domain of f. For example, the area of a circle is proportional
to the square of the radius (since A = 7r?), the circumference of a circle is proportional
to the radius (since C' = 27r), the volume of a sphere is proportional to the cube of the
radius (since V = %71’7“3), and the surface area of a sphere is proportional to the square
of the radius (since S = 47r?). Some other variants of proportionality which you are

likely to encounter in setting up mathematical models involving differential equations

include: f is inversely proportional to g if f(t) = k% where k is a constant; f if
proportional to the square of g if f(t) = k(g(t))? where k is a constant; f is proportional
to the square root of g if f(t) = k\/g(t) where k is a constant; etc. A simple example
you may have seen is the ideal gas law PV = kT, which relates the pressure P, volume
V', and temperature T of an ideal gas (k is a constant). This equation can be read as
several different proportionalities: if P is constant, then V' is directly proportional to T
if V is constant, then P is directly proportional to 7T'; if T" is constant, then P and V'
are inversely proportional.
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Table 1.1: Table of Derivatives and Integrals

f@) | f@) J f(@)dt
k 0 kt+c
tn—i—l
tm | ntvl 7 +cifn# -1
1/t In|t|+c
kt kt et
k Z
e e 2 +c
In|t| | 1/t
sint | cost —cost+c
cost | —sint sint + ¢

One of the main purposes of differential equations in applications is to serve as
a tool for the study of change in the physical world. In this context the variable ¢
denotes time and y(t) denotes the state of a physical system at time ¢. It is a fact
of life that humans are not very good in describing “what is”, but much better in
recognizing how and why things change. A reflection of this metaphysical principle is
the fact that many of the laws of physics are expressed in the mathematical language of
differential equations, which is another way of saying that one has a formula expressing
the way a quantity y changes, rather than giving an explicit description of y. As a
first illustration of this basic insight into human nature, we go back to the seventeenth
century when the Italian scientist Galileo Galilei (1564 — 1642) dropped stones from the
leaning tower of his home town of Pisa. The problem he attempted to solve was to
determine the height y(¢) at all times ¢ of a stone dropped at time ¢y = 0 from height
y(0) = yo. After hundreds of experiments which consisted of measurements of time
and height when stones were dropped from the tower, he and his co-workers eventually
found experimentally that y(t) = —16t> + yo. The most important aspect of Galileo’s
work in describing falling bodies (he also described sliding bodies, planetary orbits, and
found two of the laws of motion, among others) was not so much in the derivation of the
explicit formulas, but in his tremendous success in popularizing the general idea that
physical phenomena could be expressed in mathematical terms. The efforts of Galileo
and contemporaries like Johannes Kepler (1571 — 1630), who succeeded after thousands
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of years of purely observational astronomy to formulate three simple laws governing
planetary motion, paved the way for the creation of calculus by Gottfried Leibniz (1646
— 1716) and Isaac Newton (1642 — 1727). With calculus available, the derivation of
the formula y(t) = —16¢> + yo can be done at the desk and with only one experiment
performed instead of spending years at a tower dropping stones. It is the first and
simplest differential equation of all; it’s derivation proceeds as follows.

Example 1.1.7 (Falling Bodies). If y(¢) denotes the position (position is measured as
height above the ground) of a falling body at time ¢, then its derivative 3/(¢) denotes the
rate of change of position at time ¢ (see Remark 1.1.5). In other words, 3/() is the falling
body’s velocity at time ¢. Similarly, since y”(t) denotes the rate of change of velocity, the
second derivative y”(t) denotes the falling body’s acceleration at time t. If the bodies
considered are such that air resistance plays only a minor role, then we observe that they
hit the ground at the same time if they are dropped at the same time from the same
height. Thus, it is not unreasonable to consider the hypothesis that all of these falling
bodies experience the same acceleration and the simplest acceleration to postulate is
that of constant acceleration. Thus, we arrive at the second order differential equation

y'(t) = —g (+)

as our proposed mathematical model for describing the height y(t) of the stone, where
we choose the negative sign to indicate that the motion is downwards and not upwards,
and we assume that g does not depend on time. Equation (k) is our first differential
equation describing how a state (namely y(¢)) of a physical system (namely, the height
of the stone) changes with time. Moreover, the use of calculus makes the solution of (x)
straightforward. Indeed, we see immediately (by integrating Equation (x)) that

y'(t) = —gt + o

for some constant vy. Since 3'(0) = vy, the constant vy denotes the initial velocity of the
body. Integrating once more we obtain

y(t) = —th +vot + Yo
for some constant yy. Clearly, if we just drop the body, then the initial velocity vy = 0,

and since y(0) = yo, the constant y, denotes the initial position (initial height) of the
body.

Before we can test our hypothesis against real world data, we have to find the constant
g (observe that vy and yo are known initial data). To do this we go to a window on the
second or third floor of a building, measure the height y, of the window (in feet), drop
a stone (i.e., vo = 0), and measure the time ¢, (in seconds) it takes for the stone to hit
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the ground. Then we go back to our desk and assuming that our hypothesis was true,

we conclude that 0 = y(t,) = —gt% + yo or

,_
2

If your watch does not need a new battery and if your measurement of the height of the
window was not too bad, then the numerical result will be g = 32 ft/sec? and we come
up with the following statement. If a falling body is such that air resistance plays only
a minor role, then the assumption y”(tf) = —g leads to the conclusion that the position
of such a falling body at time ¢ is given by the formula

y(t) = —16t* + vot + yo, (xx)

where vy denotes the initial velocity and g, the initial height of the body. Now you can
leave your desk and test this formula against real world measurements. If the computed
results match with the observed ones, then you are in luck and you feel more confident
in your original hypothesis. If not, you know that your original hypothesis was wrong
and you have to go back to the drawing board. Since Galileo came up with the same
formula as we did based on his thousands of experiments, we know that we are lucky
this time and can stand in awe before our result.

There are many ways humans can describe the motion of a falling body. We can use
drawings, music, language, poetry, or y(t) = —16t? +vot + 3. The latter may appear to
be the most complicated of the methods, but it is vastly superior to others because it is
predictive (that is, it predicts where you will find the stone at some future time after it
is dropped), and therefore it contains within itself the means for justifying its validity.
Simply compare actual and predicted positions. Moreover Equation (xx) is the first step
toward what is known as Newton’s second law of motion. If we assume that a body
moves in only one dimension (measured by y) and that the mass m remains constant,
the second law can be expressed as

y'(t) = %

where F'(t) is the force required to accelerate the body, and y”(t) is the acceleration.
Despite its simplicity, this second order differential equation

force equals mass times acceleration

is a cornerstone for treating problems in the physical sciences. O]
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Example 1.1.8 (Population Growth). Let P(t) denote the population of a given
species (e.g., bacteria, rabbits, humans, etc.) at time ¢ in an isolated environment,
which simply means that there is no immigration or emigration of the species so that
the only changes in population consist of birth and death. If we let b denote the birth
rate, that is, the number of births per unit population per unit time, and if we let d
denote the death rate, then the change in population between times ty and ¢ is given by

P(t) — P(to) = bP(to)(t — to) — dP(to)(t — to).

Note that each of the two terms on the right hand side is of the form
Rate (= b or d) x Population (= P(tg)) x Time (=1t — ty).

The approximation symbol / is used since the birth rate and death rates are not assumed
to be constant; in fact, they may very well depend on both time ¢ and the current
population P. If we divide by t — tg and let ¢ — t;, we find that population growth in
an isolated community is governed by the differential equation

P'(t) = k(t, P)P(t) ()

where k(t, P) = b(t, P) — d(t, P) is the difference between the instantaneous birth rates
and death rates. If we assume that k(¢, P) is a constant k, then the differential equation
of population growth is P’ = kP. This model of population growth is known as the
Malthusian model after the English economist Thomas Robert Malthus (1766 - 1834).
An inspection of Table 1.1 shows that P(t) = e* is one solution of this equation since,
in this case P'(t) = ke* = kP(t) for all ¢t € R. Similarly, P(t) = ce" is also a solution
for any ¢ € R. Since P(0) = ¢ the meaning of the constant ¢ is that it is the population
at time 0. We shall see in the next section that the solutions P(t) = ce*® are all of the
solutions of the population equation P’ = kP when k is a constant (known as the growth
rate of the population).

Continuing with the assumption that the growth rate k is constant, if & > 0 then
P(t) = Pye** (where Py = P(0)) and the population grows without bound (recall that
lim; o € = oo if k > 0). This is unrealistic since populations of any species will be
limited by space and food, so we should try to modify it to obtain a differential equation
whose solutions are more in line with observed population data. If we can do so, then we
might also have some confidence that any predictions made for the future population will
also have some validity. One possible model that one can devise is to assume that the
environment will support a maximum population, call it M, and then we can assume
that the growth rate is proportional to how close the population is to the maximum
supportable population M. This can be expressed as an equation by

k(t,P) = c(M — P),
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where ¢ is a proportionality constant. With this assumption, Equation (5) becomes

P =c(M — P)P. (6)

This model of population growth was first introduced by the Belgian mathematician
Pierre Verhulst (1804 — 1849). Is this a better model for population growth than the
simple constant growth model P’ = kP? At this point we can’t answer this question
since, unlike the constant growth model P’ = kP, it is not so easy to guess what solutions
to Equation (6) look like. As it turns out, Equation (6) is one of the types of equations
which we can solve explicitly. We shall do so in Section 1.2. O]

Example 1.1.9. Consider a tank which contains 2000 gallons of water in which 10 lbs
of salt are dissolved. Suppose that a water-salt mixture containing 0.1 Ib/gal enters the
tank at a rate of 2 gal/min, and assume that the well-stirred mixture flows from the tank
at the same rate of 2 gal/min. Find an initial value problem to describe the amount
y(t) of salt (expressed in pounds) which is present in the tank at all times ¢ measured
in minutes after the initial time (¢ = 0) when 10 lbs are present.

» Solution. This is another example of where it is easier to describe how y(t) changes,
that is ¢/(¢), than it is to directly describe y(t). Since the description of /() will also
include y(t), a differential equation will result. Start by noticing that at time to, y(to)
Ibs of salt are present and at a later time ¢, the amount of salt in the tank is given by

y(t) = y(to) + Alto, t) — S(to, t)

where A(to,t) is the amount of salt added between times t, and t and S(to,t) is the
amount removed between times tq and ¢. To compute A(tg,t) note that

A(to,t) = (Number of lbs/gal)-(Number of gal/min)-(Number of minutes from ¢y to t)

so that
Alto,t) = (0.1) - (2) - (t — to)-

By exactly the same reasoning,
S(to,t) = (Number of lbs/gal)-(Number of gal/min)-(Number of minutes from ¢, to t).

The number of gallons per minute flowing out of the tank is still 2 gal/min. However,
the number of pounds per gallon at any given time ¢ will be given by y(¢)/V (), that
is divide the total number of pounds of salt in the tank at time ¢ by the current total
volume V' (t) of solution in the tank. In our case, V (¢) is always 2000 gal (the flow in and
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the flow out balance), but y(¢) is constantly changing and that is what we ultimately
will want to compute. If ¢ is “close” to ty then we can assume that y(t) ~ y(to) so that

S(to,t) ~ (%lbs/gzﬂ) - (2gal/min) - (t — o).

Combining all of these results gives
y(t) —y(to) = Alto,t) — S(to, )

~ y(to)
~ (02)(—t) — 250

(t — o).

Dividing this by t — ty and letting t — ¢, gives the equation

(o) = 0.2 — ——y(t),

1000
which we recognize as a differential equation. Note that it is the process of taking the
limit as t — ty that allows us to return to an equation, rather than dealing only with
an approximation. This is a manifestation of what we mean when we indicate that it is
frequently easier to describe the way something changes, that is y/(t), rather than “what
is,” i.e. y(t) itself.

Since t, is an arbitrary time, we can write the above equation as a differential equation

1
'=(0.2) — — 7
V' =(02) ~ oy )
and it becomes an initial value problem by specifying that we want y(0) = 10, that is,
there are 10 lbs of salt initially present in the tank.

The differential equation obtained is an example of what is known as a first order
linear differential equation. This is an important class of differential equations which
we will study in detail in Section 1.3. At that time we shall return to this example and
solve Equation (7). <

We will conclude this section by summarizing a slightly more general situation than
that covered by the previous numerical example.

Example 1.1.10 (Mixing problem). A tank initially holds V{ gal of brine(a water-
salt mixture) that contains a lb of salt. Another brine solution, containing ¢ 1b of salt
per gallon, is poured into the tank at a rate of r gal/min. The mixture is stirred to
maintain uniformity of concentration of salt at all parts of the tank, and the stirred
mixture flows out of the tank at the rate of R gal/min. Let y(¢) denote the amount of
salt (measured in pounds) in the tank at time ¢. Find an initial value problem for y(t).
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» Solution. We are searching for an equation which describes the rate of change of the
amount of salt in the tank at time t, i.e., y'(t). The key observation is that this rate of
change is the difference between the rate at which salt is being added to the tank and
the rate at which the salt is being removed from the tank. In symbols:

y'(t) = Rate in — Rate out.

The rate that salt is being added is easy to compute. It is r¢ Ib/min (¢ Ib/gal x r
gal/min = rc¢ 1b/min). Note that this is the appropriate units for a rate, namely an
amount divided by a time. We still need to compute the rate at which salt is leaving
the tank. To do this we first need to know the number of gallons V' (¢) of brine in the
tank at time ¢. But this is just the initial volume plus the amount added up to time t
minus the amount removed up to time ¢. That is, V(t) = Vo +rt — Rt = Vo + (r — R)t.
Since y(t) denotes the amount of salt present in the tank at time ¢, the concentration of
salt at time t is y(t)/V (t) = y(t)/(Vo — (r — R)t), and the rate at which salt leaves the
tank is R x y(t)/V (t) = Ry(t)/(Vo + (r — R)t). Thus,

y'(t) = Rate in — Rate out

R
“vre—mY

= rc

In the standard form of a linear differential equation, the equation for the rate of change
of y(t) is

R

y'(t) + m’y(t) =Tc. (8)

This becomes an initial value problem by remembering that y(0) = a. As in the previous
example, this is a first order linear differential equation, and the solutions will be studied
in Section 1.3. <

Remark 1.1.11. You should definitely not memorize a formula like Equation (8). What
you should remember is how it was set up so that you can set up your own problems,
even if the circumstances are slightly different from the one given above. As one example
of a possible variation, you might encounter a situation in which the volume V' (¢) varies
in a nonlinear manner such as, for example, V() = 5 + 3e~.

Exercises

What is the order of each of the following differential equations?
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10.

11.

12.

13.

14.

15.

16.

17.
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. yle — t3
. y/y// — t3
Py 4ty =€

2y 4ty +3y =0

L3y 2y +y =12

Determine whether each of the given functions y;(t) is a solution of the corresponding
differential equation.

Yy =2y p(t) =2, wy(t)=t%  ys(t) =3, ya(t) =23

Yy =2y—10:  yi1(t) =5, y2(t) =0, ys(t) =5e*, yu(t) =e* +5.

cty' =y p(t) =0, yo(t) =3t, ya(t) =—t, ya(t) =1t

Y Ay =00 yi(t) =€, ya(t) =sin2t, ys(t) =cos(2t — 1), ya(t) =12

Verify that each of the given functions y(t) is a solution of the given differential equation
on the given interval.

v =3y+12  y(t) =ced -4 for t € (—00,0), c € R

y = —y+3t y(t) =cet + 3t —3 for t € (—o0,00),c€R

v =y>—vy y(t) =1/(1 — cet) as long as the denominator is not 0, c € R
y =2ty y(t) = cet’ for t € (—o0,00), ce R

(t+1)y +y=0  yt)=c(t+1)"" fort € (—1,00), c € R

Find the general solution of each of the following differential equations by integration.
(See the solution of Equation (*) in Example 1.1.7.)

Yy =t+3
» Solution. y(t) = [y/(t)dt = [(t+3)dt = & + 3t + ¢ <
y/:€2t—1
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18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
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,  t+1
Y=
y' =2t +1
y" = 6sin 3t

Find a solution to each of the following initial value problems. See Exercises 10 through
20 for the general solutions of these equations.

Y =3y +12, y(0) = -2

» Solution. The general solution is y(t) = ce® — 4 from Exercise 10. —2 = y(0) =
c—4 = c=2,s0y(t) =2e —4. <

y'=-y+3t y(0)=0
v =v"—y, y(0)=1/2

(t+1)y +y=0, y(1)=-9

Radium decomposes at a rate proportional to the amount present. Express this propor-
tionality statement as a differential equation for R(t), the amount of radium present at
time ¢.

One kilogram of sugar dissolved in water is being transformed into dextrose at a rate
which is proportional to the amount not yet converted. Write a differential equation
satisfied by y(t), the amount of sugar present at time ¢. Make it an initial value problem

by giving y(0).

Bacteria are placed in a sugar solution at time ¢ = 0. Assuming adequate food and space
for growth, the bacteria will grow at a rate proportional to the current population of
bacteria. Write a differential equation satisfied by the number P(t) of bacteria present
at time t.

Continuing with the last exercise, assume that the food source for the bacteria is ade-
quate, but that the colony is limited by space to a maximum population M. Write a
differential equation for the population P(¢) which expresses the assumption that the
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growth rate of the bacteria is proportional to the product of the number of bacteria
currently present and the difference between M and the current population.

32. Newton’s law of cooling states that the rate at which a body cools (or heats up) is
proportional to the difference between the temperature of the body and the temperature
of the surrounding medium. If a bottle of your favorite beverage is at room temperature
(say 70° F) and it is then placed in a tub of ice at time ¢t = 0, write an initial value
problem which is satisfied by the temperature T'(¢) of the bottle at time ¢.

33. On planet P the following experiment is performed. A small rock is dropped from a
height of 4 feet and it is observed that it hits the ground in 1 sec. Suppose another stone
is dropped from a height of 1000 feet. What will be the height after 5 sec.? How long
will it take for the stone to hit the ground.

1.2 Separable Equations

In this section and the next we shall illustrate how to obtain solutions for two particularly
important classes of first order differential equations. Both classes of equations are
described by means of restrictions on the type of function F(¢,y) which appears on the
right hand side of a first order ordinary differential equation given in standard form

y = F(ty). (1)

The simplest of the standard types of first-order equations are those with separable
variables; that is, equations of the form

y = h(t)g(y). (2)

Such equations are said to be separable equations. Thus, an equation 3y’ = F(t,y)
is a separable equation provided that the right hand side F'(t,y) can be written a a
product of a function of ¢t and a function of y. Most functions of two variables are not
the product of two one variable functions.

Example 1.2.1. Identify the separable equations from among the following list of dif-
ferential equations.

1.y = t%y?

2.y =t*+y
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i
3. y’:ﬁ

Ly=y—y

5. 2t—1)(2 =)y +t—y—1+ty=0
6. ¥ = f(t)

7.y =pt)y

8.y =ty

» Solution. Equations 1, 4, 5, 6, and 7 are separable. For example, in Equation 4,
h(t) =1 and g(y) = y — y?, while, in Example 6, h(t) = f(¢) and g(y) = 1. To see that
Equation 5 is separable, we bring all terms not containing vy’ to the other side of the
equation; i.e.,

-1 =)y =—t+y+1l—ty=—t(l+y)+1+y=(1+y)(1-1).
Solving this equation for 3 gives
,_ (-1 (+y)

2t-1) (2-1)
which is clearly separable. Equations 2 and 3 are not separable since neither right hand
side can be written as product of a function of ¢ and a function of y. Equation 8 is not a
separable equation, even though the right hand side is ty = h(t)g(y), since it is a second
order equation and our definition of separable applies only to first order equations. <«

Equation 6 in the above example, namely 3’ = f(t) is particularly simple to solve.
This is precisely the differential equation that you spent half of your calculus course
understanding, both what it means and how to solve it for a number of common functions
f(t). Specifically, what we are looking for in this case is an antiderivative of the
function f(t), that is, a function y(t) such that y'(¢t) = f(¢). Recall from calculus that if
f(t) is a continuous function on an interval I = (a,b), then the Fundamental Theorem
of Calculus guarantees that there is an antiderivative of f(t) on I. Let F(t) be any
antiderivative of f(t) on I. Then, if y(¢) is any solution to y' = f(t), it follows that
y'(t) = f(t) = F'(t) for all t € I. Since two functions which have the same derivatives
on an interval I differ by a constant ¢, we see that the general solution to y' = f(¢) is

y(t) = F(t) + c. (3)

There are a couple of important comments to make concerning Equation (3).
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1. The antiderivative of f exists on any interval I on which f is continuous. This
is the main point of the Fundamental Theorem of Calculus. Hence the equation
y' = f(t) has a solution on any interval I on which the function f is continuous.

2. The constant ¢ in Equation 3 can be determined by specifying y(¢y) for some
to € I. For example, the solution to y' = 6t2, y(—1) = 3 is y(t) = 2t + ¢ where
3=y(—1)=2(-1)*+csoc=5and y(t) = 2> + 5.

3. The indefinite integral notation is frequently used for antiderivatives. Thus the
equation

y(t) = / f(t) dt

just means that y(¢) is an antiderivative of f(¢). In this notation the constant ¢ in
Equation 3 is implicit, although in some instances we may write out the constant
¢ explicitly for emphasis.

4. The formula y(t) = [ f(t)dt is valid even if the integral cannot be computed
in terms of elementary functions. In such a case, you simply leave your answer
expressed as an integral, and if numerical results are needed, you can use numerical
integration. Thus, the only way to describe the solution to the equation 3’ = e’
is to express the answer as

The indefinite integral notation we have used here has the constant of integration
implicitly included. One can be more precise by using a definite integral notation,
as in the Fundamental Theorem of Calculus. With this notation,

t
y(t) = / e du+e, ylty) =c.

to

We now extend the solution of ¢y = f(t) by antiderivatives to the case of a general
separable equation ¢y’ = h(t)g(y), and we provide an algorithm for solving this equation.

Suppose y(t) is a solution on an interval I of Equation (2), which we write in the
form

_dQ_ 1

and let Q(y) be an antiderivative of — as a function of y, i.e., Q' (y) = o
Y g\y

and let H be an antiderivative of h. It follows from the chain rule that

%Q(y(t)) = Q'(y(1)y'(t) = y'(t) = h(t) = H'(1).
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This equation can be written as

Since a function with derivative equal to zero on an interval is a constant, it follows that
the solution y(¢) is implicitly given by the formula

Qy(t)) = H(t) +c. (4)

Conversely, assume that y(t) is any function which satisfies the implicit equation (4).
Differentiation of both sides of Equation (4) gives, (again by the chain rule),

h(t) = H'(1) = Q1) = Q' u(t)y/ (1) =

Hence y(t) is a solution of Equation (2).

Note that the analysis in the previous two paragraphs is valid as long as h(t) and
1

q(y) = ﬂ have antiderivatives. From the Fundamental Theorem of Calculus, we know
g\y

that a sufficient condition for this to occur is that kA and ¢ are continuous functions, and
g will be continuous as long as ¢ is continuous and ¢(y) # 0. We can thus summarize
our results in the following theorem.

Theorem 1.2.2. Let g be continuous on the interval J = {y :c <y <d} and let h be
continuous on the interval I = {t : a <t < b}. Let H be an antiderivative of h on I, and

1
let Q be an antiderivative of — on an interval J' C J for which yo € J' and g(yo) # 0.
g

Then y(t) is a solution to the initial value problem

y' =ht)g(y); y(to) = o (5)

if and only if y(t) is a solution of the implicit equation

Qy(t)) = H(t) + ¢, (6)

where the constant ¢ is chosen so that the initial condition is satisfied. Moreover, if vy
is a point for which g(yo) = 0, then the constant function y(t) = yo is a solution of
Equation (5).
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Proof. The only point not covered in the paragraphs preceding the theorem is the case
where g(yo) = 0. But if g(yo) = 0 and y(t) = yo for all ¢, then

Y'(t) =0=h(t)g(yo) = h(t)g(y(t))

for all ¢. Hence the constant function y(t) = yo is a solution of Equation (5). O

We summarize these observations in the following separable equation algorithm.
Algorithm 1.2.3 (Separable Equation). To solve a separable differential equation,

perform the following operations.

1. First put the equation in the form

dy
I "= — =h(t
(D) v = =ht)(y),
if it is not already in that form.

2. Then we separate variables in a form convenient for integration, i.e. we formally
write

1
(1) AN h(t) dt.

Equation (IT) is known as the “differential” form of Equation (I).

3. Next we integrate both sides of Equation (II) (the left side with respect to y and
the right side with respect to ¢) and introduce a constant ¢, due to the fact that
antiderivatives coincide up to a constant. This yields

(I11) / %y) dy = /h(t) dt + c.

4. Now evaluate the antiderivatives and solve the resulting implicit equation for y as
a function of ¢, if you can (this won’t always be possible).

5. Additionally, the numbers yy with g(yo) = 0 will give constant solutions y(t) = yo
that will not be seen from the general algorithm. O

t
Example 1.2.4. Find the solutions of the differential equation 3’ = —.
Y
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» Solution. We first rewrite the equation in the form

dy t
I -

and then in differential form as
(IT) ydy = tdt.

Integration of both sides of Equation (II) gives

(1) /ydy:/tdt—l—c

or
1

1
2 2
-y = =t"+c.
¥ =t
Multiplying by 2 we get y?> = t? + ¢, where we write ¢ instead of 2c¢ since twice an
arbitrary constant c is still an arbitrary constant. Thus, if a function y(t) satisfies the

differential equation yy’ = t, then
y(t) = £Vi* +c (%)

for some constant ¢ € R. On the other hand, since all functions of the form (x) solve
yy' = t, it follows that the solutions are given by (x). Figure 1.1 shows several of the
curves y?> = t2 + ¢ which implicitly define the solutions of yy’ = t. Note that each of
the curves in the upper half plane is the graph of y(¢) = v/t?> + ¢ for some ¢, while each
curve in the lower half plane is the graph of y(t) = —v/t? 4+ ¢. None of the solutions are
defined on the t-axis, i.e., when y = 0. Notice that each of the solutions is an arm of
the hyperbola y? — t? = c. <

Example 1.2.5. Solve the differential equation ¢y’ = ky where k € R is a constant.

» Solution. First note that the constant function y = 0 is one solution. When y # 0
/

we rewrite the equation in the form y_ k, which in differential form becomes
)

1
~dy = kdt.
Y

Integrating both sides of this equation (the left side with respect to y and right side with
respect to t) gives
In|y| =kt +c. (1)
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Figure 1.1: The solutions of yy’ = t are the level curves of y?> = t?> + ¢. The constant ¢
is labeled on each curve.

Applying the exponential function to both sides of (f), and recalling that e** = z for

all x > 0, we see that

kt+c kt

ly| = el = ektte — geeht

so that
y = et ®)

Since c is an arbitrary constant, e® is an arbitrary positive constant, so e is an arbitrary
nonzero constant, which (as usual) we will continue to denote by ¢. Thus we can rewrite
Equation (1) as

y = cet. (7)

Letting ¢ = 0 will give the solution y = 0 of ¢y’ = ky. Thus, as ¢ varies over R, Equation
(7) describes all solutions of the differential equation 3y’ = ky. Note that ¢ = y(0) is the
initial value of y. Hence, the solution of the initial value problem ¢y’ = ky, y(0) = yo is

y(t) = yoe™. (8)

Figure 1.2 illustrates a few solution curves for this equation. <

A concrete example of the equation vy = ky is given by radioactive decay.
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k>o;c>o/ \ k<0;C>0

k>0;C<0\ / k<0;C>0

0 0

Figure 1.2: Some solutions of ¢y = ky for various y(0) = ¢. The left picture is for k£ > 0,
the right for k < 0.

Example 1.2.6 (Radioactive Decay). Suppose that a quantity of a radioactive sub-
stance originally weighing 1y, grams decomposes at a rate proportional to the amount
present and that half the quantity is left after a years (a is the so-called half-life of the
substance). Find the amount y(¢) of the substance remaining after ¢ years. In particular,
find the number of years it takes such that 1/n-th of the original quantity is left.

» Solution. Since the rate of change y/(t) is proportional to the amount y(¢) present,
we are led to the initial value problem

Y = —ky, y(0) = yo,

with solution y(t) = yoe ', where k is a positive constant yet to be determined (the

minus sign reflects the observation that y(¢) is decreasing as t is increasing). Since

In2
yla) = % = e~k it follows that k = il Thus,
a
_t
y(t) = yo2 v
This yields easily t = “1]1[1“2” as the answer to the last question by solving y02_§ = % for
t. <

Example 1.2.7. Solve the differential equation (2t —1)(y> — 1)y +t —y — 1+ ty = 0.

» Solution. To separate the variables in this equation we bring all terms not containing
y’ to the right hand side of the equation, so that

2t -1 =1y = —t+y+1—ty=—t(1+y)+1+y=(1+y)(1—1).
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This variables can now be separated, yielding

P -1, 1t

1+y’ "2t 1
Before further simplification, observe that the constant function y(¢) = —1 is a solution
of the original problem. If we now consider a solution other than y(t) = —1, the

equation can be written in differential form (after expanding the right hand side in a
partial fraction) as

Integrating both sides of the equation gives, 33> —y = —% + 1 In|2¢t — 1| 4 ¢. Solving
for y (and renaming the constant several times) we obtain the general solution as either
y(t) = —1or

1
y(t)zli\/c—t+§ln|2t—1|.
<

Example 1.2.8. Solve the Verhulst population equation p’ = r(m — p)p (Equation (6))
where r and m are positive constants.

1 1 (1 1 )
- O O O @ - _+— ,
(m—p)p m\p m-—p

the equation can be written with separated variables in differential form as

1 1 /1 1
(m —p)p m\p m-—p

» Solution. Since

and the differential form is integrated to give
— (In|p| =In|m —p|) =rt +c,
m
where ¢ is an arbitrary constant of integration. Multiplying by m and renaming mc as
¢ (to denote an arbitrary constant) we get

In

‘zrmt—kc,
m—=p

and applying the exponential function to both sides of the equation gives

‘ — ermt—l-c — ecermt7

_Pr
m—p
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or
p

m-=p

— :l:ecermt.

Since ¢ is an arbitrary real constant, it follows that 4e° is an arbitrary real nonzero
constant, which we will again denote by c. Thus, we see that p satisfies the equation

p
—— =",

m-—=p
Solving this equation for p, we find that the general solution of the Verhulst population
equation (6) is given by

Cme'rmt

- 1+ cermt :

(9)

¢ we may rewrite Equation (9) in

p(t)

Multiplying the numerator and denominator by e~
the equivalent form

m

cm

e — (10)

c+ e—rmt :

Some observations concerning this equation:

1. The constant solution p(t) = 0 is obtained by setting ¢ = 0 in Equation (10), even
though ¢ = 0 did not occur in our derivation.

2. The constant solution p(t) = m does not occur for any choice of ¢, so this solution
is an extra one.

3. Note that
cm

li t)=—=
Hm p(t) = — =m,
independent of ¢ # 0. What this means is that if we start with a positive pop-
ulation, then over time, the population will approach a maximum (sustainable)

population m.

4. Figure 1.2 shows the solution of the Verhulst population equation ¥’ = y(3 — ¥)
with initial population y(0) = 1. You can see from the graph that y(¢) approaches
the limiting population 3 as t grows. It appears that y(¢) actually equals 3 after
some point, but this is not true. It is simply a reflection of the fact that y(¢) and
3 are so close together that the lines on a graph cannot distinguish them.



26 CHAPTER 1. FIRST ORDER DIFFERENTIAL EQUATIONS

y'=y@-y)

3.5

2.5 .

0.5

-0.5

Figure 1.3: Solution of the population problem v = y(3 — y), y(0) = 1

Exercises

In each of the following problems determine whether or not the equation is separable. Do not
solve the equations!!

Ly =2y(5-y)

2. t%y/ =1—-2ty

5. ty =y — 2ty
6. (t2 4 3y%)y' = —2ty

7.9 =ty —yP+t—1
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8.

9.

y/:t2+y2

ety/ :y3 —y

Find the general solution of each of the following differential equations. If an initial condi-
tion is given, find the particular solution which satisfies this initial condition.

10.

11.

12.

13.

14.

15.

16.

yy =t,y(2)=—-1

» Solution. The variables are already separated, so integrate both sides of the equation

1 1
to get 53/2 = §t2 + ¢, which we can rewrite as y?> — t2 = k where k € R is a constant.
Since y(2) = —1, it follows that k = (—1)? — 22 = —3 so the solution is given implicitly
by the equation y? — t?> = —3 or we can solve explicitly to get y = —v/12 — 3, where the

negative square root is used since y(2) = —1 < 0. |

(1—y?*) —tyy' =0

» Solution. It is first necessary to separate the variables by rewriting the equation as

tyy’ = (1 — y?). This gives an equation

Y ’ 1
t

)

or in the language of differentials:

Yy
1—92

1
dy = —dt.
L

Integrating both sides of this equation gives
1 2
—iln\l—y | =Inlt| +c.
Multiplying by —2, and taking the exponential of both sides gives an equation |1 —y?| =

+kt~2 where k is a positive constant. By considering an arbitrary constant (which we
will call ¢), this can be written as an implicit equation (1 — y?) = c. <

/ —
y' + (tant)y = tant, =5 <t < 3
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17.
18.
19.
20.
21.
22.
23.
24.

25.
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y' = t"™y", where m and n are positive integers, n # 1.

y =4y —y?
vy =y*+1

tyy +t24+1=0
y+1+(y—1)1+t2)y =0
2uy’ = et

1=ty =y

ty—(t+2)y =0

Solve the following initial value problems:

26.
27.
28.
29.

30.

31.

B y=y? y0)=0.

y =4ty?, y(1)=0

d 2
d—z:xyT—i_yj y(l):e

Yy +2yt=0, y(0)=4
y =< y()=7%

2

In the following problem you may assume Newton’s Law of Heating and cooling. (See
Exercise 32 in Section 1.1.)

32.

A turkey, which has an initial temperature of 40° (Fahrenheit), is placed into a 350° oven.
After one hour the temperature of the turkey is 120°. Use Newton’s Law of heating and
cooling to find (1) the temperature of the turkey after 2 hours, and (2) how many hours
it takes for the temperature of the turkey to reach 250°.

» Solution. Recall that Newton’s Law of heating and cooling states: The change in the
temperature of an object is proportional to the difference between the temperature of the
object and the temperature of the surrounding medium. Thus, if T'(t) is the temperature
of the object at time ¢ and Ty is the temperature of the surrounding medium then

T'(t) =r(T — Ts),
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33.

34.

35.

36.

37.
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for some proportionality constant r. Applying this to the problem at hand, the oven is
the surrounding medium and has a constant temperature of 350°. Thus Ts = 350 and
the differential equation that describes T is

T' = r(T — 350).
This equation is separable and the solution is
T(t) = 350 + ke',

where k£ is a constant. The initial temperature of the turkey is 40°. Thus, 40 = 7'(0) =
350 + k and this implies k = —310. Therefore T'(t) = 350 — 310e". To determine r note
that we are given T'(1) = 120. This implies 120 = T'(1) = 350 — 310e" and solving for r
gives r = In 2 ~ —.298. To answer question (1), compute 7'(2) = 350—310e?" ~ 179.35°.
To answer question (2), we want to find ¢ so that T'(¢) = 250, i.e, solve 250 = T'(t) =
350 — 310e™. Solving this gives rt =In 1Y so t ~ 3.79 hours. <

A cup of coffee, brewed at 180° (Fahrenheit), is brought into a car with inside tempera-
ture 70°. After 3 minutes the coffee cools to 140°. What is the temperature 2 minutes
later?

The temperature outside a house is 90° and inside it is kept at 65°. A thermometer is
brought from the outside reading 90° and after 10 minutes it reads 85°. How long will
it take to read 75°7 What will the thermometer read after an hour?

A cold can of soda is taken out of a refrigerator with a temperature of 40° and left to
stand on the countertop where the temperature is 70°. After 2 hours the temperature of
the can is 60°. What was the temperature of the can 1 hour after it was removed from
the refrigerator?

A large cup hot of coffee is bought from a local drive through restaurant and placed
in a cup holder in a vehicle. The inside temperature of the vehicle is 70° Fahrenheit.
After 5 minutes the driver spills the coffee on himself a receives a severe burn. Doctors
determine that to receive a burn of this severity, the temperature of the coffee must have
been about 150°. If the temperature of the coffee was 142° 6 minutes after it was sold
what was the temperature at which the restaurant served it.

A student wishes to have some friends over to watch a football game. She wants to have
cold beer ready to drink when her friends arrive at 4 p.m. According to her tastes the
temperature of beer can be served when its temperature is 50°. Her experience shows
that when she places 80° beer in the refrigerator that is kept at a constant temperature
of 40° it cools to 60° in an hour. By what time should she put the beer in the refrigerator
to ensure that it will be ready for her friends?
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1.3 Linear First Order Equations

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

Y +pt)y = f(t). (1)

The primary objects of study in the current section are the linear first order differential
equations where the coefficient function p and the forcing function f are continuous
functions from an interval I into R. In some exercises and in some later sections of the
text, we shall have occasion to consider linear first order differential equations in which
the forcing function f is not necessarily continuous, but for now we restrict ourselves to
the case where both p and f are continuous. Equation (1) is homogeneous if no forcing
function is present; i.e., if f(t) = 0 for all t € I; the equation is inhomogeneous if the
forcing function f is not 0, i.e., if f(t) # 0 for some t € I. Equation (1) is constant
coefficient provided the coefficient function p is a constant function, i.e., p(t) = py € R
forall t € I.

Example 1.3.1. Consider the following list of first order differential equations.

1.y =y—t
2.y +ty=0
3.y = f(t)
4. y +y* =t
5.ty +y =1t
6.y — Jy =t
7.y =Ty

All of these equations except for ¢/ + y? = t are linear. The presence of the y? term
prevents this equation from being linear. The second and the last equation are homo-
geneous, while the first, third, fifth and sixth equations are inhomogeneous. The first,
third, and last equation are constant coefficient, with p(t) = —1, p(t) = 0, and p(t) = =7
respectively. For the fifth and sixth equations, the interval I on which the coefficient
function p(t) and forcing function f(t) are continuous can be either (—oo,0) or (0, c0).
In both of these cases, p(t) = 1/t or p(t) = —3/t fails to be continuous at ¢ = 0. For the
first, second, and last equations, the interval I is all of R, while for the third equation
I is any interval on which the forcing function f(¢) is continuous. Note that only the
second, third and last equations are separable. Il
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Remark 1.3.2. Notice that Equation (1), which is the traditional way to express a
linear first order differential equation, is not in the standard form of Equation (1). In
standard form, Equation (1) becomes

y = —p(t)y + [(1), (2)

so that the function F(t,y) of Equation (1) is F(t,y) = —p(t)y + f(¢). The standard
form of the equation is useful for expressing the hypotheses which will be used in the
existence and uniqueness results of Section 1.5, while the form given by Equation (1) is
particularly useful for describing the solution algorithm to be presented in this section.
From Equation (2) one sees that if a first order linear equation is homogeneous (i.e.
f(t) = 0 for all ¢), then the equation is separable (the right hand side is —p(t)y) and
the technique of the previous section applies, while if neither p(¢) nor f(t) is the zero
function, then Equation (2) is not separable, and hence the technique of the previous
section is not applicable.

We will describe an algorithm for finding all solutions to the linear differential equa-
tion
Yy +p(t)y = f(t)

which is based on first knowing how to solve homogeneous linear equations (i.e., f(¢) =0
for all t). But, as we observed above, the homogeneous linear equation is separable, and
hence we know how to solve it.

Homogeneous Linear Equation: y' = h(t)y

Since the equation iy’ = h(t)y is separable, we first separate the variables and write the
equation in differential form:

idy — h(t) dt. ()

If H(t) = [ h(t)dt is any antiderivative of h(t), then integration of both sides of Equation
(%) gives
In|y| = H(t)+ ¢

where ¢ is a constant of integration. Applying the exponential function to both sides of
this equation gives

H(t)+c _ ¢ H(t)

ly| = el = ¢ = e,

Since ¢ is an arbitrary constant, e® is an arbitrary positive constant. Then y = + |y| =
+ecef ) where +e¢ will be an arbitrary nonzero constant, which, as usual we will con-
tinue to denote by c. Since the constant function y(¢) = 0 is also a solution to (), and
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we conclude that, if H(t) = [ h(t)dt, then the general solution to y' = h(t)y is

() = ce® )

where ¢ denotes any real number.

3
Example 1.3.3. Solve the equation ¢y’ = Ty on the interval (0, 00).

3
» Solution. In this case h(t) = 7 80 that an antiderivative on the interval (0, c0) is
3 3
H(t) = ;dt:?)lnt:ln(t ).

3
Hence then general solution of y' = Zy is

y(t) = cefl® = ) — o3,

<

We can now use the homogeneous case to transform an arbitrary first order linear
differential equation into an equation which can be solved by antidifferentiation. What
results is an algorithmic procedure for determining all solutions to the linear first order
equation

Y +pt)y = f(t). (1)

The key observation is that the left hand side of this equation looks almost like the
derivative of a product. Recall that if z(t) = u(t)y(t), then

2(t) = p)y'(t) + 1 )y(t). (1)

Comparing this with Equation (}), we see that what is missing is the coefficient u(t) in
front of y/(t). If we multiply Equation (f) by u(t), we get an equation

p(t)y'(t) + pt)p(t)y(t) = pt) f().

The left hand side of this equation agrees with the right hand side of () provided the
multiplier function p(t) is chosen so that the coefficients of y(t) agree in both equations.
That is, choose u(t), if possible, so that
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But this is a homogeneous linear first order differential equation, so by Equation (3) we
may take u(t) = e®) where P(t) is any antiderivative of p(t) on the given interval I.
The function u(t) is known an an integrating factor for the equation 3’ + p(t)y = f(¢),
since after multiplication by p(t), the left hand side becomes a derivative (u(t)y)" and
the equation itself becomes

(u(t)y)" = p(t) f(1),
which is an equation that can be solved by integration. Recalling that [ ¢/(t) dt = g(t)+c,
we see that integrating the above equation gives

Putting together all of our steps, we arrive at the following theorem describing all
the solutions of a first order linear differential equation. The proof is nothing more than
an explicit codification of the steps delineated above into an algorithm to follow.

Theorem 1.3.4. Let p(t), f(t) be continuous functions on an interval I. A function
y(t) is a solution of of the first order linear differential equation y' + p(t)y = f(t)
(Equation (1)) on I if and only if

y(t) = ce PO 4 PO / PO f(t) dt (4)

for allt € I, where ¢ € R, and P(t) is some antiderivative of p(t) on the interval I.

d
Proof. Let y(t) = ce PO 4e=PWO [PW f(1)dt. Since P'(t) = p(t) and p [ePOf(t)dt =

eP® f(t) (this is what it means to be an antiderivative of e”® f(¢)) we obtain
V() = —eplte = pl)e O [ O p(0)du+ e O

= —p(t) (ce‘P(t) + e PO / "W f(t) dt) + /(1)
= —pt)yt) + f(t)

for all ¢ € I. This shows that every function of the form (4) is a solution of Equation
(1). Next we show that any solution of Equation (1) has a representation in the form
of Equation (4). This is essentially what we have already done in the paragraphs prior
to the statement of the theorem. What we shall do now is summarize the steps to be
taken to implement this algorithm. Let y(¢) be a solution of Equation (1) on the interval
I. Then we perform the following step-by-step procedure, which will be crucial when
dealing with concrete examples.
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Algorithm 1.3.5 (Solution of First Order Linear Equations). Follow the following
procedure to put any solution y(¢) of Equation (1) into the form given by Equation (4).

1. Compute an antiderivative P(t) = [ p(t) dt and multiply the equation y'+ p(t)y =

f(t) by the integrating factor u(t) = e”®. This yields

() "Dy () +p(t)e”Vy(t) = "V f(2).

The function u(t) = e® is an integrating factor (see the paragraphs prior to the
theorem) which means that the left hand side of Equation (1) is a perfect derivative,
namely (u(t)y(t))’. Hence, Equation (I) becomes

(m S le)y(0) = PO 7 (1)

Now we take an antiderivative of both sides and observe that they must coincide
up to a constant ¢ € R. This yields

(I1T) ePWy(t) = /eP(t)f(t) dt + c.

. Finally, multiply by pu(t)~! = e="® to get that y(t) is of the form

(IV) y(t) = ce PO 4 =P / PO F(1) dt.

This shows that any solution of Equation (1) is of the form given by Equation (4),
and moreover, the steps of Algorithm 1.3.5 tell one precisely how to find this form. [

Remark 1.3.6. You should not memorize formula (4). What you should remember
instead is the sequence of steps in Algorithm 1.3.5, and apply these steps to each con-
cretely presented linear first order differential equation (given in the form of Equation

(1))

To summarize the algorithm in words:

. Find an integrating factor p(t).

Multiply the equation by p(t), insuring that the left hand side of the equation is
a perfect derivative.

Integrate both sides of the resulting equation.

Divide by p(t) to give the solution y(t).
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Example 1.3.7. Find all solutions of the differential equation 23’ + ty = 1 on the
interval (0, 00).

» Solution. Clearly, you could bring the equation into the standard form of Equation

(1), that is
1 1

/ —_ —
y+ty_t27

1 1
identify p(t) = n and f(t) = 2 compute an antiderivative P(t) = In(t) of p(t) on

the interval (0,00), plug everything into formula (4), and then compute the resulting
integral. This is a completely valid procedure if you are good in memorizing formulas.
Since we are not good at memorization, we prefer go through the steps of Algorithm
1.3.5 explicitly.

First bring the differential equation into the standard form
/L 11
YT T e

Then compute an antiderivative P(t) of the function in front of y and multiply the
equation by the integrating factor u(t) = e”®. In our example, we take P(t) = In(t)
and multiply the equation by u(t) = e®) = ™) = ¢ (we could also take P(t) = In(t)+c
for any constant ¢, but the computations are easiest if we set the constant equal to zero).
This yields

1

d
Next observe that the left side of this equality is equal to a(ty) (see Step 2 of Algorithm
1.3.5). Thus,

1

() Sl =

Now take antiderivatives of both sides and observe that they must coincide up to a
constant ¢ € R. Thus,

(III) ty=In(t)+¢c, or

(IV) y(t) = c% + %m@.

1
Observe that y,(t) = cs (c € R) is the general solution of the homogeneous equation

1
t*y' 4+ ty = 0, and that y,(t) = n In(t) is a particular solution of %y’ + ty = 1. Thus, all



36 CHAPTER 1. FIRST ORDER DIFFERENTIAL EQUATIONS

solutions are given by y(t) = yn(t) +y,(t). As the following remark shows, this holds for
all linear first order differential equations. |

Remark 1.3.8. Analyzing the general solution y(t) = ce 7" +e=P®) [eF©®) f(s)ds, we
see that this general solution is the sum of two parts. Namely, y,(t) = ce”"®) which is
the general solution of the homogeneous problem

Y +p(t)y =0,

and y,(t) = e PO [P f(s)ds which is a particular, i.e., a single, solution of the
inhomogeneous problem
y +p(t)y = f(1).

The homogeneous equation i’ + p(t)y = 0 is known as the associated homogeneous
equation of the linear equation y' + p(t)y = f(¢). That is, the right hand side of the
general linear equation is replaced by 0 to get the associated homogeneous equation. The
relationship between the general solution y,(t) of ¥ +p(t)y = f(t), a particular solution
Yp(t) of this equation, and the general solution y,(t) of the associated homogeneous
equation y' + p(t)y = 0, is usually expressed as

Yg(t) = yn(t) + yp(t). (5)

What this means is that every solution to 3’ 4+ p(t)y = f(t) can be obtained by starting
with a single solution y,(t) and adding to that an appropriate solution of y' + p(t)y = 0.
The key observation is the following. Suppose that y;(¢) and y,(t) are any two solutions
of ¥ + p(t)y = f(t). Then

(y2 —y1) () + ) (2 —y1)(t) = (y2(t) +p(H)y2(t)) — (¥1() + p(H)y1(2))
= f(t) = f(t)
= 0,

so that yo(t) —y1(¢) is a solution of the associated homogeneous equation y' + p(t)y = 0,
and ya(t) = y1(t)+(y2(t)—y1(t)). Therefore, given a solution y; (t) of y'+p(t)y = f(t), any
other solution y,(t) is obtained from ¥, (¢) by adding a solution (specifically yo(t) —y1(t))
of the associated homogeneous equation y' + p(t)y = 0.

This observation is a general property of solutions of linear equations, whether they
are differential equations of first order (as above), differential equations of higher order
(to be studied in Chapter 3), linear algebraic equations, or linear equations L(y) = f
in any vector space, which is the mathematical concept created to handle the features
common to problems of linearity.. Thus, the general solution set S =y, of any linear
equation L(y) = f is of the form

Yy = S= L_I(O) +Yp =Yn +Yp7
where L(y,) =f and L7'(0) =y, = {y : L(y) = 0}.
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Corollary 1.3.9. Let p(t), f(t) be continuous on an interval I, ty € I, and yy € R.
Then the unique solution of the initial value problem

Y +pt)y=ft), ylte) =y (6)

18 given by

t
y(t) = yoe PO 4 PO / P £ (u) du, (7)

to

where P(t) = fti p(u) du.

Proof. Since P(t) is an antiderivative of p(t), we see that y(¢) has the form of Equation
(4), and hence Theorem 1.3.4 guarantees that y(¢) is a solution of the linear first order
equation ¢’ + p(t)y = f(t). Moreover, P(ty) = Lio p(u) du = 0, and

to
y(to) _ yoe—P(to) + e—P(to)/ eP(")f(u) du = yj,

to

so that y(t) is a solution of the initial value problem (6). Suppose that y;(t) is any
other solution of Equation (6). Then yo(t) := y(t) — y1(¢) is a solution of the associated
homogeneous equation

Yy +pt)y =0, y(ty) =0.

It follows from Equation (3) that y(t) = ce™"® for some constant ¢ € R and an
antiderivative P(t) of p(t). Since y5(to) = 0 and e~ ) £ 0, it follows that ¢ = 0. Thus,
y(t) — y1(t) = y2(t) = 0 for all ¢ € I. This shows that y,(t) = y(t) for all ¢t € I, and
hence y(t) is the only solution of Equation (6). O

Example 1.3.10. Find the solution of the initial value problem ¢/ = —ty+t, y(2) =7
on R.

» Solution. Again, you could bring the differential equation into the standard form
y +ty=t,

identify p(t) =t and f(t) = t, compute the antiderivative

t t2
P(t):/udu:——2
9 2
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of p(t), plug everything into the formula (4), and then compute the integral in (7) to get
t
y(t) = yoe O 4O / eP® f(u) du
to

42 o 42 o o2 L
= Te2 T 4+e2 ue2z  “du.
2

However, we again prefer to follow the steps of the algorithm. First we proceed as
in Example 1.3.7 and find the general solution of

y +ty =t.
To do so we multiply the equation by the integrating factor ¢"’/2 and obtain
e Py + te’ Py = e,
t2/2

Since the left side is the derivative of e /y, this reduces to

d
E <6t2/2y> = t6t2/2.

Since e”/2 is the antiderivative of te”/2, it follows that
Pyt =" e, or y(t)=ce P41
Finally, we determine the constant ¢ such that y(2) = 7. This yields 7 = ce™2 + 1 or
¢ = 6e%. Thus, the solution is given by
y(t) = Ge 2 4 1,
<

Corollary 1.3.11. Let f(t) be a continuous function on an interval I and p € R. Then
all solution of the first order, inhomogeneous, linear, constant coefficient differential
equation

Y +py=f(t)

are given by
y(t) = ce P + /e_p(t_“)f(u) du.
Moreover, for any to,yo € R, the unique solution of the initial value problem
v +py=ft), ylto) =yo
s given by

t
y(t) = e 4 [ () d

to
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Proof. The statements follow immediately from Corollary 1.3.9. O]
Example 1.3.12. Find the solution of the initial value problem ¢y’ = —y+4, y(0) =8
on R.

» Solution. We write the equation as ¢y’ + y = 4 and apply Corollary 1.3.11. This
yields

Example 1.3.13. Find the solution of the initial value problem y'+y = ﬁ, y(0)=0
on the interval (—oo, 1).

v is

» Solution. By Corollary 1.3.11, y(t) = e™* fot ﬁe“ du. Since the function ] e

not integrable in closed form on the interval (—oo, 1), we might be tempted to S’gop at
this point and say that we have solved the equation. While this is a legitimate statement,
the present representation of the solution is of little practical use and a further detailed
study is necessary if you are “really” interested in the solution. Any further analysis
(numerical calculations, qualitative analysis, etc.) would be based on what type of

information you are attempting to ascertain about the solution. <

We can use our analysis of first order linear differential equations to solve the mixing
problem set up in Example 1.1.9. For convenience we restate the problem.

Example 1.3.14. Consider a tank that contains 2000 gallons of water in which 10 lbs
of salt are dissolved. Suppose that a water-salt mixture containing 0.1 Ib/gal enters the
tank at a rate of 2 gal/min, and assume that the well-stirred mixture flows from the
tank at the same rate of 2 gal/min. Find the amount y(t) of salt (expressed in pounds)
which is present in the tank at all times ¢ measured in minutes.

» Solution. In Example 1.1.9, it was determined that y(t) satisfies the initial value
problem
v + (0.001)y = 0.2, y(0) = 10. (8)

0-000t s multiplying the equation by

This equation has an integrating factor ju(t) = el
w(t) gives

/
(e(O.[)Ol)ty) _ (O'2)€(0.001)t‘
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0.001)

Integration of this equation gives e(®09V%y = 200e! ! + ¢, or after solving for 7,

y(t) = 200 + ce~ 001
Setting t = 0 gives 10 = y(0) = 200 + ¢ so that ¢ = —190 and the final answer is
y(t) = 200 — 190e~ (000D,

<

Next we consider a numerical example of the general mixing problem considered in
Example 1.1.10

Example 1.3.15. A large tank contains 100 gal of brine in which 50 Ib of salt is
dissolved. Brine containing 2 1b of salt per gallon runs into the tank at the rate of
6 gal/min. The mixture, which is kept uniform by stirring, runs out of the tank at the
rate of 4 gal/min. Find the amount of salt in the tank at the end of ¢ minutes.

» Solution. Let y(t) denote the number of pounds of salt in the tank after ¢ min-
utes; note that the tank will contain 100 + (6 — 4)¢ gallons of brine at this time. The
concentration (number of pounds per gallon) will then be

y(t)
00+ 2 P/eal

Instead of trying to find the amount (in pounds) of salt y(¢) at time ¢ directly, we will
follow the analysis of Example 1.1.10 and determine the rate of change of y(t), i.e., ¥/(¢).
But the the change of y(t) at time ¢ is governed by the principle

y'(t) = input rate — output rate,

where all three rates have to be measured in the same unit, which we take to be 1b/min.
Thus,
input rate = 21b/gal x 6 gal/min = 12 lb/min,

t 4y(t
output rate = %4_)% Ib/gal x 4 gal/min = #S_)%lb/min.
This yields the initial value problem
4y(t)
"t) =12 — ———— 0) =50
y'(t) ot YO
which can be solved as in the previous examples. The solution is seen to be
15(109)
t) =2(1 2t) — ———.
y(t) = 2(100+20) = 555

After 50 min, for example, there will be 362.5 1b of salt in the tank and 200 gal of
brine. <



1.3. LINEAR FIRST ORDER EQUATIONS 41

Exercises

Find the general solution of the given differential equation. If an initial condition is given,
find the particular solution which satisfies this initial condition. Examples 1.3.3, 1.3.7, and
1.3.10 are relevant examples to review, and detailed solutions of a few of the exercises will be
provided for you to study.

Lo/ (t) + 3y(t) = €, y(0) = —2.

» Solution. This equation is already in standard form (Equation (3.1.1)) with p(¢) = 3.
An antiderivative of p(t) is P(t) = [3dt = 3t. If we multiply the differential equation
y'(t) + 3y(t) = e’ by P(t), we get the equation

eyl (t) + 3ePy(t) = e,
. . S o d, 4
and the left hand side of this equation is a perfect derivative, namely, a(e y(t)). Thus,

d . 3t 4t
—(e t)) =e".
= (ey(0))
Now take antiderivatives of both sides and observe that they must coincide up to a
constant ¢ € R. This gives
L o4

eSty(t) = 1€ +ec.

Now, multiplying by e™3 gives

y(t) = ~e! + ce™ (%)

for the general solution of the equation y(t) + 3y(t) = e!. To choose the constant c

to satisfy the initial condition y(0) = —2, substitute ¢ = 0 into Equation (*) to get
1 9

-2 =y(0) = 1 + ¢ (remember that ¢’ = 1). Hence ¢ = L and the solution of the

initial value problem is

2. (cost)y'(t) + (sint)y(t) =1, y(0) =5
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» Solution. Divide the equation by cost to put it in the standard form
y'(t) + (tant)y(t) = sect.

In this case p(t) = tant and an antiderivative is P(t) = [tantdt = In(sect). (We
do not need |sect| since we are working near ¢ = 0 where sect > 0.) Now multi-
ply the differential equation y/(t) + (tant)y(t) = sect by el’® = esect — gect to get
(sect)y’(t) + (secttant)y(t) = sec’t, the left hand side of which is a perfect derivative,

namely %((sec t)y(t)). Thus

%((sec t)y(t)) = sec t

and taking antiderivatives of both sides gives
(sect)y(t) = tant + ¢

where ¢ € R is a constant. Now multiply by cost to eliminate the sect in front of y(t),
and we get

y(t) =sint 4 ccost

for the general solution of the equation, and letting ¢t = 0 gives 5 = y(0) = sin0+ccos 0 =
¢ so that the solution of the initial value problem is

y(t) = sint + 5cost.

Yy =2y =¢* y(0) =4
Y =2y =e"% y(0)=4
Sty +y=¢el y(l)=0
Cty +y=e* y(1)=0.
.y = (tant)y + cost

Y +ty=1,y(0) =1.

. ty' +my = tIn(t), where m is a constant.
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y' = —Y + cos(t?)

tt+ 1)y =2+y.
Yy + ay = b, where a and b are constants.
Yy +ycost = cost, y(0) =1
2

!/ — t 1 2
Voo gy =+

2 t+1
f——y=—— y(l)=-3
y—y=——y)
Y +ay = e, where a is a constant.

y' + ay = e, where a and b are constants and b # —a.
y +ay = t"e~ where a is a constant.
y = ytant + sect
ty' +2ylnt =41Int
Y — Dy =t
t
Yy —y=te?, y(0)=a
ty +3y =12 y(—1) =2

2y +2ty=1,y(2) =a

Before attempting the following exercises, you may find it helpful to review the examples
in Section 1.1 related to mixing problems.

25.

26.

A tank contains 10 gal of brine in which 2 1b of salt are dissolved. Brine containing 1 Ib
of salt per gallon flows into the tank at the rate of 3 gal/min, and the stirred mixture is
drained off the tank at the rate of 4 gal/min. Find the amount y(¢) of salt in the tank
at any time ¢.

A 100 gal tank initially contains 10 gal of fresh water. At time ¢t = 0, a brine solution
containing .5 b of salt per gallon is poured into the tank at the rate of 4 gal/min while
the well-stirred mixture leaves the tank at the rate of 2 gal/min.
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(a) Find the time T it takes for the tank to overflow.
(b) Find the amount of salt in the tank at time 7'

(c) If y(t) denotes the amount of salt present at time ¢, what is limy_, oo y(¢)?

27. A tank contains 100 gal of brine made by dissolving 80 Ib of salt in water. Pure water

28.

29.

30.

runs into the tank at the rate of 4 gal/min, and the mixture, which is kept uniform by
stirring, runs out at the same rate. Find the amount of salt in the tank at any time t¢.
Find the concentration of salt in the tank at any time ¢.

For this problem, our tank will be a lake and the brine solution will be polluted water
entering the lake. Thus assume that we have a lake with volume V' which is fed by a
polluted river. Assume that the rate of water flowing into the lake and the rate of water
flowing out of the lake are equal. Call this rate r, let ¢ be the concentration of pollutant
in the river as it flows into the lake, and assume perfect mixing of the pollutant in the
lake (this is, of course, a very unrealistic assumption).

(a) Write down and solve a differential equation for the amount P(¢) of pollutant in
the lake at time ¢t and determine the limiting concentration of pollutant in the lake
as t — oo.

(b) At time t = 0, the river is cleaned up, so no more pollutant flows into the lake.
Find expressions for how long it will take for the pollution in the lake to be reduced
to (i) 1/2 (ii) 1/10 of the value it had at the time of the clean-up.

(c) Assuming that Lake Erie has a volume V of 460 km? and an inflow-outflow rate of
r = 175 km3 /year, give numerical values for the times found in Part (b). Answer
the same question for Lake Ontario, where it is assumed that V = 1640 km? and
r = 209 km3 /year.

A 30 liter container initially contains 10 liters of pure water. A brine solution containing
20 grams salt per liter flows into the container at a rate of 4 liters per minute. The well
stirred mixture is pumped out of the container at a rate of 2 liters per minute.

(a) How long does it take the container to overflow?

(b) How much salt is in the tank at the moment the tank begins to overflow?

A tank holds 10 liters of pure water. A brine solution is poured into the tank at a rate of
1 liter per minute and kept well stirred. The mixture leaves the tank at the same rate.
If the brine solution has a concentration of 1 kg salt per liter what will the concentration
be in the tank after 10 minutes.
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1.4 Direction Fields

The geometric interpretation of the derivative of a function y(t) at ¢y as the slope of
the tangent line to the graph of y(t) at (¢y, y(fo)) provides us with an elementary and
often very effective method for the visualization of the solution curves (:= graphs of
solutions) for a first order differential equation. The visualization process involves the
construction of what is known as a direction field or slope field for the differential
equation. For this construction we proceed as follows.

Construction of Direction Fields

(1)

(2)

(3)

If the equation is not already in standard form (Equation (1)) solve the equation
for ¢ to put it in the standard form y' = F(t,y).

Choose a grid of points in a rectangle R = {(t,y) :a <t <b; ¢ <y <d} in the
(t,y)-plane.

At each grid point (¢,y), the number F'(t,y) represents the slope of a solution
curve through this point; for example if ¢/ = y* — ¢ so that F(t,y) = y* — ¢, then
at the point (1, 1) the slope is F(1,1) = 12 — 1 = 0, at the point (2,1) the slope is
F(2,1) = 1% — 2 = —1, and at the point (1, —2) the slope is F(1,—-2) = 3.

Through the point (¢,y) draw a small line segment having the slope F(¢,y). Thus,
for the equation y' = y* —t, we would draw a small line segment of slope 0 through
(1,1), slope —1 through (2,1) and slope 3 through (1,—2). With a graphing
calculator, one of the computer mathematics programs Maple, Mathematica or
MATLAB (which we refer to as the three M’s) !, or with pencil, paper, and a lot
of patience, you can draw many such line segments. The resulting picture is called
a direction field for the differential equation ¢y = F(t,y).

With some luck with respect to scaling and the selection of the (¢, y)-rectangle R,
you will be able to visualize some of the line segments running together to make a
graph of one of the solution curves.

To sketch a solution curve of ' = F(t,y) from a direction field, start with a point
Py = (to,y0) on the grid, and sketch a short curve through P, with tangent slope
F(to,yo). Follow this until you are at or close to another grid point Py = (¢1,91).
Now continue the curve segment by using the updated tangent slope F(t1,).

'We have used the Student Edition of MATLAB, Version 6, and the functions dfield6 and pplane6
which we downloaded from the webpage http://math.rice.edu/dfield. To see dfield6 in action, enter
dfield6 at the MATLAB prompt
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Continue this process until you are forced to leave your sample rectangle R. The
resulting curve will be an approximate solution to the initial value problem 1 =

F(t,y), y(to) = Yo
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Figure 1.4: Direction Field of yy’ = —t

Example 1.4.1. Draw the direction field for the differential equation yy’ = —t. Draw
several solution curves on the direction field, then solve the differential equation explicitly
and describe the general solution.

» Solution. Before we can draw the direction field, it is necessary to first put the
differential equation yy’ = —t into standard form by solving for . Solving for 3 gives
the equation

* = ——.

(%) V==

Notice that this equation is not defined for y = 0, even though the original equation is.
Thus, we should be alert to potential problems arising from this defect. We have chosen
a rectangle R = {(t,y) : =4 < t, y <4} for drawing the direction field, and we have
chosen to use 20 sample points in each direction, which gives a total of 400 grid points
where a slope line will be drawn. Naturally, this is being done by computer (using the
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Figure 1.5: Solution Curves for yy’ = —t

dfield6 tool in MatLab), and not by hand. Figure 1.4 gives the completed direction field,
and Figure 1.5 is the same direction field with several solution curves drawn in. The
solutions which are drawn in are the solutions of the initial value problems yy’ = —t,
y(0) = £1, 2, £3. The solution curves appear to be half circles centered at (0,0). Since
the equation yy' = —t is separable, we can verify that this is in fact true by explicitly
solving the equation. Writing the equation in differential form gives ydy = —tdt and
integrating gives

y? 2

E = —5 +c.
After multiplying by 2 and renaming the constant, we see that the solutions of yy' = —t
are given implicitly by y? +t? = c. Thus, there are two families of solutions of yy’ = —t,
specifically, y;(t) = v/¢ — t? (upper semicircle) and y»(t) = —v/¢ — t2 (lower semicircle).
For both families of functions, c is a positive constant and the functions are defined on
the interval (—+/c,/c). For the solutions drawn in Figure 1.5, the constant c is 1, V2,
and /3. Notice that, although gy, and i, are both defined for t = +./c, they do not
satisfy the differential equation at these points since y; and ¥y, do not exist at these
points. Geometrically, this is a reflection of the fact that the circle t?> 4+ y?> = ¢ has
a vertical tangent at the points (4+4/c,0) on the t-axis. This is the “defect” that you
were warned could occur because the equation yy’ = —t, when put in standard form
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y' = —t/y, is not defined for y = 0. <
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Figure 1.6: Direction Field of 3/ = S 7
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It may happen that a formula solution for the differential equation y' = F(t,y) is
possible, but the formula is sufficiently complicated that it does not shed much light
on the nature of the solutions. In such a situation, it may happen that constructing a
direction field and drawing the solution curves on the direction field gives useful insight
concerning the solutions. The following example is a situation where the picture is more
illuminating than the formula.

Example 1.4.2. Solve the differential equation 3’ = 322—27
» Solution. The equation is separable, so we proceed as usual by separating the vari-
ables, writing the equation in differential form, and then integrating both sides of the
equation. In the present case, the differential form of the equation is (3y* — 7)dy =
(t — 2)dt, so that, after integration and clearing denominators, we find that the general
solution is given by the implicit equation

(%) 23 — 14y = t? — 4t + c.
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Figure 1.7: Solution Curves for ¢y = ————
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While there is a formula for solving a cubic equation,? it is a messy formula which
does not necessarily shed great light upon the nature of the solutions as functions of

t. However, if we compute the direction field of ' = and use it to draw some

3y =17’
solution curves, we see a great deal more concerning the nature of the solutions. Figure
1.6 is the direction field and Figure 1.7 is the direction field with several solutions drawn

in. Some observations which can be made from the picture are:

e In the lower part of the picture, the curves seem to be deformed ovals centered
about the point P ~ (2, —1.5).

e Above the point Q) ~ (2,2), the curves no longer are closed, but appear to increase
indefinitely in both directions.

<

2The formula is known as Cardano’s formula after Girolamo Cardano (1501 — 1576), who was the
first to publish it.
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We conclude our list of examples of direction fields with an example for which the
explicit solution formula, found by a method to be considered later, gives even less
insight than that considered in the last example. Nevertheless, the direction field and
some appropriately chosen solution curves drawn on the direction field, suggest a number
of properties of solutions of the differential equation.

Example 1.4.3. The example to be considered is the differential equation

() y =y —t

This equation certainly does not look any more complicated than those considered in
previous examples. In fact, the right hand side of this equation is a quadratic which
looks simple enough, certainly simpler than the right hand side of the previous example.
The parabola y? —t = 0 has a particularly simple meaning on the direction field. Namely,
every solution of the differential equation 3/ = 3? — ¢ which touches the parabola will
have a horizontal tangent at that point. That is, for every point (to,y(to)) on the graph
of a solution y(t) for which y(to)* —ty = 0, we will have 3/(to) = 0. The curve y> —¢ = 0
is known as the nullcline of the differential equation 3/ = y? — t. Figure 1.8 is the
direction field for v/ = y?> —t. Figure 1.9 shows the solution of the equation i’ = y* — ¢
which has the initial value y(0) = 0, while Figure 1.10 shows a number of different
solutions to the equation satisfying various initial conditions y(0) = yo. Unlike the
previous examples we have considered, there is no simple formula which gives all of the
solutions of 4’ = y? — t. There is a formula which involves a family of functions known
as Bessel functions. Bessel functions are themselves defined as solutions of a particular
second order linear differential equation. For those who are curious, we note that the
general solution of y' = y? — t is

(1) = vi KEBE) — 15, 507)
RERNEENCN EORS CN L0
where
- 1
I(p, z) = o /9)2k+h
(1:2) kz_%l‘(k:+1)1“(k:+p+1)( /2)

is the modified Bessel function of the first kind, where I'(x) := fooo e 't dt denotes the
Gamma function, and where

™

K(p, 2) - (I(=p, ) = I(p, )

T2 sin(ux)

is the modified Bessel function of the second kind. 3 As we can see, even if an analytic
expression for the general solution of a first order differential equation can be found, it

3The solution above can be found easily with symbolic calculators like Maple, Mathematica or
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Figure 1.9: The solution curve for 3y = y* — t with y(0) = 0
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Figure 1.10: Solution curves for 3/ = y* — ¢

might not be very helpful on first sight, and the direction field may give substantially
more insight into the true nature of the solutions.

For example, a detailed analysis of the direction field (see Figure 1.10) reveals that
the plane seems to be divided into two regions defined by some curve f,(t). Solution
curves going through points above f,(t) tend towards infinity as ¢ — oo, whereas solution
curves passing through points below f,(t) seem to approach the solution curve fy(¢) with
y(0) =0 ast — 0.

The equation 3’ = y? — t is an example of a type of differential equation known as a
Riccati equation. A Ricatti equation is a first order differential equation of the form

y' = a(t)y® + b(t)y + c(t),

where a(t), b(t) and c(t) are continuous functions of ¢. For more information on this
important class of differential equations, we refer to [Zw] and to Section 77?.

As a final observation note that a number of the solution curves on Figure 1.10 appear
to merge into one trajectory at certain regions of the display window. To see that this

MATLAB’s Symbolic Toolbox which provides a link between the numerical powerhouse MATLAB and
the symbolic computing engine Maple. The routine dsolve is certainly one of the most useful differential
equation tools in the Symbolic Toolbox. For example, to find the solution of y/(t) = y(¢)? —t one simply
types

dsolve('Dy = y* — t)

after the MATLAP prompt and pushes Enter.
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is not the case one can use the zoom option in the dfield6 tool, or, one might use the
crucial theoretical results of Section 1.5. As we will see there, under mild smoothness
assumptions on the function F'(t,y), it is absolutely certain that the solution curves
(trajectories) of an equation y' = F(t,y) can never intersect.

Exercises

For each of the following differential equations, sketch a direction field on the rectangle R =
{(t,y): =2 < t,y <2}. You may do the direction fields by hand on graph paper using the
points in R with integer coordinates as grid points. That is ¢ and y are each chosen from the
set {—2, —2, 0, 1, 2}. Alternatively, you may use a graphing calculator or a computer, where
you could try 20 sample values for each of ¢ and y, for a total of 400 grid points.

1.y=y—-1
2.y =t
3.y =t2
4. ' =q?

5. ¢ =yly+1)

In Exercises 6 — 11, a differential equation is given together with its direction field. One
solution is already drawn in. Draw at least five more representative solutions on the
direction field. You may choose whatever initial conditions seem reasonable, or you can
simply draw in the solutions with initial conditions y(0) = —2, —1, 0, 1, and 2. Looking
at the direction field can you tell if there are any constant solutions y(t) = ¢? If so, list
them. Are there other straight line solutions that you can see from the direction field?



CHAPTER 1. FIRST ORDER DIFFERENTIAL EQUATIONS

o4

————
————
=
=

R

R A
/S S S S S LSS
VAR A A AV A AN ey ard

- -

-
-

A W VU W W W W WY AV MR R WY

NONN NN NN NN NIV NN N NN NN YN
R e e ad e

L LSS

R

R R A

Ve R e e ey and

=

NONN NN NN N N NN NN N N NN N NN

-

A Y W W N N W U W O N N W O N O W W WA WA

3
2
1

0
-1

>

2

™

y=y—t

/) s =~
A NN

VAV VA RSN NS AN

s - =~N N\ A\

NN~ —————
NSNS~
NSNS~~~ ——=
NNAN S ——
NSNS~ S ~—2
NSNS S~~~
VNN NN NN~
VAN NSNS SN S
VAV NN NN NS

| I W W WL WA WA WA
[N
1117777
AV AV A A A
VA A A
V) S
VA
VAP AP
P
PP
e — —




95

DIRECTION FIELDS

1.4.

y—t?

y' =

T

T

\ =LA AT A =N A
WNN=—=v7 7771|1777 =N\

llllll -~ —_———_———
llllll ~~ A\ ~—— i
llllll <SA\ _—————
-—————— ~Ny ) ~—=——— ==
lllll —~~N\ —_—————
lllll ~~Nd : _————
———~=~NN \ ~———-
S ===~~~ NA\ AT NG
—~=>S~N\N A\ VAN~~~
SNNN NV VL [EAAY AShY
z s/ 0011 ]I I [
P RN IR
et AN Y I /11 f e — =
AN I, e
————mmmns | W=
lllll -z 00| _————
s oty rr s
111111 A 1
111111 R U
|||||| -1 e —
M N -

> 0

10.

-1
2
3

R A A AV A

———v s s

T

AR N

AANNNANNNSNS—|——rrvr77 771
A\ANNNANANSNSN~—~l——rrr7777 77
NANANNANANSNSSs=|l=crz /0701 ]
ANANNSNNSNSN~—|-=—~rr 7777
ANNNSNNSNSN~~|—=cvrrrr777 7

NNNY NN SYNN S ——

NN NN NSNS S =

NNSNSNSS S~ ——
N~~~ e~ —— — — —

3
2
1

0;

11.




56 CHAPTER 1. FIRST ORDER DIFFERENTIAL EQUATIONS

1.5 Existence and Uniqueness

Unfortunately, only a few simple types of differential equations can be solved explicitly
in terms of well known elementary functions. In this section we will describe the method
of successive approximations, which provides one of the many possible lines of attack
for approximating solutions for arbitrary differential equations. This method, which is
quite different from what most students have previously encountered, is the primary
idea behind one of the main theoretical results concerning existence and uniqueness of
solutions of the initial value problem

(*) y =F(ty), ylto) = 1yo,
where F(t,y) is a continuous function of (t,y) in the rectangle
R:={(t,y):a<t<b,c<y<d}

and (o, yo) € R. The key to the method of successive approximations is the fact that a
continuously differentiable function y(t) is a solution of (x) if and only if it is a solution
of the integral equation

(35) vt) =+ [ Pluy(w)du

to

To see the equivalence of the initial value problem (*) and the integral equation (),
we first integrate (x) from ¢y to ¢ and obtain (xx). Conversely, if y(¢) is a continuously
differentiable solution of (xx), then y(to) = yo + ftio F(u,y(u)) du = yo. Moreover, since
y(t) is a continuous function in ¢ and F(¢,y) is a continuous function of (¢, y), it follows
that g(t) := F(t,y(t)) is a continuous function of ¢. Thus, by the Fundamental Theorem
of Calculus,

/0 =4 (e [ Foatan) =& (+ [ ot i) = o6 = Fao),

to to

which is what it means to be a solution of (x).

To solve the integral equation (xx), mathematicians have developed a variety of so-
called “fixed point theorems”, each of which leads to an existence and/or uniqueness
result for solutions to the integral equation. One of the oldest and most widely used
existence and uniqueness theorems is due to Emile Picard (1856-1941). Assuming that
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the function F'(t,y) is sufficiently “nice”, he first employed the method of successive
approximations to prove the existence and uniqueness of solutions of (#x). The method
of successive approximations is an iterative procedure which begins with a crude approx-
imation of a solution and improves it using a step by step procedure which brings us as
close as we please to an exact and unique solution of (xx). The algorithmic procedure
follows.

Algorithm 1.5.1 (Picard Approximation). Perform the following sequence of steps
to produce an approzimate solution to the integral equation (xx), and hence to initial
value problem ().

(i) A rough initial approximation to a solution of (xx) is given by the constant function
Yo(t) == Yo

(ii) Insert this initial approximation into the right hand side of equation (**) and
obtain the first approximation

yi(t) :=yo +/ F(u,yo(u)) du.

to

(iii) The next step is to generate the second approximation in the same way; i.e.,

y2(t) == yo +/ F(u,y1(u)) du.

to

(iv) At the n-th stage of the process we have

yn(t) == 1o —I—/ F(u,yp—1(u)) du,

to

which is defined by substituting the previous approximation y,_1(t) into the right
hand side of (xx).

It is one of Picard’s great contributions to mathematics that he showed that the
functions y,(t) converge to a unique, continuously differentiable solution y(t) of ()

(and thus of (%)) if the function F(¢,y) and its partial derivative F),(t,y) := a—F(t, )
Y

are continuous functions of (¢,y) on the rectangle R.
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Theorem 1.5.2 (Picard’s Existence and Uniqueness Theorem). * Let F(t,y) and
F,(t,y) be continuous functions of (t,y) on a rectangle

R={(t,y):a<t<b,c<y<d}.
If (to,yo) is an interior point of R, then there exists a unique solution y(t) of

(*) y' =F(t,y), ylto) = o,

on some interval [a’, V'] with ty € [@/,V'] C [a,b]. Moreover, the successive approzimations
Yo(t) == Yo,

t

Yn(t) = yo +/ F(u, yn-1(u)) du,
to

computed by Algorithm 1.5.1 converge towards y(t) on the interval [a’,b']. That is, for all

€ > 0 there exists ng such that the mazimal distance between the graph of the functions

yn(t) and the graph of y(t) (fort € [a',V]) is less than € for all n > ny.

If one only assumes that the function F'(¢,y) is continuous on the rectangle R, but
makes no assumptions about F(¢,y), then Guiseppe Peano (1858-1932) showed that
the initial value problem (x) still has a solution on some interval I with ¢y € I C [a, b].
This statement is known as Peano’s Existence Theorem.” However, in this case
the solutions are not necessarily unique (see Example 1.5.5 below). Theorem 1.5.2 is
called a local existence and uniqueness theorem because it guarantees the existence of a
unique solution in some interval I C [a,b]. In contrast, the following important variant
of Picard’s theorem yields a unique solution on the whole interval [a, b].

Theorem 1.5.3. Let F(t,y) be a continuous function of (t,y) that satisfies a Lipschitz
condition on a strip S = {(t,y) :a <t <b, —0o <y < oo}. That is, assume that

[F(ty1) — F(t,y2)] < Ky — va

for some constant K > 0. If (tg,yo) is an interior point of S, then there exists a unique
solution of

(*) y' =F(t,y), ylto) = yo,

on the interval |a, b].

4A proof of this theorem can be found in G.F. Simmons’ book Differential Equations with Applica-
tions and Historical Notes, 2nd edition McGraw-Hill, 1991.

5For a proof see, for example, A.N. Kolmogorov and S.V. Fomin, Introductory Real Analysis, Chapter
3, Section 11, Dover 1975.
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Example 1.5.4. Let us consider the Riccati equation y' = y*> —t. Here, F(t,y) = y*> —t
and F,(t,y) = 2y are continuous on all of R?. Thus, by Picard’s Theorem 1.5.2, the
initial value problem

(*) y =y*—t, y(0)=0

has a unique solution on some (finite or infinite) interval I containing 0. The direction
field for i = y? — t (see Section 1.4, Example 1.4.3) suggests that the maximal interval
Inax on which the solution exists should be of the form I, = (a,00) for some —oo <
a < —1. Observe that we can not apply Theorem 1.5.3 since

|F(tay1) _F(tuy2>| = |(?J% _t) - (yg _t)| = |y% _?Jg’ = |yl+y2||yl —y2|

can not be bounded by K|y, — ys| for some constant K > 0 because this would imply
that |y1 + yo| < K for all —0o < y1,y2 < co. Thus, without further analysis of the
problem, we have no precise knowledge about the maximal domain of the solution; i.e.,
we do not know if and where the solution will “blow up”.

Next we show how Picard’s method of successive approximations works in this exam-
ple. To use this method we rewrite the initial value problem (x) as an integral equation;
i.e., we consider

(14) y(t) = / (y(w)? — u) du.

We start with our initial approximation yo(¢) = 0, plug it into (x*) and obtain our first
approximation

y1(t) = /Ot(yo(u)2 —u)du = —/Otudu = —%tQ.

The second iteration yields

(t) = /Ot(yl(u)Q ) du = /Ot (iu‘l _ u) du — 4%5& 32

Since y2(0) = 0 and

1 1 | 1 |
rER e U U e T e AU A0

if ¢ is close to 0, it follows that the second iterate ys(t) is already a “good” approximation

of the exact solution for ¢ close to 0. Since yy(t)? = =t'" — 72t7 + 3t*, it follows that

t 1 1 1 1 1 1 1
t) = - 1o _ - 7 a4 du = tll— t8 t5——t2.
s(?) /0 <42-52u pst Tt Ty ME e et 5.8 15 2

ya(t)? —t =

According to Picard’s theorem, the successive approximations y,(t) converge towards
the exact solution y(t), so we expect that ys(¢) is an even better approximation of y(t)
for t close enough to 0.
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Example 1.5.5. Consider the initial value problem

(%) Y =3y*3, y(to) = v

The function F(t,5) = y*? is continuous for all (¢, y), so Peano’s existence theorem shows
that the initial value problem (x) has a solution for all —oco < g, yo < co. Moreover, since

F,(t,y) = 73 Picard’s existence and uniqueness theorem tells us that the solutions

of (%) are unique as long as the initial value yo # 0. Since the differential equation
y' = 3y*/? is separable, we can rewrite it the differential form

and integrate the differential form to get
3yt =3t +ec

Thus, the functions y(t) = (t+c)? for t € R, together with the constant function y(¢) = 0,
are the solution curves for the differential equation ¢’ = 3y*/3, and y(t) = (yo/* +t — to)3
is the unique solution of the initial value problem (x) if yo # 0. If yo = 0, then (x)

admits infinitely many solutions of the form

(t—a) ift<a
y(t) = {0 fa<i<p ()
t—p)* ift>p,

where tg € [a, §]. The graph of one of these functions (where a = —1, § = 1) is depicted
in Figure 1.11. What changes among the different functions is the length of the straight
line segment joining o to G on the t-axis.

Example 1.5.6. The differential equation

(1) ty = 3y

is separable (and linear). Thus, it is easy to see that y(t) = ct? is its general solution.
In standard form Equation () is

, 3

(1) v=1y

3
and the right hand side, F(t,y) = g is continuous provided ¢ # 0. Thus Picard’s the-

3
orem applies to give the conclusion that the initial value problem 3 = gy, y(to) = Yo
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-3 -2 -1 0] 1 2 3
t

Figure 1.11: A solution (where a = —1, 8 = 1 in Equation 1) of ¢/ = 3y%*3, y(0) = 0.

has a unique local solution if ¢ty # 0 (given by y(t) = y0t3). However, if t, = 0, Pi-

_h
card’s theorem contains no information about the existence and uniqueness of solutions.
Indeed, in its standard form (f), it is not meaningful to talk about solutions of this

3
equation at ¢t = 0 since F(t,y) = 7Y is not even defined for ¢ = 0. But in the origi-
nally designated form (t), where the ¢ appears as multiplication on the left side of the

equation, then an initial value problem starting at ¢ = 0 makes sense, and moreover, the
initial value problem

ty' =3y, y(0)=0

has infinitely many solutions of the form y(t) = ct® for any ¢ € R, whereas the initial
value problem

ty' =3y, y(0) =y
has no solution if yg # 0. See Figure 1.12, where one can see that all of the function

y(t) = ct® pass through the origin (i.e. y(0) = 0), but none pass through any other point
on the y-axis.

Remark 1.5.7 (Geometric meaning of uniqueness).

1. The theorem on existence and uniqueness of solutions of differential equations
(Theorem 1.5.2) has a particularly useful geometric interpretation. Suppose that
y' = F(t,y) is a first order differential equation for which Picard’s existence and



62

CHAPTER 1. FIRST ORDER DIFFERENTIAL EQUATIONS

t

Figure 1.12: Distinct solutions of the initial value problem ty’ = 3y, y(0) = 0.

uniqueness theorem applies. If y;(t) and yo(t) denote two different solutions of
y' = F(t,y), then the graphs of y;(t) and y2(t) can never intersect. The reason
for this is just that if (¢g, yo) is a point of the plane which is common to both the
graph of y;(¢) and that of y,(¢), then both of these functions will satisfy the initial
value problem

v =F(ty), ylto)=yo.

But if y;(t) and y»(t) are different functions, this will violate the uniqueness pro-
vision of Picard’s theorem. Thus the situation depicted in Figures 1.11 and 1.12
where several solutions of the same differential equation go through the same point
(in this case (0,0)) can never occur for a differential equation which satisfies the
hypotheses of Theorem 1.5.2. Similarly, the graphs of the function y; (t) = (t +1)?
and the constant function y,(¢) = 1 both pass through the point (0, 1), and thus
both cannot be solutions of the same differential equation satisfying Picard’s the-
orem.

. The above remark can be exploited in the following way. The constant function

y1(t) = 0 is a solution to the differential equation 3 = y* + y (check it). Since
F(t,y) = y* + y clearly has continuous partial derivatives, Picard’s theorem ap-
plies. Hence, if y5(¢) is a solution of the equation for which y2(0) = 1, the above
observation takes the form of stating that y,(¢) > 0 for all t. This is because, in
order for y(t) to ever be negative, it must first cross the t-axis, which is the graph
of y1(t), and we have observed that two solutions of the same differential equation
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can never cross. This observation will be further exploited in the next section.

Exercises

1. (a) Find the exact solution of the initial value problem
(+) v =y y0)=1.

(b) Apply Picard’s method (Theorem 1.5.2) to calculate the first three approximations
y1(t), y2(t), and y3(t) to (x) and compare these results with the exact solution.

» Solution. (a) The equation is separable so separate the variables to get y~2dy = dt.
Integrating gives —y~! = t + ¢ and the initial condition y(0) = 1 implies that the
integration constant ¢ = —1, so that the exact solution of (x) is

y(t):m:1+t+t2+t3+t4+--~; It < 1.

(b) To apply Picard’s method, let yo = 1 and define

y(t) = 1+/0t(y0(5))2d8:1—|—/0td3:1—i—t;

t t tS
y(t) = 1+/(yl(s))2d821+/(1+5)2d3:1+t+t2+;
0 0

3
ys(t) = 1+/0t(y2(8))2d8—/0t <1+s+32+8;>2ds

! : 2 . 1
= 1+/0 <1+23+3s2+2834-;344—3854-986) ds

2 1 1 1
= 14+t+2 4+ + 24+ 20+ 216 + —+47.
FEH O St ot St o

Comparing y3(t) to the exact solution, we see that the series agree up to order 3. |

2. Apply Picard’s method to calculate the first three approximations y(t), y2(t), y3(t) to
the solution y(t) of the initial value problem

y/:t_ya y(O):l

3. Apply Picard’s method to calculate the first three approximations (), y2(t), y3(t) to
the solution y(t) of the initial value problem

y =t+y*, y(0)=0.
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Which of the following initial value problems are guaranteed a unique solution by Picard’s
theorem (Theorem 1.5.2)7 Explain.

Y =1+y% y(0)=0

v =y, y(1)=0

v =y y0)=1
t—y

'= 7 y0)=—1

V=i, y(0)
t—y

y = y(1) = -1

t+y’
(a) Find the general solution of the differential equation

(1) ty' =2y —t.
Sketch several specific solutions from this general solution.

(b) Show that there is no solution to (}) satisfying the initial condition y(0) = 2. Why
does this not contradict Theorem 1.5.27

(a) Let to, yo be arbitrary and consider the initial value problem

v =9, y(to) = vo.

Explain why Theorem 1.5.2 guarantees that this initial value problem has a solution
on some interval [t — to| < h.

(b) Since F(t,y) = y* and F,(t,y) = 2y are continuous on all of the (¢, y)—plane, one
might hope that the solutions are defined for all real numbers ¢. Show that this
is not the case by finding a solution of y' = y? which is defined for all t € R and
another solution which is not defined for all ¢ € R. (Hint: Find the solutions with
(t07y0) = (070) and (07 1))

Is it possible to find a function F(¢,y) that is continuous and has a continuous partial
derivative F(t,y) such that the two functions y1(t) = ¢ and yo(t) = t*> — 2t are both
solutions to ' = F(t,y) on an interval containing 07

Show that the function

() = 0, fort<O0
PIZ8 fort >0

is a solution of the initial value problem ty’ = 3y, y(0) = 0. Show that y2(¢) = 0 for all
t is a second solution. Explain why this does not contradict Theorem 1.5.2.
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1.6 Miscellaneous Nonlinear First Order Equations

We have learned how to find explicit solutions for the standard first order differential
equation

y =F(ty)
when the right hand side of the equation has one of the particularly simple forms:

1. F(t,y) = h(t)g(y), i.e., the equation is separable, or

2. F(t,y) = —p(t)y + f(t), i.e., the equation is linear.

Unfortunately, in contrast to the separable and first order linear differential equations, for
an arbitrary function F'(t,y) it is very difficult to find closed form “solution formulas”.
In fact, most differential equations do not have closed form solutions and one has to
resort to numerical or asymptotic approximation methods to gain information about
them. In this section we discuss some other types of first-order equations which you
may run across in applications and that allow closed form solutions in the same sense
as the separable and first order linear differential equations. That is, the ”explicit”
solution may very well involve the computation of an indefinite integral which cannot
be expressed in terms of elementary functions, or the solution may be given implicitly
by an equation which cannot be reasonably solved in terms of elementary function. Our
main purpose in this section is to demonstrate techniques that allow us to find solutions
of these types of first-order differential equations and we completely disregard in this
section questions of continuity, differentiability, vanishing divisors, and so on. If you are
interested in the huge literature covering other special types of first order differential
equations for which closed form solutions can be found, we refer you to books like [Zw]
or to one of the three M’s (Mathematica, Maple, or MatLab) which are, most likely,
more efficient in computing closed form solutions than most of us will ever be.

Exact Differential Equations

A particularly important class of nonlinear first order differential equations that can be
solved (explicitly or implicitly) is that of exact first order equations. To explain the
mathematics behind exact equations, it is necessary to recall some facts about calculus
of functions of two variables.® Let V(¢,y) be a function of two variables defined on a

rectangle
R={(t,y):a<t<b,c<y<d}.

6The facts needed will be found in any calculus textbook. For example, you may consult Chapter
14 of Calculus: Early Transcendentals, Fourth Edition by James Stewart, Brooks-Cole, 1999.



66 CHAPTER 1. FIRST ORDER DIFFERENTIAL EQUATIONS

The curve with equation V (¢,y) = ¢, where ¢ € R is a constant, is a level curve of V.

Example 1.6.1. 1. If V(t,y) = t + 2y, the level curves are all of the lines ¢ + 2y = ¢
of slope —0.5.

2. If V(t,y) = t* + y?, the level curves are the circles t? + y*> = ¢ centered at (0,0)
of radius /¢, provided ¢ > 0. If ¢ = 0, then the level “curve” t? 4+ y? = 0 consists
of the single point (0,0), while if ¢ < 0 there are no points at all which solve the
equation 2 + % = c.

3. If V(t,y) = t> — y* then the level curves of V are the hyperbolas t* — y? = c if
¢ # 0, while the level curve t* — y? = 0 consists of the two lines y = =t.

4. It V(t,y) = y*> — t then the level curves are the parabolas y* — t = ¢ with axis of
symmetry the ¢t-axis and opening to the right.

Thus we see that sometimes a level curve defines y explicitly as a function of ¢ (for
example, y = %(c —t) in number 1 above), sometimes ¢ is defined explicitly as a function
of y (for example, t = —2y + ¢ in number 1, and ¢ = y? — ¢ in number 3 above), while in
other cases it may only be possible to define y as a function of ¢ (or ¢ as a function of y)
implicitly by the level curve equation V' (¢,y) = c. For instance, the level curve t*+3* = ¢
for ¢ > 0 defines y as a function of ¢ in two ways (y = £+v/c — {2 for —\/c <t < \/c) and
it also defines ¢ as a function of y in two ways (t = +1/c — y? for —\/c <y < /¢).

If we are given a two variable function V(¢,y) is there anything which can be said
about all of the level curves V(t,y) = ¢? The answer is yes. What the level curves
of a fixed two variable function have in common is that every one of the functions y(t)
defined implicitly by V (t,y) = ¢, no matter what c is, is a solution of the same differential
equation. The mathematics underlying this observation is the chain rule in two variables,
which implies that

%wt’ y(t) = Vilt,y(8)) + V(L. y ()Y (1),

where V}, V,, denote the partial derivatives of V (¢, y) with respect to t and y, respectively.
Thus, if a function y(t) is given implicitly by a level curve

V(t,y(t)) =c,
then y(t) satisfies the equation

d d

0= —sc=—2V({tyt)) = Vilt,y(t)) + Vy(t,y(0)y (D).
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This means that y(t) is a solution of the differential equation

Vit,y) + Vy(t,y)y' = 0. (1)

Notice that the constant ¢ does not appear anywhere in this equation so that every
function y(¢) determined implicitly by a level curve of V (¢, y) satisfies this same equation.
An equation of the form given by Equation 1 is referred to as an exact equation:

Definition 1.6.2. A differential equation written in the form

M(t,y)+ N(t,y)y' =0
is said to be exact if there is a function V' (¢, y) such that M(t,y) = Vi(t,y) and N(t,y) =
Vy (ta y)

What we observed above is that, if y(t) is defined implicitly by a level curve V (¢,y) =
¢, then y(t) is a solution of the exact equation 1. Moreover, the level curves determine
all of the solutions of Equation 1, so the general solution is defined by

V(t,y) =c. (2)

Example 1.6.3. 1. The exact differential equation determined by V (t,y) =t + 2y
is
0=Vilt,y) + Vy(t,w)y' =1+ 2/

so the general solution of 1+ 2y’ =01ist+ 2y =c.
2. The exact differential equation determined by V (t,y) = t* 4+ y? is
0=Vi(t,y) + Vi (t,y)y = 2t + 2yy’.

Hence, the general solution of the equation t + yy’ = 0, which can be written in
standard form as ¢/ = —t/y, is t? + 3* = c.

Suppose we are given a differential equation in the form
M(t,y) + N(t,y)y' =0,

but we are not given apriori that M (t,y) = Vi(t,y) and N(t,y) = V,(¢,y). How can we
determine if there is such a function V(¢,y), and if there is, how can we find it? That
is, is there a criterion for determining if a given differential equation is exact, and if
so is there a procedure for producing the function V(¢,y) whose level curves implicitly
determine the solutions. The answer to both questions is yes. The criterion for exactness
is given by the following theorem; the procedure for finding V (¢, y) will be illustrated by
example.



68 CHAPTER 1. FIRST ORDER DIFFERENTIAL EQUATIONS

Theorem 1.6.4 (Criterion for exactness). A first order differential equation
M(t,y)+ N(t,y)y' =0

in which M(t,y) and N(t,y) have continuous first order partial derivatives is exact if
and only if

Ml/(t?y) = Nt(tvy) (3)

for all t,y in a square region of R2.

Proof. Recall (from your calculus course) that all functions V' (¢,y) whose second partial
derivatives exist and are continuous satisfy

(*) ‘/ty(tv y) = Vyt(tv y),

where Vi, (t,y) denotes the derivative of Vi(¢,y) with respect to y, and V,,(¢,y) is the
derivative of V,(¢,y) with respect to ¢. The equation (x) is known as Clairaut’s theorem
(after Alexis Clairaut (1713 — 1765)) on the equality of mixed partial derivatives. If the
equation M (t,y) + N(t,y)y = 0 is exact then (by definition) there is a function V (¢, y)
such that Vi(t,y) = M(t,y) and V,(t,y) = N(t,y). Then by Clairaut’s theorem,

gvy(tv y) = Nt<t7 y)'

0
My<t7y) = _‘/t(tay) = V;‘/y(ta y) = Vyt(tay) = ot

dy
Hence condition 3 is satisfied.

Now assume, conversely, that condition 3 is satisfied. To verify that the equation
M(t,y) + N(t,y)y = 0 is exact, we need to search for a function V' (¢,y) which satisfies
the equations

Vi(t,y) = M(t,y) and V,(t,y) = N(t,y).

The procedure will be sketched and then illustrated by means of an example. The
equation Vi(t,y) = M(t,y) means that we should be able to recover V (t,y) from M(t,y)
by indefinite integration:

Vit.y) = /M(t,y) dt + o(y). (4)
The function ¢(y) appears as the “integration constant” since any function of y goes to
0 when differentiated with respect to t. The function ¢(y) can be determined from the
equation

Vy(t,y) = a% /M(t,y) dt +¢'(y) = N(t,y). (5)
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That is 5
P'(y) = N(t,y) - a—y/M(t,y) dt. (6)
The verification that the function on the right is really a function only of y (as it must
be if it is to be ¢'(y)) is where condition 3 is needed. O
t—y

Example 1.6.5. Solve the differential equation ¢y’ = —=

» Solution. We rewrite the equation in the form y — ¢ + (¢t + y)y’ = 0 to get that
M(t,y) = y—tand N(t,y) = y+t. Since My(t,y) = 1 = N,(t,y), it follows that
the equation is exact and the general solution will have the form V'(t,y) = ¢, where
Vi(t,y) =y —tand V,(t,y) =y +t. Since Vi(t,y) = y — t it follows that

t2
V(t,y) = /(y —t)dt+oly) =yt — 5 +¢(y),
where (y) is a yet to be determined function depending on y, but not on t. To determine
¢(y) note that y +t =V, (¢t,y) =t + ¢'(y), so that ¢'(y) = y. Hence

2
Yy
o(y) = o +a

for some arbitrary constant c¢;, and thus

2 2

Y
Vit,y) =yt — — 4+ = .
(t,y) =y 2+2+c1

The general solution of y' = — Y i therefore given by the implicit equation
t2 y2
Vit,y) =yt — =+ = +c1=c
(ty) =y 5 + 7 +a
This is the form of the solution which we are led to by our general solution procedure
outlined in the proof of Theorem 1.6.4. However, after further simplifying this equation
and renaming constants several times the general solution can be expressed implicitly
by
2yt — 12 +y* =,

and explicitly by

y(t) = —t + V212 + c.
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What happens if we try to solve by equation M (t,y)+ N(t,y)y’ = 0 by the procedure
outlined above without first verifying that it is exact? If the equation is not exact, you
will discover this fact when you get to Equation 6, since ¢'(y) will not be a function
only of y, as the following example illustrates.

Example 1.6.6. Try to solve the equation (¢ — 3y) + (2t + y)y’ = 0 by the solution
procedure for exact equations.

» Solution. Note that M(t,y) =t — 3y and N(¢,y) = 2t + y. First apply Equation 4
to get

t2
(h Vit) = [ Mtg)de= [ (6= 35t =5~ 3ty + o),
and then determine (y) from Equation 6:
, a [t?
B W =N -5 [ Mepd=eer - o (G -3 ew) =yt

But we see that there is a problem since ¢'(y) in (1) involves both y and ¢. This is
where it becomes obvious that you are not dealing with an exact equation, and you
cannot proceed with this procedure. Indeed, M,(t,y) = —3 # 2 = N,(¢,y), so that this
equation fails the exactness criterion 3. |

Bernoulli Equations

It is sometimes possible to change the variables in a differential equation y' = F(t,y)
so that in the new variables the equation appears in a form you already know how to
solve. This is reminiscent of the substitution procedure for computing integrals. We
will illustrate the procedure with a class of equations known as Bernoulli equations
(named after Jakoub Bernoulli, (1654 — 1705)), which are equations of the form

Y+ plt)y = f(t)y". (7)

If n = 0 this equation is linear, while if n = 1 the equation is both separable and linear.
Thus, it is the cases n # 0, 1 where a new technique is needed. Start by dividing
Equation 7 by y" to get

(*) y Y ety = f (),
and notice that if we introduce a new variable z = y*~", then the chain rule gives
dz dzd
=T =T (1 ayy,

dt — dydt
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and Equation (x), after multiplying by the constant (1 —n), becomes a linear first order
differential equation in the variables ¢, z:

(xx) 2+ (1—n)pt)z = f(t).
Equation (*x) can then be solved by Algorithm 1.3.5, and the solution to 7 is obtained
by solving z = 3!~ for y.

Example 1.6.7. Solve the Bernoulli equation ¢’ + vy = y°.

» Solution. In this equation n = 2, so if we let z = y'=2 = y~!, we get 2/ = —y~2y.
After dividing our equation by y? we get 52y’ +y~! = 1, which in terms of the variable
z1is —z' + z = 1. In the standard form for linear equations this becomes

2 —z=—1.

We can apply Algorithm 1.3.5 to this equation. The integrating factor will be e~t.
Multiplying by the integrating factor gives (e7'2) = —e~ so that e7'z = e~* + ¢. Hence
2z =1+ ce!. Now go back to the original function y by solving z = y~* for y. Thus
1_ 1

1+ cet

y=z"=(1+ce)”
is the general solution of the Bernoulli equation 3’ + y = 3.

Note that this equation is also a separable equation, so it could have been solved
by the technique for separable equations, but the integration (and subsequent algebra)
involved in the current procedure is simpler. <

There are a number of other types of substitutions which are used to transform
certain differential equations into a form which is more amenable for solution. We will
not pursue the topic further in this text. See the book [Zw] for a collection of many
different solution algorithms.

Exercises

Exact Equations

For Exercises 1 — 9, determine if the equation is exact, and if it is exact, find the general
solution.

L (y?+2t) +2tyy =0
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» Solution. This can be written in the form M(t,y) + N(t,y)y’ = 0 where M(t,y) =
y? + 2t and N(t,y) = 2ty. Since My(t,y) = 2y = Ni(t,y), the equation is exact (see
Equation (3.2.2)), and the general solution is given implicitly by F'(¢,y) = ¢ where the
function F(t,y) is determined by Fy(t,y) = M(t,y) = y* + 2t and F,(t,y) = N(t,y) =
2ty. These equations imply that F(¢,y) = t? + ty? will work so the solutions are given
implicitly by 2 + ty? = c. <

cy—t+ty +2yy =0

22—y (t+y2)y =0

y? 4+ 2tyy’ +3t2=0

. By —5t)+2yy —ty' =0

C 2ty 4+ (2 + 397y =0, y(1) =1

2ty + 262+ (12 —y)y' =0

L —y—ty =0

WP -ty =y

Find conditions on the constants a, b, ¢, d which guarantee that the differential equation
(at + by) = (ct + dy)y' is exact.

Bernoulli Equations. Find the general solution of each of the following Bernoulli
equations. If an initial value is given, also solve the initial value problem.

y —y=ty y(0)=1
Y +ty =ty

1)y —ty = 5ty°
Y +ty =ty

Y +y =ty

General Equations. The following problems may any of the types studied so far.
y=ty—t, y1)=2

(t* 4+ 3y%)y = —2ty
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tt+1)y =27

/

Y

siny 4+ ycost + 2t + (tcosy + sint)y’ =0

1

Y

T 2123

' —t—1
T
y —y=gzely™t, y(0)=-1
. 8t2 -2y
yzi
[

2

y
Y=, y(1)=1
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Chapter 2

THE LAPLACE TRANSFORM

In this chapter we introduce the Laplace Transform and show how it gives a direct
method for solving certain initial value problems. This technique is extremely important
in applications since it gives an easily codified procedure that goes directly to the solution
of an initial value problem without first determining the general solution of the differen-
tial equation. The same theoretical procedure applies to ordinary differential equations
of arbitrary order (with constant coefficients) and even to systems of constant coefficient
linear ordinary differential equations, which will be treated in Chapter 6. Moreover the
same procedure applies to linear constant coefficient equations (of any order) for which
the forcing function is not necessarily continuous. This will be addressed in Chapter 4.

You are already familiar with certain operators which transform one function into
another. One particularly important example is the differentiation operator D which
transforms each function which has a derivative into its derivative, i.e., D(f) = f’. The
Laplace transform L is an integral operator on certain spaces of functions on the interval
[0, 00). By an integral operator, we mean an operator 7" which takes an input function
f and transforms it into another function F' = T {f} by means of integration with a
kernel function K(s, t). That is,

T} = [ Kl D)= Plo),

The Laplace transform is the particular integral transform obtained by using the kernel
function
K(s, t)=e*.

When applied to a (constant coefficient linear) differential equation the Laplace trans-
form turns it into an algebraic equation, one that is generally much easier to solve.
After solving the algebraic equation one needs to transform the solution of the algebraic

I6)
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equation back into a function that is the solution to the original differential equation.
This last step is known as the inversion problem.

This process of transformation and inversion is analogous to the use of the logarithm
to solve a multiplication problem. When scientific and engineering calculations were
done by hand, the standard procedure for doing multiplication was to use logarithm
tables to turn the multiplication problem into an addition problem. Addition, by hand,
is much easier than multiplication. After performing the addition, the log tables were
used again, in reverse order, to complete the calculation. Now that calculators are
universally available, multiplication is no more difficult than addition (one button is as
easy to push as another) and the use of log tables as a tool for multiplication is essentially
extinct. The same cannot be said for the use of Laplace transforms as a tool for solving
ordinary differential equations. The use of sophisticated mathematical software (Maple,
Mathematica, MatLab) can simplify many of the routine calculations necessary to apply
the Laplace transform, but it in no way absolves us of the necessity of having a firm
theoretical understanding of the underlying mathematics, so that we can legitimately
interpret the numbers and pictures provided by the computer. For the purposes of this
course, we provide a table (Table C.2) of Laplace transforms for many of the common
functions you are likely to see. This will provide a basis for studying many examples.

2.1 Definition of The Laplace Transform

If f(t) is a function defined for all ¢ > 0, then the Laplace transform of f is the
function L{f(t)} (s) = F(s) defined by the equation

F(s) = LU0} o) = [ ey =tm [ e s)ar 1)
0 r=% Jo
provided the limit exists for all sufficiently large s. This means that there is a number
N, which will depend on the function f, so that the limit exists whenever s > N. If
there is no such N, then the function f will not have a Laplace transform.

Let’s analyze this equation somewhat further. The function f with which we start
will sometimes be called the input function. Generally, ‘¢’ will denote the variable
for an input function f, while the Laplace transform of f, denoted £{f} (s), is a new
function (the output function), whose variable will usually be ‘s’. Thus Equation (1)
is a formula for computing the value of the function £ {f} at the particular point s, so
that, in particular

F2) = £{f}(2) = / T p(t)dt and F(-3) = £{f}(-3) = / TS dr,

0 0
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provided s = 2 and s = —3 are in the domain of £ {f}.

Normally, we will use a lower case letter to denote the input function and the cor-
responding uppercase letter to denote its Laplace transform. Thus, F'(s) is the Laplace
transform of f(t), Y (s) is the Laplace transform of y(t), etc. Hence there are two distinct
notations that we will be using for the Laplace transform. Thus

F(s) = /ooe‘Stf(t)dt and L {f(t)} (s) = /Ooe‘Stf(t)dt

0 0
are interchangeable notations for the same function of s. It is also worth emphasizing
that, while the input function f has a well determined domain [0, co), the Laplace
transform £ {f} (s) = F\(s) is only defined for all sufficiently large s, and the domain
will depend on the particular input function f. In practice this will not be a problem,
and we will generally not emphasize the particular domain of F'(s).

In this chapter we will only consider continuous input functions. However, later we
will ease this restriction and consider Laplace transforms of some functions which are
not continuous.

A particularly useful property of the Laplace transform, both theoretically and com-
putationally, is that of linearity. For the Laplace transform linearity means the follow-
ing, which, because of its importance, we state formally as a theorem.

Theorem 2.1.1. The Laplace transform is linear. In other words, if f and g are input
functions and a and b are constants then

LA{af +bg} =al{f}+bL{g}.

Proof. This follows from the fact that (improper) integration is linear. ]

Laplace Transform of Elementary Functions

Example 2.1.2 (Constant Functions). Compute the Laplace transform of the con-
stant function 1.

» Solution. For the constant function 1 we have

0 —ts |T
L{1}(s) = / e . 1dt = lim e_
0 r—00 S 0
-rs __ 1 1
= lime—:— for s > 0.
r—oo  —8§ S
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Some comments are in order. The condition s > 0 is needed for the limit

-rs __ 1
lim ¢

T—00 —S

that defines the improper integral fooo e st dt to exist. This is because

. {0 if ¢ <0
lim "¢ =

r—00 oo if ¢> 0.
More generally, it follows from L’Hopital’s rule that

tlim t"e =0 ifn>0andc<0. (2)
This important fact (which you learned in calculus) is used in a number of calcu-
lations in the following manner. We will use the notation h(#)|0° as a shorthand
for lim, .o h(t)]) = lim, oo(h(r) — h(a)). In particular, if lim; .. h(t) = O then

a

h(t)|>° = —h(a), so that Equation (2) implies

(3)

tnct|oo 0 ifn>0and c<0
[ —
0 1 ifn=0andc<0.

Example 2.1.3 (Power functions). Compute the Laplace transform of ¢".

» Solution. If n = 0 then f(¢) = t° = 1 and this case is thus given above. Assume
now that n > 0. Then

L{) () = /0 et gy

and this integral can be computed using integration by parts with the choice of v and
dv from the following table:

u=t" ‘ dv = e 5t dt

—G_St
du = nt" 1 dt

v =

S

Using this table and the observations concerning L’Hopital’s rule in the previous para-
graph, we find that if n > 0 and s > 0, then

LLmY (s) = /0 sty gy

o0 n o0
+— / e St dt
0 S Jo

= SL{rT} ).

—st

= "

—S
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By iteration of this process (or by induction), we obtain (again assuming n > 0 and
s>0)

n

L{Y(s) = “L{m ") (s)

N 2GR0
- g.”T_l..éég{tO}(s),

But £ {t°} (s) = L{1} (s) = 1/s so we conclude

n n!
E{t}(S):W, s > 0.

<

Example 2.1.4 (The exponential function). Compute the Laplace transform of e*

» Solution.
L{e®l (s) = / e st dt = / e~ (5=t gy — AR )
{ } 5) 0 0 —(s—a)l,

From Equation (3), the right hand limit evaluates to 1/(s — a) provided the coefficient
of t in the exponential is negative. That is, provided s > a. Hence,

—(s—a)t |

L{e"} (s) = ! , s> a.

Ss—a

<

We note that in this example the calculation can be justified for a € C, once we have
noted what we mean by the complex exponential function. The main thing that we
want to note is that the complex exponential function e* (z € C) satisfies the same rules
of algebra as the real exponential function, namely, e**t%2 = ¢*1¢*2. This is achieved
by simply noting that the same power series which defines the real exponential makes
sense for complex values also. Recall that the exponential function e” has a power series

expansion
oo
T xn
e’ = g —
n!
n=0
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which converges for all x € R. This infinite series makes perfectly good sense if z is
replaced by any complex number z, and moreover, it can be shown that the resulting
series converges for all z € C. Thus, we define the complex exponential function by
means of the convergent series
o Zn
e’ = Z o (4)
n=0

It can be shown that this function e* satisfies the expected functional equation, that is

z1+22 Z1 %2

€ = €€

1
Since e” = 1, it follows that — = e~ *. Taking 2 = it in Definition 4 leads to an important
eZ

formula for the real and imaginary parts of e®:

it - (@) R I = B R
e’ = Z —1+zt———z—+ﬂ+z——~--

s p) 2! 3l 5!
2 ¢t , AR A .
= (1—§+E—)+l(t—§+5—):COSt+ZSIIlt,

where one has to know (from studying calculus) that the two series following the last
equality are the Taylor series expansions for cost and sint, respectively. In words, this
says that the real part of e is cost and the imaginary part of e is sint. Combining
this with the basic exponential functional property gives the formula, known as Euler’s
formula, for the real and imaginary parts of e* (o = a + bi):

et = elatbi)t — pattitt _ gateibt _ oot (o5 bt 4 i sin bt).
We formally state this as a theorem.
Theorem 2.1.5 (Euler’s Formula). Ifa =a+bi € C and t € R, then

e = e™(cos bt + isinbt). (5)

An important conclusion of Euler’s formula is the limit formula

lim el@tt — (0 if 4 < 0.
—00

More generally, the analog of Equation (3) (which also follows from Equation (2)) is

1 (a—&—bi)t‘oo 0 ifn>0anda<0 (6)
6 p—
0 1 ifn=0anda<?0.
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Example 2.1.6 (The complex exponential function). Compute the Laplace trans-
form of e*, where o = a + bi.

» Solution.
L{e"}(s) = / e e dt
0
0 —(s—a)t
_ / —lomagt gy — €T
0

—(s —a)|, ‘

From Equation (6), the right hand limit evaluates to 1/(s — «) provided the real part
of the coefficient of t in the exponential, i.e., —(s — a), is negative. That is, provided
s > a. Hence,

o0

L£{e™} (s) = ! : s >a = Rea.

S —

<

Example 2.1.7 (Sine and Cosine). Compute the Laplace transform of sinat and
cos at.

» Solution. A direct application of the definition of the Laplace Transform applied to
sin or cos would each require two integrations by parts; a tedious calculation. Linearity
and the use of the complex exponential function simplifies this substantially. On the
one hand, we have

1
s —1b

I s+ib  s+ab
s—ib s+ib 524 b2

S . b
iR ER

L {eibt} (S) —

On the other hand,

L{e™} (s) = L{cosbt+isinbt}(s) by Euler’s Formula
= L{cosbt}(s)+iLl{sinbt} (s) by linearity.

By equating the real and imaginary parts we obtain

b

E {COS bt} (S) = m

%er? and £ {sinbt} (s) =
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Example 2.1.8. Compute the Laplace transform of t"e?.

» Solution. Notice that

LAt e} (s) = / e e dt = / eV dt = L {t"} (s — a). (7)
0 0
What this formula says is that the Laplace transform of the function t"e® evaluated
at the point s is the same as the Laplace transform of the function " evaluated at the
point s — a. Since L {t"} (s) = n!/s"™! we conclude

L{t"e™} (s) = o for s > a. (8)

(s —a)rtt’

We note that this formula is also valid for a € C, where the condition s > a will be
replaced by s > Rea. <

As special cases of this example, we note that

2
(s —1)*

6

E{te%} = 0

L {t2€t} =

and L {tge_%} =

(s —2)%

If the function t" in Equation (7) is replaced by an arbitrary function f(t) with a
Laplace transform F'(s), then we obtain the following:

LA{e"f(t)} (s) = /000 e e f(t)dt = /000 eV dt = L{f(t)} (s —a) = F(s — a).

This is an important observation, which usually is called the first translation formula
for the Laplace transform:

E{e“tf(t)}(s) = F(s—a). 9)

In words, this formula says that to compute the Laplace transform of f(¢) multiplied
by e, then it is only necessary to take the Laplace transform of f(¢) (namely, F(s))
and replace the variable s by s — a, where a is the coefficient of ¢ in the exponential
multiplier. Here is an example of this formula in use.

Example 2.1.9. Compute the Laplace transform of e sin bt and e* cos bt.
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» Solution. From Example 2.1.7 we know that

L{cosbt} (s) = T and L {sinbt} (s) = ﬁ
Replacing s by s — a in each of these formulas gives
L{e" cosbt} (s) = 08 and £ {e*sinbt} (s) = ;
(s —a)?+0? (s —a)?+0?

For a numerical example, note that

L {G_t sin St} = m and £ {€3t COS \/§t} = s =3

(s—3)2+2

83

(10)

Example 2.1.10. Compute the Laplace transform of the functions t"e% cosbt and

t"e™ sin bt.

» Solution. If & = a + bi then Euler’s formula shows that e* = e*(cos bt + i sin bt) so

that multiplying by t" gives

t"e = t"e cos bt + it"e™ sin bt.

That is, t"e cos bt is the real part and t"e% sin bt is the imaginary part of t"e*. Since

LAt e cosbt} (s)+il {t"e™sinbt} (s) = L {t"e™} (s) = " —

(s —a)"  (s—(a —i— bi))ntt’

we conclude that

LA{tre™cosbt} (s) = Re ((s — (aj—! b@,))nH) and

L{tre®sinbt} (s) = Im< = (aﬁ bmm).

(11)
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If we take n = 1 in the above example, then
1 1
(s —)? ((

1 ((s — a) +ib)?

s—a) = ib)?
(G—a)—P ((s—a)+b)
s—a)

(

— b
— b
(s —a)®>=0b*) +1i2(s—a)b
((s —a)? + b?)?
By taking real and imaginary parts of this last expression, we conclude that

y g g yp p )

(s —a)? — b 2(s—a)b
((s —a)*+b?)? ((s —a)>+0%)*

L{te™ cosbt} (s) = and L {te”sinbt} (s) = (12)

The functions that we have dealt with in this section occur repeatedly in the context
of differential equations. To be able to speak succinctly of these functions, we shall say
that the class £ of elementary functions consists of all of the functions that can be
written as sums of scalar multiples of the functions t"e* cos bt and t"e* sin bt for some
integer n > 0 and real numbers @ and b. Thus, the linearity theorem (Theorem 2.1.1)
combined with the formulas (11) allow one to compute the Laplace transform of any
elementary function.

Example 2.1.11. The following are typical elementary functions:
1. 3% +te % + L cost 2. €'(t—2sint)

3. 1+t+t24- + 1" 4. (t+e*)?
5. sin’t 6. (14 3cost)(t— 4el’3)

The first three functions are clearly in the class £. We will leave it as an exercise to
check that the last three are also in £.

The following are some typical functions that you might easily encounter, but which
are not in the class £ that we have labelled elementary functions.
1 1/t 2. Int 3. et 4. tant 5. Wi
Example 2.1.12. Compute the Laplace transform of 3 — 5 cos 2t + 2¢3.

» Solution. Using the formulas derived above and linearity we obtain

L{3—5cos2t+2¢"} (s) = 3L{1}(s) — 5L {cos2t} (s)+2L{e"} (s)
3 o8 2

s 52+4+(s—3)
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Exercises

1. Compute the Laplace transform of each function given below directly from the integral
definition given in Equation (1).

(a) 3t+1
» Solution.
L{3t+1}(s) — / (3t + D)e " dt
0
= 3/ te—stdt+/ e St dt
0 0
t R Y e -1 o
= 3<e_8t +/ e_Stdt>—|—e_8t
—s 0 s Jo S 0
() &), )+
e 3 —_ _ e _‘_7
s S 0 S
_ 3.1
2 s
|
(b) 5t — 9¢t (c) e —3e! (d) te 3

2. Use linearity and the formulas for the Laplace transform of elementary functions to verify
your answers in Exercise 1.

Using the formulas for the Laplace transform of the elementary functions and the theorem

on linearity, compute the Laplace transform of each of the elementary functions in Exercises 3
- 22.

3. 5et
4. 3¢t — 743
5. t2 —5t+4

6. 3+t2+t+1

e 3t 4 Te 4

@0 =

e 3t 4 Tte 4
9. cos2t + sin 2t

10. el(t — cos 2t)
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11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

23.

24.

25.
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e~ t/3 cos /6t

(t + e2t)?

(V2 + (0.123)t)e~ (11t

5cos2t —3sin2t + 4

et (8 cos 2t + 11 sin 2t)

t?sin 2t

e~ —e7b for a #£b.

cos?bt  (Hint: cos® 0 = (1 + cos 20))

sin? bt

sinbt cosbt  Hint: Use an appropriate trigonometric identity.
coshbt  (Recall that cosh bt = (et + e7%)/2.)
sinhbt  (Recall that sinh bt = (e — e7%)/2.)

Verify that the function f(t) = ¢’ does not have a Laplace transform. That is, show
that the improper integral that defines F'(s) does not converge for any value of s.

Determine which of the following functions are in the class £ of elementary functions.
(a
(b

(c
(d

122t
1202t
t/et

e/t
(t+et)?
(t +et)=2
75615/2

t1/2€t

(e
(f
h
(i) sin2t/e?
(j) €%'/sin2t

)
)
)
)
)
)
()
(h)
)
)

Verify that the class of elementary functions £ is closed under the following operations.

(a) Addition. That is, show that if f and g are in £, then so is f + g.
(b) Multiplication. That is, show that if f and ¢ are in &, then so is fg.
(¢) Differentiation. That is, show that if f is in &, then so is the derivative f’.



2.2. INVERSE LAPLACE TRANSFORM 87

Show that £ is not closed under the operation of multiplicative inverse. That is, find a
function f in £ such that 1/f is not in £.

2.2 Inverse Laplace Transform

In the previous section we introduced the class of elementary functions €. An elementary
function f(t) is one which can be obtained by taking sums of scalar multiples of functions
of the form t"e® cosbt and t"e* sin bt for some choices of the integer n > 0 and real
numbers a and b. Formulas (8) and (11), in conjunction with the linearity theorem
(Theorem 2.1.1) provide the ability to compute the Laplace transform of any elementary
function. A review of each of these formulas then shows that the Laplace transform of
an elementary function is a sum of scalar multiples of terms

() () o

where o« = a + bi. We can write

n! n! (s —a+0bi)"™  nl(s—a+bi)"™!

(s —a—bi)"™)  (s—a—0bi)"t (s—a+bi)"tt ((s—a)?+ b2+’

and then expand the numerator into powers of s. Since i?* = (—1)* and %1 = (—1)%
it follows that both parts of formula (1) are of the form

P(s)
Q(s)

where P(s) is a (real) polynomial in the variable s of degree < n + 1 and Q(s) =
((s —a)? + b*)""! is a polynomial in s of degree 2n + 2. Recall that a polynomial is
a function f(s) of the form f(s) = @™ + Apm_18™ 1 + -+ + a1 + ap where m is a
nonnegative integer, and the coefficients a; are real numbers. The degree of f(s) is
m if a,, # 0. A function P(s)/Q(s) which is the quotient of two (real) polynomials is
referred to as a (real) rational function. If the degree of the numerator is less than
the degree of the denominator, then P(s)/Q(s) is a proper rational function. The
set of rational functions (with real coefficients) will be denoted by R(s) and the set of
proper rational functions will be denoted by R,.(s).

(2)

Example 2.2.1. Among the following functions,

1 1 3 s2+3s5—1 s34+ 1 1
- 2. T4+ = 3. &244 4 — - 5 — 6., —
5244 s+32 ST 3534+ 2545 s2—1 si/2’
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functions 1-5 are rational functions, that is in the set R(s), while functions 1, 2, and
4 are proper rational functions, that is, they are in the set R, (s). Function 6 is not
rational since the exponent in the denominator is 1/2, which is not even an integer.

Example 2.2.2. Let Fi(s) = 1/(s+ 1) and Fy(s) = s/(s* +4). Note that each of these
rational functions is proper because the degree of the polynomial in the denominator is
larger than the degree in the numerator. Computing Fi(s) + Fa(s) and Fi(s)Fy(s) gives

1 s 252 +s+4
F1(8)+F2(S):3+1+52+4:s3+32+43+4
1 S S

Fl(S)FQ(S) =

s+152—|—4:s3+s2+4s+4‘

What we observe is that F(s)+ Fa(s) and Fi(s)Fy(s) are also proper rational functions.
That is, the property of being a proper rational function is preserved under the algebraic
operations of addition and multiplication. This is not a special property of the particular
functions written down here, but is a general property of proper rational functions. This
property is normally expressed by saying that the set R, (s) of proper rational functions
is closed under the operations of addition and multiplication. We note that it is also
closed under multiplication by scalars, that is, if F{s) is a proper rational function and
a is a real constant, then aF'(s) is also a proper rational function.

The calculations of Laplace transforms of elementary functions done in the previous
section, culminating in formulas (8) and (11), show that the Laplace transform is an
operator which takes a function f(t) in €& and produces a function F(s) in Ry (s). In
symbols, we have that £ is a function

L:E— Ry(s).
According to the theory of partial fraction decompositions, every proper rational function
is a sum of scalar multiples of the simple rational functions

(s+a)’ (s®2+as+Db)F (s2+as+ b)¥

for appropriate choices of the constants a and b. Since

tk_l —at 1
Lyt = , (3)
(k=D (s+a)t
we see that the simple rational function 1/(s+a)¥ is in the image of the Laplace transform

operator L. It is also true that each of the other simple rational functions is in the
image of £. This fact will be verified in Section 2.5 after some additional techniques are
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developed. What this says, in conjunction with the linearity principle (Theorem 2.1.1), is
that the Laplace transform operator £ : £ — R,,.(s) is an onto function, i.e., the image
of £ is all of Ry,(s) (that is, every F(s) € Ry (s) can be written as £ {f(¢)} for some
f(t) € €). Tt is also true, although we will not verify it directly, that £ : & — Rp,(s) is
a one-to-one function (that is, L{f(t)} = L{g9(t)} = f(t) = g(t)). Therefore, £ has
an inverse function £7! : R, (s) — &, that we will refer to as the inverse Laplace
transform, determined by the standard property of an inverse function:

LTHF(s)} = f(t) <= L{f()} = F(s). (4)

Thus Equation (3) is equivalent to the statement

£ { (s +1a)k} ~ (& _1 1)!#{7167@7 ®)

while the formulas

s sin bt 1
E{cosbt}:m and E{ 2 }:$2~|—b2

are equivalent to the inverse Laplace transform formulas

1 5 B 1 1 _ sinbt
L {52+b2}—cosbt and L {32—1—62}_ - (6)

Moreover, the linearity property of £, namely

LA{cif(t) +29(t)} = aL{f(t)} + 2L {g(t)},

produces a corresponding linearity property for the inverse Laplace transform £
L F(s)+eG(8)} = i L7HEF(s)} + oL H{G(s)}.
Here, ¢; and ¢y are arbitrary constants.
We record these observations in the following fundamental result.

Theorem 2.2.3. The Laplace transform L : € — Ry, (s) is a one-to-one onto operator
with an inverse function L' : Ry, — E. Moreover, L™ satisfies the linearity property

L F(s) 4+ eG(8)} = el LTHF(s)} + L7 {G(s)}

where ¢, and co are arbitrary constants.
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The set £ of elementary functions will be referred to as the input space for the
Laplace transform and the set R, (s) of proper rational functions will be referred to as the
transform space. Thus, we think of the Laplace transform dynamically as transforming
a function f(¢) from the input space & into a function F(s) in the transform space
Ry (s). Similarly, we think of the inverse Laplace transform dynamically as transforming
a function F(s) in the transform space into a function f(t) in the input space. A pair of
functions f(t) € € and F(s) € Ry, (s) related by L{f(¢)} = F(s) is called a transform
pair, and we will express this relationship by means of the symbol f(t) «— F(s).
Of course, we already have the convention that the Laplace transform of a function
f(t), named by a lower case letter, is indicated by the corresponding upper case letter
F(s). But the notation of transform pairs is particularly suited to functions indicated
by explicit formulas. Thus,

1 3¢ 1

1 e— —, et —— and sint +——

s s—3’ s2+1

are examples of transform pairs.

In applications it is commonly necessary to be able to find f(¢) given F(s). For
example, it is frequently easy to produce the Laplace transform Y (s) of a solution
of a differential equation. Then to solve the equation, it is necessary to find y(t) =
L7'{Y(s)}. This particular application will be explored in Section 2.4 and in more
detail in later chapters.

One technique for finding f(t) given F'(s) is to assemble a table of Laplace transform
pairs, such as we have done in Table C.2, and try to manipulate F(s) so that it is
possible to recognize it in the table. Since F'(s) is a proper rational function, at least
in the cases considered in this chapter, the manipulation of F'(s) will consist primarily
of the algebraic tool of partial fraction decomposition, which you have probably studied
previously in your calculus class. Partial fraction decompositions as needed for inverse
Laplace transform calculations will be considered in detail in Section 2.3. For now, we
will illustrate this technique with a few simple examples after first recalling the first
translation formula and expressing it in the language of inverse Laplace transforms.

In the language of transform pairs, the first translation formula (Equation (9) of
Section 2.1) can be expressed as follows:

Translation in transform space

e f(t) «— F(s—a)
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Since L~ {F(s)} = f(t), this formula states that

L7HF(s —a)} = e"f(t) = " LT {F(s)}.

Multiplying both sides of this equation by e~ we arrive at the following formula, which

we will refer to as the alternate first translation formula:

LHF(s)} =eLH{F(s —a)} (7)

Here are some examples of the use of this formula.

2
Example 2.2.4. Compute £* { 543 }

(s+1)2

25 +3

s+1)%
that the translated function F'(s — a) becomes recognizable among the functions whose
inverse Laplace transforms we have already identified in Equations (5) and (6). If we let
a =1 (chosen to simplify the denominator) then

» Solution. Let F(s) = The strategy is to try to choose a constant a so

Fls=a)=Fls=1)= (?ES—_S):S? - 25; - - g - Sl2

Applying the alternate first translation formula and the fact that

E_l i _ tk*l
sk (k—1)!
(Equation (5)) we conclude

ft) = LTHF(s)y =e 'L {F(s— 1)}

- el e (3)

= e"(2+1).

1
Example 2.2.5. Compute Lil {m}
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» Solution. Start by completing the square in the denominator to get

1 1
-1 _ 1
£ {82+68+25} £ {(84—3)2—1—16}'

The right hand side is in precisely the form of Equation (10) of Section 2.1, so we

conclude that
= 1 B e~ 3t sin 4t
s24+6s+25) 4

3 2
Example 2.2.6. Compute £7* {#—{;_1_7}

3s+ 2
s24+4s+ T’

1 3s + 2 _ 3s + 2
s2+4s+T7) (s+2)2+3])"

3(s—2)+2  3s—4  3s—4
((s—2)+2)243 243 24 (/3)2

» Solution. Let F(s) = and start by completing the square to get

Letting a = 2 gives

F(s—a)=F(s—2)=
The alternate first translation formula and formulas (6) give
s2+4s+7 52+ (V/3)?

- (e (i) o)

4
—9t .
= e 3COS\/§t——SlH\/§t).
( V3

) 11
Example 2.2.7. Compute £71 {L}

s24+6s—7

» Solution. The difference between this example and the previous one is that the
denominator factors as s> +6s—7 = (s+7)(s—1). Using the technique of partial fraction
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decomposition that you learned in calculus (and which will be reviewed in detail in the
next section) we get

5s + 11 3 2
-1 — E—l
£ {32+6s—7} S—|—7+S—1

Exercises

1. Identify each of the following functions as proper rational (PR), rational but not proper
rational (R) , or not rational (NR).

. 52— 1 25 — 1 E R

A Y Py O Ty () +1
1 S 1 S 2s+4

(d) s—2+(s+1)(52—|—1) (e) 3—2.(34—1)(32—1—1) (£) §3/2 541
cos(s + 1) 3s—4 \? N 28

R TEE ® (5 57s) O

In Exercises 2 through 20 compute £~ {F(s)} for the given proper rational function F(s).

352 +2

5243
3 3s+2
" 35242
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

1
s24+6s+9
2s —5
s24+6s+9
2s —5
(s+3)3

252 —5s+1
(s —2)1
s+ 2

(s+2)249
s—1

s2 —2s+ 10
2s+5

52 4+ 65+ 18
3s—2

s24+45+6
5s+3

252 4+ 2s+1

s

s2—554+6

5

52425 —38

2s+6
s2—6s+5

CHAPTER 2. THE LAPLACE TRANSFORM

Verify each of the following inverse Laplace transform formulas:

e~ sin bt

e~ %(bcos bt — asin bt)

b

e~ % ginh bt

e~ %(bcosh bt — asinh bt)

1
(1)2—|—b2
s
a)? + b2
1
a)? —b?
s
a)? — b?

b
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2.3 Partial Fractions

The Laplace transform of any elementary function f(t) € £ is a proper rational function
F(s) = P(s)/Q(s). The problem of finding f(t) given F(s), that is, finding L7 {F(s)}
is facilitated by writing F'(s) as a sum of simpler proper rational functions, known as
the partial fractions of F'(s). The process of writing a given proper rational function
F(s) as a sum of partial fractions is known as the partial fraction decomposition of
F(s). The partial fractions are chosen from the simple rational functions

1 1 S

K
(s —7r)k"  (s2+bs+ )k o (82 + bs + )k’

where r, b and ¢ are real numbers and the quadratic s? + bs + ¢ has no real roots, i.e.,
s2+bs+c is irreducible over the reals. Since the roots of s?+bs+c are (—b++/b% — 4c) /2,
the roots are not real precisely when b? — 4¢ < 0.

Since F'(s) is a proper rational function, it may be written as

P(s)  bps™ +bpo18" 4+ bis + by
Q(s)  aps" +ap_1s" '+ +ars+ag

F(s) = (1)
where n > m. We will always assume that the coefficient of the highest term in Q(s) is
1, so that

Q(s) = 8"+ ap_ 18" 4 -+ a15 + ao.

(If this is not the case, then one has to factor out the leading coefficient a,, of the denom-
inator, ()(s) before starting with the partial fraction decomposition). The denominator
Q(s), which is a polynomial of degree n, will have a certain number of real roots, and a
certain number of roots a € C (but o ¢ R) that appear in complex conjugate pairs «
and @. If a = 3+ ¢y then

(s—a)(s—a) =s*—2Bs+ (B +77).

Thus complex conjugate pairs of roots can be combined to give irreducible quadratic
factors of (s). Hence Q(s) can be expressed as

Q) = (s = 1) e (s = )& bus ket (P s ), (2)

where rq, ..., 7, are h distinct real numbers, the j distinct real second order terms
s +bis+cy, ..., s+ bjs+ ¢; are irreducible, and ky + -+ + kj, + 2l + - + 2], = n.

With these notational preliminaries out of the way, the partial fraction decomposition
of the proper rational function F(s) = P(s)/Q(s) is a sum of exactly n = deg(Q(s))
scalar multiples of simple rational functions determined from the denominator Q(s) by
the following two rules:
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PF1. If k is the power of a linear term s — r in the factorization of ((s), then each of
the following k terms appear in the partial fraction decomposition of P(s)/Q(s):

PF2. If [ is the power of an irreducible quadratic term s? + bs + ¢ in the factorization
of Q(s) then each of the following 2/ terms appear in the partial fraction decom-
position of P(s)/Q(s):

1 1 1
2+bs+c (24bs+c)2 (>4 bs+c)
and
S S S
$2+bs+c (s2+bs+c)?’ " (s2+bs+ )

By the form of the partial fraction decomposition for P(s)/Q(s) we mean the ex-
pression of P(s)/Q(s) as a linear combination, with undetermined coefficients, of the
functions listed above corresponding to the roots (both real and complex) of the denom-
inator Q(s). Of course, one must find the coefficients, which generally involves solving
some system of linear equations. The solution of the linear equations can be greatly
simplified in certain commonly occurring special cases, which we explain in more detail
NOW.

Case 1. Distinct real roots.

If Q(s) = (s —r)Q1(s), where r is a real number, Q1(r) # 0 (so that r is a root of the
denominator Q)(s) of multiplicity 1), and if deg P(s) < n, then rule PF1 states that the
term 1/(s — r) will appear in the partial fraction decomposition of F(s) = P(s)/Q(s),
but no higher power of 1/(s — r) will appear. Thus

P(s) A
Q(s) s—r

where A is a constant to be determined, and Fj(s) is a rational function representing
all the terms not involving a power of 1/(s — r). In particular, F(s) is defined at s = r
and Fi(r) # 0. Multiplying Equation (3) by Q(s) gives

P(s) = A?@ + Q(s)Fi(s).

r

F(s) = + Fi(s), (3)
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Since Q(r) = 0 we can rewrite this equation as

,006) - Q)

S—7r

P(s) = + Q(s)Fi(s).

The first part of this expression is a difference quotient for computing the derivative of
Q(s), so taking the limit as s approaches r, gives P(r) = AQ’(r). Thus, we have shown
that the coefficient, in the partial fraction expansion, of a term 1/(s — r) corresponding
to a simple root of the denominator Q(s) is given by

In the case that all of the roots of Q(s) are distinct, so that
Q(s) = (s =m1) - (s =),
then the complete partial fraction decomposition of F(s) = P(s)/Q(s) has the form

P(S)_ Al An
Q(s)—s—rl+ +3—7“n’ (5)

and the coefficients A; are given by Equation (4) as

A; = i' where  Q'(r;) = 1_[(7"Z —rj). (6)

The formula for Q'(r;) given in Equation (6), when written out without the summation
sign is:
Q'(ri) = (ri —r1) - (ri = mica) (1 = rign) -+ (ri = 710).
In words, this says that Q'(r;) is obtained from Q(s) by deleting the term (s — r;) from
Q(s) and then replacing s with r;. For example, if Q(s) = (s — 1)(s — 3)(s = 5)(s — 7),
then
Q'3)=0B8-1)(3-5)(3—-7) =16.

Example 2.3.1. Find the partial fraction decomposition of

2s+4
s2—2s—3
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» Solution. Here Q(s) = s* —2s — 3 = (s — 3)(s + 1) has roots 3 and —1 and

P(3 1 P(-1 2 1
(>:—0:§ and ( ):—:——.
Q@) 1 2 Q1) —1 2
Thus
2s+4 5 1 1 1
$2—2s—3 2 s—3 2 s+1
<
. _ 1 . . . . .
Since £} = e the partial fraction expansion formula (5) immediately
s—r

gives the following result, known as the Heaviside expansion formula.

Theorem 2.3.2 (Heaviside Expansion Formula). If

Qs) = (s =m)(s —=ra) -+~ (s = 1),

where 11, ..., T, are distinct real numbers, and if deg P(s) < n, then the inverse Laplace
transform of F(s) = P(s)/Q(s) is

[P PUD e PO
. {@cs)}‘cz'(m LRRETES

Example 2.3.3. Compute the inverse Laplace transform of

(s+1)(s—2)(s+3)

F(s) =

» Solution. We observe that the denominator is the product of distinct linear terms,
so Theorem 2.3.2 applies and we obtain

B o ) o (2)e e
LoAF(s}h = ((1-2)(—1+3)  2+1)(2+3)  (3+1)(-3-2)

t 26275 36_3t

° 4
6 15 10

Example 2.3.4. Find the inverse Laplace transform of

s2—4s+1
s3—9s

F(s) =
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» Solution. Write F(s) = P(s)/Q(s) and observe that Q(s) = s(s — 3)(s + 3) factors
into a product of distinct linear terms. Apply Theorem 2.3.2 to obtain

P(0)e%  P(=3)e™3"  P(3)e

LTHE(s)} = (3)(=3) + (—3)(—6) " (3)(6)

Case 2. Real roots of multiplicity > 1.

If Q(s) = (s —r)*Q1(s) where Q(r) # 0 (that is r is a root of the denominator Q(s) of
multiplicity exactly k) and deg P(s) < n = deg Q(s), then rule PF1 gives

P(S) Al A2 Ak
() Q(s) s—r+ (s—r)2+ * (s—r)”“jL 1(5), (®)
where Aq, ..., Ay are constants to be determined and Fj(s) is a rational function repre-

senting all the terms not involving a power of 1/(s—r). The constants can be determined
by solving a system of linear equations as was done in calculus, or one can proceed as
follows. Multiply Equation (8) by (s —7)* to clear the denominators of powers of s —r.
This gives

(s =) F(s) = Ai(s =) 4 Ag(s — )" 2 4o+ Ay + (s — )P Fi(s). (9)

Since Fy(r) # 0, if we let H(s) = (s — 7)*Fi(s) then it is a simple exercise using the
product rule for derivatives to conclude that H (j)(r) =0for 0 <j < k—1. Letting
G(s) = (s — r)*F(s) and applying this observation to Equation (9), we conclude

B GF=9)(r)
A= W (10)

To see this, note that

g 0 if0o</l<m,
@(S—T)m =qm! ifl=m
= 0 ifl>m,

and apply this observation to the (k — j)' derivative of (9) to arrive at (10).
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Remark 2.3.5. For polynomials, the calculation of the Taylor polynomial centered at r
is easily accomplished algebraically (without formally computing derivatives) by means
of the substitution s = (s — r) +r. Thus if P(s) = s* +4s — 3 and r = 2, the Taylor
polynomial centered about r = 2 is given by

P(s)=((s—2)+2)*+4((s—2)+2)—3=(s—2)*+8(s—2)+9.

, : , . s° +4s — 3
Example 2.3.6. Find the partial fraction decomposition of W
8 R
» Solution. As observed above, the Taylor series for P(s) = s? + 45 — 3 about r = 2
is given by
s +4s—3=(s—2)*+8(s—2)+9.

Dividing by (s — 2)? gives

52+4s—3_ 1 48 1 49 1
(s—2)8  s5—2 (s —2)2 (s —2)3

<

If Q(s) = (s — 7)) -+ (s — )k is a polynomial of degree n = ki + --- + k;, and
deg P(s) < n, then P(s)/Q(s) will be a sum of h parts, and each of these h parts will
have the form of Equation (8) with n replaced by ki, ks, ..., k. In this case one should
work directly with systems of linear equations to find the constants A;, as illustrated by
the following example.

Example 2.3.7. Find the partial fraction decomposition of

s+ 543

o) = o+

» Solution. The partial fraction expansion of F'(s) can be written as

P(S) 83 + S + 3 A1 A2 Ag B

06)  (—12(s+2) s—1 (=12 G197 s+2

If we multiply both sides of this equation by Q(s) = (s — 1)3(s + 2) we get
P(s)=s"+5+3=A1(s —1)*(s +2) + Ay(s — 1)(s + 2) + A3(s + 2) + B(s — 1)>.

If we set s = 1, we conclude that A3 = P(1)/3 = 5/3; if we set s = —2, we conclude that
B = P(—2)/(—27) = 1/27; and if we compare the coefficients of s> on the left and right
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of this equation, we see that A; + B = 1, so A; = 26/27. Thus we have determined all
of the coefficients except for As. This can be determined by evaluating both sides of the
above equation at another value of s. Any value of s not already used will work, so we
may as well choose a simple one such as s = 0. This gives P(0) = 3 = 24;—2A4,+2A3—B.
Solving for Ay gives As = 10/9. Hence,

26 1 10 1 5 1 1 1

F(s)=22. .
=% 52179 Gop (s—1)3 27 s+2

Example 2.3.8. Compute £7! {F(s)} for the proper rational function

s+ 543

Fls) = (s —1)3(s+2)

» Solution. This is the function F'(s) whose partial fraction expansion was computed
in the previous example as

26 1 10 1 D 1 1 1

A I I P SR Ry pun DR T s

e R A

26 10 5 1
LTHF(s)} = 2—76t + Etet + étzet + 2—76’2'5.

F(s)

Since

we conclude that

Case 3. Irreducible quadratic denominators.

If Q(s) = (s> + as + b)!, where s® + as + b is an irreducible real second order term and
deg P(s) < 2l = n, then

P B B B
(8): 15+ C} n 95 + Cy TR s+ G ’ (11)
Q(s) s*4+as+b (s>+as+0b)? (s? 4+ as + b)!

where B;, C; are constants which can be determined by solving a system of linear equa-
tions as was done in calculus.
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If
Q(s) = (s —r) o (s —rp) (2 + bis+c) - (82 + bjs + ¢;),

where rq, ..., 1, are h distinct real numbers, the j distinct real second order terms
2+ bis+c, ..., 2+ bjs + ¢ are irreducible, and ky + - -+ + kp + 20, + -+ + 2l; = n,
then P(s)/Q(s) will be a sum of 7 + j parts, and each of the first i parts will have the
form of Equation (8) with n replaced by ki, - - - , kp, and each of the last j parts will have
the form of Equation (11) with [ replaced by [y,---,l;. In this case one should work
with systems of linear equations to find the constants A,, B,, C,, as illustrated by the
following example.

Example 2.3.9. (a) Find the partial fraction decomposition of

s+ 3

PO = e v 1y

» Solution. According to the above remarks,

S—|—3 Al AQ B15+Cl

(3—1)2(52—1—1)75—1+(5—1)2jL 5241

If we multiply both sides of this equation by Q(s) = (s — 1)?(s*> + 1) we get
s+3=A1(s—1)(s*+ 1) + Ay(s* + 1) + (Bys + C1) (s — 1)
If we set s = 1, we conclude that Ay = 2; i.e.,
—25% +s5+1=A1(s—1)(s*+ 1)+ (Bis + C1)(s — 1)

To compute the three unknowns A, By, C; we select three numbers different from 1, for
example s = 0, —1, 2, and obtain the three equations

1 = —A + O
-2 = —4A1 - 4Bl + 4C’l
-5 = b5A; + 2By + (4,

whose solutions are A; = —3/2, By = 3/2, and C; = —1/2. Hence,

5+3 3 1 P 1 +3 5 1 1
(s —1)2(s2+1) 2 s—1 (s—=1)2 2 s2+1 2 s2+1

(b) Find the partial fraction decomposition of

P(s) 4s* — 16s

Q(s) (2 +4)(s—2)*
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» Solution. The form of the decomposition is

482—165 . BS+C+ Al i AQ
(s2+4)(s—2)2  2+4  s—2 (s—2)%

Multiply both sides by the denominator Q(s) = (s? + 4)(s — 2)? to obtain

45 —165s = (Bs+ C)(s — 2)* + Ay (s +4)(s — 2) + Ay(s* + 4).
Multiply the right side out and gather coefficients to get

45> —16s = (B + A})s® + (=4B + C — 24, + Ay)s?

Equate the coefficients to obtain the following system of equations:

B + A = 0
—4B 4+ C — 2A; + Ay = 4
4B — 4C + 4A = —16

This system of linear equations can be solved by the standard Gauss-Jordan elimination
technique. See Chapter 5 for details. The solution obtained is

B = —]_, C= 4, Al = ]_, and A2 = —2,
which produces the partial fraction decomposition

4% — 16s B S o 1 1 5 1
(s24+4)(s —2)? a (s2+4)

.(s2+4)+s—2 (s—2)%

(c) What is the form of the partial fraction decomposition of

P(s) 3s?+2s—1

Q(s) (52425 +2)2(s — 1)(s +4)*

» Solution. The form of the partial fraction decomposition is

P(S) 318 + Cl BQS + CQ A Dl D2 D3

Q(s) - (s24+25s+2)  (s242s+2)2 * s—1 * s+4 * (s+4)2 * (s +4)3
We observe that the form of the partial fraction decomposition is completely independent
of the numerator P(s). By multiplying both sides by the common denominator Q(s),

and equating the coefficients one is led to a system of eight equations that determine
the eight coefficients A, By, By, Cy,Cs, Dy, Do, D3. <
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Example 2.3.10. Compute the inverse Laplace transforms of the proper rational func-

tions
s+ 3 4s% — 16s

oty M Gl = Grneoae

from parts (a) and (b) of the previous example.

F(s) =

» Solution. Since

we conclude that

3 3 1
LHF(s)} = —aet + 2te’ + écost — §sint,

and ] ] ]
S

-7 44. _9.

A Sy ) R o) S Rl pag

implies that
L1{G(s)} = — cos 2t + 2sin 2t + * — 2te?.

Summary

By the algebraic technique of partial fraction decomposition, it is possible to write every
proper rational function F'(s) as a linear combination of simple rational functions
1 1 S
; and ———,
(s—=7)F"  (s2+bs+c)k (s2 +bs + )k

where 7, b and ¢ are real numbers and the quadratic s 4 bs + ¢ is irreducible over the
reals. Thus we can find the inverse Laplace transform of any proper rational function
provided that we can find the inverse Laplace transform of the simple rational functions.
But we have already seen that

o { s - r)k} G - ot

while in Section 2.2 we saw how to combine completion of the square with the first
translation formula (Equation (7)) in order to compute the inverse Laplace transform of
the simple rational functions

1 d s
(s2 + bs+ )k (s2 4+ bs + c)F’
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for the case k = 1. The general case for £ > 1 will be considered in Section 2.5. For
now we will show how to use the techniques already developed to handle the case k = 2.
That is we will compute

_1 1 _1 s
£ {(32—|rbs~|—c)2 and £ (s2+bs+c)? )

By completing the square and using the first translation formula, it is sufficient to
establish the following result.

Proposition 2.3.11. We have the following formulas:

L {ﬁ} (t) = - tsin bt (12)

52+ b2 20
4 1 .
and L CESH (t) = 2—63(sm bt — bt cos bt). (13)

Proof. Equations (12) of Section 2.1, namely

2(s —a)b
(s —a)?+02)?’

L {te" cosbt} (s) = (s —a) =&

(s — a)? + b2)? and L {tea sin bt} (s) =

imply (by setting a = 0) that
2

1 5 1 L =0 b
L 5 3o (= optsin bt and L 5 g (= teosbt.
(s2+b?) 2b (s2 4+ 0b?)

The first formula is the first of the required two formulas. For the second formula, note
that

2 — b? B 2 + b? 202 B 1 B 22
(s24+b2)2 (s2+02)2  (s2402)2 2402 (s2402)%
Hence,
1 B 1 1 B s2 — b2
(s2+02)2 202 \s2+02  (s2+102)2)"
so that

1 1 [sinbt 1
-1 - .
L {(32+b2)2} = o ( 2 —tcosbt> —%(smbt—btcosbt),

as required. N
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Exercises

CHAPTER 2. THE LAPLACE TRANSFORM

Use partial fraction decompositions to find the inverse Laplace transform of the given proper
rational function.

1

10.

11.

12.

13.

14.

15.

1

" (s+2)(s—5)

5s+9

(s—1)(s+3)

8+s

s2—2s—15

1

s2—3s+4+2

5s — 2

s2+2s—35

3s+1

5245

2s+11

§2 —6s—7

252+ 7

(s—=1)(s—2)(s—3)

s+1
s2 -3

s2+s+1

(s —1)(s>+3s — 10)

s24+s5—3

(s+3)3

552 —3s+ 10

(s + s +2)°

s2—6s+7

(s2 —4s —5)?
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2
S (s+1)2+16
2s
(s+1)2+16
5
2s+3
s+3
45?2 + 45— 3
3s+2
(s—2)2+3
24 3s
s2+6s+13
54 2s
52 4+ 4s + 29

3s+1
(s—1)(s2+1)

16

17.

18.

19.
20.

21.
22.

23.
32 —s+6
(s+1)(s*+4)

252 4 14
(s—1)(s>+2s+5)

24.

25.

2 +3s2—5+3

26.
(82 + 4)2

2.4 Initial Value Problems

The Laplace transform is particularly well suited for solving certain types of differential
equations, namely the constant coefficient linear differential equations

any(n) + an—ly(n_l) + .-+ aly/ —+ agy = f(t), (1)

where ay, ..., a, are (real) constants, the function f(¢) € £ is an elementary function,
and the initial values of the unknown function y(t) are also specified:

(n—1)

y(0) =vo, ¥(O0) =w1, ..., y = Yn_1.
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Equation (1) with the initial values of the unknown function y(t) specified is known as
an initial value problem. The basic theory of this type of differential equation will be
discussed in Chapter 3. For now, we will only study how the Laplace transform leads
very quickly to a formula for y(t).

The Laplace transform method for solving Equation (1) is based on the linearity
property of the Laplace transform (Theorem 2.1.1) and the following formula which
expresses the Laplace transform of the derivative an elementary function f(¢) as a simple
algebraic function of F'(s) = L{f(t)}. Note that if f(¢) € £ is an elementary function,
then so is f'(t). You were asked to verify this fact in Exercise 25 of Section 2.1.

Theorem 2.4.1. Suppose f(t) € € is an elementary function. Then f'(t) € £ and

L)} (s) = sLLS ()} (s) = £(0). (2)

The following box summarizes the theorem in terms of transform pairs:

First derivative of input functions

f'(t) «—— sF(s) = f(0)

Proof. It has already been observed above that f’'(t) € £. The formula (2) is obtained
by applying integration by parts to the improper integral defining £ {f'(¢)}, taking into
account the convention that g(t)|,” is a shorthand for lim; .., (g(t) — f(0)), provided the
limit exists. Applying integration by parts with u = ™% and dv = f(t) dt gives

L) (s) = / ety de
= (fe ) - / (et f () dt

= —f(0)+/oooe‘stf(t)dt
= sL{f(t)}(s) — f(0).

The transition from the second to the third line is a result of the fact that functions
f(t) € &€ satisfy lim, .., f(t)e " = 0, for s large. (See the discussion of limits on Page
78.) O
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To avoid the notation becoming too heavy-handed, we will frequently write £ {f(¢)}
rather than £{f(¢)} (s). That is, the variable s may be suppressed when the meaning
is clear. With this convention, Equation (2) becomes

LS} =sL{f(0)} — f(0).

Example 2.4.2. Here are some simple examples of the validity of Equation (2).
1. If f(t) =1, then f'(t) =0so L{f'(t)} =0, and

SF(s) ~ f(0) = 5- ~1=0=L{f(1)}.

2. If f(t) = e, then f'(t) = ae™ so L{f'(t)} = si and
sF(s) = £(0) = —— —1=—— = L{f(1)}.
3. If f(t) = cos3t then f'(t) = —3sin3t so L{f'(t)} = —% and
9
SF(s) = f(0) =555 — 1= =5 = L{/ (1)}

Example 2.4.3. Solve the first order linear differential equation:

vy —3y=1, y(0)=1

» Solution. As is our convention, let Y(s) = L{y(¢)}. First compute the Laplace
transform of each side of the equation. Using linearity of the Laplace transform (Theorem
2.1.1) and the differentiation formula (2) just verified, the left-hand side of the differential
equation gives
L{y =3y} = L{y'}-3L{y}
= sL{y} —1-3L{y}
= (s—3)Y(s)— 1.

For the right-hand side we have
L{1} =

Equate these two expressions and solve for Y (s) to get

Y(S):sis(Hé) :si3+s(sl—3)‘

1
~
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A partial fraction decomposition applied to gives

1
s(s —3)

1 1 1 11 4 1 11
Y(s) = + = —_——= = .
s—3 3s—3 3s 3s—3 3s

Since y(t) = L7 {Y'(s)} we can recover y(t) from Y (s) by the techniques of Section 2.3

to obtain A . . . A )
t)= L7 e el G
yit) =3 {3—3} 3 {s} 39 73

Let’s consider another example.

Example 2.4.4. Solve the first order linear differential equation

v +y=sint, y(0)=0.

» Solution. Letting Y (s) = L {y(t)}, we equate the Laplace transform of each side of

the equation to obtain
1

2+ 1
Solving for Y'(s) and decomposing Y'(s) into partial fractions gives

1 1 s 1
Y(s) == - .
(s) 2(s+1 82+1+S2+1>

Inversion of the Laplace transform gives

(s+1)Y(s) =

(e_t — cost + sin t) .

N | —

y(t) = L7{Y ()} =

<

If f(t) is an elementary function, i.e., f(t) € &£, then f/(¢) is also an elementary
function so we may apply Theorem 2.4.1 with f(¢) replaced by f'(t) (so that (f") = f")
to get

L")} = sL{S(H)) - f(0)
s(sL{f(®)} = £(0)) — f'(0)
= SL{F)} = s£(0) = f1(0).

Thus we have arrived at the following formula for expressing the Laplace transform of

f"(t) in terms of L{f(¢)} and the initial values f(0) and f’(0).
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Corollary 2.4.5. Suppose f(t) € £. Then

L{f"()} = s"LAfF()} = sf(0) = f/(0). (3)

The following box summarizes this result in terms of transform pairs:

Second derivative of input functions

f'(t) —— s*F(s) = sf(0) = f'(0)

The process used to determine the formula (3) for the Laplace transform of a second
derivative can be repeated to arrive at a formula for the Laplace transform of the n'™
derivative of an elementary function f(t) € £.

Theorem 2.4.6. Suppose that f(t) € € is an elementary function, and let L{f(t)} =
F(s). Then

L{SM@)} =8 F(s) =" f(0) = s"2f/(0) = -+ = s 72 (0) = f7I(0). (4)

For n = 3 and n = 4, this formula becomes

LU0} = $Fs) = £1(0) = s/'(0) = [(0),  and
L{OWY = $'F(s) = 5 F(0) = 82£(0) = 54"(0) = 1(0).

If f(0) = f'(0) = --- = fOY = 0 then Equation (4) has the particularly simple

form
L{f'()} =s"F(s).

In words, the operation of differentiating n-times on the space of elementary functions
with derivatives (up to order m — 1) wvanishing at 0, corresponds, under the Laplace
transform, to the algebraic operation of multiplying by s™ on the space Ry (s) of proper
rational functions.

We will now give several examples of how Equation (4) is used to solve some types
of differential equations.

Example 2.4.7. Solve the initial value problem
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» Solution. As usual, let Y(s) = L{y(t)} and apply the Laplace transform to both
sides of the differential equation to obtain

s*Y(s) —1—-Y(s) = 0.
Now solve for Y (s) and decompose in partial fractions to get

Y() 1 1 1 1 1
5) = = — —— )
s2—-1 2s5—1 2s+1

Then applying the inverse Laplace transform to Y'(s) gives

y(0) = L7 Y ()} = 5( — ).

Example 2.4.8. Solve the initial value problem

Y+ 4y + 4y =2te”® y(0)=1, ¥ (0)=-3. (5)

» Solution. Let Y(s) = L{y(t)} where, as usual, y(¢) is the unknown solution of
Equation (5). Applying £ to (5) gives the algebraic equation

sV (s) —s+3+4(sY(s) — 1) +4Y(s) =

(s +2)%
which can be solved for Y(s) to give

s+1 . 2
(s+2)2  (s+2)*

Y(s) = (6)

Using the techniques of Section 2.3, (see Remark 2.3.5 in particular), write s = (s+2) —2
in the numerator of the first part to get

1 1 L 2
s+2 (s+2)2 (s+2)*

Y(s) =
Taking the inverse Laplace transform y(¢) = L7 {Y'(s)} then gives

1
y(t) =e 2 —te ™ + §t26_2t.
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It is worth pointing out in this last example that in solving for Y'(s) we kept the part

of Y(s) that came from the initial values, namely 5, distinct from that determined

st
(s +2)

by the right-hand side of the equation, namely . By not combining these into a

2
(s +2)4
single proper rational function before computing the partial fraction decomposition, we
have simplified the computation of the partial fractions. This is a typical situation, and

one that you should be aware of when working on exercises.

Example 2.4.9. Solve the initial value problem
y'+ By = cosuwt, y(0) =y (0) =0,
where we assume that 5 # 0 and w # 0.

» Solution. Letting Y(s) = L{y(t)}, applying L to the equation, and solving alge-

braically for Y(s) gives
s

(7 + B+ )

We will break our analysis into two cases: (1) 5% # w? and (2) 4% = w?.

Y(s) = (7)

Case 1: % # %

In this case we leave it as an exercise to verify that the partial fraction decomposition

of Y(s) is
1 S S
Y(s) = —
(s) w? — 32 <$2+ﬁ2 52—|—w2>’

so that the solution y(t) = L7 {Y(s)} is

~cos 3t — coswt

y(t) g

Case 2: 3% = w2

In this case

and formula (12) in Section 2.3 gives

(f) = —tsinwt
— —1{S1In wt.
4 2w



114 CHAPTER 2. THE LAPLACE TRANSFORM

Example 2.4.10. Solve the initial value problem
y/// . y// + y/ —y = 1O€2t, y(O) — y’(O) — y//(o) —0. (8)

» Solution. Let Y(s) = L{y(t)} where y(t) is the unknown solution to (8). Applying
the Laplace transform £ to (8) gives

10
5%V (s) — s*Y (5) + sY (s) = Y(s) = o
which can be solved for Y (s) to give
10 10

= e e 06-2 G- DE D62

Use the techniques of Section 2.3 to write Y(s) in terms of its partial fractions:

-5 . 2 +1+35
s—1 s—2 241

Y(s) =

Taking the inverse Laplace transform y(t) = L7 {Y'(s)} gives
y(t) = —5e' + 2e* +sint + 3 cost.

<

We conclude this section by looking at what the Laplace transform tells us about
the solution of the second order linear constant coefficient differential equation

ay’ +by' +cy=f(t),  y(0) =10, ¥(0) =un, (9)

where f(t) € £ is an elementary function, and a, b, and ¢ are real constants. Applying
the Laplace transform to Equation (9) (where Y(s) is the Laplace transform of the
unknown function y(t), as usual) gives

a(s*Y (s) — syo — y1) + b(sY (s) — yo) + cY (s) = F(s).

If we let P(s) = as? + bs + ¢ (P(s) is known as the characteristic polynomial of the
differential equation), then the above equation can be solved for Y'(s) in the form

(a5 + D)o+ F(s)

Yis) = P(s) P(s)

= Yi(s) + Ya(s). (10)

Notice that Yj(s) depends only on P(s), which is determined by the left-hand side of
the differential equation, and the initial values yy and y;, while Y5(s) depends only on
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P(s) and the function f(¢) on the right-hand side of the equation. The function f(t) is
usually called the input function for the differential equation. Taking inverse Laplace
transforms we can write

y(t) = LY (s)} = L7 {Va(s)} + L7 {Ya(s)} = (1) + 1 (1)

The function y;(t) is the solution of (9) obtained by taking f(¢) = 0, while y,(t) is the
solution obtained by specifying that the initial conditions be zero, i.e., yo = y1 = 0.
Thus, y;(t) is referred to as the zero-input solution, while y» () is referred to as the
zero-state solution. The terminology comes from engineering applications. A review
of the examples above will show that the zero-state solution was computed in Examples
2.4.4,2.4.9, and 2.4.10. You will be asked to compute further examples in the exercises,
and addtional consequences of Equation (10) will be developed in Chapter 3.

Exercises

Use the Laplace transform to solve each of the following differential equations.

—_
td\
_l_
(=2
<
I
9]
w
\.ii
<
—~
o
S—
I
—_

6. v —3y=cost, y(0)=0

7.9 +2y=te 2, y(0)=0

8. vy —3y=>50sint, y(0)=1

9. v +4y =38, y(0)=2, y(0)=1
10. ¥ =3y +2y =4, y(0)=2, y/(0)=3
11. ¥ =3y + 2y =¢€', y(0)=-3, ¥(0)=0
12. " +2y — 3y =sin2t, y(0)=0, y'(0)=0
13. y" + 6y + 9y = 50sint, y(0) =0, 3'(0) =2

4. y" +25y =0, y(0)=1, y'(0)=~-1
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15. 4" +8y +16y =0, y(0)=1, y'(0)=2

16. " — 4y + 4y = 4€*, y(0) = -1, y/(0) = —4

17. y"+y' +y=0, y(0)=0, y(0)=1

18. y" —y"=t, y(0)=0, y'(0)=1, y"(0)=0

19. " —y"+y' —y=t, y(0)=0, y'(0)=0, y(0) =

20. yW —y =0, y(0)=1, ¥'(0) =0, y"(0) =0, y"(0) =0

21. y" —y' =6 -3t%, y(0)=1, y(0)=1, y'(0) =1

For each of the following differential equations, find the zero-state solution. Recall that the
zero-state solution is the solution with all initial conditions equal to zero.

22. y" +4y'13y =0
23. ' +4y +3y=6
24. 3" —y = cos 3t

25. 3" +y = 4tsint

2.5 Convolution

The Laplace transform £ : &€ — Ry, (s) provides a one-to-one linear correspondence
between the input space £ of elementary functions and the transform space Ry, (s) of
proper rational functions. In the previous section we saw how an important operation
on the functions in the input space &£, namely differentiation, corresponds to a natural
algebraic operation on the transform space Ry, (s). Specifically, the formula is Theorem
2.4.1 which states that

LAf ()} =sF(s) = f(0). (1)
Our goal in this section is to study another operational identity of this type. Specifically,
we will be concentrating on the question of what is the effect on the input space &
of ordinary multiplication of functions in the transform space Ry (s). Thus we are
interested in the following question: Given functions F'(s) and G(s) in R, (s) and their

inverse Laplace transforms f(¢) and ¢(¢) in £, what is the elementary function h(t)
such that h(t) corresponds to H(s) = F(s)G(s) under the Laplace transform? More
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precisely, how is h(t) related to f(¢) and g(¢)? In other words, how do we fill in the
following question mark?

7 | F(5)G(s)

You might guess that h(t) = f(¢)g(t). That is, you would be guessing that multiplication
in the input space corresponds to multiplication in the transform space. This guess is
wrong as you can quickly see by looking at almost any example. For a concrete example,

let F(s) = é and G(s) = 8—12 so that f(t) = 1 and g(t) = ¢ while H(s) = F(s)G(s) = %
so that h(t) = t?/2. Thus h(t) # f(t)g(t).

1
Let’s continue with this example. Again suppose that F(s) = — so that f(t) = 1,
s

but assume now that G(s) = so that g(t) = t". Now determine which function

n!
gntl
h(t) has F(s)G(s) as its Laplace transform:

o) = £ PG} = £ { 5 | = i = g

What is the relationship between f(t), g(t), and h(t)? One thing that we can observe is
that h(t) is an integral of g(t):

1 t t
h(t) = ——t" = "dr = dr.
) = gt = [ ar = [ gty

1

Let’s try another example. Again let F'(s) = — so f(t) = 1, but now let G(s) =
s

which implies that ¢g(t) = cost. Then

W) = £ {F(s)G(s)} = £ {1 s } _ {32 1+ 1} ~sint,

58241

s24+1

and again we can observe is that h(t) is an integral of g(t):
t ¢
h(t) =sint = / cosTdr = / g(T)dr.
0 0

1
What these examples suggest is that multiplication of G(s) by — = L{1} in transform
s

space corresponds to integration of g(t) in the input space £. In fact, it is easy to see
that this observation is legitimate by a calculation with the differentiation formula (1).
Suppose that G(s) € Ry, (s) is arbitrary and let h(t) = f(f g(7)dr. Then h'(t) = g(t)
and h(0) = 0 so Equation (1) gives

G(s) = L{g()} = L{W()} = sH(s) — h(0) = sH(s),
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so that (in the language of Laplace transform pairs),

/0 g(7) dr —— H(s) = éG(s).

We will refer to this formula as division by s in transform space:

Division by s in transform space

[ — £

S

We have thus determined the effect on the input space £ of multiplying on the trans-
form space by the Laplace transform of the function 1. Namely, the effect is integration.
If we replace the function 1 by an arbitrary function f(t) € &, then the effect on £ of
multiplication by F'(s) is more complicated, but it can still be described by means of
an integral operation. To describe this operation precisely, suppose that f(t) and g(t)
are elementary functions. The convolution product or convolution of f(¢) and g¢(t),
is a new elementary function denoted by the symbol f * g, and defined by the integral
formula

(f o)t /f gt —7)d @)

What this formula means is that f * g is the name of a new function constructed from
f(t) and g(t) and the value of f * g at the arbitrary point ¢ is denoted by (f * ¢g)(¢) and
it is computed by means of the integral formula (2). Then the result we want is that the
convolution product of f(t) and g(t) on the input space € corresponds to the ordinary
multiplication of F'(s) and G(s) on the transform space R, (s). That is the content of
the following theorem, the proof of which we will postpone until Chapter 4.

Theorem 2.5.1 (The Convolution Theorem). Let f(t), g(t) € £. Then

LAf*9)®)) =LA} L{g(t)} (3)

In terms of inverse Laplace transforms, this is equivalent to the following statement. If
F(s) and G(s) are in transform space then

LTHF(s)G(s)} = L7H{F(s)} = L7 {G(5)} - (4)

The following box summarizes the theorem in terms of transform pairs:
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Convolution of input functions

(fg)(t) —— F(s)G(s)

An important special case of Equation (2) that is worth pointing out explicitly is

(f * 1)(t) = / f(r) dr. (5)

The convolution product f * g behaves in many ways like an ordinary product:

fxg = gx*f (commutative property)
(fxg)xh = fx(gxh) (associative property)
fx(g+h) = f*xg+[fx*h (distributive property)
Fx0 = 0%f=0

Indeed, these properties of convolution are easily verified from the definition (2). There
is one significant difference, however. In general f x1 % f. In fact, Equation (5) shows
that ¢« 1 = ¢*/2 # t. In other words, convolution by the constant function 1 does not
behave like a multiplicative identity.

Example 2.5.2. Compute the convolution product e x e” where a # b.

» Solution. Use the defining equation (2) to get

t t
— _ e —€
eat " ebt _ / eaTeb(t T) dr = ebt\/ e(a by dr = )
0 0

Observe that

E{eaéizbt}:aib(sia_siQ :m:ﬁ{eat}ﬁ{e“},

so this calculation is in agreement with what is expected from Theorem 2.5.1. <

Example 2.5.3. Compute the convolution product e* x e,
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» Solution. Computing from the definition:

t T
e x e = / et dr = ° / dr = te™.
0 0

As with the previous example, note that the calculation

E{teat} = —E{e“t}[,{e“t}
agrees with the expectation of Theorem 2.5.1. <
Remark 2.5.4. Since
eat o 6bt d
lim ——— = —¢ = te™,

a—b a—0b da

the previous two examples show that

bt at

lim e™ % % = te™ = e x e,

a—b

so that the convolution product is, in some sense, a continuous operation.

The convolution theorem is particularly useful in computing the inverse Laplace
transform of a product.

(s —1)(s2+9)

Example 2.5.5. Compute the inverse Laplace transform of

are cos3t and e,

d
54 +9 e -

» Solution. The inverse Laplace transforms of

respectively. The convolution theorem now gives

gy - U

t
= / cos3t e T dr
0

t
= et/ cos3te Tdr
0

t

= (—e_T cos 37 + 3¢ 7 sin 37’) ‘g

=l
|"o|

= (— cos 3t + 3sin 3t + €)

—_
o
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In the Table of Section C.3 a list is given of convolutions of some common functions.
You may want to familiarize yourself with this table so as to know when you will be able
to use it. The example above appears in the table (¢ = 1 and b = 3). Verify the answer.

Example 2.5.6. Compute the convolution product t™ % t" where m,n > 0.

» Solution. Start by computing

m! nl m!n!

gm+1 gn+l o 8m+n+2'

Lyt + "} = L{"} L{t"} =

Now take the inverse Laplace transform to conclude

m! n! m!n!
tm * tn = ,C_l ,C tm * tn = E_l — tm—i—n—i—l.
{ { }} {Sm+n+2} (m +n+ 1)|

Thus

m!n!
7w " = ™ 6
(m+n+1)! (6)

As special cases of this formula note that

1 1
2 xtd = —¢f d txtt=—¢5
T e00 A R T g

Example 2.5.7. Find the inverse Laplace transform of ————.
s(s2+1)

» Solution. This could be done using partial fractions, but instead we will do the
calculation using the division by s in transform space formula:

1 t
L {5(32+1)} /0 sinTdr cost +

Example 2.5.8. Consider the initial value problem

y'+a’y = f(t), y(0)=0,4(0)=0, (7)

where f(t) € £ is an arbitrary elementary function. If we apply the Laplace transform
L to this equation we obtain

(s* + @)Y (s) = F(s),
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so that

Since

1 1 L
L {(3 T o) —asmat,

the convolution theorem expresses y(t) as a convolution product

(
y(t) = —smat*f( ).
)

This allows for the expression of y(t) as an integral

/f )sina(t — 7)dr.

This integral equation can be thought of dynamically as starting from an arbitrary input
function f(¢) and producing the output function y(¢) determined by the differential
equation (7). Schematically,

ft) — y(t).
Moreover, although we arrived at this equation via the Laplace transform, it was never
actually necessary to compute F'(s).

In the next example, we revisit a simple rational function whose inverse Laplace
transform was computed by the techniques of Section 2.3 (see Equation (13) of that
section).

1

Example 2.5.9. Compute the inverse Laplace transform of —————.
(s2 4 a?)?

» Solution. The inverse Laplace transform of 1/(s? + a?) is (1/a)sinat. By the con-
volution theorem

1 1 1 _
m = ? sin at * sin at.

t
= — [ sinarsina(t —7)dr
a= Jo

= - / sin ar(sin at cos at — sin at cos at) dr

a
1 t t
= —sinat / sin at cos at dr — cos at / sin“ ar dr
a 0 0
1 . sin? at at — sin at cos at
= —|sn at — cosat
2a

= ——(sinat — at cosat).
a
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Now, one should see how to handle 1/(s? + a?)® and even higher powers: repeated
applications of convolution. Let f** denote the convolution of f with itself k times. In
other words

fF=fsfsx-oxf k times.
Then it is easy to see that

1 1
-1 — T Qin*n
L (—(52 n a2)”) s sin*" at

1
and L1 i = cos at * sin*™ Y qt.
(82 + a2>n an—l

There are explicit formulas for these convolutions. Although they are very compli-
cated, for completeness of this text they are given below. The proofs are long and not
included.

Proposition 2.5.10. For the simple rational functions we have:

) - e _l<—1>l (2”; ") G

=

I3

2 cos at Z on — 20 — 1\ (2at)?*!
“Rar | £ 2+ 1)

n—1

[7
-1 s _ sinat (20— 20— 2) 20+ 1 (2at)*!
3 {(52 +a2)"“} (2a)*" 2_:( D ( n—1 ) n (20+1)!
cosat [ (20 — 20 — 1 20 (2at)*
"o 2(_” ( n—1 ) n (20)!
P(s)
Q(s)

R (s) can be decomposed into a sum of partial fractions, and each partial fraction is a
scalar multiple of one of the three simple rational functions:

Remark 2.5.11. Recall that any proper rational function in the transform space

1 1 d S
an T
(s+7r)F (s24+bs+c)k (824 bs+c)F’
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where r, b, ¢ are some real numbers and b> —4c < 0, so that the quadratics are irreducible
over R. Since the inverse Laplace transform of the first of these functions is given by

1 1
-1 k—1_—rt
£ {(S—I—T)kl} (k:—l)!t <

it follows that the inverse Laplace transform of any proper rational function can be
computed if one can handle the second and third types of simple rational functions
listed above. For these types of simple rational functions, one must complete the square
of the irreducible quadratic in the denominator and write them in the form

1 5

G-Brroyr ™ GoBEroon

Then use the translation principle (Equation (7) in Section 2.2) and the above Propo-
sition to compute the inverse Laplace transform. Thus all such rational functions have,
in principle, computable inverse Laplace transforms.

Exercises

Compute the convolution product of the following functions.

1. txt

2. txt3

3. 3xsint

4. (3t +1)* et
5. sin 2t x et
6. (2t +1)=*cos2t
7. t2x e 0

8. cost * cos2t
9. e xe 4
10. t*t"

11. e® x sin bt

12. e % cos bt
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13. sinat * sin bt
14. sinat * cos bt

15. cosat * cos bt
Compute the Laplace transform of each of the following functions.

16. f(t) = [i(t—7)cos2rdr

» Solution. The key is to recognize the integral defining f(t) as the convolution integral
of two functions. Thus f(t) = (cos2t) x t so that

F(s) = L{(cos2) » 1} = L{eon2} £{t} = 5 = s

17. f(t) = [(t —7)?sin2rdr
18. f(t) = [(t—1)%e 37 dr

19. f(t) = [{ e3¢ dr

20. f(t) = [y cos5r et dr

21. f(t) = [3sin2rcos(t —7)dr
22. f(t) = [y sin2rsin2(t —7)dr

In each of the following exercises compute the inverse Laplace transform of the given
function by use of the convolution theorem.

1
ST
24, 2_é+5
25. (.92i1)2
26. ﬁ
27. !

(s+6)s3
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28.

29.

30— a#b

31.

32.

Write the zero-state solution of each of the following differential equations in terms of a
convolution integral involving the input function f(¢). You may wish to review Example 2.5.8
before proceeding.

34. vy + 3y = f(t)
35. ¥ + 4y + 4y = f(¢)
36. v+ 2y + 5y = f(¢)

37. ¥ + 5y + 6y = f(¢)



Chapter 3

SECOND ORDER LINEAR
DIFFERENTIAL EQUATIONS

The class of linear second order differential equations is of fundamental importance in
the sciences. They arise naturally in describing mechanical and electrical systems, wave
oscillations, and a variety of other problems. We introduced a few simple examples of
second order differential equations in our discussion of the Laplace transform. In this
chapter we give a more systematic presentation.

Before we get to the definitions and main theorems we illustrate how a second order
differential equation arises from modelling a spring-body-dashpot system. This model
may arise in a simplified version of a suspension system on a vehicle or a washing
machine. Consider the three main objects in Figure 3.1: the spring, the body, and the
dashpot (shock absorber). Our goal is to determine the motion of the body in such a

Figure 3.1: Spring-Body-Dashpot

system. Various forces come into play. These include the force of gravity, the restoring

127
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Figure 3.2: Spring-Body Equilibrium and Displacement

force of the spring, the damping force of the dashpot, and perhaps an external force.
Let’s examine these forces and how they are related. First, assume that the body has
mass m. The force of gravity, Fg, acts on the body by the familiar formula

FG:mga (1)

where ¢ is the acceleration due to gravity. Our measurements will be positive in the
downward direction so Fi is positive. When a spring is suspended with no mass attached
the end of the spring will lie at a reference point (u = 0). Now, when a body is attached
and allowed to come to equilibrium (i.e., no movement) it will stretch the spring a certain
distance, ug, say. This distance is called the displacement and is illustrated in Figure
3.2. The displacement is positive when the spring is stretched and negative when the
spring is contracted. The force exerted by the spring to balance the force due to gravity
is called the restoring force. It depends on the displacement and is denoted by Fgr(up).
This balance gives us the equation

Fr(uo) + Fo = 0. (2)

Hooke’s law says that the restoring force of many springs is proportional to the displace-
ment, as long as the displacement is not too large. We will assume this. Thus, if u is
the displacement we have

Fr(u) = —ku, (3)

where k is a positive constant. When the displacement is positive (downward) the
restoring force pulls the body upward hence the negative sign. Combining Equations
(1), (2), and (3) gives us a formula for k,

mg

Ug .

k=
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In any practical situation there will be some kind of resistance to the motion of the body.
In a suspension system there are shock absorbers. If our spring system were under water
the viscosity of the water would dampen the motion (no pun intended) to a much greater
extent than in air. In our system this resistance is represented by a dashpot and the
force exerted by the dashpot is called the damping force, Fp. It depends on a lot of
factors but an important factor is the velocity. To see that this is reasonable compare
the difference in the forces against your head when you dive into a swimming pool off
a 3 meter board and when you dive from the side of the pool. The greater the velocity
when you enter the pool the greater your deceleration. We will assume that the damping
force is proportional to the velocity. We thus have

Fp=—pv,

where v = o' is velocity and p is a positive constant known as the damping constant.
The damping force acts in a direction opposite the velocity, hence the negative sign. We
will let F(t) denote an external force acting on the body. For example, this could be
the varying forces acting on a suspension system due to driving over a bumpy road. If
a = u” is acceleration then Newton’s second law of motion says that the total force of
a body, given by mass times acceleration, is the sum of the forces acting on that body.
We thus have
Total Force = Fg + Fr + Fp + External Force,

which implies the equation
mu" =mg — ku — pu' + F(t).

Recall from Equation 2 that mg = —kug. Substituting and combining terms gives
mu” + pu' + k(u — ug) = F(t).

If y = u — ug then y measures the displacement of the body from the spring-body
equilibrium point, uy. In this new variable we obtain

my" + py' + ky = F(t).

This is an example of a second order linear differential equation and the solutions that
can be obtained vary dramatically depending on the constants m, k, and u, and, of
course, F(t). Picture in your mind what happens in the following three situations where
the external force is zero. In the first case, suppose the damping constant is 0. Then
there is no friction. In this idealized system when the body is pulled from equilibrium
and released it will oscillate up and down endlessly. In the second case, suppose the
damping constant is very large. (Think of a vehicle with stiff shock absorbers.) When
the body is pushed down and released it returns to rest without any oscillations. In the
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third case, suppose the damping constant is small, yet nonzero. Then when the body
is pushed down and released it may oscillate several times but with decreasing heights
until it comes to equilibrium. (In this case it’s time to replace your shock absorbers.)
A general discussion of the kinds of solutions one obtains is found in Section 3.7 where
you will find graphs that represent the three situations described above. We will return
to some specific examples of the spring-body-dashpot system in the last section, Section
3.8, where applications are considered.

For the next several sections we will study the mathematics of such second order
differential equations. We can say a lot about the nature of the solution set and provide
techniques for solving them.

3.1 Definitions and Conventions

Generally, a second order differential equation is an equation that involves a func-
tion, y say, its first derivative 3/, and its second derivative y”. Such an equation written
in standard form looks like

y' = F(t,y,y), (1)

and a solution is a function, y(t), with at least two derivatives and satisfying (1). In
other words,

y'(t) = F(t,y(t), ¥ (1)),

for all t in some interval I. A special case is the linear second order differential equation.
They are the only type we will consider in this chapter.

A linear second order differential equation is an equation of the form

'+ at)y +b(t)y = f(1), (2)

where a, b, and f are functions defined on some interval I C R. The function f is called
the forcing function. When f = 0, we call Equation (2) homogeneous, otherwise, it
is called nonhomogeneous. If a(t) and b(t) are constant functions, then (2) is said to
be constant coefficient. Note that a constant coefficient equation need not have the
forcing function f a constant.

Example 3.1.1. Consider the following list of second order differential equations.

Ly +y+y=t
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Y'Y +ty=1

Ly =4y =0

Yy’ — 4y = sin 2t

2y +ty + (2 —r)y=0
3y +2y —5y=0

y" —y'y=0

NOo o R N

Equations (1) and (4) are constant coefficient nonhomogeneous, Equation (2) is non-
homogeneous and is not constant coefficient, Equations (3) and (6) are homogeneous
and constant coefficient, Equation (5) is homogeneous, but not constant coefficient, and
Equation (7) is not even linear, so none of the adjectives homogeneous, nonhomogeneous,
or constant coefficient apply.

The structure and nature of the set of solutions of linear differential equations is best
understood in terms of linear operators. The left hand side of Equation (2) is made
up of a combination of differentiation and multiplication by a function. Let D denote
the derivative operator: D(y) = y'. If C™(I) denotes the set of functions that have a
continuous n* derivative on the interval I then D : C1(I) — C°(I). Note that we are
using the convention that a 0™ derivative of g is just g itself, so that C°(I) is the set
of continuous functions on the interval I. In general , D : C™(I) — C™=I(]). In
a similar way D? will denote the second derivative operator. Thus D?*(y) = y” and
D?: C?*(I) — C°I). Let

L =D?+aD +b, (3)

where a and b are the same functions given in Equation (2). Thus L(y) = y" + a(t)y’ +
b(t)y and Equation (2) can be rewritten L(y) = f. We think of L as taking a function
y € C?(I) and producing a continuous function L(y) € C°(I).

Example 3.1.2. If L = D? + 4tD + 1 then

o L(c") = (e")"+4t(e") + 1(e") = (2 + 4t)e!
o L(sint) = —sint + 4t cost + sint = 4t cost
o L(t3) =2+ 4t(2t) + (t3) =92 +2

e L(t+2)=0+4t(1)+ (t+2) =5t +2

The following proposition justifies calling L a linear differential operator (second
order) and explains why Equation (2) is called a linear differential equation.
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Proposition 3.1.3. The operator L is linear. In other words, if fi and fo are in C*(I)
and ¢; and ¢y are in R then

L(cifi + c2f2) = el L(fi) + &2 L(f2).
Proof. This follows from the fact that D and multiplication by a function are linear. [J

The following theorem now gives the structure of the solution set to Equation (2).

Theorem 3.1.4. Let L be a linear differential operator and f a function. Let S}i be
the solution set to the equation L(y) = f and 8¢ the solution set to L(y) = 0. Suppose
@, € S Then 8] = ¢, + SY. Furthermore, S is a subspace. In other words, it is
closed under addition and scalar multiplication.

S£:@p+82

Proof. Suppose ¢, is a fixed solution to Ly = f and ¢, € SY. Then L(p, + ¢pn) =
f+0= fimplies ¢, +¢p € Sj-: by linearity of L (Proposition 3.1.3). On the other hand,
if ¢ is some other solution to Ly = f then again by linearity L(p — ¢,) = f — f = 0.
Thus ¢ — ¢, € S and there is a function ¢;, € 8¢ such that ¢ = ¢, + ¢;,. This implies
S}i = ¢, + S¥. Now suppose ¢; and @y are two homogeneous solutions and a,b € R.
Then linearity implies L(ap; + bp2) = aL(p1) + bL(p2) = 0+ 0 = 0. This implies S is
closed under addition and scalar multiplication. O

Theorem 3.1.4 gives us a strategy for solving Equation (2): solve the homogeneous
case first and then add on a particular solution.

Example 3.1.5. Determine the solution set to
Yy —y=t

» Solution. In this example, the differential operator is L = D? —1 and one is looking
for solutions to L(p(t)) = t. It is easy to see that ¢(t) = —t is one such solution. Less
obvious is the fact that the homogeneous equation

y'—y=0

has solutions y = e and y = e, but this could be determined, for example, by the
Laplace transform techniques of Section 2.2. Since SY is a subspace the functions y =
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cret 4+ cpe! are also solutions. In fact, we will show that all solutions to y” —y = 0 are
of this form. Theorem 3.1.4 now implies that the solution set to vy’ —y =t is

St = —t+8).
{—t+ce +ee o, eR}

<

The function ¢ is called a particular solution and S is referred to as the homo-
geneous solution set. Of course, we will not leave it to guesswork to determine these.
We will systematically deal with these questions, at least in the case of constant coeffi-
cient second order linear differential equations, in the next few sections. Nevertheless,
we can already see from the above example that linearity is a very powerful property,
which Theorem 3.1.4 exploits to describe the nature of the solution set for linear second
order differential equations.

We can associate some initial conditions to Equation (2) of the form

y(to) =vo y'(to) =y,

where to € I. Suppose in the above example that we included the initial conditions
y(0) = 2 and ¢'(0) = 0. Then these conditions determine the constant ¢; and ¢y as
follows:

2=y(0)= 04+c +c
0=9'(0)= 04+c¢—co

This leads to a linear system of equations which, in this case, is very easy to solve. We
obtain ¢; = 1 and ¢y = 1. The solution to the initial value problem then is

y=—t+e +e .

This example illustrates the nature of what happens in general. The groundwork for
this is laid next.

The Uniqueness and Existence Theorem

The following theorem is the fundamental theorem in this chapter. It guarantees that
Equation (2) always has solutions if certain continuity conditions are assumed. Its proof,
however, is beyond the scope of this book.
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Theorem 3.1.6 (Uniqueness and Existence). Suppose a, b, and f are continuous
functions on an interval I. Let to € I. Then the initial value problem

y' +at)y' +b(t)y = (1), y(to) = vo, ¥'(to) = 1,

has a unique solution @(t), which is defined for allt € I.

Theorem 3.1.6 does not tell us how to find any solution. We must develop procedures
for this. Let’s explain in more detail what this theorem does say. Under the conditions
stated the Uniqueness and Existence theorem says that there always is a solution ¢ to
the given initial value problem. The solution ¢ is at least twice differentiable on I and
there is no other solution. In the preceding example we found y = p(t) = —t + €' + ¢
a solution to y” —y = t with initial conditions y(0) = 2 and 3/(0) = 0. Notice, in
this case, that ¢ is, in fact, infinitely differentiable. The uniqueness part of Theorem
3.1.6 implies that there are no other solutions. In other words, there are no potentially
hidden solutions, so that if we can find enough solutions to take care of all possible initial
values, then Theorem 3.1.6 provides the theoretical underpinnings to know that we have
found all possible solutions, and need look no further. Compare this theorem with the
discussion in Section 1.5 where we saw examples (in the nonlinear case) of initial value
problems which had infinitely many distinct solutions.

Let’s consider another example.

Example 3.1.7. Find a solution to the following initial value problem:

y'+y=t, y(0)=1, y'(0)=0.
» Solution. We ask the student to verify the following assertions:

e ¢,(t) =t is a solution to the differential equation

e sint and cost are homogeneous solutions.

Now @(t) = t+asint+bcost is a solution for each a,b € R. The initial conditions imply

= y(0)=0b
0 = ¢(0)=1+a.

Thus a = —1 and b = 1. Therefore, p(t) =t — sint + cost is a solution to the initial
value problem. Theorem 3.1.6 implies there are no other solutions. <
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Recall from Theorem 3.1.4 that once a particular solution is found the general solu-
tion is determined by the homogeneous case. Theorem 3.1.6 has much to say about the
homogeneous case to which we turn our attention in the next section.

Exercises

10.

11.

12.

13.

For each of the following differential equations, determine if it is linear (yes/no). For
each of those which is linear, further determine if the equation is homogeneous (homoge-
neous/nonhomogeneous) and constant coefficient (yes/no). Do not solve the equations.

Y+ yYy=0
Y'Y +y=0
. y”+y'+y:t2

V'+ty + 1+ )y =0

3y + 2y +y=é?

. 3y//+2y/+y:et

v VY ty =t

Y Yty =i

Y =2y =ty

y' +2y+tsiny =0
Yy + 2y + (sint)y =0
2y +ty + (2 -5y =0

For each of the following linear differential operators L compute L(1), L(t), L(e™!), and
L(cos2t). That is, evaluate L(y) for each of the given input functions.

L(y) =y"+y
Solution:: L(1) =1"+1=1; L(t) =t"+t =t; L(e™") = (") + e = 2¢7%; and
L(cos2t) = (cos2t)” + cos 2t = —4 cos 2t + cos 2t = —3 cos 2t.
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14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

CHAPTER 3. SECOND ORDER LINEAR DIFFERENTIAL EQUATIONS

L(y) =ty" +vy
L(y) =2y" +y' — 3y
L=D?+6D+5
L=D?>-4
L=t’D*+tD -1

If L = aD? + bD + ¢ where a, b, ¢ are real numbers, then show that L(e™) = (ar? +
br + c)e™. That is, the effect of applying the operator L to the exponential function e"*
is to multiply e”* by the number ar? 4 br + c.

The differential equation t?y” + ty’ —y = t%, t > 0 has a solution of the form ¢, (t) =

Ctz. Find C.

The differential equation y” + 3y’ + 2y = ¢ has a solution of the form ¢,(t) = C; + Cat.
Find C7 and C.

Does the differential equation y” + 3y’ + 2y = e~ have a solution of the form ¢,(t) =
Ce~'? If so find C.

Does the differential equation y” 4+ 3y’ + 2y = e~* have a solution of the form ¢, (t) =
Cte'? If so find C.

Let L(y) =y" +v.

(a) Check that o(t) = t2 — 2 is one solution to the differential equation L(y) = t2.

(b) Check that yi(t) = cost and y2(t) = sint are two solutions to the differential
equation L(y) = 0.

(¢) Using the results of Parts (a) and (b), find a solution to each of the following initial
value problems.
Ly +y=1t y(0)
iy +y=1t*, y(0) :
ii. y" +y=1¢ y0)=-1, y(0)=3.
iv. y' +y =1 y(0)
Solution: Parts (a) and (b) are done by computing y” +y where y(t) = t2—2, y(t) = cost,
or y(t) = sint. Then by Theorem 5.1.3, every function of the form y(t) = t>—2+c; cost+
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cosint is a solution to y” 4+ y = t2, where ¢; and ¢y are constants. If we want a solution
to L(y) = t? with y(0) = a and y/(0) = b, then we need to solve for ¢; and ca:

a=y0)=-2+0¢
b=1y'(0) =c
These equations give ¢; = a + 2, co = b. Particular choices of a and b give the answers
for i, ii, and iii.
25. Let L(y) = y" — 5y’ + 6y.

1
(a) Check that p(t) = iet is one solution to the differential equation L(y) = e'.

(b) Check that 1 (t) = € and y(t) = €3! are two solutions to the differential equation
L(y) =0.

(c) Using the results of Parts (a) and (b), find a solution to each of the following initial
value problems.

Ly =5y +6y=c¢", y0)=1 y'(0)=0
ii. ¥/ -5y +6y=cet, y(0)=0, 2 (0)=1
iii. ¥/ —5y +6y=c¢et, y0)=-1, 3(0)=3.
iv. " =5y +6y=¢', y(0)=a, ¥y (0)=0b, wherea, be R

26. Let L(y) = t>y" — 4ty + 6y.

1
(a) Check that p(t) = 6t5 is one solution to the differential equation L(y) = t°.

(b) Check that y;(t) = t? and y»(t) = t3 are two solutions to the differential equation
L(y) =0.

(¢) Using the results of Parts (a) and (b), find a solution to each of the following initial
value problems.
o2y — Aty +6y =15, y(l)=1 .
ii. 2y —dty' + 6y =t°, y(1)=0, ¢'(1)=1.
iii. 2" —4ty’ +6y =15, y(1)=-1, ¢'(1)=3.
iv. 29 —4ty +6y=1t>, y(l)=a, y(1)=

For each of the following differential equations, find the largest interval on which a unique
solution of the initial value problem

ao(t)y” +a1(t)y +as(t)y = f(t), y(to) =1, ¥ (to) =0

is guaranteed by Theorem 5.2.1. Note that your interval may depend on the choice of
to.
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27.

28.

29.

30.

31.

32.

33.

34.

35.
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7523/, 4 Sty’ —y = t4
Solution: Write the equation in the standard form provided by Theorem 5.2.1:

3 1
Y t2'
Yy + TRy
1
Then a(t) = =, b(t) = ——, and f(t) = t>. These three functions are all continuous on
t 2

the intervals (0, co) and (—oo, 0). Thus, Theorem 5.2.1 shows that if ¢y € (0, co) then
the unique solution is also defined on the interval (0, c0), and if tg € (—o0, 0), then the
unique solution is defined on (—o0, 0).

142
1—¢2

y' =2y —2y =
(sint)y” +y = cost
(1+2)y" —ty + t>y = cost
v+ VY —VE=3y=0
t(t? —4)yy" +y =

The functions y;(t) = t> and yo(t) = 3 are two distinct solutions of the initial value
problem
t2y" — 4ty +6y =0, y(0)=0, 3/(0)=0.

Why doesn’t this violate the uniqueness part of Theorem 5.2.17

Let ¢(t) be a solution of the differential equation
y' +a(t)y +b(t)y = 0.

We assume that a(t) and b(t) are continuous functions on an interval I, so that Theorem
5.2.1 implies that ¢ is defined on I. Show that if the graph of (t) is tangent to the
t-axis at some point ¢y of I, then ¢(¢t) = 0 for all t € I. Hint: If the graph of ¢(t) is
tangent to the t-axis at (to, 0), what does this say about ¢(to) and ¢'(to)?

More generally, let ¢1(t) and p2(t) be two solutions of the differential equation

y' +at)y +b(t)y = f(t),

where, as usual we assume that a(t), b(t), and f(t) are continuous functions on an
interval I, so that Theorem 5.2.1 implies that ¢ and @9 are defined on I. Show that if
the graphs of ;(t) and p2(t) are tangent at some point ¢y of I, then ¢;(t) = pa(t) for
allt € 1.
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3.2 The Homogeneous Case

In this section we are mainly concerned with the homogeneous case:

L(y) =y" +a(t)y +b(t)y =0 (1)

The main result, Theorem 3.3.1 given below, shows that we will in principle be able
to find two functions ¢; and s such that all solutions to Equation (1) are of the form
c1p1 + cops, for some constants ¢; and c,.

Linear Independence

Two functions ¢; and @9 defined on some interval I are said to be linearly independent
if the equation
c1p1+ c2p2 =0 (2)

implies that ¢; and cy are both 0. Otherwise, we call ¢; and ¢s linearly dependent.
One must be careful about the meaning of this definition. We do not solve Equation
(2). Rather, we are given that this equation is valid for all ¢ € I. With this information

the focus is on what this says about the constants ¢; and cy: are they necessarily both
Zero or not.

Let’s consider two examples.

Example 3.2.1. First, let ¢1(t) =t and p5(t) = t* be defined on I = R. If the equation
cit + eot? = 0,
is valid for all ¢ € R, then this implies, in particular, that

Cl—|—02:O (lettzl)
—c1+c=0 (lett=-1)

Now this system of linear equations is easy to solve. We obtain ¢; = 0 and ¢, = 0. Thus
t and t? are linearly independent.

Example 3.2.2. In this second example let ¢;(t) = ¢t and @o(t) = —2t¢ defined on
I = R. Then there are many sets of constants ¢; and ¢ such that ¢;t + co(—2t) = 0. For
example, we could choose ¢; = 2 and ¢y = 1. So the equation ¢;t + c(—2t) = 0 does not
necessarily mean that c¢; and ¢y are zero. Hence t and —2t are not independent. They
are linearly dependent.
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Remark 3.2.3. Notice that ¢; and ¢, are linearly dependent precisely when one func-
tion is a scalar multiple of the other, i.e.; 1 = apy or 3 = Bp; for a € Ror f € R. In
Example 3.2.1, ¢ # cp; while in Example 3.2.2, o = —2¢;. Furthermore, given two
linearly independent functions neither of them can be zero.

The main theorem for the homogeneous case

Theorem 3.2.4. Let L = D? + aD + b, where a,b are continuous functions on an
interval I. Let SY be the solution set to L(y) = 0. Then

1. There are two linearly independent solutions in SY.
2. If p1,¢9 € S% are independent then any p € Sf—l can be writlten @ = c1p1 + Co(pa,

for some ¢y, cy € R.

Proof. Let tyg € I. By Theorem 3.1.6, there are functions, 1); and v, that are solutions
to the initial value problems L(y) = 0, with initial conditions y(ty) = 1, ¥/(to) = 0 and
y(to) =0, y/(to) = 1, respectively. Suppose ¢ + ca1p2 = 0. Then

c1v1(to) + caha(to) = 0.

Since ¥ (tg) = 1 and ¥y(tg) = 0 it follows that ¢; = 0. Similarly we have,

19y (to) + 2t (to) = 0.

Since ¥} (tg) = 0 and ¥4(to) = 1 it follows that ¢o = 0. Therefore ¢, and 1, are linearly
independent. This proves (1).

Suppose p € SY. Let r = ¢(to) and s = ¢/(ty). Then r¢y + sy € S and

i1 (to) + sa(to) = @(to)
and iy (to) + sihy(te) = ¢'(to)

This means the ri; + sy and ¢ satisfy the same initial conditions. By the uniqueness
part of Theorem 3.1.6 they are equal. Thus every solution is a linear combination of v,

and s.
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Now suppose ¢; and ¢y are any two linearly independent solutions in 8¢ and suppose
¢ € 8Y. From the argument above we can write

©1 = ay + by
Q2 = cy +dis,

which in matrix form can be written
P _ |a b| |1
Y2 c d| s’

We multiply both sides of this matrix equation by the adjoint {_dc _ab} to obtain

ER [ RN (R

Suppose ad — bc = 0. Then

dpr —bpy = 0
and —cpp +apy =
But since ¢ and @9 are independent this implies that a, b, ¢, and d are zero which in turn

implies that ¢, and ¢y are both zero. But this cannot be. We conclude that ad —bc # 0.
We can now write ¥; and 15 each as a linear combination of ¢, and ¢,. Specifically,

¢1 _ 1 d _b 901

o ad —bc |—c a | |p2|
Since ¢ is a linear combination of ¥; and ), it follows the ¢ is a linear combination of
1 and s. ]

b . .
d that appears in the proof above appears in other
contexts as well. For ¢; and ¢y in 8¢ we define the Wronskian matrix by

W (g1, p2)(t) = [:28 zzgﬂ

Remark 3.2.5. The matrix [OCL

and the Wronskian by
w(pr, p2)(t) = det W(p1, 2).

The relations in the proof

©1 = ayy + by
P = c +dipy
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when evaluated at ¢y imply that

{(Z 2} - miﬁ; 282%} = W(p1,2)" (t0)-

Since it was shown that ad — bc # 0 we have shown the following proposition.

Proposition 3.2.6. Suppose o and py are linearly independent solutions in SY. Then

w(ip1, p2) # 0.

On the other hand, given any two differentiable functions, ¢ and 9, (not necessarily
in §%) whose Wronskian is a nonzero function then it is easy to see that ¢; and ¢, are
independent. For suppose, tq is chosen so that w(p1, ¢2)(tg) # 0 and ¢1¢1 + capa = 0.
Then ¢1¢| + coph, = 0 and we have

o] = e et <o 2]

Simple matrix algebral gives ¢; = 0 and ¢; = 0. Hence ; and ¢, are linearly indepen-
dent.

Although one could check independence in this way it is simpler and more to the
point to use the observation given in Remark 3.2.3.

Remark 3.2.7. Let’s now summarize what Theorems 3.1.4, 3.1.6 and 3.2.4 tell us. In
order to solve L(y) = f (satisfying the continuity hypotheses) we first need to find a
particular solution ¢,, which exists by the Uniqueness and Existence Theorem 3.1.6.
Next, Theorem 3.2.4 says that if p; and ¢4 are any two linearly independent solutions of
the associated homogeneous equation L(y) = 0, then all of the solutions of the associated
homogeneous equation are of the form c¢;p; 4 cops. Theorem 3.1.4 now tells us that all
solutions to L(y) = f are of the form ¢, + c1¢1 + capa for some choice of the constants
c1 and cy. Furthermore, any set of initial conditions uniquely determine the constants
c; and co.

A set {1, o} of linearly independent solutions to the homogeneous equation L(y) =
0 is called a fundamental set for the second order linear differential operator L.

In the following sections we will develop methods for finding a fundamental set for L
and a particular solution to the differential equation L(y) = f. For now, let’s illustrate
the main theorems with a couple of examples.

Lc.f. Chapter 5 for a discussion of matrices
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Example 3.2.8. Let us reconsider the differential equation y” — y = —t. In this case
L = D? — [ and the forcing function is f(¢) = —t. A particular solution is ¢,(t) = t.
Two homogeneous solutions are 1 (t) = e’ and ¢y(t) = e*. They are independent since
e! and e are not multiples of each other. Thus {e’,e~*} forms a fundamental set for
L(y) = 0. By the above remark

S{ = {t—{— crel + et ey, 00 € ]R}.

Example 3.2.9. Consider the differential equation t?y” + ty 4+ y = 2t. In this case we

2
divide by #? to rewrite the equation in standard form as " + Ey’ + t—2y =7 and observe
1 1
that the coefficients are continuous on the interval (0, 00). Here L = D*+ ED + 7 and

1
the forcing function is f(t) = el We leave the following verifications as an exercise:

1. A particular solution is ¢,(t) = t.
2. Two independent solutions of the homogeneous equation L(y) = 0 are ¢;(t) =
cos(Int) and ¢o(t) = sin(Int).
The set {cos(Int),sin(Int)} is thus a fundamental set for L(y) = 0. By the above remark
the solution set to L(y) = f is given by

S = {t + ¢, cos(Int) + ¢y sin(Int) : ¢1,¢; € R}.

Exercises

Determine if each of the following pairs of functions are linearly independent or linearly
dependent.

1. p1(t) = 2t, @o(t) =5t
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5. p1(t) =In(26), (t) = In(5t)

6. p1(t) =1Int?, @o(t) = Int?

7. p1(t) =sin2t, po(t) =sintcost

8. ¢1(t) = cosht, ao(t) = 3et(1 +e~?)

a) Verify that o(t) = t3 and o(t) = [t3| are linearly independent on (—oo, o).

9. (a)
(b) Show that the Wronskian, w(¢1, v2)(t) = 0 for all ¢t € R.

)

)

(c) Explain why Parts (a) and (b) do not contradict Theorem 3.2.6.
(d) Verify that ¢1(t) and p2(t) are solutions to the linear differential equation

ty" -2ty =0,  ,y(0)=0, ¥(0)=0.

(e) Explain why Parts (a), (b), and (d) do not contradict Theorem 3.1.6.

3.3 Constant Coefficient Differential Operators

A constant coefficient second order linear differential operator has the form
L = aD? + bD + ¢, where a,b,¢ € R and a # 0. Throughout this section L will be of
this form and we will determine explicitly the solution set of the homogeneous equation
L(y) = ay” + by’ + cy = 0. From Theorem 3.2.4 it is enough to find two linearly
independent solutions.

Dividing this equation by a gives an equivalent equation in standard form. Since the
coefficients b/a and c¢/a are constant and hence continuous on all of R any solution ¢
will exist as a function on all of R. Therefore ¢(0) and ¢'(0) are defined. Let’s then
consider the Laplace transform of the equation:

ay’ +by' +c=0, y(0) =y ¥(0)=y. (1)
Recall our convention: Y = L(y). We obtain
as’Y (s) — asyo — ayy + bsY (s) — by + cY (s) = 0.

Solving for Y gives
_ ayos + (byo + ayn) )

Y
(5) as?+bs+c
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The numerator of Y (s) is a linear term and all possible linear terms are obtained by
varying the initial conditions yy and y;.

The polynomial p(s) = as® + bs + ¢ which appears in the denominator of Y'(s) is
called the characteristic polynomial for L. The characteristic polynomial also arises
as the multiplier of the exponential e*! when the differential operator L is applied to e®.
That is,

L(e*) = p(s)e™.

This equality is easily verified by direct substitution of e* into L. (See Exercise 19,
Page 136.)

The partial fraction decomposition of Y (s) is completely determined by the way p(s)
factors. Our experience with the Laplace transform tells us there are three possibilities
to consider:

1. p(s) has two distinct real roots
. p(s) has a repeated root

2
3. p(s) has a pair of conjugate complex roots.

p(s) has two distinct real roots

Suppose p(s) = a(s—11)(s—13), where 11,79 € R and 71 # 1. Then the partial fraction
decomposition of Y'(s) has the form
A B

_l’_

S—1r;  S—To

Y(s) =

( The constant a can be absorbed into the constants A and B ) The inverse Laplace
transform is a linear combination of e"! and e™!. Since they are not multiples of each
other they are independent. The equations L(e™') = p(ry)e™" = 0 and L(e™") =
p(re)e™ = 0 imply that {e™! "'} form a fundamental set to L(y) = 0 by Theorem
3.2.4.

p has a repeated root

Here, we are supposing that p(s) = a(s — )% In this case the partial fraction decompo-
sition of Y'(s) has the form
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The inverse Laplace transform is a linear combination of e and te™, which are inde-
pendent. It is easy to check that both are solutions to Ly = 0 and hence {e", te™} is a
fundamental set.

p has complex conjugate roots

In this case p(s) does not factor over R. Rather if the complex roots of p(s) are r = a+if
with 3 # 0, then p(s) can be rewritten in the form p(s) = a(s — (a+if))(s— (e —if)) =
a(s — a)? + 3. In this case the partial fraction decomposition of Y (s) is of the form

As+ B

YO

The inverse Laplace transform is a linear combination of the functions e® sin 8t and
e® cos Bt. Tt is easy to see they are independent and solutions to Ly = 0. It follows from
Theorem 3.2.4 that e* sin 3t and e® cos 3t form a fundamental set of solutions for the
equation L(y) = 0.

We now summarize our results as one theorem, which will be followed by several
examples.

Theorem 3.3.1. Suppose L = aD? + bD + ¢ is a constant coefficient second order
differential operator. Let p(s) = as® + bs + ¢ be the characteristic polynomial.

1. If r1 and ro are two distinct real roots of p(s) then
{ent, et}
is a fundamental set for SY.
2. If r is a double root of p(s) then
(e, te"}
is a fundamental set for SY.
3. If a £if are the complex conjugate roots of p(s) then
{eo‘t cos t, e* sin ﬁt}

is a fundamental set for SY.

Let’s now consider some examples.
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Example 3.3.2. Suppose L = 2D? 4 3D + 1. The characteristic polynomial is p(s) =
25>+ 3s+1 = (2s + 1)(s + 1). The roots are thus —1 and —1/2. By Theorem 3.3.1,

e~2' and e~* form a fundamental set for L(y) = 0.

Example 3.3.3. Suppose L = D? + —4D + 4. The characteristic polynomial is p(s) =
s> —4s+4 = (s —2)2. Thus 2 is a double root. By Theorem 3.3.1, €* and te* form a
fundamental set for L(y) = 0.

Example 3.3.4. Suppose L = D* + 2D + 3. The characteristic polynomial is p(s) =
§2+25+3 = (s+1)2+2. The roots are thus —1 £ iy/2. By Theorem 3.3.1, e~* cos v/2t
and e~ sin /2t form a fundamental set for L(y) = 0.

It is worth emphasizing that once we have Theorem 3.3.1 we can write down the
complete solution set of the homogeneous linear second order constant coefficient dif-
ferential equation L(y) = 0 directly from the knowledge of the algebraic roots of the
characteristic polynomial p(s). Thus, the Laplace transform has been used as a tool
for deriving Theorem 3.3.1, and in the situations to which it applies, the theorem can
be used directly, without going through the intermediate steps of calculating a Laplace
transform and then an inverse Laplace transform. Of course, there are many situations
where Theorem 3.3.1 does not apply, e.g., to nonhomogeneous equations, and for these
additional techniques will be needed.

Exercises

Determine a fundamental set for each of the following differential equations. Use Exam-
ples 3.3.2 - 3.3.4 as guides.

Ly +y —-2y=0
2.y —16y =0
3.9"+3y =0

4. 2¢" =5y — 3y =0
5. 4" —2y=0

6. v -2y —y=0
7.y =6y +9y=0

8 y'+4y +4y=0



148 CHAPTER 3. SECOND ORDER LINEAR DIFFERENTIAL EQUATIONS

9. 4y =0
10. 49" — 12y + 9y =0
11. " +y=0
12. 59" +y =0
13. ¥/ =4y + 13y =0
14. v"+2y +2y =0
15. ¢ — 8y + 17y = 0
16. v +y +y=0

Find the solution to the following initial value problems.

7. y" —y' =6y =0, y(0)=2, y'(0)=1
18. ¥y =2y +y=0, y0)=0, y(0)=1
19. ¢" +4y +3y=0, y(0)=3, ¥ (0)=1
20. v +4y=0, y(r)=2, y(r)=-2
21. y" =Ty =0, y(0)=0, ¢'(0)=14
22. ' +2y +2y=0, y(0)=1, ¢ (0)=-1

Find a second order linear homogeneous differential equation with constant real coef-
ficients that has the given function as a solution, or explain why there is not such an
equation.

23. el +2e73
24. 3e=2 — 5T
25. te 2

26. sin bt

27. e2tgin 3t

2t

28. s

29. —
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Verify that every solution to the following differential equations satisfies the limit con-
dition

lim y(t) = 0.

t—00
30. v +5y +6y=0
3. yV"+y +y=0
32. ¥ +2y +10y =0
33. Verify that some solutions of the differential equation
y'—y —6y=0

satisfy lim;_,~ y(t) = 0, while others satisfy lim;_. y(t) = £oo.

3.4 The Cauchy-Euler Equations

When the coefficients of a second order linear differential operator are variable the cor-
responding equation can become very difficult to solve. Indeed, equations that might
appear ‘simple’ may have no solution expressible in terms of common functions. New
functions in fact frequently appear as solutions to differential equations which can not
be expressed in terms of other known functions. For example the equation

2y +ty + (2 —r)y=0

where r € R is an important differential equation that occurs in physical problems. The
solutions cannot be expressed in terms of the standard elementary functions, i.e., poly-
nomials, exponential, logarithm, and trig functions, but there nevertheless are solutions
on I = (0, o) by the Uniqueness and Existence theorem. These solutions, known as
Bessel functions, have been thoroughly studied and one can find information about them
in standard mathematical handbooks. We will not be studying this differential equation
in this course, but there is a similar looking class of variable coefficient linear differential
equations, known as Cauchy-Euler equations, for which the solutions are easy to obtain
by techniques similar to those we have already learned for constant coefficient equations.
We will consider these equations now.

A Cauchy-Euler equation is a second order linear differential equation of the
following form:



150 CHAPTER 3. SECOND ORDER LINEAR DIFFERENTIAL EQUATIONS

at?y" + bty + cy =0, (1)
where a,b and ¢ are real constants and a # 0. When put in standard form we obtain:
b c
! /
— —y = 0.
v at’ + at2”

c
The functions — and pre] are continuous everywhere except at 0. Thus by the Uniqueness
a

a
and Existence Theorem 3.1.6 solutions exist in either of the intervals (—oo, 0) or (0, 00).
Of course, a solution need not, and in general, will not exist on the entire real line R.
To work in a specific interval we will assume ¢t > 0. Let L = at?D? + btD + c.

Laplace transform methods do not work in any simple fashion here. The change
in variable z = Int will transform Equation (1) into a constant coefficient differential
equation. To see this observe that

d_y_dyd_x_dy 1

dt  dedt dx t
so that

dy _ dy
ay _ay 2
dt dz )
Similarly,
d?y _ddy d(ldy)
2 dtdt dt'tdr
~ —ldy 1ddy
t?2 dr  tdtdx
—1d 1 d?
_ —ldy 1y
t?2 dr 1% dx
so that e » p
Y Y Y
=== _ 2 3
dt?  dz? dx )
Substituting Equations (2) and (3) into Equation (1) gives
d’y dy, dy
— — )+ b= =0
(da:2 dx>+ dm+cy
or, equivalently, the linear constant coefficient equation,
d’y dy
— +(b—a)— =0. 4
adx+( &)dx—i-cy (4)

Let q(s) = as® + (b — a)s + ¢ be the characteristic polynomial. This polynomial is
known as the indicial polynomial of the operator L. As discussed in the previous
section the way ¢(s) factors determines the solutions to Equation (4) and thus the
solutions to Equation (1). We consider the three possibilities.
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q has distinct real roots

Suppose 1 and 75 are distinct roots to the indicial polynomial g(s). Then e™* and e"**
are solutions to Equation (4). Solutions to Equation (1) are obtained by the substitution
x = Int: we have e™” and similarly e™* = ¢™. Since "' is not a multiple
of t"2 they are independent. By the main Theorem 3.2.4, {t"*, t"2} is a fundamental set
for L(y) = 0.

= et Int = 71

3.4.1 q has a double root

Suppose 1 is a double root of q. Then e and te"™ are independent solutions to Equation
(4). The substitution x = Int then gives ¢" and ¢"Int¢ as independent solutions to
Equation (1). By Theorem 3.2.4 {t",t"Int} is a fundamental set for L(y) = 0.

3.4.2 q has conjugate complex roots

Suppose q has complex roots a + i3, where 8 # 0. Then e** cos Sz and e** sin Sz are
independent solutions to Equation (4). The substitution = Int then gives t* cos(31Int)
and t*sin(fInt) as independent solutions to Equation (1).

We now summarize the above results into one theorem.

Theorem 3.4.1. Let L = at>D? 4 btD + ¢, where a,b,c € R and a # 0. Let q(s) =
as® + (b — a)s + ¢ be the indicial polynomial.

1. If ry and ro are distinct real roots of q(s) then
{7, 1}
is a fundamental set for L(y) = 0.
2. If r is a double root of q(s) then
{t", t"Int}
is a fundamental set for L(y) = 0.
3. If o« £ i are complex conjugate roots of q(s), 5 # 0 then
{t*sin(F1Int), t* cos(f1Int)}

is a fundamental set for L(y) = 0.
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Example 3.4.2. Consider the equation t?y” — 2y = 0. The indicial polynomial is
s2—s5s—2=(s—2)(s+1) and it has 2 and —1 as roots. Theorem 3.4.1 implies that

{t?, t71} is a fundamental set for this Cauchy-Euler equation.

Example 3.4.3. The indicial polynomial for the Cauchy-Euler equation 4t%y” + 8ty’ +
y = 0is 45> +4s+ 1 = (25 + 1)2. Theorem 3.4.1 implies that {t_%, t_%lnt} is a
fundamental set.

Example 3.4.4. Consider the equation t?y” + ty’ + y = 0. The indicial polynomial is

s? + 1 which has +i as complex roots. Theorem 3.4.1 implies that {cosInt, sinlnt} is a
fundamental set. This justifies item 2 in Example 3.2.9.

Exercises

Find the general solution of each of the following homogeneous Cauchy-Euler equations
on the interval (0, co).

1. 2y + 2ty —2y =0
2. 2t%y" — 5ty +3y =0
3. 2y +ty —2y=0
4. 4%y +y =0
5. 2y + Tty +9y =0
6. 2y +ty —4y =0
7. %" 4ty +4y =0
8. t%y —ty +13y =0
Solve each of the following initial value problems.
9. 2y 42ty —2y=0, y(1)=0, ¢ (1)=1

10. 4t%y" +y =0, y(1)=2, ' (1)=0
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1L 2y +ty +4y =0, y(1)=-3, (1)=4

12. 2" —4ty’ +6y =0, y(0)=1, ¢'(0)=-1

3.5 Undetermined Coefficients

In this section and the next we consider the nonhomogeneous differential equation

Ly=f, (1)

where f is a nonzero function. The general theory developed in Sections 3.1 and 3.2,
specifically Theorems 3.1.4 and 3.2.4, gives the strategy for solving Equation (1): First,
we find the solution set, S, to the associated homogeneous equation Ly = 0. Second,
we find a particular solution ¢, to Equation (1). Then the general solution takes the
form

Pp +90h7

where o, € 8. Previous sections have addressed the question of finding the solution
set to a linear second order differential equation in some special circumstances. Thus
our efforts now turn to finding a particular solution to Equation (1).

In this section we will describe a method, known as the method of undetermined
coefficients, for finding a particular solution to

ay” + by’ +cy = f(t) (2)

in the case where f € £ is an elementary function and a, b, and ¢ are real numbers with
a # 0. The general case will be considered in the next section.

Recall from Chapter 2 that an elementary function is a sum of constant multiples of
the following types of simple elementary functions:

theot, the cos fit, t*e* sin ft,

where a and (8 are real numbers and £ = 0, 1, 2, .... As we shall see any solution to
Equation (2) is again an elementary function and therefore any particular solution ¢,
can be expressed in the following way

Pp = C’1901 + -+ Cn@n, (3)
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where each ¢;, ¢ = 1,...n, is a simple elementary function. If each of the ¢;’s is
not a solution to the associated homogeneous equation ay” + by’ + cy = 0 we will
call Equation (3) the form of the particular solution. The method of undetermined
coefficients allows one to determine the simple elementary functions that appear as terms
in Equation (3). The coefficients of these term are then determined by substitution into
Equation (2).

Let’s consider the necessary details. Let y(¢) be the unique solution of Equation
2) subject to the initial conditions y(0) = yo and y'(0) = y;, and, as usual, we let
Y (s) = L(y(t)). Applying the Laplace transform to both sides of Equation (2) gives

a(s’Y — sy —y1) + b(sY —y) +cY = F(s) =

and solving for Y we obtain

yo(as + b) + ayy N R(s)
p(s) p(s)Q(s)’

which we write as Yi(s) + Ya(s), where Yi(s) is the first term and Y3(s) is the second
term. Since Y is a proper rational function y is an elementary function. The first term
in Equation (4), Yi(s), has inverse Laplace transform that is part of the solution to
the associated homogeneous equation ay” 4 by’ + cy = 0. Since our focus is on finding
the form of a particular solution we can ignore this contribution and concentrate on
the second term Y5(s). The form of the partial fraction decomposition (see Page 96) of
Ys(s) is completely determined by the factorization of the denominator p(s)@Q(s). The
inverse Laplace transform of Y5 is thus a sum of simple elementary functions. Some of
these simple elementary functions may be included in ¢} and therefore ignored. It is the
remaining terms that lead to the form of the particular solution. The way to proceed
should become clear once we have illustrated the method with some simple examples.

Yy —

(4)

Example 3.5.1. Find a particular solution ¢,(t) to y” + 4y — 5y = 3e™".

» Solution. In this example, f(t) = 3e™* so that F(s) = ol j)_ L= ggz;
s*4+4s —5 = (s+5)(s — 1); hence p(s)Q(s) = (s +5)(s — 1)(s + 1). Since this is the

denominator of Y(s) we conclude that

and p(s) =

A N B N C
s+5 s—1 s+1’

Y(s) =

and hence
y(t) = Ae™® + Be' + Ce™".
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The first two terms are included in ¢p(t) so we conclude that ¢, (t) = Ce™" where C' is
a constant, which can be determined by substitution into the original equation:

©n(t) + 49, (1) — bpy(t) = Ce™" —4Ce™" —5Ce™
= —8Ce™!
= 3e .
Thus, we must have —8C = 3 so that C' = —3/8 and ¢, (t) = (—3/8)e*. The general
solution to y” + 4y’ — by = 3e~* is then

3
y(t) = Ae™™ + Be' — ge’t,

where A and B are arbitrary real constants. <

Example 3.5.2. Find a particular solution ¢, (t) to y” + 4y’ — by = 3te™".

» Solution. The only difference between this and the previous example is that now

f(t) = 3te™" so that F(s) = (sfl)Q = Sgg Hence p(s)Q(s) = (s +5)(s — 1)(s + 1)?

which gives a partial fraction expansion for Y (s) of the form

A B Ol 02

V(s) —
(s) s+5+3—1+s+1+(54—1)27

which then implies that
y(t) = Ae™® + Be' + Cre™" + Cyte™.

As above, the first two terms are included in ¢y, (t) so we conclude that ¢,(t) = Cre™" +
Cyte™ where C; and Oy are constants, which can be determined by substitution into
the original equation, as follows. First compute the derivatives of ¢, (t):

QOP(t) = Cleit + Cgteit
(,D;(t) (—Cl + Cg)e_t — Ogte_t
@Z(t) = (Cy —2Cy)e " + Cyte™.

Now substitute these into the original equation:

o (t) + 49 (1) — B5pp(t) = (—8Cy +2Cy)e™" —8Cste™
= 3te .
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Setting ¢ = 0 gives the equation —8C + 2C5y = 0, while comparing the coefficients of
te~! gives an equation —8C5 = 3. Hence the coefficients C; and O, satisfy the system of
equations

—8C1+2Cy, = 0
—8C5 = 3.

Therefore, Cy = —3/8 and C} = (/4 = —3/32, and we conclude that a particular
solution ¢,(t) to y” + 4y’ — 5y = 3te™" is given by

3 _
op(t) = 3¢ - 3te '
and then general solution is
3 3
y(t) = on(t) + pp(t) = Ae™™ + Be! — —e™" — —te™,
32 8
where A and B are arbitrary constants. <

Example 3.5.3. Find a particular solution ¢,(t) to y"” — 4y’ — 5y = 3e™".

» Solution. In this example, as in the first example, f(¢t) = 3e™* so that F(s) =

. j)_ T = ggi; But p(s) = s> —4s—5 = (s —5)(s+1); hence p(s)Q(s) = (s —5)(s+1)%
Since this is the denominator of Y'(s) we conclude that
A B C

5—5+s+1+(s+1)2’

and hence
y(t) = Ae™ 4 Be ' + Cte™".

The first two terms are included in ¢y (t) so we conclude that ¢,(t) = Cte™ where C' is
a constant, which can be determined by substitution into the original equation:
on(t) — 4 (t) = 5pp(t) = C(=2+t)e™ —4C(1 —t)e™" —5Cte™
= —6Ce™"
3e".

Thus, we must have —6C' = 3 so that C' = —1/2 and ¢,(t) = (—1/2)te”*. The general
solution to y” — 4y’ — by = 3¢~ is then

1
y(t) = Ae™™ + Be' — §t6_t,

where A and B are arbitrary real constants. <
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Example 3.5.4. Find a particular solution ¢, (t) to y” + 2y’ +y = 3e™".

3 R(s)
s+1  Qs)
p(s) = s+ 2s+ 1= (s+ 1)% hence p(s)Q(s) = (s + 1)3. Since this is the denominator
of Y(s) we conclude that

» Solution. Also in this example, f(t) = 3e™* so that F(s) = But

Ay N A N As
s+1 (s+1)2 (s+1)%

Y(s) =

and hence
y(t) = Are™" + Agte™" + (Az/2)t%e .

As in the previous examples, the first two terms are included in ¢y (t) so we conclude
that ¢,(t) = Ct?e" where C' is a constant, which, as earlier, can be determined by
substitution into the original equation:

en(t) +200(t) + pp(t) = C(2—4t+t*)e™ +2C(2t — t*)e™" + Ct?e™
= 20e!

= 3e7 L

Thus, C' = 3/2 and p,(t) = (3/2)t?¢~". The general solution to 3" + 2y’ +y = 3e" is
then

3
y(t) = Aje™" + Agte™ + ith’t,
where A; and A, are arbitrary real constants. |
Example 3.5.5. Find a particular solution ¢,(t) to y" + 2y’ + 5y = 3sin 2t.
6  R(s)
s2+4  Q(s)’

p(s) = s> +2s+5=(s+1)>+4; hence p(s)Q(s) = ((s +1)? + 4)(s* +4). Since this is
the denominator of Y'(s) we conclude that

» Solution. In this example, f(t) = 3sin2¢ so that F(s) = while

A18+Bl A28+BQ
(s+1)2+4 s?2+4

Y(s) =

Y

and hence (using Formulas 6) and 7) of Table C.2)

y(t) = Aje~ cos 2t + Bie sin 2t + Ay cos 2t + (By/2) sin 2t.
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As in the previous examples, the first two terms are included in ¢, (t) so we conclude
that ¢, (t) = Cycos2t 4+ Cysin2t where (4 and Cy are constants to be determined by
substitution into the original equation:

(,OZ(t) + 2(,0;@) + 5(,0p(t) = (—401 —+ 402 + 501) cos 2t —+ (—402 — 401 + 502) sin 2t
(Cy + 4C5) cos 2t + (—4C, + Cy) sin 2t
= J3sin2t.

Thus, €4 and C) satisfy the system of linear equations:

Cl+402 = 0
—401—|-02 -

Solving these equations for C; and C gives

which implies that a particular solution ¢,(t) to y” + 2y' + by = 3sin 2t is

(1) = — 22 cos 2t + — sin 2t
=—— — sin
SOP 17 COS 17S s

and the general solution is then

12 3
y(t) = Aje tcos 2t + Ase tsin 2t — T cos 2t + T sin 2t,

where A; and A, are arbitrary real constants. |

Example 3.5.6. Find a particular solution ¢,(t) to y” + 4y = 3sin 2.

6  R(s)
s24+4  Q(s)’
but now p(s) = s*>+4; hence p(s)Q(s) = (s*+4)%. Since this is the denominator of Y (s)
we conclude that

» Solution. As in the previous example, f(t) = 3sin 2¢ so that F(s) =

Y( ) A13—|—B1 A28+BQ
S) =
5244 (82 +4)2’

and hence (using Formulas from the Table of Convolutions)

y(t) = A, cos 2t + By sin 2t + Oyt cos 2t + Cyt sin 2.

As in the previous examples, the first two terms are included in ¢, (t) so we conclude
that ¢,(t) = C1t cos 2t + Cyt sin 2t where C) and Cy are constants to be determined by
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Table 3.1: Form of a particular solution ¢,(t)

p(s) f(t) Q(s) form of ¢,(t)
(s+5)(s—1) 3t s+1 Ce™!
(s+5)(s—1) 3te™t (s+1)? (C1+ Cot)e™
(s—5)(s+1) 3e? s+1 Cte™*

(s+1)? 3et s+1 Ct?e™!

(s+1)2+4 3sin2t s*+4  Ccos2t+ Cysin2t
s24+4 3sin2t s2+4 Citcos2t + Cytsin 2t

substitution into the original equation (the details of the substitution are left to the
reader):

@ (t) +4p,(t) = 4Cycos2t —4C, sin 2t

= Jsin2t.
Solving for C and C gives
3
Cl - —Z, 02 - O,
which implies that a particular solution ¢,(t) to y” + 4y = 3sin 2t is
3
op(t) = —thcos 2t,

and the general solution is then
3
y(t) = Ay cos2t + Ay sin 2t — 7 608 2t,

where A; and A, are arbitrary real constants. |

We now summarize the calculations of the previous examples in Table 3.1. In this
table, we are tabulating the form of a particular solution ¢,(t) of the differential equation

ay" + by’ +cy = f(t)

as it relates to the characteristic polynomial p(s) = as® + bs + ¢, the forcing function
f(t), and the denominator Q(s) of the Laplace transform F(s) = R(s)/Q(s) of f(t).

Notice that so long as p(s) and Q(s) do not have a common root (as in rows 1, 2,
and 5 of Table 3.1), then the form of ¢,(t) is exactly similar to that of f(¢), while if
p(s) and Q(s) have a common root (either real or complex), then the form of ¢,(t) is
adjusted by multiplying by either ¢ (if the common root is a simple root of p(s), as in
rows 3 and 6 of the table) or ¢* (if the common root is a double root of p(s), as in row
4 of the table). These observations are formalized in the following theorem.
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Theorem 3.5.7 (Undetermined Coefficients). Let p(s) = as® + bs + ¢ be the char-
acteristic polynomial of the nonhomogeneous constant coefficient differential equation

ay” + by’ +cy = f(t).

The form of a particular solution ¢,(t) of this equation is determined by f(t) and
p(s) in the following cases.

1. f(t) = (Ao + Ayt + - + Apth)e.
(a) If p(a) # 0, then the form of ¢,(t) is

op(t) = (Co+Cit +--- + thk)eat.

(b) If p(s) = a(s — a)(s —r) with r # «, i.e., «a is a simple root of p(s), then the
form of p,(t) is

0p(t) = t(Co+ Oyt + -+ - + Cyt¥)e™.
c) If p(s) = a(s — a)?, i.e., a is a double root of p(s), then the form of ©,(t) is
p
0p(t) = t2(Co + Cit + - - - + Ct*)e.
2. f(t) = (Ao + At + -+ - + AptF)e cos Bt + (A + Alt + -+ - + A} tF)e sin Bt.
(a) If p(a +iB) # O then the form of p,(t) is
©p(t) = (Co + Oyt + - - + Cyt*)e® cos Bt + (Cf + Ot + - - - + Cyt*)e® sin Bt.
(b) If p(a + i) = 0 then the form of p,(t) is
©p(t) = t(Co+ Cit + - -+ Cpt*)e™ cos Bt + t(Ch + Crt + - - - + Crt*)e™ sin Bt.

The form of ¢,(t) means that Cy, Cs, ..., Ck, and Cy, Cy, ..., C; are initially undeter-
mined coefficients which are computed by substitution into the differential equation.

Example 3.5.8. Determine the form of a particular solution ¢,(t) for each of the
following differential equations. Do not solve for the resulting constants.

1. y" — 5y + Ty = 4e?!

» Solution. This is Case (1) with a = 3. Since p(s) = s> — 5s + 7 and p(3) =
1 #0, p,(t) = Cet. <
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2.y — by +Ty=2t—1t3

» Solution. This is Case (1) with a = 0. Since p(0) =7 # 0, it follows that

ep(t) = Co + Cit + Cat® + Cst?.

3.y — by =2t —t3

» Solution. This is again Case (1) with a = 0. Since p(0) = 0, it follows that

©p(t) = Cot + C112 + Cot® + Cst™.

4. y//+y1_6y:2€t_€2t

» Solution. Since p(s) = (s — 2)(s + 3), we have that 2 is a simple root of
p(s). Hence, using both parts (a) and (b) of Case (1), it follows that ¢,(t) =
C’let + 02t62t. <

5. y" + 4y = be 3t sin 2t

» Solution. Since o+ = —34 2i is not a root of p(s) = s*+4, Case (2) shows

©p(t) = Cre * sin 2t + Cye™* cos 2t.

6. y’ + 6y + 13y = be 3 sin 2t

» Solution. Since a+i = —3+2i is a root of p(s) = s> +6s+13 = (s+3)? +4,
Case (2) shows

©p(t) = Cite™* sin 2t + Cyte ™" cos 2t.
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Exercises
Find the general solution of each of the following differential equations.

1.y +3y +2y=4
2.y + 3y +2y =12¢!
3. ¥y + 3y +2y =sint
4. y" + 3y’ + 2y = cost
5. " + 3y’ + 2y = 8 + 6e! + 2sint
6. v — 3y’ — 4y = 6e
7.y — 3y — 4y = bett
8.y — 4y + 3y =20cost
9. v" — 4y’ + 3y = 2cost + 4sint
10. y" — 4y = 8e* — 12
11. " — 3y 4+ 2y = 2t3 — 9% + 6t
12. " =3y +2y =22 +1
13. " + 4y = bet — 4t
14. y" 4 4y = 5et — 4t?
5.y +y +y=1
16. y" — 2y — 8y = 9tet + 10e~t
17. " — 3y = 2e?!sint
18. ¢ +y =12+ 2t
19. v 4y =t+sin2t
20. y" 4+ y = cost
21. y" +y = 4tsint
99. 4" — 3y — 4y = 16t — 50 cos 2t
23. o' +4y' + 3y = 15e* + et

24. y" —9y — 2y =6t + 6e"
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25. ¢y’ +y=sin’t Hint: sin’t = % — %cos 2t

26. y" — 4y +4y = ¥
Solve each of the following initial value problems.

27. y" = 5y’ — 6y = €%, y(0) = 2, ¥/ (0) =

28. y" + 2y + 5y =87, y(0) =0, y/(0) =

29. y" +y = 10e*, y(0) = 0, y'(0) = 0.

30. vy —4y =2—28t, y(0) =0, y'(0) = 5.

31. ' —y' — 2y =5sint, y(0) =1, ' (0) = —1.
32. y" + 9y =8cost, y(r/2) = -1, y'(7/2) = 1.
33. 3" — 5y + 6y = €' (2t — 3), y(0) =1, ¥/ (0) = 3.
34. ' =3y +2y =€t y(0) =1, y/(0) = —1.

3.6 Variation of Parameters

Let L = D? + aD + b, where a and b are continuous functions on an interval I. In
this section we address the issue of finding a particular solution to a nonhomogeneous
linear differential equation L(y) = f, where f is continuous on /. It is a pleasant and
remarkable feature of linear differential equations that the homogeneous solutions can be
used decisively to find a particular solution. The procedure we use is called variation
of parameters.

Suppose {¢1, @2} is a fundamental set for L(y) = 0. We know then that all solutions
of the homogeneous equation L(y) = 0 are of the form c;p1 + cap2. To find a particular
solution ¢, to L(y) = f the method of variation of parameters makes two assumptions.
First, the parameters c¢; and ¢, are allowed to vary. We thus replace the constants c;
and ¢, by functions u;(t) and us(t), and assumes that the particular solution ¢, takes
the form

p(t) = ur(t)pr(t) + ua(t)a(t). (1)

The second assumption is

uy (1)1 (t) + uy(t)pa(t) = 0. (2)
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What’s remarkable is that these two assumptions consistently lead to explicit formulas
for uy(t) and us(t) and hence a formula for ¢,.

To simplify notation in the calculations that follow we will drop the ‘¢’ in expression
like uy(t), etc. Before substituting ¢, into L(y) = f we first calculate ¢ and o}

/

Pp = uIp1 UL + upps + Uzl
= wh + uzgh
(by second assumption).

Now for the second derivative

Pp = Ul uapl + upph + ush.

We now substitute ¢, into L(y).
L(Spp) = 90;; + a‘ﬂ;; + by
= uypy +wmpy +useh +uspy
Fa(urg) + uaph) + b(uipr + uzeps)
= i) + uppy + ua () + agh + bpr) 4 ua(ph + agh + bps)
= Uy + Uy

(because 1 and ¢y are homogeneous solutions)

The second assumption and the equation L(p,) = f now lead to the following system:
uppr +uppr = 0
upph +uppy = f

which can be rewritten in matrix form as

=19 3)

The left most matrix in Equation (3) is none other than the Wronskian matrix, W (1, ¢2),
which has a nonzero determinant because {1, @2} is a fundamental set (cf Theorem 3.2.4
and Proposition 3.2.6). By Cramer’s rule, we can solve for v} and u},. We obtain

! _902f
U = —
w(@la 902)

'I,le _ Solf

w(9017 902).
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We now obtain an explicit formula for a particular solution:
() = urpr + uzepo
—paf o1f
——— )1+ / ————)¢2. (4)
Y e Rl )
The following theorem consolidates these results with Theorems 3.1.4 and 3.2.4.

Theorem 3.6.1. Let L = D? + aD + b, where a and b are continuous on an interval
I. Suppose {1, p2} is a fundamental set of solutions for L(y) = 0. If f is continuous
on I then a particular solution, ¢,, to L(y) = f is given by the formula

_ —paf o1f
o= ([ wiye [ aipe

Furthermore, the solution set Sf to L(y) = f becomes
S = {pp+ 11+ cap2 : c1,00 € R}

Remark 3.6.2. Equation (4), which gives an explicit formula for a particular solution,
is too complicated to memorize and we do not recommend students to do this. Rather
the point of variation of parameters is the method that leads to Equation (4) and our
recommended starting point is Equation (3). You will see such matrix equations as we
proceed in the text.

We will illustrate the method of variation of parameters with two examples.

Example 3.6.3. Consider the linear differential equation

Yy —y=—t.

We considered this equation earlier and noticed that ¢, =t was a solution. We will use
variation of parameters to derive this. Let L = D? — 1. The characteristic polynomial
1s

p(s) =s"—1=(s+1)(s — 1),
which has —1 and 1 as roots. By Theorem 3.3.1 {e7%, e’} is a fundamental set. The

matrix equation
et et Uyl [0
—e b e |ub| |t

e tuy + ey = 0
—e ') + eul = t

leads to the system
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Adding these equations together gives 2e'u), = ¢ and hence

t
/ —1
Uy = —€ .
22
Subtracting the bottom equation from the top gives 2e *u; = —t and hence
t
u, = ——e'.
o2
Integration by parts then gives
up = —(te' —e')

and

We now substitute u; and usy into Equation (1) and obtain

1 1
©p(t) = E(tet — e+ §(te*t +e el =t.

Theorem 3.1.4 implies
S}i = {t +cie et tug, e € ]R} )
Example 3.6.4. Let’s consider the following equation:
t2y" — 2y = t*Int.
In standard form this becomes 5
y" - 2y = Int.

The associated homogeneous equation is 3" — t%y = 0 and is a Cauchy-Euler equation.
The indicial polynomial is ¢(s) = s> — s — 2 = (s — 2)(s + 1), which has 2 and —1 as
roots. Thus {t7! ¢*} is a fundamental set to the homogeneous equation 3"’ — t%y =0,
by Theorem 3.4.1. The matrix equation

2 [ul] [0
—t72 2t [uh] — |Int

My + tPuy, = 0
—t%u) 4+ 2tuy, = Int.

leads to the system

Multiplying the bottom equation by ¢ and then adding the equations together gives
3t?uly = tInt and hence

1
uy = —Int.
3t
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Substituting uf into the first equation and solving for u} gives
Integration by parts leads to

and a simple substitution leads to
1
Uy = 6(1n t)?.
We substitute u; and uy into Equation (1) to get
1t B, 1 t2

— )t '+ ~(Int)** = —(9(Int)* — 61 2).
3 9)t +6(nt)t 54(9(nt) Glnt+ 2)

It follows from Theorem 3.1.4 that the solution set is

t2
{5—4(9(1nt)2 —6Int+2)+ et Fept? e, € R} :

Exercises

Solve the following differential equations. Examples 3.6.3 and 3.6.4 will be helpful guides.
1. " +y = tant
2.y +y=sint

3.y —dy = e

t
(&
Ly =2 ty=—

5. 9" — 3y +2y=e3t
6. vy — 2y +5y=c¢el
7.y +y=-sect

8. y// + 3y/ = 3t
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9. t2y" — 2ty +2y =t

10. The differential equation ty” — 3’ = 3t> — 1 has homogeneous solutions 1 (¢) = 1 and
©o2(t) = t2. Find the general solution.

11. Show that the constants of integration in the formula for ¢, in Theorem 3.6.1 can be
chosen so that a particular solution can be written in the form:

t Vl(?ﬂ) 902(3?)} ‘
kel .
0 Lplz(m) 90/2(33)} ‘

For each problem below use the result of problem 11 to obtain a particular solution to
the given differential equation in the form given. Solve the differential equation using
the Laplace transform method and compare.

12. ¢ +a’y = f(t) yp(t)
13. " —ad?y=f(t) y(t)
4.y = 2ay +a’y = f(t) yp(t) = LF(1)xte™

15. 4" — (a+b)y + aby = f(t), a#b yp(t) = ﬁf(t) % (ebt _ eat)

1f(t) «sinat

1f(t) «sinhat

3.7 Harmonic Motion

A number of important applications of differential equations involve the type of equation
studied in the previous sections. Two distinct types of physical problems which both
employ the same mathematical model are problems involving the spring-body-dashpot
systems, as discussed in the introduction to this chapter, and certain electric circuits.
Both of these types of systems are modeled by means of a differential equation

ay” + by +cy = f(t) (1)

where y(t) represents displacement from equilibrium in a mass spring system or y(t)
represents the charge (or current) in an electric circuit, while a, b, and ¢ are positive real
constants, and f(t) is a forcing function (or applied voltage in the case of an electric
circuit). We will leave the analysis of the physical significance of the constants a, b,
¢ to some applications that appear in the next section and more advanced courses in
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science and engineering. We shall instead concentrate on the mathematical problem of
extracting information about the solutions of Equation (1). For your information, we will
simply record what each of the terms in Equation (1) means in the two manifestations
mentioned, namely, a spring system, and an electric circuit.

Table 3.2: Constants in Applied Problems

Equation Part Spring System Electric Circuit

Yy Displacement Charge @)

Y Velocity Current [

a Mass Inductance L

b Damping Constant Resistance R

c Spring Constant (Capacity)™! 1/C

k’\
—~

~+~
~—

Applied Force Applied Voltage E(t)

We will break our analysis of Equation (1) into several parts: free motion (f(¢t) = 0)
and forced motion (f(t) # 0) and each of these is divided into undamped (b = 0) and
damped (b # 0) motion.

Undamped Free Motion

In this case Equation (1) becomes

ay” 4+ cy =0, (2)
with @ > 0 and ¢ > 0. The characteristic polynomial of this equation is p(s) = as* + ¢
which has roots i3 where g := E, and hence Equation (2) has the general solution

a
y = c¢1 cos Bt + ¢y sin [t. (3)

Using the trigonometric identity cos(f — ) = cos @ cos ¢ + sin 6 sin ¢, Equation (3) can
be rewritten as

y = Acos(ft —0) (4)
where A = /2 +¢3 and ¢ is obtained from the pair of equations ¢; = Acosd and
¢y = Asind, ie., tand = e Therefore, the graph of y(t) satisfying Equation (2) is a

C1
pure cosine function with frequency ( and with period

72T _or O
I} c
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The numbers A and § are commonly referred to as the amplitude and phase angle of

the system. From Equation (4) we see that C' is the maximum possible value of the
0 +nm

function y(t), and that |y(t)| = A precisely when t = where n € Z. This motion

6

is illustrated in Figure 3.3.

Figure 3.3: Undamped harmonic motion: Graph of y(t) = 2cos(.5t — 1)

Example 3.7.1. The initial value problem
y'+3y=0, y(0)=-3, ¢(0)=3
is easily seen to have the solution y = —3 cos V3t + v/3sin v/3t which can be rewritten
in the form of Equation (4) by computing the amplitude A = \/(—3)2 +(vV3)2 =23
V3 1

= ——— Hence § = —%, and thus

-3 V3
y:2\/§cos <\/§t+%)

and for the phase angle §, we have tand =

Damped Free Motion

In this case we include the damping term by’ by assuming that b > 0, which will, in
fact, be the case in applications since the coefficient b represents the presence of friction
(or resistance in an electrical circuit), and friction can never be completely eliminated.
Thus we want solutions to the equation

ay’ +by +cy=0 (5)
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where we assume that a > 0, b > 0, and ¢ > 0. In this case the characteristic polynomial
p(s) = as? + bs + ¢ has roots r; and ro given by the quadratic formula

—b £+ Vb?% — 4ac
1,79 = % (6)

and the nature of the solutions of Equation (5) are determined by the discriminant
D = b* — 4ac of the characteristic polynomial p(s).

I. D > 0. In this case the two roots r; and ry in Equation (6) are distinct real roots
so the general solution of Equation (5) is
y = et 4 cpe™, (7)
Moreover, note that both r; and ro are negative real numbers.

II. D = 0. In this case the characteristic polynomial p(s) has only one root, namely

b
r = ——, and this root is negative since a and b are positive. Then the general

solution of Equation (5) is
y = cie’ + cote’ = (¢ + cot)e™. (8)

III. D < 0. In this case the roots of the characteristic polynomial p(s) are a pair

b V—D
of conjugate complex numbers «a 4 i3 where a = ~5g < 0and g = 5 =
a a
Vidac — b?
%. Then the general solution of Equation (5) is
a
y = e (cy cos Bt + cysin (t) . (9)

Notice that in all three cases, no matter what the constants ¢; and ¢y, it will follow
that

lim y(t) = 0.

t—o0
Thus the motion y(t) dies out as t increases. In case I, we say the motion is overdamped,
in case II, the motion is said to be critically damped, and in case I1I, the motion is said
to be underdamped. In the case of overdamped and critically damped motion, one can

show (see Exercise 5.7.6) that y(t) = 0 for at most one value of t. The graphs of these
cases are illustrated in Figure 3.4.

In the case of underdamped motion, Equation (4) shows that Equation (9) can be
rewritten in the form

y = Ae* cos (Bt — ) (10)
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-0.5 : : : ‘ -0.5
0 1 2 3 4 5 0 1 2 3 4 5

Figure 3.4: Overdamped and critically damped harmonic motion

where, as earlier, A = \/c? + ¢3 and tand = —. The graph is illustrated in Figure 3.5.
Notice that y appears to be a cosine curve in Wthh the amplitude decreases Wlth time,
and as in the case of undamped motion, one sees that y(t) = 0 for ¢t = T2 where
n € 7.
2~ 4
1@ /‘\\ -~ _ ]
0 /X\//\ AN
-1t B v - i
_2 I - u
0 5 10 15

Figure 3.5: Underdamped harmonic motion: Graph of y(t) = 2e~%! cos(1.5t — 1).
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Undamped Forced Motion

Undamped forced motion refers to a system governed by a differential equation

ay” +cy = f(t),

where f(t) is a nonzero forcing function. We will only consider the special case where
the forcing function is given by f(t) = Fycoswt where Fj is a nonzero constant. Thus
we are interested in describing the solutions of the differential equation

ay” + cy = Fycoswt (11)

where, as usual, a > 0 and ¢ > 0. From Equation (3) we know that a general solution
c

to ay” + cy = 0 is yp = ¢1 cos Bt + cosin ft where 5 = \/j, so if we can find a single
a

solution ¢,(t) to Equation (11), then Theorem 3.1.4 shows that the entire solution set
is given by
S ={p,(t) + cr1cos Bt + casin Bt : ¢q, ¢ € R}.

To find ¢,(t) we shall solve Equation (11) subject to the initial conditions y(0) = 0,
y'(0) = 0. As usual, if Y = L(y)(s), then we apply the Laplace transform to Equation
(11) and solve for Y(s) to get

1 F08 FQ ﬁ S

Y(s) = = — : 12
() as? +cs?+w?  afs?+ [F2s%+w? (12)

Then the convolution theorem (Theorem 2.5.1) shows that

F
y(t) = L7HY (s)) = —; sin Bt * cos wt. (13)
a
The following convolution formula comes from Table C.3:
b t t) if
m(cosw —cosft) if B #w
sin Ot * coswt = (14)
1
575 sin wt if §=w.

Combining Equations (13) and (14) gives

ﬁ (coswt —cos Bt) if B#w

y(t) = (15)
ﬂt sin wt if f=w.
2aw
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We will first consider the case [ # w in Equation (15). Notice that, in this case, the

E
solution y(t) is the sum of two cosine functions with equal amplitude (= (ﬁ2—02))’
a(f? —w
but different frequencies § and w. Recall the trigonometric identity
cos(f — ¢) — cos(0 + ¢) = 2sin O sin .
t —w)t
If we set § — ¢ = wt and 6§ 4+ ¢ = [t and solve for § = @ andgpzw,we
see that we can rewrite the first part of Equation (15) in the form
2k, (B-wt . (Bw)t
y(t) = (=) sin ————sin ————. (16)
) ) ) ) . (Brwt .
One may think of the function y(t) as a sine function, namely sin ~———— (with fre-
2F —w)t
quency w) which is multiplied by another function, namely 0 sin (5 —w)
a(f? — w?) 2

which functions as a time varying amplitude function. The interesting case is when [
is close to w so that # + w is close to 2w and 3 — w is close to 0. In this situation,
one sine function changes very rapidly, while the other, which represents the change in
amplitude, changes very slowly. See Figure 3.6. This type of phenomenon, known as
beats, can be heard when one tries to tune a piano. When the frequency of vibration of
the string is close to that of the tuning fork, one hears a pulsating beat which disappears
when the two frequencies coincide.

- 7 ~ 2 -~ i
AN
% N // N
/ y \ i
/ \ , \
N
0 /
. VAV, ,
\ / N
/ N\ /
N / N
N N //
~ - ~ ~
5 10 15 20

2_

=
T

|
=
T

25

Figure 3.6: Beats: Graph of y(t) = 2sin(.25¢) sin 2¢.

In the case f§ = w in Equation (15), the solution

E
y(t) = 2—075 sin wt
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is unbounded as ¢ — oo and thus cannot represent the actual situation present in a
physical system. Nevertheless it is useful as an idealized representation of what happens
to a vibrating system if a force is applied to a vibrating system at a frequency w close to
that of the natural frequency 3 of the system. The resulting amplification of vibration
can become large enough to destroy a mechanical or electrical system. The phenomenon
of natural and applied frequencies being equal is known as resonance. This phenomenon
can be used in a positive way to tune a radio to a particular frequency.

Damped Forced Motion

As in the previous section we will only consider forcing functions of the form f(t) =
Fycoswt where Fj is a constant. Thus we are interested in analyzing the solutions of
the equation

ay” + by + cy = Fycos wt (17)

where a, b, ¢ and Fy are positive constants. It is a straightforward (albeit tedious)
calculation to check that the function
Fo

wp(t) = (0= Pa)t 5 AR ((c — w’a) coswt + bw sinwt)

is a solution of Equation (17). Using Equation (4), this can be rewritten as

Fo
wp(t) = NPT cos(wt — 0) (18)

bw
c—w?a’
Equation (17) is

where tand =

Combining this with Equation (9), the general solution to

Fo

t) = e®(¢q cos Bt + ¢y sin [t) +
y(t) (1 cos 3 2sin 5t) \/(c—w2a)2—|—b%}2

cos(wt — 9) (19)

b
where o = ~5, < 0. Notice that this implies that lim, .. (y(t) — ¢,(¢)) = 0, which says
a

that every general solution of Equation (17) converges asymptotically to the particular
solution ¢, (t). For this reason, the solution ¢,(t) is usually referred to as the steady
state solution to the equation, while the solution y(t) = e®(c; cos Bt + ¢y sin 5t) of the
associated homogeneous equation is referred to as a transient solution.
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Exercises

10.

11.

12.

13.

14.

15.

Write the solution of each of the following initial value problems in the form y(t) =
Acos(ft — §). See Example 5.7.1 for the method.

Yy +25y =0, y(0)=-2, ¥(0)=10

-y +4y =0, y(0)=3,9(0)=-8

1
5?/’ +8y=0, y(0)=1, ¢'(0)=2

y'+y=0, y(0)=-1,4(0)=-V3

For each of the following differential equations, determine if the equation is underdamped,
critically damped, or overdamped.

Y'Y +y=0

Y+ 2 4y =0

y'+3y' +y=0

2y +5y +y=0

5y + 2y +y=0

' +4y +y=0

Write each of the following functions in the form y(t) = Ae™ cos(St — ).

y(t) = e (cos 2t — sin 2t)

y(t) = e~ (sint + /3 cost)

y(t) = e %% (4 cos 5t — 3sin 5t)

For each of the functions in the previous exercise, find the smallest ¢ > 0 with y(¢) = 0.
Suppose that y(t) is the solution to the initial value problem ay” 4 cy = 0, y(0) = yo,

y'(0) = y1 and we will assume that a > 0, ¢ > 0 so that the equation is that of undamped
harmonic motion. Verify that the amplitude of the motion is

2
ayy

A=\lyd+ -
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16. Let ay” + by’ + cy = 0 be an equation of damped harmonic motion. If the motion is
critically damped or overdamped, verify that any solution y(¢) can have y(t) = 0 for at
most one value of ¢. Hint: Look carefully at Equations (5.7.7) and (5.7.8).

Express each of the following functions in the form A sin at sin 5t.

17. cos9t — cos Tt

18. cos9t — cos 10t

3.8 Applications

In this section we return to the spring-body-dashpot system we considered in the in-
troduction. We will look as some numerical examples and study them in the light of
the previous section. It may be helpful to review the introduction for concepts and
terminology. In each of the examples given below it will be assumed that springs obey
Hooke’s law and the damping force is proportional to velocity.

Units of Measurement

There are two systems of measurements that are commonly used in examples like these:
The English and Metric systems. The following table summarizes the units.

System Time Distance Mass Force

Metric  seconds (s) meters (m) kilograms (kg) Newtons (N)
English  seconds (s) feet (ft) slugs (sl) pounds (1bs)

The next table summarizes quantities derived from these units.

Quantity Formula

velocity (v) distance / time
acceleration (a) distance / time?
force (F) mass - acceleration
spring constant (k) force / distance

damping constant (u) force - time / distance
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In the metric system one Newton of force (N) will accelerate a one kilogram mass
(kg) one m/s?. In the English system a one pound force (Ib) will accelerate a one slug
mass (sl) one ft/s?>. To compute the mass of a body in the English system one must
divide the weight by the acceleration due to gravity, which is g = 32 ft/sec? near the
earths surface. Thus a body weighing 64 lbs is 2 slugs. To compute the gravitational
force in the metric system one must multiply the mass by the acceleration due to gravity,
which is ¢ = 9.8 m/sec?. Thus a 5 kg mass exerts a gravitational force of 47.5 N.

Examples of Spring-Body-Dashpot Systems

In the examples below keep the following formulas in mind:

Gravitational force Fg = mg where ¢ is acceleration due to gravity
Restoring force Fr = —kuy where k is the spring constant

and wug is spring displacement
Damping force Fp = —pv  where y is the damping constant

and v = 3/ is velocity
External force F

The initial value problem for the spring-body-dashpot problem is

my" +py +ky =F(t), ylto) =y, () =u
where 1, is the initial position of the body and y; is initial velocity.
Example 3.8.1. Suppose a spring is stretched 8 inches from its natural length when a
body weighing 4 lbs is attached. What is the spring constant?
» Solution. Recall that the restoring force of the spring balances the gravitational
force. Thus —k() +4 = 0. This gives k = 6. The units are Ib/ft. <
Example 3.8.2. Suppose a body with mass 2 kg stretches a spring 30 centimeters from
its natural length. Find the spring constant.
» Solution. The force due to gravity is Fp =2-9.8 = 19.6N. We now have —k(%) +
19.6 = 0. This gives k = % = 65.3. The units are N/m. <

Example 3.8.3. Suppose a 6 1b body stretches a spring 2 inches in a frictionless system.
Suppose that the body is pulled 3 inches below the spring-body equilibrium and released.
Find the motion of the body and provide a graph.
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» Solution. First let’s compute the spring constant. We have —k‘% +6=0s0k=236
(Ib/ft). A frictionless system means that the damping constant is zero. (Of course,
this is idealized.) No external force is mentioned so it is zero. Thus the motion is
undamped and free. If y measures the displacement from spring-body equilibrium then
y(0) = & = 1. The body being released implies that the initial velocity is zero. Thus
y'(0) = 0. The mass of the body is 6/32 slugs. The initial value problem thus becomes

6
3—23/’ + 36y = 0, y(0)=—, ¥'(0)=0.

A short calculation gives:

y(t) = 3008(8\/315).

Figure 3.7 gives the graph. <

0.2 0.4 .6 . 8 1
-0.1
-0.

Figure 3.7: Undamped harmonic motion: Graph of y(t) = .25 cos(8v/3t)

N

Example 3.8.4. A spring is stretched 49 cm when a 1 kg mass is attached. The body is
pulled to 20 cm below its spring-body equilibrium and pushed downward with an initial
velocity of 50 cm/sec. There are no external forces. Find the motion of the body when
the damping constant is a) 4 N/m. Determine the maximum displacement. b) 12 N/m
. In each case provide graphs that represent the motion.

» Solution. a) The equation to calculate the spring constant is 1(9.8) — l{:% which
implies that £ = 20. With pu = 4 we have

y" + 4y + 20y =0 y(0)=.2, ¢'(0)=.5.

The solution is

1 9
Y= e_Qt(g cos 4t + 0 sin 4t).

This represents underdamped harmonic motion whose graph is given in Figure 3.8. The
maximum displacement occurs when the derivative is first zero, i.e. t = 0.095. The
corresponding displacement is 0.223 meters. <
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-0. 05+

Figure 3.8: Underdamped free motion: Graph of y(t) = e (£ cos 4t + ;5 sin 4t).

» Solution. b) In this case the initial value problem is
y" + 12y + 20y = 0 y(0)=.2, 4(0)=.5

and the solution is

_ —9 —10t ) —2t
y(t) = 806 —|—16e )

The graph is given in Figure 3.9. This represents overdamped free motion. The maximal

1 2 3 4

Figure 3.9: Overdamped free motion: Graph of y(t) = gle 1% 4 e .

displacement of 0.216 meters occurs at ¢t = 0.0735 seconds. <

Exercises

In each of these exercises it is assumed that there is no external force.
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An 8-1b weight stretches a spring 1 ft. A 16-1b weight is then attached to the spring, and
it comes to rest at the body-spring equilibrium. It is put into motion from equilibrium
at a downward velocity of 2 ft/sec.

. Assume there is no resistance. Determine the motion of the body. What is the maximum

displacement?

. Assume that the damping constant is k& = 2 lbs/ft. Determine the motion of the body.

What is the maximum displacement?

. Assume that the damping constant is k& = 4 lbs/ft. Determine the motion of the body.

What is the maximum displacement?

. Assume that the damping constant is £ = 5 lbs/ft. Determine the motion of the body.

What is the maximum displacement?




182 CHAPTER 3. SECOND ORDER LINEAR DIFFERENTIAL EQUATIONS



Chapter 4

DISCONTINUOUS FUNCTIONS
AND THE LAPLACE
TRANSFORM

For many applications the set of elementary functions, as defined in Chapter 2, or even
the set of continuous functions is not sufficiently large to deal with some of the com-
mon applications we encounter. Consider two examples. Imagine a mixing problem
(see Example 1.1.9 in Section 1.1 and the discussion that follows for a review of mixing
problems) where there are two sources of incoming salt solutions with different concen-
trations. Initially, the first source may be flowing for several minutes. Then the second
source is turned on at the same time the first source is turned off. The graph of the
input function may well be represented by Figure 4.1. The most immediate observation

t

Figure 4.1: A discontinuous input function

183
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is that the input function is discontinuous. Nevertheless, the Laplace transform methods
we will develop will easily handle this situation, leading to a formula for the amount
of the salt in the tank as a function of time. As a second example, consider a sudden
force that is applied to a spring-mass-dashpot system (see Section 3.8 for a discussion
of spring-mass-dashpot systems). To model this we imagine that a large force is applied
over a small interval. As the interval gets smaller the force gets larger so that the total
force always remains a constant. By a limiting process we obtain an instantaneous input
called an impulse function. This idea is graphed in Figure 4.2. Such impulse functions

I |

Figure 4.2: An impulse function

have predicable effects on the system. Again the Laplace transform methods we develop
here will lead us to the motion of the body without much difficulty.

These two examples illustrate the need to extend the Laplace transform beyond the
set of elementary functions that we discussed in Chapter 2. We will do this in two
stages. First we will identify a suitably larger class of functions, the Heaviside class,
that includes discontinuous functions and then extend the Laplace transform method
to this larger class. Second, we will consider the Dirac delta function, which models
the impulse function we discussed above. Even though it is called a function the Dirac
delta function is actually not a function at all. Nevertheless, its Laplace transform can
be defined and the Laplace transform method can be extended to differential equations
that involve impulse functions.
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4.1 Calculus of Discontinuous Functions

Our focus in the next few sections is a study of first and second order linear constant
coefficient differential equations with possibly discontinuous input or forcing function f:

Y +ay = f(t)
y' +ay + by = f(t)

Allowing f to have some discontinuities introduces some technical difficulties as to
what we mean by a solution to such a differential equation. To get an idea of these
difficulties and motivate some of the definitions that follow we consider two elementary
examples.

First, consider the simple differential equation

where

0 if 0<t<1
1 if 1<t<o0.

Simply stated what we are seeking is a function y whose derivative is the discontin-
uous function f. If y is a solution then y must also be a solution when restricted to any
subinterval. In particular, let’s restrict to the subintervals (0,1) and (1, 00), where f is
continuous separately. On the interval (0, 1) we obtain y(t) = ¢;, where ¢; is a constant
and on the interval (1,00) the solution is y(t) = t 4 ¢z, where ¢ is a constant. Piecing
these solutions together gives

_Ja if 0<t<1
"Vt #1<t<oo

Notice that this family has two arbitrary parameters, ¢; and ¢ and unless ¢; and ¢y
are chosen just right y will not extend to a continuous function. In applications, like
the mixing problem introduced in the introduction, it is reasonable to seek a continuous
solution. Thus suppose an initial condition is given, y(0) = 1, say, and suppose we wish
to find a continuous solution. Since lim; ¢+ y(t) = ¢1, continuity and the initial condition
forces ¢; = 1 and therefore y(¢) = 1 on the interval [0,1). Now since lim; ;- y(t) = 1,
continuity forces that we define y(1)=1. Repeating this argument we have lim; ,;+ y(t) =
1 + ¢o and this forces ¢ = 0. Therefore y(t) = t on the interval (1,00). Putting
these pieces together gives a continuous solution whose graph is given in Figure 4.3.
Nevertheless, no matter how we choose the constants ¢; and ¢y the ”solution” y is never
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0 i 5 5 4

Figure 4.3: A continuous solution to 3’ = f(t).

differentiable at the point ¢ = 1. Therefore the best that we can expect for a solution to
y' = f(t) is a continuous function y which is differentiable at all points except t = 1.

As a second example consider the differential equation

y = f(t),
where
Ft) = o H0<t<1
1 if 1<t<o0.

We approach this problem as we did above and obtain that a solution must have the
form

1 .
y(t) = T ta ?f0<t<1
t+ co if 1<t<o0,

where ¢; and ¢y are arbitrary constants. The graph of this function for ¢; = 1 and
co = 1 is given in Figure 4.4. For us this situation is very undesirable in that no matter
how we choose the constants, the solution y will always be discontinuous at t = 1. The
asymptotic behavior at t = 1 for the solution results in the fact that f has a vertical
asymptote at t = 1.

These examples illustrate the need to be selective in the kinds of discontinuities we
allow. In particular, we will require that if f does have a discontinuity it must be a
jump discontinuity. The function f in our first example has a jump discontinuity at
t = 1 while in the second example the discontinuity at ¢ = 1 is a result of a vertical
asymptote. We also must relax our definition of what we mean by a solution to allow
solutions y that have some points where the derivative may not exist. We will be more
precise about this later.
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0 i 5 5 4

Figure 4.4: Always a discontinuous solution

Jump Discontinuities

We say f has a jump discontinuity at a point a if

fla®) # fla”)

where f(at) = lim;_ .+ f(t) and f(a™) = lim;_,— f(¢). In other words, the left hand
limit and the right hand limit at a exist but are not equal. Examples of such functions
are typically given piecewise, that is, a different formula is used to define f on different
subintervals of the domain. For example, consider

t2 if 0<t<1,
fy=<X1-t if 1<t<?2,
1 if 2<t<3

whose graph is given in Figure 4.5. We see that f is defined on the interval [0, 3]
and has a jump discontinuity at « = 1 and a = 2: f(17) = 1 # f(17) = 0 and
f(27) = —1# f(2") = 1. On the other hand, the function

(t) = t ifo<t<l,
W=V L p1<i<o,

whose graph is given in Figure 4.6, is defined on the interval [0, 2] and has a discontinuity
at a = 1. However, this is not a jump discontinuity because lim;_,1+ g(t) does not exist.
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0] 05 25 3

Figure 4.5: A piecewise continuous function

1 2
t

Figure 4.6: A discontinuous function but not a jump discontinuity

For our purposes we will say that a function f is piecewise continuous on an
interval [«, 3] if f is continuous except for possibly finitely many jump discontinuities.
If an interval is not specified it will be understood that f is defined on [0,00) and f is
continuous on all subintervals of the form [0, N] except for possibly finitely many jump
discontinuities. For convenience it will not be required that f be defined at the jump
discontinuities. Suppose aq,...,a, are the locations of the jump discontinuities in the
interval [0, N] and assume a; < a;;1, for each 7. On the interval (a;, a;;1) we can extend
f to a continuous function on the closed interval [a;, a;11]. Since a continuous function
on a closed interval is bounded and there are only finitely many jump discontinuities we
have the following proposition.

Proposition 4.1.1. If f is a piecewise continuous function on [0, N| then f is bounded.
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Integration of Piecewise Continuous Functions

Suppose f is a piecewise continuous function on the interval [0, N] and the jump discon-
tinuities are located at ay,...,ar. We may assume a; < a;;41 and we will let ag = 0 and
ag+1 = N. In this case the definite integral of f on [0, N] exists and

/ONf(t)dt:/ajlf(t)dt+/aj2f(t)dt+...+/azk+1f(t)dt'

On each interval of the form (a;, a;41) f is continuous and therefore an antiderivative
F; exists. Since f is bounded so is F; and thus may be extended to the closed interval
[ai, a;y1]. When necessary we will denote the extended values of F; at a; by Fj(a;) and
at a;41 by Fi(a;,,). We then have

| f0de= ) - Fag),

Example 4.1.2. Find [°| f(t)dt, if

t o if —1<t<1
2 ift=1
t) =
) Toif1<t<3
2 if 3Kt <5

» Solution. The function f is piecewise continuous and

5 1 31 5
/f(t)dt = /tdt—l—/ —dt+/ 2 dt
-1 -1 1 3 3

= 0+mn3+4=4+1n3.
We note that the value of f at ¢ = 1 played no role in the computation of the integral. <«

Example 4.1.3. Find fot f(u) du for the piecewise function f given by

t2 if 0<t<1,
fy=<1—-t if 1<t<2,
1 if 2<t< 0.

» Solution. The function f is given piecewise on the intervals [0, 1), [1,2) and [2, c0).
We will therefore consider three cases. If ¢ € [0,1) then

/Otf(u)du = /Otu2du:§.



190 CHAPTER 4. LAPLACE TRANSFORM II

It t € [1,2) then

/Otf(u)du _ /Olf(u)dqu/ltf(u)du
1

= g—i—/lt(l—u)du

Finally, if ¢ > 2 then

/Otf(u)du _ /Ozf(u)du—i— ) du

= —é+/2t1du: 1
Piecing these functions together gives
, £ if 0<t<1
/0 fu)du = _%igt_% if 1<t<2
t— ¢ if 2<t< .
It is continuous as can be observed in the graph given in Figure 4.7 <
%
l.5é
.
05]
0 ) 7 5 i
~0.5-
I

Figure 4.7: The graph of the integral of the discontinuous function in Example 4.1.3

The discussion above leads to the following proposition.

Proposition 4.1.4. If [ is a piecewise continuous function on an interval o, 3] and
a,t € |a, ] then the integral f(f f(u) du ezists and is a continuous function in the variable
t.
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Proof. The integral exists as discussed above. Let F(t) = f; f(u) du. Since f is piecewise
continuous on |, 3] it is bounded by Proposition 4.1.1. We may then suppose | f(t)| < B,
for some B > 0. Let € > 0. Then

|F(t+¢€) — F(t)] §/t+€|f(u)| duS/HEBdu:Be.

Therefore lim,_.o F'(t+€) = F(t) and hence F(t7) = F(t). In a similar way F(t~) = F(t).
This establishes the continuity of F'. Il

Differentiation of Piecewise Continuous Functions

In the applications, we will consider (continuous) functions that are differentiable on
intervals [0, V) except at finitely many points. In this case we will use the symbol f’ to
denote the derivative of f though it may not be defined at some points. For example,
consider

f(t):{o if0<t<l

t—1 if 1<t< .
This function is continuous on [0,00) and differentiable at all points except t = 1. A
simple calculation gives
0 ifo<t<l
f't) = .
1 if 1<t<oo.

Notice that f’ is not defined at ¢ = 1.

Differential Equations and Piecewise Continuous Functions

We are now in a position to consider some examples of constant coefficient linear dif-
ferential equations with piecewise continuous forcing functions. Let f(¢) be a piecewise
continuous function. We say that a function y is a solution to ¢y +ay = f(¢) if y is con-
tinuous and satisfies the differential equation except at the location of the discontinuities
of the input function.
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Example 4.1.5. Find a continuous solution to

1 if 0<t<1
v +2y=f(t)=¢t—1 if 1<t<3 y(0) = 1. (1)
0 if 3<t< o0,

» Solution. We will apply the method that we discussed at the beginning of this
section. That is, we will consider the differential equation on the subintervals where f is
continuous and then piece the solution together. In each case the techniques discussed
in Section 1.3 apply. The first subinterval is (0, 1), where f(¢) = 1. Multiplying both
sides of ¢/ + 2y = 1 by the integrating factor, e*, leads to (e*'y)’ = e¢*. Integrating and
solving for y gives y = % + ce~?!. The initial condition y(0) = 1 implies that ¢ = % and
therefore

Ll pcian
YTt o TEIe
Welet y(1) =y(17) = e~2. This value becomes the initial condition for y/+2y = t—1
on the interval [1, 3). Foll owing a similar procedure leads to
t—1 1 3 1
y=-— — -+ 2D 4 o2 1<t <3

4 4 2 ’

2
We define y(3) = y(37) = 2 + 3¢~* + 17 This value becomes the initial condition for
3

Y’ + 2y = 0 on the interval [3,00). Its solution there is the function
3

3 1
) 20t—1) | * -2t
Y= e e
Putting these pieces together gives the solution
5+3e if 0<t<1
y(t) = % — i + %6*2(“1) + %e*% if 1<t<3

%6—2(15—3) + 36—2(t 1) + 16—275 if 3 S t < o0.

By making the initial value on each subinterval the left hand limit of the solution on the
previous interval we guarantee continuity. The graph of this solution is shown in Figure
4.8. The discontinuity of the derivative of y at ¢ = 1 and ¢t = 3 is evident by the kinks
at those points. <

The method we used here insures that the solution we obtain is continuous and the
initial condition at t = 0 determines the subsequent initial conditions at the points of
discontinuity of f. We also note that the initial condition at ¢ = 0, the left hand endpoint
of the domain, was chosen only for convenience; we could have taken the initial value
at any point ¢ty > 0 and pieced together a continuous function on both sides of #y,. That
this can be done in general is stated in the following theorem.
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1.2

0.8
y 0.6
0.4

0.2

0 1 2 3 4

Figure 4.8: The graph of the solution to Example 4.1.5

Theorem 4.1.6. Suppose f is a piecewise continuous function on an interval [« 5] and
to € o, B]. There is a unique continuous function y which satisfies

Y +ay=f(t),  ylto) = vo

Recall that this means that y' will not exist at the points of discontinuity of f.

Proof. We follow the method illustrated in the example above to construct a continuous
solution. To prove uniqueness suppose y; and ys are two continuous solutions. If y =
y1 — Yo then y(ty) = 0 and y is a continuous solution to

y +ay = 0.

On the interval containing ¢, on which f is continuous, y = 0 by the uniqueness and
existence theorem. The initial value at the endpoint of adjacent intervals is thus O.
Continuing in this way we see that y is identically 0 on [«, 5] and hence y; = ys. ]

We now consider a second order constant coefficient differential equation with a
piecewise continuous forcing function. Our method is similar to the one above, however,
we demand more out of our solution. If f(¢) be a piecewise continuous function then
we say a function y is a solution to y” + ay’ + by = f(t) if y is continuous, has a
continuous derivative, and satisfies the differential equation except at the discontinuities
of the forcing function f.

Example 4.1.7. Find a solution y to

t if 0<t<2r
2 if 27 <t <A4m,
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» Solution. We begin by considering the differential equation y” + y = t on the in-
terval [0,27). The homogenous solution is y(t) = acost + bsint and the method
of undetermined coefficients or variation of parameters leads to a particular solution
yp(t) =t — 1. The general solution is y =t — 1 + acost + bsint and incorporating the
initial conditions leads to y = t — 1 + cost on the interval [0,27). We calculate that
y' = 1 —sint. In order to piece together a solution that is continuous at t = 27 we must
have y(27) = y(2n~) = 27. In order for the derivative 3 to be continuous at t = 27 we
must have y'(27) = y/(2r~) = 1. We use these values for the initial conditions on the
interval [27, 47]. The general solution to ¥ +y = 2is y = 2+acost+bsint. The initial
conditions imply @ = 27 — 2 and b = 1 and thus y = 2 + (27 — 2) cost + sint. Piecing
these two solutions together gives

() = t— 1+ cost if 0<t<2nr
= 2+ (2 —2)cost +sint  if 27 <t < A4m.

Its derivative is

(1) = 1 —sint if 0<t<2nr
YW~ —2)sint +cost  if 27 <t < dn.

Figure 4.9 gives (a) the graph of the solution and (b) the graph of its derivative. The

Figure 4.9: The solution (a) and its derivative (b) to Example 4.1.7

solution is differentiable on the interval [0, 47| and the derivative is continuous on [0, 47).
However, the kink in the derivative at ¢t = 27 indicates that the second derivative is not
continuous. <

In direct analogy to the first order case we considered above we are lead to the
following theorem. The proof is omitted.

Theorem 4.1.8. Suppose [ is a piecewise continuous function on an interval o, 3] and
to € o, B]. There is a unique continuous function y which satisfies

y' +ay +by = f(1), y(to) = vo, ¥'(to) = 11
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Furthermore, y is differentiable and vy’ is continuous.

Piecing together solutions in the way that we described above is at best tedious. As
we proceed we will extend the Laplace transform to a class of functions that includes
piecewise continuous function. The Laplace transform method extends as well and will
provide an alternate method for solving differential equations like the ones above. It is
one of the hallmarks of the Laplace transform.

Exercises

Match the following functions that are given piecewise with their graphs and determine
where jump discontinuities occur.

1 ifo<t<4
Lof)={ -1 if4<t<5
0 if 5<t< oo

t if 0<t<1
2. f)=<2—t if 1<t<?2
if 2<t< 0.
3. f(t) = t ifo<t<1
' T )2-t if1<t<oo.
t if 0<t<1
t—1 if1<t<?
4 ) = t—2 if 2<t<3
5. f(t) = 1 if 2n<t<2n+1
' o if 2n4+1<t<2n+2.
12 if 0<t<?2
6. f(t)=144 if 2<t<3
7T—t if 3<t< 0.
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7. ()

8. f(t)

Graphs for problems 1 through 8

1

0.5

-

(

1-t¢
3—1
55—t

1
33—t

2(t — 3)

2

if 0<t<?2
if 2<t<4
if 4<t<6

if 0<t<?2
if 2<t<3
if 3<t<4

if 4<t< .

A

-2

0.5
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0 2 ztx 6 8
(b)

4

2

0 2 4 § 8

{

(d)

051

0 1 2 3 4 5

(f)
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10.

11.

12.

13.

14.

15.

16.

CALCULUS OF DISCONTINUOUS FUNCTIONS

In problems 9 through 12 calculate the indicated integral.

In problems 13 through 16 find the indicated integral.

the appropriate formula.)
f2 t) dt, where the graph of f is:

24

2 -4 f0o<t<?2
'fo t)dt, where f(t) =< 0 if 2<t<3
—t+3 if 3<t<5b.
2—u fo<ux<l1
u) du, where -
Jo £( flw) = {ﬁ if 1<u<?2.
21 .
o Isin(x)| dz.

w if 0<w<1

fo w) dw where f(w)=¢1 if 1<w<2
;3 if 2<w < oo

fo t) dt, where the graph of f is:

fo u) du, where the graph of f is:

1

0.5

fo t) dt, where the graph of f is:

197

(See problems 1 through 9 for
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17.

18.
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Of the following four piecewise defined functions determine which ones (A) satisfy the
differential equation

4 if0<t<?2
8t if 2<t< oo,

d+%—f@—{

except at the point of discontinuity of f, (B) are continuous, and (C) are continuous
solutions to the differential equation with initial condition y(0) = 2. Do not solve the
differential equation.

1 if 0<t<2
2t — 1 —3e77D  if 2<t< oo

@)Mﬂ={

1+e if 0<t<?2
b) y(t) = -
( ) y() {2t—%—g€_4(t_2)+€_4t if 2<t< o0
14 e 4 if0<t<?2
C t) = Ca(t— -
(©) 4t) {%—%—56?” if 2<t<o0
24 if 0<t<?2

d) y(t) =
()y() {2t—%—g€_4(t_2)+6_4t 1f2§t<00

Of the following four piecewise defined functions determine which ones (A) satisfy the
differential equation

et if0<t<1
M“ﬂy—2y—ﬂﬂ—{2t

e if 1<t< o0,

except at the point of discontinuity of f, (B) are continuous, and (C) have continuous
derivatives, and (D) are continuous solutions to the differential equation with initial
conditions y(0) = 0 and y'(0) = 0 and have continuous derivatives. Do not solve the
differential equation.

—tet —et+ €2 if 0<t<1
te?t — 2¢t if 1<t<oo

@)MﬂZ{

—tet — et + 2t if 0<t<1
tth—?)et—%th if 1<t<oo

®)Mﬂ={
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19.

20.

21.

22.

23.

24.

25.

26.
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© y(t) = —tet — €' + e if 0<t<1
= te2t 4 ettl ot — o2t _ o201 if 1<t< o

(@) yo) = e = if 0<t<1
Y te2t 4 ettl et — @271 362 if 1 <t < oo

Solve the following differential equations.

t if0<t<1
I 4+ 3y = - 0) =0.
Yy +3y {1 fl<t<oo y(0)

0 if 0<t<1
t—1 if 1<t<?2
f—y = - 0) =0.
VYoUVT N3t if2<t<3 y(0)
0 if 3<t< o0,
sint if 0<t<m
/+ = - 7’[’:—1
vy 0 if T<t< oo y()
t if 0<t<1
"y = - 0)=0, y(0)=1
4 Y {O if 1<t< o0, ©0) y()

0 if0<t<?2
" fyf Ay = = 0)=1, ¥/(0) =0
y y +4y {4 fo<t< y(0) y'(0)

Suppose f is a piecewise continuous function on an interval [a, 3]. Let a € [a, (] and
define y(t) = yo + fj f(u) du. Show that y is a continuous solution to

y' = f(t) yla) = o

Suppose f is a piecewise continuous function on an interval [, 5]. Let a € |«, 5] and
define y(t) = yo + e~ f; e f(u) du. Show that y is a continuous solution to

Y +ay=ft) yla)=wo.

sin(1/t) if t#0

Letf(t):{o if t=0.

(a) Show that f is bounded.
(b) Show that f is not continuous at t = 0.

(c) Show that f is not piecewise continuous.
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4.2 The Heaviside class 'H

In this section we will extend the definition of the Laplace transform beyond the set of
elementary functions £ to include piecewise continuous functions. The Laplace transform
method will extend as well and provide a rather simple means of dealing with the
differential equations we saw in Section 4.1.

Since the Laplace transform

C{f}(s) = /0 et di

is defined by means of an improper integral, we must be careful about the issue of
convergence. Recall that this definition means we compute fON e s f(t) dt and then take
the limit as N goes to infinity. To insure convergence we must take into consideration
the kinds of functions we feed into it. There are two main reasons why such improper
integrals may fail to exist. First, if the distribution of the discontinuities of f is ‘too
bad’ then even the finite integral fON e S f(t) dt may fail to exist. Second, if the finite
integral exists the limit as IV goes to oo may not. This has to do with how fast f grows.
These two issues will be handled separately by (1) identifying the particular type of
discontinuities allowed and (2) restricting the type of growth that f is allowed. What
will result is a class of functions large enough to handle most of the applications one is
likely to encounter.

The first issue is handled for us by restricting to the piecewise continuous functions
defined in section 4.1. If f is a piecewise continuous function (on [0,00)) then so is
t +— e St f(t). By Proposition 4.1.4 the integral

/0 ! e "t f(t) dt

exists and is a continuous function in the variable N. Now to insure convergence as N
goes to oo we must place a further requirement on f.

Functions of Exponential Type

We now want to put further restrictions on f to assure that limy_, fON e S f(t) dt exists.
As we indicated this can be achieved by making sure that f doesn’t grow too fast.
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A function y = f(t) is said to be of exponential type if
[f(®)] < Ke™

for all t > M, where M, K, and a are positive real constants. The idea here is that
functions of exponential type should not grow faster than a multiple of an exponential
function Ke®. Visually, we require the graph of |f| to lie below such an exponential
function from some point on, ¢t > M, as illustrated in Figure 4.10.

M
Figure 4.10: The exponential function Ke* eventually overtakes |f| for ¢ > M.

We note here that in the case where f is also piecewise continuous then f is bounded
on [0, M] and one can find a constant K’ such that

|f(t)] < K'e
for all ¢t > 0.

The Heaviside class is the set H of all piecewise continuous functions of exponential
type. One can show it is closed under addition and scalar multiplication. (see Exercise
?7) It is to this class of functions that we extend the Laplace transform. The set of
elementary functions £ that we introduced in Chapter 2 are all examples of functions in
the Heaviside class. Recall that f is an elementary function if f is a sum of functions of
the form ct™e sin(bt) and ct™e™ cos(bt), where a, b, ¢ are constants and n is a nonnegative
integer. Such functions are continuous. Since sin and cos are bounded by 1 and " <
e™ it follows that |ct"e® sinbt| < cel®™? and likewise |ct"e® cosbt| < cel®™?!, Thus

elementary functions are of exponential type, i.e., £ C ‘H. Although the Heaviside class
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is much bigger than the set of elementary functions there are many important functions
which are not in H. An example is f(t) = e’ For if b is any positive constant, then

€t2 2 by2_ b2
_—= et _bt = e(t_§) 1
ebt

and therefore,
2
G
lim — = oc.
t—o0 ebt

This implies that f(t) = e!” grows faster than any exponential function and thus is not
of exponential type.

Existence of the Laplace transform

Recall that for an elementary function the Laplace transform exists and has the further
property that limg ., F'(s) = 0. These two properties extend to all functions in the
Heaviside class.

Theorem 4.2.1. For f € 'H the Laplace transform exists and

lim F(s) =0.

§—00

Proof. The finite integral fON e S f(t)dt exists because [ is piecewise continuous on
[0, N]. Since f is also of exponential type there are constants K and a such that | f(¢)] <
Ke® for all t > 0. Thus, for all s > a,

/ et ()| dt < / e K et dt
0 0

= K[ e
0

K

s—a

This shows that the integral converges absolutely and hence the Laplace transform exists
for s > a. Since |£{f} (s)] < £ and lim,_... 2= = 0 it follows that

lim £{f} (s) =0.

S§—00
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As might be expected computations using the definition to compute Laplace trans-
forms of even simple functions can be tedious. To illustrate the point consider the
following example.

Example 4.2.2. Use the definition to compute the Laplace transform of

f(t):{ﬁ if0<t<l1

2 if 1<t<o0.

» Solution. Clearly f is piecewise continuous and bounded, hence it is in the Heaviside
class. We can thus proceed with the definition confident, by Theorem 4.2.1, that the
improper integral will converge. We have

Lif}(s) = / T et () de

1 e
= / e L2 de + / e st odt
0 1

For the first integral we need integration by parts twice:

1 2 ,—st 1
t 2
/eSt 2dt = —° yg+—/ e tdt
0 - $Jo

e 2 (te* 1!

= +—( 3+—/ e—sfdt)
-5 s\ —s s Jo

e 2 e 1 _ 44
= —+- |- — —e’
s s ( s 82 0)

e  2e° 2 2e~%

s 52 53 s3

The second integral is much simpler and we get
o 2 —S
/ etodt = ZC
1 5
Now putting things together and simplifying gives

LAY = 5 +e (—%—Ll).

s2 s

<

Do not despair. The Heaviside function that we introduce next will lead to a Laplace
transform principle that will make unnecessary calculations like the one above.
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The Heaviside Function

In order to effectively manage piecewise continuous functions in ‘H it is useful to introduce
an important auxiliary function called the unit step function or Heaviside function:

if 0<¢
hity =40 HOste
1 if e<t.

The graph of this function is given in Figure 4.11.

Figure 4.11: The Heaviside Function h.(t)

Clearly, it is piecewise continuous, and since it is bounded it is of exponential type.
Thus h. € H. Frequently we will write h(t) = ho(t). Observe also that h.(t) = h(t — c).
More complicated functions can be built from the Heaviside function. First consider the
model for an on-off switch, X[, which is 1 (the on state) on the interval [a,b) and 0
(the off state) elsewhere. Its graph is given in Figure 4.12. Observe that X[ap) = Na — Iy
and X[a00) = ha. Now using on-off switches we can easily describe functions defined
piecewise.

Example 4.2.3. Write the piecewise defined function

2 if 0<t<1,
t) = -
1) {2 if 1<t< 0.

in terms of on-off switches and in terms of Heaviside functions.

» Solution. In this piecewise function ¢* is in the on state only in the interval [0, 1)
and 2 is in the on state only in the interval [1, 00).Thus

F(t) =xp.1) + 2X[1.00)-
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t

Figure 4.12: The On/Off Switch x,5(%)

Now rewriting the on-off switches in terms of the Heaviside functions we obtain:
f@t) = t*(ho— hy) +2hy

= t*ho+ (2— 1"
= 2+ (2-)h(t-1).

The Laplace Transform on the Heaviside class

The importance of writing piecewise continuous functions in terms of Heaviside functions
is seen by the ease of computing its Laplace transform. For simplicity when f € H we
will extend f by defining f(¢) = 0 when ¢ < 0. This extension does not effect the Laplace
transform for the Laplace transform only involves values f(t) for ¢ > 0.

Theorem 4.2.4 (The Second Translation Principle). Suppose f € H is a function
with Laplace transform F. Then

LA{f({t—c)h(t—c)} =e*F(s).
In terms of the inverse Laplace transform this is equivalent to

L7 e F(s)} = f(t —c)h(t — ).
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Proof. The calculation is straightforward and involves a simple change of variables:

L{f(t—c)h(t—c)}(s) = /OooeStf(t—c)h(t—c)dt
= /Ooe_Stf(t—c)dt

_ /Ooes<t+c>f(t)dt (tst+ o)
0

— —sc —st d
e /0 e ' f(t)dt

= e *F(s)

O

Frequently, we encounter expressions in the form g(t)h(t — ¢). If f(¢) is replaced by
g(t + ¢) in Theorem 4.2.4 then we obtain

Corollary 4.2.5.
LAgO)n(t —c)} = e LA{g(t+ )} .

e*SC

A simple example of this is when g = 1. Then L{h.} = e™*°L {1} = “—. When
¢ = 0 then £{hg)} = % which is the same as the Laplace transform of the constant
function 1. This is consistent since hg = h =1 for t > 0.

i 0<t<l1
Example 4.2.6. Find the Laplace transform of f(t) = 1 - given in
2 if 1<t<o0

Example 4.2.

» Solution. In Example 4.2.3 we found f(t) = t* 4+ (2 — t*)h(t — 1). By the Corollary
we get

L{f} = %+es£{2—(t+1)2}

= S +eL{-t*-2t+1}
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Example 4.2.7. Find the Laplace transform of

cost if 0<t<nm
ft)y=x1 if m<t<2r
0 if 27 <t < 0.

» Solution. First writing f in terms of on-off switches gives
J =rcost Xjom + 1 Xjm2r) + 0 X2r,00)-
Now rewrite this expression in terms of Heaviside functions:
f=cost (hg— hy) + (hy — hoy) = cost + (1 — cost)h, — hoy.

Since h.(t) = h(t — ¢) the corollary gives

—2sT
F(s) = = j_ Tt e "L{l —cos(t+m)} —
S 1 L8 e 25T
= e - - .
s2+1 s s241 s
In the second line we have used the fact that cos(t + m) = — cost.
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Exercises

Graph each of the following functions defined by means of the unit step function h(t—¢) and/or

the on-off switches x(,,5)-

3. f(t)=(t—1h(t—1)
4. f(t
5. f(t) = t2h(t —2)
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7. f(t) =h(t —7m)cos2(t —m)
8. f(t) =tx[0,1) + (1 = t)x71,3) + 3X[3,00)

For each of the following functions f(t), (a) express f(¢) in terms of on-off switches, (b) express
f(t) in terms of Heaviside functions, and (c) compute the Laplace transform F(s) = L{f(¢)}.

0. f(t) = 0 ifo<t<2,
' S )t—2 if2<t< oo

fo<t<?2,
10. £(t) = if 0 <
t if2<t<oo.
1 ] if0<t<?2,
' o )t+2 if2<t< .
if0<t<4
19, f(t) = 0 if0<t <4,
(t—4)? if4<t<oo.
0 ifo< 4,
13, F(t) = Hfo<t<
2 if4<t< oo
fo< 4
14, f(t) = 0 it0 <t <4,
2—4 if4<t< oo
i <
15. f(t) = 0 if 0 <t <2,
(t—4)? if2<t<oco.
0 fo< 4
16. f(t) = if0<t <4,
et~ if4<t< .
f0<t<4,
17, f(t) = 0 ifo0 <
el if4<t< .
0 fo<
18, f(t) = if 0 <t <6,
e~ i 6 <t < .
fo<t 4
19. f(t) = 0 if 0 <
tet if4 <t < oo.
if 0<t<4
20. f if 4<t<b
if 5<t< 0.
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21.

22.

23.

24.

25.

26.

27.

4.3 The Inversion of the Laplace Transform

THE INVERSION OF THE LAPLACE TRANSFORM

if 0<t<1
if1<t<?2
if 2<t< .

if 0<t<1
if 1<t< 0.

if 0<t<1
if 1<t<?2
if 2<t<3

1 if 2n<t<2n+1
0 if 2n+1<t<2n+2.

t2

4
7t
1—1¢
3—t
5—t
L

1
3t
2t — 3)
2

if 0<t<?2
if 2<t<3
if 3<t< .

if 0<t<?2
if 2<t<4
if 4<t<6

if 0<t<?2
if 2<t<3
if 3<t<4
if 4<t< 0.
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We now turn our attention to the inversion of the Laplace transform. In Chapter 2
we established a one-to-one correspondence between elementary functions and proper
rational functions: for each proper rational function its inverse Laplace transform is a
unique elementary function. For the Heaviside class the matter is complicated by our
allowing discontinuity. Two functions f; and f5 are said to be essentially equal if for
each interval [0, V) they are equal as functions except at possibly finitely many points.
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For example, the functions

1 ifo<t<l L if0si<d 1 ifo<t<l1
1 1
£) = = =43 ift=1 £) = ==
h(®) {2 if 1<t< o0 f2(?) ! fa(®) {2 if1<t< oo
2 ifl<t<o

are essentially equal for they are equal everywhere except at t = 1. Two functions that
are essentially equal have the same Laplace transform. This is because the Laplace
transform is an integral operator and integration cannot distinguish functions that are
essentially equal. The Laplace transform of f1, fo, and f3 in our example above are all
% + ? Here is our problem: Given a transform, like % + ?, how do we decide what
‘the’ inverse Laplace transform is. It turns out that if F'(s) is the Laplace transform of
functions f1, fo € H then f; and f, are essentially equal. For most practical situations
it does not matter which one is chosen. However, in this text we will consistently use
the one that is right continuous at each point. A function f in the Heaviside class is
said to be right continuous at a point « if we have
fla) = f(a™) = lim f(2),
t—at

and it is right continuous on [0,00) if it is right continuous at each point in [0, c0).
In the example above, f; is right continuous while fy and f3 are not. The function f3 is,
however, left continuous, using the obvious definition of left continuity. If we decide to
use right continuous functions in the Heaviside class then the correspondence with its
Laplace transform is one-to-one. We summarize this discussion as a theorem:

Theorem 4.3.1. If F(s) is the Laplace transform of a function in 'H then there is a
unique right continuous function f € H such that L{f} = F. Any two functions in H
with the same Laplace transform are essentially equal.

Recall from our definition that h. is right continuous. So piecewise functions writ-
ten as sums of products of a continuous function and a Heaviside function are right
continuous.

Example 4.3.2. Find the inverse Laplace transform of
—s N 6—35
s2  s—4

and write it as a right continuous piecewise function.

F(s) =

» Solution. The inverse Laplace transforms of S% and ﬁ are, respectively, t and e*.
By Theorem 4.2.4 the inverse Laplace transform of F(s) is

(t — 1)hy + * 3y,
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On the interval [0,1) both ¢ — 1 and e*®~%) are off. On the interval [1,3) only ¢ — 1 is
on. On the interval [3,00) both t — 1 and ¢**=3) are on. Thus

0 if 0<t<1
LHF(s)y=St—1 if 1<t<3
t—1+4e3 if 3<t< oo

The Laplace Transform of ¢t and the Gamma function

We showed in Chapter 2 that the Laplace transform of ¢" is %: for each nonnegative
integer n. One might conjecture that the Laplace transform of t*, for o an arbitrary
nonnegative real number, is given by a similar formula. Such a formula would necessarily
extend the notion of ‘factorial’. We define the gamma function by the formula

F(a):/ ettt
0

It can be shown that the improper integral that defines the gamma function converges as
long as « is greater than 0. The following proposition, whose proof is left as an exercise,
establishes the fundamental properties of the gamma function.

Proposition 4.3.3.
1. T'(a+1) = al'(a) (The fundamental recurrence relation)
2. T(1) =1
3. T(n+1)=nl

The third formula in the proposition allows us to rewrite the Laplace transform of
t" in the following way:

T+
L:{t }:: ——;;IT——.
If « > —1 we obtain
r 1

Sa+1
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(Even though t* is not in the Heaviside class for —1 < o < 0 its Laplace transform still
exists.) To establish this formula fix & > —1. By definition

LA{t} = / e "> dt.
0
We make the change of variable u = st. Then du = sdt and

L{Y (s) = /Oooeuﬂd—“

s S

1 o
= e "u® du
$a+1 0

I'(a+1)
Sa+1

Of course, in order to actually compute the Laplace transform of some non integer
positive power of ¢t one must know the value of the gamma function for the corresponding
power. For example, it is known that F(%) = /7. By the fundamental recurrence

relation I'(3) = iT'(3) = ‘/77? Therefore

Exercises

Compute the inverse Laplace transform of each of the following functions.
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e—’Tl'S
s24+25+5

e—S 6—25

2 T3

6—23

5244

6—25

s2 —4

86—45

10, ———
0 s2+4+3s5s+2

6_25 + 6_35

11.
52 —3s5+2

1— 6755
2

12.
s

1+4e38

13. —

S

2s+1

4. e ™ ——
©c 2 + 65+ 13

2s+1
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Many of the properties of the Laplace transform that we discussed in Chapter 2 for
elementary functions carry over to the Heaviside class. Their proofs are the same.

These properties are summarized below.

Linearity LA{af +bg} =al{f}+bL{g}.
The First Translation Principle L{e™®f}=LA{f}(s—a).
Differentiation in Transform Space L(—tf(t))=F'(s

LA{(=t)"f()} = F™(s).

Integration in Domain Space E({fot f(u) du} = )
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There are a few properties though that need some clarifications. In particular, we
need to discuss the meaning of the fundamental derivative formula

LSy = sL{f} = 1(0),

when f is in the Heaviside class. You will recall that the derivative of an elementary
function is again an elementary function. However, for the Heaviside class this is not
necessarily the case. A couple of things can go wrong. First, there are examples of
functions in H for which the derivative does not exist at any point. Second, even when
the derivative exists there is no guarantee that it is back in H. As an example, consider
the function

f(t) =sine’.

This function is in H because it is bounded (between —1 and 1) and continuous. However,
its derivative is
F(t) = 2te” cose”,

which is continuous but not of exponential type. To see this recall that et is not of
exponential type. Thus at those values of ¢ where cose!” = 1, |f/(t)| is not bounded by
an exponential function and hence f’ ¢ H. Therefore, in order to extend the derivative
formula to H we must include in the hypotheses the requirement that both f and f’ be
in H. Recall that for f in H the symbol f’ is used to denote the derivative of f if f is
differentiable except at a finite number of points on each interval of the form [0, N].

The Laplace Transform of a Derivative

With these understandings we now have

Theorem 4.4.1. If f is continuous and f and f' are in H then

LS} =sLA{f} = 1 (0).

Proof. We begin by computing fON e st f'(t) dt. This integral requires that we consider
the points where f’ is discontinuous. There are only finitely many on [0, N), aq, ..., ax,
say, and we may assume a; < a;41. If we et ag =0 and ay,; = N then we obtain

N k i1
/Oe f@dt:;/ai e f(t) dt,
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and integration by parts gives

N i1
/ et (t)dt = A / e " f(t) dt)
0 a;

N
= S = e+ [t

—0

= S s [0

(f(t)e‘“

.
S| x>
o

~

We have used the continuity of f to make the evaluations at a; and a;.1, which allows
for the collapsing sum in line 2. We now take the limit as N goes to infinity and the
result follows. m

The following corollary is immediate:

Corollary 4.4.2. If f and [’ are continuous and f, f', and " are in H then

L{f"}y = s"L{f} = sf(0) = f(0).

The Laplace Transform Method

The differential equations that we will solve by means of the Laplace transform are first
and second order constant coefficient linear differential equations with a forcing function
fin H:
y +ay=f(t)
y'+ay +by = f(t).

In order to apply the Laplace transform method we will need to know that there is
a solution y which is continuous in the first equation and both y and ¥’ are continuous
in the second equation. These facts were proved in Theorems 4.1.6 and 4.1.8.

We are now in a position to illustrate the Laplace transform method to solve differ-
ential equations with possibly discontinuous forcing functions f.

Example 4.4.3. Solve the following first order differential equation:

y +2y=[f(t), y0)=1,
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where
0 ifo<t<l1
0]

t it 1<t <o00.

» Solution. We first rewrite f in terms of Heaviside functions: f(t) = & Xp1,00)(t) =
thi(t). By Corollary 4.2.5 its Laplace transform is F(s) = e *L{t+ 1} = e *(5+1) =
e*S(S:—Ql). The Laplace transform of the differential equation yields

_s,5+1
sY(s) —y(0) +2Y(s) = e %( = ),
and solving for Y gives
( ) 1 _s s+1
S) =
s+ 2 s2(s+2)

A partial fraction decomposition gives

s+1 1
s2(s+2) 4

and the second translation principle (Theorem 4.2.4) gives

1 1 1 1 1 1 1
) = £} Ll eet= b+ LT et S b — =L e
y(t) {5+2}+4 {e 5}+2 REEE B R
1 1 1
-2t —2(t—1)
= - —(t—1Dh — = :
e o+ 2(t Yha 7€ ha
o2t if 0<t<1
e+ 12t —1)— 12D if 1<t < o0

We now consider a mixing problem of the type mentioned in the introduction to this
chapter.

Example 4.4.4. Suppose a tank holds 10 gallons of pure water. There are two input
sources of brine solution: the first source has a concentration of 2 pounds of salt per
gallon while the second source has a concentration of 3 pounds of salt per gallon. The
first source flows into the tank at a rate of 1 gallon per minute for 5 minutes after which
it is turned off and simultaneously the second source is turned on at a rate of 1 gallon
per minute. The well mixed solution flows out of the tank at a rate of 1 gallon per
minute. Find the amount of salt in the tank at any time t.
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» Solution. The principles we considered in Chapter 1.1 apply here:
y'(t) = Rate in — Rate out.

Recall that the input and output rates of salt are the product of the concentration of
salt and the flow rates of the solution. The rate at which salt is input depends on the
interval of time. For the first five minutes, source one inputs salt at a rate of 2 lbs per
minute, and after that, source two inputs salt at a rate of 3 lbs per minute. Thus the
input rate is represented by the function

2 i 0<t<h
1) = -
f® {3 it 5<t<o0.

The rate at which salt is output is %) Ibs per minute. We therefore have the following
differential equation and initial condition:
y(t)

y=rm-L2 yo=o

Rewriting f in terms of Heaviside functions gives f = 2x(0,5)+3X[5,00) = 2(ho—hs)+3hs =
2 + hs. Applying the Laplace transform to the differential equation and solving for
Y(s) = £{} (5) gives

o - () )

2 s 1
= . te I
(s+15)s (5 +15)8
20 20 5,10 s 10
= — = —+te " ——e -
S S+E S S—f-m

Taking the inverse Laplace transform of Y (s) gives

y(t) = 20— 2071 + 10hs(t) — 10e™ T hy(t)
20 — 20e~ 10 if 0<t<5
)30 =201 —10e~®  if 5<t< 0.

The graph of y is given in Figure 4.13. As expected we observe that the solution is
continuous, but the small kink at ¢ = 5 indicates that there is a discontinuity of the
derivative at this point. This occurred when the flow of the second source, which had a
higher concentration of salt, was turned on. |
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30*:
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15%

104

0 10 20 t 30 40 50

Figure 4.13: The solution to a mixing problem with discontinuous input function.

Exercises

Solve each of the following initial value problems.

0 ifo<t<l1
1.y + 2y = f(t) where f(t) = - 0) = 0.
y'+ 2y = f(t) where f({) {_3 1 y(0)

-2 ifo<t<1
2. vy 4+ 2y = f(t) where f(t) = - 0) = 0.
Y +2y = f(t) f(@) {2 1 y(0)
Hfo<t<l1
if1<t<3 y(0)=0.
ift>3

3. ¥ + 2y = f(t) where f(t) =

S N O

t ifo<t<1
4. ¥ +2y = f(t) wh t) = = 0) = 0.
Yy + 2y = f(t) where f(2) {0 e 1 y(0)

5. y"+9y =h(t—3), y(0)=0,1y'(0)=0.

1 ifo<t<5
6. 3y’ — 5y +4y = f(t) where f(t) = - 0)=0, ¥/(0)=1.
y' =5y +4y = f(t) f(t) {0 1> 5 y(0) y'(0)
0 if0<t<1
7.y +5y+6y=4¢2 if1<t<3 y(0)=0, y(0)=0.
0 ift>3

8. y"+9y = h(t—2m)sint, y(0)=1,y(0) =0.
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9. y"+2y +y=nh(t-3), y(0)=0,y(0)=

10. y" +2y +y =h(t —3)e', y(0)=0,4'(0)=1.

4.5 The Dirac Delta Function

In applications we may encounter an input into a system we wish to study that is very
large in magnitude, but applied over a short period of time. Consider, for example, the
following mixing problem:

Example 4.5.1. A tank holds 10 gallons of a brine solution in which each gallon contains
2 pounds of dissolved salt. An input source begins pouring fresh water into the tank at
a rate of 1 gallon per minute and the thoroughly mixed solution flows out of the tank
at the same rate. After 5 minutes 3 pounds of salt are poured into the tank where it
instantly mixes into the solution. Find the amount of salt at any time t.

This example introduces a sudden action, namely, the sudden input of 3 pounds of
salt at time ¢ = 5 minutes. If we imagine that it actually takes 1 second to do this
then the average rate of input of salt would be 3 lbs/ sec = 1801bs/min. Thus we see
a high magnitude in the rate of input of salt over a short interval. Moreover, the rate
multiplied by the duration of input gives the total input.

More generally, if r(t) represents the rate of input over a time interval [a,b] then
fabr(t) dt would represent the total input over that interval. A unit input means that
this integral is 1. Let ¢ = ¢ > 0 be fixed and let € be a small positive number. Imagine
a constant input rate over the interval [c,c + €) and 0 elsewhere. The function d.. =
% Xe,c+¢) Tepresents such an input rate with constant input (%) over the interval [c, ¢+ €)

( c.f. section 4.2 where the on-off switch x[, ) is discussed). The constant % is chosen so

that the total input is
[ee] 1 cte 1
/ dc75dt:—/ ldt =-e=1.
0 €Je €
1

For example, if € = 5 min, then 3d5. would represent the input of 3 Ibs of salt over a 1

second interval beginning at t = 5.

Figure 4.14 shows the graphs of d,. . for a few values of €. The main idea will be to take
smaller and smaller values of €, i.e. we want to imagine the total input being concentrated
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10 ]

1,
|

6s 30 60s

Figure 4.14: Approximation to a delta function

at the point c. Formally, we define the Dirac delta function by 0.(t) = lim, o+ d.(?).
Heuristically, we would like to write

§c(t):{oo if t=c

0 elsewhere,

with the property that fooo dc(t) dt = lim,_q fooo d..dt = 1. Of course, there is really
no such function with this property. (Mathematically, we can make precise sense out
of this idea by extending the Heaviside class to a class that includes distributions or
generalized functions. We will not pursue distributions here as it will take us far
beyond the introductory nature of this text.) Nevertheless, this is the idea we want to
develop, at least formally. We will consider first order constant coefficient differential
equations of the form
Y +ay = f(t)

where f involves the Dirac delta function ¢.. It turns out that the main problem lies in
the fact that the solution is not continuous, so Theorem 4.4.1 does not apply. Neverthe-
less, we will justify that we can apply the usual Laplace transform method in a formal
way to produce the desired solutions. The beauty of doing this is found in the ease in
which we can work with the ”Laplace transform” of ..

We define the Laplace transform of d. by the formula:
LA{6:.} = lir% LAd..}.
Theorem 4.5.2. The Laplace transform of d. is

L{5.} =e
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Proof. We begin with d...

1
£ {dc,e} - EE {hc - hc+e}

1 /e — e—(c—i—e)s
e
B e (1 — €5
s € '

We now take limits as € goes to 0 and use L’Hospitals rule to obtain:

S e—0 €

—CS 1 _ —€S —CS
L{o:.} = liI%E {dec} = ‘ (Iim ‘ ) =S sz

We remark that when ¢ = 0 we have £ {dp} = 1. By Theorem 4.2.1 there is no Heav-
iside function with this property. Thus, to reiterate, even though £ {.} is a function,
. is not. We will frequently write § = dg. Observe that J.(t) = 6(t — ¢).

The mixing problem from Example 4.5.1 gives rise to a first order linear differential
equation involving the Dirac delta function.

» Solution. Let y(¢) be the amount of salt in the tank at time ¢. Then y(0) = 20 and
y’ is the difference of the input rate and the output rate. The only input of salt occurs
at t = 5. If the salt were input over a small interval, [5,5 + €) say, then %X[5,5+e) would
represent the input of 3 pounds of salt over a period of € minutes. If we let € go to zero
then 3d5 would represent the input rate. The output rate is y(¢)/10. We are thus led to
the differential equation:

/ Y
= =30 0) = 20.
Yy + 10 5 y( )

The solution to this differential equation will fall out of the slightly more general
discussion we give below.
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Differential Equations of the form i/ + ay = k¢,

We will present progressively four methods for solving
y' +ay="ké,  y(0)=yo. *

The last method, the formal Laplace Transform Method, is the simplest method and
is, in part, justified by the methods that precede it. The formal method will thereafter be
used to solve equations of the form x and will work for all the problems introduced in this
section. Keep in mind though that in practice a careful analysis of the limiting processes
involved must be done to determine the validity of the formal Laplace Transform method.

Method 1. In our first approach we solve the equation

, k
Y+ ay = “Xpeero, y(0) = yo

and call the solution y.. We let y(t) = lim._y.. Then y(t) is the solution to y' + ay =
koe, y(0) = yo. Recall from Exercise 77 the solution to

Y +ay = Ax|a, 8),  y(0) = yo,
is
) 0 if 0<t<a
) = e+ 21— e it asi<p
e~ t=P) _gmalt=0)  {f B <t < 0.

Welet A=% a=c and f=c+etoget

e’

i 0 if 0<t<e
Ye(t) = yoe " + e 1 — e at=) if e<t<c+e
e-olt=c=e) _ g=all=0)  if ¢4 <t < 0.

The computation of lim. oy, is done on each interval separately. If 0 < t < ¢ then

Ye = yoe~* is independent of € and hence

lir% ye(t) = yoe ™ 0<t<e

If ¢ <t < oo then for € small enough, ¢+ € < ¢t and thus

—a k —a(t—c—e —a(t—c —a k —a(t—c e —1
Ye(t) = yoe ' 4 —(e77e79) — emallmAy — ypemat 4 Zemalt=e) :
ae a

€

Therefore

t—c)

lir% Ye(t) = yoe ™ + ke c<t<oo.
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We thus obtain
yoe 4 if 0<t<e
y<t> - —at —a(t—c) :
Yyoe ¥ + ke if ¢c<t<oo.

In the mixing problem above the infusion of 3 pounds of salt after five minutes will
instantaneously increase the amount of salt by 3; a jump discontinuity at ¢ = 5. This
is seen in the solution y above. At t = c¢ there is a jump discontinuity of jump k. Of
course, the solution to the mixing problem is obtained by setting a = %, k=3,c=05,
and yo = 20:

20e 10 if 0<t<5
y(t) = it _t=5 .
20e710 + 3e” 10 if 5<t<o0,

whose graph is given in Figure 4.15. We observe that y(57) = 20e™"/2 ~ 12.13 and

207
18
16
14

0T e e T 12 1 16 18 20
Figure 4.15: Graph of the Solution to the Mixing Problem

y(5%) = 20712 + 3 ~ 15.13. Also notice that y(5%) is y(5~) plus the jump 3.

Method 2. Our second approach realizes that the mixing problem stated above can
be thought of as the differential equation, y’'+ %y = 0, defined on two separate intervals;
(1) on the interval [0, 5) with initial value y(0) = 20 and (2) on the interval [5, 00) where
the initial value y(5) is the value of the solution given in part (1) at t = 5, plus the jump
3. We apply this idea to our more generic initial value problem, Equation x.

On the interval [0, ¢) we solve ¢’ 4+ ay = 0 with initial value y(0) = yo. The general
solution is easily seen to be y = be™ . The initial value y(0) = yo gives b = yo. The

solution on [0, ¢) is thus
at

Yy = Yoe .
On the interval [c, 00) we solve y' + ay = 0 with initial value y(c) = yoe * + k. (y(c)
is the value of the solution just obtained at ¢ = ¢ plus the jump k.) Again the general
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at ac

solution is y = be™* and the initial condition implies be™* = ype~* + k. Solving for b

gives b = yog + ke®. Thus
y = yoefat + kefa(tfc)7

on the interval [c,00). Piecing these two solutions together yields

_ Jyoe™™ if 0<t<c
4 yoe ™ + ke "9 if c<t<oo
which, as it should be, is the same solution we obtained by method 1.

Method 3. In this method we want to focus on the differential equation, ¢y +ay = 0
on the entire interval [0, c0) with the a priori knowledge that there is a jump discontinuity
at t = c¢. Recall from Theorem 4.4.1 that when y is continuous and both y and ¢ are in
‘H we have the formula

L{y'}(s) = sY(s) = y(0).
We cannot apply this theorem as stated for y is not continuous. But if y has a single
jump discontinuity at t = ¢ we can prove a slight generalization of Theorem 4.4.1.

Theorem 4.5.3. Suppose y and y' are in H and y is continuous except for one jump
discontinuity at t = ¢ with jump k. Then

L{y'} (s) = sY(s) = y(0) — ke™.

Proof. Let N > c¢. Then integration by parts gives

N c N
/ e Sy (t)dt = / e Sy(t) dt + / e Sy(t) dt
0 0 c

c N

= e‘“y(t)|8 + 8/0 e‘“y(t) dt + e‘“y(t)uv + 8/ e_Sty(t) dt
= / ety (t) dt + e~ Ny(N) — y(0) — e*(y(c) — y(c).

We take the limit as NV goes to infinity and obtain:

LAy} =sLA{y} —y(0) — ke™™.

We apply this theorem to the initial value problem

Y +ay =0, y(0) = yo
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with the knowledge that the solution y has a jump discontinuity at ¢t = ¢ with jump k.
Apply the Laplace transform to to the differential equation to obtain:

sY(s) —y(0) — ke *“ 4+ aY(s) = 0.

Solving for Y gives

Yo Tk € '
S+a sS+a
Applying the inverse Laplace transform gives the solution

Y(s) =

y(t) = yoe " 4 ke UIh (1)

yoe ¢ if 0<t<e
yoe  + kemt=9)  if ¢ <t < oo0.

Method 4: The Formal Laplace Transform Method. We now return to the
differential equation

Y + ay = ko, y(0) = vo

and apply the Laplace transform method directly. That we can do this is partly justified
by method 3 above. From Theorem 4.5.2 the Laplace transform of ko, is ke™*¢. This
is precisely the term found in Theorem 4.5.3 where the assumption of a single jump
discontinuity is assumed. Thus the presence of kd. automatically encodes the jump
discontinuity in the solution. Therefore we can (formally) proceed without any advance
knowledge of jump discontinuities. The Laplace transform of

Y + ay = kd., y(0) = vo

gives

sY (s) —y(0) + kY (s) = ke *

and one proceeds as at the end of method 3 to get

yoe ¥ if 0<t<e
y(t) - —at —a(t—c) :
Yoe ¥ + ke if e<t< oo.

4.6 Impulse Functions

An impulsive force is a force with high magnitude introduced over a short period of
time. For example, a bat hitting a ball or a spike in electricity on an electric circuit
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both involve impulsive forces and are best represented by the Dirac delta function. In
this section we will consider the effect of the introduction of impulsive forces into such
systems and how they lead to second order differential equations of the form

my” + py' 4+ ky = Ko(t).

As we will soon see the effect of an impulsive force introduces a discontinuity not in y
but its derivative /.

If F(t) represents a force which is 0 outside a time interval [a,b] then [° F(t)dt =

f;F(t) dt represents the total impulse of the force F(t) over that interval. A unit
impulse means that this integral is 1. If F'is given by the acceleration of a constant
mass then F(t) = ma(t), where m is the mass and a(t) is the acceleration. The total
impulse

b b
/ F(t)dt = / ma(t) dt = mv(b) — mv(a)

represents the change of momentum. (Momentum is the product of mass and velocity).
Now imagine this force is introduced over a very short period of time, or even instan-
taneously. As in the previous section, we could model the force by d.. = %X[Cﬁcﬂ) and
one would naturally be lead to the Dirac delta function to represent the instantaneous
change of momentum. Since momentum is proportional to velocity we see that such
impacts lead to discontinuities in the derivative 3/.

Example 4.6.1. (see Chapter 3.8 for a discussion of spring-mass-dashpot systems) A
spring is stretched 49 cm when a 1 kg mass is attached. The body is pulled to 10 cm
below its spring-body equilibrium and released. We assume the system is frictionless.
After 3 sec the mass is suddenly struck by a hammer in a downward direction with total
impulse of 4 kg-m/sec. Find the motion of the mass.

» Solution. We will work in units of kg, m, and sec. Thus the spring constant k is
given by 1(9.8) = k15, so that k = 20. The initial conditions are given by y(0) = .10
and ¢/(0) = 0, and since the system is frictionless the rewritten initial value problem is

y" + 20y = 493, y(0) = .10, ¢'(0) =0.

We will return to the solution of this problem after we discuss the more general
second order case.
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Differential Equations of the form y" + ay’ + by = K,

Our goal is to solve
y' +ay +by =Ko, y(0) =y, ¥(0)=w *

using the formal Laplace transform method that we discussed in Method 4 of Section
4.5.

As we discussed above the effect of K. is to introduce a single jump discontinuity
in 3/ at t = ¢ with jump K. Therefore the solution to (x) is equivalent to solving

y'+ay +by=0

with the advanced knowledge that ' has a jump discontinuity at ¢ = c. If we apply
Theorem 4.5.3 to y' we obtain

Lyy"} = sL{y'}—y(0) — Ke™™
= 5°Y(s) —sy(0) —¢/(0) — Ke™*¢
Therefore, the Laplace transform of y” + ay’ + by = 0 leads to
(s* +as + b)Y (s) — sy(0) — y'(0) — Ke™ =0.

On the other hand, if we (formally) proceed with the Laplace transform of Equation (x)
without foreknowledge of discontinuities we obtain the equivalent equation

(s* + as + b)Y (s) — sy(0) — ¢/ (0) = Ke™*“.

Again, the Dirac function J. encodes the jump discontinuity automatically. If we proceed

as usual we obtain
sy(0) +/(0) Ke™*

s2+as+b  s2+as+b
The inversion will depend on the way the characteristic polynomial factors.

Y(s) =

We now return to the example given above. The equation we wish to solve is

Y+ 20y =465,  y(0)=.10, ¢'(0)=0.

» Solution. We apply the formal Laplace transform to obtain

s e~3s

Y(s) = .
)= 20t 2120
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The inversion gives

Y() = = cos(v201) + —— sin(v/20 (¢ — 3))hs (1)

10 V20
if 0<t<3

= — 0t =
COS(\/_ )+ {\/lzfosm(\/%(t—?))) if 3<t<o0.

Figure 4.16 gives the graph of the solution. You will note that y is continuous but the

AL
VYT

Figure 4.16: Harmonic motion with impulse function

little kink at ¢t = 3 indicates the discontinuity of y’. This is precisely when the impulse
to the system was delivered. <

Exercises

Solve each of the following initial value problems.

Loy +2y=24(t), y(0)
2.y +2y=01(t), y(0)=
)

3.y +2y=01(t) — d3(t), y(0)=0

4y +4y = 0:(t), y(0)=0, y(0) =1

5.y 44y = 0x(t) = Gax(t), w(0) =0, ¥/(0) =0
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6. y" +4y = 0x(t) = b2x(t), y(0)=1, y'(0)=0
7. 9"+ 4y + 4y =361(¢), y(0)=0, ¥'(0)=0
8. ¢ + 4y +4y =361(t), y(0)=-1, /' (0)=3
9. v + 4y + 5y =301(t), y(0)=0, y(0)=0
10. o' + 4y’ + 5y = 361(t), y(0)=—1, ¥/ (0) =3
11. 3" + 4y + 20y = 6,(t) — d2(t), y(0) =1, ¥/ (0) =0

12. ¢ — 4y’ — by = 2e "+ 85(t), y(0) =0, y'(0)=0

4.7 Periodic Functions

In modelling mechanical and other systems it frequently happens that the forcing func-
tion repeats over time. Periodic functions best model such repetition.

A function f defined on [0, 00) is said to be periodic if there is a positive number
p such that f(t + p) = f(t) for all ¢ in the domain of f. We say p is a period of
f. If p > 0 1is a period of f and there is no smaller period then we say p is the
fundamental period of f although we will usually just say the period. The interval
[0,p) is called the fundamental interval. If there is no such smallest positive p for a
periodic function then the period is defined to be 0. The constant function f(¢) = 1is an
example of a periodic function with period 0. The sine function is periodic with period
27 sin(t 4 27m) = sin(t). Knowing the sine on the interval [0, 27) implies knowledge of
the function everywhere. Similarly, if we know f is periodic with period p > 0 and we
know the function on the fundamental interval then we know the function everywhere.
Figure 4.17 illustrates this point.

The Sawtooth Function

A particularly useful periodic function is the sawtooth function. With it we can express
other periodic functions simply by composition. Let p > 0. The saw tooth function is
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[5) 2p . 3p 4p

Figure 4.17: An example of a periodic function with period p. Notice how the interval
[0, p) determines the function everywhere.

given by

t if 0<t<p
t—p if p<t<2p

<t>,= . .
P t—2p if 2p<t<3p

It is periodic with period p. Its graph is given in Figure 4.18.

p-
) ////i////i////;////
p 2p . 3p 4p

Figure 4.18: The Sawtooth Function <t >, with period p

The sawtooth function < ¢ >, is obtained by extending the function y = ¢ on the

interval [0, p) periodically to [0,00). More generally, given a function f defined on the
interval [0, p), we can extend it periodically to [0,00) by the formula

Ft) if 0<t<p

f(t—p) if p<t<2p
f(t—=2p) if 2p<t<3p
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This complicated piecewise definition can be expressed simply by the composition of f
and <t >

fl<t>,).

For example, Figure 4.19 is the graph of y = sin(< ¢ >.). This function, which is
periodic with period , is known as the rectified sine wave.

17

T 2)‘(T[ éTt 4ﬁ

Figure 4.19: The Rectified Sine Wave: sin(< ¢ >)

The Staircase Function

Another function that will be particularly useful is the staircase function. For p > 0 it
is defined as follows:

0 if t€[0,p)
p if t€[p,2p)

U 2p if t€[2p,3p)°

Its graph is given in Figure 4.20. The staircase function is not periodic. It is useful in
expressing piecewise functions that are like steps on intervals of length p. For example,
if f is a function on [0, 00) then f([t],) is a function whose value on [np, (n + 1)p) is the
constant f(np). Figure 4.21 illustrates this idea with the function f(t) =1 —e™* and
p=0.5.

Observe that the staircase function and the sawtooth function are related by

<t >,=t—[t],
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5p-
4p-
3p-

2p

P 2p 3‘@ 4ap 5p

Figure 4.20: The Staircase Function: [t],

0.8

0.6

0.4

0.2

Figure 4.21: The graph of 1 —e~* and 1 — e~

The Laplace Transform of Periodic Functions

Not surprisingly, the formula for the Laplace transform of a periodic function is deter-
mined by the fundamental interval.

Theorem 4.7.1. Let f be a periodic function in H and p > 0 a period of f. Then

LU =y /0 Sty dt
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Proof.

Lif}(s) = / oL

0

— /Op e S f(t) dt + /OO e S f(t) dt

However, the change of variables t — t 4+ p in the second integral and the periodicity of
f gives

/ h e S f(t)dt = /0 h e~ D) f(t + p) dt

= e /OOO e S f(t)dt
= e PL{f}(5).

Therefore

L{f}(s) = /p e f(t)dt + e TL{f} (s).

0
Solving for £ {f} gives the desired result. O

Example 4.7.2. Find the Laplace transform of the square-wave function sw, given
by

1 iftel2 2 1
swe(t) = { if ¢ € 2nc, (2n+1)c) for each integer n.

0 if te[2n+1)c (2n+2)c)

» Solution. The square-wave function sw.. is periodic with period 2¢. Its graph is given
in Figure 4.22 and, by Theorem 4.7.1, its Laplace transform is

1+ —_— —_— _—

¢ 2c 3c . 4c 5c 6C 7c

Figure 4.22: The graph of the square wave function sw,
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L{swi(s) = — /0 et sw (1) di

1 _ ¢ 2cs

= ; /C e st dt
1—e2s |

B 1 l—e

1= (e—sc)2 s

1

T l4ecs

Example 4.7.3. Find the Laplace transform of the sawtooth function <t >,.
» Solution. Since the sawtooth function is periodic with period p and since <t >,=1
for 0 <t < p, Theorem 4.7.1 gives

1 P
L{<t>,}(s) = —/ et dt.
0

e

Integration by parts gives
P te st 1 7 e P 1 e e —1
0 —S 0 s

With a little algebra we obtain

spe~°P
1—esp

L{<t>}(s) = (1 -

52

).

As mentioned above it frequently happens that we build periodic functions by re-
stricting a given function f to the interval [0,p) and then extending it to be periodic
with period p: f(< t >,). Suppose now that f € H. We can then express the Laplace
transform of f(< ¢ >,) in terms of the Laplace transform of f. The following corollary
expresses this relationship and simplifies unnecessary calculations like the integration by
parts that we did in the previous example.

Corollary 4.7.4. Let p > 0 Suppose f € H. Then

CAf(<t )} (s) = ——L{f — [hy}.

1 —esp
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Proof. The function f — fh, = f(1—h,) is the same as f on the interval [0, p) and 0 on
the interval [p, 00).. Therefore

[ et = [T e - ronoa = £47 - ).

The result now follows from Theorem 4.7.1. OJ

Let’s return to the sawtooth function in Example 4.7.3 and see how Corollary 4.7.4
simplifies the calculation of its Laplace transform.

L{<t>)(s) = ——r{t—th)

1 —esp

1 1
= 1 — - <S—2—€ pﬁ{t—l—p})

_ 1 1 e_spl + sp
1 —esp \ 52 52

1 spe”°P
= —|1- :
52 1—esp

The last line requires a few algebraic steps.

Example 4.7.5. Find the Laplace transform of the rectified sine wave sin(< ¢ >,). See
Figure 4.19.

» Solution. Corollary 4.7.4 gives

L{sin(<t>;)} = %@‘“ﬁ {sint —sint h.(t)}

1 1 —7s :
i (52—{—1_6 £{51n(t+7r)})

B 1 1+e7 7
o l—e s\ 241 )7

where we use the fact that sin(t + 7) = — sin(¢). <
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The inverse Laplace transform

The inverse Laplace transform of functions of the form

1

1—ep

F(s)

is not always a straightforward matter to find unless, of course, F(s) is of the form
LA{f — fhy} so that Corollary 4.7.4 can be used. Usually though this is not the case.
Let r be a fixed real or complex number. Recall that the geometric series

Zr":1+r—|—7’2—|—r3+-~

n=0

converges to —— when |r| < 1. Since ™7 < 1 for s > 0 we can write

n=0
and therefore
1 oo
_ —snp
)= )

If f=L"'{F} then a termwise computation gives

£ {1 —1e—spF(S)} - Zﬁ_l {e_son(S)} - Z f(t = np)huy(t).

On an interval of the form [Np, (N + 1)p) the function h,, is 1 for n =0,..., N and 0
otherwise. We thus obtain

[e's) N
_ 1
£ {1 - e—spF(S)} = (Z f(t = "p)> X[Np,(N+1)p)-
N=0 \n=0
A similar argument gives
1 %) N
o { 1+ e—SPF(S)} - Z (Z(—l)"f(t - np)) X[Np,(N+1)p)-

N=0 \n=0

For reference we record these results in the following theorem:

Theorem 4.7.6. Let p > 0 and suppose L{f(t)} = F(s). Then
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L L =F ()} =N (Zg:o f(t— np)) X[Np.(N+1)p)-

2 L F(9)} = X (Sase(= 1"t = 1) ) Xiwpvs 1)
Example 4.7.7. Find the inverse Laplace transform of

1
(1—e25)s

» Solution. If f(t) = 1 then F(s) = ! is its Laplace transform. We thus have

s

1 1 o =
L~ {m} = Z (Z ft— 2”)) X[2N,2(N+1))

N=0 \n=0
o0

= Z<N+ 1)X[2n.2(N+1))

N=0
1 o0
= 1+ Z 2N XN 2(N+1)

2
N=0

= 1+ i[t]g.

Mixing Problems with Periodic Input

We now turn our attention to two examples. Both are mixing problems with periodic
input functions.

Example 4.7.8. Suppose a tank contains 10 gallons of pure water. Two input sources
alternately flow into the tank for 1 minute intervals. The first input source is a brine
solution with concentration 1 pound salt per gallon and flows (when on) at a rate of 5
gallons per minute. The second input source is pure water and flows (when on) at a
rate of 5 gallons per minute. The tank has a drain with a constant outflow of 5 gallons
per minute. Let y(t) denote the total amount of salt at time ¢. Find y(¢) and for large
values of t determine how y(t) fluctuates.
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» Solution. The input rate of salt is given piecewise by the formula

{5 if 2n <t<2n+1) 5 swi (1)
= JISWj .

0 i 2n+1<t<2n+2

The output rate is given by
y(t)
10

This leads to the first order differential equation

- D.

L —sewit)  y(0)=0.

/
yTsg

A calculation using Example 4.7.2 gives that the Laplace transform is

5 1 1
1+e s(s+3)

Y(s) =

and a partial fraction decomposition gives

1 1 1 1
1

Y(s) =10 .
(5) l+es s l+e s+1

Now apply the inverse Laplace transform. By Theorem 4.7.6 the inverse Laplace trans-
form of the first expression is

co N )
10 Z Z(_l)nX[N,N+1) =10 Z X[2N2N+1) = 105w (2).
N=0 n=0 N=0
By Theorem 4.7.6 the inverse Laplace transform of the second expression is

oo N
1022 Xy = 10e” : ZZ % )" XN N+1)

N=0n=0 N=0 n=0

10e72t [14e2  if te[N,N+1) (N even)
l—e>2 if t€[N,N+1)(Nodd)

Finally, we put these two expression together to get our solution
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y(t) = 10swy(t) —

106~ 3¢ {1 +e's if te[N,N+1) (N even) 0

l4er |1—e2  if te[N,N+1) (N odd)
ef%t+eit?y+1 :
10_101—1 lf t e [N,N+1) (N even)
+e2
- _1, —t+N41
T " if te[N,N+1) (N odd)

T
14e2

The graph of y(t), obtained with the help of a computer, is presented in Figure 4.23.

0 2 4 6 8 1;0 12 14 16 18 20
Figure 4.23: A mixing problem with square wave input function.

The solution is sandwiched in between a lower and upper curve. The lower curve, [(t),
is obtained by setting ¢ = m to be an even integer in the formula for the solution and
then continuing it to all reals. We obtain

e_%m + eimgmﬂ e_%m + e%
I(m)=10—-10 - =10 - 10———
1+e2 1+ez
and thus
e"3l 4 3
() =10 - 109"
1+e2

In a similar way, the upper curve, u(t), is obtained by setting ¢ = m~ to be an odd
integer and continuing to all reals. We obtain
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An easy calculation gives

1 1
limg oo I() = 10 — 125 ~ 3.78  and lim; . u(t) = 225 ~ 6.22.
1+e2 1+e2

This means that the salt fluctuation in the tank varies between 3.78 and 6.22 pounds
for large values of t. <

In practice it is not always possible to know the input function, f(¢), precisely.
Suppose though that it is known that f is periodic with period p. Then the total input
on all intervals of the form [np,(n + 1)p) is frf;lﬂ)pf(t) dt = h, a constant. On the
interval [0, p) we could model the input with a Dirac delta function concentrated at a
point, ¢ say, and then extend it periodically. We would then obtain a sum of Dirac delta
functions of the form

a(t) = h(dec+ Oetp + Ocyop + )

that may adequately represent the input for the system we are trying to model. Addi-
tional information may justify distributing the total input over two or more points in
the interval and extend periodically. Whatever choices are made the solution will need
to be analyzed in the light of empirical data known about the system. Consider the
example above. Suppose that it is known that the input is periodic with period 2 and
total input 5 on the fundamental interval. Suppose additionally that you are told that
the distribution of the input of salt is on the first half of each interval. We might be led
to try to model the input on [0,2) by 360 + %61 and then extend periodically to obtain

a(t) = g i On.-
n=0

Of course, the solution modelled by the input function a(t) will differ from the actual
solution. What is true though is that both exhibit similar long term behavior. This can
be observed in the following example.

Example 4.7.9. Suppose a tank contains 10 gallons of pure water. Pure water flows
into the tank at a rate of 5 gallons per minute. The tank has a drain with a constant
outflow of 5 gallons per minute. Suppose g pounds of salt is put in the tank each minute
whereupon it instantly and uniformly dissolves. Assume the level of fluid in the tank is
always 10 gallons. Let y(t) denote the total amount of salt at time ¢. Find y(¢) and for
large values of ¢ determine how y(t) fluctuates.

» Solution. As discussed above the input function is gzzozl 0, and therefore the dif-
ferential equation that models this system is

[e.9]

1 5
!
— == — 5 f— .
vrgy 2§ n Y(0)=0

n=1
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The Laplace transform leads to

SR |
Y(S):§Z€ E,
n=0

and inverting the Laplace transform gives

y(t) = =3 e EMh, )

Figure 4.24: A mixing problem with a periodic Dirac delta function: The solution to the
differential equation 1’ + %y = g oo 1 0n y(0)=0.

a lower and upper curve. The lower curve, [(t), is obtained by setting ¢ = m to be an
integer in the formula for the solution and then continuing it to all reals. We obtain

5 —m+m-+1 5 m

2 2

[(m) = m(6_7 —e )= m(e_
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and thus

() = ———(e72 —e2

0= e
In a similar way, the upper curve, u(t), is obtained by setting t = (m + 1)~ (an integer
slightly less than m + 1) and continuing to all reals. We obtain

u(t) = —(e72 —1
0= s—p Y
An easy calculation gives
1
. __—Be? : =5
limy oo I(t) = it 3.85 and lim; . u(t) e hy = 6.35.

This means that the salt fluctuation in the tank varies between 3.85 and 6.35 pounds
for large values of t. <

A comparison of the solutions in these examples reveals similar long term behavior
in the fluctuation of the salt content in the tank. Remember though that each problem
that is modelled must be weighed against hard empirical data to determine if the model
is appropriate or not. Also, we could have modelled the instantaneous input by assuming
the input was concentrated at a single point, rather than two points. The results are
not as favorable. These other possibilities are explored in the exercises.

4.8 Undamped Motion with Periodic Input

In Section 3.7 we discussed various kinds of harmonic motion that can result from
solutions to the differential equation

ay” + by +cy = f(1).

Undamped motion led to the differential equation

ay” +cy = f(t). (1)
In particular, we explored the case where f(t) = Fjcoswt and were led to the solution
F
a(ﬁQ—Ew?) (coswt —cos ft) if f#w

y(t) = (2)

E
—0 tsinwt if 8 =w,
aw
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where 3 = \/E . The case where (3 # w gave rise to the notion of beats, while the case
[ = w gave us resonance. Since coswt is periodic the system that led to Equation 1
is an example of undamped motion with periodic input. In this section we will
explore this phenomenon with two further examples: a square wave periodic function,
sw. and a periodic impulse function, > 7/ 0,.. Both examples are algebraically tedious,
so you will be asked to fill in some of the algebraic details in the exercises. To simplify
the notation we will rewrite Equation (1) as

y'+ 0%y = g(t)

and assume y(0) = y/(0) = 0.

Undamped Motion with square wave forcing function

Example 4.8.1. A constant force of r units for ¢ units of time is applied to a mass-
spring system with no damping force that is initially at rest. The force is then released
for ¢ units of time. This on-off force is extended periodically to give a periodic forcing
function with period 2c¢. Describe the motion of the mass.

» Solution. The differential equation which describes this system is

y'+ By =rswe(t), y(0)=0,y'(0)=0 (3)

where sw, is the square wave function with period 2c and 32 is the spring constant. By
Example 4.7.2 the Laplace transform leads to the equation

1 1 r 1 1 s
Y = = - - 4
(s) e s(s24+0%)  [Pl4esc (s 52+52) @)
r 11 r 1 B
frl4escs  [Pl+escs?+ 32

Let
T 1 1 r 1 S

Fils) = B21l+es and - Fas) = B4 e s 4 32

Again, by Example 4.7.2 we have

fi(t) = =5 swe(t). (5)

5
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By Theorem 4.7.6 we have

folt) = ﬁi > (Z )" cos(Bt — nﬁ@) X[Ney(N+1)e)- (6)
N=0

We consider two cases.

fBc is not an odd multiple of =

Lemma 4.8.2. Suppose v is not an odd multiple of m and let a = % Then

1. Zflvzo(—l)” cos(ut+nv) = & (cosu + asinu + (—1)"(cos(u + Nv) — asin(u + Nv))
2. N (1) sin(utnv) =

N[

(sinu — acos(u) + (—=1)N(sin(u + Nv) + accos(u + Nv)).

Proof. The proof of the lemma is left as an exercise. m

Let u = gt and v = —fc. Then a = 1::215((%2) In this case we can apply part (1) of
the lemma to Equation (6) to get

o0

fo(t) = ZLﬁ? Z (cos Bt 4+ asin Bt + (—1) (cos B(t — N¢) — asin 3(t — N¢)) Xven+1)e

= 252 ~=5(cos Bt + asin §t) + 252(—1)“/‘:]1(0056 <t>,—asinf <t>,). (7)
Let
yi(t) = ﬁLSWC(t) - %m(—l)[t/c]l(cosﬂ <t>.—asinf <t>,)
— 2ﬁ2 (2swe(t) — (=) (cos B < t >, —asinf <t >.))
and
yo(t) = 252 —(cos ft + asin [3t).
Then

y(t) = f1( ) = f2(t) = y1(t) + y2()
= 252 (2swe(t) — (=) (cos B < t >, —asinf <t >.))

252 —(cos 5t + acsin ft). (8)
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A quick check shows that 1, is periodic with period 2¢ and ¥, is periodic with period
%". Clearly ¥, is continuous and since the solution y(t) is continuous by Theorem 4.1.8,
so is y;. The following lemma will help us determine when y is a periodic solution.

Lemma 4.8.3. Suppose g, and gs are continuous periodic functions with periods p; > 0
and py > 0, respectively. Then g1 + g2 is periodic if and only if z—; 15 a rational number.

Proof. 1f i—; = ™ is rational then np; = mp, is a common period of g; and g, and hence
is a period of g; + go. It follows that g; + g» is periodic. The opposite implication,
namely, that the periodicity of ¢g; + ¢go implies % is rational, is a nontrivial fact. We do
not include a proof. O

Using this lemma we can determine precisely when the solution y = y; + yo is

periodic. Namely, y is periodic precisely when szﬁ = % is rational. Consider the
following illustrative example. Set r =2, ¢ = 37”, and =1. Then o =1 and
y(t) = 2sw.(t) — (—D)¥91 (cos < t >, —sin < t >.) — (cost + sint). (9)

This function is graphed simultaneously with the forcing function in Figure 4.25. The

AL AL AN
VAWANAWATA

Figure 4.25: The graph of equation 9

solution is periodic with period 4c¢ = 67. Notice that there is an interval where the
motion of the mass is stopped. This occurs in the interval [3¢,4c¢). The constant force
applied on the interval [2¢, 3c) gently stops the motion of the mass by the time ¢ = 3c.
Since the force is 0 on [3¢,4c) there is no movement. At t = 4c the force is reapplied
and the process thereafter repeats itself. This phenomenon occurs in all cases where the
solution y is periodic. (cf. Exercise ?77)

In Section 3.7 we observed that when the natural frequency of the spring is close
to but not equal to the frequency of the forcing function, cos(wt), then one observes
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vibrations that exhibit a beat. This phenomenon likewise occurs for the square wave
forcing function. Let r = 2, ¢ = %’T, and # = 1. Recall that frequency is merely
the reciprocal of the period so when these frequencies are close so are their periods.

The natural period of the spring is 2—” = 27 while the period of the forcing function

is 2¢c = QI. their periods are close and likewise their frequencies. Figure 4.26 gives a

graph of y in this case. Again it is evident that the motion of the mass stops on the last

S

Y

ARl n

-10+
Figure 4.26: The graph of equation 9: the beats are evident here.

subinterval before the end of its period. More interesting is the fact that y oscillates
with an amplitude that varies with time and produces ’beats’.

fBc is an odd multiple of 7

We now return to equation (6) in the case fc is an odd multiple of 7. Things reduce
substantially because cos(3t — N3c) = (—1)" cos(ft) and we get

oo N
fat) = %ZZ S(BE)X[Ne,(N+1)e)
N=0 n=0

= X[Ne,(N+1)e) COS(5t)

52 L
S([t/chi + 1) cos(Bt).

| <

QI*
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The solution now 1is

y(t) = Al - hit)
3 (5welt) = [t/cly cos(31) — cos(51)). (10)

Figure 4.27 gives the graph of this in the case where r = 2, § = 7 and ¢ = 1. Resonance

) |
: vavv\y\/\fxs\/\/ {111

Figure 4.27: The graph of equation 10: resonance is evident here.

is clearly evident. Of course, this is an idealized situation; the spring would eventually

fail.

Undamped Motion with period impulses

Example 4.8.4. A mass-spring system with no damping force is acted upon at rest by
an impulse force of r units at all multiples of ¢ units of time starting at ¢ = 0. (Imagine
a hammer exerting blows to the mass at regular intervals.) Describe the motion of the
mass.

» Solution. The differential equation that describes this system is given by

V' 4By =1 b y(0)=0, y(0)=0,
n=0
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where, again, (52 is the spring constant. The Laplace transform gives

r - e nes
- BZ 52 _|_/62

By Theorem 4.7.6

s

=

I
! =
WE

sin B(t — ne)hp,
0

3
|

N

Zsm Bt — nBC)X[Ne,(N+1)e) (11)

0 n=0

I
! =
WE

i

Again we will consider two cases.

(Gc is not a multiple of 27

Lemma 4.8.5. Suppose v is not a multiple of 2m. Let o = % Then

1. N sin(u + nv) =

N[ =

(sinu + acosu + sin(u + Nv) — acos(u + Nv)) .

2. SN cos(u+nv) = 1 (cosu — asinu + cos(u + Nv) + asin(u + Nv)).

Let u = ft and v = —(c. By the first part of Lemma 4.8.5 we get

r oo
y(t) = 25 Z sin Bt 4+ a.cos ft + sin B(t — N¢) — acos B(t — N¢)) X[Ne,(N+1)e)
N=
= %( nft+acosft+sinf <t >.—acosf <t>.), (12)
where o = 1__?;%6 2 /6 - %

is rational. Consider the followmg example. Let r =2, =1 and ¢ = 37“ The graph of
the solution, Equation (12), in this case is given in Figure 4.28. The period is 67 = 4c.
Observe that on the interval [3¢,4c) the motion of the mass is completely stopped. At
t = 3c the hammer strikes and imparts a velocity that stops the mass dead in its track.
At t = 4c the process repeats itself. Asin the previous example this phenomenon occurs

in all cases where the solution y is periodic, i.e. when Wc(ﬁ) = % is rational.
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LN

Figure 4.28: The graph of equation 12

AT(TTT

MU
L=

< ||

Figure 4.29: A solution that demonstrates beats.

D)

When the period of the forcing function is close to that of the natural period of the
spring the beats in the solution can again be seen. For example, Figure 4.29 shows the
graph when ¢ = %(2%), G=1,and r = 2.

(B¢ is a multiple of 27

In this case Equation (11) simplifies to
y(t) = % (sin Bt + [t/c], sin Bt) . (13)

Figure 4.30 gives a graph of the solution when ¢ = 27, # = 1, and » = 2. In this case
resonance OCCUrs. <
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: T
fw\v’\wM [T
< T
0 |

Figure 4.30: A solution with resonance.

4.9 Convolution

In this section we extend to the Heaviside class the definition of the convolution that we
introduced in Section 2.4. The importance of the convolution is that it provides a closed
formula for the inverse Laplace transform of a product of two functions. This is the
essence of the convolution theorem which we give here. We will then consider further
extensions to the delta functions d. and explore some very pleasant properties.

Given two functions f and g in ‘H the function

w— fu)g(t —u)

is continuous except for perhaps finitely many points on each interval of the form [0, ¢].
Therefore the integral
/ flu)g(t —u)

exists for each t > 0. The convolution of f and g is given by

0 /f g(t — u)d

We will not make the argument but it can be shown that f * g is in fact continuous.
Since there are numbers K, L, a, and b such that

O] < Ke* and  |g(t)] < Le



4.9. CONVOLUTION 251
it follows that
t
Fra®)] < / P lg(t — )] du
0

t
KL/ e ebt=1) gy
0

IN

t
= KLebt/ ela=bw gy
0

tett if a=5b
= KL fi_bt 1 ¢ .
oo if a#b

a—b

This shows that f * g is of exponential type and therefore is back in H.

The linearity properties we listed in Section 2.4 extend to H. We restate them here:
Suppose f, g, and h are in H. Then

1. fxge™H

2. fxg=gxf

3. (fxg)xh=fx(gxh)

4. fx(g+h)=f*xg+fx*xh

5. fx0=0.

The sliding window and an example

Let’s now break the convolution up into its constituents to get a better idea of what it
does. The function u — g(—u) has a graph that is folded or flipped across the y-axis.
The function u +— g¢(t —u) shifts the flip by ¢ > 0. The convolution measures the amount
of overlap between f and the flip and shift of g by positive values . One can think of
g(t — u) as a horizontally sliding window by which f is examined and measured.

Example 4.9.1. Let f(t) = txjo1)(t) and g(t) = xp,2)(t). Find the convolution f * g.

» Solution. The flip of g is g(—u) = x|—2,—1)(u) while the flip and shift of g is g(t —u) =
Xjt—2,¢—1)(u). See Figure 4.31.
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1

t-2 t-1 -2 t-1 0

Figure 4.31: The flip and shift of g = Figure 4.32: The window ¢(t — u) and
X[1,2)- f(u) have no overlap: 0 <t <1

If ¢ < 1 then there is no overlap of the window u +— ¢(t — u) with f, i.e. u —
f(u)g(t —u) = 0 and hence f*g(t) = 0. See Figure 4.32. Now suppose 1 < ¢ < 2. Then
there is overlap between the window and f as seen in Figure 4.33.

Figure 4.33: The window ¢(t — u) and Figure 4.34: The window ¢(t — u) and
f(u) overlap: 1 <t < 2. f continue to overlap: 2 <t < 3.

The product of f(u) and g(t — u) is the function u +— u, 0 < u < ¢t — 1 and hence
f*g(t) = @ Now if 2 <t < 3 there is still overlap between the window and f as
seen in Figure 4.34. The product of f(u) and g(t —u) is u — u, t —2 < u < 1 and
Frglt) ==L 2" = == 12)(t 3 Finally, when 3 < ¢ < oo the window shifts past f as

2
illustrated in Flgure 4.35. The product of f(u) and g(t —u) is 0 and f * g(t) = 0.

0.4
0.3
0.2
0.1

T 1

—_.N
w
~

0 -2 t-1

Figure 4.35: Again, there is no overlap: Figure 4.36: The convolution f * g.
3<t< o0
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We can now piece these function together to get

0 it 0<t<1
(-1 if 1<t<2  (t—1)? (t—1)(t —3)
xg(t)={ 2 - = - Ty
fxg(t) —(t—12)(t—3) if 2<t<3 9 X[1,2) 5 X[2,3)
0 it 3<t<oo

Its graph is given in Figure 4.36. Notice that the convolution is continuous; in this case
it is not differentiable at t = 2, 3. <

Theorem 4.9.2 (The Convolution Theorem). Suppose f and g are in H and F
and G are their Laplace transforms, respectively. Then

L[ g} (s) = F(s)G(s)

or, equivalently,

LTHEF(s)G(s)} (1) = (f * g)(t)-

Proof. For any f € H we will define f(t) = 0 for ¢ < 0. By Theorem 4.2.4
eG(s) = £ {g(u—t)h} .
Therefore,
F(5)G(s) — /0 e (1) diG(s)
= [ e
= [ et = Oy )0 d
_ /OOO /Ooo e=sg(u — h(u — t) f(£) du dt (1)

A theorem in calculus ! tells us that we can switch the order of integration in (1)

Le.f. Vector Calculus, Linear Algebra, and Differential Forms, J.H. Hubbard and B.B Hubbard, page
444
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when f and g are in H. Thus we obtain

F(s)G(s) = /000 /000 e *g(u—t)h(u—1t)f(t)dtdu

_ /Ooo /Ote_sug(u—t)f(t) dt du

- / e (f * g)(w) du
— L{frg}(s)
]

There are a variety of uses for the convolution theorem. For one it is sometimes a
convenient way to compute the convolution of two functions f and g; namely (fx*g)(t) =

L7HEF(s)G(s)}-
Example 4.9.3. Compute the convolution of the functions given in 4.9.1:
f(t) = tX[O,l) and g(t) = X[1,2)‘

In the following example, which is a reworking of Example 4.9.1, instead of keeping track
of the sliding window ¢(¢ — u) the convolution theorem turns the problem into one that
is primarily algebraic.

» Solution. The Laplace transforms of f and g are, respectively,

F(s) = R (3_12 + 1) and G(s) =

s2

The product simplifies to

Its inverse Laplace transform is

(fx9)(t) = LTHF(s)G(s)} (2)

= (t —21) hl(t) — ((t — 2)<t _ 1))h2(t) X (t — 3)2<t — 1)h3(t)
o = D () — Wm ”
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Convolution and the Dirac Delta Function

We would like to extend the definition of convolution to include the delta functions 9.,
¢ > 0. Recall that we formally defined the delta function by

5o(t) = limd,..(t),

e—0

where d. . = %X[c,c-&-e)- In like manner, for f € ‘H, we define
fx0.(t) = linéf k de(t).
Theorem 4.9.4. For f € H

f * 5c(t) = f(t - C)hca

where the equality is understood to mean essentially equal.
Proof. Let f € H. Then
t
frdo(t) = / F)dec(t — u) dt
10 t
= [ et - w du
0

1 t
= E /0 f(u)X[t—c—e,t—c) (u) du

Now suppose t < c. Then xp—c—cs—¢)(u) = 0, for all w € [0,¢). Thus f *d.. = 0. On the
other hand if t > ¢ then for € small enough we have

frde(t) = %/t_ f(u) du.

—C—E€

Let ¢ be such that ¢ — ¢ is a point of continuity of f. Then by the Fundamental Theorem

of Calculus ,
1 —C
lim — fu)du = f(t —c).

=0 € t—c—e

Since f has only finitely many removable discontinuities on any finite interval it follows
that f * J. is essentially equal to f(t — ¢)he. O

The special case ¢ = 0 produces the following pleasant corollary.
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Corollary 4.9.5. For f € ‘H we have
f * 50 = f

This corollary tells us that this extension to the Dirac delta function gives an iden-
tity under the convolution product. We thus have a correspondence between the mul-
tiplicative identities in domain and transform space under the Laplace transform since

£{6} = 1.

The Impulse Response Function

Let f € 'H. Let us return to our basic second order differential equation

ay” +by +cy = f(t), y(0)=yoandy'(0) =y. (2)

By organizing terms in its Laplace transform in the right manner we can express the
solution in terms of convolution of a special function called the impulse response function
and f. To explain the main idea let’s begin by considering the following special case

ay”" +by' +cy=0 y(0)=0andy(0)=1.

This corresponds to a system in initial position but with a unit velocity. Our discussion
in Section 4.6 shows that this is exactly the same thing as solving

ay” + by +cy =do, y(0)=0andy'(0)=0

the same system at rest but with unit impulse at ¢ = 0. The Laplace transform of either

equation above leads to
1

as® +bs +c
The inverse Laplace transform is the solution and will be denoted by ((t); it is called
the impulse response function.

Y(s) =

The Laplace transform of Equation 2 leads to

(as +b)yo + v F(s)
Y = .
(5) as?+bs +c as?+bs +c
bt (a5 + 1) F(s)
as +0)Yyo + 1 S
H(s) = d G(s)= ————F—.
(5) as?+bs+c ot (5) as?+bs+c



4.9. CONVOLUTION 257

Then Y(s) = H(s) + G(s). The inverse Laplace transform of H corresponds to the
solution to Equation 2 when f = 0. It is the homogeneous solution. On the other hand,
G can be written as a product

G@%;ﬂﬁ(;ﬁfzié>

and its inverses Laplace transform g¢(t) is

g(t) = f*¢(1),

by the convolution theorem.

We summarize this discussion in the following theorem:

Theorem 4.9.6. Let f € H. The solution to Equation 2 can be expressed as
h(t) + f = C(t),

where h is the homogenous solution to Equation 2 and ¢ is the impulse response function.

Example 4.9.7. Solve the following differential equation:
Y +4y = xp,1) y(0) =0and y'(0) = 0.

» Solution. The homogeneous solution to
v +4y=0 y(0)=0andy (0)=0

is the trivial solution h = 0. The impulse response function is

1 1
Ct)y=L"" {32—1—4} = §sin2t.

By Theorem 4.9.6 the solution is

y(t) = C*xxpon

¢
1
— / 5 sin(2u)X[O71)(t —u)du
0

_ %Asm@mxﬁ—LﬂWﬁw

1 [fysin2udu i 0<t<1
2 ftt_lsin2udu if 1<u<oo

1 J1—cos2t fo0<t<l1
4 cos2(t —1) —cos2t if 1<t< o0
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Chapter 5

MATRICES

Most students by now have been exposed to the language of matrices. They arise
naturally in many subject areas but mainly in the context of solving a simultaneous
system of linear equations. In this chapter we will give a review of matrices, systems
of linear equations, inverses, and determinants. The next chapter will apply what is
learned here to linear systems of differential equations.

5.1 Matrix Operations

A matrix is a rectangular array of entities and is generally written in the following way:

11 - Tin
X =

Tm1 " Tmn

We let R denote the set of entities that will be in use at any particular time. Each z;;
is in R and in this text R can be one of the following sets:

RorC The scalars
R[t] or C[t] Polynomials with real or complex entries
R(s) or C(s) The real or complex rational functions

C™"(I,R) or C™(1,C) Real or complex valued functions
with n continuous derivatives

Notice that addition and scalar multiplication is defined on R. Below we will extend
these operations to matrices. (In Chapter 6 we will see an instance where R will even
be matrices themselves; thus matrices of matrices. But we will avoid that for now.)

259
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The following are examples of matrices.

Example 5.1.1.

2 -1 4

t2€2t 25 - 21 1_
D = E= |53t s&
[t3 COSt:| L;l 512

-1 s2-1

A:[l 0 3] B=[1 -1 9] C= !

It is a common practice to use capital letters, like A, B, C, D, and E, to denote
matrices. The size of a matrix is determined by the number of rows m and the number
of columns n and written m x n. In Example 5.1.1 A is a 2 x 3 matrix, Bisa 1 x 3
matrix, C' and F are 2 X 2 matrices, and D is a 2 x 1 matrix. A matrix is square if
the number of rows is the same as the number of columns. Thus, C' and E are square
matrices. An entry in a matrix is determined by its position. If X is a matrix the (4, j)
entry is the entry that appears in the i*® row and j*' column. We denote it in two
ways: ent;;j(X) or more simply X;;. Thus, in Example 5.1.1, A;3 = 3, B3 = —1, and
C55 = 0. We say that two matrices X and Y are equal if the corresponding entries are
equal, i.e. X;; =Y;;, for all indices 7 and j. Necessarily X and Y must be the same size.
The main diagonal of a square n x n matrix X is the vector formed from the entries
X, for i = 1,...,n. The main diagonal of C'is (,0) and the main diagonal of E is
(25, ;;i). In this book all scalars are either real or complex. A matrix is said to be a
real matrix if each entry is real and a complex matrix if each entry is complex. Since
every real number is also complex, every real matrix is also a complex matrix. Thus A
and B are real ( and complex) matrices while C' is a complex matrix.

Even though a matrix is a structured array of entities in R it should be viewed as
a single object just as a word is a single object though made up of many letters. We
let M,,,(R) denote the set of all m x n matrices with entries in R. If the focus is on
matrices of a certain size and not the entries we will sometimes just write M, ,.

The following definitions highlights various kinds of matrices that commonly arise.

1. A diagonal matrix D is a square matrix in which all entries off the main diagonal
are 0. We can say this in another way:

Examples of diagonal matrices are:
10 0 o0
t s
10 e 00 0 2 0 0
0 64t 0 s—1
0 4 0 0 1 0 0 0 0
0 0 0 —2%
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It is convenient to write diag(ds,...,d,) to represent the diagonal n x n matrix
with (dy,...,d,) on the diagonal. Thus the diagonal matrices listed above are
diag(1,4), diag(e’, e*, 1) and diag(%, 2,0, —ﬁ), respectively.

s? s—17

2. The zero matrix 0 is the matrix with each entry 0. The size is usually determined
by the context. If we need to be specific we will write 0,,, to mean the m x n zero
matrix. Note that the square zero matrix, 0,,,, is diagonal and is diag(0,...,0).

3. The identity matrix, [, is the square matrix with ones on the main diagonal and
zeros elsewhere. The size is usually determined by the context, but if we want to
be specific, we write I, to denote the n x n identity matrix. The 2 x 2 and the
3 x 3 identity matrices are

10
]2:[0 J Iy —

o O =
o = O
—_ o O

4. We say a square matrix is upper triangular if each entry below the main diagonal
is zero. We say a square matrix is lower triangular if each entry above the main
diagonal is zero.

1 92 1 3 5
[0 3] and 00 3 are upper triangular
10 0 —4]
and _ -
10 0 0 O
and 2 0 0 are lower triangular.
L 1] 11 -7

5. Suppose A is an m x n matrix. The transpose of A, denoted A?, is the n x m
matrix obtained by turning the rows of A into columns. In terms of the entries we
have more explicitly,

(A% = Aji.
This expression reverses the indices of A and thus changes rows to columns and
columns to rows. Simple examples are

9 0 =
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Matrix Algebra

There are three matrix operations that make up the algebraic structure of matrices:
addition, scalar multiplication, and matrix multiplication.

Addition

Suppose A and B are two matrices of the same size. We define matrix addition, A+ B,
entrywise by the following formula

(A+ B);j = Ai; + Byj.

Thus if
A:[1 -2 0} andB:[4 -1 0]

4 5 =3 -3 8 1
then

4-3 5+8 —-3+1 1 13 -2

Corresponding entries are added. Addition preserves the size of matrices. We can
symbolize this in the following way: + : My, n(R) X M, ,(R) — Mpn(R). Addition
satisfies the following properties:

A+B:[1+4 —2—-1 0+0]:{5 -3 0}‘

Proposition 5.1.2. Suppose A, B, and C' are m x n matrices. Then

A+B=B+A (commutative)
(A+B)+C=A+(B+C) (associative)
A+0=A (additive identity)
A+ (-A)=0 (additive inverse)

Scalar Multiplication

Suppose A is an matrix and ¢ € R. We define scalar multiplication, c¢- A, (but usually
we will just write cA), entrywise by the following formula

(CA)l] = CAl]
Thus if
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then
-2 —18
cA=1|6 0
—4 —10

Scalar multiplication preserves the size of matrices. Thus - : R X M, ,(R) — M, .(R).
In this context we will call ¢ € R a scalar. Scalar multiplication satisfies the following
properties:

Proposition 5.1.3. Suppose A and B are matrices whose sizes are such that each line
below is defined. Suppose ci,co € R. Then

ci(A+B)=cA+c¢B (distributive)
(c1 +e)A=cA+ A (distributive)
c1(cA) = (c1e9)A (associative)
1IA=A
0A=0

Matrix Multiplication

Matrix multiplication is more complicated than addition and scalar multiplication. We
will define it in two stages: first on row and column matrices and then on general
matrices.

A row matrix or row vector is a matrix which has only one row. Thus row vectors
are in M, ,. Similarly, a column matrix or column vector is a matrix which has
only one column. Thus column vectors are in M,, ;. We frequently will denote column
and row vectors by lower case boldface letters like v or x instead of capital letters. It is
unnecessary to use double subscripts to indicate the entries of a row or column matrix:
if v is a row vector then we write v; for the i*" entry instead of vy ;. Similarly for column
vectors. Suppose v € M;,, and w € M, ;. We define the product v - w (or preferably
vw) to be the scalar given by

VW = VW1 + +++ + UpWy-

Even though this formula looks like the scalar product or dot product that you likely
have seen before, keep in mind that v is a row vector while w is a column vector. For
example, if

v=[13 -2 0] andw=

O O W
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then
vw=1-14+3-3+(-2)-04+0-9=10.

Now suppose that A is any matrix. It is often convenient to distinguish the rows of
A in the following way: If Row;(A) denotes the i row of A then

Row(A)
ROWQ(A)

Rowjn(A)

Clearly Row;(A) is a row vector. In a similar way, if B is another matrix we can
distinguish the columns of B: Let Col;(B) denote the j* column of B then

B = [Coly(B) Coly(B) --- Col,(B)].
Each Col;(B) is a column vector.

Now let A € M,,, and B € M,,,. We define the matrix product of A and B to be
the m x p matrix given entrywise by ent; j;(AB) = Row;(A) Col;(B). In other words, the
(1, j)-entry of the product of A and B is the i*! row of A times the j column of B. We
thus have

Row;(A) Col;(B) Row;(A)Coly(B) --- Rowy(A)Col,(B)

Rows(A) Coly(B) Rows(A) Coly(B) -+ Rows(A) Col,(B)
AB = : : :

Row,(A) Coly(B) Rowm(A) Cola(B) --- Rowm(A) Col,(B)

Notice that each entry of AB is given as a product of a row vector and a column vector.
Thus it is necessary that the number of columns of A (the first matrix) match the number
of rows of B (the second matrix). This common number is n. The resulting product
is an m x p matrix. Symbolically, - : M,, ,(R) x M, ,(R) — My, ,(R). In terms of the
entries of A and B we have

ent; ;(AB) = Row;(A) Col;(B) = _ent;,(A)enty;(B) = > A;;By;.
k=1

k=1

Example 5.1.4.
1. If
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then AB is defined because the number of columns of A is the number of rows of
B. Further AB is a 3 x 2 matrix and

cf] e ofy]

AB=|[-1 3] 2} -1 3]:1} :%—7

et 2e!

-2
2.t A= [€2t 36%} and B = [ } then

1

h {et(—2)+26t(1)} _ m

e*(=2) + 3e*(1) et

Notice in the definition (and the example) that in a given column of AB the corre-
sponding column of B appears as the second factor. Thus

Col;(AB) = ACol;(B). (1)
Similarly, in each row of AB the corresponding row of A appears and we get

Row;(A)B = Row;(AB). (2)

Notice too that even though the product AB is defined it is not necessarily true that
BA is defined. This is the case in part 1 of the above example due to the fact that the
number of columns of B (2) does not match the number of rows of A (3). Even when
AB and BA are defined it is not necessarily true that they are equal. Consider the
following example:

Example 5.1.5. Suppose

[ 2 1
A__O aLndB—{4 _1}.

10 -1
12 -3

Then

1 212 1
as- | L _1]



266 CHAPTER 5. MATRICES

2 1|1 2 2 7
=3 4 o)=Lk 3]
These products are not the same. This example show that matrix multiplication is not

commutative. However, the other properties that we are used to in an algebra are valid.
We summarize them in the following proposition.

yet

Proposition 5.1.6. Suppose A, B, and C' are matrices whose sizes are such that each
line below is defined. Suppose c1,co € R. Then

A(BC) = (AB)C (associatvie)
A(c1B) = (c1A)B = ¢1(AB) (associative)
(A+ B)C = AC + BC (distributive)
AB+C)=AB+ AC (distributive)
TIA=AI=1 (I is a multiplicative identity)

We highlight two useful formulas that follow from these algebraic properties. If A is
an m X n matrix then

€1
Ax =21 Coly(A) + - -2, Col,(A), wherex = | : (3)

Ty

and
yA =y Row(A) + - -y Row,, (A), wherey = [yl T ym} : (4)

Henceforth, we will use these algebraic properties without explicit reference. The
following result expresses the relationship between multiplication and transposition of
matrices

Theorem 5.1.7. Let A and B be matrices such that AB is defined. Then B!A! is
defined and
B'A' = (AB)".

Proof. The number of columns of B! is the same as the number of rows of B while the
number of rows of A’ is the number of columns of A. These numbers agree since AB is
defined so B*A? is defined. If n denotes these common numbers then

n

(B'AY)i; =Y (B)ix(A)x ZAJ kBri = (AB);i = ((AB)"):;.

k=1
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Exercises
s 1 3 1 -1 0 2
Let A = , B=12 3|, and C = |-3 4|. Compute the following
L0 4 -1 2 1 1

matrices.
1. B+C, B-C, 2B-3C
2. AB, AC, BA, CA

3. ABB+C), AB+AC, (B+C)A

2 1 1
4. et A=|3 4| and B= |—1 1|. Find C so that 3A+ C = 4B.
-1 0 1
5 -1 2 1 1 -3 ? :1), i
Let A = (1) ;2 , B = [() 14 _J, and C' = 01 sl Find the following
117
products
5. AB
6. BC
7. CA
8. BtA?!
9. ABC.
1
10. Let A=[1 4 3 1] and B = _01 . Find AB and BA.
—2
L2 5 10 3 =2
Let A=|2 4 10|, B= [4 J, C:[B 2].Verify the following facts:

-1 -2 -5
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11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

CHAPTER 5. MATRICES

A2 =0
BZ=1,
c?=C

Compute AB — BA in each of the following cases.

0 1 10
A__l 1}’ B_[l 1]

10 3 1 -2
A=1]1 1 1|, B=|3 -2 4
-1 2 1 -3 5 -1
1 a 1 0
Let A = 0 1 and B = {b 1]. Show that there are no numbers a¢ and b so that

AB — BA = I, where [ is the 2 x 2 identity matrix.

Suppose that A and B are 2 X 2 matrices.

(a) Show by example that it need not be true that (A + B)? = A2 + 2AB + B2.

(b) Find conditions on A and B to insure that the equation in Part (a) is valid.

IfA= (1) i , compute A% and A3.

If B= (1) 1: , compute B™ for all n.

If A= _8 2 , compute A?, A3, and more generally, A™ for all n.

Let A = [Z; be a matrix with two rows v; and ve. (The number of columns of A is

not relevant for this problem) Describe the effect of multiplying A on the left by the
following matrices:

of ol el ol ol

cosf sinf

Let E(0) = [— sinf cos6

:|. Show that E(91 + 02) = E(Gl)E(Qg)
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coshf sinh6

23. Let (0) = [sinh@ cosh 6

:| . Show that F(91 + 92) = F(91)F(92)

24. Let D = diag(ds,...,d,) and E = diag(ey,...,e2). Show that
DE = diag(djeq,...,dnen)

5.2 Systems of Linear Equations

Most students have learned various techniques for finding the solution of a system of
linear equations. They usually include various forms of elimination and substitutions.
In this section we will learn the Gauss-Jordan elimination method. It is essentially a
highly organized method involving elimination and substitution that always leads to the
solution set. This general method has become the standard for solving systems. At
first reading it may seem to be a bit complicated because of its description for general
systems. However, with a little practice on a few examples it is quite easy to master.
We will as usual begin with our definitions and proceed with examples to illustrate the
needed concepts. To make matters a bit cleaner we will stick to the case where R = R.
Everything we do here will work for R = C |, R(s), or C(s) as well. (A technical difficulty
for general R is the lack of inverses.)

If x1,...,x, are variables then the equation

axy+ -+ apr, =0

is called a linear equation in the unknowns x1,...,z,. A system of linear equations
is a set of m linear equations in the unknowns x4, ..., z, and is written in the form
a11r1 + aiexs + o+ QpZy, = b1
211 + Q292 + -+ + QopZT, = b2

(1)

Am1T1 + ApmoX2 + -+ Appd, = bm‘

The entries a;; are in R and are called coefficients. Likewise, each b; is in R. A
key observation is that Equation (1) can be rewritten in matrix form as:

Ax = b, (2)
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where
11 Qi2 - a1n X by
Q21 Q22 -+ Q2p €2 by
A= | | . . X=|. and b=
Am1 QAm2 - Amyn, T bm

We call A the coefficient matrix, x the variable matrix, and b the output
matrix. Any column vector x with entries in R that satisfies (1) (or (2)) is called a
solution. If a system has a solution we say it is consistent; otherwise, it is inconsis-
tent. The solution set, denoted by &%, is the set of all solutions. The system (1) is
said to be homogeneous if b = 0, otherwise it is called nonhomogeneous. Another
important matrix associated with (2) is the augmented matrix:

aj1 ai2 -0 Qip| b1

Q21 Q22 - azp | b2
[A| b] - : : : : ’

Am1 Qmao - Amn bm

where the vertical line only serves to separate A from b.

Example 5.2.1. Write the coefficient, variable, output, and augmented matrices for
the following system:

21 + 3x2 — x3 = 4
T — 21}2 -+ 4.1'3 = 5.
Determine whether the following vectors are solutions:
-3 7 10 9
(a) x= 1|0 (b) x= |7 (c)x= |7 (d) x = [1]
2 3 1
. ) o -2 3 -1 . .

» Solution. The coefficient matrix is A = 1 —9 4| the variable matrix is x =
n - 4 o [=2 3 -1]4
Za | , the output matrixis b = e and the augmented matrix is 1 —2 45
L3

The system is nonhomogeneous. Notice that
-3 7 10

Al O | = E} and A [7| = [g] while A | 7 | = {8} :
2 3 1

Therefore (a) and (b) are solutions, (c) is not a solution and the matrix in (d) is not the
right size and thus cannot be a solution. <
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Remark 5.2.2. When only 2 or 3 variables are involved in an example we will frequently
use the variables x, y, and z instead of the subscripted variables x1, x9, and x3.

Linearity

It is convenient to think of R™ as the set of column vectors M, ;(R). If Aisanm xn
real matrix then for each column vector x € R”, the product, Ax, is a column vector
in R™. Thus the matrix A induces a map which we also denote just by A : R" — R™
given by matrix multiplication. It satisfies the following important property.

Proposition 5.2.3. The map A : R™ — R™ is linear. In other words,

1. Ax+y) =Ax)+ Ay)

2. A(ex) = cA(x),
for all x;y € R" and c € R.
Proof. This follows directly from Propositions 5.1.3 and 5.1.6. O

Linearity is an extremely important property for it allows us to describe the structure
of the solution set to Ax = b in a particularly nice way. Recall that S§ denotes the
solution set to the equation Ax = b.

Proposition 5.2.4. With A as above we have two possibilities:

1. 8% =0 or

2. there is an x, € 8§ and S =x, + SY.

In other words, when S is not the empty set then each solution to Ax = b has the form
Xp + Xh,

where x,, is a fived particular solution to Ax =b and x;, is a solution to Ax = 0.
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Proof. Suppose x, is a fixed particular solution and x; € S89. Then A(x, + x;) =
Ax, + Ax;, = b+ 0 = b. This implies that each column vector of the form x, + xy, is in
S%. On the other hand, suppose x is in 8. Then A(x —x,) = Ax — Ax, =b —b = 0.
This means that x — x,, is in 8. Therefore x = x,, + X3, for some vector x;, € 8. O

Remark 5.2.5. The system of equations Ax = 0 is called the associated homoge-
neous system. Case (1) is a legitimate possibility. For example, the simple equation
0z = 1 has empty solution set. When the solution set is not empty it should be men-
tioned that the particular solution x, is not necessarily unique. In Chapter 3 we saw a
similar theorem for a second order differential equation Ly = f. That theorem provided
a strategy for solving such differential equations: First we solved the homogeneous equa-
tion Ly = 0 and second found a particular solution (using variation of parameters or
undetermined coefficients). For a linear system of equations the matter is much simpler;
the Gauss-Jordan method will give the whole solution set at one time. We will see that
it has the above form.

Homogenous Systems

The homogeneous case, Ax = 0, is of particular interest. Observe that x = 0 is always
a solution so 89 is never the empty set, i.e. case (1) is not possible. But much more is
true.

Proposition 5.2.6. The solution set, 83, to a homogeneous system is closed under
addition and multiplication by scalars. In other words, if x and y are solutions to the
homogeneous system and c is a scalar then x +y and cx are also solutions.

Proof. Suppose x and y are in 8. Then A(x+y) = Ax+ Ay = 0+ 0 = 0. This shows
that x +y is in 8. Now suppose ¢ € R. Then A(cx) = cAx = ¢0 = 0. Hence cx € SY.
This shows that 89 is closed under addition and scalar multiplication. ]

Corollary 5.2.7. The solution set to a general system of linear equations, Ax = b, is
either

1. empty

2. unique

3. or infinite.
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Proof. The associated homogeneous system Ax = 0 has solution set, 89, that is either
equal to the trivial set {0} or an infinite set. To see this suppose that x is a nonzero
solution to Ax = 0 then by Proposition 5.2.6 all multiples, cx, are in 8 as well.
Therefore, by Proposition 5.2.4, if there is a solution to Ax = b it is unique or there are
infinitely many. O]

The Elementary Equation and Row Operations

We say that two systems of equations are equivalent if their solution sets are the same.
This definition implies that the variable matrix is the same for each system.

Example 5.2.8. Consider the following systems of equations:

2 + 3y = 5 and r = 1
xr — y =0 y = 1.

The solution set to the second system is transparent. For the first system there are
some simple operations that easily lead to the solution: First, switch the two equations
around. Next, multiply the equation x — y = 1 by —2 and add the result to the first.
We then obtain

r — y =0
5y = D

Next, multiply the second equation by % to get y = 1. Then add this equation to the
first. We get x = 1 and y = 1. Thus they both have the same solution set, namely the

1 They are thus equivalent. When used in the right way these kinds of

operations can transform a complicated system into a simpler one. We formalize these
operations in the following definition:

single vector F

Suppose Ax = b is a given system of linear equations. The following three operations
are called elementary equation operations.

1. Switch the order in which two equations are listed
2. Multiply an equation by a nonzero scalar

3. Add a multiple of one equation to another
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Notice that each operation produces a new system of linear equations but leaves the
size of the system unchanged. Furthermore we have the following proposition.

Proposition 5.2.9. An elementary equation operation applied to a system of linear

equations is an equivalent system of equations.

Proof. This means that the system that arises from an elementary equation operation
has the same solution set as the original. We leave the proof as an exercise. O]

The main idea in solving a system of linear equations is to perform a finite sequence
of elementary equation operations to transform a system into simpler system where the
solution set is transparent. Proposition 5.2.9 implies that the solution set of the simpler
system is the same as original system. Let’s consider our example above.

Example 5.2.10. Use elementary equation operations to transform

2 + 3y = 5

r — y =0
into
r = 1
y = 1
» Solution.
20 + 3y = 5
r — y =0
Switch the order of the two equations r — y =0
2c + 3y = 5
Add —2 times the first equation rxr — y =0
to the second equation 5y = b
Multiply the second equation by % r —y = 0
y = 1
Add the second equation to the first x =1
y = 1
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Each operation produces a new system equivalent to the first by Proposition (5.2.9).
The end result is a system where the solution is transparent. Since y = 1 is apparent in
the fourth system we could have stopped and used the method of back substitution,
that is, substitute y = 1 into the first equation and solve for x. However, it is in
accord with the Gauss-Jordan elimination method to continue as we did to eliminate
the variable y in the first equation.

You will notice that the variables x and y play no prominent role here. They merely
serve as placeholders for the coefficients, some of which change with each operation. We
thus simplify the notation (and the amount of writing) by performing the elementary
operations on just the augmented matrix. The elementary equation operations become
the elementary row operations which act on the augmented matrix of the system.

The elementary row operations on a matrix are

1. Switch two rows.
2. Multiply a row by a nonzero constant.

3. Add a multiple of one row to another.
The following notations for these operations will be useful.

1. pi;j - switch rows ¢ and j.
2. m;(a) - multiply row ¢ by a # 0.

3. tij(a) - add to row j the value of a times row i.

The effect of p;; on a matrix A is denoted by p;;(A). Similarly for the other elementary
row operations.

The corresponding operations when applied to the augmented matrix for the system
in example 5.2.10 becomes:

2 3|5 1 —1]0 [ =1fo] 1 o=1fo],  [10]1
1o—1fo |22 3|5 |20 5|5 ™Yo 11200 1)1

Above each arrow is the notation for the elementary row operation performed to produce
the next augmented matrix. The sequence of elementary row operations chosen follows
a certain strategy: Starting from left to right and top down one tries to isolate a 1 in
a given column and produce 0’s above and below it. This corresponds to isolating and
eliminating variables.

|



276 CHAPTER 5. MATRICES

Let’s consider three illustrative examples. The sequence of elementary row operation
we perform is in accord with the Gauss-Jordan method which we will discuss in detail
later on in this section. For now verify each step. The end result will be an equivalent
system for which the solution set will be transparent.

Example 5.2.11. Consider the following system of linear equations

2c + 3y + 4z = 9
x + 2y — z = 2

Find the solution set and write it in the form x, + &Y.

» Solution. We first will write the augmented matrix and perform a sequence of ele-
mentary row operations:
{23 49} (1 2 -1 2} 1 2 —1]2]
P12

12 —1)2 23 4/9] 2 19 -1 65|

(1 2 —1] 2 1 0 11| 12 ]
) o1 -6 -5 252 |01 —6| -5

The last augmented matrix corresponds to the system

T —+ 11z = 12
y — 6z = —5.

In the first equation we can solve for x in terms of z and in the second equation we can
solve for y in terms of z. We refer to z as a free variable and let z = a be a parameter

in R. Then we obtain
z = 12—1la

y = —5+ 6«
z = a
In vector form we write
x 12 — 1l 12 —11
Xx= |yl =|-H5+6a| =|-5]+a]| 6
z o 0 1
12
The vector, x, = |—5| is a particular solution ( corresponding to a = 0) while the
0
—11
vector x, = | 6 | generates the homogeneous solutions as « varies over R. We have
1

thus written the solution in the form x, + &Y. <
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Example 5.2.12. Find the solution set for the system

3r + 2y + z = 4
2 + 2y + z = 3
r + y + z = 0.

» Solution. Again we start with the augmented matrix and apply elementary row
operations. Occasionally we will apply more than one operation at a time. When this is
so we stack the operations above the arrow with the topmost operation performed first
followed in order by the ones below it.

32 1)4 11 1]0 1 1 1/0
22 13| m 2 2 13 w20 0 13
11 1]0 132 14 — |0 -1 —2|4
[1 1 1]0 (11 1] 0]

P23 0 —1 =2/ 4| ") |01 2|4

(0 0 —1|3] —— |00 1|3

(11 0] 3 (1.0 0| 1]

220 101 0] 2 i) |0 1 0] 2

— [0 0 1|3 100 1| -3 ]

The last augmented matrix corresponds to the system

r = 1
y = 2
z = —3.
1
The solution set is transparent: x = | 2 | . <
-3

In this example we note that SG = {0} so that the solution set S% consists of a single
point: The system has a unique solution.

Example 5.2.13. Solve the following system of linear equations:

r + 2y + 4z = =2
r 4+ y + 3z 1
2 + y + 5z =
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» Solution. Again we begin with the augmented matrix and perform elementary row
operations.

12 4] -2 12 4 -2 12 4 -2
113 1| 20 10 =1 =1 3| m(- 0 1 1|-3
215 2] — |0 -3 =3| 6 |0 =3 —3] ©
(1 2 4] -2 (1.0 2] 6
s |0 1 1] =3 Y 01 1] =3
0 -3 —— [0 0 0] 1
(1.0 2]0
t31(—6)
i32(3) 01 110
—— L0001

The system that corresponds to the last augmented matrix is

r + 2z = 0
y + =z 0
0 = 1.

The last equation, which is shorthand for Ox +0y+0z = 1, clearly has no solution. Thus
the system has no solution. In this case we write S§ = 0. <

Reduced Matrices

These last three examples typify what happens in general and illustrate the three possible
outcomes discussed in Corollary 5.2.7: infinitely many solutions, a unique solution, or
no solution at all. The most involved case is when the solution set has infinitely many
solutions. In Example 5.2.11 a single parameter o was needed to generate the set of
solutions. However, in general, there may be many parameters needed. We will always
want to use the least number of parameters possible, without dependencies amongst
them. In each of the three preceding examples it was transparent what the solution was
by considering the system determined by the last listed augmented matrix. The last
matrix was in a certain sense reduced as simple as possible.

We say that a matrix A is in row echelon form (REF) if the following three
conditions are satisfied.



5.2. SYSTEMS OF LINEAR EQUATIONS

1. The nonzero rows lie above the zero rows.

279

2. The first nonzero entry in a non zero row is 1. (We call such a 1 a leading one.)

3. For any two adjacent nonzero rows the leading one of the upper row is to the left
of the leading one of the lower row. (We say the leading ones are in echelon form.)

We say A is in row reduced echelon form (RREF) if it also satisfies

4 The entries above each leading one are zero.

Example 5.2.14. Determine which of the following matrices are row echelon form, row
reduced echelon form, or neither. For the matrices in row echelon form determine the
columns (C) of the leading ones. If a matrix is not in row reduced echelon form explain
which conditions are violated.

(1)

(4)

» Solution.

column.

1

e}

0 -3 11 2
0 1 0 3] (2
0 0 1 4
00430
2 120 2
00000

&) |

)

—_

e}

O N

e}

o

0
0
1
0 2
0 -2
1 0

1. (REF): leading ones are in the first, third and fourth column. It is
not reduced because there is a nonzero entry above the leading one in the third

2. (RREF): The leading ones are in the second and third column.

3. neither: The zero row is not at the bottom.

4. neither: The first non zero entry in the second row is not 1.

5. (REF): leading ones are in the first and fifth column. It is not reduced because
there is a nonzero entry above the leading one in the fifth column.

6. neither: The leading ones are not in echelon form.
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The definitions we have given are for arbitrary matrices and not just matrices that
come from a system of linear equations; i.e. the augmented matrix. Suppose though that
a system Ax = b which has solutions is under consideration. If the augmented matrix
[A|b] is transformed by elementary row operations to a matrix which is in row reduced
echelon form the variables that correspond to the columns where the leading ones occur
are called the leading variables or dependent variables. All of the other variables
are called free variables. The free variables are sometimes replaced by parameters,
like v, 3, .. .. Each leading variable can be solved for in terms of the free variables alone.
As the parameters vary the solution set is generated. The Gauss-Jordan elimination
method which will be explained shortly will always transform an augmented matrix into
a matrix that is in row reduced echelon form. This we did in Examples 5.2.11, 5.2.12,
and 5.2.13. In Example 5.2.11 the augmented matrix was transformed to

1 0 11| 12
01 —6]—=5]"

The leading variables are z and y while there is only one free variable, z. Thus we
obtained

12 — 1l 12 —11
x=|-5+6a| = |[-0|+a| 6 [,
Q 0 1

where z is replace by the parameter a. In example 5.2.12 the augmented matrix was
transformed to

1 00 1
010 2
0 0 1] -3

In this case z, y, and z are leading variables; there are no free variables. The solution
set is

In Example 5.2.13 the augmented matrix was transformed to

_ O O

1 0 2
011
0 00
In this case there are no solutions; the last row corresponds to the equation 0 = 1. There

are no leading variable nor free variables.

These examples illustrate the following proposition which explains Corollary 5.2.7 in
terms of the augmented matrix in row reduced echelon form.



5.2. SYSTEMS OF LINEAR EQUATIONS 281

Proposition 5.2.15. Suppose Ax = b is a system of linear equations and the augmented
matriz [A|b] is transformed by elementary row operations to a matriz [A’|b’] which is in
row reduced echelon form.

1. If arowof the form [0 ... 0 | 1] appearsin [A'|b'] then there are no solutions.

2. If there are no rows of the form [0 .0 |1 ] and no free variables associated
with [A’|b'] then there is a unique solution.

3. If there is one or more free variables associated with [A'|b’] and no rows of the
form [O .01 } then there are infinitely many solution.

Example 5.2.16. Suppose the following matrices are obtained by transforming the
augmented matrix of a system of linear equations using elementary row operations.
Identify the leading and free variables and write down the solution set. Assume the
variables are x1, xo, .. ..

11 4 0|2 1 0 3 1]2 11 0l1
()]0 0 0 1{3 201 1 —1[3 (3) { 0000 ]
00 0O0]0 00 0 0]0
[1 01
1 003 0 1|2 01 2 0|2
410 1 0|4 5)1 0 0]1 6)]0 0 0 1{0
00 1|5 0 0[]0 00 0O00
| 0 0]0
» Solution. 1. The zero row provides no information and can be ignored. The

variables are w1y, xs, 3, and x4. The leading ones occur in the first and fourth
column. Therefore z; and z4 are the leading variables. The free variables are
and x3. Let a = x5 and 3 = x3. The first row implies the equation x1+xy+4x3 = 2.
We solve for z; and obtain 1 = 2 —x9 —4x3 = 2—a —43. The second row implies
the equation x4 = 3. Thus

1 2—a—40 2 -1 —4
o |me| o' 10 1 0
Ty 3 3 0 0

where o and (§ are arbitrary parameters in R.

2. The leading ones are in the first and second column therefore x; and x, are the
leading variables. The free variables of x3 and x4. Let o = z3 and § = z4. The
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first row implies z; = 2 — 3a — [ and the second row implies xo = 3 — a + (3. The
solution is

2 30— 3 9 3 1

| 3=a+B] |3 —1 1
X= a =lo| Tl [ TP o |

3 0 0 1

where «, § are in R.

. x1 is the leading variable. o = x5 and g = x3 are free variables. The first row

implies 1 = 1 — a. The solution is

1—« 1 —1 0
X = « = |0l +a |1 |+3]|0],
I} 0 0 1

where o and (3 are in R.

The leading variables are z1, x5, and x3. There are no free variables. The solution
set is

»
I
Tl W

The row [O 0 1] implies the solution set is empty.

The leading variables are x5 and x4. The free variables are « = x; and § = x3.
The first row implies 2o = 2 — 2 and the second row implies x4, = 0. The solution
set is

o 0 1 0
12=28] |2 0 -2
= 3 = 1ol 710 + 0 BE

0 0 0 0

where o and (3 are in R.

The Gauss-Jordan Elimination Method

Now that you have seen several examples we present the Gauss-Jordan Elimination
Method for any matrix. It is an algorithm to transform any matrix to row reduced
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echelon form using a finite number of elementary row operations. When applied to
an augmented matrix of a system of linear equations the solution set can be readily
discerned. It has other uses as well so our description will be for an arbitrary matrix.

Algorithm 5.2.17. The Gauss-Jordan Elimination Method Let A be a matrix.
There is a finite sequence of elementary row operations that transform A to a matrix
in row reduced echelon form. There are two stages of the process: (1) The first stage is
called Gaussian elimination and transforms a given matrix to row echelon form and
(2) The second stage is called Gauss-Jordan elimination and transforms a matrix in
row echelon form to row reduced echelon form.

From A to REF: Gaussian elimination

1. Let Ay = A. If A; =0 then A is in row echelon form.

2. If Ay # 0 then in the first nonzero column from the left, ( say the j*® column)
locate a nonzero entry in one of the rows: (say the i® row with entry a.)
(a) Multiply that row by the reciprocal of that nonzero entry. (m;(1/a))
(b) Permute that row with the top row. (p;;) There is now a 1 in the (1, j) entry.

(c) If b is a nonzero entry in the (i,7) position for i # 1, add —b times the first
row to the i*" row.(¢; ;(—b)) Do this for each row below the first.

The transformed matrix will have the following form

The *’s in the first row are unknown entries and A, is a matrix with fewer
rows and columns than A;.

3. If Ay = 0 we are done. The above matrix in in row echelon form.

4. If Ay # 0, apply step (2) to As. Since there are zeros to the left of As and the only
elementary row operations we apply effect the rows of Ay (and not all of A) there
will continue to be zeros to the left of A5. The result will be a matrix of the form

[0 -+ 0 1 * -+ % %
Oo0 --- 01

00 -- 00
) . A,




284 CHAPTER 5. MATRICES

5. If A3 = 0, we are done. Otherwise continue repeating step (2) until a matrix
A, = 0 is obtained.

From REF to RREF: Gauss-Jordan Elimination

1. The leading ones now become apparent in the previous process. We begin with
the rightmost leading one. Suppose it is in the £ row and *" column. If there
is a nonzero entry (b say) above that leading one we add —b times the k" row to
it. (tx;(—b).) We do this for each nonzero entry in the I column. The result is
zeros above the rightmost leading one. (The entries to the left of a leading one are
zeros. This process preserves that property.)

2. Now repeat the process described above to each leading one moving right to left.
The result will be a matrix in row reduced echelon form.

Example 5.2.18. Use the Gauss-Jordan method to row reduce the following matrix to
echelon form:

2 3 8 0 4
3 4 11 1 8
1 2 5 16
-1 0 -1 01

» Solution. We will first write out the sequence of elementary row operations that



5.2. SYSTEMS OF LINEAR EQUATIONS 285

transforms A to row reduced echelon form.

2 3 8 0 4 1 2 5 16

3 4 11 1 8 3 4 11 1 8 fa(—3)
1 2 5 16 o3 2 3 8 0 4 hey
10 -1 0 1 10 -1 0 1 —
1 2 5 1 6 1 2 5 1 6

0 —2 —4 —2 —10 01 2 1 5| 4o
0 -1 -2 —2 —8| 2 Jg 1 2 —2 8| w2
0 2 4 1 7 0 2 4 1 7
125 1 6 12516

012 1 5 ey (001215 ba(—1}
000 —1 -3 ) (0000 1 3 ta1(-1)
000 -1 -3 00000

[1 2 5 0 3 1 01 0 -1
0120 2 0120 2
00013 22 1g 0 01 3
00000 0000 0

In the first step we observe that the first column is nonzero so it is possible to produce
a 1 in the upper left hand corner. This is most easily accomplished by p; 3. The next
set of operations produces 0’s below this leading one. We repeat this procedure on the
submatrix to the right of the zeros’s. We produce a one in the 2,2 position by mg(—%)
and the next set of operations produce zeros below this second leading one. Now notice
that the third column below the second leading one is zero. There are no elementary
row operations that can produce a leading one in the (3, 3) position that involve just the
third and fourth row. We move over to the fourth column and observe that the entries
below the second leading one are not both zero. The elementary row operation ms(—1)
produces a leading one in the (3,4) position and the subsequent operation produces a
zero below it. At this point A has been transformed to row echelon form. Now starting
at the rightmost leading one, the 1 in the 3,4 position, we use operations of the form
tsi(a) to produce zeros above that leading one. This is applied to each column that
contains a leading one. <

The student is encouraged to go carefully through Examples 5.2.11, 5.2.12, and
5.2.13. In each of those examples the Gauss-Jordan Elimination method was used to
transform the augmented matrix to the matrix in row reduced echelon form.
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Exercises

1.

@

o

For each system of linear equations identify the coefficient matrix A, the variable matrix
x, the output matrix b and the augmented matrix [A|b].

z + 4y + 3z = 2
(a) r + y — z =4 () 207 — 3zy + 4dxs 4+ x4 =
2r + z =1 3r1 + 8r9 — 3x3 — 6y = 1
y — 2z = 6
1 0 -1 4 3 il 2
2
. Suppose A = g _32 83 41 _g , Xx= |z3|,and b = ;) . Write out the

L4
L5
system of linear equations that corresponds to Ax = b.

-8 2 0 2 1 —4

In the following matrices identify those that are in row reduced echelon form. If a
matrix is not in row reduced echelon form find a single elementary row operation that
will transform it to row reduced echelon form and write the new matrix.

1 0 1

00 0

01 —4

1 0 4

0 1 2

1 1 0 1
01 3 11
[0 1 0 3

0 2 6

0 0 0 0

[0 1 1 0 3]

00 01 2
00 0 0 0
1 0 1 0 3]

1 3 4 1

3 0 3 0 9
Use elementary row operations to row reduce each matrix to row reduced echelon form.
1 2 3 1

-1 0 3 -5
|0 1.1 0
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Solve the following systems of linear equations:

T
S5x
3z

3581
I

—_ O

N w o ot

= o0 © oo
— = O |

0 6
17
10

-1 1 -1

1 -1 -1

-1 1 1

+

—2371

I

1 -1 1

3y
+ 3z
y + 2z

T2 +

+ o+t

1
1
-1
-1

2x2 + 9zx3

T3
T3

ro + 4dx3

2
-5
—4

+ 8xy
+ 214
— 3:64
+ 3x4

287
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90, + 4y = -3z
r — y = -3y
—21‘1 — 8%‘2 — I3

2. —x1 — 4x9
1+ 4dxo + w3
2 + 3y + 8z

22 22 + y + 10z
2x + 8z
r1 + x2 + 23

T2 + T3

23. I + I3
21 4+ 2x0 + 3z3
261 4+ x2 + 2x3
rKT + I2

24. To + 2x3

r1 + 3ry + 4dxg

I
N0 = W
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+ T3
+ 2%3

1

25. Suppose the homogeneous system Ax = 0 has the following two solutions: |1| and

1 5)

—1|.Is | 1| a solution? Why or why not?

0 4

26. For what value of k will the following system have a solution:

1
2

BN

1

(a) Solve Ax = by, for each i = 1,2,3.

3 4
.Let A=]-2 1 7,b1
10

T3 = 2
T3 = 4
+ 8.%‘3 = k

1 1
1|,and by = |1
0 1

(b) Solve the above systems simultaneously by row reducing

[A]b1|ba|b3] =

1 3 4111 1
1 710
1 0]0

1 1
01
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5.3 Invertible Matrices

Let A be a square matrix. A matrix B is said to be an inverse of A if BA = AB = 1.
In this case we say A is invertible or nonsingular. If A is not invertible we say A is
singular.

Example 5.3.1. Suppose
A—

Show that A is invertible and an inverse is

B =

» Solution. Observe that

I R | e

Ry | R

and

<
The following proposition says that when A has an inverse there can only be one.
Proposition 5.3.2. Let A be an invertible matriz. Then the inverse is unique.
Proof. Suppose B and C' are inverses of A. Then
B =Bl =B(AC)=(BA)C=1C=C.
m

Because of uniqueness we can properly say the inverse of A when A is invertible.

In Example 5.3.1, the matrix B = (_41

It is standard convention to denote the inverse of A by A~

-1\ . .
3 ) is the inverse of A; there are no others.

For many matrices it is possible to determine their inverse by inspection. For ex-
ample, the identity matrix I, is invertible and its inverse is I,,: I,I, = I,. A diagonal
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matrix diag(as, ..., a,) is invertible if each a; # 0, ¢ = 1,...,n. The inverse then is sim-
ply diag(%, cee i) However, if one of the a; is zero then the matrix in not invertible.
Even more is true. If A has a zero row, say the i*" row, then A is not invertible. To see
this we get from Equation (2) in Section 5.1 that Row;(AB) = Row;(A)B = 0. Hence,
there is no matrix B for which AB = I. Similarly, a matrix with a zero column cannot

be invertible.

Proposition 5.3.3. Let A and B be invertible matrices. Then

1. A7t is invertible and (A7)~ = A.

2. AB is invertible and (AB)™' = B7t1A™L.
Proof. Suppose A and B are invertible. The symmetry of the equation A™1A = AA™! =
I says that A™! is invertible and (A7')™! = A. Also (B™'A 1) (AB) = B (A'A)B =
B7'IB = B7'B = I and (AB)(B7'!A™') = A(B7'B)A™! = AA~! = I. This shows
(AB)™' = B7tA~L O

The following corollary easily follows:

Corollary 5.3.4. If A = A;--- Ay is the product of invertible matrices then A is in-
vertible and A=t = A1 AT

Inversion Computations

Let e; be the column vector with 1 in the " position and 0’s elsewhere. By Equation
(1) of Section 5.1 the equation AB = [ implies that A Col;(B) = Col;(I) = e;. This
means that the solution to Ax = e; is the i*" column of the inverse of A, when A is
invertible. We can thus compute the inverse of A one column at a time using the Gauss-
Jordan elimination method on the augmented matrix [A|e;]. Better yet, though, is to
perform the Gauss-Jordan elimination method on the matrix [A|I]. If A is invertible it
will reduce to a matrix of the form [I|B] and B will be A~1. If A is not invertible it will
not be possible to produce the identity in the first slot.

We illustrate this in the following two examples.
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Example 5.3.5. Determine whether the matrix

is invertible. If it is compute the inverse.

» Solution. We will augment A with I and follow the procedure outlined above:

2 0 3|1 00 1 -1 1] -1 01
0 1 1[0 10 w1 10 10 s
|3 -1 4/0 01 — |2 0 3] 1 00 —_—
(1 -1 1]-1 0 1 ma_yy |1 -1 0] 2 =2 -1
0 1 1 0 1 0 t32(—1) 0 1 0 3 -1 -2 t21(1)
000 -1/ 3 —2 2| =% Jo 0o 1]-3 2 2 5
1 0 0] 5 -3 -3
010 3 —-1 =2
|00 1] -3 2 2
5 -3 =3
It follows that A is invertible and A™' = [ 3 -1 —2]. <
-3 2 2
1 -4 0
Example 5.3.6. Let A= |2 1 3| . Determine whether A is invertible. If it is find
0 -7 3

its inverse.

» Solution. Again, we augment A with I and row reduce:

1 —4
2
0

w w o

1
0
0

o = O

0 1

t1a(—2
1 0 12( 1 0 9
9 1 0 O
We can stop at this point. Notice that the row operations produced a 0 row in the
reduction of A. This implies A cannot be invertible. <
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Solving a System of Equations

Suppose A is a square matrix with a known inverse. Then the equation Ax = b implies
x = A7'Ax = A~'b and thus gives the solution.

Example 5.3.7. Solve the following system:

I
—

2r + + 3z
Yy + oz
3r — y + 4z = 3.

I
N

» Solution. The coefficient matrix is

whose inverse we computed in the example above:

5 -3 =3
A7=13 -1 =2
-3 2 2
The solution to the system is thus
5 =3 =3| |1 -10
x=A"b=|3 -1 =2| [2|=|-5
-3 2 2 3 7

Exercises

Determine whether the following matrices are invertible. If so, find the inverse:
1 1
L [3 h ]
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1 -2
o
1 2 4
5 (01 =3
2 5 5
11 1
6. [0 1
0 0 1
(1 2 3
.14 5 1
-1 -1 1
1 0 -2
8. [2 =2 0
1 2 -1
1 3 0 1
o |22 20
1 -1 0 4
1 2 3 9
-1 1 1 -1
1 -1 1 -1
O I T T
-1 -1 -1 1
0 1 0 0
1010
Hto 111
111 1
-3 2 -8 2
0 2 -3 5
2207 2 3 5
1 -1 1 -1

Solve each system Ax = b, where A and b are given below, by first computing A~! and
and applying it to Ax = b to get x = A~ 'b.

wacfl) vef

w
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14.

15.

16.

17.

18.

19.

20.

21.

22.

CHAPTER 5. MATRICES

11 1 1

0 0 1 -3

(1 0 -2 -2
A=12 -2 0 b=]1

1 2 -1 2

[1 -1 1 1]
A=12 5 =2 b=|1

- 2 -1 1)

1 3 0 1 [ 1

2 2 =20 0
A= 1 -1 0 4 b= -1

1 2 3 9 2

[0 1 0 0 1

1 01 0 -1
A= 01 11 b= -2

1111 1
Suppose A is an invertible matrix. Show that A’ is invertible and give a formula for the

inverse.

Let E(0) = CO.SQ sin.0 . Show E(#) is invertible and find its inverse.
—sinf cosé
sinh@ cosh@ . . T

Let F(0) = [cosh@ sinh 9} . Show F(0) is invertible and find its inverse.

Suppose A is invertible and AB = AC. Show that B = C. Give an example of a nonzero
matrix A (not invertible) with AB = AC, for some B and C, but B # C.

5.4 Determinants

In this section we will discuss the definition of the determinant and some of its properties.
For our purposes the determinant is a very useful number that we can associate to a

square matrix. The determinant has an wide range of applications.

It can be used

to determine whether a matrix is invertible. Cramer’s rule gives the unique solution
to a system of linear equations as the quotient of determinants. In multidimensional
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calculus, the Jacobian is given by a determinant and expresses how area or volume

changes under a transformation. Most students by now are familiar with the definition

of the determinant for a 2 x 2 matrix: Let A = [Z b

by

d} . The determinant of A is given

det(A) = ad — be.
It is the product of the diagonal entries minus the product of the off diagonal entries.

For example, det {;‘) _32} =1-(-2)—5-3=-1T7.

The definition of the determinant for an n x n matrix is decidedly more complicated.
We will present an inductive definition. Let A be an n x n matrix and let A(7,j) be
the matrix obtained from A by deleting the i*" row and j*® column. Since A(i, ) is an
(n — 1) x (n — 1) matrix we can inductively define the (7, 7) minor, Minor; ;(A4), to be
the determinant of A(i,7):

Minorij(A) = det(A(Z,j))

The following theorem, whose proof is extremely tedious and we omit, is the basis
for the definition of the determinant.

Theorem 5.4.1 (Laplace expansion formulas). Suppose A is an nxn matriz. Then
the following numbers are all equal and we call this number the determinant of A:

det A = Z(—l)”jai,jMinorij(A) for each i
=1

and

det A = Z(—l)iJrjai,jMinorij(A) for each j.
i=1

Any of these formulas can thus be taken as the definition of the determinant. In
the first formula the index 7 is fixed and the sum is taken over all j. The entries a; ;
thus fill out the i*" row. We therefore call this formula the Laplace expansion of the
determinant along the i** row or simply a row expansion . Since the index i can
range from 1 to n there are n row expansions. In a similar way, the second formula is
called the Laplace expansion of the determinant along the j* column or simply
a column expansion and there are n column expansions. The presence of the factor
(—1)"* alternates the signs along the row or column according as i + j is even or odd.
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The sign matrix

is a useful tool to organize the signs in an expansion.

It is common to use the absolute value sign |A| to denote the determinant of A. This
should not cause confusion unless A is a 1 x 1 matrix, in which case we will not use this
notation.

Example 5.4.2. Find the determinant of the matrix

1 2 =2
A=13 -2 4
1 0 5

» Solution. For purposes of illustration we compute the determinant in two ways.
First, we expand along the first row.

-2 4
0 5

3 4
15

3 =2

detA:1~' . 0

‘—2‘ ‘+(—2)‘ ':1~(—10)—2~(11)—2(2):—36.

Second, we expand along the second column.

detA:(—>2E’ §‘+(—Q)H _52'(—)0‘; _42‘:(—2)-11—2-(7):—36.

Of course, we get the same answer; that’s what the theorem guarantees. Observe though
that the second column has a zero entry which means that we really only needed to
compute two minors. In practice we usually try to use an expansion along a row or
column that has a lot of zeros. Also note that we use the sign matrix to adjust the signs
on the appropriate terms. <

Properties of the determinant

The determinant has many important properties. The three listed below show how the
elementary row operations effect the determinant. They are used extensively to simplify
many calculations.
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Corollary 5.4.3. Let A be an n X n matriz. Then

1. detp; jA = —det A.
2. detm;(a)A = adet A.

3. dett; j(a) = det A.

r

Proof. We illustrate the proof for the 2 x 2 case. Let A = [ ;

z] . We then have

t
Lo pia(A)] = | =ts—ru=—|4]
r s
2. [tia(a)(A)] = 't+ar wtas|= r(u+ as) — s(t + ar) = |A|.
3. |mi(a)(A) = atr 9 = aru — ast = alAl.

Further important properties include:

1. If A has a zero row (or column) then det A = 0.
2. If A has two equal rows (or columns) then det A = 0.
3. det A = det A"

Example 5.4.4. Use elementary row operations to find det A if

2 42 —11 g ? i‘l’)
1)A=|-1 3 5 and 2) A=

0 1 1 2 2 16 6

3 1 0 1
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» Solution. Again we will write the elementary row operation that we have used above
the equal sign.

2 4 2 1 1 2 1 1 2 1
mi(3) t12(1)
1) |-1 35 = 2/-1 3 5 = 210 5 6
0 11 0 11 011
o 1 2 1 ta5(—5) 1 2 1
= -210 1 1 = -210 1 1|=-2.
0 5 6 0 01

In the last equality we have used the fact that the last matrix is upper triangular
and its determinant is the product of the diagonal entries.

tlg(l)

1 0 5 1 10 5 1
2 |22 13 ?35:33 02 6 4 _
2 2 16 6| M 02 6 4| 7
3 1 0 1 N 01 —15 -2
because two rows are equal. <

In the following example we use elementary row operations to zero out entries in a
column and then use a Laplace expansion formula.

Example 5.4.5. Find the determinant of

1 42 -1
23 0
A=111 2 4
0 13 2
» Solution.
1 42 -1 14 2 -1
2 23 0|ue-2|0 -6 —1 2
det(A) = |2y 1 9 4™ 5 4 3
0 13 2 0 1 3 2
6 12, 0 17 14
- |5 4 3lutwlo —11 -7
13 2 = |1 3 2
17 14
- | =194 151 =35
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<

The following theorem contains two very important properties of the determinant.
We will omit the proof.
Theorem 5.4.6.

1. A square matrix A is invertible if and only if det A # 0.

2. If A and B are square matrices of the same size then

det(AB) = det Adet B.

The cofactor and adjoint matrices

Again, let A be a square matrix. We define the cofactor matrix, Cof(A), of A to be
the matrix whose (i, j)-entry is (—1)"*/Minor; ;. We define the adjoint matrix, Adj(A),
of A by the formula Adj(A) = (Cof(A))". The important role of the adjoint matrix is
seen in the following theorem and its corollary.

Theorem 5.4.7. For A a square matriz we have

A Adj(A) = Adj(A) A = det(A)].

Proof. The (i,7) entry of A Adj(A) is

n

D Ai(Adj(A))k; =D (=1 A;pMinor ;(A).

k=0

When ¢ = j this is a Laplace expansion formula and is hence det A by Theorem 5.4.1.
When i # 7 this is the expansion of a determinant for a matrix with two equal rows and
hence is zero. L

The following corollary immediately follows.

Corollary 5.4.8 (The adjoint inversion formula). If det A # 0 then

41
~det A

Adj(A).
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a b

The inverse of a 2 x 2 matrix is a simple matter: Let A = [c d] . Then Adj(A) =

{ d _ab} and if det(A) = ad — bd # 0 then

—c
1 d —b

Al = : 1

ad — bc [—C a ] (1)

1 =3 .

For an example suppose A = {_2 e Then det(A) =1 —(6) = =5 # 0 s0o A is
1 3 =1 =3

invertible and A™! = =% {2 J = é ; .

5 5

The general formula for the inverse of a 3 x 3 is substantially more complicated and
difficult to remember. Consider though an example.

Example 5.4.9. Let

e

|

—_ =
O =N
w = O

Find its inverse if it is invertible.

» Solution. We expand along the first row to compute the determinant and get det(A) =

1det [3 ;)] — 2det [_11 :ﬂ = 1(12) — 2(4) = 4. Thus A is invertible. The cofactor of
12 -4 4 12 -6 2
Ais Cof(A) = | -6 3 —2| and Adj(A) = Cof(A) = |-4 3 —1|. The inverse
2 -1 2 4 -2 2
of A is thus I
L2 -6 2 35 3
1 _
ATl = 1 -4 3 -1|=|-1 2 =
4 -2 2 =1
2 2

<

In our next example we will consider a matrix with entries in R = R[s]. Such
matrices will arise naturally in Chapter 6.

Example 5.4.10. Let

o

I
[ S Y
N
O o —
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Find the inverse of the matrix

sl — A= 0 s—1 =3

» Solution. A straightforward computation gives det(sl — A) = (s — 4)(s* + 1). The
matrix of minors for sI — A is

(s—1)(s—2)—3 -3 s—1
—2(s—=2)—1 (s—1)(s—2)—1 —(s—1)—2
6+ (s—1) —3(s —1) (s —1)?

After simplifying somewhat we obtain the cofactor matrix

s2—3s—1 3 s—1
25 — 3 s2—3s+1 s+1
s+5 35—3 (s—1)

The adjoint matrix is

s2—3s—1 2s — 3 s+5

3 s2—3s+1 3s—3
s—1 s+1 (s —1)2
Finally, we obtain the inverse:
s2—3s—1 25—3 s+5
(s—4)(s2+1)  (s—4)(s24+1) (s—4)(s2+1)
_ 3 s2—3s+1 3s—3
(sI —A)"' = | DD GAEED G
s—1 s+1 (s—1)2

(s=4)(s*+1)  (s=4)(s*+1)  (s—4)(s>+1)

Cramer’s Rule

We finally consider a well known theoretical tool used to solve a system Ax = b when
A is invertible. Let A(i, b) denote the matrix obtained by replacing the i*" column of A
with the column vector b. We then have the following theorem:
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Theorem 5.4.11. Suppose det A # 0. Then the solution to Ax = b is given coordinate

wise by the formula:
~ det A(7, b)

Xi= det A

Proof. Since A is invertible we have

n

X; = (Ailb%:Z(Ail)ikbk

k=1
IR .
= detAkl( 1) Minory ;(A)by
R 4 , det A(i, b)
= —1)""*b;Minory;(A) = ————.
det(A) k:l( )" biMinoryi(4) det A

]

The following example should convince you that Cramer’s Rule is mainly a theoretical
tool and not a practical one for solving a system of linear equations. The Gauss-Jordan
elimination method is usually far more efficient than computing n + 1 determinants for

a system Ax = b, where A is n x n.

Example 5.4.12. Solve the following system of linear equations using Cramer’s Rule.

r + vy + z = 0
2 + 3y — 2z = 11
T + z = =2
» Solution. We have
11 1
det A=12 3 —1|=-3,
1 0 1
0 1 1
det A(1,b) = |11 3 —1|=-3,
-2 0 1
1 0 1
det A(2,b) =2 11 —1|= —6,
1 -2 1
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11 0
and det A(3,b) =12 3 11|=09,
10 =2
0
where b = [ 11 |. Since det A # 0 Cramer’s Rule gives
—2
det A(1,b -3
x]. = —< ’ ) = — = 1’
det A -3
det A(2,b —6
L, _detdeb) <6,
det A -3
and
det A(3,b 9
L _detABb) 9
det A -3
<
Exercises
Find the determinant of each matrix given below in three ways: a row expansion, a
column expansion, and using row operations to reduce to a triangular matrix.
4]
1. 2 9]
1 1
2 |y 4
3 4]
3. 2 6
[1 1 -1
4. |11 4 0
2 3 1
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3 98 100
6. [0 2 99
0 0 1
[0 1 -2 4
o123 9 2
1 4 8 3
-2 3 -2 4
4 9 —4 1
¢ |2 30 —
-2 3 5 -6
-3 2 0 1
2 4 2 3
o |12 1 4
48 4 6
19 11 13

Find the inverse of (sI — A) and determine for which values of s det(sI — A) = 0.

1 2
10. B 2]
3 1
11. K 3]
1 1
12. B! 1]
1 0 1
13. |0 1 0
0 3 1
1 -3 3]
14. |-3 1 3
|3 -3 1]
[0 4 0]
15. [=1 0 0
1 4 -1

Use the adjoint formula for the inverse for the matrices given below.

1 4
o [} ]

11
o L
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Chapter 6

SYSTEMS OF DIFFERENTIAL
EQUATIONS

6.1 Systems of Differential Equations

6.1.1 Introduction

In the previous chapters we have discussed ordinary differential equations in a single
unknown function. These are adequate to model real world systems as they evolve in
time, provided that only one state, i.e., one number y(¢), is necessary to describe the
system. For instance, we might be interested in the way that the population of a species
changes over time, the way the temperature of an object changes over time, the way the
concentration of a pollutant in a lake changes over time, or the displacement over time
of a weight attached to a spring. In each of these cases, the system we wish to describe
is adequately represented by a single number. In the examples listed, the number is the
population p(t) at time ¢, the temperature T'(t) at time ¢, the concentration ¢(t) of a
pollutant at time ¢, or the displacement y(t) of the weight from equilibrium. However, a
single ordinary differential equation is inadequate for describing the evolution over time
of a system which needs more than one number to describe its state at a given time ¢t. For
example, an ecological system consisting of two species will require two numbers p;(t)
and po(t) to describe the population of each species at time ¢, i.e., to describe a system
consisting of a population of rabbits and foxes, you need to give the population of both
rabbits and foxes at time ¢t. Moreover, the description of the way this system changes
with time will involve the derivatives p/(t), p5(t), the functions p;(t), pa(t) themselves,
and possibly the variable t. This is precisely what is intended by a system of ordinary
differential equations.

307
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A system of ordinary differential equations is a system of equations relating
several unknown functions y;(t) of an independent variable ¢, some of the derivatives of
the y;(t), and possibly ¢ itself. As for a single differential equation, the order of a system
of differential equations is the highest order derivative which appears in any equation.

Example 6.1.1. The following two equations

Z/i = ayi — by 1
Lo ’ 1)
Yo = —CYy1 + ayy2

constitute a system of ordinary differential equations involving the unknown functions
y1 and yo. Note that in this example the number of equations is equal to the number of
unknown functions. This is the typical situation which occurs in practice.

Example 6.1.2. Suppose that a particle of mass m moves in a force field F = (F}, Fy, F3)
that depends on time ¢, the position of the particle x(t) = (x1(t), z2(t), z3(t)) and the
velocity of the particle x'(t) = (2 (t), 25(t), 25(¢)). Then Newton’s second law of motion
states, in vector form, that F = ma, where a = x” is the acceleration. Writing out what
this says in components, we get a system of second order differential equations

may(t) = Fi(t, 21 (t), 2a(t), ws(t), 71 (), 25(1), 75(t))
may(t) = Pyt a1 (t), 2a(t), ws(t), 21 (2), w5(F), w3(1)) (2)
mag(t) = Fy(ta1(t), 2a(t), ws(t), 2 (), w5(1), 25(t)).

In this example, the state at time ¢ is described by six numbers, namely the three coor-
dinates and the three velocities, and these are related by the three equations described
above. The resulting system of equations is a second order system of differential equa-
tions since the equations include second order derivatives of some of the unknown func-
tions. Notice that in this example we have six states, namely the three coordinates of the
position vector and the three coordinates of the velocity vector, but only three equations.
Nevertheless, it is easy to put this system in exactly the same theoretical framework as
the first example by renaming the states as follows. Let y = (y1, Y2, Y3, Y4, Y5, Y) Where
Y1 = Ty, Yo = Ta, Y3 = T3, Ys = X}, Y5 = Ty, and yg = x5. Using these new function
names, the system of equations (2) can be rewritten using only first derivatives:

Z/i = U
yé = Ys
yzlz, = Ys
, 1
Yg = EFl(t7y1,y2,y3;y4ay5,y6) (3)
1
yé = EFQ(taylay%ySay%ySayG)

1
yﬁ - EF?)(taylay27y37y4ay57y6)'
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Note that this can be expressed as a vector equation

y =f(t,y)

where
1

1 1
f(t = —F(t —F5(t —F5(t .
( 7Y) (y47y57y67m 1( 7Y)7m 2( ay)7m 3( 7y))

The trick used in Example 6.1.2 to reduce the second order system to a first order
system in a larger number of variables works in general, so that it is only really necessary
to consider first order systems of differential equations.

As with a single first order ordinary differential equation, it is convenient to consider
first order systems in a standard form for purposes of describing properties and solution
algorithms for these systems.

Definition 6.1.3. The standard form for a first order system of ordinary differential
equations is a vector equation of the form

y' =f(ty) (4)

where f : U — R" is a function from an open subset U of R"™! to R". If an initial
point ¢y, and an initial vector y, are also specified, then one obtains an initial value
problem:

y/ = f(t7 Y)7 y(tO) = Yo- (5)
A solution of Equation (4) is a differentiable vector function y : I — R"™ where [ is an

open interval in R and the function y satisfies Equation (4) for all ¢ € I. This means
that

y'(t) = £t y (1)) (6)
for all t € I. If also y(ty) = y,, then y(t) is a solution of the initial value problem (5).

Equation (1) is a system in standard form where n = 2. That is, there are two
unknown functions y; and y, which can be incorporated into a two dimensional vector

y = (v, y2), and if £(¢,y) = (f1(t, 91, 92), fo(t y12)) = (ay1 — byrye, —cyr +dy1y2), then
Equation (5) is a short way to write the system of equations

yll - ay; — by1y2 = fl <t7 Y1, ?/2) (7)
/ _ _
vy = —cp+dpys = fot,y1,ye).

Equation (3) of Example 6.1.2 is a first order system with n = 6. We shall primarily
concentrate on the study of systems where n = 2 or n = 3, but Example 6.1.2 shows
that even very simple real world systems can lead to systems of differential equations
with a large number of unknown functions.
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Example 6.1.4. Consider the following first order system of ordinary differential equa-
tions:

o= 3 —
8
Yo = 4y — 2up. ®)
1. Verify that y(t) = (y1(t), y2(t)) = (e*, €*) is a solution of Equation (8).
2t

» Solution. Since y;(t) = ya(t) = e*,

Yi(t) = 2e = 3™ — * = 3yu(t) — 12(t)
and  yy(t) = 2e* = 4e* — 2e*" = 4y (t) — 2 (1),

which is precisely what it means for y(t) to satisfy (8). <
2. Verify that z(t) = (21(t), 22(t)) = (e, 4e™") is a solution of Equation (8).

» Solution. As above, we calculate

N
—_~
~~

~~
~—

I

—e ' =3e" —de” =32 (t) — 2(t)
and  25(t) = —de ' =de7" — 2 de”" =42z (t) — 22(1),

which is precisely what it means for z(t) to satisfy (8). <

3. If ¢; and ¢y are any constants, verify that w(t) = ¢;y(t) + c22(t) is also a solution
of Equation (8).

» Solution. Note that w(t) = (wi(t), wa(t)), where wy(t) = c1y1(t) + coz1(t) =
c1e?t + coe™t and wy(t) = c1ya(t) + coza(t) = c1e* + code™t. Then

wi(t) = 2c1e* — cpe™ = 3wy (t) — wy(t)

and  wy(t) = 2cie" — dege = 4wy (t) — 2wo(t).

Again, this is precisely what it means for w(t) to be a solution of (8). We shall see
in the next section that w(t) is, in fact, the general solution of Equation (8). That
is, any solution of this equation is obtained by a particular choice of the constants
c; and co. <

Example 6.1.5. Consider the following first order system of ordinary differential equa-
tions:
vi = 3y — Y + 2 ©)
Yy = 4y — 2y + 2.
Notice that this is just Equation (8) with one additional term (not involving the unknown
functions y; and y,) added to each equation.
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1. Verify that y,(t) = (yp1(t), yp2(t)) = (=2t + 1, —4¢ + 5) is a solution of Equation

. We leave it as an exercise to verify that y,(t)

(9).

» Solution. Since y,;(t) = —2t+ 1 and y,»(t) = —4t + 5, direct calculation gives
Yalt) = =2, yp(t) = —4 and

3Ypt (t) —ypa(t) + 2t =3(—2t +1) — (-4t +5) + 2t = -2 = y;ﬂ(t)
and 4y, (t) = 2y5(t) +2 =4(=2t +1) = 2(—4t +5) +2 = =4 =y, (t).

Hence y,,(t) is a solution of (9). <

. Verify that z,(t) = 2y,(t) = (2,1(t), 22(t)) = (=4t +2, =8t +10) is not a solution

to Equation (9).
» Solution. Since
32p1(t) — 2p2(t) + 2t =3(—4t +2) — (=8t +10) + 2t = -2t —4 # —4 = zz’jl(t),

z,(t) fails to satisfy the first of the two equations of (9), and hence is not a solution
of the system. <

= w(t) + y,(t) is a solution of (9),
where w(t) is the general solution of Equation (8) from the previous example.

We will now list some particular classes of first order systems of ordinary differential
equations. As for the case of a single differential equation, it is most convenient to
identify these classes by describing properties of the right hand side of the equation
when it is expressed in standard form.

Definition 6.1.6. The first order system in standard form

y =f(t,y)

is said to be

1.

2.

autonomous if f(¢,y) is independent of ¢;

linear if f(¢,y) = A(t)y +q(t) where A(t) = [a;;(t)] is an n x n matrix of functions
and q(t) = (q1(t),...,qn(t)) is a vector of functions of t;

constant coefficient linear if f(t,y) = Ay + q(t) where A = [a;;] isan n x n
constant matrix and q(t) = (q1(t), ..., ¢.(t)) is a vector of functions of ¢;
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4. linear and homogeneous if f(¢,y) = A(t)y. That is, a system of linear ordinary
differential equations is homogeneous provided the term q(t) is 0.

In the case n = 2, a first order system is linear if it can be written in the form
v = a®)y +bt)y: +a(?)
Yo = )y +dt)ys + a2(t);
this linear system is homogeneous if
v = alt)ys +b(t)y:
Yo = c(t)y +d(t)ye,
and it is a constant coefficient linear system if

yi = ayi+bya+aqi(t)

Yo = oy +dy:+ ()

. . . a(t) b(t) g .
In the first two cases the matrix of functions is A(t) = ot) dit)]’ while in the third
case, the constant matrix is A = {Z Z} Notice that the concepts constant coefficient

and autonomous are not identical for linear systems of differential equations. The linear
system y’ = A(t)y + q(t) is constant coefficient provided all entries of A(t) are constant
functions, while it is autonomous if all entries of both A(t) and q(t) are constants.

Example 6.1.7. 1. The linear system (1) of Example 6.1.1 is autonomous, but not
linear.

2. The system

Z/i =
, 1
Yo = —UY1— 7Y2

t
is linear and homogeneous, but not autonomous.
3. The system
i =
Yo = Wi

is linear, constant coefficient, and homogeneous (and hence autonomous).
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4. The system
Y1 = —y2+1
Yo = Y
is linear and autonomous (and hence constant coefficient) but not homogeneous.
5. The system
Yy = —Yptt
Yo = Ui
is constant coefficient, but not autonomous or homogeneous.

Note that the term autonomous applies to both linear and nonlinear systems of
ordinary differential equations, while the term constant coefficient applies only to linear
systems of differential equations, and as the examples show, even for linear systems, the
terms constant coefficient and autonomous do not refer to the same systems.

6.1.2 Examples of Linear Systems

In this section we will look at some situations which give rise to systems of ordinary
differential equations. Our goal will be to simply set up the differential equations;
techniques for solutions will come in later sections.

Example 6.1.8. The first example is simply the observation that a single ordinary
differential equation of order n can be viewed as a first order system of n equations
in n unknown functions. We will do the case for n = 2; the extension to n > 2 is
straightforward. Let

y,/ - f(tv yay/)7 y<t0) = a, y/<t0) =b (10)

be a second order initial value problem. By means of the identification y; =y, y2 = ¢/,
Equation (10) can be identified with the system

Y= Y y1(to)

a
vy = flt,y1,42) ya(to) = b (11)

For a numerical example, consider the second order initial value problem

(+) V' —y=t, y0)=1, y(0)=2
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According to Equation (11), this is equivalent to the system

/ _ J—
(**) y} : Y2 yl(()) : 1
Yo = ytt p2(0) = 2.
Equation (%) can be solved by the techniques of Chapter 3 to give a solution y(t) =
2¢! — e~ — t. The corresponding solution to the system (xx*) is the vector function

y(t) = (y1(t), yo(t)) = (2e" —e " —t, 2" + 7" — 1),
where y1(t) = y(t) — 9t — et — ¢ and yg(t) _ y’(t) — 9¢t + et 1.

Example 6.1.9 (Predator-Prey System). In Example 1.1.8 we introduced two dif-
ferential equation models for the growth of population of a single species. These were
the Malthusian proportional growth model, given by the differential equation p’ = kp
(where, as usual, p(t) denotes the population at time ¢), and the Verhulst model which is
governed by the logistic differential equation p’ = ¢(m—p)p, where ¢ and m are constants.
In this example we will consider an ecological system consisting of two species, where
one species, which we will call the prey, is the food source for another species which we
will call the predator. For example we could have coyotes (predator) and rabbits (prey)
or sharks (predators) and food fish (prey). Let p;(t) denote the predator population at
time ¢ and let py(t) denote the prey population at time ¢. Using some assumptions we
may formulate potential equations satisfied by the rates of change of p; and py. To talk
more succinctly, we will assume that the predators are coyotes, and the prey are rabbits.
Let us assume that if there are no coyotes then the rabbit population will increase at a
rate proportional to the current population, that is p5(t) = aps(t) where a is a positive
constant. Since the coyotes eat the rabbits, we may assume that the rate at which the
rabbits are eaten is proportional to the number of contacts between coyotes and rabbits,
which we may assume is proportional to pi(¢)p2(t); this will, of course, have a negative
impact upon the rabbit population. Combining the growth rate (from reproduction) and
the rate of decline (from being eaten by coyotes), we arrive at p)(t) = apa(t) —bp1 (t)p2(t)
where b is a positive constant as a formula expressing the rate of change of the rabbit
population. A similar reasoning will apply to the coyote population. If no rabbits are
present, then the coyote population will die out, and we will assume that this happens at
a rate proportional to the current population. Thus p)(t) = —cp(t) where ¢ is a positive
constant is the first approximation. Moreover, the increase in the population of coyotes
is dependent upon interactions with their food supply, i.e., rabbits, so a simple assump-
tion would be that the increase is proportional to the number of interactions between
coyotes and rabbits, which we can take to be proportional to p;(t)pa(t). Thus, combining
the two sources of change in the coyote population gives p(t) = —cpi(t) + dpi(t)p2(t).
Therefore, the predator and prey populations are governed by the first order system of
differential equations

pit) = —epi(t) +dpi(t)pa(t)

pa(t) = apa(t) — bpi(t)pa(t). (12)
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If we let p(t) = [p ! (t)] then Equation (12) can be expressed as the vector equation

pa(t)
p'(t) = f(t, p(t)), (13)
where
f(t,u) = {_a(qzlj bﬁiﬂ

and u = [le , which is a more succinct way to write the system (12) for many purposes.
2

We shall have more to say about this system in a later section.

Example 6.1.10 (Mixing problem). Example 1.1.10 considers the case of computing
the amount of salt in a tank at time ¢ if a salt mixture is flowing into the tank at a known
volume rate and concentration and the well-stirred mixture is flowing out at a known
volume rate. What results is a first order linear differential equation for the amount y(t)
of salt at time ¢ (Equation (8)). The current example expands upon the earlier example
by considering the case of two connected tanks. See Figure 6.1. Tank 1 contains 200

4 Gal/Min
| 6 Gal/Min |
—
I _
Tank 1 Tank 2
4 Gal/Min
200 Gal ¢ 200 Gal *=——
—
2 Gal/Min —

Figure 6.1: A Two Tank Mixing Problem.

gallons of brine which 50 pounds of salt are initially dissolved ; Tank 2 initially contains
200 gallons of pure water. Moreover, the mixtures are pumped between the two tanks,
6 gal/min from Tank 1 to Tank 2 and 2 gal/min going from Tank 2 back to Tank 1.
Assume that a brine mixture containing .5 1b/gal enters Tank 1 at a rate of 4 gal/min,
and the well-stirred mixture is removed from Tank 2 at the same rate of 4 gal/min. Let
y1(t) be the amount of salt in Tank 1 at time ¢ and let y2(f) be the amount of salt in
Tank 2 at time ¢t. Find a system of differential equations which relates y;(¢) and yo(t).
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» Solution. The underlying principle is the same as that of the single tank mixing
problem. Namely, we apply the balance equation

(1) y'(t) = Rate in — Rate out

to the amount of salt in each tank. If y;(¢) denotes the amount of salt at time ¢ in Tank
1, then the concentration of salt at time ¢ in Tank 1 is ¢;(t) = (y1(¢)/200) 1b/gal.
Similarly, the concentration of salt in Tank 2 at time ¢ is co(t) = (y2(t)/200) 1b/gal. The
relevant rates of change can be summarized in the following table.

From To Rate

Outside Tank 1 (0.5 1b/gal)-(4 gal/min) = 2 1b/min

Tank 1 Tank2 y;éé) -6 gal/min = 0.03y;(¢) Ib/min
t

Tank 2 Tank 1 y22(§0) Ib/gal -2 gal/min = 0.01ys(¢) Ib/min
t

Tank 2 Outside %QT(O)lb/gal -4 gal/min = 0.02y,(¢) Ib/min

The data for the balance equations (1) can then be read from the following table:

Tank Rate in Rate out
1 2+ 0.01y2(t)  0.03y(t)

Putting these data in the balance equations then gives

yi(t) = 2 + 0.01ya(t) — 0.03y1(t)
y(t) = 0.03y1(t) — 0.02y2(¢)

as the first order system of ordinary differential equations satisfied by the vector function
whose two components are the amount of salt in tank 1 and in tank 2 at time ¢. This
system is a nonhomogeneous, constant coefficient, linear system. We shall address some
techniques for solving such equations in Section 6.4, after first considering some of the
theoretical underpinnings of these equations in the next two sections. |

Exercises

For each of the following systems of differential equations, determine if it is linear
(ves/no) and autonomous (yes/no). For each of those which is linear, further determine
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if the equation is homogeneous/nonhomogeneous and constant coefficient (yes/no). Do
not solve the equations.

no= v

Y = Y12

vi = wn o+ oy + 2
Yy, = -y + oy + 1
Yy = (sint)yr — Y2
Yy = Y1 +  (cost)ys
Yy, = tsiny; — Yo
Yy, = Y1 + tcosys
no= mn

vh = 2y1 + wa

Yy = Y4

Yy = Y2+ 2uy3

) 1

Vi = zy1o— Y2+ 5
. 2 1

yh = —y1 + —y2 — 5

2

y2(t)

the initial value problem

. Verify that y(t) = [yl (t)], where y1(t) = et — €3 and yo(t) = 2¢! — €3 is a solution of

15 =2 10
Solution: First note that y1(0) = 0 and y2(0) = 1, so the initial condition is satisfied.

e P e O e A
[ el — 3e3t

)
1(4) — :
9t _ 3631:} - Thus y'(t) = [4 _1] y, as required.

. Verify that y(t) = [yl (t)] , where y; () = 2e* —e™2 and yo(t) = 2e* +e72! is a solution

Yy2(t)

of the initial value problem

Yy = B ﬂ y; y(0)= [:ﬂ :
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10.

11.

12.

13.

14.

15.

16.

17.
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Yya(t)

initial value problem

. Verify that y(t) = [yl (t)} , where y1(t) = e’ + 2te’ and yo(t) = 4te’ is a solution of the

y = [Z :ﬂ y; y(0) = H :

Verify that y(t) = Blg;] , where y (t) = cos 2t—2sin 2t and y»(t) = — cos 2t is a solution
2

of the initial value problem

Yy = [_11 _51} y: y(0) = {_11} :

Rewrite each of the following initial value problems for an ordinary differential equation
as an initial value problem for a first order system of ordinary differential equations.

y'+5y +6y=e*, y(0)=1y(0)=-2
Solution: Let y; =y and yo = ¢'. Then y} =’ =y and y) =y = —5y' — 6y + &% =

—61y1 — 5y + €%, Letting y = [Z

(6.1.7)) as
y = [_06 _15] Y+ |:egt:| ; y(0)= [_12] :

y'+ky=0, y0)=-1,4(0)=0

1] , this can be expressed in vector form (see Equation
2

Y —k*y =0, y(0)=-1,¢(0)=0

y" 4+ k?y = Acoswt, y(0)=0,y'(0) =0

ay’ +by' +cy=0, y(0)=0a,y'(0)=7

ay’ + by +cy = Asinwt, y(0)=a,y'(0)=7

2y’ + 2ty +y =0, y(1)=-2,4(1)=3

6.2 Linear Systems of Differential Equations

This section and the next will be devoted to the theoretical underpinnings of linear sys-
tems of ordinary differential equations which accrue from the main theorem of existence
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and uniqueness of solutions of such systems. As with Picard’s existence and uniqueness
theorem (Theorem 1.5.2) for first order ordinary differential equations, and the similar
theorem for linear second order equations (Theorem 3.1.6), we will not prove this the-
orem, but rather show how it leads to immediately useful information to assist us in
knowing when we have found all solutions.

A first order system y' = f(¢, y) in standard form is linear provided f(t, y) =
A(t)y + q(t) where A(t) = [a;;(t)] is an n X n matrix of functions, while

611(75) n
qit)=] and y= |
Qn<t) Un

are n X 1 matrices. Thus the standard description of a first order linear system in matrix
form is

Y = Aty +q(t), (1)
while, if the matrix equation is written out in terms of the unknown functions v, e,
.+ Yn, then (1) becomes

Yy = an(t)yr + aa(t)yz + - + a1 (t)yn + @1(t)
Yy = an ()yr + ass(D)ya + -+ + agn(t)yn + ¢2(1) 2)

and the system of equations

Y1 = Y1 —tys +cost
Yo = €y — 2
have the same meaning.

It is convenient to state most of our results on linear systems of ordinary differential
equations in the language of matrices and vectors. To this end the following terminology
will be useful. A property P of functions will be said to be satisfied for a matrix A(t) =
la;;(t)] of functions if it is satisfied for all of the functions a;;(t) which make up the
matrix. In particular:

1. A(t) is defined on an interval I of R if each a;;(t) is defined on 1.
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2. A(t) is continuous on an interval I of R if each a;;(t) is continuous on I. For
instance, the matrix

1
—_— cos 2t
+

(2t — 3)?
is continuous on each of the intervals I} = (—o0,—2), Iy = (—2,3/2) and I3 =
(3/2,00), but it is not continuous on the interval I, = (0, 2).

3. A(t) is differentiable on an interval I of R if each a;;(t) is differentiable on I.
Moreover, A'(t) = [a;;(t)]. That is, the matrix A(t) is differentiated by differenti-
ating each entry of the matrix. For instance, for the matrix A(t) in the previous
item,

_26—2t

—2sin 2t
—4

(2t - 3)*

4. A(t) is integrable on an interval I of R if each a;;(t) is integrable on I. Moreover,
the integral of A(t) on the interval [a, b] is computed by computing the integral
of each entry of the matrix, i.e., fab A(t)dt = [f; aij(t) dt]. For the matrix A(t) of

item 2 above, this gives

11 1
1 fo t+—2 dt fo cos 2t dt ln% %sinQ
/ Alt)dt = 1 -2t 1 1 B (1 —e?) s
0 fO e dt fO (Qt——?))Q dt 2 3
while, if t € I, = (=2, 3/2), then
1 t+2
/t Al fot s du f[f cos 2u du In —; %sin ot
u)au = 1 = -1
t oy 1 _
0 foe 2u Jy fo —(2u—3)2 du %(1_6 2t e _%

5. If each entry a;;(t) of A(t) is of exponential type (see the definition on page
201), we can take the Laplace transform of A(t), by taking the Laplace trans-
form of each entry. That is L(A(t))(s) = [L(ai;(t))(s)]. For example, if A(t) =
[ te=? cos 2t

eStsint (2t —e)?|’ this gives

1 2
Loy = | FETIE Lleos20(s) ]| (2 st
o o(esint)(s) L((2t—3)2)(s)| 1 8¢

(s—3)2+1 s3
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If A(t) and q(t) are continuous matrix functions on an interval I, then a solution to
the linear differential equation

y = A(t)y +q(t)

on the subinterval J C I, is a continuous matrix function y(¢) on J such that

y'(t) = Alt)y(t) +q(t)

for all t € J. If moreover, y(tg) = y,, then y(t) is a solution of the initial value
problem

Yy =At)y +q(t), y(to) = Yo (3)

Example 6.2.1. Verify that y(t) = {3663,5

} is a solution of the initial value problem (3)

on the interval (—oo, co) where

At) = E _h}, qlt) = Eg%],m::OamiyO: E}.

» Solution. All of the functions in the matrices A(t), y(t), and q(t) are differentiable

on the entire real line (—oo, 0o) and y(tg) = y(0) = il)) = y,. Moreover,

o v (0= o]
and
(%) A@Mﬂ+ﬂﬂ_ﬁ i}E§]+&%}‘B§}

Since (%) and (xx) agree, y(t) is a solution of the initial value problem. <

The Existence and Uniqueness Theorem

The following result is the fundamental foundational result of the current theory. It is
the result which guarantees that if we can find a solution of a linear initial value problem
by any means whatsoever, then we know that we have found the only possible solution.
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Theorem 6.2.2 (Existence and Uniqueness). ' Suppose that the n x n matriz func-
tion A(t) and the n x 1 matriz function q(t) are both continuous on an interval I in R.
Let ty € I. Then for every choice of the vector y,, the initial value problem

Y =AMy +q(t), ylto) =y,
has a unique solution y(t) which is defined on the same interval I.

Remark 6.2.3. How is this theorem related to existence and uniqueness theorems we
have stated previously?

e If n = 1 then this theorem is just Corollary 1.3.9. In this case we have actually
proved the result by exhibiting a formula for the unique solution. We are not so
lucky for general n. There is no formula like Equation (7) which is valid for the
solutions of linear initial value problems if n > 1.

e Theorem 3.1.6 is a corollary of Theorem 6.2.2. Indeed, if n = 2,

A(t) = [_l?(t) —cj(t)] ’

q(t) = [ f?t)] Yo = B?] ,and y = Lﬂ , then the second order linear initial value

problem
y' +at)y +b(t)y = f(t), ylto) =0, ¥'(to) = m
has the solution y(t) if and only if the first order linear system
Y = Aty +4q(t), ylt) =y,

y(t)

has the solution y(t) = o' t)] You should convince yourself of the validity of

this statement.

Example 6.2.4. Let n = 2 and consider the initial value problem (3) where

1
- e’ 1
A(t) = 1 t;l ) q(t> = |:COS t:| ; to=0, Yo = |:2:| :

2 —2

Determine the largest interval I on which a solution to (3) is guaranteed by Theorem
6.2.2.

LA Proof of this result can be found in the text An Introduction to Ordinary Differential Equations
by Earl Coddington, Prentice-Hall, (1961), Page 256.
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» Solution. All of the entries in all the matrices above are continuous on the entire

real line except that is not continuous for t = —1 and o is not continuous for

t = £v/2. Thus the largest interval I containing 0 for which all of the matrix entries
are continuous is I = (—1, v/2). The theorem applies on this interval, and on no larger
interval containing 0. <

For first order differential equations, the Picard approximation algorithm (Algorithm
1.5.1) provides an algorithmic procedure for finding an approximate solution to a first
order initial value problem y' = f(¢,v), ¥/(to) = yo. For first order systems, the Picard
approximation algorithm also works. We will state the algorithm only for linear first
order systems and then apply it to constant coefficient first order systems, where we will
be able to see an immediate analogy to the simple linear equation 3’ = ay, ¥'(0) = c,
which, as we know from Chapter 1, has the solution y(t) = ce.

Algorithm 6.2.5 (Picard Approximation for Linear Systems). Perform the fol-
lowing sequence of steps to produce an approzximate solution to the initial value problem

(3).
(i) A rough initial approximation to a solution is given by the constant function
Yo(t) == Yo

(ii) Insert this initial approximation into the right hand side of Equation (3) and obtain
the first approximation

yi(t) ==yo+ /t(A(U)yo(u) +q(u)) du.

to

(iii) The next step is to generate the second approximation in the same way; i.e.,

st =+ [ (A () + g

to

(iv) At the n-th stage of the process we have
t
ba) =+ [ (Al)y, 1(w) + ) du,
to

which is defined by substituting the previous approximation y,,_,(¢) into the right
hand side of Equation (3).
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As in the case of first order equations, under the hypotheses of the Existence and
Uniqueness for linear systems, the sequence of vector functions vy, (t) produced by the
Picard Approximation algorithm will converge on the interval I to the unique solution
of the initial value problem (3).

Example 6.2.6. We will consider the Picard Approximation algorithm in the special
case where the coefficient matrix A(t) is constant, so that we can write A(t) = A, the
function q(t) = 0, and the initial point ¢, = 0. In this case the initial value problem (3)
becomes

Y =Ay, y(0) =y, (4)
and we get the following sequence of Picard approximations y,,(t) to the solution y(t)

of (4).

yo(t) = Yy
t
yi(t) = o +/ Ay, du
0
=y, + Ayt

Yo(t) = yot /Ot Ay, (u) du
= Yo+ /OtA(yo + Ayqu) du
= y,+ Ayt + %A2y0t2
wit) = [ 4w+ v St )

1 1
= Yo+ Ayet + §A2y0t2 + 6A3y0t3

' 1 1
y,(t) = yo+ Ayet + §A2yot2 ok ATyt

Notice that we may factor a y, out of each term on the right hand side of y,, (). This
gives the following expression for the function y,,(¢):

1 1 1
Yn(t) = (ln + At 4 S A + §A3t3 +ot —,A"t"> Yo (5)
. n:

where [, denotes the identity matrix of size n. If you recall the Taylor series expansion
for the exponential function e®:

1 1
e = 1—|—at+§(at)2+ g(at)g—i—---—k —(at)™ + -
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you should immediately see a similarity. If we replace the scalar a with the n x n matrix
A and the scalar 1 with the identity matrix I,, then we can define e to be the sum of
the resulting series. That is,

1 1 1
eAt:In+At+§(At)2+g(At)3+---+E(At)’%--- : (6)

It is not difficult (but we will not do it) to show that the series we have written down
for defining e in fact converges for any n x n matrix A, and the resulting sum is an
n X n matrix of functions of ¢. That is

hir(t) hag(t) -+ hu(t)
At hoi(t)  haa(t) -+ hau(t)
hm:(t) hnz:(t) hm;(t)

It is not, however, obvious what the functions h;;(t) are. Much of the remainder of
this chapter will be concerned with precisely that problem. For now, we simply want
to observe that the functions y,,(t) (see Equation (5)) computed from the Picard ap-
proximation algorithm converge to e'y,, that is the matrix function e** multiplied by
the constant vector y, from the initial value problem (4). Hence we have arrived at the
following fact: The unique solution to (4) is

y(t) = My, (7)

Following are a few examples where we can compute the matrix exponential e* with
only the definition.

Example 6.2.7. Compute e?! for each of the following constant matrices A.

1. A= {O O} = 0s. (In general 0y denotes the k x k matrix, all of whose entries are

» Solution. In this case A"t" = [0 O] for all n. Hence,

0 0

1 1
eOQt e eAt = I2 + At + §A2t2 + §A3t3 + ct
== [2+02+02+
= I,

Similarly, e%* = I,,. This is the matrix analog of the fact e’ = 1. <
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2 0
2 asft )
» Solution. In this case the powers of the matrix A are easy to compute. In fact
4 0 8 0 2" 0
2 f— 3 — o .. n —
A_{O 9}’ A_{O 27}’ 4 {O 3”]’
so that
At Looo 1 33
e = I+At+§At +§At+

_10+2t0+14t20+
01 0 3t 2|0 9
41 8t 0 TR A U
3110 27 nl| 0 37"

(T2t 4+ S22 0
B 0 1+3t+ 3982 + - 4 Z3"" 4 - - -

» Solution. There is clearly nothing special about the numbers 2 and 3 on the
diagonal of the matrix in the last example. The same calculation shows that

01
vaf ]



6.2. LINEAR SYSTEMS OF DIFFERENTIAL EQUATIONS 327

» Solution. In this case, check that A? = [8 (ﬂ [8 (1)} = [8 8] = 0y. Then
A" = 0y for all n > 2. Hence,
1 1
et = I+At+§A2t2+§A3t3+-~-
= I+ At '

_ Ll) ﬂ.

Note that in this case, the individual entries of e4* do not look like exponential

functions e at all. <
0 —1
sl ]

» Solution. We leave it as an exercise to compute the powers of the matrix A.

-1 0 0 1 10
2 _ 3 _ 4 _ _ 5 _
You should find A* = [0 1], A® = { 1 0], A* = [O 11 =1, A° = A,

A% = A2 etc. That is, the powers repeat with period 4. Then

1 1
et = 1+At+§A2t2+§A3t3+---

_10+0—t+1—t20+10t3+1t40+
01 t 0 210 =] "3 =3 0 "4 |0 !
1—st?+ fth 4+ —t g3 — L0+

1,3 , 145 1,2 | 144
_ |cost —sint
~ |sint cost |-

In this example also the individual entries of e are not themselves exponential

functions. <

Example 6.2.8. Use Equation (7) and the calculation of e* from the corresponding
item in the previous example to solve the initial value problem

C
yl f— 14y7 y(O) = yO — [611
2

for each of the following matrices A.

0 0
U
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» Solution. By Equation (7), the solution y(t) is given by

c
y(t) = eAtyo = Ly, =Yy = [cj . (9)

That is, the solution of the vector differential equation y’" = 0, y(0) = y, is the
constant function y(t) = y,. In terms of the component functions y;(t), y2(t), the
system of equations we are considering is

i = 0, m(0)=c
vo = 0, 12(0) =cy
and this clearly has the solution y;(t) = ¢1, y2(t) = co, which agrees with (9). <«

a2

€2t

0

2 2
A e 01 el _ |cie
y(t) = ey, = {O eSt:| {62] = |:Cg€3t:| :
Again, in terms of the component functions y;(t), y2(t), the system of equations
we are considering is

» Solution. Since in this case, e = [ egt] , the solution of the initial value

problem is

vio= 2y, yi(0)=a
vy = 3ya,  y2(0) = .

Since the first equation does not involve gy, and the second equation does not
involve y;, what we really have is two independent first order linear equations.
The first equation clearly has the solution y;(t) = c1€?* and the second clearly has
the solution y(t) = €3, which agrees with the vector description provided by
Equation (7). (If the use of the word clearly is not clear, then you are advised to

review Section 1.3.) <
a 0O
[
. L e 0 : s
» Solution. Since in this case, et = { 0 ebt} , the solution of the initial value
problem is
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01
asfo ]

» Solution. In this case et = [(1] i] , so the solution of the initial value problem

y(t) = ey, = [é ﬂ [ij N [Cl Jcr2t02] '

Again, for comparative purposes, we will write this equation as a system of two
equations in two unknowns:

18

v = Y2, ui(0)=¢
yé = 07 yZ(O) = Ca.
In this case also, it is easy to see directly what the solution of the system is and to

see that it agrees with that computed by Equation (7). Indeed, the second equation
says that ys(t) = ¢, and then the first equation implies that y;(t) = ¢; + tep by

integration.
<
0 -1
5. A= L ! ]
» Solution. The solution of the initial value problem is
_ar.._ |cost —sint| |ci|  |cicost — cosint
y(t) = ey, = [sint cost } [CQ:| N [Cl sint + cycost|”
«

Exercises
Compute the derivative of each of the following matrix functions.

1. A(t) = {

cos2t sin2t
—sin2t cos2t
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et te t et
3. At)=| 0 et tet

0 0 et
[ ¢
4. y(t) = | 2
_lnt
1 2
5. A(t) = 3 4

6. v(t) =[e? In(t*+1) cos3t]

For each of the following matrix functions, compute the requested integral.

7. Compute foﬂ A(t)dt if A(t) = [ cos2t sin 21.

—sin2t cos?2t

o2t 4 o2t 2t _ =2t
e et e 2

8. Compute fol A(t)dt if A(t) = % th Y

9. Compute f12 y(t) dt for the matrix y(¢) of Exercise 4.
10. Compute f15 A(t) dt for the matrix A(t) of Exercise 5.

~1
11. On which of the following intervals is the matrix function A(t) = [(t _t1)2 (¢ ;:_123

continuous?
(a) 6L =(-1,1) (b) I

(0,00) (c) Iz3=(-1,00)
(d) Iy=(-00,—1) (e) I5 :

(2,6)

If A(t) = [ai;(t)] is a matrix of functions, then the Laplace transform of A(t) can be
defined by taking the Laplace transform of each function a;;(¢). That is,

For example, if A(t) = [ o

Compute the Laplace transform of each of the following matrix functions.
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12.

13.

14.

15.

16.

17.

19.

20.
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(1 ¢
At) = 2 e2t}
[ cost sint
A =
(t> &= sint cos t}
[ 3 tsint tet
A(t) = _t2 —t ecos2t 3 ]
[t
A(t) = |12
43

1 sint 1—cost
A(t)= |0 cost sint
0 —sint cost

331

The inverse Laplace transform of a matrix function is also defined by taking the inverse

Laplace transform of each entry of the matrix. For example,

11 1t
-1 s S _
] 2o
3 g4 2 6

Compute the inverse Laplace transform of each matrix function:

[126}
s s2 83

52
S
Ls2—1 s2+4+1

_ 1 1 -
s—1 s2—2s5+1
4 1
53 4+ 252 — 3s s24+1
3s 1
L s2+9 s—3
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2s 2
s2—-1 s2-1
2 2s
s2—-1 s2-1

21.

For each matrix A given below:

(i) Compute (sI — A)~L.

(ii) Compute the inverse Laplace transform of (sI — A)~L.

[1 0

22. A= 0 2

23. A=

0
24. A= 1|0
0

25. A= 0 1]

0

26. Let A(t) = [t

é} and consider the initial value problem

y' =4y, y(0)= m :

(a) Use Picard’s method to calculate the first four terms, yo,-- ,ys3.
(b) Make a conjecture about what the n-th term will be. Do you recognize the series?

t2/2
(c) Verify that y(t) = etz /2] is a solution. Are there any other solutions possible?
e

Why or Why not?

0 ¢

27. Let A(t) = [—t 0

} and consider the initial value problem

y' =4y, y(0)= H :

(a) Use Picard’s method to calculate the first four terms, yo,-- ,ys3.
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cost?/2

(b) Verify that y(¢) = [_ int2/2

Why or Why not?

] is a solution. Are there any other solutions possible?

28. Let A(t) = [_t : _t t] and consider the initial value problem
, 1
y =4y,  yO) =]
(a) Use Picard’s method to calculate the first four terms, yo,-- ,¥ys.

(b) Deduce the solution.

29. Verify the product rule for matrix functions. That is, if A(¢f) and B(t) are matrix
functions which can be multiplied and C(t) = A(t)B(t) is the product, then

C'(t) = A'(t)B(t) + A(t)B'(t).

Hint: Write the ij term of C(t) as ¢;j(t) = > j_; air(t)bg;(t) (where r is the number of
columns of A(t) = the number of rows of B(t)), and use the ordinary product and sum
rules for derivatives.

What is the largest interval containing 0 on which the initial value problem

is guaranteed by Theorem 4.2.2 to have a solution, assuming:

30. A(t) = |:(t2 +02)—1 colst}

(t+4)"2 244
31 A() = Ln(t—?,) (t+2)4]

. t+2 t

33, A1) = | }

34. Let N =

o O O
S O =
O = O
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(a) Show that

N2 =

o o O
o o O
o O O
o O O

0 1
0 0| and N3=
00

(b) Using the above calculations, compute eVt.

(c) Solve the initial value problem
1
y' =Ny, y(0)=|2
3

(d) Compute the Laplace transform of e, which you calculated in Part (b).

(e) Compute the matrix (s — N)~!. Do you see a similarity to the matrix computed
in the previous part?

1 1
35. Let A = [0 1].

(a) Verify that A" = [(1) le

(b) Using part (a), verify, directly from the definition, that
el tel
o)

(¢) Now solve the initial value problem vy’ = Ay, y(0) = y, for each of the following
initial conditions y,.

] for all natural numbers n.

() o = B] (i) vy = m (iii) o = [_5 ] (iv) yo = [ij

(d) Compute the Laplace transform of eA?.

(e) Compute (sI — A)~! and compare to the matrix computed in Part (d).

b b

36. One of the fundamental properties of the exponential function is the formula et = e%e?.
The goal of this exercise is to show, by means of a concrete example, that the analog
of this fundamental formula is not true for the matrix exponential function (at least
without some additional assumptions). From the calculations of Example 4.2.7, you

. 2 0 01
know that if A = [O 3] and B = {0 O]’ then

2t
At _ |€ 0 B _ |1 1
et = [0 634 and e = [0 1l
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2 43t
(a) Show that edteBt = [e te ]

0 €3t :
(b) Let y, = [(1)] and let y(t) = e?tePlty,. Compute y/(t) and (A + B)y(t). Are these
two functions the same?

(¢) What do these calculations tell you about the possible equality of the matrix func-
tions eAteBt and e(A+B) for these particular A and B?

(d) We will see later that the formula e(A+B) = eAteBt is valid provided that AB = BA.
Check that AB # BA for the matrices of this exercise.

6.3 Linear Homogeneous Equations

This section will be concerned with using the fundamental existence and uniqueness
theorem for linear systems (Theorem 6.2.2) to describe the solution set for a linear
homogeneous system of ordinary differential equations

Y = Alt)y. (1)

The main result will be similar to the description given by Theorem 3.2.4 for linear
homogeneous second order equations.

Recall that if A(t) is a continuous n x n matrix function on an interval I, then a
solution to system (1) is an n x 1 matrix function y(t) such that y'(t) = A(t)y(¢) for
all t € I. Since this is equivalent to the statement

y'(t) — A(t)y(t) =0 for all t € I,

to be consistent with the language of solution sets used in Chapter 3, we will denote the
set of all solutions of (1) by S, where L = D — A(t) is the (vector) differential operator
which acts on the vector function y(t) by the rule

L(y(t)) = (D — A(®))(y(t)) = 9/'(t) — A()y(1).

Thus
St = {y(t) : L(y(t)) = 0} .
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Let y,(t) and y,(t) be two solutions of system (1), i.e., y,(¢) and y,(t) are in S} and
let y(t) = c1y,(t) + c2y,(t) where ¢; and ¢, are scalars (either real or complex). Then

Y(t) = (ayi(t) + cys(t))
= ay(t) + cys(t)
= aA(t)y;(t) + c2A()y,(t)
= A(t) (ay(t) + c2yy(t))
= AQ)y(1).

Thus every linear combination of two solutions of (1) is again a solution. which in the
language of linear algebra means that SY is a vector space. We say that a set of vectors

B:{vl,...,vk}

in a vector space V is a basis of V if the set B is linearly independent and if every
vector v in V' can be written as a linear combination

U:)\1U1+"'+)\kvk.

The number k of vectors in a basis B of V is known as the dimension of V. Thus R?
has dimension 2 since it has a basis e; = (1,0), ex = (0, 1) consisting of 2 vectors, R?
has dimension 3 since it has a basis e; = (1,0,0), es = (0,1,0), e3 = (0,0, 1) consisting
of 3 vectors, etc. The main theorem on solutions of linear homogeneous systems can be
expressed most conveniently in the language of vector spaces.

Theorem 6.3.1. If the n x n matriz A(t) is continuous on an interval I, then the
solution set SY of the homogeneous system

y' = A(t)y (2)

1s a vector space of dimension n. In other words,

1. There are n linearly independent solutions of (2) in SY.

2. If @1, @9, -, P, € SY are independent solutions of (2), and ¢ is any function
in 83, then ¢ can be written as

p=cC1py Tt T Gy

for some scalars cq, ..., ¢, € R.



6.3. LINEAR HOMOGENEOUS EQUATIONS 337

Proof. To keep the notation as explicit as possible, we will only present the proof in the
case n = 2. You should compare this proof with that of Theorem 3.2.4. To start with,

let
1 0
e = [0] and ey, = [1] ,

and let ¢y € I. By Theorem 6.2.2 there are vector functions 4, (¢) and 1,(t) defined for
all t € I and which satisfy the initial conditions

'I,bl(t()) = €; for i = ]_, 2. (3)
Suppose there is a dependence relation c;9¢; + c2t, = 0. This means that

1y (t) + cathy(t) = 0

for all t € I. Applying this equation to the particular point ¢, gives

1 0 c
0= Cl’l,/)l(t0> + 02¢2(t0) = c1e; + ey = |:0:| + C9 |:1:| = |:C;:| .
Thus ¢; = 0 and ¢3 = 0 so that 1, and 1, are linearly independent. This proves (1).

Now suppose that ¢ € S2. Evaluating at ¢, gives

p(to) = m :

Now define 1 € 8 by ¥ = rip, + s1b,. Note that ¥ € SY since SY is a vector space.
Moreover,

Blto) = 1o t0) + st = res + sea = |1] = plt).

This means that ¢ and ¥ = rip; + s, are two elements of SY which have the same
value at ty. By the uniqueness part of Theorem 6.2.2, they are equal.

Now suppose that ¢, and ¢, are any two linearly independent solutions of (2) in
SY. From the argument of the previous paragraph, there are scalars a, b, ¢, d so that

p = ap; + b,
py = cpy+dip,

which in matrix form can be written

CRAR ARSI
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We multiply both sides of this matrix equation on the right by the adjoint [_db —ac} to
obtain

R B A | L B AR A [ e )

Suppose ad — bc = 0. Then
dp; —bpy, = 0
and —cp; +ap, =

But since ¢, and ¢, are independent this implies that a, b, c, and d are zero which in
turn implies that ¢; and ¢, are both zero. But this cannot be. We conclude that
ad — bc # 0. We can now write 1, and 1, each as a linear combination of ¢, and ¢,.
Specifically,

[ o) = @dibc o1 @] [—db _Cj '

Since ¢ is a linear combination of 1, and ), it follows that ¢ is a linear combination
of ¢, and ¢,. O

The matrix [ } that appears in the above proof is a useful theoretical criterion

a c
b d
for determining if a pair of solutions ¢, ¢, in 89 is linearly indpependent and hence a
basis in the case n = 2. The proof shows:

L fpilt) et = [; 4

2. If the solutions ¢, (t), @, (t) are a basis of 8¢, then ad — bc = det [Z CCJ # 0, and

moreover, this is true for any ty € I.

3. The converse of the above statement is also true (and easy). Namely, if

det [Sol(to) Soz(t())} #0

for some ty € I, then ¢y, ¢, in SY is a basis of the solution space (always assuming
n=2).

Now assume that ¢, and ¢, are any two solutions in SY. Then we can form a 2 x 2
matrix of functions

B(t) = [p1(t) @o(t)]
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where each column is a solution to y' = A(t)y. We will say that ®(¢) is a fundamental
matrix for y' = A(t)y if the columns are linearly independent, and hence form a basis
of 8. Then the above discussion is summarized in the following result.

Theorem 6.3.2. If A(t) is a 2 X 2 matriz of continuous functions on I, and if ®(t) =
[p1(t)  ,(t)] where each column is a solution toy' = A(t)y, then ®(t) is a fundamental
matrixz for y' = A(t)y if and only if det ®(t) # 0 for at least one t € I. If this is true
for onet € I, it is in fact true for allt € I.

Remark 6.3.3. The above theorem is also true, although we will not prove it, for n x n
matrix systems y’ = A(t)y, where a solution matrix consists of an n x n matrix

D(t) = [pi(t) -+ (1))
where each column ¢;(t) is a solution to y’ = A(t)y. Then ®(¢) is a fundamental matrix,
that is the columns are a basis for SY if and only if det ®(¢) # 0 for at least one ¢ € I.

Note that if a matrix B is written in columns, say
B=1[b - b,

then the matrix multiplication AB, if it is defined (which means the number of columns
of A is the number of rows of B), can be written as

AB=A[by -- b, =[Ab --- Ab,].

In other words, multiply A by each column of B separately. For example, if

A:{l —31] i B:F 0 2]7

01 -1
then _
TR
R R e s ]
_ 11 3}‘
2 3 1
Now suppose that ®(t) = [¢;(t) --- ¢, (t)] is a fundamental matrix of solutions
for y' = A(t)y. Then
(t) = [Pi(t) - @t
= [AWei(t) - At)pa(t)]
= A®) [@1(t) - @, (t)]
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Thus the n x n matrix ®(t) satisfies the same differential equation, namely ¢y’ = A(t)y,
as each of its columns. We summarize this discussion in the following theorem.

Theorem 6.3.4. If A(t) is a continuous n X n matriz of functions on an interval I,
then an n X n matriz of functions ®(t) is a fundamental matriz for the homogeneous
linear equation y' = A(t)y if and only if

®'(t) = A(t)D(t)
and  det ®(t) # 0. (4)

The second condition need only be checked for one value of t € I.
Example 6.3.5. Show that
€2t 67t
(I)(t) = [2621& t:|
2 1

is a fundamental matrix for the system gy’ = [O 1] Y.

» Solution. First check that ®(¢) is a solution matrix, i.e., check that the first condition
of Equation (4) is satisfied. To see this, we calculate

o2t et / 92t _ et
(I)/(t) = {26215 o —t:| - {46215 —t ]

(& (&

01 0 1] [e* e 2e*  —et
{2 1} ® () = lz 1} [2e2t —e‘t] = {46% e‘t]

Since these two matrices of functions are the same, ®(¢) is a solution matrix.

and

To check that it is a fundamental matrix, pick ¢ = 0 for example. Then

B(0) = B _11}

and this matrix has determinant —3, so ®(t) is a fundamental matrix. <

Example 6.3.6. Show that

is a fundamental matrix for the system y’ = [(2) é] Y.
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» Solution. Again we check that the two conditions of Equation (4) are satisfied. First
we calculate ®’(¢):

te (t+1)62t}/: [(2t+1)e2t (2t+3)e2t}

‘I’/(t) = L% e2t 9e2t 9¢2t

Next we calculate A(t)®(t) where A(t) = [g ;}

[2 1} [te% (t+1)e2f] _ [(2t+ 1)e* (2t+3)62t}

0 2 62t €2t 262t 262t

Since these two matrices of functions are the same, ®(¢) is a solution matrix.

Next check the second condition of (4) at t = 0:

det ®(0) = det [? ﬂ =—-1#0.
. . 21
Hence ®(t) is a fundamental matrix for y’ = 0 2| Y <

Example 6.3.7. Show that
U
®(t) = {215 StQ]

is a fundamental matrix for the system y’ = A(t)y where
0 1
Aity=1] 6 4.
2t
» Solution. Note that
0 1 2 43
poa (2t 3% ot
el = {2 Gt} B [_E é] {22& 3t2]’
2t
while

det B(1) = B ﬂ — 140

Hence ®(t) is a fundamental matrix. Note that ®(0) = [8 8] which has determinant

0. Why does this not prevent ®(¢) from being a fundamental matrix? <
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In Exercise 29, Page 333 you were asked to verify the product rule for differentiating
a product of matrix functions. The rule is

(BH)C(1))" = B'(t)C(t) + B(t)C'(t).

Since matrix multiplication is not commutative, it is necessary to be careful of the order.
If one of the matrices is constant, then the product rule is simpler:

(B(t)C) = B'(t)C

since ¢! = 0 for a constant matrix. We apply this observation in the following way.
Suppose that ®(t) is a fundamental matrix of a homogeneous system ¢y’ = A(t)y where
A(t) is an n X n matrix of continuous functions on an interval /. According to Theorem
6.3.4 this means that

D\ (t) = A(t)®1(t) and det P;(t) # 0.

Now define a new n x n matrix of functions ®,(t) := ®(¢)C where C' is an n X n
constant matrix. Then

®5(t) = (1(1)C)" = ®1(1)C = A() 21 (1)C = A(t) Pa(t),

so that ®,(t) is a solution matrix for the homogeneous system y’ = A(t)y. To determine
if ®,(¢) is also a fundamental matrix, it is only necessary to compute the determinant:

det @5(t) = det(P(t)C) = det ®4(t) det C.
Since det @1 (t) # 0, it follows that det ®5(t) # 0 if and only if det C' # 0, i.e., if and

only if C' is a nonsingular n x n matrix.

Example 6.3.8. In Example 6.3.5 it was shown that
o2t et
q)(t) - {26215 —e_t}

0 1 1

is a fundamental matrix for the system y’' = 5 ﬂ y. Let C = % [2 _1]. Then

det C' = —1/3 # 0 so C is invertible, and hence

1[e2t et ][1 1] 1[eX42t 2—et
\I’<t) - (IJ(t)C - g {26% _e—t:| [2 _1_ - 5 {26% ) P 2€2t + 6—t:|

is also a fundamental matrix for y’ = lg ﬂ y. Note that ¥(¢) has the particularly nice

feature that its value at t =0 is

w(0) = B ﬂ s

the 2 x 2 identity matrix. O



6.3. LINEAR HOMOGENEOUS EQUATIONS 343

Example 6.3.9. In Example 6.3.6 it was shown that

te? (t+1)e*

o[ 0

€ e

is a fundamental matrix for the system gy’ = [(2) ;] y. Let C = [_11 (1)1 Then

det C'= —1 # 0 so C is invertible, and hence

te?t (t4+1)e*] [-1 1 e?t te?t
wy —eme= ' = ]

1} y. As in the previous example ¥(0) = I,

is also a fundamental matrix for y’ = [O 5

is the identity matrix.

If ®(t) is a fundamental matrix for the linear system y’ = A(t)y on the interval I and
to € I, then ®(ty) is an invertible matrix by Theorem 6.3.4 so if we take C' = (®(t())~*,
then

(1) = ®(t)C = ®(t)(P(t)) "
is a fundamental matrix which satisfies the extra condition
U(ty) = ®(t)(P(ty)) ' = I,,.

Hence, we can always arrange for our fundamental matrices to be the identity at the
initial point ty. Moreover, the uniqueness part of the existence and uniqueness theorem
insures that there is only one solution matrix satisfying this extra condition. We record
this observation in the following result.

Theorem 6.3.10. If A(t) is a continuous n X n matriz of functions on an interval I
and to € 1, then there is an n X n matriz of functions ¥(t) such that

1. W(t) is a fundamental matriz for the homogeneous linear equation y' = A(t)y and
2. W(ty) = I,
3. Moreover, ¥(t) is uniquely determined by these two properties.

4. If yo is a constant vector, then y(t) = W(t)y, is the unique solution of the homo-
geneous initial value problem y' = A(t)y, y(to) = y,-
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Proof. Only the last statement was not discussed in the preceding paragraphs. Suppose
that W(t) satisfies conditions (1) and (2) and let y(t) = ¥(t)y,. Then y(to) = ¥(to)y, =
1y, = y,. Moreover,

Y'(t) =¥ (t)y, = A()¥(t)y, = A()y(1),
so y(t) is a solution of the initial value problem, as required. O

Example 6.3.11. Solve the initial value problem vy’ = B ﬂ vy, y(0) = [—36}

» Solution. In Example 6.3.8 we found a fundamental matrix for y’ = [(2) ﬂ y satis-

fying (1) and (2) of the above theorem, namely

1 |:€2t + 2€—t th _ e—t}

\Il(t):§ 202t — 9=t Qp2t 4 o—t| -

Hence the unique solution of the initial value problem is

3 1 e215 + 2€—t th _ e—t 3 _€2t + 4€—t
y(t) - ‘I’(t) |:_6:| - g |:262t . 26—15 262t + e—t -6 - —262t - 4€—t :

Example 6.3.12. Solve the initial value problem y’ = B ﬂ Y, y(0) = [_32}

» Solution. In Example 6.3.9 we found a fundamental matrix for y’ = {(2) ﬂ y satis-
fying (1) and (2) of the above theorem, namely

e?t tth
v =

Hence the solution of the initial value problem is

n-sol-[2 2] [+
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We conclude this section by observing that for a constant matrix function A(t) = A,
at least in principle, it is easy to describe the fundamental matrix ¥(¢) from Theorem
6.3.10. It is in fact the matrix function we have already encountered in the last section,
i.e., the matrix exponential e’. Recall that e (for a constant matrix A) is defined by
substituting A for a in the Taylor series expansion of e:

1 1 1
(%) eAt:]n+At+§A2t2+§A3t3+~--+—'A“t”+~--
: n.

We have already observed (but not proved) that the series on the right hand side of (x)
converges to a well defined matrix function for all matrices A. Let W(t) = et If we set
t = 0 in the series we obtain ¥(0) = 4% = I,, and if we differentiate the series terms by
term (which can be shown to be a valid operation), we get

d
\Illt - At
(t) prc

1 .
= 0+A+A2t+§A3t2+---+ A4

(n—1)!
= Al +At+1A2t2+---+;A"—lt"‘w---
" 2 (n —1)!

AeAt
AW (1),

Thus we have shown that W(t) = e satisfies the first two properties of Theorem 6.3.10,
and hence we have arrived at the important result:

Theorem 6.3.13. Suppose A is an n X n constant matriz.

1. A fundamental matriz for the linear homogeneous problem y' = Ay is W(t) = et

2. If y, is a constant vector, then the unique solution of the initial value problem
y' = Ay, y(0) =y, is

y(t) = My, (5)

3. If ®(t) is any fundamental matriz for the problem y' = Ay, then
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Example 6.3.14. 1. From the calculations in Example 6.3.8 we conclude that if

0 1
A= {2 11,then

et =

a1 o2 4 9e—t Q2 _ ot
T3 (2 —2e7t 22t et

2. From the calculations in Example 6.3.9 we conclude that if A = [g ;] then
At 6215 t62t
What we have seen in this section is that if we can solve ¥y’ = Ay (where A is a

constant matrix), then we can find e by Equation (6), and conversely, if we can find
et by some method, then we can find all solutions of y’ = Ay by means of Equation (5).

Over the next few sections we will learn a couple of different methods for calculating
At
et

Exercises

1. For each of the following pairs of matrix functions ®(¢) and A(t), determine if ®(¢) is
a fundamental matrix for the system ¢y’ = A(t)y. It may be useful to review Examples
4.3.5 -4.3.7.
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() Alt)
(a) [ cost sint [0 1]
|—sint cost -1 0]
(b) [ cost sint [0 1]
| —sin(t +7/2) cos(t +7/2) —1 0]
(©) [e=t 2t [—2 1]
¢ _e_t 42t —4 3]
M eft _ e?t €2t __2 1_
(d) -e—t o 4€2t 4e2t:| __4 3_
[ef 2t 1 2
(e) _63t €4t _3 4
[t 3e3t 5 —3
(f) 62t 2€3t:| 2 0 :|
[3e2t 6t 3 3
() 2t o6t 1 5
(263 (1 — 2¢)ed 1 —4
(h) €3t ( teSt) :| 1 5 :|
Q) [sin(t?/2)  cos(t?/2) [0 ¢
lcos(t?/2) —sin(t?/2) —t 0
L [1+t2 3442 [t ot
S PR —t —t
[ +2/2 —t2/2 i
(k) e152/2 ‘ t2/2] ) t}
e —e t 0

2. For each of the matrices A in parts (a), (c), (f), (g), (h) of Exercise 1:

(a) Find a fundamental matrix ¥(¢) for the system y' = Ay satisfying the condition
W (0) = I». (See Examples 4.3.8 and 4.3.9.)

(b) Solve the initial value problem y’ = Ay, y(0) = [_32] .
(c) Find e
3. For each of the matrices A(t) in parts (i), (j) and (k) of Exercise 1:

(a) Find a fundamental matrix ¥(¢) for the system y’ = A(t)y satisfying the condition
(0) = Is.

(b) Solve the initial value problem y' = A(t)y, y(0) = [_32] .

(c) Is et = W(t)? Explain.
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4. In each problem below determine whether the given functions are linearly independent.

ool =[]

6.4 Constant Coefficient Homogeneous Systems

In previous sections we studied some of the basic properties of the homogeneous linear
system of differential equations

Y = At)y. (1)
In the case of a constant coefficient system, i.e., A(t) = A = a constant matrix, this
analysis culminated in Theorem 6.3.13 which states that a fundamental matrix for y’ =
Ay is the matrix exponential function e’ and the unique solution of the initial value
problem y' = Ay, y(0) = y, is

y(t) = eAty(y

That is, the solution of the initial value problem is obtained by multiplying the funda-
mental matrix e/ by the initial value vector y,. The problem of how to compute e for
a particular constant matrix A was not addressed, except for a few special cases where
et could be computed directly from the series definition of e*. In this section we will
show how to use the Laplace transform to solve the constant coefficient homogeneous
system ¢y’ = Ay and in the process we will arrive at a Laplace transform formula for e*.

As we have done previously, we will do our calculations in detail for the case of a
. ) . . bl .
constant coefficient linear system where the coefficient matrix A = [CCL d] isa2x?2
constant matrix so that Equation (1) becomes

vy o= ayr +bys

2
Yo = cy+dys. 2)
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The calculations are easily extended to systems with more than 2 unknown functions.
According to the existence and uniqueness theorem (Theorem 6.2.2) there is a solution

y(t) = [zl 8] for system (2), and we assume that the functions y;(¢) and y»(¢) have
2

Laplace transforms. From Chapter 2, we know that this is a relatively mild restriction
on these functions, since, in particular, all functions of exponential growth have Laplace
transforms. Our strategy will be to use the Laplace transform of the system (2) to
determine what the solution must be.

Let Yi(s) = L(y1) and Ya(s) = L(y2). Applying the Laplace transform to each
equation in system (2) and using the formulas from Table C.2 gives a system of algebraic
equations

sYi(s) —11(0) = aYi(s) +bYa(s) 3)
sYa(s) —42(0) = Yi(s) + dYa(s).

. Y, . i :
Letting ¥ = {Yl } , the system (3) can be written compactly in matrix form as
2

SY (s) - y(0) = AY (s)
which is then easily rewritten as the matrix equation
(sI = A)Y (s) = y(0). (4)

If the matrix sI — A is invertible, then we may solve Equation (4) for Y (s), and then
apply the inverse Laplace transform to the entries of Y () to find the unknown functions
y(t). But
s—a —b

e o)
sop(s) = det(sI—A) = (s—a)(s—b)—bc = s*—(a+d)s+(ad—bc) = s*—~Tr(A)s+det(A).
Hence p(s) is a nonzero polynomial function of degree 2, so that the matrix s/ — A is
invertible as a matrix of rational functions, although one should note that for certain
(the < 2 roots of p(s)) values of s the numerical matrix will not be invertible. For the
purposes of Laplace transforms, we are only interested in the inverse of sI — A as a
matrix of rational functions. Hence we may solve Equation (4) for Y (s) to get

Y (s) = (sI — A)" y(0). (6)
Now

<81_A>—1:${5;d Sf@] (7)
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1 |s—d 1 b
so let Z1(s) = — and Zy(s) = — be the first and second columns
(s) [ ¢ p(s) [s—a

of (sI — A)~" := Z(s), respectively. Since each entry of Z(s) and Z,(s) is a rational
function of s with denominator the quadratic polynomial p(s), the analysis of inverse
Laplace transforms of rational functions of s with quadratic denominator from Section

3.3 applies to show that each entry of

() (@)

z21(t) = L71Z,(s) = and  zo(t) = L1 Zy(s) =
© (p(S) )

“(5@)

will be of the form

1. c1e™ + ce™t if p(s) has distinct real roots r1 # ro;
2. c1€™ + cote™ if p(s) has a double root r; or

3. cre* cos Bt + coe* sin St if p(s) has complex roots a + i3,

where ¢; and ¢y are appropriate constants. Equation (6) shows that

Y(s) = Z(s)y(0)
= y1(0)Z1(s) + y2(0) Z2(s), (8)
and by applying the inverse Laplace transform we conclude that the solution to Equation
(2) is
Y(t) = y1(0)z1(1) + y2(0) 22 (1) (9)
If we let
z(t) = [zl(t) Zz(t)} =L ((s] — A)_l) , (10)

then Equation (9) for the solution y(¢) of system (2) has a particularly nice and useful
matrix formulation:

y(t) = z(t)y(0). (11)

Before analyzing Equation (11) further to extract theoretical conclusions, we will
first see what the solutions look like in a few numerical examples.
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Example 6.4.1. Find all solutions of the constant coefficient homogeneous linear sys-

tem:
Y
Y

» Solution. In this system the coefficient matrix is A = [

s

Yo

o (12)

01

4 0]. Thus sl — A =

. } so that p(s) = det(sI — A) = s* — 4 and

Since

11
s2—4

4

1 1 Lo 1
— n = -_
s—2 s+2) MY 2173

1+1
s—2 s4+2)°

we conclude from our Laplace transform formulas (Table C.2) that the matrix z(¢) of

Equation (10) is

1 1
5 (€2 + &%) 7 (€2 — &2
(1) = , (14)
2% _ -2 L2t =2
et —e 5 (et 4+ e %)
Hence, the solution of the system (12) is
1 1
S (e ey = (&2 — )
2 1 "
y(t) = cy
th e—Qt % (62t + €_2t)
1 1 11 (15)
_C f— f— [ —
2 T a” 2 T 1”
_ o2ty e 2,
e i1
I (&1 202 C1 202

where y(0) = L,Q (0)} = {2]



352 CHAPTER 6. SYSTEMS OF DIFFERENTIAL EQUATIONS

Let’s check that we have, indeed, found a solution to the system of differential equa-
tions (2). From Equation (15) we see that

1 1 1 1
n(t) = (501 + ZCQ) e* + (561 - 102) e,

1 1
ya(t) = <01 + 502) et 4 (—01 - 502) e 2,

Thus v} (t) = y2(t) and y5(t) = 4y;(t), which is what it means to be a solution of system
(12).

and

The solution to system (12) with initial conditions ;(0) = 1, y2(0) = 0 is

1
yl(t) _ &2t 1 2 o2t
1 —1

N | —

while the solution with initial conditions y;(0) = 0, y2(0) =1 is

1
4 2t
Yy(t) = et + e

DN —
N —

~—~

The solution with initial conditions y;(0) = ¢, y2(0) = ¢2 can then be written

Y(t) = a1y, (t) + cays (1),

that is, every solution y of system (12) is a linear combination of the two particular

. . . 1 . . .
solution y, and y,. Note, in particular, that y;(t) = [ } e is a solution (with ¢; = 1,

2

¢y = 2), while y, = _12 et is also a solution (with ¢; = 1, ¢o = —2). The solutions

y5(t) and y,(t) are notably simple solutions in that each of these solutions is of the form
y(t) = ve™ (16)

where v € R? is a constant vector and «a is a scalar. Note that

Al =i =] o Al =[3]= 2]



6.4. CONSTANT COEFFICIENT HOMOGENEOUS SYSTEMS 353

That is, the vectors v and scalars a such that y(t) = ve is a solution to ¢y’ = Ay are
related by the algebraic equation
Av = av. (17)

A vector-scalar pair (v, a) which satisfies Equation 17 is known as a eigenvector-
eigenvalue pair for the matrix A. Finally, compare these two solutions y4(t) and y,(t)
of the matrix differential equation y’ = Ay with the solution of the scalar differential
equation y' = ay, which we recall (see Section 1.3) is y(t) = ve™ where v = y(0) € R is a
scalar. In both cases one gets either a scalar or a vector multiplied by a pure exponential
function e®. <

Example 6.4.2. Find all solutions of the linear homogeneous system

/

Y = Y1+ Yo
;o (18)
Yo = —4dyi — 3.

1 1

4 _3} . We will solve

» Solution. For this system, the coefficient matrix is A = [

this equation by using Equation (11). Form the matrix

s—1 -1
SI_A_[zL s+3]'

Then p(s) = det(s] — A) = (s —1)(s+3) +4 = (s + 1)2, so that

41 s+3 1
SR e I
1 2 1
s+l sty (s +1)2 (19)
- —4 1 2
(s+1)2 s+1  (s+1)?

Thus the matrix z(t) from Equation (10) is, using the inverse Laplace formulas from
Table C.2

_ _ et + 2tet te™t
2B =L ((sT = A)7) = [ —4te™t et — 2te_t} '

The general solution to system (18) is therefore

) = =m0 = | L2 e L, ] 20)
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Taking ¢; = 1 and ¢y = —2 in this equation gives a solution
et 1] _
nit)=| o] =)

S . 1.
which is a solution of the form y(t) = ve® where v = {_2} is a constant vector and

a = —1 is a scalar. Note that (v, —1) is an eigenvector-eigenvalue pair for the matrix A
(see Example 6.4.1). That is,

wmally 4[]0 [

<
Example 6.4.3. Find the solution of the linear homogeneous initial value problem:
/
vi = o+ 2y
,1 ;o 11(0) = e1, 12(0) = ca. (21)
Yo = 2+ B
. . . - 1 2 .
» Solution. For this system, the coefficient matrix is A = 9 1| We will solve

this equation by using Equation (11), as was done for the previous examples. Form the

matrix
s—1 =2
sI—A—{ 9 3—1]'
Then p(s) = det(sI — A) = (s — 1)?) + 4, so that
1 s—1 2
[—A)y 1= —
(sT = 4) (5—1)2+4{—2 s—J
s—1 2

(s—1)244 (s—1)2+4
-2 s—1
(s—1)24+4 (s—1)2+4

Hence, using the inverse Laplace transform formulas from Table C.2, the matrix z(t) of
Equation (10) is

2(t) = L7 (s — A)Y) = {et cos 2t etsith] |

—efsin2t e cos 2t

and the solution of system (21) is

yi(t) cret cos 2t + cqet sin 2t
y(t) = - _ t .2 t .
Y2(t) c1e’sin 2t 4 cq€e’ cos 2t
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Now we return briefly to the theoretical significance of Equation (11). According to
the analysis leading to (11), the unique solution of the initial value problem

() y = Ay, y(0) =y,

where A is a 2 X 2 constant matrix, is

y(t) = z(t)y(0) = z(t)y,,

where

z(t) =L ((s] - A)_l) :
But according to Theorem 6.3.13, the unique solution of the initial value problem (*) is
y(t) = eAty(y

These two descriptions of y(t) give an equality of matrix functions

() L (s = A7) yo = 2(t)yy = e"'yg
which holds for all choices of the constant vector y,. But if C'is a 2 x 2 matrix then

Ce, =C B} is the first column of C' and Cey = C [?

this!). Thus, if B and C' are two 2 x 2 matrices such that Be; = Ce; for i = 1, 2, then
B = C (since column ¢ of B = column ¢ of C for i = 1, 2). Taking y, = e; for i =1, 2,
and applying this observation to the matrices of (%), we arrive at the following result:

} is the second column of C' (check

Theorem 6.4.4. If A is a 2 X 2 constant matrix, then
e =L ((sI - A)fl) . (22)

Example 6.4.5. From the calculations of £} ((s[ — A)_l) done in Examples 6.4.1,
6.4.2 and 6.4.3 this theorem gives the following values of e4’:

A 6At

1
= <€2t + e—2t>

0 1 2
4 0
(€2t—|—€_2t)

1 1 et 4 2te”! te~t
—4 -3 —4te~t et —2te”t

[ 1 2] [ et cos2t e'sin 2t1

(62t _ e—2t)

R

2t —2t

N | =

—elsin2t efcos2t
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While our derivation of the formula for e4* in Theorem 6.4.4 was done for 2 x 2 ma-
trices, the formula remains valid for arbitrary constant n x n matrices A, and moreover,
once one can guess that there is a relationship between et and £~ ((3[ — A)_l), it is
a simple matter to verify it by computing the Laplace transform of the matrix function
e, This computation is, in fact, almost the same as the computation of L£(e?) in
Example 2.1.4.

Theorem 6.4.6. If A is an n X n constant matriz (whose entries can be either real
numbers or complex numbers), then

et =L ((s] — A7, (23)

Proof. Note that if B is an n x n invertible matrix (of constants), then

% (BfleBt) — 81%€Bt —_ BleeBt — €Bt7

so that
t
) [ erar =B -
1
Note that this is just the matrix analog of the integration formula
t
/ e dr = b (e —1).
0

Now just mimic the scalar calculation from Example 2.1.4, and note that formula (})
will be applied with B = A—sI, where, as usual, I will denote the n x n identity matrix.

L(eM)(s) = / eMest dt
0

— / eAtefstI dt
0
0

N

= lim eA=sDt gy
N—oo 0
= lim (A—s)™" (e(A_SI)N — 1)

N—oo

= (s[—A)7".
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The last equality is justified since limpy_ o e4™*DN = 0 if s is large enough. This fact,
analogous to the fact that e(®=*)* converges to 0 as t — oo provided s > a, will not be

proved. Il

Example 6.4.7. Compute e“? for the matrix

1 -3 3
A=|-3 1 3|,
3 -3 1

and using the calculation of e, solve the initial value problem y' = Ay, y(0) =

—_ = =

» Solution. According to Theorem 6.4.6, e = L7 ((sI — A)fl), so we need to begin
by computing (sI — A)fl, which is most conveniently done (by hand) by using the
adjoint formula for a matrix inverse (see Corollary 5.4.8). Recall that this formula says
that if B is an n x n matrix with det B # 0, then B~! = (det B)~[C;;] where the term
C;; is (—1)™"J times the determinant of the matrix obtained by deleting the j™ row and
ith column from B. We apply this with B = sI — A. Start by calculating

s—1 3 -3
p(s) =det(s] —A)=det | 3 s—1 =3 |=(s—1)(s+2)(s—4).
-3 3 s-—1

In particular, sI — A is invertible whenever p(s) # 0, i.e., whenever s # 1, —2, or 4.
Then a tedious, but straightforward calculation, gives

L[ - 1249 —3(s+2) 3(s —4)

(sI —A)7" = — | =3(s—4) (s—1%-9 3(s—4)
PO) | 3642) —3(s42) (s—12-09
[ (s—1)*+9 -3 3 i
) p_(%) (s —ﬁ—i— 4) (s— 1)3(s+2)
(3—1)3(3—1—2) s_—l (3—1)1(3+2)
L(s—=1)(s—4) (s—1)(s—4) s—1 i
1 1 1 1 1 1 1
_s—l_—i_s+21+s—4 5—113—4 sTl_sJ{Q
= —+ —
s_—ll 34{2 13—11 s+113+2
L s—1+s—4 s—1 s—4 s—1
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By applying the inverse Laplace transform to each function in the last matrix gives

el 2 ot ot At ot o2

At =71 ((s[ — A)fl) = —et 472 et el —e 2t
_et + €4t et _ 64t et
1 1
Then the solution of the initial value problem is given by y(t) = e [1| = |1| ¢'. =
1 1

Remark 6.4.8. Most of the examples of numerical systems which we have discussed in
this section are first order constant coefficient linear systems with two unknown func-
tions, i.e. n = 2 in Definition 6.1.3. Nevertheless, the same analysis works for first order
constant coefficient linear systems in any number of unknown functions, i.e. arbitrary
n. Specifically, Equations (6) and (11) apply to give the Laplace transform Y (s) and
the solution function y(t) for the constant coefficient homogeneous linear system

y = Ay

where A is an n xn constant matrix. The practical difficulty in carrying out this program
is in calculating (sI — A)~!. This can be done by programs like Mathematica, MatLab,
or Maple if n is not too large. But even if the calculations of specific entries in the
matrix (sI — A)~! are difficult, one can extract useful theoretical information concerning
the nature of the solutions of y' = Ay + q(t) from the formulas like Equation (11) and
from theoretical algebraic descriptions of the inverse matrix (s/ — A)~1.

Exercises

For each of the following matrices A, (a) find the matrix z(t) = L7 ((sI — A)~!) from Equa-
tion (4.4.10) and (b) find the general solution of the homogeneous system y’ = Ay. It will be
useful to review the calculations in Examples 4.4.1 — 4.4.3.
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-1 0 0 2 2 1
L 3] 2| 0] s o 2]
—1 2 2 —1 3 —4
| _J s 3 _2] o _J
2 —5 -1 —4 2 1
no _2] s [ _1] 0. [} 2]
e g -1 0 3 [0 4 0
10. s _3} 11. 0 20 12. |-1 0 0
|0 0 1 1 4 -1
-2 2 1 i 1 1 3 1 —1
13. 0 -1 0 14. 1 1 -1 15. [0 3 -1
2 -2 -1 -2 1 3 0 0 3

6.5 Computing e

In this section we will present a variant of a technique due to Fulmer? for computing the
matrix exponential e?. It is based on the knowledge of what type of functions are in-
cluded in the individual entries of e#*. This knowledge is derived from our understanding
of the Laplace transform table and the fundamental formula

eM =t ((SI — A)_l)
which was proved in Theorem 6.4.6.

To get started, assume that A is an n x n constant matrix. The matrix s — A is
known as the characteristic matrix of A and its determinant

p(s) := det(sl — A)

is known as the characteristic polynomial of A. The following are some basic prop-
erties of sI — A and p(s) which are easily derived from the properties of determinants
in Section 5.4.

1. The polynomial p(s) has degree n, when A is an n x n matrix.

2. The characteristic matrix s/ — A is invertible except when p(s) = 0.

2Edward P. Fulmer, Computation of the Matrix Exponential, American Mathematical Monthly, 82
(1975) 156-159.
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3. Since p(s) is a polynomial of degree n, it has at most n roots (exactly n if mul-

tiplicity of roots and complex roots are considered). The roots of p(s) are called
the eigenvalues of A.

The inverse of sI — A is given by the adjoint formula (Corollary 5.4.8)

C,(s)]

p(s)

R B
() IO

p(s)

where Cj;(s) is (—1)"* times the determinant of the matrix obtained from s/ — A
by deleting the i column and ;' row. For example, if n = 2 then we get the

formula )
s—a —b | L s—d b
—c s—d o p(s) c s—a
which we used in Section 6.4.

The functions Cj;(s) appearing in (x) are polynomials of degree at most n — 1.
Therefore, the entries

Cij(s)
pisls) = =22
! p(s)
of (sI — A)~! are proper rational functions with denominator of degree n.
Since

A= L7 ((s] — A)7Y) = {51 (C—(S)H ’

p(s)
the form of the functions

hij(t) = L7 (Cil(s)> :

p(s)

which are the individual entries of the matrix exponential e, are completely
determined by the roots of p(s) and their multiplicities via the analysis of inverse
Laplace transforms of rational functions as described in Section 2.3.

Suppose that 7 is an eigenvalue of A of multiplicity k. That is,  is a root of the
characteristic polynomial p(s) and (s — 7)* divides p(s), but no higher power of
s — r divides p(s). We distinguish two cases:

Case 1: The eigenvalue r is real.

In this case r will contribute a linear combination of the functions

rt rt k—1_rt
(*real) e, te™, .-, thTe

to each h;;.
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Case 2: The eigenvalue r = «a + i3 has nonzero imaginary part 5 # 0.
In this case r = a + i and its complex conjugate 7 = o — i3 will contribute
a linear combination of the functions
et cos ft, te*cosfBt, ---, tFle™cos Bt
<*Imag.)
at 3 at o; k—1 _at 3
e*sinfgt, te*sinft, ---, t"esin(t

to each h;.

8. The total number of functions listed in (*p.,1) and (*Imag.) counting all eigenval-

ues is n = deg p(s). If we let ¢y, ..., ¢, be these n functions, then it follows from
our analysis above, that each entry h;;(t) can be written as a linear combination

(*) hij(t) = mijig1(t) + -+ + Mijndn(t)

of ¢1, ..., ¢,. We will define an n x n matrix M, = [myj;] whose ij™ entry is
the coefficient of ¢(t) in the expansion of h;;(t) in (%). Then we have a matrix
equation expressing this linear combination relation:

(xx) et = [hij(t)] = My (t) + - - - + Myo(t).

Example 6.5.1. As a specific example of the decomposion given by (xx), consider the
matrix e from Example 6.4.7:

_et + 6—2t + €4t et o €4t et o e—Qt
et = —et 472 e et —e
et 4+ ett ot _ et ot

In this case (refer to Example 6.4.7 for details), p(s) = (s — 1)(s + 2)(s — 4) so the
eigenvalues are 1, —2 and 4 and the basic functions ¢;(t) are ¢,(t) =
and ¢3(t) = e*. Then (*x) is the identity

-1 11 (1 0 —1] 1 =1 0
eft=1-11 1le+|1 0 —=1{e2+1]0 0 0fe",
-1 11 0 0 1| 1 -1 0
where
— [1 0 —1] 1 =1 0
My=1|-11 1|, My=1|1 0 —=1| and Ms=1]0 0 0
-1 1 1 00 1] 1 -1 0

With the notational preliminaries out of the way, we can give the variation on Ful-
mer’s algorithm for e4?.
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Algorithm 6.5.2 (Fulmer’s method). The following procedure will compute e
where A is a given n x n constant matrix.

1. Compute p(s) = det(sl — A).
2. Find all roots and multiplicities of the roots of p(s).

3. From the above observations we have

(i) et = M1¢1(t) +eee Mn¢n(t)7

where M; i = 1,...,n are n X n matrices. We need to find these matrices.

By taking derivatives we obtain a system of linear equations (with matrix coeffi-
cients)

eAt = Ml(bl(t) +oeee Mn¢n<t)
At = M@ (t) + -+ Mool (1)

Al = ALY () e Mg (1),

Now we evaluate this system at ¢t = 0 to obtain

A = MG0) 4o+ M6,00)

Let
¢1(0) ()

6" D) ... ¢ (0)

Then W is a nonsingular n X n matrix; its determinant is just the Wronskian
evaluated at 0. So W has an inverse. The above system of equations can now be
written:
I M,
A M,
=W
An—l Mn
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Therefore,
1 M,y
| A ||
An—l Mn
Having solved for M, ..., M, we obtain e’ from (}). O

Remark 6.5.3. Note that this last equation implies that each matrix M; is a polynomial
in the matrix A since W1 is a constant matrix. Specifically, M; = p;(A) where

Example 6.5.4. Solve y' = Ay with initial condition y(0) = B] , where A = E _01} :

» Solution. The characteristic polynomial is p(s) = (s — 1)%. Thus there is only one
eigenvalue r = 1 with multiplicity 2 so only case (*p4,]) occurs and all of the entries
hi;(t) from e are linear combinations of €', te!. That is ¢;(t) = e’ while ¢o(t) = te'.
Therefore, Equation (k) is

et = Me' + Nte'.

Differentiating we obtain

Aet = Me' + N(e' +teh)
= (M + N)e' + Nte.

Now, evaluate each equation at ¢ = 0 to obtain:

Solving for M and N we get
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Thus,

e = Iet + (A — Itet
1 o], [1 -1,
lO J e+ [1 _1} te
B el +tet  —tel
- tet el —tet

We now obtain

1
—5 0

2
—1| using Fulmer’s method.

1

Example 6.5.5. Compute e** where A = [1 1
0o <+ 1

2

» Solution. The characteristic polynomial is p(s) = (s—1)(s?—2s+2). The eigenvalues

of A are thus 7 = 1 and r = 1 £4. From (¥,,) and <*Imag.) each entry of el is a

linear combination of
o1(t) =€, @o(t) =e'sint, and ¢@3(t) = e cost.

Therefore
e = Met + Netsint + Pet cost.

Differentiating twice and simplifying we get the system:

et = Met + Netsint + Pel cost
Aet = Me! + (N — P)e'sint + (N + P)el cost
A2t = Met — 2Petsint + 2Ne' cost.

Now evaluating at ¢t = 0 gives
I = M+ P

A= M+N+P
A’= M +2N.
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Solving gives

N = A—1
M= A2—24+2]
P= —A?+24-1.

L9 1
2 2
Since A2 = [2 0 —2|, it follows that
1
s 13
0 5 0 3 03 ; 0%
N=1]1 0 -1 M=1{0 0 0 and P=]10 1 0
1 1 1 —1 1
0 5 0 3 0 3 5 0 3
Hence,
1 1 —1 1 _1
) 3 03 0 5 0 3 0 5
et = 0 0 Olet+ 1|1 0 —1le'sint+ |0 1 0|elcost
1 1 1 1 1
3 0 3 0 3 0 5 0 3
1 el +etcost —elsint el — elcost
= 3 2etsint 2¢tcost —2elsint

et —efcost efsint el 4 elcost
|

The technique of this section is convenient for giving an explicit formula for the
matrix exponential e4* when A is either a 2 x 2 or 3 x 3 matrix.

e for 2 x 2 matrices.

Suppose that A is a 2 x 2 real matrix with characteristic polynomial p(s) = det(s[ —A) =
5% + as + b. We distinguish three cases.

1. p(s) = (s —r1)(s — 1) with rq # 7s.
Then the basic functions are ¢1(t) = e1* and ¢o(t) = €™ so that et = Me™! +
Ne™!. Equation (1) is then
1 M+ N
A = TlM + TQN
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which are easily solved to give

(A —rol) and N — (A—rll)'

rr—"2 o —T

M=

Hence, if p(s) has distinct roots, then

(A=) L, (A-nl)

et 2
rL—"r2 o —7 ()

2. p(s) = (s —1)2

In this case the basic functions are e’ and te™ so that
(%) et = Me™ + Nte™.

This time it is more convenient to work directly from (x) rather than Equation (1).
Multiplying (%) by e~ and observing that eAfe " = eAle ™ = (A=D! (hecause
A commutes with r1), we get

M+ Nt = eADt
1
= I+(A—r])t+§(A—r])2t2+~--.

Comparing coefficients of ¢ on both sides of the equation we conclude that
M=I,6 N=(A—rl) and (A—rI)" =0 for all n > 2.

Hence, if p(s) has a single root of multiplicity 2, then

e = (I+ (A—rI)t)e™. (3)

3. p(s) = (s — a)* + 3% where 3 # 0, i.e., p(s) has a pair of complex conjugate roots

ax 0.

In this case the basic functions are e* cos St and e* sin 8t so that
et = Me™ cos Bt + Me® sin ft.

Equation (1) is easily checked to be

I = M
A = aM + BN.
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Solving for M and N then gives

et = Te® cos Bt +

e for 3 x 3 matrices.

Suppose that A is a 3 x 3 real matrix with characteristic polynomial p(s) = det(sl — A).
As for 2 x 2 matrices, we distinguish three cases.

1. p(s) = (s —mr1)(s — ry)(s — r3) with r1. re, and r3 distinct roots of p(s).

This is similar to the first case done above. The basic functions are e”'!, !, and
et so that
€At — Merlt + Nerzt + Pergt

and the system of equations (1) is

— M+ N+ P
T’lM—f— T2N+ T3P (5)
= riM+riN+r3iP.

1
A
AZ

We will use a very convenient trick for solving this system of equations. Suppose
that q(s) = s® 4+ as + b is any quadratic polynomial. Then in system (5), multiply
the first equation by b, the second equation by a, and then add the three resulting
equations together. You will get

A%+ aA + bl = q(A) = q(r)M + q(r2)N + q(r3) P.

Suppose that we can choose ¢(s) so that g(ry) = 0 and ¢(r3) = 0. Since a quadratic
can only have 2 roots, we will have ¢(r;) # 0 and hence

q(A)
(r1)

But it is easy to find the required ¢(s), namely, use ¢(s) = (s — r2)(s — r3). This
polynomial certainly has roots ry and r3. Thus, we find

M =

L}

(A — TQI)(A — 7”3])

M= (7’1—7”2)(7‘1—7”3) .
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Similarly, we can find N by using ¢(s) = (s —r1)(s — r3) and P by using ¢(s) =
(s —71)(s — 72). Hence, we find the following expression for e/:

eAt _ (A—TQI)(A—T;),I)

mt , A—nD)(A—rsl) ., (A—rI)(A—rd)

(r1 —ra)(r1 —rs3) (ro —r1)(re —rs3) (r3 —r1)(rs —ra) o

(6)

2. p(s) = (s — )3, i.e, there is a single eigenvalue of multiplicity 3.

In this case the basic functions are e, te’, and t?e™ so that
et = Me™ + Nte™ + Pte™.
As for the case of 2 x 2 matrices, multiply by e~ to get

M+ Nt + Pt2 _ eAtefrt _ e(AfrI)t
1 1
= I+(A—r[)t+§(A—rl)2t2+g(A—rI)3t3+~-

Comparing powers of ¢ on both sides of the equation gives

M=1I N=(A-rl), P=Y and (A—r)" =0ifn >3,

Hence,

el = <I +(A—=r)t+ %(A — 7"[)2252) e (7)

3. p(s) = (s —r1)%*(s — ry) where 71 # ry. That is, A has one eigenvalue with

multiplicity 2 and another with multiplicity 1.

The derivation is similar to that of the case p(s) = (s —r). We will simply record
the result:

— 2 _ 2 . 2
eAt _ (I— M) er1t+ ((A—Tlf) . (A 7’1-[) )terlt—i-wemt.

(ro —11)? o —T1 (ro —11)?
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6.6 Nonhomogeneous Linear Systems

This section will be concerned with the nonhomogeneous linear equation

(*) y' = A(t)y +q(t),

where A(t) and g(t) are matrix functions defined on an interval J in R. The strategy will
be analogous to that of Section 3.6 in that we will assume that we have a fundamental
matriz ®(t) = [@1(t) -+ @,(t)] of solutions of the associated homogeneous system

(#n) Y = Aty

and we will then use this fundamental matrix ®(¢) to find a solution y,(t) of (x) by the
method of variation of parameters. Suppose that y,(t) and y,(t) are two solutions of
the nonhomogeneous system (x). Then

(Y1=95)'(t) = ¥1(1) —y5(t) = (AW)y, (1) +q(t) — (A(H)y2(t) +q(t) = At)(y (1) —ys (1))

so that y,(t) — y,(t) is a solution of the associated homogeneous system (xy,). Since ®(t)
is a fundamental matrix of (xy,), this means that

Y1(t) —yYo(t) = P(t)c = crepy (1) + - + cap, (1)

for some constant matrix
1

Cn

Thus it follows that if we can find one solution, which we will call y,(¢), then all other
solutions are determined by the equation

y(t) =y, (1) + B(t)e = y,(t) + yu(1)
where y,,(t) = ®(t)c (c an arbitrary constant vector) is the solution of the associated
homogeneous equation (k). This is frequently expressed by the mnemonic:

Ygen () = Y, (1) + (1), (1)

or in words: The general solution of a nonhomogeneous equation is the sum of a particu-
lar solution and the general solution of the associated homogeneous equation. The strat-
egy for finding a particular solution of (x), assuming that we already know y, (t) = ®(t)c,
is to replace the constant vector ¢ with an unknown vector function

U1 (t)
o(t) = |
U ()
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That is, we will try to choose v(t) so that the vector function

() Y(t) = @()o(t) = vi(t)pr(t) + - + vat)n(t)

is a solution of (k). Differentiating y(t) gives y'(t) = ®'(t)v(t) + ®(¢)v'(t), and substi-
tuting this expression for y'(t) into (%) gives

®'(t)v(t) + (t)v'(t) = y'(t) = A()y(t) + q(t) = A)()v () + q(t).

But ®'(t) = A(t)®(t) (since ®(¢) is a fundamental matrix for (xy,)) so ®'(t)v(t) =
A(t)®(t)v(t) cancels from both sides of the equation to give

®(t)v'(t) = q(t).

Since ®(t) is a fundamental matrix Theorem 6.3.4 implies that ®(¢)~! exists, and we
arrive at an equation

() v'(t) = ®(t) 'q(t)
for v'(t). Given an initial point ¢y € .J, we can then integrate (1) to get
t
o(t) ~ vlto) = [ B(a) qlu)du.
to

and multiplying by ®(t) gives

But if y(tg) = y,, then y, = y(to) = ®(to)v(ly), and hence v(ty) = ® (o) ‘y,. Substi-
tuting this expression in the above equation, we arrive at the following result, which we
formally record as a theorem.

Theorem 6.6.1. Suppose that A(t) and q(t) are continuous on an interval J andty € J.
If ®(t) is a fundamental matriz for the homogeneous system y' = A(t)y then the unique
solution of the nonhomogeneous initial value problem

Yy =At)y +q(t), y(to) =yo

18
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Remark 6.6.2. The procedure described above is known as variation of parameters
for nonhomogeneous systems. It is completely analogous to the technique of varia-
tion of parameters previously studied for a single second order linear nonhomogeneous
differential equation. See Section 3.6.

Remark 6.6.3. How does the solution of y' = A(t)y + q(t) expressed by Equation
(2) correlate to the general mnemonic expressed in Equation (1)? If we let the initial
condition y, vary over all possible vectors in R", then y,(¢) is the first part of the
expression on the right of Equation (2). That is y,(t) = ®(t) (®(ty)) " y,. The second
part of the expression on the right of Equation (2) is the particular solution of ¢y’ =
A(t)y + q(t) corresponding to the specific initial condition y(¢y) = 0. Thus, in the
language of (1)

t

v, = (1) [ () gl du

0
Finally, y,.,(t) is just the function y(¢), and the fact that it is the general solution is
just the observation that the initial vector y, is allowed to be arbitrary.

Example 6.6.4. Solve the initial value problem
, 101 0 |1

» Solution. From Example 6.3.5 we have that

o2t et
(I)(t) - [26% —t:|

—€

2 1
sociated homogeneous system y’ = Ay for the nonhomogeneous system (3). Then
det ®(t) = —3e’ and

. . 1 I
is a fundamental matrix for the homogeneous system vy’ = [0 } vy, which is the as-

Then

and hence
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which is the first part of y(¢) in Equation (2). Now compute the second half of Equation

(2):
(1) / () q(uw)du — :265; “ /0 E {62_; e__;} {_24 du

to

'%(et — ey %(et — et
_%(et &2ty — é(et e
'%et %e% %e—t

- _%et — %e% + %e‘t

Putting together the two parts which make up y(¢) in Equation (2) we get

1.t 2,2t 1 _—¢
5€ — ze7 + ze
We will leave it as an exercise to check our work by substituting the above expression

for y(t) back into the system (3) to see that we have in fact found the solution. <

If the linear system vy = Ay + q(t) is constant coefficient, then a fundamental
matrix for the associated homogeneous system is ®@(t) = e, Since (e!)™! = e~ it
follows that e?*(e4%)~! = A=) and hence Theorem 6.6.1 has the following form in
this situation.

Theorem 6.6.5. Suppose that A is a constant matriz and q(t) is a continuous vector
function on an interval J and ty € J. Then the unique solution of the nonhomogeneous
1natial value problem

Yy =Ay+q(t), yto) =y,

18
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You should compare the statement of this theorem with the solution of the first order
linear initial value problem as expressed in Corollary 1.3.9.

Example 6.6.6. Solve the initial value problem
, |11 et |1

-1 1 et 1
4 3,q(t):{2t},t0—0 and (O):[O].
Since the characteristic polynomial of A is p(s) = det(sI—A) = (s—1)?, the fundamental

» Solution. In this example, A = [

matrix e can be computed from Equation (3):
e = (I+(A=Dt)e
a 4t 1+2t)
Since =4t = e (=Y we can compute e~4* by simply replacing ¢t by —t in the formula
for et

a 12—t ]
At __ t
‘ —[ at 1—215]6 '

Then applying Equation (4) give
t
y(t) = Mgyt / e~ q(u) du
[1—2t 1—-2t t T2 —u ], e
= e e du
| 4t 1+2t =4t 1+2¢ 0 du 1 —2u 2e"

=20t [1-2t ot AR
= we | T car 1a2u|€) 2] ™

'(1—2t)et: [1—2t t}t{t}

ol et | T et 142t |
[ =2t)et] n [ te!
N —4tet | 7 |2te!]”

<

If we take the initial point t; = 0 in Theorem 6.6.5, then we can get a further
refinement of Equation (4) by observing that

t t
eAt/ e Mg(u) du = / Mg (u) du = e x q(t)
0 0
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where e*xq(t) means the matrix of functions obtained by a formal matrix multiplication
in which ordinary product of entries are replaced by the convolution product. For

example, if B(t) = {Z;g; Z;zgg} and q(t) = [g;gg] , then by B(t) * q(t) we mean the

matrix

(P11 % q1)(t) + (P12 * g2)(t) Iy har(t — w)gr (w) du + [3 hia(t — u)ge(u) du
B(t)*q(t) = =

(ho1 * q1)(t) + (ha2 * g2) () Jo hoa(t — w)qu(u) du + [ haa(t — u)gz(w) du

With this observation we can give the following formulation of Theorem 6.6.5 in
terms of the convolution product.

Theorem 6.6.7. Suppose that A is a constant matriz and q(t) is a continuous vector
function on an interval J and O € J. Then the unique solution of the nonhomogeneous
1matial value problem

Yy =Ay+q(t), yt) =1y

18

y(t) = eMyg + e xq(t). (5)

Remark 6.6.8. For low dimensional examples, the utility of this result is greatly en-
hanced by the use of the explicit formulas (2) — (8) from the previous section and the
table of convolution products (Table C.3).

Example 6.6.9. Solve the following constant coefficient non-homogeneous linear sys-

tem:
v = vy + ¥

(6)

yh = 4y + €.

3t

» Solution. In this system the coefficient matrix is A = {2 (1)} and q(t) = {eet] . The

associated homogeneous equation ¥y’ = Ay has already been studied in Example 6.4.1
where we found that a fundamental matrix is

(th + e—2t) (e2t . e—Qt)

o

1
2

(th + 6_2t)

N | —
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Since, z(0) = (1) (1)] it follows that z(t) = et. If we write e/ in terms of its columns,
so that e* = [2z1(t) 22(t)] then we conclude that a solution of the initial value problem
Y = Ay +q(t), y(0)=0

is given by

y,(t) = e xq(t)
= z1(t) * qu(t) + 22(t) * ga2(t)
= zl*e3t+zz*et

l<€2t+e—2t) ) 1 (627& _6—2t)
. 3t 4 ¢
- 2t 2 er |y 2 oy | ¥ €
et — e~ 3 (e¥ +e7%)
1 (.3t 2t | 1 (.3t -2t 1 (.2t t 1t -2t
B L(e¥ —e? 4 L (P —e?)) N 1 —et =5 (eh—e?))
- 3t 2t 1 3t —2t 1 (.2t t | 1,3t —2t
I e? — s (e¥ —e™) 1 —e + i (e —e™))
(3,3t 1,2t 1 -2t 1,2t , 1 -2t 1.t
_|5¢ 2€ 10 " €7 1 1€ €
- 4 3t 2t 1,2t 1,26  1,.-2t 1.t
| 3¢ e” + ze 5€ G€ e
(3 3t 1.t __ 1.2t _ 1 -2t
I 3¢ —1¢ 60° ]
o431 ¢ 1,2t 1 -2t
| 5¢€ 3€ 2€7 + 55¢€

The general solution to (6) is then obtained by taking y,(¢) and adding to it the

general solution y,(t) = e {?} of the associated homogeneous equation. Hence,
2

1 1 1 1 33t 1ot 12t 1 -2t
Yoo = 5C1 + 7C2 2y |26 T g% oty 5¢ 3¢ T 4¢ 60¢
gen — 1 1 _

Cl+502 _Cl—’_ECQ %16375_%675_%6%_'_%6 2t

Exercises

In part (a) of each exercise in Section 4.4, you were asked to find e for the given matrix A.
Using your answer to that exercise, solve the nonhomogeneous equation

y' = Ay+q(t), y(0)=0,
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where A is the matrix in the corresponding exercise in Section 4.4 and q(¢) is the following
matrix function. (Hint: Theorem 4.6.5 and Example 4.6.7 should prove particularly useful to
study for these exercises.)

ca-[] o w[l] s -]

5. q(t) = [ett] 7. q(t)= { 0 ] 11. q(t) = F?tt]

e—t




Appendix A

COMPLEX NUMBERS

A.1 Complex Numbers

The history of numbers starts in the stone age, about 30,000 years ago. Long before hu-
mans could read or write, a caveman who counted the deer he killed by a series of notches
carved into a bone, introduced mankind to the natural counting numbers 1,2, 3,4, ---.
To be able to describe quantities and their relations among each other, the first human
civilizations expanded the number system first to rational numbers (integers and frac-
tions) and then to real numbers (rational numbers and irrational numbers like v/2 and
7). Finally in 1545, to be able to tackle more advanced computational problems in his
book about The Great Art (Ars Magna), Girolamo Cardano brought the complex num-
bers (real numbers and “imaginary” numbers like v/—1) into existence. Unfortunately,
450 years later and after changing the whole of mathematics forever, complex numbers
are still greeted by the general public with suspicion and confusion.

The problem is that most folks still think of numbers as entities that are used solely
to describe quantities. This works reasonably well if one restricts the number universe
to the real numbers, but fails miserably if one considers complex numbers: no one will
ever catch v/—1 pounds of crawfish, not even a mathematician.

In mathematics, numbers are used to do computations, and it is a matter of fact
that nowadays almost all serious computations in mathematics require somewhere along
the line the use of the largest possible number system given to mankind: the complex
numbers. Although complex numbers are useless to describe the weight of your catch of
the day, they are indispensable if, for example, you want to make a sound mathematical
prediction about the behavior of any biological, chemical, or physical system in time.

377
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Since the ancient Greeks, the algebraic concept of a real number is associated with
the geometric concept of a point on a line (the number line), and these two concepts are
still used as synonyms. Similarly, complex numbers can be given a simple, concrete, ge-
ometric interpretation as points in a plane; i.e., any complex number z corresponds to
a point in the plane (the number plane) and can be represented in Cartesian coordinates
as z = (z,y), where x and y are real numbers.

We know from Calculus II that every point z = (x,y) in the plane can be described
also in polar coordinates as z = [«, r|, where r = |z| = y/22 + y? denotes the radius
(length, modulus, norm, absolute value, distance to the origin) of the point
z, and where a = arg(z) is the angle (in radians) between the positive z-axis and the
line joining 0 and z. Note that « can be determined by the equation tan o = y/x, when
x # 0, and knowledge of which quadrant the number z is in. Be aware that « is not
unique; adding 27k to « gives another angle (argument) for z.

We identify the real numbers with the x-axis in the plane; i.e., a real number z is
identified with the point (z,0) of the plane, and vice versa. Thus, the real numbers are
a subset of the complex numbers. As pointed out above, in mathematics the defining
property of numbers is not that they describe quantities, but that we can do computa-
tions with them; i.e., we should be able to add and multiply them. The addition and
multiplication of points in the plane are defined in such a way that

(a) they coincide on the x-axis (real numbers) with the usual addition and multipli-
cation of real numbers, and

(b) all rules of algebra for real numbers (points on the x-axis) extend to complex
numbers (points in the plane).

Addition: we add complex numbers coordinate-wise in Cartesian coordinates. That
is, if 21 = (21, 91) and 2z = (22, y2), then

21+ 20 = (1, 01) + (2, y2) = (1 + 22, Y1 + Yo).

Multiplication: we multiply complex numbers in polar coordinates by adding their
angles a and multiplying their radii r (in polar coordinates). That is, if 21 = [ay, 7]
and zy = [ag, 1], then

2129 1= o + o, ri7].

The definition of multiplication of points in the plane is an extension of the familiar
rule for multiplication of signed real numbers: plus times plus is plus, minus times minus
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is plus, plus times minus is minus. To see this, we identify the real numbers 2 and —3
with the complex numbers z; = (2,0) = [0,2] and 2z, = (—3,0) = [r, 3]. Then

2122_[0+7T 23] [ ] ( s ):—6
2% = [r3][m, 3] = [r+ 7,3 3] = [27,9] = (0,9) =9,

which is not at all surprising since we all know that 2 - —3 = —6, and (—3)? = 9. What
this illustrates is part (a); namely, the arithmetic of real numbers is the same whether
considered in their own right, or considered as a subset of the complex numbers.

To demonstrate the multiplication of complex numbers (points in the plane) which are
not real (not on the x-axis), consider z; = (1,1) = [%,v2] and 2z, = (1,-1) = [-Z,/2].

Then
P [%—Z,\/E-ﬁ] ~0,2] = (2,0) = 2.

If one defines multiplication of points in the plane as above, the point i := (0,1) =
[5.1] has the property that

Thus, one defines

V—1:=1i=(0,1).

Notice that v/—1 is not on the x-axis and is therefore not a real number. Employing i
and identifying the point (1,0) with the real number 1, one can now write a complex
number z = (z,y) in the standard algebraic form 2z = = + iy; i.e.,

= (z,y) = (2,0) + (0,y) = z(1,0) + (0, 1)y = = + iy.

If 2z = (x,y) = x + iy, then the real number x := Rez is called the real part and the
real number y := Im z is called the imaginary part of z (which is one of the worst
misnomers in the history of science since there is absolutely nothing imaginary about

Y)-

The basic rules of algebra carry over to complex numbers if we simply remember the
identity i> = —1. In particular, if 2; = x; + iy; and 2o = x5 + iy, then

2120 = (14 1) (@2 + iy2) = T129 + 1y1 22 + T19Y2 + 1Y11Y0
= (2122 — Y1) + U(@1Y2 + T2y1) = (2122 — Y12, T1Y2 + Ta2U1).

This algebraic rule is often easier to use than the geometric definition of multiplication
given above. For example, if z; = (1,1) = 1+ ¢ and 2z, = (1,—1) = 1 — ¢, then the
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computation z;29 = (1+14)(1—1) = 1 —4* = 2 is more familiar than the one given above
using the polar coordinates of z; and z,.

The formula for division of two complex numbers (points in the plane) is less obvious,
and is most conveniently expressed in terms of the complex conjugate z := (z, —y) =
x — iy of a complex number z = (z,y) = = + iy. Note that z +w =Z + W, Zw = Zw,
and

itz and Imz:z_,z
21

Using complex conjugates, we divide complex numbers using the formula

|2 = 2° + y* = 2z, Rez =

Z z
w w

As an example we divide the complex number z = (1,1) = 1+i by w = (3,—1) = 3—i.

Then

+2, (1 2)
—i=(=,=).
5

z 1+4i  (1+9)B+i) 2440
N 55

1
w 3—i (3—i)(3+1i) 10 5

Let z = (z,y) be a complex number with polar coordinates z = [a,7]. Then |z| =
r =224+ y? Rez =2 = |z|cosa, Imz = y = |z|sinq, and tana = y/x. Thus we
obtain the following exponential form of the complex number z; i.e.,

z = [a, 7] = (z,y) = |z|(cos a, sin @) = |z|(cos @ + isina) = |z]e",

where the last identity requires Euler’s formula relating the complex exponential and
trigonometric functions. The most natural means of understanding the validity of Euler’s
formula is via the power series expansions of e”, sinz, and cos x, which were studied in
calculus. Recall that the exponential function e® has a power series expansion

which converges for all x € R. This infinite series makes perfectly good sense if z is
replaced by any complex number z, and moreover, it can be shown that the resulting
series converges for all z € C. Thus, we define the complex exponential function by
means of the convergent series
4 - Zn
e’ = Z i (1)
n=0

It can be shown that this function e* satisfies the expected functional equation, that is

etz — P17
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1
Since e = 1, it follows that — = e~ *. Euler’s formula will be obtained by taking z = it
eZ

in Definition 1; i.e.,

) e K t2 t3 t4 t5
el = Z(Z) =1+it— o —i = i — e

‘ n! 2! 3! 4l 5!
2 P
= (1—§+E—~--)+i(t—§+a—---):cost+ismt: (cost,sint),

where one has to know that the two series following the last equality are the Taylor
series expansions for cost and sint, respectively. Thus we have proved Euler’s formula,
which we formally state as a theorem.

Theorem A.1.1 (Euler’s Formula). For allt € R we have

e = cost+isint = (cost,sint) = [t, 1]. O
Example A.1.2. Write z = —1 + ¢ in exponential form.

» Solution. Note that z = (=1,1) sothat x = =1, y = 1, r = |2| = /(—1)2+ 12 =

V2, and tana = y/x = —1. Thus, a = 2T or a = %’r. But z is in the 2nd quadrant, so

4
o = 3% Thus the polar coordinates of z are [2F, V2] and the exponential form of z is

\/ﬁei%. <

Example A.1.3. Write 2z = 2¢% in Cartesian form.

» Solution.

3 1
z:2(cos%+z’sin%):2<§+z§> =V3+i=(V3,1).

<

Using the exponential form of a complex number gives yet another description of the
multiplication of two complex numbers. Suppose that z; and 2, are given in exponential
form, that is, z; = r1e’* and 2y = r9e’2. Then

2129 = (11€")(r9e™2) = (Tlrg)ei(a1+a2).

Of course, this is nothing more than a reiteration of the definition of multiplication of
complex numbers; i.e., if z; = [y, 1] and 29 = [ag, 15, then 2120 1= [ + g, r173].
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Example A.1.4. Find z = V/i. That is, find all z such that 2? = 1.

» Solution. Observe that i = (0,1) = [7/2,1] = e>’. Hence, if z = €' then 2> =
(€'7)? = €2 =i so that

T V2 V2 V2
_ T T V2 V2 L4
Z = Cos +zsm4 5 +12 5 (1+1)
Also note that i = e(3127% g0 that w = elT17)? = ¢ie™ = —eT = —z is another square
root of 1. <

Example A.1.5. Find all complex solutions to the equation z* = 1.

» Solution. Note that 1 = €2™* for any integer k. Thus the cube roots of 1 are obtained
by dividing the possible arguments of 1 by 3 since raising a complex number to the third
power multiplies the argument by 3 (and also cubes the modulus). Thus the possible
—1 43 L 3 <

47 -
3iand w?2=e3t=—-1_

2m
cube roots of 1 are 1, w =e3"' = 1_ 8

We will conclude this section by summarizing some of the properties of the complex
exponential function. The proofs are straight forward calculations based on Euler’s
formula and are left to the reader.

Theorem A.1.6. Let z = x +1iy. Then

1. €* = "W = e% cosy + ie”siny. That is Ree®* = e® cosy and Ime* = e®siny.

2. |e*| = e*. That is, the modulus of €* is the exponential of the real part of z.

eV +e W
3. cosy= ——
4 2
e —e W
4. siny = —— O]
21

Example A.1.7. Compute the real and imaginary parts of the complex function

2(t) = (24 3i)e’ 2

» Solution. Since z(t) = (2 + 3i )(cos +isin %) = (2cos 2 — 3sin 2) + (3 cos L+

2sin 2)i, it follows that Rez(t) = 2cos 2 — 3sin % and Im (¢ ) =3cos 2 +2sin2. <
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Exercises

1. Let z = (1,1) and w = (—1,1). Find z - w, 2, ¥, 22, \/z and z'! using

) w7 z )
(a) the polar coordinates,
(b) the standard forms = + iy,

(¢) the exponential forms.

2. Find

(a) (1+20)(3+4i) (b) (14202 (c) 1 4 -2

ov3 YeTmers © ot

3. Solve each of the following equations for z and check your result.

z—1 2+

() @+3i)z+2=i  (b) S ;

()

+1=2+4i  (d) e =-1.

4. Find the modulus of each of the following complex numbers.

13 1+ 2it — t2
d) — Y Ghere t € R.
sr1 W g Wherete

(a) 443 (b) 2+0)? ()

5. Find all complex numbers z such that |z — 1| = |z — 2|. What does this equation mean
geometrically?

6. Determine the region in the complex plane C described by the inequality
|z — 1]+ |z — 3| < 4.

Give a geometric description of the region.

7. Compute: (a) v2+2i (b) vV3+4:

8. Write each of the following complex numbers in exponential form.

1
3+ 41

(a) 3+4i (b)3—4i (c)(3+4)2 (d) () =5 (f) 3

9. Find the real and imaginary parts of each of the following functions.
(a) (2+30)e"DE (b) e (c) e(+30)te(=30
10. (a) Find the value of the sum
1+ez+e2z+ _|_e(n—1)z.

Hint: Compare the sum to a finite geometric series.
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(b) Compute sin(2%) + sin(4x) 4 ... 4 sin(2=1T)

n n
11. Find all of the cube roots of 8i. That is, find all solutions to the equation 23 = 8i.

12. By multiplying out e??e’® and comparing it to ¢/(®+®)_ rederive the addition formulas for
the cosine and sine functions.
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SELECTED ANSWERS

Chapter 1
Section 1.1
1.1
2. 2
3.1
4. 2
5.2
6. ys(t)
7o yi(t), ya(t)
8. y1(t), ya(t), ys(t)
9. 1a(t), s(t).
16. y(t) = s —t+c¢
17. y(t) = —eH(t+1) +c
18. y(t) =t+In|t|+c
19. yt) =L+ 5 +aat+ o

385
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20. y(t) = —2sin3t + 1t + ¢
22. y(t) =3¢ "+ 3t—3

23, y(t) = 1/(1+ ¢

24. y(t) = —18(t + 1)~ !

25. y(t) =1e? —t+12

26. y(t) = —e~H(t+1)

27. y(t) = —2sin3t + ¢ + 1

28. R’ = kR where k is a proportionality constant.

29. v = k(1 —y), y(0) = 1 where k is a proportionality constant.

30. P’ = kP where k is a proportionality constant.

31. P'=kP(M — P) where k is a proportionality constant.

32. TV =k(32—T), T(0) = 70 where k is a proportionality constant.

33. 900 ft at 5 sec; 15.8 seconds to hit the ground.

Section 1.2

1. separable
2. not separable
3. separable
4. not separable
5. separable
6. not separable
7. separable

8. not separable



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

separable
yt=2t2+¢

205 =5(t+2)*+¢
y(t?+c)=-2,y=0

-3

= — :O
t3—|—c7y

Y
y=1—ccost,y=1

1—n
1-n _ tm+1 :0
y 14+m Ty

B 4eet B
y——l_ce4t,y—4

241 = cet
y = tan(t + ¢)

2 +y*+2Inftl=c
tanlt+y—2Inly+1]=c, y=—1
y?=el +c

ylnje(l1—1t)| =1

cet = y(t + 2)*

y=0
y=20
y:J]QGI

387
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30. y = sec™'(V2t2)
31 y=2vur+ 1
32. 121.7°
34. 52.6°

36. 205°

Section 1.3

1 17
4. y(t) = 46_2t+zezt
1 e
5. y(t) = ¢t — &
y(t) =S¢ =
Lo o
6. y(t) = g[e — ¢’

7‘ y(t) — t+sintcost + csect

2cost
_—t2/2 [t _s2/2 —t2/2
8. y(t) =e /2 [J e/ 2ds + e/

tint t

_ t—m
m+ 1 (m+1)2+C

9. y(t) =

10. y(t) = SE+C

11. y(t) = = (=2 + ct)
12. y(t) =b/a+ ce™™
13. y(t) =1

4. y(t) =ttt +1)* +c(t +1)°



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

1
y(t) = p—y bebt + cem
thrl . .
t) = e @ ce ¢
y(t) n+1 +
y(t) = =55

y =2+ ce” 0’
y(t) = t"e' + ct™

y(t) = (t—1)e* + (a+ 1)et

y(t) = g + gt—?*
y(t) =1 {1 + 2(2at_ w

389

y(t) = (10 —t) — 8(1 — 5)*. Note that y(10) = 0, so the tank is empty after 10

min.

(a) T = 45 min; (b) y(t) = $(10 + 2¢) — 50(10 + 2¢)~* for 0 < ¢ < 45 so y(45) =
50—1 =49.51b. (c) limy_o y(t) = 50. Once the tank is full, the inflow and outflow
rates will be equal and the brine in the tank will stabilize to the concentration of
the incoming brine, i.e., .5 Ib/gal. Since the tank holds 100 gal, the total amount

present will approach .5 x 100 = 50 lb.

If y(t) is the amount of salt present at time ¢ (measured in pounds), then y(t) =

80e~%% and the concentration c(t) = .8¢7% Ib/gal.

(a) Differential equation: P'(t)+(r/V)P(t) = rc. If Py denotes the initial amount
of pollutant in the lake, then P(t) = Ve + (Py — Ve)e"/V)t The limiting

concentration is c.

(b) (i) tije = (V/r)In2; (ii) t1/10 = (V/r)In10
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(c) Lake Erie: ¢/, = 1.82 years, t1/;0 = 6.05 years, Lake Ontario: ¢/, = 5.43
years, ti/10 = 18.06 years

29. (a) 10 minutes
(b) 1600/3 grams

30. 1 — e ! grams/liter

Section 1.4

Section 1.5

2

t
2. yit) = 1-t+3

t3
yo(t) = 1—t+12——
G
, ¢ +t
t) = 1—t+t?——+ —
t2
t% 1o
w(t) = 5+ 5
2% 4
ys(t) = S+ -+~ +

2 20 160 4400

4. Unique solution
5. Not guaranteed unique

Unique solution

N@

Unique solution

o

Not guaranteed unique

©w

(a) y(t) =t + ct?
(b) Every solution satisfies y(0) = 0. There is no contradiction to Theorem 1.5.2
since, in normal form, the equation is ¢/ = e 1 = F(t,y) and F(t,y) is not

continuous for ¢t = 0.



10.

11.

12.

391

(a) F(t,y) = y* so both F(t,y) = y* and F,(t,y) = 2y are continuous for any
(to,vo). Hence Theorem 1.5.2 applies.

1
(b) y(t) = 0 is defined for all ¢; y(t) = .

; is only defined on (—o0, 1).

No. Both y;(t) and y»(t) would be solutions to the initial value problem ¢y’ =
F(t,y), y(0) = 0. If F(t,y) and F,(t,y) are both continuous near (0,0), then the
initial value problem would have a unique solution by Theorem 1.5.2.

3
There is no contraction to Theorem 1.5.2 since, in the normal form 3’ = ;y =
F(t,y) has a discontinuous F'(t,y) near (0,0).

Section 1.6

10.
11.
12.
13.
14.
15.

16.

1
Cty+yt—-tP=c

2

. Not Exact

P+t =c

Not Exact

Dty 4yt =2

(y—t?)? -2t =c
1 c

Ly=-tP—-

3 t

Yt =dty+c

b+c=0
y=0-1"

P2 +1+e) =1
y=(cv1—-12—-5)"
Y2 = (1+cet”)!

y? = (t+ 3 +ce?)!

y= —oF &
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17.
18.
19.
20.

21.

22.

23.

24.

y =2t +ct?
y=(1—Int)"!
y(t) = e2 D 41

t— 1M

= C|—
L P

tsiny +ysint +t* =c

t 1
=— [Zt2—2t+1nlt
y t—1(2 +n||+c>

Chapter 2

Section 2.1

10.

s+ 15s + 37
(s+3)(s+4)2

s+2
s24+4

4
(s = D((s = 1)* +4)
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9s + 3
952 + 65 + 55

12 2+ 2 + !
S8 (s—2)2 s—4

11.

5 12
3 V2 0.123

_|_

s+ (1.1)  (s+(1.1))?
H5s — 6 n 4_1
s24+4 s
8(s — 5) + 22
(s—5)2+4
1252 — 16
(s2 + 4)3

b—a
(s+a)(s+0b)

14.

15.
16.

17.

s + 2b
s(s? 4 4b?)
20°
s(s? + 4b?)
b
52 + 4b?
s

s2 — p2

b
T g2 )2

18.

19.

20.

21.

22

24. (a), (c), (e), (g), (i) are functions in class £.

Section 2.2

393

L. (a) (R); (b) (PR); (c) (R); (d) (PR); (e) (PR); (f) (NR); (g) (NR); (h) (PR);

(i) (NR)
2. =5
3. 3t — 22
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10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

20.

26731‘,/2

3 cos \/§t

. 2cos /2t

3 3

\% sin v/3t

2 2 2
cos \/;t + \/;sm \/;t

te—3t

e=3(2 — 11¢)

e (2t — 5t?)

(2t 4 31 — ¢t?)

e 2" cos 3t

e’ cos 3t

e~3(2 cos 3t — 3 sin 3t)

e~ (3 cos /2t — 44/2sin \/2t)
e~/2(3 cos(t/2) + L sin(t/2))
33t _ 92

(e* —e™™)

4edt — 2t

ot

Section 2.3

(6—275 N €5t>

(7e' 4 3e7")

wol—  NI= =

(13e® — 5e~3)
o2 _ ot

(377 + 23¢™)
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

et 4+ 2et

. %(256” —9¢e7)

(9e! — 30e? + 25e3")

N[

(B +V3)eV™ + (3 - v3)e V™)

(=

(2621‘, — et 4 e’5t)

N

%t3674t
3t | 3,2 3t
te’ + st7e
6—3t _ 5t€3t + %t2€_3t
18e~t — 1372t — 36te™ %
(5™ + 3te™ — be ! + 21te )
1 —t
5€'sin 4t
2e~tcosdt — %e‘t sin 4t
5 ,—3/2
2
_1%67&/2 4 1_76€t/2
3e2t cos /3t + %6% sin /3t
3e 3t cos 2t — %e‘St sin 2t
2¢ 2t cos Ht — %e‘zt sin 5t
2et — 2cost +sint
2e~t + cos 2t — sin 2t
2et — 2e7tsin 2t

cos 2t + }—2 sin 2t — gt sin 2t + %t cos 2t

395
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Section 2.4

_ 8,6t 1
L oy(t) = 3e % + ge*
2. y(t) = 2
-3, 1
3. y(t) = e + I€4t
4. y(t) = £(—1+ 33e* — 4¢)
5. y(t) = =2e % + §(2 — 18t + 81¢?))
6. y(t) = 15(3¢ — 3cost + sint)
7. y(t) = it
8. y(t) = 6e3 — 5cost — 15sint
9. y(t) =2+ 3sin2t
10. y(t) = 2 — e’ + 3e*
11. y(t) = —Te' + 4e** — te!
12, y(t) = t5e' — g™ — o cos 2t — = sin 2t
13. y(t) = —3cost +4sint + (34 Tt)e
_ 1
14. y(t) = cos 5t — £ sin 5t
15. y(t) = (5 +4t) e
16. y(t) = (2t* — 2t — 1)e*

17. y(t) = \%e‘t/z sin X3¢
18 y(t)=¢ —1- - - -

1
19. y(t) = §(€t —2(141) 4 cost +sint)

20. y(t) = (e" + e " +2cost)/4
21. y(t) = e' +¢3

22. y(t) =0



23.

24.

25.

y(t) =e 3" —3et+2
y(t) = 55(e" +e* — 2cos 3t)

y(t) = tsint — t? cost

Section 2.5

10.

11.

12.

13.

t3
6
t5
20
3 — 3cost
Tett — 12t — 7
16
2e%t — 2 cos 2t — 3sin 2t

13

1 :
5(1 — cos 2t + sin 2t)

1
. —— (1 — 6t + 1812 — )

108

| :
5(— sint + 2sin 2t)

é(e% et
tn+2
(n+1)(n+2)

IR .
PN (be™ — bcos bt — asin bt)
1 y .
m(ae — acos bt + bsin bt)
bsin(l;t = azsinbt b+ a

—a
inat — at t
sinat —atcosat .

2a
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14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

(acosat —acosbt .
2 ifb#a
1 . )
—tsinat ifb=a
\ 2
(asin at — bsin bt )
PR ifb#a
1
2—(atcos at +sinat) ifb=a

\ 20

Fls) = ﬁ

F(s) = ﬁ

PO = @G
Fo) =y zjfs? +1)
S — e

Je e

—(sint — ¢ t
2(Sln cost)
1t int

—tsin

2

1
ﬁ(—€76t + 1 -6t + 18t2)

1
1—3(2€3t — 2cos 2t — 3sin 2t)

1
1—7(4e4t —4cost + sint)

APPENDIX B. SELECTED ANSWERS



30.

31.

32.

33.

34.

35.

36.

37.

at

bt

et —e
a—>
at — sin at
a3

t
/ g(T)e’Q(t’T) dr
0

/Ot g(7) cos V2(t — ) dr

I
ﬁ/o sinV3(t —7) f(7) dr

/0 (t— T)e*Q(t*T)f(T) dr

/t e"sin2(t — 1) f(7) dr
0

/t (efQ(th) . 673(1577')) f(7_> dr
0

Chapter 3

Section 3.1
linear
(1) no
(2)  yes
(3)  yes
(4) 1no
(5)  yes
6) yes
(7) no
(8)  yes
(9)  yes
(10)  no
(11)  yes
(12)  yes

constant coeflicient

yes
yes

yes
yes

yes
no

1o
no

homogeneous/nonhomogeneous

homogeneous
nonhomogeneous

nonhomogeneous
nonhomogeneous

nonhomogeneous
homogeneous

homogeneous
homogeneous

399
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19.
20.
21.
22.
23.

APPENDIX B. SELECTED ANSWERS

L(1) L(t) L(e™) L(cos 2t)
(13) 1 t 2et cos 2t
(14) 1 1 (t+1)e? (—4t 4+ 1) cos 2t
(15) -3 1-3t —2¢7t —11cos2t — 2sin 2t
(16) 5 5t+6 0 cos 2t — 12sin 2t
(17) -4  —4t —3et —8cos 2t
(18) -1 0 (t? —t—1)e " (—4t* — 1) cos2t — 2t sin 2t

L(e™) = a(e™)" + b(e™) + ce™ = ar?e™ + bre™ + ce™ = (ar® + br + c)e™.

C’lzﬁanngzl
4 2
no

yes, C'= 1.

1 3
25.(c) 1. y = —e' +2e* — —e3

2 2
1

3
(c) ii. y = =et — 2e* 4 —e?

2 2
1 11

(c) iii. y = €' — 7e* + —¢¥

2 2

: 1t 2t 1 3t

V. y=— — — - —

(c) iv. y 5¢ + (=14 3a —b)e*' + 5 2a+0b)e
1 10 5
26.(c)i. y =t + —t2 — =3
()i y=ct+3 5

1 2 1

(c)ii. y = =t° — =2 + —¢3

6 3 2
1 17 9

(c) iii. y = ~t° — —t2 + =3

6 3 2

6 3

1 1 1
(c) iv. y:—t5+(—+3a—b>t2+ (—5—2a+b>t3

28.

29
30
31
32

Maximal intervals are (—oo, —1), (—1, 1), (1, c0)

km, (k+ 1)m) where k € Z
00, 00)
3

(
(_
(3, o0)
(=00, =2), (=2, 0), (02), (2, o0)
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33. Theorem 5.2.1 doesn’t apply since if the initial value problem is put in standard

form, then a(t) = — and b(t) = 7 are not continuous at ¢ = 0, so the theorem

says nothing about initial value problems which start at ¢ty = 0.
34. ¢(to) = ¢'(to) = 0 so that ¢ and 0 are both solutions of the initial value problem
y'+a(t)y +bt)y =0, y(to) =0, ¥'(to) = 0.

Hence ¢ = 0 by Theorem 5.2.1.

Section 3.2

1. dependent
2. independent
3. independent
4. dependent
5. independent
6. dependent
7. dependent

8. dependent

9. (a) Note that . Therefore ¢y is not a multiple of 5.

@a(t) | -1 ift<0
(b) Check separately the cases t > 0, t < 0, and ¢t = 0.

(¢) Theorem 3.2.6 only applies to pairs of functions which are solutions of a
standard second order linear differential equation on an interval I, in this
case, I = R. The conclusion is that ¢; and ¢ are not solutions of such a
differential equation.

(d) Simply substitute into the equation.

2
(e) When the given equation is put in standard form, the coefficient of y’ is — 7

which is not continuous on R, so that Theorem 5.3.10 does not apply.
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Section 3.3
1. {et, e}
2. {e—4t7 e4t}

5. {eﬁt, e‘ﬁt}
6. {e(Hﬂ)t, e(l_ﬂ)t}

7. {e¥, tedt}
8. {e %, te™?}

9. {1, t}
3t 3t

10. 65, te 2

11. {sint, cost}

t t
12. <sin —, cos —
S
13. {e*sin3t, e* cos 3t}
14. {e“tsint, e 'cost}

15. {e*sint, e* cost}

t t
> AN 3
16. < e 2 cos (gt) , e 2sin (\/T_t>

17. Solution: The characteristic polynomial is s> —s —6 = (s — 3)(s +2) and thus has
distinct real roots 3 and —2. The general solution is y = ae3'+be~?. Differentiating
gives iy = 3ae3 — 2be~?t. The initial conditions imply

a+b= 2
3a—2b= 1.



18.
19.
20.
21.
22.
23.

24.
25.
26.
27.
28.
29.

30.

403

The solution is a = 1 and b = 1. Thus the solution to the initial value problem is

y = eBt + €f2t

y = te

y = Het — e3¢

y = 2cos 2t — sin 2t

y =TT —\/Te VT

y=c 'cost+etsint

Solution: This function is a linear combination of the two functions e’ and e,

which form a fundamental set for the constant coefficient equation with character-
istic polynomial
p(s)=(s—1)(s+3) =5>+25—3.

The homogeneous equation with this characteristic polynomial is

y" + 2y — 3y =0.

There is no lower order equation which will work, since such an equation would
have the form ' 4+ ay = 0 for some a € R, and all of the solutions of this equation
are of the form y = Ce® where C is a constant. The given function e’ + 273!
is not a pure exponential function so it is not possible to choose C' and a so that
el + 2e73 = Cet.

y'+9y +14=0
Yy +4=0
Y + 25y = 0
y'—4y' +13y =0
v +2y +y=0

Not a solution of a constant coefficient second order homogeneous equation since
it is not a linear combination of any of the functions listed in Theorem 3.3.1.

Solution: Since the characteristic polynomial of this equation is p(s) = s*+5s+6 =
(s +3)(s + 2), it follows that the general solution of this equation is

y(t) = cre™® + cpe

and since both exponentials have negative exponents, it follows that lim;_.., y(t) =
0, no matter what ¢; and ¢y are.
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Section 3.4

1. et + cot ™2

2. att/? + et

3. clt‘/i + 0275*‘/i

4. et 4 oot /? Int

5. it + ot Int

6. c1t? + cot ™2

7. cpcos(2Int) + cosin(21nt)

8. c1t? cos(31Int) + cot?sin(31Int)

1
9. y=—(t—t2
y =3l )

10. y = 2tY2 —t1/21nt
11. y = —3cos(2Int) + 2sin(21nt)

12. No solution is possible.

Section 3.5
1.y=cie® + et 42
2. y=cre 2 4+ cpet + 2¢!
3. y=cie? + et 4 L (sint — 3cost)
4. y=cre® + et + 5 (3sint + cost)
5. y=cie? + et +44€ 4 (sint — 3cost)
6. y = ciet + coet — €t
7. y=cre* +coe t 4 tett

8. y =cie! + cpe3t + 2cost — 4sint

9. y = cret + cpe3 + cost



10.
11.
12.
13.
14.

15.

16.
17.

18.

19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.

y = c1e® + cpe™? + 2t3% 43
y = ciel + cpe?t 4+ 13
y=cie + e + 12+ 3t +4
Yy =c18in2t + cycos 2t + e —t

y=cisin2t 4 cycos2t +et —t? + 1

y=e /2 (01 cos \/7515 + ¢y sin ?t) +12 -2t

y = crett 4+ cpe™H — tet — 2e7?

y = c1 + coe® — te*(cost + 3sint)

yzcl+62€_t+§

y=oc +cet+ % — ¢ — 75(2sin 2t + cos 2t)
= cycost + cosint + %tsint

Yy = cpcost + cosint — t(tcost — sint)

y = cre* 4+ cpe™t + 3 — 4t + 4 cos 2t + 3sin 2t

y=ciet +coe ™ 4 ¥ + %te*t

Yy =cre® + et + % — 3t — 2te?

y:clcost+02cost+%+%0052t

y = c1e® + cpte? + St2e?

y = 1066t | H3ot _ L3t

y=e "2+ 4sin2t — 2 cos 2t)

y = 2e2* —2cost — 4sint

y=e—le2pop 1

y=se*+ et — 3sint + § cost.

y = cost + %cos?)t + sin 3t

y = e +te!

5 5 1,—
y:—§e2t+5et+ge t

405
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Section 3.6

1.
2.

3.

10.

y = asint + bcost — costIn(|sect + tant|)

y = =teost 4 st 4 gsint 4 beost

.y =ae' + bte' + (—1 + Int)te
.y = 3€% + ae’ + be*
.y = 1€’ + ae’ cos 2t + be' sin 2t

.y = —costlnsect +tsint 4 asint + bcost

5(=3te™ — e + a + be™*
£t at +bt?

y=t3+t+a+0bt

Section 3.7

10.

. y(t) = v/8cos <5t - 3—7T>

4

. y(t) = bcos(2t + .9273)

Cy(t) = \/75 cos(4t — .4634)

2 )

underdamped

critically damped

. overdamped

. overdamped

underdamped

critically damped
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11. v/2e tcos (215 + %)

12. 2e~2t cos (t — %)

13. 5e7 %% cos(5t + .6435)

14. t = w/8 for problem 11, ¢t = 27 /3 for problem 12, t = .1855 for problem 13
15.

16.

17. —2sintsin 8t

18, 2sin -t sin ¢
. 11 — 1mn —
s L

Section 3.8
1. y= %sin 4t, Maximum displacement is % feet.

2. y= % cos(v/12t)e~?. (Underdamped) Maximum displacement is .273 feet.

3. y = ste~*. (Critically damped) Maximum displacement is .184 feet.
4. y = %e*% — %6*8? (Overdamped) Maximum displacement is .0104 feet.
Chapter 4

Section 4.1
1. (c)

g)

e

-
+
- (e)
4. (a)
- (F)
-

d)
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

APPENDIX B. SELECTED ANSWERS

if 0<t<1
if 1<t<o

if 0<t<1
if 1<t<?2
it 2<t<3
if 3<t< oo

Ho<t<mr
if 7<t< oo



—t4et—et if 0<t<1

22. y(t):{et_et—l_e_t if 1<t<oo

2t 2 2t
23. y(t) = {6 ‘

Section 4.2

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

(a) (t = 2)X[2,00); (b) (t—2)R(t —2); (c) e72/s

() tX2, 0005 (b) th(t = 2); (c) €7 (& + 2).

(a) (t+2)Xp2 000 (b) (t+2)A(t —2); (c) 725 (5 +2).
(a) (t = 4)*Xu, 000 (B) (t = 4)°A(t = 4); (c) e 5.

(2) 2X[,00); (D) E2h(t — 4); () e (2 4+ & 4 16),

(a) (12 = 4)X,00); (B) (2 = 4)A(t — 4); (c) e (2 +

(a) (t — 4)X[2, 00); (b) (t — 4)2A(t — 2); (c) e (&

(a) € X, 00)5 (b) € *h(t = 4); (c) 6’455.

(a) X, 00); (B) €'h(t —4); (c) e4=D Lo

(a) € X[, 00); (b) e 7*h(t = 6); (c) e %2 L.

(8) telx(a, 0007 (b) teth(t — 4); (¢) D (2 + 147,
(a) Xj0.0)(t) = Xja3)(1); (b) 1 —2hy + hs; (c) L — 26— 4 ¢

(a) tX0,.1) (1) + (2 = )X1.2) (1) + X[200) (8); (D) £ = (2= 20)ha + (t = Dh; () 5 +

e 2% (S% +

®» =

).

() tX[0,1) (t) + (2 = )X[1,00) ()5 (b) t+ (2 = 2)Da; (c)

(2) 2onzo(t = n)Xpnrn) (1) (b) £ = 32021 s () 32 —

+ 8 4
2 T

44
)

() S50 Xz (1); (b) 52 (~1)"ns () sy

2

if 0<t<?2
1+ e — 5e2=2) — 2te? 4 2te2(-2) if 2 <t < o0

\ e

w» “
v

—5s

s -

2e” S
s

—s

s(l—e=s)"

409

—Ss

+
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27. (a) Xjo,2)(t) + (3 —=1)X[2,3)(t) +2(t = 3)x[3.4) () + 2X[4,00) (}); (D) 1+ (2 —t)h2 + (3t = 9)h3 —
(2t = 8)hg; (c) L — 0 43¢ 208

52 s2 -

Section 4.3

_ 0 if0<t<3,
1. e =3h(t —3) :{ 3

e if ¢t > 3.

0 if 0 <t<3,
2.@—3m@—3)={ U=

t—3 ift>3.

if0<t<3,

0
1 2, t—3 —
3. i(t_?’) e h(t—3)—{ (t—3)2€t_3 if t > 3.

1
2

0 if0<t<m, {0 if0<t<m,

4. h(t —m)sin(t —7) =< ) = _
sin(t—7m) ift>w —cost ift >m.

if 0 <t< 3m, {0 if 0 <t < 3m,

0
5. h(t — 3m) cos(t — 3m) = . =
cos(t —3m) ift> 3w —cost if t > 3.

0 fo<t<nm

1 ,—(t—m) o — - ’
6. 5€ (t )s1n2(t—7r)h(t—ﬂ')— {16_(t_7r) G0t >
5 > .

7. (t—1)h(t — 1)+ 3(t — 2)%"2h(t — 2)

8. $h(t—2)sin2(t—2) =

0 if0<t<2,
tsin2(t—2) ift> 2.

0 if0<t<?2,

1 2(t—2 —2(t=2)\ —
9. Zh(t —2) (e (t=2) _ o—2(¢ )) — {}1 (62(1%2) B 672(%2)) ift>9.

0 it 0 <t <5,

10. h(t —5) (2¢72(79) — e (79)) = {262(155) —e—(t=5) if¢ >,

11, Bt —2) (26D = ¢=2) 4 h(t — 3) (209 — t-9)

t if0<t<5b,

m.t—@—5MU—5>:{5 if t > 5.

&t if 0<t<3,

13. §t° 4+ §(t = 3)%h(t —3) =
G 6( ) ( ) %t3+%(t_3)3 if ¢ > 3.



14.

15.

411

0 ifo<t<m,

h(t—m)e 3= (2cos 2(t — ) — 3sin2(t — 7)) =
(=m)e (2eos2(t = m) = 3sin2(t =) = | 50 (2cos2t — 3sin2t) ift > .

e 3 (2cos2t — 5 sin2t) — h(t — m)e30=") (2cos2(t —m) — 3sin2(t — 7))

Section 4.4

—_

10.

11.

Ly=—3h(t-1)(1- e‘z(t_l))
Ly=e X1+ 2h(t—1)(1—e2D)

.y=nh(t-1) (1 _ 6—2(1&—1)) — h(t—3) (1 _ 6—2(t—3))

y=1te 2Ll le bt —1) (e 2070 14 Lt —1)) = In(t —1) (1 — e7207D)

4
. —&h(t —3) (=14 cos3(t — 3))

cy=—2e¢"+ Zet+ 1+ Lh(t—5) (-3 +4e7 - ett=9))

y=2h(t—1)(1—3e72"D 4 2e7301) 4 Ip(t —3) (=1 + 3 3(3) — 2¢3(t=9))

.y =cos3t+ 5;h(t — 2m) (3sint — sin 3t)

cy=tet+h(t—3)(1—(t—2) e 3)

y=te ' — Ih(t —3) (—e' — 5e~ 0 4 2te~ 1)

y=ase t—tet+ i Ln(t—2) (4 +e 22 — 5e= (=2 Lh(t—4) (4 4+ e — 5e= (=) 4
&h(t —6) (44 €26 — 5e=(t=0))

Sections 4.5 and 4.6

1.
2.

3.

LYy = %X[w,%) sin 2t = {

y=h(t—1)e 21
y = (1+h(t - 1))e20-D
y=nh(t—1)e 2D — bt — 3)e2(t=3)

%sin2t ifo<t<m,

1 .
=z(14+h(t—m))sin2t =
Y 2( ( ) {sin2t ift>m.

%sith if m <t <2m,

0 otherwise.

. y=-cos2t+ %X[ﬂvgw) sin 2¢
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De2t=Dp(t — 1)
1) (e + e 2=Dp(t — 1))

(t
(t
9. y=3h(t—1)e 2t Vsin(t — 1)

y=(t—
y=(t—
10. y = e % (sint — cost) + 3h(t — 1)e 2"V sin(t — 1)

11. y=e2 (cos 4t + %sin 4t) + %sin 4¢ (h(t — w)e_w_”) — h(t — 277)6_2(t_2”))

12. y = % (e5t —et— 6te_t) + %h(t —3) (65(t_3) — 6_(t_3))

Chapter 5
Section 5.1
5 6 3 1 -1 —1 2 0 8
2.AB=| 5 .|, AC=|, o, BA=|5 -2 18| CA=|-2 3 7
0 1 5 3 -1 7
- 3 -1 7
3. A(B+C):AB+AC:{ ] (B+C)A=|3 1 25
1 11
3 2 12
-2 5
4. C=|-13 -8
70
6 4 —1 -8
5. AB=10 2 -8 2
2 -1 9 -5
2 3 -8
6. BC=|") o o
[8 0
4 =5
T.CA= |
10 11
6 0 2
4 2 -1
t At __
8. BA=| T T

-8 2 =5



9.

10.

14.

15.

16

17

18.

0]

19.

20.

21.

—_
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8 9 —48
ABC = |4 0 —48
-2 3 40
1 4 3 1
0O 0 0 0
AB = —4 and BA = 1 4 3 _1
-2 -8 —6 -2
1 0
1 -1
0 0 -1
3 =5 -1
0 0 5
ab 0 . . .
AB — BA = [0 —ab} It is not possible to have ab = 1 and —ab = 1 since
1# —1.

0 1 0 0
(a) Choose, for example, A = {0 O} and B = [1 01.

(b) (A+ B)? = A% + 2AB + B? precisely when AB = BA.

, 11 s 12
A‘Lz’ =12 3

n__l n
=g ]
n__a” 0
A__O b”}

0 1|, |vl. . 1 el ,  |vi+cv.
(a) [1 0] A= L}J ; the two rows of A are switched. (b) [0 1] A= [ oy },to

the first row is added ¢ times the second row while the second row is unchanged, (c)
to the second row is added ¢ times the first row while the first row is unchanged.
(d) the first row is multiplied by a while the second row is unchanged, (e) the
second row is multiplied by a while the first row is unchanged.
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Section 5.2
1 4 3 . 2 1 4 3| 2
1 1 -1 4 1 1 —-1|4
1. (a) A= 50 11X ¥ , b= 1 , and [A|b] = 5 0 1|1
01 -1 © 6 01 —-1]6
x1
2 =3 4 1] |a| 0 2 -3 4 1
(b)A“‘[3 8 -3 -4J’X“ s JD“[J’aDdLMb]_ {3 8 -3 —6
Ty
Ty — r3 + 4dxy + 35 = 2
9 5561 + 3562 — 3373 - X4 — 3%5 = 1
' 3131 — 21’2 + 8.T3 + 4.%‘4 — 31’5 = 3
—8[E1 + 21’2 + 2[[‘4 + Ty = —4

—_

10 -5 -2 -1
01 3 1 1

010 3
6. ma(1/2)(A)=10 0 1 3
0000
7. RREF
1 10 3
8. t13(—3)(A) = 1 4 1
0 000
1 0 27
9 1 0 1
0 1 -1

10. {0

—_
(@)
|
o
|
[\]
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[ [—2
20. _y} =« _1 ]
-Il -3 —4
i) . 0 1
21. o + « 0
_.’134 _5 0
K 14/3
22. ly| =1 1/3
E —2/3

23. no solution

0 1
24. {3 +a |0
4 0

) 1 1
25. The equation [—1f = a|1| +b|—1| has solution a = 2 and b = 3. By
4 2 0
)
Proposition 5.2.6 | —1| is a solution.
4
26. k=2
—7/2 —3/2
27. (a) If x; is the solution set for Ax =b; then x; = | 7/2 |,x2=| 3/2 |, and
—3/2 ~1/2
7
X3 = —06].
3
(b) The augmented matrix [A|b;|ba|bs] reduces to
10 0|-7/2 —3/2 7
01 0| 7/2 3/2 —6
00 1|-3/2 —-1/2 3

The last three columns correspond in order to the solutions.



Section 5.3
(4 —1
L 1]
(3 -2
2 2, 3]
3. not invertible
[ —2 1
s 1/2]
5. not invertible
(1 —1 1
6. |0 1 =2
0 0 1
[—6 5 13
7.5 —4 —11
-1 1 3
[—-1/5 2/5 2/5
8. |—-1/5 —1/10 2/5
—3/5 1/5 1/5
[—29 39/2 -22 13
9 7 -9/2 5 -3

10.

11.

12.

13

—22 29/2 —17 10
9 -6 7 —4

-1 0 0 -1
0 -1 0 -1
210 0 -1 -1

~1 -1 -1 -1
0 0 —1 1
1 0 0 0
0 1 1 -1
~1 -1 0 1

not invertible

=[5

417



418
-2
14. b=| 6
-3
16
15. b= |11
18
1
16. b= |1
1
19
—4
17. b= 15
| —6
3
1
8. b=,
|1
19. (AH~t = (A1)
20. (E(6))"' = E(—0)
21. F(0)~t = F(-0)
22.
Section 5.4
1.1
2.0
3. 10
4. 8
5. —21
6. 6
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10. ===

11.

12.

13. ——3

14.

15.

16.

17.

18.

19.

20.

21.

2
15
0
-2+ s 2
1 JR—
82—3s|: 1 _1+S:| 5—073
1
52— 6s+8|: 3:|
1
S2 2s+s[_ :|8—]_:|:7/
(s —1)? 3 s—1
(5_11)3 0 (3—1) 0 s=1
0 3(s—1) (s—l)2
s2—2s+10 —3s—6 3s — 12
s | 3s+12 ¥ —2s—8  3s5—12
3s+6 —35s—6 s2—2s5s—38
s>+s 4s+4 0
s | s— 1 sSFs 0 | s=-1,42

9

5

—4
1

|

no inverse

L
10

1
8

1

1
6

4

2 3

—1

-5

27

—13
—29

2
0
0

3

s—4 4s+4 s*°+4

L

-4 4

-1

-1 3

-12 3
5 4
16 4

—98 9502

3
0

—297
6

S =

~2,1,4

419
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~13 76 —80 35

by 1|14 T6 =80 36
"2 6 34 36 -16
7T 36 38 -17

55 —95 44 171

1 |50 =85 40 —150
B 70 =125 59 —216
65 —115 52 —198

24. no inverse

Chapter 6

Section 6.1

1. nonlinear, autonomous

2. linear, constant coefficient, not autonomous, not homogeneous
3. linear, homogeneous, but not constant coefficient or autonomous
4. nonlinear and not autonomous

5. linear, constant coefficient, homogeneous, and autonomous

6. linear, constant coefficient, not homogeneous, but autonomous

In all of the following solutions, y = {yl] = {y,} .
P Y
, [0 1 -1
12. y' = k2 o] Y y0) =1,

, [0 1 -1
13y = |2 O}y, y(O)Z{O}

, o 1 0 o
14y = _—k2 0] U {Acoswt}’ y(0) = {0}



0 1 o
b.oy'=| ¢ bly, y(0)= M
L a Q-
[0 1] :
0 «Q
!/ _
16. y'=1| ¢ bly+ {Asinwt . y(0) = M
L a a .
[0 1 _9
17y =1 1 2|y, y()= 3]
L ¢2 t
Section 6.2
[—2sin2t 2cos2t
/ _
L At) = | —2cos 2t —251n2t}
[—3e3t 1
/ _
2. At) = of 26%]
[—e=t (1 —t)et (2t —t?)e?
3. Aty=1| 0 —et (1—t)e
| 0 0 —et
[ 1
4. y'(t)= |2t
t_l
0 0
/ _
5. A'(t) = 0 O}
6. v'(t)=[-2e7* F5 —3sin3t
0 1
7 {_1 !
el —e? e?24e?-1
8 1 1—e?—e2 e? —e2
3/2
9. | 7/3

421
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4 8
10. [12 16]

11. Continuous on Iy, I, and I5.

11
52
12. ] ]

s—2

o w1

L2 _1
s24+1 8241

13. A
| s24+1 5241

[ 3! 2s 1

st (s241)2 (s+1)2
14. 2—s 5—3 3
| s3 s2—6s+13 s

L
52
2
15. | 2
£
s4

1 -1
2
o ] 7]

r 1 1
s 8241 s(s?2+41)
s 1
17. 10 o
—1 s
0 st1 s2+1

18. [1 2t 3t7]

[ 1 t
19. | e
L 2

i et tet

20. _?4+€E}i+et sint

3cos 3t et

(et et ot — et
21.

el —e7t el et




22. (sI — A)™' = =Y nd L7 (s — A)~1 = et 0
. (s = %2 a S =10 e
M s—2 -1 2 1,3t 1 _ 1.3t
S(5=3) s+ se’ 5 —3e
_ s(s—=3)  s(s—3) _ -1 __ |3 3 3 3
23. (sl — At = |77, 8_1]and£1(sI—A)1— 2o 1 2
Ls(s—=3) s(s—3) 3 3¢ 3 3¢
B 1t t4+ 2
24. (sI—A)'=10 I LHlandLN(sI—A)'= |9 1 ¢
0 0 % 0 0 1
[ i cost sint
. —1 | 8?41 s241 —1 o -1 _
25. (sl —A)~' = Zjl 211 and L7(sI — A) [_ <in t cost]
26. (a) yO=:{1} y1= b+ (3) Y2 = L+ (5) +3(3)"
t L+ ()] L+ (5) +3(5)
2 2 2
. 1+<%)+%<%>2+%(%>1
3= 2 2 2 :
L+ (5) +5(5) +5(5)°

(b) The n'" term is

n!

L+ (5) + o+ (5)

n!

1+(%)+---+i(§>"]

(c¢) By the Existence and Uniqueness theorem there are no other solutions.

T e

o [ 1= 5(5)° ]
-5+ 2%

(b) By the Uniqueness and Existence Theorem there are no other solutions.

1 1+¢2
28. (a) YO:_1]7 y1 = 12|
(1 +¢2 1+ ¢2
2 hoel YPT lie|
1+¢2
B y=|,_ .|

423
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30. (—o0,00)
31. (—2,3)
32. (—00,2)
33. (—00,00)
1tz 142t + %
34. (b) M =10 1 ¢ (© yt)=1| 243t
00 1 3

. (@ (w0 = | @720

~—
o
SN—
O
=
o
—~
(¢]
N~—
oy,
o
—+
=
&
-+
=.
(@]
€]
wn
I
=
@D
1
-
)
L=
—
e
S

Section 6.3

1. All except (b) and (e) are fundamental matrices.

2. A U(t) = et y(1)
(a) cost sint 3cost — 2sint
—sint cost —3sint + 2cost

(© 1 demt — e —e7t 4 e? 1 14e~t — 5e2t

3 [det — 4e?t —e7t 4 462 3 [14e~t — 20e*

() —2e% 4 33t 3e?t — 3et —12e? + 153

—2e%t 4 2e3t 32t — 2e3t —12e% 4+ 10e3t

L[ 3e% 4+ ef —3e? + 38 1 [ 15e% — 3ebt

() 1| g2t 4 o6t o2 4 36t 1| _pe2t _ 3.6t
(h) (1—2t)e¥  —4te (3 +2t)e¥
tedt (1 + 2t)e3 —(2+t)e?
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3. At) U(t) y(t)

(0 [ cos(t?/2) —sin(t2/2)} [ 3cos(t?/2) — 2sin(t?/2) }
sin(t?/2)  cos(t?/2) —3sin(t?/2) — 2 cos(t?/2)

) 4+2t2 2t L[ 1228

J o2 4 — 2 4-8—2t2

w [ o e I s
5( / - /) 5( / _f_e* /) ~e / _567 /

4. (a), (c), and (d) are linearly independent.

Section 6.4

In the following, ¢y, ¢o, and c3 denote arbitrary real constants.

L@l A e

I
—
A
o O

w

o
—_

[ cos2t sin2t ) (
— sin2t cos2t|’

[e2t 42t cre?t + coelt
3. (a) 0 2t:|; (b) {1 2t2 ]

e e

b)

c1 cos 2t + co sin 2t
—cy 8in 2t 4 ¢ cos 2t

[ e7tcos2t e 'sin2t] (b) cre”tcos 2t + cpetsin 2t
|—e'sin2t e~fcos2t]’ —cretsin 2t + coe~t cos 2t

5. (a)l 3et _ e—t —et+e—t ' ( ) 1 (301 _62)6t+ (_c2+02)€_t
3¢ —3e™" —e' +3e7'] 2| (3¢t — co)e" +3(—c1 + co)e

el 4+ 2te’  —Atet | cre' + (2¢1 — 4deo)tel
6. (a) t t ¢+ (b) t . t
te et — 2te coe' + (1 — 2co)te
7. (a) [cost + 2sint —5sint | (b) cacost + (2¢; — Heg) sint
’ sint cost — 2sint|’ cycost + (c1 — 2¢9) sint
8. (a) [etcos2t —2e~tsin2t e *(cy cos 2t — 2¢9 sin 2t)
. (a :
te7sin2t  e'cos2t te7(c1 sin 2t + 2 cos 2t)

N =

el 43t Bt _ ot
9. (a) % LS toet 4 et ;(b)

—e Fq_@ﬁ”%q+@ﬁﬂ

(c1 + c)e?t + (ca — ¢1)et
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10. (a) et 4 4tet 2tet | (b) cret + (dey + 2¢9)tet
’ —8tel el — 4tet |’ coe’ — (8¢y + 4eo)tel
et 0 2 —e) (c1 — 3c3)e + 3ezet
11. (a) | 0 €* 0 ;. (b) coe®
0 0 e cse
cos 2t 2sin2t 0 c1 cos 2t + 2c9 sin 2t
12. (a) —% sin 2t cos2t 0 |; (b) —%cl sin 2t + ¢9 cos 2t
—e '+ cos2t 2sin2t et (3 —c1)e™t 4 ¢ cos 2t + 2cy sin 2t
[2e3t+1 3e?—3e 3 1—e %
13. (a) 3 0 3et 0 ;

12— 2e7% 3t 43¢ e 42

[ (2¢; — 3cy — c3)e™® + 3coe™t + (¢ + ¢3)
(b) 3 coet

(—201 + 3C2 + 03)6_3t — 302€_t + (201 + 2C3)

—tet + et tet tet cre’ + (ca + ¢35 — ¢p)tel
14. (a) e? — et el —e*+etl; (b) (—c1 + o + c3)et + (¢ — c3)e
—tet —e* + et tel e+ tet cret + (—cy + co + c3)tet + (c3 — ¢;)e*
e ted L _ et c16% + (1 — c3)e¥ — Legt2ed
15. (a) | 0 e* —te? ; (b) coet — cated
0 0 et csedt

Section 6.6

. tet 5 1 2cost — 2cos 2t 3 1 [t(e? — 1)
T et —ef " 3| 2sin2t —sint o2 et -1
CE ot Eo—t gt
. 1 3tet + te t + et — gt 1 Stcost — bsint 11 1 oe SZtegt Ote
T2 |3te! + 3tet +2et — 26! " 2 t¢sint + 2tcost — 2sint 4 2¢t — 9ot
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Appendix A

Section A.1

1.

10.

11.

=0 D =142 5V = VB W= (LD =Lt = 8 - VR,
It Iy % = i, 2 = 20, V7 = £(VV2cos(F) +iVV2sin(3))
1% —i—z—\/ — 2) since cos(Z) = 1v/2+ V2 and sin(Z) = 1v/2 — V2

, = —32 + 321.

(a) =5 +10i (b) =3+4i (c) 3 — =i (d) 35 — 3¢ (e) & — %

130 130

wtloo

(a) - (c) check your result (d) z = (37/2 + 2km): for all integers k.

. Always either 5 or 1.

The vertical line x = —. The distance between two points z, w in the plane is given

by |z — w|. Hence, the equation describes the set of points z in the plane which
are equidistant from 1 and 2.

This is the set of points inside the ellipse with foci (1,0) and (3,0) and major axis
of length 4.

@) & (VV2HTHiVVE=T) () #(2+1)

(a) 5€itan_1(4/3) % 50927 (b) 5€—itan_1(4/3) (C) 2562itan_1(4/3) (d) %e—itan_1(4/3)
(e) 5e'™  (f) 3e?

(a) Real: 2e7* cost—3e " sint; Imaginary: 3e ' cost+2e *sint (b) Real: —e™ sin 2t;
Imaginary: €™ cos2t (c) Real: e* cos2t; Imaginary: e~ sin 2t

1 — e
1—e’

(b)

(a) If z = 27ki for k an integer, the sum is n. Otherwise the sum is
0

—2i, V341, —/3+ 2
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Appendix C

Tables

Table C.1: Laplace Transform Rules

f(t) F(s)
1. ar fi(t) + azfa(t) a1 Fi(s) + asFy(s)
2. flat) éF (2)
3. e f(t) F(s —a)
4. F(t —o)h(t —c) e~ F(s)
5. f'(t) sF(s) = f(0)
6. J(t) s*F(s) — sf(0) = f'(0)
7. F(t) $"F(s)—s"" 1 f(0)—s"72f"(0)—
= s 2 (0) = fe=1 ()
8. tf(t) —F'(s)
9. t2f(t) F'(s)
10. t"f(t) (—=1)"F™)(s)
11. % f(t) [ F(u)du
12. fot @
13. (fxg)(t) = [l f(r)g(t —7)dr F(s)G(s)
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APPENDIX C. TABLES

Table C.2: Table of Laplace Transforms

F(s) f(t)
1
1. — 1
s
1
2. ? t
1 7fn—l
3. — =1,2 3
s" (=123 ) (n—1)!
4. 1 eozt
s—a
1
5‘ t at
(s — a)? ‘
1 7fn—leat
6. =1,2 3
(s —a) (n=123..) (n—1)!
b )
7. m Sin bt
S
8. 32——|—b2 COS bt
9 b at gin bt
. e sin
(s —a)2+0?
s—a "
10. FETIEEE e cos bt
n!
11. R =0,1, 2 tmet bt
(e=wrmpm) o-oLe e
n!
12. 1 =0,1, 2 t"e sin bt
w () (o0 o
1 eat - €bt
3. (s —a)(s—b) (a70) a—1>b
S ae® — pebt
14. b _—
(s—a)(s—b) (a7) a—>b



Table C.2: Table of Laplace Transforms

431

F(s) f(t)
1 eat 6bt
15. isti
S Gl aG b Bbhedstmet ) aTy (= -0
eC
(¢ —a)(c—b)
S ae™ bebt
16. b, ¢ distinct
0 (s—a)(s —b)(s—c) ¢ HHC (a—ba—o " G—a—0 "
cect
(c—a)(c—0b)
82 a26at b2€bt
17. isti
T GGt Bbedstnct (@—WDa—0 -0
0260t
(c—a)(c—0b)
S
18. 1 at
8 G0 (1+at)e
S at?
1 ) - at
9 (s — a)3 (t + 5 > e
s? a*t*\
20 (S—a)3 <1+26Lt+ T) [
51 1 sin bt — bt cos bt
‘ (s2 + 02)2 207
S t sin bt
22.
(s2 + 2)2 2
23. 1 5(¢)
24. e’ de(t)
25. ° h(t — c)
S
1 ta—l
20. —
6 " (a>0) o)
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Table C.2: Table of Laplace Transforms
F(s) ft)
Laplace Transforms of periodic functions
1 v —st
27. o | € f(t)dt f(t) where f(t +p) = f(t) for all ¢
— e S 0
28 ! (t
: STt e) SWe
29 ! / ’ et dt (t)
' L—er ), P
Table C.3: Table of Convolutions
f)y  g(t) (f=9)(t)
t
1. 1 g(t) / g(T)dr
0
2. ™ t il g
(m+n+1)!
) at — sinat
3. t sin at —
a
4. 2 sinat 3( t—(1— 22
sina —(cosa - (1-%59))
1 —cosat
D. t cos at 5
a
6 t?  cosat — (at —sinat)
at
7 ; pat e — (1+ at)
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Table C.3: Table of Convolutions
f@) () (f * 9)(t)
3 2 at 3( ot _ (g + at + ©2))
. e (e a+a 5
9. e ebt b (e — ey a#b
b—a
10. e* e te™
1. e sinbt ! (be™ — bcos bt — asin bt)
a® 4 b2
1
12.  e™  cosbt R (ae™ — acosbt + bsin bt)
13. sinat sinbt m(b sinat —asinbt) a #b
: : L.
14. sinat sinat % (sinat — at cos at)
a
. 1
15. sinat cosbt m(a cosat —acosbt) a#b
. I
16. sinat cosat §t sin at
17. cosat cosbt PR (asinat —bsinbt) a #b
1 :
18. cosat cosat % (at cos at + sin at)
a
19 f(t)  0c(t) ft=c)h(t —c)



Index

adjoint, 299

adjoint inversion formula, 300

augmented matrix, 270

coefficient matrix, 270

coefficients, 269

cofactor, 299

column expansion, 295

Cramer’s Rule, 301

dependent variables, 280

determinant
definition: 2 x 2 case, 295
definition: general case, 295
elementary row operations, 297
properties, 296

echelon form, 279

elementary equation operations, 273

elementary row operations, 275
notation, 275

equivalent, 273

free variables, 280

Gauss-Jordon elimination, 284

Gaussian elimination, 283

homogeneous, 270

inconsistent, 270

inverse, 289

inversion computations, 290

invertible, 289

Laplace expansion formula, 295

leading one, 279

leading variables, 280

linear, 271

linear equation, 269

matrix

434

addition, 262
augmented, 270
coefficient, 270
column matrix, 263
column vector, 263
inverse, 289
product, 264
row matrix, 263
row vector, 263
scalar multiplication, 262
variable, 270
vector product, 263
matrix
adjoint, 299
minor, 295
nonhomogeneous, 270
nonsingular, 289
output matrix, 270
reduced matrice, 278
row echelon form, 278
row expansion, 295
row reduced echelon form, 279
sign matrix, 296
singular, 289
solution set, 270
system of linear equations, 269
variable matrix, 270

acceleration, 8, 178

adjoint formula, 360

algorithm
first order linear equations, 34
Fulmer’s method for e4?, 361
Picard Approximation, 57



INDEX

Picard approximation, 323
separable equation, 20
amplitude, 170
antiderivative, 17
approximate solution, 323
associated homogeneous equation, 36
associated homogeneous system, 369

balance equation, 316
basis, 336
beats, 174
Bernoulli equation, 70
Bernoulli, Jakoub, 70
Bessel function, 50
first kind, 50
modified second kind, 50

Cardano’s formula, 49
Cardano, Girolamo, 49, 377
Cauchy-Euler equation, 149
fundamental set, 152
characteristic matrix, 359
characteristic polynomial, 114, 145, 359
complex conjugate roots, 146
discriminant, 171
distinct real roots, 145
repeated root, 145
Clairaut’s theorem, 68
Clairaut, Alexis, 68
coefficient function, 30
complex conjugate, 380
complex exponential function, 80, 380
complex number
exponential form, 380
imaginary part, 379
real part, 379
complex numbers, 377
addition, 378
division, 380
multiplication, 378
standard algebraic form, 379
concentration, 316

435

consistent, 270

constant function, 77

constant of integration, 24
continuous function, 19, 30, 56
convolution, 118

convolution product, 374
convolution theorem, 118, 173
Cosine function, 81

Cramer’s rule, 164

critically damped, 171

damped forced motion, 175
damped free motion, 170
damping constant, 179
damping force, 129
damping term, 170
derivative, 5
derivative operator, 131
differential equation
exact, 65
first order
solution curve, 45
linear
constant coefficient, 30, 38, 130
first order, 12, 30
homogeneous, 30, 31, 130
inhomogeneous, 30
nonhomogeneous, 130
second order, 130
llinear
second order, 127
order, 2
ordinary, 1
partial, 1
second order, 9, 130
separable, 16, 31, 48
solution, 3, 130
standard form, 2
system
order, 308
differential operator
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linear
second order, 131

vector, 335
differentiation formulas, 6
dimension, 336
direction field, 45
displacement, 128
division in transform space, 118

eigenvalue, 360
eigenvector-eigenvalue pair, 353
electric circuit, 168
English system, 177
equality of mixed partial derivatives, 68
Euler’s formula, 80, 380, 381
exactness criterion, 68
Existence and Uniqueness Theorem
Picard, 58
existence and uniqueness theorem, 134,
150, 321
Existence Theorem
Peano, 58
et 325
calculation by Laplace transform, 355,
359
fundamental matrix for y’ = Ay, 345
et for 2 x 2 matrices, 365
e for 3 x 3 matrices, 367
exponential function, 79, 380
complex, 81
Exponential matrix, 325
exponential type, 201

falling bodies, 8

force, 9

forcing function, 30, 130, 168

frictionless system, 179

Fulmer’s method, 361

functional equation, 1

functional identity, 3

fundamental matrix, 339, 369
criterion for, 340

INDEX

fundamental set, 142, 146, 163
Fundamental Theorem of Calculus, 17

Galileo Galilei, 7
Gamma function, 50
general solution, 36
general solution set, 36
gravitational force, 178
growth rate, 10

half-life, 23
Heaviside expansion formula, 98
homogeneous solution set, 133

indicial polynomial, 150
conjugate complex roots, 151
distinct real roots, 151
double root, 151

initial conditions, 133

initial value problem, 3, 37, 108, 148,

309, 321

input function, 76, 115

integral equation, 56

integrating factor, 33, 34

Kepler, Johannes, 7

Laplace transform, 75, 76, 144, 147
differentiation formula
first order, 108
second order, 111
linearity, 77
Leibnz, Gottfried, 8
length, 378
level curve, 66
linear combination of solutions, 336
linear differential operator
second order
constant coefficient, 144, 146
linear equation, 36
linear homogeneous system
fundamental matrix, 339
linear homogeneous systems



INDEX

dimension of solution space, 336
linear operator, 131
linear systems

linear

existence and uniqueness theorem,
335

linearity, 133
linearly dependent, 139
linearly independent, 139, 336

Malthus, Robert, 10
Malthusian model, 10
Maple, 45
mass, 178
mass spring system, 168
Mathematica, 45
MATLAB, 45
matrix, 259
cofactor, 299
complex, 260
diagonal, 260
identity, 261
inverse, 360
lower triangular, 261
main diagonal, 260
real, 260
size, 260
transpose, 261
upper triangular, 261
zero, 261
matrix
size, 260
matrix function
continuous, 320
differentiable, 320
integrable, 320
Laplace transform, 320
product rule for differentiation, 333,
342
metric system, 177
mixing problem, 11, 12, 39, 43, 315

437

modulus, 378

Newton, 178

Newton’s second law of motion, 9
Newton, Isaac, 8

nullcline, 50

output function, 76
overdamped, 171

partial fraction decomposition, 95
form, 96
particular solution, 36, 133
Peano, Guiseppe, 58
phase angle, 170
Picard approximation algorithm, 323
Picard, Emile, 56
polar coordinates, 378
polynomial, 87
population growth, 10
position, 8
power function, 78
predator-prey system, 314
predictive, 9
proper rational function, 360
proportional
directly, 6
inversely, 6

radioactive decay, 22
radius, 378
rate in — rate out, 13
Rate in - Rate out, 316
rate of change, 6, 8, 13, 23
rational function, 87, 95
proper, 87
real numbers, 378
resonance, 175
restoring force, 128
Ricatti equation, 52
Riccati equation, 59

simple rational function, 95
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simple rational functions, 88
Sine function, 81
slope field, 45
slope of tangent line, 6
slug, 178
solution, 270
constant, 25
spring constant, 179
spring-body-dashpot, 127
spring-body-dashpot system, 177
steady state solution, 175
successive approximations, 56
system of constant coefficient linear dif-
ferential equations
solution by Laplace transform, 349
system of differential equations
first order
autonomous, 311
constant coefficient linear, 311
linear, 311, 319
linear and homogeneous, 312
solution, 309
standard form, 309
linear constant coefficient
exponential solution, 325
linear homogeneous, 335
linear nonhomogeneous, 369
associated homogeneous system, 369
system of ordinary differential equations,
308

Taylor series expansion, 324
transient solution, 175

undamped forced motion, 173
undamped free motion, 169
underdamped, 171
uniqueness

geometric meaning, 61
units of measurement, 177

variation of parameters, 163, 371

INDEX

vector space, 36, 336

basis, 336

dimension, 336
Verhulst population equation, 24
Verhulst, Pierre, 11

Wronskian, 141
Wronskian matrix, 141, 164

zero-input solution, 115
zero-state solution, 115



