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Introduction

0.1 Notes about these notes

This book originated from my class notes for teaching Math 286, differential equations, at the
University of Illinois at Urbana-Champaign in fall 2008 and spring 2009. It is a first course on
differential equations for engineers. I have also taught Math 285 at UIUC and Math 20D at UCSD
using a subset of this book. The standard book for the UIUC course is Edwards and Penney,
Differential Equations and Boundary Value Problems [EP], fourth edition. Some examples and
applications are taken more or less from this book, though they also appear in many other sources,
of course. Among other books I have used as sources of information and inspiration are E.L. Ince’s
classic (and inexpensive) Ordinary Differential Equations (1], and also my undergraduate textbooks,
Stanley Farlow’s Differential Equations and Their Applications [F], which is now available from
Dover, Berg and McGregor’s Elementary Partial Differential Equations [BM], and Boyce and
DiPrima’s Elementary Differential Equations and Boundary Value Problems [BD]. See the Further
Reading chapter at the end of the book.

I taught the UTUC courses with the IODE software (http://www.math.uiuc.edu/iode/).
IODE is a free software package that is used either with Matlab (proprietary) or Octave (free
software). Projects and labs from the IODE website are referenced throughout the notes. They need
not be used for this course, but I recommend using them. The graphs in the notes were made with
the Genius software (see http://www. jirka.org/genius.html). I have used Genius in class to
show these (and other) graphs.

These notes are available from http://www.jirka.org/diffyqs/. Check there for any
possible updates or errata. The ISIEX source is also available from the same site for possible
modification and customization.

I would like to acknowledge Rick Laugesen. I have used his handwritten class notes the first
time I taught Math 286. My organization of this book, and the choice of material covered, is heavily
influenced by his class notes. Many examples and computations are taken from his notes. I am also
heavily indebted to Rick for all the advice he has given me, not just on teaching Math 286. For
spotting errors and other suggestions, I would also like to acknowledge (in no particular order): John
P. D’ Angelo, Sean Raleigh, Jessica Robinson, Michael Angelini, Leonardo Gomes, Jeff Winegar,
Ian Simon, Thomas Wicklund, Eliot Brenner, Sean Robinson, Jannett Susberry, Dana Al-Quadi,
Cesar Alvarez, Cem Bagdatlioglu, Nathan Wong, Alison Shive, Shawn White, Wing Yip Ho, Joanne
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Shin, Gladys Cruz, Jonathan Gomez, Janelle Louie, Navid Froutan, Grace Victorine, Paul Pearson,
Jared Teague, and probably others I have forgotten. Finally I would like to acknowledge NSF grant
DMS-0900885.

The organization of these notes to some degree requires that they be done in order. Later chapters
can be dropped. The dependence of the material covered is roughly given in the following diagram:

There are some references in chapters 4 and 5 to material from chapter 3 (some linear algebra),
but these references are not absolutely essential and can be skimmed over, so chapter 3 can safely be
dropped, while still covering chapters 4 and 5. The notes are done for two types of courses. Either
at 4 hours a week for a semester (Math 286 at UIUC):

Introduction, chapter 1, chapter 2, chapter 3, chapter 4, chapter 5 (or 6 or 7).

Or a shorter version (Math 285 at UIUC) of the course at 3 hours a week for a semester:

Introduction, chapter 1, chapter 2, chapter 4, (and maybe chapter 5, 6, or 7).

The schedule assumes you spend two class periods in the computer lab with IODE. IODE need
not be used for either version. If IODE is not used, some additional material (such as chapter 7)
may need to be covered instead.

The lengths of the chapter on Laplace transform (chapter 6) and the chapter on Sturm-Liouville
(chapter 5) are approximately the same and are interchangeable time-wise. Laplace transform is not
normally covered at UTUC 285/286. I think it is essential that any notes on differential equations at
least mention the Laplace transform. Power series (chapter 7) is a shorter chapter that may be easier
to fit in if time is short.
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0.2 Introduction to differential equations

Note: more than 1 lecture, §1.1 in [EP], chapter I in [BD]

0.2.1 Differential equations

The laws of physics are generally written down as differential equations. Therefore, all of science
and engineering use differential equations to some degree. Understanding differential equations is
essential to understanding almost anything you will study in your science and engineering classes.
You can think of mathematics as the language of science, and differential equations are one of
the most important parts of this language as far as science and engineering are concerned. As
an analogy, suppose that all your classes from now on were given in Swahili. Then it would be
important to first learn Swahili, otherwise you will have a very tough time getting a good grade in
your other classes.

You have already seen many differential equations without perhaps knowing about it. And
you have even solved simple differential equations when you were taking calculus. Let us see an

example you may not have seen:

dx

— +x=2cost. 1

7 (D
Here x is the dependent variable and t is the independent variable. Equation (1) is a basic example
of a differential equation. In fact it is an example of a first order differential equation, since it
involves only the first derivative of the dependent variable. This equation arises from Newton’s law

of cooling where the ambient temperature oscillates with time.

0.2.2 Solutions of differential equations

Solving the differential equation means finding x in terms of ¢. That is, we want to find a function
of t, which we will call x, such that when we plug x, ¢, and % into (1), the equation holds. It is the
same idea as it would be for a normal (algebraic) equation of just x and 7. We claim that

x =x(t) =cost+sint

1s a solution. How do we check? We simply plug x into equation (1)! First we need to compute %.
We find that % = —sint + cost. Now let us compute the left hand side of (1).

dx ) .
T + x = (—sinf+ cost) + (cost + sint) = 2cost.

Yay! We got precisely the right hand side. But there is more! We claim x = cost + sinf + e is also

a solution. Let us try,

dx . »
— = —sint+cost—e .
dt
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Again plugging into the left hand side of (1)

dx . .
T +x=(—sint+cost—e")+(cost+sint+e’)=2cost.
And it works yet again!
So there can be many different solutions. In fact, for this equation all solutions can be written in
the form

x=cost+sint+ Ce™

for some constant C. See Figure 1 for the graph of a few of these solutions. We will see how we
can find these solutions a few lectures from now.

It turns out that solving differential equations
0 1 2 2 4 s can be quite hard. There is no general method
that solves every differential equation. We will
generally focus on how to get exact formulas for
solutions of certain differential equations, but we
will also spend a little bit of time on getting ap-

" proximate solutions.
For most of the course we will look at ordi-
o nary differential equations or ODEs, by which we
mean that there is only one independent variable
+ and derivatives are only with respect to this one
variable. If there are several independent vari-
° ' 2 s ‘ s ables, we will get partial differential equations or
PDEs. We will briefly see these near the end of

the course.

Even for ODEs, which are very well under-
stood, it is not a simple question of turning a crank to get answers. It is important to know when it
is easy to find solutions and how to do so. Although in real applications you will leave much of the
actual calculations to computers, you need to understand what they are doing. It is often necessary
to simplify or transform your equations into something that a computer can understand and solve.
You may need to make certain assumptions and changes in your model to achieve this.

To be a successful engineer or scientist, you will be required to solve problems in your job that
you have never seen before. It is important to learn problem solving techniques, so that you may
apply those techniques to new problems. A common mistake is to expect to learn some prescription
for solving all the problems you will encounter in your later career. This course is no exception.

Figure 1: Few solutions of % + x = 2cost.

0.2.3 Differential equations in practice

So how do we use differential equations in science and engineering? First, we have some real
world problem that we wish to understand. We make some simplifying assumptions and create a
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mathematical model. That is, we translate the real world situation into a set of differential equations.
Then we apply mathematics to get some sort of a mathematical solution. There is still something
left to do. We have to interpret the results. We have to figure out what the mathematical solution
says about the real world problem we started with.

Learning how to formulate the mathematical Real world problem

model and how to interpret the results is what
\interpret
solve

your physics and engineering classes do. In this abstract
course we will focus mostly on the mathematical

Mathematical — 5 Mathematical
model solution

analysis. Sometimes we will work with simple real
world examples, so that we have some intuition
and motivation about what we are doing.

Let us look at an example of this process. One of the most basic differential equations is the
standard exponential growth model. Let P denote the population of some bacteria on a Petri dish.
We assume that there is enough food and enough space. Then the rate of growth of bacteria will
be proportional to the population. I.e. a large population grows quicker. Let t denote time (say in
seconds) and P the population. Our model will be

dP
— = kP,
dt ’

for some positive constant k > 0.
Example 0.2.1: Suppose there are 100 bacteria at time 0 and 200 bacteria at time 10s. How many
bacteria will there be 1 minute from time O (in 60 seconds)?

First we have to solve the equation. We claim that a solution is given by

P(t) = CéM,

where C is a constant. Let us try:

dpP
— = Cké"" = kP.
dt

And it really is a solution.

OK, so what now? We do not know C and we do not know k. But we know something. We
know that P(0) = 100, and we also know that P(10) = 200. Let us plug these conditions in and see
what happens.

100 = P(0) = C” = C,
200 = P(10) = 100 *'°.

Therefore, 2 = ¢'% or % =k ~ 0.069. So we know that
P(t) = 100 ™ 2710 ~ 100 ",

At one minute, ¢ = 60, the population is P(60) = 6400. See Figure 2 on the next page.
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Let us talk about the interpretation of the results. Does our solution mean that there must be
exactly 6400 bacteria on the plate at 60s? No! We have made assumptions that might not be exactly
true. But if our assumptions are reasonable, then there will be approximately 6400 bacteria. Also
note that in real life P is a discrete quantity, not a real number. However, our model has no problem
saying that for example at 61 seconds, P(61) = 6859.35.

Normally, the k in P’ = kP will be known, and
you will want to solve the equation for different 0 10 20 30 40 50 %0
initial conditions. What does that mean? Suppose
k = 1 for simplicity. Now suppose we want to
solve the equation ‘Z—’; = P subject to P(0) = 1000
(the initial condition). Then the solution turns out  “
to be (exercise)

6000
5000 5000

4000

3000

P(t) = 1000 et. 2000

3000
2000

1000

We will call P(t) = Cé' the general solution,
as every solution of the equation can be written

in this form for some constant C. Then you will 0 0 2 % o % )

need an initial condition to find out what C is to
find the particular solution we are looking for.
Generally, when we say “particular solution,” we
just mean some solution.

Figure 2: Bacteria growth in the first 60 sec-
onds.

Let us get to what we will call the four fundamental equations. These equations appear very
often and it is useful to just memorize what their solutions are. These solutions are reasonably easy
to guess by recalling properties of exponentials, sines, and cosines. They are also simple to check,
which is something that you should always do. There is no need to wonder if you have remembered
the solution correctly.

First such equation is,
dy
= = ky,
dx =
for some constant k > 0. Here y is the dependent and x the independent variable. The general

solution for this equation is

y(x) = Ce.
We have already seen that this function is a solution above with different variable names.
Next,
dy
=2 = —ky,
dx Y

for some constant k > 0. The general solution for this equation is

y(x) = Ce™ .
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Exercise 0.2.1: Check that the y given is really a solution to the equation.
Next, take the second order differential equation
d’y
dx*

for some constant k > 0. The general solution for this equation is

_ ka,

y(x) = C; cos(kx) + C, sin(kx).

Note that because we have a second order differential equation, we have two constants in our general
solution.

Exercise 0.2.2: Check that the y given is really a solution to the equation.
And finally, take the second order differential equation

d*y

dx*

for some constant k > 0. The general solution for this equation is

= ka,

y(x) = Cé* + Cre™,

or
y(x) = Dy cosh(kx) + D, sinh(kx).

For those that do not know, cosh and sinh are defined by

e +e™
coshx = ,

X —-X

e —e

2

These functions are sometimes easier to work with than exponentials. They have some nice familiar
properties such as coshO = 1, sinh0 = 0, and % coshx = sinh x (no that is not a typo) and

di sinh x = cosh x.
X

sinh x =

Exercise 0.2.3: Check that both forms of the y given are really solutions to the equation.

An interesting note about cosh: The graph of cosh is the exact shape a hanging chain will make.
This shape is called a catenary. Contrary to popular belief this is not a parabola. If you invert the
graph of cosh it is also the ideal arch for supporting its own weight. For example, the gateway
arch in Saint Louis is an inverted graph of cosh (if it were just a parabola it might fall down). The
formula used in the design is inscribed inside the arch:

y = —127.7 ft - cosh(x/127.7 ft) + 757.7 ft.
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0.2.4 Exercises

Exercise 0.2.4: Show that x = * is a solution to x'"" — 12x"" + 48x’ — 64x = 0.
Exercise 0.2.5: Show that x = €' is not a solution to x"”" — 12x” + 48x’ — 64x = 0.
Exercise 0.2.6: Is y = sint a solution to (%)2 =1 —y?? Justify.

Exercise 0.2.7: Lety” + 2y — 8y = 0. Now try a solution of the form y = e"™* for some (unknown)
constant r. Is this a solution for some r? If so, find all such r.

Exercise 0.2.8: Verify that x = Ce > is a solution to X' = =2x. Find C to solve for the initial
condition x(0) = 100.

Exercise 0.2.9: Verify that x = Cie™" + Coe* is a solution to x” — x' — 2x = 0. Find C, and C, to
solve for the initial conditions x(0) = 10 and x'(0) = 0.

Exercise 0.2.10: Find a solution to (x')* + x> = 4 using your knowledge of derivatives of functions
that you know from basic calculus.

Exercise 0.2.11: Solve:

dA
— = —104, A(0) = 5.
a) — (0)

dH
b) — =3H, HQO) = 1.
dx

d
¢) d—y = 4y, y(0)=0, y(0) = 1.
X

dx

d) d_y =-9x, x(0)=1, x'(0) =0.

Note: Exercises with numbers 101 and higher have solutions in the back
Exercise 0.2.101: Show that x = e™* is a solution to X" + 4x’ + 4x = 0.
Exercise 0.2.102: Is y = x*> a solution to x*y” — 2y = 02 Justify.

Exercise 0.2.103: Let xy”" —y' = 0. Try a solution of the formy = x". Is this a solution for some r?
If so, find all such r.

Exercise 0.2.104: Verify that x = Cye' + C, is a solution to x” — x’ = 0. Find C| and C, so that x
satisfies x(0) = 10 and x'(0) = 100.

Exercise 0.2.105: Solve % = 8p and ¢(0) = -9.



Chapter 1
First order ODEs

1.1 Integrals as solutions

Note: 1 lecture (or less), §1.2 in [EP], covered in §1.2 and §2.1 in [BD]
A first order ODE is an equation of the form

dy

ZX = f(xay)’

or just
y = fxy).

In general, there is no simple formula or procedure one can follow to find solutions. In the next few
lectures we will look at special cases where solutions are not difficult to obtain. In this section, let
us assume that f is a function of x alone, that is, the equation is

Y= f). (1.1)

We could just integrate (antidifferentiate) both sides with respect to x.

fy'(x) dx = ff(x) dx + C,

y(x):ff(x)dx+C.

This y(x) is actually the general solution. So to solve (1.1), we find some antiderivative of f(x) and
then we add an arbitrary constant to get the general solution.

that is

Now is a good time to discuss a point about calculus notation and terminology. Calculus
textbooks muddy the waters by talking about the integral as primarily the so-called indefinite

13
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integral. The indefinite integral is really the antiderivative (in fact the whole one-parameter family
of antiderivatives). There really exists only one integral and that is the definite integral. The only
reason for the indefinite integral notation is that we can always write an antiderivative as a (definite)
integral. That is, by the fundamental theorem of calculus we can always write f f(x)dx+C as

fxf(t) dt + C.

Hence the terminology fo integrate when we may really mean to antidifferentiate. Integration is
just one way to compute the antiderivative (and it is a way that always works, see the following
examples). Integration is defined as the area under the graph, it only happens to also compute
antiderivatives. For sake of consistency, we will keep using the indefinite integral notation when we
want an antiderivative, and you should always think of the definite integral.

Example 1.1.1: Find the general solution of y’ = 3x2.
Elementary calculus tells us that the general solution must be y = x* + C. Let us check: y = 3x%.
We have gotten precisely our equation back.

Normally, we also have an initial condition such as y(xy) = y, for some two numbers x;, and y,
(xo 1s usually O, but not always). We can then write the solution as a definite integral in a nice way.
Suppose our problem is y' = f(x), y(x9) = yo. Then the solution is

V) = f F(s) ds +yo. (12)

Let us check! We compute y' = f(x) (by fundamental theorem of calculus) and by Jupiter, y is a
solution. Is it the one satisfying the initial condition? Well, y(xy) = fx zo f(x)dx+yo = yo. Itis!

Do note that the definite integral and the indefinite integral (antidifferentiation) are completely
different beasts. The definite integral always evaluates to a number. Therefore, (1.2) is a formula
we can plug into the calculator or a computer, and it will be happy to calculate specific values for us.
We will easily be able to plot the solution and work with it just like with any other function. It is not
so crucial to always find a closed form for the antiderivative.

Example 1.1.2: Solve .
y=e", y(0) = 1.

By the preceding discussion, the solution must be

y(x) = f e ds + 1.
0

Here is a good way to make fun of your friends taking second semester calculus. Tell them to find
the closed form solution. Ha ha ha (bad math joke). It is not possible (in closed form). There is
absolutely nothing wrong with writing the solution as a definite integral. This particular integral is
in fact very important in statistics.
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Using this method, we can also solve equations of the form

Y =f0).

Let us write the equation in Leibniz notation.

dy

Now we use the inverse function theorem from calculus to switch the roles of x and y to obtain
dx 1
dy  fO)

What we are doing seems like algebra with dx and dy. It is tempting to just do algebra with dx
and dy as if they were numbers. And in this case it does work. Be careful, however, as this sort of
hand-waving calculation can lead to trouble, especially when more than one independent variable is
involved. At this point we can simply integrate,

1
= | —dy+C.
x(y) 7o) y +

Finally, we try to solve for y.

Example 1.1.3: Previously, we guessed y = ky (for some k > 0) has the solution y = Ce**. We
can now find the solution without guessing. First we note that y = 0 is a solution. Henceforth, we
assume y # 0. We write

dx 1

dy — ky’
We integrate to obtain

1
x(y) =x=2Inp|+D,

where D is an arbitrary constant. Now we solve for y (actually for [y]).

kx—kD — e—kDekx.

yl=e
If we replace e P with an arbitrary constant C we can get rid of the absolute value bars (we can
do this as D was arbitrary). In this way, we also incorporate the solution y = 0. We get the same
general solution as we guessed before, y = Cet*.

Example 1.1.4: Find the general solution of y’ = y%.
First we note that y = 0 is a solution. We can now assume that y # 0. Write
dx 1

dy ¥
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We integrate to get

-1
x=—+C.
y
We solve for y = clTx So the general solution is
1
= or =0.
y C—x y

Note the singularities of the solution. If for example C = 1, then the solution “blows up” as we
approach x = 1. Generally, it is hard to tell from just looking at the equation itself how the solution
is going to behave. The equation y = y? is very nice and defined everywhere, but the solution is
only defined on some interval (—oo, C) or (C, o).

Classical problems leading to differential equations solvable by integration are problems dealing
with velocity, acceleration and distance. You have surely seen these problems before in your
calculus class.

Example 1.1.5: Suppose a car drives at a speed e'/> meters per second, where ¢ is time in seconds.

How far did the car get in 2 seconds (starting at t = 0)? How far in 10 seconds?
Let x denote the distance the car traveled. The equation is

We can just integrate this equation to get that
x() = 2¢"* + C.
We still need to figure out C. We know that when ¢ = 0, then x = 0. That is, x(0) = 0. So
0=x(0)=2"*+C=2+C.

Thus C = -2 and
x(t) = 2% = 2.

Now we just plug in to get where the car is at 2 and at 10 seconds. We obtain
x(2) =2¢”* -2 ~ 344 meters,  x(10) = 2¢'”? — 2 ~ 294 meters.

Example 1.1.6: Suppose that the car accelerates at a rate of > m/2. At time ¢ = 0 the car is at the 1
meter mark and is traveling at 10 7. Where is the car at time ¢ = 10.

Well this is actually a second order problem. If x is the distance traveled, then x’ is the velocity,
and x” is the acceleration. The equation with initial conditions is

X'=£,  x0)=1, ¥ (0)=10.
What if we say x” = v. Then we have the problem
v =r,  »0)=10.
Once we solve for v, we can integrate and find x.

Exercise 1.1.1: Solve for v, and then solve for x. Find x(10) to answer the question.
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1.1.1 Exercises

Exercise 1.1.2: Solve % x> + x for y(1) = 3.

Exercise 1.1.3: Solve & = sin(5x) for y(0) = 2.

—=— for y(0) = 0.

Exercise 1.1.5: Solve y' = y* for y(0) = 1.

Exercise 1.1.4: Solve j—i

Exercise 1.1.6 (little harder): Solve y’ = (y — 1)(y + 1) for y(0) = 3.
Exercise 1.1.7: Solve & = =L for y(0) = 0.
Exercise 1.1.8: Solve y” = sin x for y(0) = 0.

Exercise 1.1.9: A spaceship is traveling at the speed 2t*> + 1 k7 (t is time in seconds). It is pointing
directly away from earth and at time t = 0 it is 1000 kilometers from earth. How far from earth is it
at one minute from time t = 0?

Exercise 1.1.10: Solve % = sin(#?) + t, x(0) = 20. It is OK to leave your answer as a definite
integral.

Exercise 1.1.101: Solve & = ¢* + x and y(0) = 10.
Exercise 1.1.102: Solve x' = %, x(1) = 1.

Exercise 1.1.103: Solve x' = ——, x(0) = Z.

cos(x)’

Exercise 1.1.104: Sid is in a car travelling at speed 10t + 70 miles per hour away from Las Vegas,
where t is in hours. At t = 0 the Sid is 10 miles away from Vegas. How far from Vegas is Sid 2 hours
later.
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1.2 Slope fields

Note: 1 lecture, §1.3 in [EP], §1.1 in [BD]

At this point it may be good to first try the Lab I and/or Project I from the IODE website:
http://www.math.uiuc.edu/iode/.

As we said, the general first order equation we are studying looks like

Yy = f(x,y).

In general, we cannot simply solve these kinds of equations explicitly. It would be good if we could
at least figure out the shape and behavior of the solutions, or if we could even find approximate
solutions for any equation.

1.2.1 Slope fields

As you have seen in IODE Lab I (if you did it), the equation y’ = f(x, y) gives you a slope at each
point in the (x, y)-plane. We can plot the slope at lots of points as a short line through the point

(x,y) with the slope f(x,y). See Figure 1.1.

&

1

@
&
o
@

3

-2 - 0 2 - -2 - 2
T T T T NN NN T 77 7 T T T T TV UV NN NN T 777 T T T T
VA VAV NANNNSNS 27 PV ANV N NN SN~
VAV ANNANNNN~N—— /7T VA WNVNNNN N~
eV VNN NNNN SN~ e BV A AN NN NN N~ e
VANNANNNNN~—— /7] VANNANANNNSN~——— v 77000
VANANNNNSNSN~—— Vv s/ )T VANNNNNNSN~—— s )
INNANANNNANNSNSN~———~ /[ /[ ] /] INANNNNNSNSN~———~ -/ /)] 7 ] /]
TRNANANANNNNSN~—~— s AT TRNANNNANSNSN~—~— ST
NN N NN NN NS —— — — — S S NN N N N N~~~ — = — — — - s LSS
™~N N N N N N e — — — = — — — — s s NN NN NN T = — — = — - s s
o — — — — — — — o 0 0
S S S e — — o — — —— N S e = = = = YN
S S S S S S s —m = = — SN N N N NN VAV AV avard S — = = =~ ~ NN N NN\
t/ / /7 / /s s = —— =~~~ N\ N\ N\ \] bt/ /7 7/ 7/ /S S — — — — ~ NN\ NN\
Ll VA AV VAV 2P S SN AN NN N U SR B A A A A Ay NN NN NN
YA AV Ay N NN NN N VAV AV A AV NN NN N S
A YA AN R NN I (A AV AV SN N NN\ (R Y
2l A A A A AN ] 2 T B A e N A N O W R S o I
FL L7777 7 7=—=~~NA 004 AN B A AV A NN AN T
[Tl 0777 -—=~NNV 00 L L 177777 -—=~NxNV A0 00 L)
I IR R AV A= S NN YR WA WL S IS I FR N AV A S NN YR YA TR WA IS
) 2 K 0 1 2 3 3 2 E 0 1 2 3"
Figure 1.1: Slope field of y' = xy. Figure 1.2: Slope field of y' = xy with a graph
of solutions satisfying y(0) = 0.2, y(0) = 0, and
y(0) = -0.2.

We call this picture the slope field of the equation. If we are given a specific initial condition
y(x0) = yo, we can look at the location (x, yo) and follow the slopes. See Figure 1.2.

By looking at the slope field we can get a lot of information about the behavior of solutions. For
example, in Figure 1.2 we can see what the solutions do when the initial conditions are y(0) > 0,
y(0) = 0 and y(0) < 0. Note that a small change in the initial condition causes quite different
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behavior. On the other hand, plotting a few solutions of the equation y* = —y, we see that no matter
what y(0) is, all solutions tend to zero as x tends to infinity. See Figure 1.3.
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Figure 1.3: Slope field of y’ = —y with a graph of a few solutions.

1.2.2 Existence and uniqueness

We wish to ask two fundamental questions about the problem

Y =fxy),  y(xo) = o
(1) Does a solution exist?
(i1) Is the solution unique (if it exists)?

What do you think is the answer? The answer seems to be yes to both does it not? Well, pretty
much. But there are cases when the answer to either question can be no.

Since generally the equations we encounter in applications come from real life situations, it
seems logical that a solution always exists. It also has to be unique if we believe our universe is
deterministic. If the solution does not exist, or if it is not unique, we have probably not devised the
correct model. Hence, it is good to know when things go wrong and why.

Example 1.2.1: Attempt to solve:

1
V== »0)=0.
X

Integrate to find the general solution y = In|x| + C. Note that the solution does not exist at x = 0.
See Figure 1.4 on the next page.
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Figure 1.4: Slope field of y' = 1/x. Figure 1.5: Slope field of y* = 2 4/|y| with two

solutions satisfying y(0) = 0.

Example 1.2.2: Solve:
Y =24l ¥ =0
See Figure 1.5. Note that y = 0 is a solution. But also the function

- X2 if x>0,
x =
Y _2 ifx<0.

It is actually hard to tell by staring at the slope field that the solution will not be unique. Is there
any hope? Of course there is. It turns out that the following theorem is true. It is known as Picard’s
theorem”.

Theorem 1.2.1 (Picard’s theorem on existence and uniqueness). If f(x,y) is continuous (as a
function of two variables) and % exists and is continuous near some (X, o), then a solution to

Y =rfxy,  yxo) =y,
exists (at least for some small interval of x’s) and is unique.

Note that the problems y’ = 1/x, y(0) =0 and y’ = 2 \/ly_l, ¥(0) = 0 do not satisfy the hypothesis
of the theorem. Even if we can use the theorem, we ought to be careful about this existence business.
It is quite possible that the solution only exists for a short while.

Example 1.2.3: For some constant A, solve:

Y=y,  ¥0) =A.

*Named after the French mathematician Charles Emile Picard (1856 — 1941)
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We know how to solve this equation. First assume that A # 0, so y is not equal to zero at least
for some x near 0. So x’ =1/,2,sox =-1/y+ C,s0y = ﬁ If y(0) = A, then C = 1/a so

1

a—x

y:

If A =0, then y = 0 is a solution.
For example, when A = 1 the solution “blows up” at x = 1. Hence, the solution does not exist
for all x even if the equation is nice everywhere. The equation y = y? certainly looks nice.

For the most of this course we will be interested in equations where existence and uniqueness

holds, and in fact holds “globally” unlike for the equation y’ = y?.

1.2.3 Exercises

Exercise 1.2.1: Sketch direction field for y' = ¢*™. How do the solutions behave as x grows? Can
you guess a particular solution by looking at the direction field?

Exercise 1.2.2: Sketch direction field for y’ = x*.

Exercise 1.2.3: Sketch direction field for y' = y*.

Exercise 1.2.4: Is it possible to solve the equation y’ = == for y(0) = 1? Justify.

CoSs x

Exercise 1.2.5: Is it possible to solve the equation y' = y Vx| for y(0) = 0? Is the solution unique?
Justify.

Exercise 1.2.101: Sketch the slopefield of Y = y*. Can you visually find the solution that satisfies
y(0) =02

Exercise 1.2.102: Is it possible to solve y' = xy for y(0) = 02 Is the solution unique?

Exercise 1.2.103: Is it possible to solve y' = = for y(1) = 0?
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1.3 Separable equations

Note: I lecture, §1.4 in [EP], §2.2 in [BD]

When a differential equation is of the form y’ = f(x), we can just integrate: y = f f(x)dx+C.
Unfortunately this method no longer works for the general form of the equation y = f(x,y).
Integrating both sides yields

y = ff(x,y)dx+C.

Notice the dependence on y in the integral.

1.3.1 Separable equations

Let us suppose that the equation is separable. That is, let us consider

y = f(0)g(),

for some functions f(x) and g(y). Let us write the equation in the Leibniz notation

dy
I F(x)g().

Then we rewrite the equation as

dy
— = dx.
20) f(x)dx

Now both sides look like something we can integrate. We obtain

fﬂ:ff(x)dx+C.
46))

If we can find closed form expressions for these two integrals, we can, perhaps, solve for y.

Example 1.3.1: Take the equation
Y = xy.

First note that y = 0 is a solution, so assume y # 0 from now on. Write the equation as % = xy, then

d
f—yzfxdx+c.
y

We compute the antiderivatives to get

X
1 =—+C.
nyl >
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Or

[§)

22 22 22
y=eT*C =e7eC = Der,

where D > 0 is some constant. Because y = 0 is a solution and because of the absolute value we
actually can write:

X2
y=De?,
for any number D (including zero or negative).
We check: , ,
y = Dxe? = x(De%) = xy.
Yay!

We should be a little bit more careful with this method. You may be worried that we were
integrating in two different variables. We seemed to be doing a different operation to each side. Let
us work this method out more rigorously.

dy
T f(x)gy)

We rewrite the equation as follows. Note that y = y(x) is a function of x and so 1s '

L d
o) dx =@

We integrate both sides with respect to x.

f@d—dx—ff(x)dx+c

We can use the change of variables formula.

fﬁdy:ff(x)dx+c.

And we are done.

1.3.2 Implicit solutions

It is clear that we might sometimes get stuck even if we can do the integration. For example, take
the separable equation

We separate variables,
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We integrate to get
2 2

y X
—+1 =—+C,
> +lnbl= =

or perhaps the easier looking expression (where D = 2C)
y* +2Inly| = ¥* + D.

It is not easy to find the solution explicitly as it is hard to solve for y. We will, therefore, leave the
solution in this form and call it an implicit solution. It is still easy to check that implicit solutions
satisfy the differential equation. In this case, we differentiate to get

2
y (Zy + —) =2x.
y

It is simple to see that the differential equation holds. If you want to compute values for y, you
might have to be tricky. For example, you can graph x as a function of y, and then flip your paper.
Computers are also good at some of these tricks, but you have to be careful.

We note above that the equation also has a solution y = 0. In this case, it turns out that the
general solution is y> + 2In|y| = x* + C together with y = 0. These outlying solutions such as y = 0
are sometimes called singular solutions.

1.3.3 Examples

Example 1.3.2: Solve x>y =1 — x> +y> — x*?, y(1) = 0.
First factor the right hand side to obtain

¥y =1 =) +y).

We separate variables, integrate and solve for y

y/ _1_x2
1+y2_ x2
A B
1+y2 x2

-1
arctan(y) = — —x + C,
X
y=tan|— —-x+C|.
X

Now solve for the initial condition, 0 = tan(—2 + C) to get C = 2 (or 2 + m, etc. .. ). The solution we
are seeking is, therefore,

-1
y=tan(——x+2).
X



1.3. SEPARABLE EQUATIONS 25

Example 1.3.3: Suppose Bob made a cup of coffee, and the water was boiling (100 degrees Celsius)
at time ¢ = 0 minutes. Suppose Bob likes to drink his coffee at 70 degrees. Let the ambient (room)
temperature be 26 degrees. Furthermore, suppose Bob measured the temperature of the coffee at 1
minute and found that it dropped to 95 degrees. When should Bob start drinking?

Let T be the temperature of coffee, let A be the ambient (room) temperature. Then for some k

the temperature of coffee is:
dT
— =k(A-T).
7 ( )
For our setup A = 26, T(0) = 100, T(1) = 95. We separate variables and integrate (C and D will

denote arbitrary constants)

1 dT
T-Ad
In(T — A) = —kt + C, (note that 7 — A > 0)
T-A=De™,
T =De™ +A.

That is, T = 26 + De*. We plug in the first condition 100 = T(0) = 26 + D and hence
D =74. We have T = 26 + 74 e, We plug in 95 = T(1) = 26 + 74 e*. Solving for k we get

k=—In % ~ 0.07. Now we solve for the time ¢ that gives us a temperature of 70 degrees. That
0-26
is, we solve 70 = 26 + 7479 o get t = _an.(;; ~ 7.43 minutes. So Bob can begin to drink the

coffee at about 7 and a half minutes from the time Bob made it. Probably about the amount of time
it took us to calculate how long it would take.

Example 1.3.4: Find the general solution to y’ = %’2 (including singular solutions).
First note that y = 0 is a solution (a singular solution). So assume that y # 0 and write

-3,
P
3 2
—:x—+C,
y 2
3 6
y:

1.3.4 Exercises
Exercise 1.3.1: Solve y' = /y.

Exercise 1.3.2: Solve y' = x?y.

d
Euarwelss:Sbwez§::u2—1)nﬁnx«»:(x
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. dx .
Exercise 1.3.4: Solve o = x sin(?), for x(0) = 1.

d
Exercise 1.3.5: Solve d_y = xy + x+y+ 1. Hint: Factor the right hand side.
X

Exercise 1.3.6: Solve xy’ = y + 2x°y, where y(1) = 1.

) dy y*+1
E. 1.3.7: Solve — = 0) =1
xercise olve — = "5 1,fOF y(0)
d 2+1
Exercise 1.3.8: Find an implicit solution for @ xz_ fory(0) = 1.
dx y*+1

Exercise 1.3.9: Find explicit solution for y’ = xe™, y(0) = 1.
Exercise 1.3.10: Find explicit solution for xy’ = e, for y(1) = 1.

Exercise 1.3.11: Find explicit solution for y’ = ye_XZ, v(0) = 1. It is alright to leave a definite
integral in your answer.

Exercise 1.3.12: Suppose a cup of coffee is at 100 degrees Celsius at time t = 0, it is at 70 degrees
at t = 10 minutes, and it is at 50 degrees at t = 20 minutes. Compute the ambient temperature.

Exercise 1.3.101: Solve y' = 2xy.
Exercise 1.3.102: Solve x’ = 3xt> — 31>, x(0) = 2.

Exercise 1.3.103: Find implicit solution for x' = x(0) = 1.

1
3x2+1°

Exercise 1.3.104: Find explicit solution to xy’ = y*, y(1) = 1.
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1.4 Linear equations and the integrating factor

Note: 1 lecture, §1.5 in [EP], §2.1 in [BD]

One of the most important types of equations we will learn how to solve are the so-called linear
equations. In fact, the majority of the course will focus on linear equations. In this lecture we will
focus on the first order linear equation. A first order equation is linear if we can put it into the
following form:

Y+ p)y = f(x). (1.3)
Here the word “linear” means linear in y and y’; no higher powers nor functions of y or y" appear.
The dependence on x can be more complicated.

Solutions of linear equations have nice properties. For example, the solution exists wherever
p(x) and f(x) are defined, and has the same regularity (read: it is just as nice). But most importantly
for us right now, there is a method for solving linear first order equations.

First we find a function r(x) such that

d
r@y + r@py = —|ry]

Then we can multiply both sides of (1.3) by r(x) to obtain

L [reon] = r 0.

Now we integrate both sides. The right hand side does not depend on y and the left hand side is
written as a derivative of a function. Afterwards, we solve for y. The function r(x) is called the
integrating factor and the method is called the integrating factor method.

We are looking for a function r(x), such that if we differentiate it, we get the same function back
multiplied by p(x). That seems like a job for the exponential function! Let

r(x) = e pdx
We compute:

Y+ p(y = f(x),
efp(x)dxy/ + efp(x)dxp(x)y — efp(x)dxf(x),
% [efp(x)dxy:l — efp(x)dxf(x),

ef"(")dxy = fefp(x)dxf(x) dx + C,

y = ¢~/ Pdx (f el PO £ () dx + C) .

Of course, to get a closed form formula for y, we need to be able to find a closed form formula
for the integrals appearing above.
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Example 1.4.1: Solve
Y +2xy=e"", y0)=-1.

First note that p(x) = 2x and f(x) = ¢**. The integrating factor is r(x) = e/ P®x = ¢ We
multiply both sides of the equation by r(x) to get

2 2 2 2
ey +2xe"y=e""e",

We integrate

2
efy=e"+0C,

2 2
y=e"" +Ce ™.

Next, we solve for the initial condition —1 = y(0) = 1 + C, so C = —2. The solution is

x—x2 —)Cz
y=e"" —2e".

Note that we do not care which antiderivative we take when computing el Pz Yoy can always
add a constant of integration, but those constants will not matter in the end.

Exercise 1.4.1: Try it! Add a constant of integration to the integral in the integrating factor and
show that the solution you get in the end is the same as what we got above.

An advice: Do not try to remember the formula itself, that is way too hard. It is easier to
remember the process and repeat it.

Since we cannot always evaluate the integrals in closed form, it is useful to know how to write
the solution in definite integral form. A definite integral is something that you can plug into a
computer or a calculator. Suppose we are given

Y+ p(x)y = f(x), y(x0) = Yo.

Look at the solution and write the integrals as definite integrals.

¥ = e or® (f ok POE f ey dr+ yO) ' (1.4)

You should be careful to properly use dummy variables here. If you now plug such a formula into a
computer or a calculator, it will be happy to give you numerical answers.

Exercise 1.4.2: Check that y(xy) = yo in formula (1.4).
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Exercise 1.4.3: Write the solution of the following problem as a definite integral, but try to simplify
as far as you can. You will not be able to find the solution in closed form.

Y 4+y= e~ y(0) = 10.

Remark 1.4.1: Before we move on, we should note some interesting properties of linear equations.
First, for the linear initial value problem y” + p(x)y = f(x), y(xo) = yo, there is always an explicit
formula (1.4) for the solution. Second, it follows from the formula (1.4) that if p(x) and f(x)
are continuous on some interval (a, b), then the solution y(x) exists and is differentiable on (a, b).
Compare with the simple nonlinear example we have seen previously, y = y?, and compare to
Theorem 1.2.1.

Example 1.4.2: Let us discuss a common simple application of linear equations. This type of
problem is used often in real life. For example, linear equations are used in figuring out the
concentration of chemicals in bodies of water (rivers and lakes).
A 100 liter tank contains 10 kilograms of salt dissolved in 60 liters of ﬁ 5 Limin, 0.1 kg
water. Solution of water and salt (brine) with concentration of 0.1 kilograms
per liter is flowing in at the rate of 5 liters a minute. The solution in the ®
tank is well stirred and flows out at a rate of 3 liters a minute. How much
salt is in the tank when the tank is full? N,
Let us come up with the equation. Let x denote the kilograms of salt

. C 60L
in the tank, let ¢ denote the time in minutes. Then for a small change Ar
oL . . . 10kg of salt|
in time, the change in x (denoted Ax) is approximately I
\_/
Ax = (rate in X concentration in)A¢ — (rate out X concentration out)At. 3 Hmin

Dividing through by At and taking the limit At — 0 we see that
X . . . .
T = (rate in X concentration in) — (rate out X concentration out).

In our example, we have

rate in = 5,
concentration in = 0.1,

rate out = 3,
X X

volume _ 60 + (5 — 3)t"

concentration out =

Our equation is, therefore,
dx

dr

=(Gx0.h)- (360i 2t)‘

Or in the form (1.3)
dx 3 _ 05

ar Tt T
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Let us solve. The integrating factor is

3 3 B 3 3 32
r(t) = exp (f 01 2tdt) = exp (2 In(60 + 2t)) = (60 + 21)7'°.

We multiply both sides of the equation to get

3/2 dx 3/2 3 3/2
(60 + 21) -+ (60 + 21) Y 0.5(60 + 21)*"?,
d

- [(60 ¥ 2t)3/2x] = 0.5(60 + 2£)*2,

(60 + 2)*%x = f 0.5(60 + 2¢)*"%dt + C,
60 + 21)3?

x = (60 + 20" f %dl + C(60 + 232,

1
x = (60 + 2:)—3/2E(60 + 262 + C(60 + 20732,

_ 60 +2¢
10

We need to find C. We know that at ¢ = 0, x = 10. So

+ C(60 + 21) 3.

60
10 = x(0) = ot C(60)>"? = 6 + C(60)~*2,

or
C = 4(60°%) ~ 1859.03.
We are interested in x when the tank is full. So we note that the tank
is full when 60 + 2¢ = 100, or when ¢ = 20. So

60 + 40
10

x(20) = + C(60 +40)>"? ~ 10 + 1859.03(100)/% ~ 11.86.

The concentration at the end is approximately 0.1186 kglier and we
started with Y6 or 0.167 k&fiiter.

1.4.1 Exercises

In the exercises, feel free to leave answer as a definite integral if a closed form solution cannot be
found. If you can find a closed form solution, you should give that.

Exercise 1.4.4: Solve y' + xy = x.

Exercise 1.4.5: Solve y' + 6y = e*.
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Exercise 1.4.6: Solve y + 3x%y = sin(x)e™, with y(0) = 1.

Exercise 1.4.7: Solve y' + cos(x)y = cos(x).

Exercise 1.4.8: Solve x# Y + xy = 3, with y(0) = 0.

2+1

Exercise 1.4.9: Suppose there are two lakes located on a stream. Clean water flows into the first
lake, then the water from the first lake flows into the second lake, and then water from the second
lake flows further downstream. The in and out flow from each lake is 500 liters per hour. The first
lake contains 100 thousand liters of water and the second lake contains 200 thousand liters of water.
A truck with 500 kg of toxic substance crashes into the first lake. Assume that the water is being
continually mixed perfectly by the stream. a) Find the concentration of toxic substance as a function
of time in both lakes. b) When will the concentration in the first lake be below 0.001 kg per liter. c)
When will the concentration in the second lake be maximal.

Exercise 1.4.10: Newton’s law of cooling states that %‘ = —k(x — A) where x is the temperature,
t is time, A is the ambient temperature, and k > 0 is a constant. Suppose that A = A, cos(wt) for
some constants Ay and w. That is, the ambient temperature oscillates (for example night and day
temperatures). a) Find the general solution. b) In the long term, will the initial conditions make
much of a difference? Why or why not.

Exercise 1.4.11: Initially 5 grams of salt are dissolved in 20 liters of water. Brine with concentration
of salt 2 grams of salt per liter is added at a rate of 3 liters a minute. The tank is mixed well and is
drained at 3 liters a minute. How long does the process have to continue until there are 20 grams of
salt in the tank?

Exercise 1.4.12: Initially a tank contains 10 liters of pure water. Brine of unknown (but constant)
concentration of salt is flowing in at 1 liter per minute. The water is mixed well and drained at 1
liter per minute. In 20 minutes there are 15 grams of salt in the tank. What is the concentration of
salt in the incoming brine?

Exercise 1.4.101: Solve y' + 3x*y = x°.
Exercise 1.4.102: Solve y’ + 2 sin(2x)y = 2 sin(2x), y(7/2) = 3.

Exercise 1.4.103: Suppose a water tank is being pumped out at 3 Ynin. The water tank starts at 10 L
of clean water. Water with toxic substance is flowing into the tank at 2 Ymnin, with concentration 20t §L.
at time t. When the tank is half empty, how many grams of toxic substance are in the tank (assuming
perfect mixing)?

Exercise 1.4.104: Suppose we have bacteria on a plate and suppose that we are slowly adding a
toxic substance such that the rate of growth is slowing down. That is suppose that % =2 -0.15)P.
If P(0) = 1000, find the population at t = 5.
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1.5 Substitution

Note: 1 lecture, §1.6 in [EP], not in [BD]

Just like when solving integrals, one method to try is to change variables to end up with a
simpler equation to solve.

1.5.1 Substitution

The equation

Y =(x-y+ 1)
is neither separable nor linear. What can we do? How about trying to change variables, so that in
the new variables the equation is simpler. We will use another variable v, which we will treat as a
function of x. Let us try

v=x-y+ 1.

We need to figure out y’ in terms of v/, v and x. We differentiate (in x) to obtain v' = 1 —y’. So
Y =1 -". We plug this into the equation to get

1=V =2

In other words, v = 1 — v2. Such an equation we know how to solve.

1
dv = dx.
1 =2
So
1 v+ 1
—In ‘ =x+C,
2 v—1
v+ 1‘ = 2,
y—1
or % = De** for some constant D. Note that v = 1 and v = —1 are also solutions.
Now we need to “unsubstitute” to obtain
X—y+2
i AL De™,
xX—=Yy
and also the two solutions x —y+1=1lory=x,and x—y+1 = —1ory = x+ 2. We solve the first

equation for y.

x—y+2=(x-yDe¥,
x —y+2 = Dxe** — yDe*",
—y + yDe** = Dxe*™* — x — 2,
y (=1 + De*) = Dxe* — x -2,
Dxe* —x—-2
YT T D1
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Note that D = 0 gives y = x + 2, but no value of D gives the solution y = x.

Substitution in differential equations is applied in much the same way that it is applied in
calculus. You guess. Several different substitutions might work. There are some general things to
look for. We summarize a few of these in a table.

When you see Try substituting

Y v=y
¥y v=y
(cos y)y’ v =siny
(siny)y’ Vv =Cosy
e v=e

Usually you try to substitute in the “most complicated” part of the equation with the hopes of
simplifying it. The above table is just a rule of thumb. You might have to modify your guesses. If a
substitution does not work (it does not make the equation any simpler), try a different one.

1.5.2 Bernoulli equations

There are some forms of equations where there is a general rule for substitution that always works.
One such example is the so-called Bernoulli equation’.

Y+ p(x)y = g(x)y".
This equation looks a lot like a linear equation except for the y". If n = 0 or n = 1, then the equation

is linear and we can solve it. Otherwise, the substitution v = y!™ transforms the Bernoulli equation
into a linear equation. Note that n need not be an integer.

Example 1.5.1: Solve
xy +yx+1D)+x° =0,  yl)=1.
First, the equation is Bernoulli (p(x) = (x + 1)/x and g(x) = —1). We substitute

1-5 _ -4

v=y vy, Vo= =4y,

In other words, (-1/4) y°v' = y'. So

xy +y(x+1)+xy° =0,

4

_Txv’ +y*x+ D +x=0,

_Txv’+v(x+1)+x:0,

V+yx+1)+x° =0,

TThere are several things called Bernoulli equations, this is just one of them. The Bernoullis were a prominent Swiss
family of mathematicians. These particular equations are named for Jacob Bernoulli (1654 — 1705).


http://en.wikipedia.org/wiki/Jacob_Bernoulli
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and finally
4x+1)
X
Now the equation is linear. We can use the integrating factor method. In particular, we will use
formula (1.4). Let us assume that x > 0 so |x| = x. This assumption is OK, as our initial condition

’

vy =4,

is x = 1. Let us compute the integrating factor. Here p(s) from formula (1.4) is @.
x —dx+4
o p)ds _ exp f —4(s+ 1) ds| = g~ H-dm+s _ —dxed —4 _ € ’
1 s x*

X
o J pords _ (-4 _ dx-4,4

We now plug in to (1.4)
v(ix) =e” I p)ds (f eflrp(s)d% dt + 1)

1

hed 4 X e—4t+4
=e X 4 [4 dt + 1 .
1

Note that the integral in this expression is not possible to find in closed form. As we said before, it
is perfectly fine to have a definite integral in our solution. Now “unsubstitute”

4 _ 4x-4 4 et
y =e X 4 dt + 1 N
ot

e—x+1

i (4 [ et are )™

y

1.5.3 Homogeneous equations

Another type of equations we can solve by substitution are the so-called homogeneous equations.
Suppose that we can write the differential equation as

el
X
Here we try the substitutions

v== and therefore Yy =v+x
X

We note that the equation is transformed into

v+xv = F(v) or xv'=Fv)-v or —_ =
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Hence an implicit solution is

1
dv =1 +C.
fF(v)—v v = In|x]|

Example 1.5.2: Solve
Oy =yaay, oy =1

We put the equation into the form y’ = (*/x)* + y/x. Now we substitute v = ¥/x to get the separable
equation
=V Hv—v =1

which has a solution

1
fjmcmm+a
1%
-1

— =Ty +C,
\%
-1
V= —
In|x| + C

We unsubstitute

y__ 1
x Inlxl+C’
_ —X
Y= In|x|+C’
We want y(1) = 1, so

-1 -1
1 = Nz —4m4M8M = —,
W=1re

Thus C = —1 and the solution we are looking for is

—X

Y -1

1.5.4 Exercises

Hint: Answers need not always be in closed form.

Exercise 1.5.1: Solve y + y(x*> = 1) + xy® = 0, with y(1) = 1.
Exercise 1.5.2: Solve 2yy’ + 1 = y* + x, with y(0) = 1.
Exercise 1.5.3: Solve y' + xy = y*, with y(0) = 1.

Exercise 1.5.4: Solve yy' + x = /x> + y°.
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Exercise 1.5.5: Solvey = (x+y— 1)

2

Exercise 1.5.6: Solve y = ==, with y(1) = 2.

Exercise 1.5.101: Solve xy’ +y +y> =0, y(1) = 2.

Exercise 1.5.102: Solve xy +y+x =0, y(1) = 1.
Exercise 1.5.103: Solve y*y' = y3 — 3x, y(0) = 2.

Exercise 1.5.104: Solve 2yy’ = e’ 4+ 2x.

CHAPTER 1. FIRST ORDER ODES
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1.6 Autonomous equations

Note: 1 lecture, §2.2 in [EP], §2.5 in [BD]

Let us consider problems of the form

D _ o,

dr
where the derivative of solutions depends only on x (the dependent variable). Such equations are
called autonomous equations. If we think of ¢ as time, the naming comes from the fact that the
equation is independent of time.

Let us come back to the cooling coffee problem (see Example 1.3.3). Newton’s law of cooling
says that

dx

7 k(x — A),
where x is the temperature, ¢ is time, k is some constant, and A is the ambient temperature. See
Figure 1.6 for an example with k = 0.3 and A = 5.

Note the solution x = A (in the figure x = 5). We call these constant solutions the equilibrium
solutions. The points on the x axis where f(x) = 0 are called critical points. The point x = A is
a critical point. In fact, each critical point corresponds to an equilibrium solution. Note also, by
looking at the graph, that the solution x = A is “stable” in that small perturbations in x do not lead
to substantially different solutions as # grows. If we change the initial condition a little bit, then as
t — oo we get x — A. We call such critical points stable. In this simple example it turns out that all
solutions in fact go to A as t — oo. If a critical point is not stable we would say it is unstable.
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Figure 1.6: Slope field and some solutions of  Figure 1.7: Slope field and some solutions of
X =-03(x-9). X =0.1x(5-x).
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Let us consider the logistic equation

dx
e kx(M — x),
for some positive k and M. This equation is commonly used to model population if we know the
limiting population M, that is the maximum sustainable population. The logistic equation leads to
less catastrophic predictions on world population than x” = kx. In the real world there is no such
thing as negative population, but we will still consider negative x for the purposes of the math.
See Figure 1.7 on the preceding page for an example. Note two critical points, x = 0 and x = 5.
The critical point at x = 5 is stable. On the other hand the critical point at x = 0 is unstable.
It is not really necessary to find the exact solutions to talk about the long term behavior of the
solutions. For example, from the above we can easily see that

5 if x(0) > 0,
tlim x(t) =10 if x(0) =0,
DNE or — o0 if x(0) < 0.

Where DNE means “does not exist.” From just looking at the slope field we cannot quite decide
what happens if x(0) < 0. It could be that the solution does not exist for ¢ all the way to co. Think
of the equation x’ = x?, we have seen that it only exists for some finite period of time. Same can
happen here. In our example equation above it will actually turn out that the solution does not exist
for all time, but to see that we would have to solve the equation. In any case, the solution does go to
—oo, but it may get there rather quickly.

Often we are interested only in the long term behavior of the solution and we would be doing
unnecessary work if we solved the equation exactly. It is easier to just look at the phase diagram or
phase portrait, which is a simple way to visualize the behavior of autonomous equations. In this
case there is one dependent variable x. We draw the x axis, we mark all the critical points, and then
we draw arrows in between. If f(x) > 0, we draw an up arrow. If f(x) < 0, we draw a down arrow.

Armed with the phase diagram, it is easy to sketch the solutions approximately.

Exercise 1.6.1: Try sketching a few solutions simply from looking at the phase diagram. Check
with the preceding graphs if you are getting the type of curves.
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Once we draw the phase diagram, we can easily classify critical points as stable or unstable*.

\ \ ¢ ¢

Since any mathematical model we cook up will only be an approximation to the real world,
unstable points are generally bad news.

Let us think about the logistic equation with harvesting. Suppose an alien race really likes to
eat humans. They keep a planet with humans on it and harvest the humans at a rate of /# million
humans per year. Suppose x is the number of humans in millions on the planet and ¢ is time in years.
Let M be the limiting population when no harvesting is done. k > 0 is some constant depending on
how fast humans multiply. Our equation becomes

d
X k(M = x) - h.

dt
We expand the right hand side and solve for critical points
d
&k + kMx — h.
dt

Critical points A and B are

A= kM + \(kM)* — 4hk B kM — \J(kM)? — 4hk
N 2k ’ - 2k ‘
Exercise 1.6.2: Draw the phase diagram for different possibilities. Note that these possibilities are
A > B, or A = B, or A and B both complex (i.e. no real solutions). Hint: Fix some simple k and M
and then vary h.

For example, let M = 8 and k = 0.1. When & = 1, then A and B are distinct and positive. The
graph we will get is given in Figure 1.8 on the next page. As long as the population starts above B,
which is approximately 1.55 million, then the population will not die out. It will in fact tend towards
A = 6.45 million. If ever some catastrophe happens and the population drops below B, humans will
die out, and the fast food restaurant serving them will go out of business.

When h = 1.6, then A = B = 4. There is only one critical point and it is unstable. When the
population starts above 4 million it will tend towards 4 million. If it ever drops below 4 million,
humans will die out on the planet. This scenario is not one that we (as the human fast food proprietor)
want to be in. A small perturbation of the equilibrium state and we are out of business. There is no
room for error. See Figure 1.9 on the following page.

Finally if we are harvesting at 2 million humans per year, there are no critical points. The
population will always plummet towards zero, no matter how well stocked the planet starts. See

Figure 1.10 on the next page.

#The unstable points that have one of the arrows pointing towards the critical point are sometimes called semistable.
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sinx. a) Draw the phase diagram for —4n < x < 4n. On this interval

mark the critical points stable or unstable. b) Sketch typical solutions of the equation. c) Find

lim,_,, x(¢) for the solution with the initial condition x(0) = 1.

/

Let X' = x*. a) Draw the phase diagram, find the critical points and mark them

stable or unstable. b) Sketch typical solutions of the equation. c) Find lim x(t) for the solution with

Figure 1.10: Slope field and some solutions of x’

negative for all other x. a) Draw the phase diagram for x' = f(x), find the critical points and mark

the initial condition x(0)

1.6.1 Exercises
Exercise 1.6.5: Suppose f(x) is positive for 0 < x < 1, it is zero when x = 0 and x = 1, and it is

Exercise 1.6.4: Let x

Exercise 1.6.3
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them stable or unstable. b) Sketch typical solutions of the equation. c¢) Find lim x(¢) for the solution
t—00
with the initial condition x(0) = 0.5.

Exercise 1.6.6: Start with the logistic equation % = kx(M — x). Suppose that we modify our
harvesting. That is we will only harvest an amount proportional to current population. In other
words we harvest hx per unit of time for some h > 0 (Similar to earlier example with h replaced
with hx). a) Construct the differential equation. b) Show that if kM > h, then the equation is still
logistic. c) What happens when kM < h?

Exercise 1.6.101: Let x' = (x — 1)(x — 2)x°. a) Sketch the phase diagram and find critical points.
b) Classify the critical points. c) If x(0) = 0.5 then find lim x(¢).
[— o0

Exercise 1.6.102: Let x' = e™*. a) Find and classify all critical points. b) Find lim x(t) given any
1—00

initial condition.

Exercise 1.6.103: Assume that a population of fish in a lake satisfies % = kx(M — x). Now suppose
that fish are continually added at A fish per unit of time. a) Find the differential equation for x. b)
What is the new limiting population.
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1.7 Numerical methods: Euler’s method

Note: 1 lecture, §2.4 in [EP], §8.1 in [BD]

At this point it may be good to first try the Lab II and/or Project II from the IODE website:
http://www.math.uiuc.edu/iode/.

As we said before, unless f(x,y) is of a special form, it is generally very hard if not impossible
to get a nice formula for the solution of the problem

Yy = f(x,y), y(X0) = Yo.

What if we want to find the value of the solution at some particular x? Or perhaps we want to
produce a graph of the solution to inspect the behavior. In this section we will learn about the basics
of numerical approximation of solutions.

The simplest method for approximating a solution is Euler’s method®. 1t works as follows: We
take xo and compute the slope k = f(x¢, yp). The slope is the change in y per unit change in x. We
follow the line for an interval of length /4 on the x axis. Hence if y = y, at x,, then we will say that
y; (the approximate value of y at x; = xo + h) will be y; = yy + hk. Rinse, repeat! That is, compute
X, and y, using x; and y;. For an example of the first two steps of the method see Figure 1.11.
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Figure 1.11: First two steps of Euler’s method with 2 = 1 for the equation y’ = %2 with initial
conditions y(0) = 1.

More abstractly, for any i = 1,2, 3, ..., we compute
Xis1 = X; + h, Yie1 = Yi + h f(xi, ).

The line segments we get are an approximate graph of the solution. Generally it is not exactly the
solution. See Figure 1.12 on the next page for the plot of the real solution and the approximation.

$Named after the Swiss mathematician Leonhard Paul Euler (1707 — 1783). Do note the correct pronunciation of
the name sounds more like “oiler.”


http://www.math.uiuc.edu/iode/
http://en.wikipedia.org/wiki/Euler
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Figure 1.12: Two steps of Euler’s method (step size 1) and the exact solution for the equation y’ = y;
with initial conditions y(0) = 1.

Let us see what happens with the equation y' = ¥°/3, y(0) = 1. Let us try to approximate y(2)
using Euler’s method. In Figures 1.11 and 1.12 we have graphically approximated y(2) with step
size 1. With step size 1 we have y(2) ~ 1.926. The real answer is 3. So we are approximately 1.074
off. Let us halve the step size. Computing y, with 2 = 0.5, we find that y(2) = 2.209, so an error of
about 0.791. Table 1.1 on the following page gives the values computed for various parameters.

Exercise 1.7.1: Solve this equation exactly and show that y(2) = 3.

The difference between the actual solution and the approximate solution we will call the error.
We will usually talk about just the size of the error and we do not care much about its sign. The
main point is, that we usually do not know the real solution, so we only have a vague understanding
of the error. If we knew the error exactly ... what is the point of doing the approximation?

We notice that except for the first few times, every time we halved the interval the error
approximately halved. This halving of the error is a general feature of Euler’s method as it is a first
order method. In the IODE Project II you are asked to implement a second order method. A second
order method reduces the error to approximately one quarter every time we halve the interval.

Note that to get the error to be within 0.1 of the answer we had to already do 64 steps. To get
it to within 0.01 we would have to halve another three or four times, meaning doing 512 to 1024
steps. That is quite a bit to do by hand. The improved Euler method from IODE Project II should
quarter the error every time we halve the interval, so we would have to approximately do half as
many ‘“halvings” to get the same error. This reduction can be a big deal. With 10 halvings (starting
at 1 = 1) we have 1024 steps, whereas with 5 halvings we only have to do 32 steps, assuming
that the error was comparable to start with. A computer may not care about this difference for a
problem this simple, but suppose each step would take a second to compute (the function may be
substantially more difficult to compute than »*/3). Then the difference is 32 seconds versus about
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Error
Previous error

h  Approximate y(2) Error

1 1.92593 1.07407
0.5 2.20861 0.79139  0.73681
0.25 247250 0.52751 0.66656
0.125 2.68034 0.31966  0.60599
0.0625 2.82040 0.17960  0.56184
0.03125 290412 0.09588  0.53385
0.015625 2.95035 0.04965  0.51779
0.0078125 297472 0.02528  0.50913

Table 1.1: Euler’s method approximation of y(2) where of y’ = /3, y(0) = 1.

17 minutes. Note: We are not being altogether fair, a second order method would probably double
the time to do each step. Even so, it is 1 minute versus 17 minutes. Next, suppose that we have to
repeat such a calculation for different parameters a thousand times. You get the idea.

Note that we do not know the error! How do we know what is the right step size? Essentially
we keep halving the interval, and if we are lucky, we can estimate the error from a few of these
calculations and the assumption that the error goes down by a factor of one half each time (if we are
using standard Euler).

Exercise 1.7.2: In the table above, suppose you do not know the error. Take the approximate values
of the function in the last two lines, assume that the error goes down by a factor of 2. Can you
estimate the error in the last time from this? Does it (approximately) agree with the table? Now do
it for the first two rows. Does this agree with the table?

Let us talk a little bit more about the example y' = »*/3, y(0) = 1. Suppose that instead of the
value y(2) we wish to find y(3). The results of this effort are listed in Table 1.2 on the next page for
successive halvings of 2. What is going on here? Well, you should solve the equation exactly and
you will notice that the solution does not exist at x = 3. In fact, the solution goes to infinity when
you approach x = 3.

Another case when things can go bad is if the solution oscillates wildly near some point. Such
an example is given in IODE Project II. In this case, the solution may exist at all points, but even
a better approximation method than Euler would need an insanely small step size to compute the
solution with reasonable precision. And computers might not be able to handle such a small step
size anyway.

In real applications we would not use a simple method such as Euler’s. The simplest method that
would probably be used in a real application is the standard Runge-Kutta method (see exercises).
That is a fourth order method, meaning that if we halve the interval, the error generally goes down
by a factor of 16.
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h  Approximate y(3)

1 3.16232

0.5 4.54329

0.25 6.86079
0.125 10.80321
0.0625 17.59893
0.03125 29.46004
0.015625 50.40121
0.0078125 87.75769

Table 1.2: Attempts to use Euler’s to approximate y(3) where of y' = /3, y(0) = 1.

Choosing the right method to use and the right step size can be very tricky. There are several
competing factors to consider.

e Computational time: Each step takes computer time. Even if the function f is simple to
compute, we do it many times over. Large step size means faster computation, but perhaps
not the right precision.

e Roundoff errors: Computers only compute with a certain number of significant digits. Errors
introduced by rounding numbers off during our computations become noticeable when the
step size becomes too small relative to the quantities we are working with. So reducing step
size may in fact make errors worse.

e Stability: Certain equations may be numerically unstable. What may happen is that the
numbers never seem to stabilize no matter how many times we halve the interval. We may
need a ridiculously small interval size which may not be practical due to roundoff errors or
computational time considerations. Such problems are sometimes called stiff. In the worst
case the numerical computations might be giving us bogus numbers that look like a correct
answer. Just because the numbers have stabilized after successive halving, does not mean that
we must have the right answer.

We have seen just the beginnings of the challenges that appear in real applications. Numerical
approximation of solutions to differential equations is an active research area for engineers and
mathematicians. For example, the general purpose method used for the ODE solver in Matlab and
Octave (as of this writing) is a method that appeared in the literature only in the 1980s.
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1.7.1 Exercises

d
Exercise 1.7.3: Consider d—); = (2t — x)*, x(0) = 2. Use Euler’s method with step size h = 0.5 to

approximate x(1).

d
Exercise 1.7.4: Consider & t —x, x(0) = 1. a) Use Euler’s method with step sizes h =

1,1/2,1/4,1/8 to approximate x(1). b) Solve the equation exactly. c) Describe what happens to the
errors for each h you used. That is, find the factor by which the error changed each time you halved
the interval.

Exercise 1.7.5: Approximate the value of e by looking at the initial value problem y' =y with
v(0) = 1 and approximating y(1) using Euler’s method with a step size of 0.2.

Exercise 1.7.6: Example of numerical instability: Take y' = -5y, y(0) = 1. We know that the
solution should decay to zero as x grows. Using Euler’s method, start with h = 1 and compute
Y1, Y2, V3, V4 to try to approximate y(4). What happened? Now halve the interval. Keep halving the
interval and approximating y(4) until the numbers you are getting start to stabilize (that is, until
they start going towards zero). Note: You might want to use a calculator.

The simplest method used in practice is the Runge-Kutta method. Consider % = f(x,y),
y(x0) = Yo, and a step size h. Everything is the same as in Euler’s method, except the computation
of yiy1 and x.

kl = f(xi’ yi)9
ky = f(xi + h/2,yi + k11/2), Xiv1 = X; + h,
ki + 2k, + 2k3 + k
ks = f(xi 412 yi + kalf2), Vin = yi+ 2; SRy

k4 = f(x,‘ + h, yi + k3h)

d
Exercise 1.7.7: Consider d_y = yx2, y(0) = 1. a) Use Runge-Kutta (see above) with step sizes h = 1

X
and h = 1/2 to approximate y(1). b) Use Euler’s method with h = 1 and h = /2. ¢) Solve exactly, find
the exact value of y(1), and compare.

Exercise 1.7.101: Let x' = sin(xt), and x(0) = 1. Approximate x(1) using Euler’s method with step
sizes 1, 0.5, 0.25. Use a calculator and compute up to 4 decimal digits.

Exercise 1.7.102: Let x’ = 2t, and x(0) = 0. a) Approximate x(4) using Euler’s method with step
sizes 4, 2, and 1. b) Solve exactly, and compute the errors. c) Compute the factor by which the
errors changed.

Exercise 1.7.103: Let x' = xe™*!, and x(0) = 0. a) Approximate x(4) using Euler’s method with
step sizes 4, 2, and 1. b) Guess an exact solution based on part a) and compute the errors.



Chapter 2
Higher order linear ODEs

2.1 Second order linear ODEs

Note: less than 1 lecture, first part of §3.1 in [EP], parts of §3.1 and §3.2 in [BD]

Let us consider the general second order linear differential equation
AX)Y" + B(x)y" + C(x)y = F(x).
We usually divide through by A(x) to get
Y+ p(x)y +q(x)y = f(x), 2.1)

where p(x) = B®/Aw), g(x) = €@W/aw), and f(x) = F®/aw). The word linear means that the equation
contains no powers nor functions of y, y’, and y”.
In the special case when f(x) = 0 we have a so-called homogeneous equation

¥+ p()y +g(x)y = 0. (2.2)
We have already seen some second order linear homogeneous equations.

V' +ky=0 Two solutions are: y; = cos(kx), y, = sin(kx).

y' —ky=0 Two solutions are:  y; = €, y, = ™.

If we know two solutions of a linear homogeneous equation, we know a lot more of them.

Theorem 2.1.1 (Superposition). Suppose y, and y, are two solutions of the homogeneous equation
(2.2). Then

y(x) = Ciyi(x) + Caya(x),

also solves (2.2) for arbitrary constants C; and C,.

47
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That is, we can add solutions together and multiply them by constants to obtain new and different
solutions. We call the expression C,y; + C,y, a linear combination of y; and y,. Let us prove this
theorem; the proof is very enlightening and illustrates how linear equations work.

Proof: Let y = C,y; + C,y,. Then

Y+ py +qy = (Ciy; + Coy2)” + p(Ciyi + Coyr)' + q(Cryy + Cays)
= Ciyy + Coyy + Cipy| + Capyy + Cigyr + Cagyr
= C\(y + py| + qy1) + C2(05 + pys + qy2)
=C;-0+C,-0=0.

The proof becomes even simpler to state if we use the operator notation. An operator is an
object that eats functions and spits out functions (kind of like what a function is, but a function eats
numbers and spits out numbers). Define the operator L by

Ly =y" + py + qy.

The differential equation now becomes Ly = 0. The operator (and the equation) L being linear
means that L(C,y; + C,y,) = C,Ly; + C,Ly,. The proof above becomes

Ly = L(C1y; + Coyy) = CiLy; + CoLy, = C1 -0+ C,-0=0.

Two different solutions to the second equation y” — k*y = 0 are y; = cosh(kx) and y, = sinh(kx).
Let us remind ourselves of the definition, cosh x = % and sinh x = €= Therefore, these are
solutions by superposition as they are linear combinations of the two exponential solutions.

The functions sinh and cosh are sometimes more convenient to use than the exponential. Let us
review some of their properties.

cosh0 =1 sinh0 =0
d
e cosh x = sinh x e sinh x = cosh x

cosh’? x —sinh>x = 1

Exercise 2.1.1: Derive these properties using the definitions of sinh and cosh in terms of exponen-
tials.

Linear equations have nice and simple answers to the existence and uniqueness question.

Theorem 2.1.2 (Existence and uniqueness). Suppose p, q, f are continuous functions and a, by, b
are constants. The equation

V' + px)y +qx)y = f(x),

has exactly one solution y(x) satisfying the initial conditions

y@) =bo,  Y(a)=b.
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For example, the equation y” + k*y = 0 with y(0) = b, and y'(0) = b, has the solution
by .
y(x) = by cos(kx) + - sin(kx).
The equation y” — k*y = 0 with y(0) = by and y’(0) = b, has the solution
by .
y(x) = by cosh(kx) + - sinh(kx).

Using cosh and sinh in this solution allows us to solve for the initial conditions in a cleaner way
than if we have used the exponentials.

The initial conditions for a second order ODE consist of two equations. Common sense tells us
that if we have two arbitrary constants and two equations, then we should be able to solve for the
constants and find a solution to the differential equation satisfying the initial conditions.

Question: Suppose we find two different solutions y; and y, to the homogeneous equation (2.2).
Can every solution be written (using superposition) in the form y = Cyy; + C2y,?

Answer is affirmative! Provided that y; and y, are different enough in the following sense. We
will say y; and y, are linearly independent if one is not a constant multiple of the other.

Theorem 2.1.3. Let p, q, f be continuous functions and take the homogeneous equation (2.2). Let
v1 and y, be two linearly independent solutions to (2.2). Then every other solution is of the form

y = Ciy; + Cyys.
That is, y = Cyy; + Cyy, is the general solution.

For example, we found the solutions y; = sin x and y, = cos x for the equation y” +y = 0. It is
not hard to see that sine and cosine are not constant multiples of each other. If sin x = A cos x for
some constant A, we let x = 0 and this would imply A = 0. But then sin x = O for all x, which is
preposterous. So y; and y, are linearly independent. Hence

y=Cjcosx+ Cpsinx

is the general solution to y” +y = 0.

We will study the solution of nonhomogeneous equations in § 2.5. We will first focus on finding
general solutions to homogeneous equations.

2.1.1 Exercises

Exercise 2.1.2: Show that y = e* and y = e** are linearly independent.

Exercise 2.1.3: Take y” + 5y = 10x + 5. Find (guess!) a solution.
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Exercise 2.1.4: Prove the superposition principle for nonhomogeneous equations. Suppose that y;
is a solution to Ly, = f(x) and y, is a solution to Ly, = g(x) (same linear operator L). Show that y
solves Ly = f(x) + g(x).

Exercise 2.1.5: For the equation x*y" — xy' = 0, find two solutions, show that they are linearly

independent and find the general solution. Hint: Try y = x".

Note that equations of the form ax?y” + bxy’ + cy = 0 are called Euler’s equations or Cauchy-

Euler equations. They are solved by trying y = x" and solving for r (we can assume that x > 0 for
simplicity).

Exercise 2.1.6: Suppose that (b —a)* — 4ac > 0. a) Find a formula for the general solution
of ax’y" + bxy’ +cy = 0. Hint: Try y = x" and find a formula for r. b) What happens when
(b —a)* —4ac =0or (b -a)* —4ac <0?

We will revisit the case when (b — a)* — 4ac < 0 later.

Exercise 2.1.7: Same equation as in Exercise 2.1.6. Suppose (b — a)* — 4ac = 0. Find a formula
for the general solution of ax*y” + bxy' + cy = 0. Hint: Try y = x" In x for the second solution.

If you have one solution to a second order linear homogeneous equation you can find another
one. This is the reduction of order method.

Exercise 2.1.8 (reduction of order): Suppose y; is a solution to y"” + p(x)y’ + g(x)y = 0. Show that

fp(x)dx
y2(x) = y1(x) f
()’1(X))

is also a solution.

Note: If you wish to come up with the formula for reduction of order yourself, start by trying
y2(x) = y1(x)v(x). Then plug y, into the equation, use the fact that y; is a solution, substitute w = v/,
and you have a first order linear equation in w. Solve for w and then for v. When solving for w, make
sure to include a constant of integration. Let us solve some famous equations using the method.

Exercise 2.1.9 (Chebyshev’s equation of order 1): Take (1 — x?)y” — xy' +y = 0. a) Show that y = x
is a solution. b) Use reduction of order to find a second linearly independent solution. c) Write
down the general solution.

Exercise 2.1.10 (Hermite’s equation of order 2): Take y” —2xy’ +4y = 0. a) Show thaty = 1 — 2x*
is a solution. b) Use reduction of order to find a second linearly independent solution. c) Write
down the general solution.

Exercise 2.1.101: Are sin(x) and e* linearly independent? Justify.
Exercise 2.1.102: Are ¢* and e**? linearly independent? Justify.
Exercise 2.1.103: Guess a solution toy” +y +y = 5.

Exercise 2.1.104: Find the general solution to xy” +y' = 0. Hint: notice that it is a first order
ODE iny'.



2.2. CONSTANT COEFFICIENT SECOND ORDER LINEAR ODES 51

2.2 Constant coefficient second order linear ODEs

Note: more than 1 lecture, second part of §3.1 in [EP], §3.1 in [BD]

Suppose we have the problem
Y’ —6y +8y =0, y(0) = -2, y'(0) = 6.

This is a second order linear homogeneous equation with constant coefficients. Constant coefficients
means that the functions in front of y”, y’, and y are constants, not depending on x.

To guess a solution, think of a function that you know stays essentially the same when we
differentiate it, so that we can take the function and its derivatives, add some multiples of these
together, and end up with zero.

Let us try a solution of the form y = ¢’*. Then y’ = re’* and y” = r?¢’*. Plug in to get

y' =6y +8y=0,

r’e"™ — 6re™ + 8¢™ =0,
P —6r+8=0  (divide through by &),

(r=2)(r-4)=0.

Hence, if ¥ = 2 or r = 4, then ¢’* is a solution. So let y; = ¢** and y, = e**.
Exercise 2.2.1: Check that y, and y, are solutions.

The functions e?* and ¢** are linearly independent. If they were not linearly independent we
could write e** = Ce** for some constant C, implying that ¢>* = C for all x, which is clearly not
possible. Hence, we can write the general solution as

y= C ¥ + Cre.

We need to solve for C; and C,. To apply the initial conditions we first find y = 2C;e** + 4C,e™.
We plug in x = 0 and solve.

-2 :y(O) =C1+ (s,
6 =y'(0) =2C, + 4C,.

Either apply some matrix algebra, or just solve these by high school math. For example, divide the
second equation by 2 to obtain 3 = C; + 2C,, and subtract the two equations to get 5 = C,. Then
C, = -7as -2 = C; + 5. Hence, the solution we are looking for is

y = —T7e* + 5¢*.

Let us generalize this example into a method. Suppose that we have an equation

ay”’ +by +cy=0, (2.3)
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where a, b, ¢ are constants. Try the solution y = ¢’ to obtain

ar’e”™ + bre"™ + ce™ =0,

ar* +br+c = 0.

The equation ar? + br + ¢ = 0 is called the characteristic equation of the ODE. Solve for the r by

using the quadratic formula.
—b + Vb* — 4ac

2a
Therefore, we have e and e"* as solutions. There is still a difficulty if r; = r,, but it is not hard to
OVercome.

r,r =

Theorem 2.2.1. Suppose that ry and r, are the roots of the characteristic equation.
(i) If ri and r, are distinct and real (when b* — 4ac > 0), then (2.3) has the general solution

y=Cie"" + Cre™.

(ii) If ry = ry (happens when b* — 4ac = 0), then (2.3) has the general solution
y=(C; +Crx)e.

For another example of the first case, take the equation y” — k?y = 0. Here the characteristic
equation is 7> — k> = 0 or (r — k)(r + k) = 0. Consequently, e™** and ¢** are the two linearly
independent solutions.

Example 2.2.1: Find the general solution of
y' =8y + 16y = 0.

The characteristic equation is 7> — 87 + 16 = (r —4)* = 0. The equation has a double root
ry = r; = 4. The general solution is, therefore,

y = (Cy + Cyx) €™ = Cie™ + Coxe™.
Exercise 2.2.2: Check that e** and xe* are linearly independent.

That e** solves the equation is clear. If xe** solves the equation, then we know we are done. Let
us compute ¥ = ** + 4xe** and y” = 8e* + 16xe**. Plug in

Yy’ =8y + 16y = 8¢* + 16xe* — 8(e** + 4xe*™) + 16xe* = 0.

We should note that in practice, doubled root rarely happens. If coefficients are picked truly
randomly we are very unlikely to get a doubled root.

Let us give a short proof for why the solution xe’* works when the root is doubled. This case
is really a limiting case of when the two roots are distinct and very close. Note that % is a
solution when the roots are distinct. When we take the limit as r; goes to r,, we are really taking
the derivative of ¢’* using r as the variable. Therefore, the limit is xe’*, and hence this is a solution

in the doubled root case.
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2.2.1 Complex numbers and Euler’s formula

It may happen that a polynomial has some complex roots. For example, the equation 72 + 1 = 0
has no real roots, but it does have two complex roots. Here we review some properties of complex
numbers.

Complex numbers may seem a strange concept especially because of the terminology. There
is nothing imaginary or really complicated about complex numbers. A complex number is simply
a pair of real numbers, (a,b). We can think of a complex number as a point in the plane. We
add complex numbers in the straightforward way, (a,b) + (¢,d) = (a + ¢,b + d). We define a
multiplication by

(a,b) x (¢, d) S (ac - bd, ad + bc).

It turns out that with this multiplication rule, all the standard properties of arithmetic hold. Further,
and most importantly (0, 1) x (0, 1) = (-1, 0).

Generally we just write (a, b) as a + ib, and we treat i as if it were an unknown. We can just
do arithmetic with complex numbers just as we would do with polynomials. The property we just
mentioned becomes i = —1. So whenever we see i%, we can replace it by —1. The numbers i and —i
are roots of 7 + 1 = 0.

Note that engineers often use the letter j instead of i for the square root of —1. We will use the
mathematicians’ convention and use i.

Exercise 2.2.3: Make sure you understand (that you can justify) the following identities:

o P=-1,3=-ii*=1,
1 .
e — = -
1
e B3-T7))(-2-9i)=---=-69 - 13,

e 3-2)(3+2i)=3>-(2i)* =32+2>=13,

|1 342i _ 342 _ 3, 2:
® 35 T332 13 — 13T 3k

We can also define the exponential e** of a complex number. We can do this by just writing

down the Taylor series and plugging in the complex number. Because most properties of the
exponential can be proved by looking at the Taylor series, we note that many such properties still
hold for the complex exponential. For example, e** = e*e’. This means that e**? = ¢%™. Hence if
we can compute e, we can compute e“*". For ¢ we will use the so-called Euler’s formula.

Theorem 2.2.2 (Euler’s formula).

’ ¢’ = cosf +isinf and e =cosf —isin. ‘
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Exercise 2.2.4: Using Euler’s formula, check the identities:
cosf = M and sinf = M
2 2i
Exercise 2.2.5: Double angle identities: Start with ¢/® = (e)’. Use Euler on each side and
deduce:

cos(26) = cos’ 6 — sin* and sin(26) = 2 sin § cos 6.

For a complex number a + ib we call a the real part and b the imaginary part of the number.
Often the following notation is used,

Re(a +ib) = a and Im(a + ib) = b.

2.2.2 Complex roots

Now suppose that the equation ay” + by’ +cy = 0 has the characteristic equation ar? + br+¢ = 0 that

—b+ Vb2 —4ac
2a

has complex roots. By quadratic formula the roots are . These are complex if b* —4ac < 0.

In this case we can see that the roots are

-b Vdac — b?

rl,}"z:Zil' 2a

As you can see, we will always get a pair of roots of the form « + i8. In this case we can still write
the solution as
y = Cle(a/ﬂ'ﬁ)x + Cze(a—iﬂ)x.

However, the exponential is now complex valued. We would need to allow C; and C, to be complex
numbers to obtain a real-valued solution (which is what we are after). While there is nothing
particularly wrong with this approach, it can make calculations harder and it is generally preferred
to find two real-valued solutions.

Here we can use Euler’s formula. Let

yy = et and y, = TP,
Then note that

y1 = e cos(Bx) + ie™ sin(Bx),

vy = €* cos(Bx) — ie™ sin(Bx).

Linear combinations of solutions are also solutions. Hence,

+
y3= 2 > P2 _ g cos(Bx),
V4 = 4 2—‘y2 = ¢ sin(Bx),
[

are also solutions. Furthermore, they are real-valued. It is not hard to see that they are linearly
independent (not multiples of each other). Therefore, we have the following theorem.
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Theorem 2.2.3. Take the equation
ay’ +by +cy=0.
If the characteristic equation has the roots a + i3 (when b* — 4ac < 0), then the general solution is
y = Cie™ cos(Bx) + Cre™ sin(Bx).

Example 2.2.2: Find the general solution of y” + k?y = 0, for a constant k > 0.
The characteristic equation is 7> + k> = 0. Therefore, the roots are r = +ik and by the theorem
we have the general solution
y = C; cos(kx) + C; sin(kx).

Example 2.2.3: Find the solution of y” — 6y’ + 13y = 0, y(0) = 0, y'(0) = 10.
The characteristic equation is 72 — 67+ 13 = 0. By completing the square we get (r — 3)*+2%> =0
and hence the roots are r = 3 + 2i. By the theorem we have the general solution

y = Cie** cos(2x) + Coe™* sin(2x).
To find the solution satisfying the initial conditions, we first plug in zero to get
0=y0) = Ce°cos 0+ Cresin0 = C.
Hence C; = 0 and y = C,e* sin(2x). We differentiate
y = 3C,e* sin(2x) + 2C,e>* cos(2x).

We again plug in the initial condition and obtain 10 = y’(0) = 2C,, or C, = 5. Hence the solution
we are seeking is
y = 5¢** sin(2x).

2.2.3 Exercises

Exercise 2.2.6: Find the general solution of 2y” + 2y — 4y = 0.
Exercise 2.2.7: Find the general solution of y" + 9y’ — 10y = 0.
Exercise 2.2.8: Solve y” — 8y + 16y = 0 for y(0) = 2, y’(0) = 0.
Exercise 2.2.9: Solve y" + 9y =0 for y(0) =1, y'(0) = 1.
Exercise 2.2.10: Find the general solution of 2y”" + 50y = 0.

Exercise 2.2.11: Find the general solution of y"" + 6y’ + 13y = 0.
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Exercise 2.2.12: Find the general solution of y" = 0 using the methods of this section.

Exercise 2.2.13: The method of this section applies to equations of other orders than two. We will
see higher orders later. Try to solve the first order equation 2y’ + 3y = 0 using the methods of this
section.

Exercise 2.2.14: Let us revisit Euler’s equations of Exercise 2.1.6 on page 50. Suppose now that
(b — a)* — 4ac < 0. Find a formula for the general solution of ax*y” + bxy’ + cy = 0. Hint: Note
that x" = "™~

Exercise 2.2.101: Find the general solution to y” + 4y" + 2y = 0.
Exercise 2.2.102: Find the general solution to y" — 6y + 9y = 0.
Exercise 2.2.103: Find the solution to 2y" +y +y =0, y(0) =1, y'(0) = -2.

Exercise 2.2.104: Find the solution to 2y"” +y" — 3y =0, y(0) = a, y'(0) = b.
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2.3 Higher order linear ODEs

Note: somewhat more than 1 lecture, §3.2 and §3.3 in [EP], §4.1 and §4.2 in [BD]

After reading this lecture, it may be good to try Project III from the IODE website: http:
//www.math.uiuc.edu/iode/.

Equations that appear in applications tend to be second order. Higher order equations do appear
from time to time, but it is a general assumption of modern physics that the world is “second order.”

The basic results about linear ODEs of higher order are essentially the same as for second order
equations, with 2 replaced by n. The important concept of linear independence is somewhat more
complicated when more than two functions are involved.

For higher order constant coefficient ODEs, the methods are also somewhat harder to apply, but
we will not dwell on these. We can always use the methods for systems of linear equations from
chapter 3 to solve higher order constant coefficient equations.

So let us start with a general homogeneous linear equation

Y 4 a1 YV 4+ pi(x)y + po(x)y = 0. (2.4)
Theorem 2.3.1 (Superposition). Suppose yi, y,, ..., y, are solutions of the homogeneous equation
(2.4). Then
V(@) = Ciyi(x) + Coya(x) + -+ + Cy(x)
also solves (2.4) for arbitrary constants Cy, ..., C,.

In other words, a linear combination of solutions to (2.4) is also a solution to (2.4). We also
have the existence and uniqueness theorem for nonhomogeneous linear equations.

Theorem 2.3.2 (Existence and uniqueness). Suppose py through p,_,, and f are continuous func-
tions and a, by, by, . ..,b,_; are constants. The equation

Y+ P ()Y + e+ pr(x)y + po(x)y = f(x)

has exactly one solution y(x) satisfying the initial conditions

y@)=by, Y(@=by, ..., ¥y a)=b,,.

2.3.1 Linear independence

When we had two functions y; and y, we said they were linearly independent if one was not the
multiple of the other. Same idea holds for n functions. In this case it is easier to state as follows.
The functions yy, yy, ..., y, are linearly independent it

cyrteys+--+c,y, =0

has only the trivial solution ¢; = ¢; = - -+ = ¢, = 0, where the equation must hold for all x. If we can
solve equation with some constants where for example ¢; # 0, then we can solve for y; as a linear
combination of the others. If the functions are not linearly independent, they are linearly dependent.
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Example 2.3.1: Show that e*, e**, ¢** are linearly independent.
Let us give several ways to show this fact. Many textbooks (including [EP] and [F]) introduce
Wronskians, but that is really not necessary here.
Let us write down
c1€* + cre® + ¢3¢ = 0.

We use rules of exponentials and write z = e*. Then we have
c1z+ e+ =0.

The left hand side is a third degree polynomial in z. It can either be identically zero, or it can have
at most 3 zeros. Therefore, it is identically zero, ¢; = ¢, = ¢3 = 0, and the functions are linearly
independent.

Let us try another way. As before we write

c1€” + cre® + e3¢ = 0.
This equation has to hold for all x. What we could do is divide through by ¢* to get
cre X + e+ 3 =0.

As the equation is true for all x, let x — oco. After taking the limit we see that ¢; = 0. Hence our
equation becomes
cre” + ce? = 0.

Rinse, repeat!
How about yet another way. We again write

c1€* + cre® + e3¢ = 0.

We can evaluate the equation and its derivatives at different values of x to obtain equations for ¢y,
¢, and c3. Let us first divide by e* for simplicity.

c1 + e + c3e? = 0.
We set x = 0 to get the equation ¢; + ¢, + ¢3 = 0. Now differentiate both sides
cre” + 2c3e”* = 0.

We set x = 0 to get ¢, + 2¢; = 0. We divide by e* again and differentiate to get 2c;e* = 0. It is clear
that ¢5 is zero. Then ¢, must be zero as ¢, = —2¢3, and ¢; must be zero because ¢; + ¢, + ¢3 = 0.
There is no one best way to do it. All of these methods are perfectly valid.

Example 2.3.2: On the other hand, the functions e*, e™*, and cosh x are linearly dependent. Simply
apply definition of the hyperbolic cosine:

ef+e™*

5 or 2coshx—e*—e*=0.

coshx =
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2.3.2 Constant coefficient higher order ODEs

When we have a higher order constant coefficient homogeneous linear equation. The song and
dance is exactly the same as it was for second order. We just need to find more solutions. If the
equation is n™ order we need to find n linearly independent solutions. It is best seen by example.

Example 2.3.3: Find the general solution to
Yy’ =3y" =y +3y=0. (2.5)
Try: y = ¢’*. We plug in and get
e —3rfe™ —re™ + 3¢ = 0.

We divide through by ¢™*. Then
P =37 -r+3=0.

The trick now is to find the roots. There is a formula for the roots of degree 3 and 4 polynomials
but it is very complicated. There is no formula for higher degree polynomials. That does not mean
that the roots do not exist. There are always n roots for an n'" degree polynomial. They might be
repeated and they might be complex. Computers are pretty good at finding roots approximately for
reasonable size polynomials.

A good place to start is to plot the polynomial and check where it is zero. We can also simply
try plugging in. We just start plugging in numbers r = —=2,-1,0, 1,2, ... and see if we get a hit (we
can also try complex roots). Even if we do not get a hit, we may get an indication of where the root
is. For example, we plug r = —2 into our polynomial and get —15; we plug in r = 0 and get 3. That
means there is a root between r = —2 and r = 0 because the sign changed. If we find one root, say
ry, then we know (r — ry) is a factor of our polynomial. Polynomial long division can then be used.

A good strategy is to begin with r = —1, 1, or 0. These are easy to compute. Our polynomial
happens to have two such roots, r; = —1 and r, = 1. There should be 3 roots and the last root is
reasonably easy to find. The constant term in a polynomial is the multiple of the negations of all the
roots because > — 3r> — r + 3 = (r — r)(r — r2)(r — r3). In our case we see that

3 = (=r)(=r)(=r3) = (D(=1)(=r3) = r3.
You should check that r; = 3 really is a root. Hence we know that e, ¢* and e’ are solutions
to (2.5). They are linearly independent as can easily be checked, and there are 3 of them, which
happens to be exactly the number we need. Hence the general solution is
y=Cie "+ Cre* + Cye*.
Suppose we were given some initial conditions y(0) = 1, y'(0) = 2, and y”(0) = 3. Then
1:y(0):C1+C2+C3,
2= y,(O) =-Ci+Cy + 3C3,
3=y"(0)=C, + C, +9Cs.
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It is possible to find the solution by high school algebra, but it would be a pain. The only sensible
way to solve a system of equations such as this is to use matrix algebra, see § 3.2. For now we note
that the solution is C; = —1/4, C; = 1 and C; = !/4. The specific solution to the ODE is

-1 1
y=—e "+ + -

4 4

Next, suppose that we have real roots, but they are repeated. Let us say we have a root r repeated
k times. In the spirit of the second order solution, and for the same reasons, we have the solutions

e xe™, e, ... K
We take a linear combination of these solutions to find the general solution.

Example 2.3.4: Solve

244

Yy =3y +3y" —y = 0.

We note that the characteristic equation is
P =3r+3r7-r=0.

By inspection we note that 7* — 37> + 3r> — r = r(r — 1)°. Hence the roots given with multiplicity
are r = 0, 1, 1, 1. Thus the general solution is

y=(C1 +Cox+ C3xD) e+ Cu
N——

terms coming from r = 1 from r =0

Similarly to the second order case we can handle complex roots. Complex roots always come in
pairs r = a=iB. Suppose we have two such complex roots, each repeated k times. The corresponding
solution is

(Co+ Cix+ -+ Cr_ X1 e™ cos(Bx) + (Do + Dix + - - - + Dy ¥71) ™ sin(Bx).
where Cy, ..., Ci_1, Dy, ..., Dy are arbitrary constants.

Example 2.3.5: Solve
Y — 4y + 8y — 8y +4y =0.

The characteristic equation is
=4 + 87 —8r+4 =0,
(7 -2r+2)° =0,
((r— 1%+ 1)’ =0.
Hence the roots are 1 + i, both with multiplicity 2. Hence the general solution to the ODE is
y=(Cy + Cyx)e*cosx + (C3 + Cyx) e sin x.

The way we solved the characteristic equation above is really by guessing or by inspection. It is not
so easy in general. We could also have asked a computer or an advanced calculator for the roots.



2.3. HIGHER ORDER LINEAR ODES 61

2.3.3 Exercises

Exercise 2.3.1: Find the general solution for y"' —y" +y —y = 0.
Exercise 2.3.2: Find the general solution for y¥ — 5y" + 6y” = 0.
Exercise 2.3.3: Find the general solution for y"" + 2y"” + 2y = 0.

Exercise 2.3.4: Suppose the characteristic equation for a differential equation is (r — 1)*(r — 2)* =
0. a) Find such a differential equation. b) Find its general solution.

Exercise 2.3.5: Suppose that a fourth order equation has a solution y = 2e**x cos x. a) Find such
an equation. b) Find the initial conditions that the given solution satisfies.

Exercise 2.3.6: Find the general solution for the equation of Exercise 2.3.5.

Exercise 2.3.7: Let f(x) = e* —cos x, g(x) = e* + cos x, and h(x) = cos x. Are f(x), g(x), and h(x)
linearly independent? If so, show it, if not, find a linear combination that works.

Exercise 2.3.8: Let f(x) = 0, g(x) = cosx, and h(x) = sinx. Are f(x), g(x), and h(x) linearly
independent? If so, show it, if not, find a linear combination that works.

Exercise 2.3.9: Are x, x*, and x* linearly independent? If so, show it, if not, find a linear combina-
tion that works.

Exercise 2.3.10: Are e*, xe*, and x*e* linearly independent? If so, show it, if not, find a linear
combination that works.

Exercise 2.3.101: Find the general solution of y© —y® =0

Exercise 2.3.102: Suppose that the characteristic equation of a third order differential equation
has roots 3,+2i. a) What is the characteristic equation? b) Find the corresponding differential
equation. c) Find the general solution.

Exercise 2.3.103: Solve 1001y +3.2y" + 1y’ — Vdy = 0, y(0) = 0, y(0) = 0, y(0) = 0.

Exercise 2.3.104: Are e*, e**!, %, sin(x) linearly independent? If so, show it, if not find a linear
combination that works.

Exercise 2.3.105: Are sin(x), x, xsin(x) linearly independent? If so, show it, if not find a linear
combination that works.
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2.4 Mechanical vibrations

Note: 2 lectures, §3.4 in [EP], §3.7 in [BD]

Let us look at some applications of linear second order constant coefficient equations.

2.4.1 Some examples

k F() Our first example is a mass on a spring. Suppose we have
m |—p amassm > 0 (in kilograms) connected by a spring with spring
constant k > 0 (in newtons per meter) to a fixed wall. There may be
some external force F(¢) (in newtons) acting on the mass. Finally,
there is some friction measured by ¢ > 0 (in newton-seconds per
meter) as the mass slides along the floor (or perhaps there is a damper connected).

Let x be the displacement of the mass (x = 0 is the rest position), with x growing to the right
(away from the wall). The force exerted by the spring is proportional to the compression of the
spring by Hooke’s law. Therefore, it is kx in the negative direction. Similarly the amount of force
exerted by friction is proportional to the velocity of the mass. By Newton’s second law we know
that force equals mass times acceleration and hence mx” = F(t) — cx’ — kx or

damping ¢

mx” +cx' + kx = F(t).

This is a linear second order constant coefficient ODE. We set up some terminology about this
equation. We say the motion is
(1) forced, if F # 0 (if F is not identically zero),

(ii) unforced or free, if F = 0 (if F is identically zero),
(ii1) damped, if ¢ > 0, and
(iv) undamped, if ¢ = 0.

This system appears in lots of applications even if it does not at first seem like it. Many real
world scenarios can be simplified to a mass on a spring. For example, a bungee jump setup is
essentially a mass and spring system (you are the mass). It would be good if someone did the math
before you jump off the bridge, right? Let us give 2 other examples.

| Here is an example for electrical engineers. Suppose that we have the

C pictured RLC circuit. There is a resistor with a resistance of R ohms, an
R L inductor with an inductance of L henries, and a capacitor with a capacitance
AN of C farads. There is also an electric source (such as a battery) giving a

voltage of E() volts at time ¢ (measured in seconds). Let Q(r) be the charge
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in coulombs on the capacitor and /(¢) be the current in the circuit. The relation between the two is
Q' = I. By elementary principles we have that LI’ + RI + ¢/c = E. If we differentiate we get

LI"(t)+ RI'(t) + él(t) = E'(v).

This is an nonhomogeneous second order constant coefficient linear equation. Further, as L, R, and
C are all positive, this system behaves just like the mass and spring system. The position of the mass
is replaced by the current. Mass is replaced by the inductance, damping is replaced by resistance
and the spring constant is replaced by one over the capacitance. The change in voltage becomes the
forcing function. Hence for constant voltage this is an unforced motion.

Our next example is going to behave like a mass and spring system
only approximately. Suppose we have a mass m on a pendulum of length L.
We wish to find an equation for the angle 6(¢). Let g be the force of gravity. L
Elementary physics mandates that the equation is of the form 0

8

0"+Zsin9:0. \

This equation can be derived using Newton’s second law; force equals mass times acceleration.
The acceleration is L6 and mass is m. So mL6"” has to be equal to the tangential component of the
force given by the gravity. This is mg sin 8 in the opposite direction. The m curiously cancels from
the equation.

Now we make our approximation. For small 8 we have that approximately sin 6 ~ 6. This can
be seen by looking at the graph. In Figure 2.1 we can see that for approximately —0.5 < 6 < 0.5 (in
radians) the graphs of sin # and 6 are almost the same.

-1.0 -0.5 0.0 0.5 1.0
T T T
1.0 | 1.0

05 05

0.0

0.0

-0.5 -0.5

-1.0 -1 -1.0
I I I

-1.0 -0.5 0.0 0.5 1.0

Figure 2.1: The graphs of sin 8 and 6 (in radians).
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Therefore, when the swings are small, 8 is always small and we can model the behavior by the

simpler linear equation

g +80=0.
L

Note that the errors that we get from the approximation build up. So after a very long time, the
behavior of the real system might be substantially different from our solution. Also we will see that
in a mass-spring system, the amplitude is independent of the period. This is not true for a pendulum.
Nevertheless, for reasonably short periods of time and small swings (for example if the pendulum is
very long), the approximation is reasonably good.

In real world problems it is very often necessary to make these types of simplifications. There-
fore, it is good to understand both the mathematics and the physics of the situation to see if the
simplification is valid in the context of the questions we are trying to answer.

2.4.2 Free undamped motion

In this section we will only consider free or unforced motion, as we cannot yet solve nonhomoge-
neous equations. Let us start with undamped motion where ¢ = 0. We have the equation

mx” + kx = 0.

If we divide by m and let wy = V*/m, then we can write the equation as
” 2.

X"+ wyx = 0.

The general solution to this equation is
x(f) = A cos(wyt) + B sin(wyt).
By a trigonometric identity, we have that for two different constants C and vy, we have
A cos(wpt) + B sin(wgyt) = C cos(wot — y).

It is not hard to compute that C = VA? + B? and tany = B/a. Therefore, we let C and vy be our
arbitrary constants and write x(#) = C cos(wot — y).

Exercise 2.4.1: Justify the above identity and verify the equations for C and y. Hint: Start with
cos(a — ) = cos(a) cos(B) + sin(a) sin(B) and multiply by C. Then think what should a and 8 be.

While it is generally easier to use the first form with A and B to solve for the initial conditions,
the second form is much more natural. The constants C and y have very nice interpretation. We
look at the form of the solution

x(t) = C cos(wot — y).
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We can see that the amplitude is C, w is the (angular) frequency, and y is the so-called phase shift.
The phase shift just shifts the graph left or right. We call w the natural (angular) frequency. This
entire setup is usually called simple harmonic motion.

Let us pause to explain the word angular before the word frequency. The units of wy are radians
per unit time, not cycles per unit time as is the usual measure of frequency. Because we know one
cycle is 27 radians, the usual frequency is given by 52. It is simply a matter of where we put the
constant 25, and that is a matter of taste.

The period of the motion is one over the frequency (in cycles per unit time) and hence 37’; That
is the amount of time it takes to complete one full oscillation.

Example 2.4.1: Suppose that m = 2kg and k = 8 N/m. The whole mass and spring setup is sitting
on a truck that was traveling at 1 ms. The truck crashes and hence stops. The mass was held in place
0.5 meters forward from the rest position. During the crash the mass gets loose. That is, the mass is
now moving forward at 1 s, while the other end of the spring is held in place. The mass therefore
starts oscillating. What is the frequency of the resulting oscillation and what is the amplitude. The
units are the mks units (meters-kilograms-seconds).

The setup means that the mass was at half a meter in the positive direction during the crash and
relative to the wall the spring is mounted to, the mass was moving forward (in the positive direction)
at 1 ™. This gives us the initial conditions.

So the equation with initial conditions is

2x" +8x =0, x(0) = 0.5, xX(0)=1.

We can directly compute wy = V¥m = V4 = 2. Hence the angular frequency is 2. The usual
frequency in Hertz (cycles per second) is 2/2x = /= = 0.318.
The general solution is
x() = A cos(2t) + Bsin(2t).

Letting x(0) = 0.5 means A = 0.5. Then x'(¢) = —=2(0.5) sin(2¢) + 2B cos(2t). Letting x’(0) = 1 we
get B = 0.5. Therefore, the amplitude is C = VA2 + B2 = V0.25+0.25 = V0.5 ~ 0.707. The
solution is

x(t) = 0.5 cos(2r) + 0.5 sin(21).
A plot of x() is shown in Figure 2.2 on the following page.

In general, for free undamped motion, a solution of the form
x(1) = A cos(wgt) + B sin(wyt),

corresponds to the initial conditions x(0) = A and x'(0) = wyB. Therefore, it is easy to figure out A
and B from the initial conditions. The amplitude and the phase shift can then be computed from
A and B. In the example, we have already found the amplitude C. Let us compute the phase shift.
We know that tany = B/a = 1. We take the arctangent of 1 and get approximately 0.785. We still
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0.0 25 5.0 7.5 10.0

1.0 T T T 1.0

00 25 5.0 7.5 100

Figure 2.2: Simple undamped oscillation.

need to check if this y is in the correct quadrant (and add r to 7 if it is not). Since both A and B are
positive, then vy should be in the first quadrant, and 0.785 radians really is in the first quadrant.

Note: Many calculators and computer software do not only have the atan function for arctangent,
but also what is sometimes called atan2. This function takes two arguments, B and A, and returns
a y in the correct quadrant for you.

2.4.3 Free damped motion

Let us now focus on damped motion. Let us rewrite the equation

mx" +cx’ +kx =0,

as
X'+ 2px" + w%x =0,
where
k c
wy = 1/ —, p=—.
m 2m

The characteristic equation is
r2+2pr+w% =0.

Using the quadratic formula we get that the roots are

r=-p+ ./p*—w?

The form of the solution depends on whether we get complex or real roots. We get real roots if and
only if the following number is nonnegative:

c\ k  c*—4dkm
P (L] -k tn

m 4m?
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The sign of p* — wj is the same as the sign of ¢* —4km. Thus we get real roots if and only if ¢ — 4km
is nonnegative, or in other words if ¢? > 4km.

Overdamping

When ¢ —4km > 0, we say the system is overdamped. In this case, there are two distinct real roots r;

and r,. Notice that both roots are negative. As /p? — w% is always less than p, then —p = /p? — a)g

is negative.
The solution is 0 25 50 75 100

x(t) = Cie™ + Cre™.

Since ry, r, are negative, x(f) — 0 as t — oo.
Thus the mass will tend towards the rest position
as time goes to infinity. For a few sample plots
for different initial conditions, see Figure 2.3. s H 1os

Do note that no oscillation happens. In fact,
the graph will cross the x axis at most once. To see

why, we try to solve 0 = Cye"""+C,e™". Therefore, oo} 00
Cie""" = —C,e™" and using laws of exponents we ‘ ‘ ‘
Obtain 0 25 50 75 100
__Cl _ Hr—rt . . .
C, € - Figure 2.3: Overdamped motion for several dif-

This equation has at most one solution ¢ > 0. For ferent initial conditions.

some initial conditions the graph will never cross the x axis, as is evident from the sample graphs.

Example 2.4.2: Suppose the mass is released from rest. That is x(0) = x¢ and x’(0) = 0. Then

X
x(t) = —2— (re™ = re™).

r—n

It is not hard to see that this satisfies the initial conditions.

Critical damping

When ¢ — 4km = 0, we say the system is critically damped. In this case, there is one root of
multiplicity 2 and this root is —p. Therefore, our solution is

x() = Cie™P" + Cote™.

The behavior of a critically damped system is very similar to an overdamped system. After all a
critically damped system is in some sense a limit of overdamped systems. Since these equations
are really only an approximation to the real world, in reality we are never critically damped, it is a
place we can only reach in theory. We are always a little bit underdamped or a little bit overdamped.
It is better not to dwell on critical damping.
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Underdamping

When ¢? — 4km < 0, we say the system is ¢ s 10 15 2 2 o
underdamped. In this case, the roots are complex.

r=—p + ’p2 _ wg 05
=-p* V=1Jwj - p?

= —p *iw,

where w; = 4/wj — p?. Our solution is
1.0 1.0

x(t) = e "'(A cos(wyt) + Bsin(w 1)), ° : B E 20 = &

0.0

-0.5

Figure 2.4: Underdamped motion with the en-
velope curves shown.

or
x(1) = Ce P cos(wt — ).

An example plot is given in Figure 2.4. Note that
we still have that x(#) —» 0 as t — oo.

In the figure we also show the envelope curves Ce "' and —Ce™"". The solution is the oscillating
line between the two envelope curves. The envelope curves give the maximum amplitude of the
oscillation at any given point in time. For example if you are bungee jumping, you are really
interested in computing the envelope curve so that you do not hit the concrete with your head.

The phase shift y just shifts the graph left or right but within the envelope curves (the envelope
curves do not change if y changes).

Finally note that the angular pseudo-frequency (we do not call it a frequency since the solution
is not really a periodic function) w; becomes smaller when the damping ¢ (and hence p) becomes
larger. This makes sense. When we change the damping just a little bit, we do not expect the
behavior of the solution to change dramatically. If we keep making c larger, then at some point
the solution should start looking like the solution for critical damping or overdamping, where no
oscillation happens. So if ¢? approaches 4km, we want w; to approach 0.

On the other hand when ¢ becomes smaller, w, approaches wy (w; is always smaller than wy),
and the solution looks more and more like the steady periodic motion of the undamped case. The
envelope curves become flatter and flatter as ¢ (and hence p) goes to O.

2.4.4 Exercises

Exercise 2.4.2: Consider a mass and spring system with a mass m = 2, spring constant k = 3, and
damping constant ¢ = 1. a) Set up and find the general solution of the system. b) Is the system
underdamped, overdamped or critically damped? c) If the system is not critically damped, find a c
that makes the system critically damped.
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Exercise 2.4.3: Do Exercise 2.4.2 form =3, k = 12, and ¢ = 12.

Exercise 2.4.4: Using the mks units (meters-kilograms-seconds), suppose you have a spring with
spring constant 4 Nin. You want to use it to weigh items. Assume no friction. You place the mass
on the spring and put it in motion. a) You count and find that the frequency is 0.8 Hz (cycles per
second). What is the mass? b) Find a formula for the mass m given the frequency w in Hz.

Exercise 2.4.5: Suppose we add possible friction to Exercise 2.4.4. Further, suppose you do not
know the spring constant, but you have two reference weights 1 kg and 2 kg to calibrate your setup.
You put each in motion on your spring and measure the frequency. For the 1 kg weight you measured
1.1 Hz, for the 2 kg weight you measured 0.8 Hz. a) Find k (spring constant) and c (damping
constant). b) Find a formula for the mass in terms of the frequency in Hz. Note that there may be
more than one possible mass for a given frequency. ¢) For an unknown object you measured 0.2 Hz,
what is the mass of the object? Suppose that you know that the mass of the unknown object is more
than a kilogram.

Exercise 2.4.6: Suppose you wish to measure the friction a mass of 0.1 kg experiences as it slides
along a floor (you wish to find c). You have a spring with spring constant k = 5N/m. You take the
spring, you attach it to the mass and fix it to a wall. Then you pull on the spring and let the mass go.
You find that the mass oscillates with frequency 1 Hz. What is the friction?

Exercise 2.4.101: A mass of 2 kilograms is on a spring with spring constant k newtons per meter
with no damping. Suppose the system is at rest and at time t = O the mass is kicked and starts
travelling at 2 meters per second. How large does k have to be to so that the mass does not go
further than 3 meters from the rest position.

Exercise 2.4.102: Suppose we have an RLC circuit with a resistor of 100 miliohms (0.1 ohms),
inductor of inductance of 50 millihenries (0.05 henries), and a capacitor of 5 farads, with constant
voltage. a) Set up the ODE equation for the current 1. b) Find the general solution. c) Solve for
1(0) =10 and I'(0) = 0.

Exercise 2.4.103: A 5000 kg railcar hits a bumper (a spring) at 1", and the spring compresses
by 0.1 m. Assume no damping. a) Find k. b) Find out how far does the spring compress when a
10000 kg railcar hits the spring at the same speed. c) If the spring would break if it compresses
further than 0.3 m, what is the maximum mass of a railcar that can hit it at 17s? d) What is the
maximum mass of a railcar that can hit the spring without breaking at 2 "s?
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2.5 Nonhomogeneous equations

Note: 2 lectures, §3.5 in [EP], §3.5 and §3.6 in [BD]

2.5.1 Solving nonhomogeneous equations

We have solved linear constant coefficient homogeneous equations. What about nonhomogeneous
linear ODEs? For example, the equations for forced mechanical vibrations. That is, suppose we
have an equation such as

y'+5y +6y=2x+1. (2.6)

We will write Ly = 2x + 1 when the exact form of the operator is not important. We solve
(2.6) in the following manner. First, we find the general solution y,. to the associated homogeneous
equation

Yy +5y +6y=0. 2.7
We call y. the complementary solution. Next, we find a single particular solution y, to (2.6) in
some way. Then
y=Yct+tYp
is the general solution to (2.6). We have Ly. = O and Ly, = 2x + 1. As L is a linear operator we
verify that y is a solution, Ly = L(y. +y,) = Ly. + Ly, = 0+ (2x + 1). Let us see why we obtain the
general solution.

Lety, and y, be two different particular solutions to (2.6). Write the difference as w =y, — y,.

Then plug w into the left hand side of the equation to get

w” + 5w + 6w = (y, + 5y, +6y,) = (F, + 55, +65,) =(2x+1) - (2x+ 1) = 0.
Using the operator notation the calculation becomes simpler. As L is a linear operator we write
Lw=L(y,-3,) =Ly,-Ly,=Q2x+1)-2x+1)=0.

Sow =y, -, is asolution to (2.7), that is Lw = 0. Any two solutions of (2.6) differ by a solution
to the homogeneous equation (2.7). The solution y = y. + y, includes all solutions to (2.6), since y.
is the general solution to the associated homogeneous equation.

Theorem 2.5.1. Let Ly = f(x) be a linear ODE (not necessarily constant coefficient). Let y. be
the general solution to the associated homogeneous equation Ly = 0 and let y, be any particular
solution to Ly = f(x). Then the general solution to Ly = f(x) is

Y=Y+ Y.

The moral of the story is that we can find the particular solution in any old way. If we find a
different particular solution (by a different method, or simply by guessing), then we still get the
same general solution. The formula may look different, and the constants we will have to choose to
satisfy the initial conditions may be different, but it is the same solution.
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2.5.2 Undetermined coefficients

The trick is to somehow, in a smart way, guess one particular solution to (2.6). Note that 2x + 1 is a
polynomial, and the left hand side of the equation will be a polynomial if we let y be a polynomial
of the same degree. Let us try

yp =Ax+B.

We plug in to obtain
¥, +5y,+ 6y, =(Ax+ B)” +5(Ax + B)’ + 6(Ax + B) = 0 + 5A + 6Ax + 6B = 6Ax + (5A + 6B).

3x-1
=5 -

X — =

So 6Ax + (5A + 6B) = 2x + 1. Therefore, A = /3 and B = ~1/9. That means y, =
Solving the complementary problem (exercise!) we get

o=

1
3

Ve = Cre™> + Cre™.

Hence the general solution to (2.6) is

3x—-1
5

y= Cie™ + Cre™* +

Now suppose we are further given some initial conditions. For example, y(0) = 0 and y’(0) = 1/3.
First find y’ = —2Cje 2 — 3C,e~** + 1/3. Then

1 1
3 =Y(0)=-2C-3C+ 5.

1
0=y0)=C+C -, 3

9

We solve to get C; = !/3 and C, = ~2/9. The particular solution we want is

2 5. 3x-1 3e?-2e+3x-1
e 4 =
9 9 9

X

()—1_2
yx—3e

Exercise 2.5.1: Check that y really solves the equation (2.6) and the given initial conditions.

Note: A common mistake is to solve for constants using the initial conditions with y. and only
add the particular solution y, after that. That will not work. You need to first compute y = y. +y,
and only then solve for the constants using the initial conditions.

A right hand side consisting of exponentials, sines, and cosines can be handled similarly. For
example,
Y+ 2y + 2y = cos(2x).

Let us find some y,. We start by guessing the solution includes some multiple of cos(2x). We may
have to also add a multiple of sin(2x) to our guess since derivatives of cosine are sines. We try

¥y = Acos(2x) + Bsin(2x).



72 CHAPTER 2. HIGHER ORDER LINEAR ODES

We plug y, into the equation and we get
—4A cos(2x) — 4B sin(2x) — 4A sin(2x) + 4B cos(2x) + 2A cos(2x) + 2B sin(2x) = cos(2x).

The left hand side must equal to right hand side. We group terms and we get that —4A +4B+2A =1
and 4B —-4A +2B=0.So-2A+4B=1and 2A + B =0 and hence A = -!/10 and B = /5. So
—cos(2x) + 2 sin(2x)

10 '

Similarly, if the right hand side contains exponentials we try exponentials. For example, for

yp = Acos(2x) + Bsin(2x) =

Ly — e3x,

we will try y = Ae’* as our guess and try to solve for A.

When the right hand side is a multiple of sines, cosines, exponentials, and polynomials, we can
use the product rule for differentiation to come up with a guess. We need to guess a form for y, such
that Ly, is of the same form, and has all the terms needed to for the right hand side. For example,

Ly = (1 + 3x%) e * cos(nx).
For this equation, we will guess
¥p = (A + Bx + Cx*) e * cos(nx) + (D + Ex + Fx*) e sin(nx).

We will plug in and then hopefully get equations that we can solve for A, B, C, D, E, F. As you can
see this can make for a very long and tedious calculation very quickly. C’est la vie!
There is one hiccup in all this. It could be that our guess actually solves the associated
homogeneous equation. That is, suppose we have
y// _ 9)7 — eSx.
We would love to guess y = Ae’*, but if we plug this into the left hand side of the equation we get

Y’ =9y = 9Ae™ — 9Ae* = 0 # .

There is no way we can choose A to make the left hand side be e**. The trick in this case is to
multiply our guess by x to get rid of duplication with the complementary solution. That is first we
compute y. (solution to Ly = 0)

Ve = C1e7 + Cre™”

and we note that the ¢** term is a duplicate with our desired guess. We modify our guess to
y = Axe** and notice there is no duplication anymore. Let us try. Note that y’ = Ae** + 3Axe** and
Yy’ = 6Ae** + 9Axe**. So

Y’ =9y = 6Ae™ + 9Axe® — 9Axe> = 6Ae>.
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So 6A¢* is supposed to equal ¢**. Hence, 6A = 1 and so A = /6. Thus we can now write the
general solution as

1
Y=Yy, = Cire ¥ + Cre™ + 3 xe*.

It is possible that multiplying by x does not get rid of all duplication. For example,
y' =6y +9y = e*,

The complementary solution is y. = C;e** + C,xe**. Guessing y = Axe>* would not get us anywhere.
In this case we want to guess y, = Ax?e>*. Basically, we want to multiply our guess by x until all
duplication is gone. But no more! Multiplying too many times will not work.

Finally, what if the right hand side has several terms, such as
Ly = ¢** + cos x.

In this case we find u that solves Lu = ¢** and v that solves Lv = cos x (that is, do each term
separately). Then note that if y = u + v, then Ly = e** + cos x. This is because L is linear; we have
Ly=Lu+v)=Lu+ Lv = ¥ + cos x.

2.5.3 Variation of parameters

The method of undetermined coefficients will work for many basic problems that crop up. But it
does not work all the time. It only works when the right hand side of the equation Ly = f(x) has
only finitely many linearly independent derivatives, so that we can write a guess that consists of
them all. Some equations are a bit tougher. Consider

y'+y=tanux.

Note that each new derivative of tan x looks completely different and cannot be written as a linear
combination of the previous derivatives. We get sec? x, 2 sec? x tan x, efc. ...

This equation calls for a different method. We present the method of variation of parameters,
which will handle any equation of the form Ly = f(x), provided we can solve certain integrals.
For simplicity, we will restrict ourselves to second order constant coefficient equations, but the
method will work for higher order equations just as well (the computations will be more tedious).
The method also works for equations with nonconstant coefficients, provided we can solve the
associated homogeneous equation.

Perhaps it is best to explain this method by example. Let us try to solve the equation

Ly=y"+y=tanux.

First we find the complementary solution (solution to Ly. = 0). We get y. = C,y; + C,y,, where
y1 = cos x and y, = sinx. Now to try to find a solution to the nonhomogeneous equation we try

Yp =Y = U1y + uzys,
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where u; and u, are functions and not constants. We are trying to satisfy Ly = tan x. That gives us
one condition on the functions u; and u,. Compute (note the product rule!)

Y = Uy + uhy) + (ury) + uzys).

We can still impose one more condition at our discretion to simplify computations (we have two
unknown functions, so we should be allowed two conditions). We require that (u}y, + u5y,) = 0.
This makes computing the second derivative easier.

Y = wy| + s,
44 ’ ’ 7 ’ 4 44
Y= Uy +upys) + (uy) + uoysy).

Since y; and y, are solutions to y” +y = 0, we know that y{" = —y; and yJ = —y,. (Note: If the
equation was instead y” + p(x)y” + g(x)y = 0 we would have y” = —p(x)y. — g(x)y;.) So

’

Y=y + uhys) = () + unyr).

We have (u;y, + u,y,) = y and so
V' = (uyy) + ury5) =y,
and hence
Y’ +y =Ly =uly| +uy,.

For y to satisfy Ly = f(x) we must have f(x) = u}y] + u}y,.
So what we need to solve are the two equations (conditions) we imposed on u; and u,

Uiy + uyy, = 0,
Uy + urys = f(x).

We can now solve for ] and u), in terms of f(x), y; and y,. We will always get these formulas for
any Ly = f(x), where Ly = y” + p(x)y" + q(x)y. There is a general formula for the solution we can
just plug into, but it is better to just repeat what we do below. In our case the two equations become

uy cos(x) + uj sin(x) = 0,

—1/} sin(x) + u}, cos(x) = tan(x).
Hence

u; cos(x) sin(x) + u) sin®(x) = 0,

—ut/, sin(x) cos(x) + u, cos*(x) = tan(x) cos(x) = sin(x).
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And thus
i)y(sin*(x) + cos*(x)) = sin(x),
u, = sin(x),

.2
= M = —tan(x) sin(x).

’

cos(x)

Now we need to integrate | and u) to get u; and u,.

1
u = fu’l dx = f—tan(x) sin(x) dx = 3 In

U, = fu’z dx = fsin(x) dx = —cos(x).

So our particular solution is

sin(x) — 1
sin(x) + 1

‘ + sin(x),

1 sin(x) — ) .
Yp = uy1 + uzyr = = cos(x) In | ————| + cos(x) sin(x) — cos(x) sin(x) =

2 sin(x) + 1

1 sin(x) — 1'
=— In|——|.
y oS o+
The general solution to y”” + y = tan x is, therefore,
1 i -1
y = Cj cos(x) + C, sin(x) + 3 cos(x) In %' .

2.5.4 Exercises

Exercise 2.5.2: Find a particular solution of y” —y' — 6y = e**.
Exercise 2.5.3: Find a particular solution of y" — 4y’ + 4y = e**.
Exercise 2.5.4: Solve the initial value problem y"" + 9y = cos(3x) + sin(3x) for y(0) = 2, y'(0) = 1.

Exercise 2.5.5: Setup the form of the particular solution but do not solve for the coefficients for
(4) 117 "o X
Y =29 +y" = e".

Exercise 2.5.6: Setup the form of the particular solution but do not solve for the coefficients for
Y =2y 4y = ¥ + x + sin x.

Exercise 2.5.7: a) Using variation of parameters find a particular solution of y' —2y" +y =e*. b)
Find a particular solution using undetermined coefficients. c) Are the two solutions you found the
same? What is going on?
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Exercise 2.5.8: Find a particular solution of y” — 2y’ +y = sin(x?). It is OK to leave the answer as
a definite integral.

Exercise 2.5.101: Find a particular solution to y"' —y' +y = 2 sin(3x)

Exercise 2.5.102: a) Find a particular solution to y” + 2y = e* + x>. b) Find the general solution.

Exercise 2.5.103: Solve y” +2y +y = x> y(0) =1, y(0) = 2.

Exercise 2.5.104: Use variation of parameters to find a particular solution of y”' —y = #
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2.6 Forced oscillations and resonance

Note: 2 lectures, §3.6 in [EP], §3.8 in [BD]

Let us return back to the mass on a spring example. We will k F)
now consider the case of forced oscillations. That is, we will m >
consider the equation

mx"” +cx' + kx = F(t) damping ¢

for some nonzero F(¢). The setup is again: m is mass, c is friction, k is the spring constant and F'(¢)
is an external force acting on the mass.

What we are interested in is periodic forcing, such as noncentered rotating parts, or perhaps
loud sounds, or other sources of periodic force. Once we learn about Fourier series in chapter 4
we will see that we cover all periodic functions by simply considering F(t) = F cos(wt) (or sine
instead of cosine, the calculations will be essentially the same).

2.6.1 Undamped forced motion and resonance

First let us consider undamped (¢ = 0) motion for simplicity. We have the equation
mx” + kx = Fy cos(wt).
This equation has the complementary solution (solution to the associated homogeneous equation)
x. = C; cos(wpt) + C, sin(wpt),

where wy = V¥/m is the natural frequency (angular). It is the frequency at which the system “wants
to oscillate” without external interference.

Let us suppose that wy # w. We try the solution x, = A cos(wt) and solve for A. Note that we
need not have sine in our trial solution as on the left hand side we will only get cosines anyway. If
you include a sine it is fine; you will find that its coefficient will be zero (I could not find a rhyme).

We solve using the method of undetermined coefficients. We find that

F
Xy = 2—0 cos(wr).
m(wy — w?)

We leave it as an exercise to do the algebra required.
The general solution is

x = C; cos(wpt) + Cy sin(wot) + cos(wr).

m(w; — w?)
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or written another way

x = Ccos(wot —y) + cos(wt).

m(w} — w?)
Hence it is a superposition of two cosine waves at different frequencies.

Example 2.6.1: Take
0.5x"” + 8x = 10 cos(nt), x(0) =0, X' (0)=0.

Let us compute. First we read off the parameters: w = 7w, wy = V8/05 =4, Fy = 10, m = 0.5.
The general solution is

20
x = C; cos(4t) + C, sin(4t) + ——— cos(nt).

16 — 72
Solve for C; and C, using the initial conditions. It is easy to see that C; = 16‘—322 and C; = 0.
Hence
X = cos(rmt) — cos(41)).
e (cos(at) — cos(4)
Notice the “beating” behavior in Figure 2.5.
10 5 1o 15 »,,  First use the trigonometric identity

. (A-By . (A+B
ZSm( )sm(

) =cosB—cosA
to get that

B 20 )i 4—7rt sin 4+7rt
x_16—712 sin > 5 .

Notice that x is a high frequency wave modulated
by a low frequency wave.

-10 . : : -10
Now suppose that wy = w. Obviously, we
Figure 2.5: Graph of %(cos(m) — cos(41)).  cannot try the solution A cos(wr) and then use the
method of undetermined coefficients. We notice
that cos(wt) solves the associated homogeneous equation. Therefore, we need to try x, = Az cos(w?)+
Bt sin(wt). This time we do need the sine term since the second derivative of # cos(wt) does contain
sines. We write the equation

F
¥+ wrx = =2 cos(wt).
m

Plugging into the left hand side we get

F
2Bw cos(wt) — 2Aw sin(wt) = —2 cos(w?).
m
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Hence A =0and B = ZF—O Our particular solution is 2& ¢ sin(wt) and our general solution is
mw mw

Fy

x = Cy cos(wt) + C, sin(wt) + t sin(wt).
w

The important term is the last one (the particular solution we found). We can see that this term

grows without bound as # — co. In fact it oscillates between =~ and 2% The first two terms only

2mw 2mw *
oscillate between + /C? + C3, which becomes smaller and smaller in proportion to the oscillations
of the last term as ¢ gets larger. In Figure 2.6 we see the graph withC; = C, =0, Fo =2, m = 1,
w=m.

By forcing the system in just the right fre-
quency we produce very wild oscillations. This
kind of behavior is called resonance or sometimes
pure resonance. Sometimes resonance is desired.
For example, remember when as a kid you could
start swinging by just moving back and forth on
the swing seat in the correct “frequency”? You
were trying to achieve resonance. The force of
each one of your moves was small, but after a
while it produced large swings.

On the other hand resonance can be destruc-
tive. In an earthquake some buildings collapse
while others may be relatively undamaged. This
Figure 2.6: Graph of %t sin(7t). is due to different buildings having different reso-

nance frequencies. So figuring out the resonance

frequency can be very important.
A common (but wrong) example of destructive force of resonance is the Tacoma Narrows bridge
failure. It turns out there was a different phenomenon at play there”.

2.6.2 Damped forced motion and practical resonance

In real life things are not as simple as they were above. There is, of course, some damping. Our
equation becomes
mx” + cx' + kx = Fycos(wt), (2.8)

for some ¢ > 0. We have solved the homogeneous problem before. We let

c k
Wy = —.

P=om m

*K. Billah and R. Scanlan, Resonance, Tacoma Narrows Bridge Failure, and Undergraduate Physics Textbooks,
American Journal of Physics, 59(2), 1991, 118-124, http://www.ketchum.org/billah/Billah-Scanlan.pdf
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We replace equation (2.8) with
F
X+ 2px + wix = =2 cos(wr).
m

We find the roots of the characteristic equation of the associated homogeneous problem are ry,r, =

—p £ {/p* — w}. The form of the general solution of the associated homogeneous equation depends

2

o> Or equivalently on the sign of c? — 4km, as we have seen before. That is

on the sign of p? — w

Cie"' + Cye™ if ¢2 > 4km,
X, =3Cre7 P + Cyte ™ if ¢? = 4km,

e P'(C; cos(wt) + Cy sin(w, 1)) if 2 < 4km ,
where w; = | /w% — p?. In any case, we can see that x.(f) — 0 as t — co. Furthermore, there can
be no conflicts when trying to solve for the undetermined coefficients by trying x, = A cos(wt) +

Bsin(wt). Let us plug in and solve for A and B. We get (the tedious details are left to reader)

(W} — w*)B - 2wpA) sin(wt) + (W] — W*)A + 2wpB) cos(wt) = % cos(wt).

We get that
Ao (w§ — wFy
mQRwp)* + m(w% - w2)2
B 2wpFy

mQRwp)* + m(w; — wz)z.

We also compute C = VA? + B? to be

F
C= - .
m \/(2(1)[7)2 + (W — w?)’
Thus our particular solution is
w? — W*)F, 2wpF
X, = (@) )Fo cos(wt) + it il 5 sin(wt).

2

mQwp)* + m(w; — w?) mQwp)* + m(w; — w?)

Or in the alternative notation we have amplitude C and phase shift y where (if w # wy)

( B 2wp
any_Z_w%—wz'
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Hence we have

Fy

m \/(pr)2 + (wj — a)2)2

Xp cos(wt —y).

If w=wyweseethat A=0,B=C = 2nfs)p»and7:”/2-

The exact formula is not as important as the idea. You should not memorize the above formula,
you should remember the ideas involved. For different forcing function F, you will get a different
formula for x,. So there is no point in memorizing this specific formula. You can always recompute
it later or look it up if you really need it.

For reasons we will explain in a moment, we will call x, the transient solution and denote it
by x;,. We will call the x, we found above the steady periodic solution and denote it by x;,. The
general solution to our problem is

X = Xe+ Xp = Xy + Xgp.

We note that x. = x,. goes to zero as t — oo,
as all the terms involve an exponential with a 0 s 10 i 20
negative exponent. Hence for large ¢, the effect
of x, is negligible and we will essentially only
see x,,. Hence the name transient. Notice that
Xgp involves no arbitrary constants, and the initial
conditions will only affect x,,. This means that
the effect of the initial conditions will be negli-
gible after some period of time. Because of this
behavior, we might as well focus on the steady
periodic solution and ignore the transient solu-
tion. See Figure 2.7 for a graph of different initial L . L . 1
conditions.

Notice that the speed at which x,,. goes to zero  Figure 2.7: Solutions with different initial con-
depends on p (and hence ¢). The bigger p is (the ditions for parameters k = 1, m = 1, Fy = 1,
bigger c is), the “faster” x,, becomes negligible. ¢ =0.7, and w = 1.1.

So the smaller the damping, the longer the “tran-

sient region.” This agrees with the observation

that when ¢ = 0, the initial conditions affect the behavior for all time (i.e. an infinite “transient
region”).

Let us describe what we mean by resonance when damping is present. Since there were no
conflicts when solving with undetermined coefficient, there is no term that goes to infinity. What we
will look at however is the maximum value of the amplitude of the steady periodic solution. Let C
be the amplitude of x,,. If we plot C as a function of w (with all other parameters fixed) we can find
its maximum. We call the w that achieves this maximum the practical resonance frequency. We call
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the maximal amplitude C(w) the practical resonance amplitude. Thus when damping is present we
talk of practical resonance rather than pure resonance. A sample plot for three different values of ¢
is given in Figure 2.8. As you can see the practical resonance amplitude grows as damping gets
smaller, and any practical resonance can disappear when damping is large.

0.0 0.5 1.0 1.5 2.0 2.5 3.0
T T T T T

25

20

0.5

Figure 2.8: Graph of C(w) showing practical resonance with parameters k = 1, m = 1, Fy = 1. The
top line is with ¢ = 0.4, the middle line with ¢ = 0.8, and the bottom line with ¢ = 1.6.

To find the maximum we need to find the derivative C’(w). Computation shows

—4w2p?* + W — WA)F,
C,(CL)): (p ()) 0

m(Qwp) + (@2 - )

This is zero either when w = 0 or when 2p* + w? — w§ = 0. In other words, C’(w) = 0 when

W= (w}-2p* or w=0.

It can be shown that if w% — 2p? is positive, then /w% — 2p? is the practical resonance frequency

(that is the point where C(w) is maximal, note that in this case C’(w) > 0 for small w). If o = 0 is
the maximum, then essentially there is no practical resonance since we assume that w > 0 in our
system. In this case the amplitude gets larger as the forcing frequency gets smaller.

If practical resonance occurs, the frequency is smaller than w,. As the damping ¢ (and hence p)
becomes smaller, the practical resonance frequency goes to wy. So when damping is very small, w
is a good estimate of the resonance frequency. This behavior agrees with the observation that when
¢ = 0, then wy is the resonance frequency.

The behavior will be more complicated if the forcing function is not an exact cosine wave, but
for example a square wave. It will be good to come back to this section once we have learned about
the Fourier series.
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2.6.3 Exercises

Exercise 2.6.1: Derive a formula for x,), if the equation is mx” + cx’ + kx = Fy sin(wt). Assume
c>0.

Exercise 2.6.2: Derive a formula for xy), if the equation is mx"” +cx’'+kx = F( cos(wt)+ F cos(3wt).
Assume ¢ > 0.

Exercise 2.6.3: Take mx" + cx’ + kx = Fycos(wt). Fix m > 0 and k > 0. Now think of the function
C(w). For what values of c (solve in terms of m, k, and F) will there be no practical resonance
(that is, for what values of c is there no maximum of C(w) for w > 0).

Exercise 2.6.4: Take mx” + cx’ + kx = Fycos(wt). Fix ¢ > 0 and k > 0. Now think of the function
C(w). For what values of m (solve in terms of c, k, and F,) will there be no practical resonance
(that is, for what values of m is there no maximum of C(w) for w > 0).

Exercise 2.6.5: Suppose a water tower in an earthquake acts as a mass-spring system. Assume
that the container on top is full and the water does not move around. The container then acts as a
mass and the support acts as the spring, where the induced vibrations are horizontal. Suppose that
the container with water has a mass of m = 10,000kg. It takes a force of 1000 newtons to displace
the container 1 meter. For simplicity assume no friction. When the earthquake hits the water tower
is at rest (it is not moving).

Suppose that an earthquake induces an external force F(t) = mAw?* cos(wt).

a) What is the natural frequency of the water tower.

b) If w is not the natural frequency, find a formula for the maximal amplitude of the resulting
oscillations of the water container (the maximal deviation from the rest position). The motion will
be a high frequency wave modulated by a low frequency wave, so simply find the constant in front
of the sines.

c) Suppose A = 1 and an earthquake with frequency 0.5 cycles per second comes. What is the
amplitude of the oscillations. Suppose that if the water tower moves more than 1.5 meter, the tower
collapses. Will the tower collapse?

Exercise 2.6.101: A mass of 4 kg on a spring with k = 4 and a damping constant ¢ = 1. Suppose
that Fy = 2. Using forcing of Fcos(wt). Find the w that causes practical resonance and find the
amplitude.

Exercise 2.6.102: Derive a formula for x, for mx"” + cx’ + kx = Fo cos(wt) + A where A is some
constant. Assume c¢ > Q.

Exercise 2.6.103: Suppose there is no damping in a mass and spring system with m = 5, k = 20,
and Fy = 5. Suppose that w is chosen to be precisely the resonance frequency. a) Find w. b) Find
the aplitude of the oscillations at time t = 100.
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Chapter 3
Systems of ODKEs

3.1 Introduction to systems of ODEs

Note: 1 lecture, §4.1 in [EP], §7.1 in [BD]

Often we do not have just one dependent variable and one equation. And as we will see, we
may end up with systems of several equations and several dependent variables even if we start with
a single equation.

If we have several dependent variables, suppose y;, y2, ..., Y, then we can have a differential
equation involving all of them and their derivatives. For example, y|' = f(y}, 5, Y1, Y2, X). Usually,
when we have two dependent variables we would have two equations such as

y,ll = fi(y,]’y,Z7y1’y23 x)a
¥y = A0 Y5 Y1 y2, %),

for some functions f; and f,. We call the above a system of differential equations. More precisely,
the above is a second order system of ODE:s.

Example 3.1.1: Sometimes a system is easy to solve by solving for one variable and then for the
second variable. Take the first order system

yll =i
y/z =Y1— Y2

with initial conditions of the form y;(0) = 1, y,(0) = 2.

We note that y; = C;e* is the general solution of the first equation. We can then plug this y, into
the second equation and get the equation y, = Ce* — y,, which is a linear first order equation that is
easily solved for y,. By the method of integrating factor we get

C

1
ey, = 7e2x + C,,

85
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ory, = %ex + C,e™. The general solution to the system is, therefore,

Y1 = Clex,
C, .

Y2 = 76’“ + C2€_ .

We can now solve for C; and C, given the initial conditions. We substitute x = 0 and find that
C, =1 and C, = 3/2. Thus the solution is y; = €%, and y, = (1/2)e* + (3/2)e™".

Generally, we will not be so lucky to be able to solve for each variable separately as in the
example above, and we will have to solve for all variables at once.

k As an example application, let us think of mass and spring
systems again. Suppose we have one spring with constant &, but
two masses m; and m,. We can think of the masses as carts, and we
—— > will suppose that they ride along a straight track with no friction. Let
X1 X2

x1 be the displacement of the first cart and x, be the displacement
of the second cart. That is, we put the two carts somewhere with no tension on the spring, and we
mark the position of the first and second cart and call those the zero positions. Then x; measures
how far the first cart is from its zero position, and x, measures how far the second cart is from its
zero position. The force exerted by the spring on the first cart is k(x, — x;), since x, — x; 1s how
far the string is stretched (or compressed) from the rest position. The force exerted on the second
cart is the opposite, thus the same thing with a negative sign. Newton’s second law states that force
equals mass times acceleration. So the system of equations governing the setup is

mlxlf = k(xy — x1),
I’I’L2xg = —k(X2 — Xl).
In this system we cannot solve for the x; or x, variable separately. That we must solve for both

x1 and x, at once is intuitively clear, since where the first cart goes depends exactly on where the
second cart goes and vice-versa.

Before we talk about how to handle systems, let us note that in some sense we need only consider
first order systems. Let us take an n™ order differential equation

y(”) = F(y(”_l), YLy, X).
We define new variables u, ..., u, and write the system
’ —
u] - u2’
uy, = us,
u = Up,

u, = F(l/ln, Up-15...,U2, ul,X).
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We solve this system for uy, u,, ..., u,. Once we have solved for the u’s, we can discard u, through
u, and let y = u;. We note that this y solves the original equation.

A similar process can be followed for a system of higher order differential equations. For
example, a system of k differential equations in k unknowns, all of order n, can be transformed into
a first order system of n X k equations and n X k unknowns.

Example 3.1.2: Sometimes we can use this idea in reverse as well. Let us take the system
X =2y-—x, y = x,

where the independent variable is . We wish to solve for the initial conditions x(0) = 1, y(0) = 0.
If we differentiate the second equation we get y” = x’. We know what x’ is in terms of x and y,
and we know that x = y’.
y'i=x'=2y-—x=2y-y.

So we now have an equation y” +y" — 2y = 0. We know how to solve this equation and we find that
y = Cie7? + C,e'. Once we have y we can plug in to get x.

x=y =-2Ce ¥ + Cye.

We solve for the initial conditions 1 = x(0) = —2C; + C; and 0 = y(0) = C; + C,. Hence, C, = —C,
and 1 = 3C,. So C; = -1/3 and C, = /3. Our solution is

2e7% 4 ¢! —e 2 4 ¢

A T

Exercise 3.1.1: Plug in and check that this really is the solution.

It is useful to go back and forth between systems and higher order equations for other reasons.
For example, the ODE approximation methods are generally only given as solutions for first order
systems. It is not very hard to adapt the code for the Euler method for a first order equation to first
order systems. We essentially just treat the dependent variable not as a number but as a vector. In
many mathematical computer languages there is almost no distinction in syntax.

In fact, this is what IODE was doing when you had it solve a second order equation numerically
in the IODE Project III if you have done that project.

The above example was what we will call a linear first order system, as none of the dependent
variables appear in any functions or with any higher powers than one. It is also autonomous as the
equations do not depend on the independent variable z.

For autonomous systems we can easily draw the so-called direction field or vector field. That is,
a plot similar to a slope field, but instead of giving a slope at each point, we give a direction (and a
magnitude). The previous example x" = 2y — x, ' = x says that at the point (x, y) the direction in
which we should travel to satisfy the equations should be the direction of the vector (2y — x, x) with
the speed equal to the magnitude of this vector. So we draw the vector (2y — x, x) based at the point
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(x,y) and we do this for many points on the xy-plane. We may want to scale down the size of our
vectors to fit many of them on the same direction field. See Figure 3.1.

We can now draw a path of the solution in the plane. That is, suppose the solution is given by
x = f(t), y = g(t), then we can pick an interval of ¢ (say 0 < ¢ < 2 for our example) and plot all
the points (f(z), g(¢)) for ¢ in the selected range. The resulting picture is usually called the phase
portrait (or phase plane portrait). The particular curve obtained we call the trajectory or solution
curve. An example plot is given in Figure 3.2. In this figure the line starts at (1, 0) and travels along
the vector field for a distance of 2 units of 7. Since we solved this system precisely we can compute
x(2) and y(2). We get that x(2) ~ 2.475 and y(2) ~ 2.457. This point corresponds to the top right
end of the plotted solution curve in the figure.
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Figure 3.1: The direction field for x" = 2y — x, Figure 3.2: The direction field for x’ = 2y — x,
Y =x Yy = x with the trajectory of the solution starting
at (1,0)for0 < r < 2.

Notice the similarity to the diagrams we drew for autonomous systems in one dimension. But
now note how much more complicated things become if we allow just one more dimension.

Also note that we can draw phase portraits and trajectories in the xy-plane even if the system is
not autonomous. In this case however we cannot draw the direction field, since the field changes as
t changes. For each r we would get a different direction field.

3.1.1 Exercises

Exercise 3.1.2: Find the general solution of x| = x, — x; + 1, X3 = x».

3x1 = xy + €, Xy = x.

Exercise 3.1.3: Find the general solution of x|

Exercise 3.1.4: Write ay” + by’ + cy = f(x) as a first order system of ODEs.
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Exercise 3.1.5: Write x" +y*y — x> = sin(t), y’ + (X’ + y')*> — x = 0 as a first order system of ODEzs.
Exercise 3.1.101: Find the general solution to y| = 3y, y, = y1 + Y2, y5 = Y1 + ¥3.

Exercise 3.1.102: Solvey’ =2x, x’ = x+y, x(0) = 1, y(0) = 3.

Exercise 3.1.103: Write x'”” = x + t as a first order system.

Exercise 3.1.104: Write y!' +yi +y, =1, Y, +yi —y» = 1* as a first order system.
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3.2 Matrices and linear systems

Note: 1 and a half lectures, first part of §5.1 in [EP], §7.2 and §7.3 in [BD]

3.2.1 Matrices and vectors

Before we can start talking about linear systems of ODEs, we will need to talk about matrices, so
let us review these briefly. A matrix is an m X n array of numbers (m rows and n columns). For
example, we denote a 3 X 5 matrix as follows

A=lay axn ax ay ax

a3 dzp dsz ds4 dss

ayp dap aiz aps 015}

By a vector we will usually mean a column vector, that is an m X 1 matrix. If we mean a row
vector we will explicitly say so (a row vector is a 1 X n matrix). We will usually denote matrices by
upper case letters and vectors by lower case letters with an arrow such as X or b. By 0 we will mean
the vector of all zeros.

It is easy to define some operations on matrices. Note that we will want 1 X 1 matrices to really
act like numbers, so our operations will have to be compatible with this viewpoint.
First, we can multiply by a scalar (a number). This means just multiplying each entry by the

same number. For example,
) 1 2 3] (2 4 6
4 5 6| |8 10 12|
Matrix addition is also easy. We add matrices element by element. For example,
1 23 N 1 1 -1} |2 3 2
4 56 02 4| |4 7 10|

If the sizes do not match, then addition is not defined.

If we denote by 0 the matrix of with all zero entries, by ¢, d some scalars, and by A, B, C some
matrices, we have the following familiar rules.

A+0=A=0+A,
A+B=B+A,
A+B)+C=A+B+0),
c(A+ B)=cA+cB,
(c+d)A =cA+dA.
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Another useful operation for matrices is the so-called transpose. This operation just swaps rows
and columns of a matrix. The transpose of A is denoted by A”. Example:

=12 5

3 6

3.2.2 Matrix multiplication

Let us now define matrix multiplication. First we define the so-called dot product (or inner product)
of two vectors. Usually this will be a row vector multiplied with a column vector of the same size.
For the dot product we multiply each pair of entries from the first and the second vector and we sum
these products. The result is a single number. For example,

b
[a1 ar 613] by = a1b; + aby + azbs.
bs

And similarly for larger (or smaller) vectors.

Armed with the dot product we can define the product of matrices. First let us denote by row;(A)
the i™ row of A and by column;(A) the j™ column of A. For an m X n matrix A and an n X p matrix
B we can define the product AB. We let AB be an m X p matrix whose ij" entry is

row;(A) - column;(B).

Do note how the sizes match up. Example:

[123] (1)_11_
456, 0 o

1
1
1
[1-1+2-1+3-1 1-0+2-1+3-0 1-(—1)+2-1+3-O]_[6 2 1]

4-1+5-1+6-1 4-0+5-1+6-0 4-(-1)+5-1+6-0 15 51

For multiplication we will want an analogue of a 1. This is the so-called identity matrix. The
identity matrix is a square matrix with 1s on the main diagonal and zeros everywhere else. It is
usually denoted by /. For each size we have a different identity matrix and so sometimes we may
denote the size as a subscript. For example, the /3 would be the 3 X 3 identity matrix

1 00
IZI';:OIO
0 01
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We have the following rules for matrix multiplication. Suppose that A, B, C are matrices of the
correct sizes so that the following make sense. Let @ denote a scalar (number).

A(BC) = (AB)C,
A(B+C) = AB + AC,
(B+C)A = BA + CA,

a(AB) = (¢A)B = A(aB),

IA=A=AL

A few warnings are in order.

(1) AB # BA in general (it may be true by fluke sometimes). That is, matrices do not commute.
For example take A = [ 1]and B=[}9].

(i1)) AB = AC does not necessarily imply B = C, even if A is not 0.
(iii) AB = 0 does not necessarily mean that A = 0 or B = 0. For example take A = B=[!].

For the last two items to hold we would need to “divide” by a matrix. This is where the matrix
inverse comes in. Suppose that A and B are n X n matrices such that

AB =1 = BA.

Then we call B the inverse of A and we denote B by A~ If the inverse of A exists, then we call A
invertible. If A is not invertible we sometimes say A is singular.

If A is invertible, then AB = AC does imply that B = C (in particular the inverse of A is unique).
We just multiply both sides by A~! to get A”'AB = A"'!AC or IB = IC or B = C. It is also not hard
to see that (A~ = A.

3.2.3 The determinant

We can now talk about determinants of square matrices. We define the determinant of a 1 X 1 matrix
as the value of its only entry. For a 2 X 2 matrix we define

a b\ def
det([c d]) = ad — bc.

Before trying to compute the determinant for larger matrices, let us first note the meaning of the
determinant. Consider an n X n matrix as a mapping of the n dimensional euclidean space R" to R".
In particular, a 2 X 2 matrix A is a mapping of the plane to itself, where ¥ gets sent to AX. Then the
determinant of A is the factor by which the area of objects gets changed. If we take the unit square
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(square of side 1) in the plane, then A takes the square to a parallelogram of area |det(A)|. The sign
of det(A) denotes changing of orientation (if the axes got flipped). For example, let

1 1
A= [_1 1] .
Then det(A) = 1 + 1 = 2. Let us see where the square with vertices (0, 0), (1,0), (0,1), and (1, 1)
gets sent. Clearly (0, 0) gets sent to (0, 0).

1y {1 1 1[|0| (1 Iy (2

-1 1|{of [-1} -1 1|{1| |1} -1 1|{1|{ (o’
So the image of the square is another square. The image square has a side of length V2 and is
therefore of area 2.

If you think back to high school geometry, you may have seen a formula for computing the area
of a parallelogram with vertices (0, 0), (a, ¢), (b,d) and (a + b, ¢ + d). And it is precisely

e )}

The vertical lines above mean absolute value. The matrix [ 4] carries the unit square to the given
parallelogram.

Now we can define the determinant for larger matrices. We define A;; as the matrix A with the
row and the j column deleted. To compute the determinant of a matrix, pick one row, say the i
row and compute.

l'th

det(4) = > (=1)a;; det(A;)).

J=1

For the first row we get

+a;, det(A;,) if nis odd,

det(A) = ayy det(Ay) — ap det(Arp) + a3 det(A3) — - - )
—aj, det(Ay,) if neven.

We alternately add and subtract the determinants of the submatrices A;; for a fixed i and all j. For a
3 X 3 matrix, picking the first row, we would get det(A) = ay; det(A;) — arp det(An) + ay3 det(A;3).
For example,

N O N

=15-9-6-8)-24-9-6-7)+34-8-5-7)=0.

W
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The numbers (—1)*/ det(A;;) are called cofactors of the matrix and this way of computing the
determinant is called the cofactor expansion. It is also possible to compute the determinant by
expanding along columns (picking a column instead of a row above).

Note that a common notation for the determinant is a pair of vertical lines:

sl d)

I personally find this notation confusing as vertical lines usually mean a positive quantity, while
determinants can be negative. I will not use this notation in this book.

One of the most important properties of determinants (in the context of this course) is the
following theorem.

Theorem 3.2.1. An n X n matrix A is invertible if and only if det(A) # O.

In fact, there is a formula for the inverse of a 2 X 2 matrix

a b|' 1 [d -b

c dl ~ad-bc|-c al
Notice the determinant of the matrix in the denominator of the fraction. The formula only works if
the determinant is nonzero, otherwise we are dividing by zero.

3.2.4 Solving linear systems

One application of matrices we will need is to solve systems of linear equations. This may be best
shown by example. Suppose that we have the following system of linear equations

2X1 + 2X2 + 2X3 = 2,
X1 + XZ+3X3 =5,
X1 +4x+ x3 =10.

Without changing the solution, we could swap equations in this system, we could multiply any
of the equations by a nonzero number, and we could add a multiple of one equation to another
equation. It turns out these operations always suffice to find a solution.

It is easier to write the system as a matrix equation. Note that the system can be written as

2 2 2||x 2
113)62:5.
1 4 1||x| |10
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To solve the system we put the coeflicient matrix (the matrix on the left hand side of the equation)
together with the vector on the right and side and get the so-called augmented matrix

2 2 2|2
I 1 35 |.
1 4 1[10

We apply the following three elementary operations.

(i) Swap two rows.
(i) Multiply a row by a nonzero number.

(ii1) Add a multiple of one row to another row.

We will keep doing these operations until we get into a state where it is easy to read off the answer,
or until we get into a contradiction indicating no solution, for example if we come up with an
equation such as 0 = 1.

Let us work through the example. First multiply the first row by 1/2 to obtain

1 1 1|1 ]
1 1 3|5 1.
1 4 1]10 |
Now subtract the first row from the second and third row.
1 1 1]1]
00 24
0 3 0]9 |

NS}

Multiply the last row by !/3 and the second row by !/

1 1 1]1]
2
|01 03 |
Swap rows 2 and 3.
[ 1 1 1|1 ]
0103
00 1|2

Subtract the last row from the first, then subtract the second row from the first.
1 0 0|4
01 0|3
00 1|2

If we think about what equations this augmented matrix represents, we see that x; = —4, x, = 3,
and x3 = 2. We try this solution in the original system and, voila, it works!
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Exercise 3.2.1: Check that the solution above really solves the given equations.

If we write this equation in matrix notation as

S

AX =

b

. . [222 . 2 ) )
where A is the matrix [ L ?] and b is the vector [ S ] The solution can be also computed via the

inverse,

One last note to make about linear systems of equations is that it is possible that the solution is
not unique (or that no solution exists). It is easy to tell if a solution does not exist. If during the
row reduction you come up with a row where all the entries except the last one are zero (the last
entry in a row corresponds to the right hand side of the equation) the system is inconsistent and
has no solution. For example if for a system of 3 equations and 3 unknowns you find a row such as
[0 O O] 1]in the augmented matrix, you know the system is inconsistent.

You generally try to use row operations until the following conditions are satisfied. The first
nonzero entry in each row is called the leading entry.

(1) There is only one leading entry in each column.
(i) All the entries above and below a leading entry are zero.
(ii1) All leading entries are 1.

Such a matrix is said to be in reduced row echelon form. The variables corresponding to columns
with no leading entries are said to be free variables. Free variables mean that we can pick those
variables to be anything we want and then solve for the rest of the unknowns.

Example 3.2.1: The following augmented matrix is in reduced row echelon form.

1 2 0|3
0011
0 0 00

Suppose the variables are x;, x,, and x3. Then x; is the free variable, x; = 3 — 2x,, and x; = 1.

On the other hand if during the row reduction process you come up with the matrix

1 2 13|3
00 1]|1]¢{,
00 0|3

there is no need to go further. The last row corresponds to the equation Ox; + Ox; + Ox; = 3, which
is preposterous. Hence, no solution exists.
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3.2.5 Computing the inverse

If the coefficient matrix is square and there exists a unique solution ¥to AX = b for any b, then A
is invertible. In fact by multiplying both sides by A~! you can see that ¥ = A7'B. So it is useful to
compute the inverse if you want to solve the equation for many different right hand sides b.

The 2 X 2 inverse can be given by a formula, but it is also not hard to compute inverses of larger
matrices. While we will not have too much occasion to compute inverses for larger matrices than
2 x 2 by hand, let us touch on how to do it. Finding the inverse of A is actually just solving a bunch
of linear equations. If we can solve AX, = &, where &, is the vector with all zeros except a 1 at the
Kkt position, then the inverse is the matrix with the columns X, for k = 1,...,n (exercise: why?).
Therefore, to find the inverse we can write a larger n X 2n augmented matrix [ A | /], where [ is the
identity. We then perform row reduction. The reduced row echelon form of [ A | /] will be of the
form [ I | A~' ] if and only if A is invertible. We can then just read off the inverse A™!.

3.2.6 Exercises

Exercise 3.2.2: Solve [13]X=[2] by using matrix inverse.

. ) 9 -2 -6
Exercise 3.2.3: Compute determinant of [ 536 ]

1
8]. Hint: Expand along the proper row or column
1

OO
= «
oUW

1
Exercise 3.2.4: Compute determinant of [g
8

|

3 . .
2] not invertible? Is there only one such h? Are there several?

to make the calculations simpler.

O

. . 12
Exercise 3.2.5: Compute inverse of [ Iy

Exercise 3.2.6: For which h is é

Infinitely many?

[e A, )

Exercise 3.2.7: For which h is § i} é] not invertible? Find all such h.

Exercise 3.2.8: Solve [—98 T %= [%] )
10 =2 6 |

Exercise 3.2.9: Solve [§ 3 Z] X = [(2)]
633 0
) 2301 [2
Exercise 3.2.10: Solve [ 33 %] X= [2].
343 1
Exercise 3.2.11: Find 3 nonzero 2 X 2 matrices A, B, and C such that AB = AC but B # C.

Exercise 3.2.101: Compute determinant of [% _%1 —(1)5 ]
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Exercise 3.2.102: Find t such that [ !, } | is not invertible.
Exercise 3.2.103: Solve [1 1 ]¥=[1]

. a) Compute

Exercise 3.2.104: Suppose a,b, ¢ are nonzero numbers. Let M = [39], N = [§

M. b) Compute N~'.
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3.3 Linear systems of ODEs

Note: less than 1 lecture, second part of §5.1 in [EP], §7.4 in [BD]

First let us talk about matrix or vector valued functions. Such a function is just a matrix whose
entries depend on some variable. Let us say the independent variable is . Then we write a vector
valued function X(t) as

x1(2)
x(1)
xn=| . |.
X (1)

Similarly a matrix valued function A(t) is

an(®) ap(®) -+ a()

AQ) = 6121.(1) azz'(f) Clzﬁ(f)'

anl(t) an2(t) e ann([)
We can talk about the derivative A’(¢) or %. This is just the matrix valued function whose ij™ entry
isda; J.(t).
Rules of differentiation of matrix valued functions are similar to rules for normal functions. Let
A(t) and B(¢) be matrix valued functions. Let ¢ a scalar and let C be a constant matrix. Then

(A(t) + B(t)) = A'(1) + B'(1),
(A®B(1) = A'(OB(1) + A(HB' (1),
(cA(D) = cA'(1),
(CA(n) = CA' (1),
(A(HC) = A'(1)C.

Note the order of the multiplication in the last two expressions.
A first order linear system of ODE' s is a system that can be written as the vector equation

?'(1) = P()R(1) + f(0),

where P(t) is a matrix valued function, and X(¢) and f(r) are vector valued functions. We will often
suppress the dependence on ¢ and only write ¥’ = PX + f A solution of the system is a vector
valued function ¥ satisfying the vector equation.

For example, the equations

X = 2tx; + e'xy + 17,

/

_ M t
xz_T—x2+e,
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IV 7 A B T
= 1E* ]

We will mostly concentrate on equations that are not just linear, but are in fact constant coefficient
equations. That is, the matrix P will be constant; it will not depend on ¢.

can be written as

When f =0 (the zero vector), then we say the system is homogeneous. For homogeneous linear
systems we have the principle of superposition, just like for single homogeneous equations.

Theorem 3.3.1 (Superposition). Let ¥’ = PX be a linear homogeneous system of ODEs. Suppose

that Xy, ..., %, are n solutions of the equation, then
X= 019?1 +Cz)?2+"' +Cn)?n, (31)
is also a solution. Furthermore, if this is a system of n equations (P is n X n), and X1, ..., X, are

linearly independent, then every solution can be written as (3.1).

Linear independence for vector valued functions is the same idea as for normal functions. The
vector valued functions ¥, X5, ..., X, are linearly independent when

Cl)?l + Cz)?z + -+ Cn)?n = 6
has only the solution ¢; = ¢; = - -+ = ¢, = 0, where the equation must hold for all 7.

Example 3.3.1: ¥, = [ff ], b= [13,], X = [—]’2] are linearly depdendent because ¥, + ¥3 = #», and
this holds for all . Soc¢; = 1, ¢, = —1, and ¢3 = 1 above will work.
On the other hand if we change the example just slightly ¥; = [ff ], X = [?], X = [—1’2 ], then

the functions are linearly independent. First write ¢, X] + 2%, + 345 = 0 and note that it has to hold

for all r. We get that
C1l2 —C3l3 _ 0
cit+cot+cy| |0

In other words ¢;#> — c3t° = 0 and ¢t + ¢t + ¢3 = 0. If we set # = 0, then the second equation
becomes c¢; = 0. But then the first equation becomes c1t> = 0 for all 7 and so ¢; = 0. Thus the
second equation is just co¢ = 0, which means ¢, = 0. So ¢; = ¢; = ¢3 = 0 is the only solution and
and X, X, and X3 are linearly independent.

C])?] + CQ)?Z + C3)?3 =

The linear combination ¢ X} + ¢, X + - - - + ¢, %, could always be written as
X()é,
where X(¢) is the matrix with columns X, ..., X,, and ¢ is the column vector with entries cy, . .., c,.
The matrix valued function X(¢) is called the fundamental matrix, or the fundamental matrix solution.

To solve nonhomogeneous first order linear systems, we use the same technique as we applied
to solve single linear nonhomogeneous equations.
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Theorem 3.3.2. Let ¥’ = P%+ f be a linear system of ODEs. Suppose X, is one particular solution.
Then every solution can be written as
X=X +%,

. . . . ’
where X, is a solution to the associated homogeneous equation (X' = PX).

So the procedure will be the same as for single equations. We find a particular solution to
the nonhomogeneous equation, then we find the general solution to the associated homogeneous
equation, and finally we add the two together.

Alright, suppose you have found the general solution ¥’ = PX + f Now you are given an initial
condition of the form x(¢y) = b for some constant vector b. Suppose that X(7) is the fundamental
matrix solution of the associated homogeneous equation (i.e. columns of X(¢) are solutions). The
general solution can be written as

x(t) = X(1)C + X,(1).

We are seeking a vector ¢ such that
b = R(to) = X(10) + %, (to).
In other words, we are solving for ¢ the nonhomogeneous system of linear equations
X(to)2 = b — %, (ty).
Example 3.3.2: In § 3.1 we solved the system

/
Xl = xl,

/
Xy = X1 — X2,

with initial conditions x;(0) = 1, x,(0) = 2.
. . =g =4 . . .o . .o .
This is a homogeneous system, so f(#) = 0. We write the system and the initial conditions as

>/ 1 0 > =, _ 1
X _[l _l]x, )C(O)-[2

We found the general solution was x; = cje’ and x, = Fe' + cye”". Letting ¢; = 1 and ¢; = 0,

we obtain the solution [(1 fzt)e, ] Letting ¢; = 0 and ¢, = 1, we obtain [le ] These two solutions are
linearly independent, as can be seen by setting ¢ = 0, and noting that the resulting constant vectors
are linearly independent. In matrix notation, the fundamental matrix solution is, therefore,

X(1) = [fe, e(l]-

2

Hence to solve the initial problem we solve the equation

X(0) = b,
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el

After a single elementary row operation we find that ¢ = [3}2 ] Hence our solution is

20 = X()¢ = [fe, ﬁt] H -

1 3
2

or in other words,

e ]
1, 3, -1]"
26 +2€

This agrees with our previous solution.

3.3.1 Exercises

Exercise 3.3.1: Write the system x| = 2x; — 3tx, + sint, x, = e'x; + 3x, + cost in the form
-
% = POE+ f(0).

Exercise 3.3.2: a) Verify that the system X" = [} 3] X has the two solutions [1]e* and [ ;] e . b)
Write down the general solution. c) Write down the general solution in the form x, =7, x, =7 (i.e.
write down a formula for each element of the solution).

Exercise 3.3.3: Verify that [ 1] e and [ !, ] ¢ are linearly independent. Hint: Just plug int = 0.

Exercise 3.3.4: Verify that

be a bit more tricky than in the previous exercise.

1
1
0

1 1 . . :
e' and [—11 ] e' and [—11 ] e are linearly independent. Hint: You must

Exercise 3.3.5: Verify that [ttz] and [;Z] are linearly independent.
Exercise 3.3.101: Are [‘f,’] and [:ﬁ,] linearly independent? Justify.
Exercise 3.3.102: Are [Coslh(’)] , [ﬁt] and [ef] linearly independent? Justify.

Exercise 3.3.103: Write x' = 3x —y + €', y = tx in matrix notation.

Exercise 3.3.104: a) Write x| = 2tx,, x, = 2tx, in matrix notation. b) Solve and write the solution
in matrix notation.
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3.4 Eigenvalue method

Note: 2 lectures, §5.2 in [EP], part of §7.3, §7.5, and §7.6 in [BD]

In this section we will learn how to solve linear homogeneous constant coefficient systems
of ODEs by the eigenvalue method. Suppose we have a linear constant coefficient homogeneous
system

¥’ = PX,

where P is a constant square matrix. Suppose we try to adapt the method for the single constant
coeflicient equation by trying the function V. However, ¥is a vector. So we try ¥ = Ve, where ¥ is
an arbitrary constant vector. We plug this ¥ into the equation to get

Ave = Pvet
We divide by ¢! and notice that we are looking for a scalar A and a vector ¥ that satisfy the equation
AV = PV.

To solve this equation we need a little bit more linear algebra, which we now review.

3.4.1 Eigenvalues and eigenvectors of a matrix

Let A be a constant square matrix. Suppose there is a scalar A and a nonzero vector ¥ such that
AV = AV,

We then call A an eigenvalue of A and V is said to be a corresponding eigenvector.

Example 3.4.1: The matrix [} | ] has an eigenvalue of A = 2 with a corresponding eigenvector [} |

HRARHRE]

Let us see how to compute the eigenvalues for any matrix. We rewrite the equation for an
eigenvalue as
(A - ADV = 0.
We notice that this equation has a nonzero solution v only if A — Al is not invertible. Were it
invertible, we could write (A — A1)"'(A — AI)¥ = (A — A)~'0, which implies # = 0. Therefore, A
has the eigenvalue A if and only if A solves the equation

det(A — Al) = 0.

Consequently, we will be able to find an eigenvalue of A without finding a corresponding
eigenvector. An eigenvector will have to be found later, once A is known.
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|

1 00 2-212 1 1
0 1 Of|=det 1 2-2 0 =
0 01 0 0 2-2

=2-D(Q-V-1)=-A-DHA-2)1-3).

o=
oro—
RO —

Example 3.4.2: Find all eigenvalues of [

We write

and so the eigenvalues are A = 1,4 =2, and 4 = 3.

Note that for an n X n matrix, the polynomial we get by computing det(A — A7) will be of degree
n, and hence we will in general have n eigenvalues. Some may be repeated, some may be complex.

To find an eigenvector corresponding to an eigenvalue A, we write
(A - Al =0,
and solve for a nontrivial (nonzero) vector V. If A is an eigenvalue, this will always be possible.

Example 3.4.3: Find an eigenvector of [i é é] corresponding to the eigenvalue A = 3.

21 1 10 ONN[w] [~-1 1 11w
A-aDpv=|{1 2 0o[=3]0 1 of||wm|=|1 -1 0|n|=
00 2 00 1/[vs] |0 0 =1]|v

It is easy to solve this system of linear equations. We write down the augmented matrix

-1 1 110
1 -1 010},

0 0 -1]0

We write

0.

and perform row operations (exercise: which ones?) until we get
1 -1 0]0
0 0 1]0|.
0 0 00

The equations the entries of ¥ have to satisfy are, therefore, vi — v, = 0, v3 = 0, and v, is a free
variable. We can pick v, to be arbitrary (but nonzero) and let v = v, and of course v3 = 0. For

example, V = [é] Let us verify that we really have an eigenvector corresponding to A = 3:

b 4Bl

Yay! It worked.
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Exercise 3.4.1 (easy): Are eigenvectors unique? Can you find a different eigenvector for A = 3 in
the example above? How are the two eigenvectors related?

Exercise 3.4.2: Note that when the matrix is 2 X 2 you do not need to write down the augmented
matrix and do row operations when computing eigenvectors (if you have computed the eigenvalues
correctly). Can you see why? Try it for the matrix |3 }].

3.4.2 The eigenvalue method with distinct real eigenvalues

OK. We have the system of equations

X' = PX
We find the eigenvalues Ai, A, ..., 4, of the matrix P, and corresponding eigenvectors v, ¥, ..., V,.
Now we notice that the functions #,e!’, ie®, ..., #,e’" are solutions of the system of equations

and hence ¥ = ¢V e + cyihe® + -+ + ¢,V,e" is a solution.

Theorem 3.4.1. Take ¥’ = PX. If P is an n X n constant matrix that has n distinct real eigenvalues
A1, Ao, ..., A, then there exist n linearly independent corresponding eigenvectors vy, Vs, ..., V,, and
the general solution to X' = PX can be written as

X = el + cyihe™ + - + ¢, Ve

The corresponding fundamental matrix solution is X(f) = [ #,et’ he® ... e ]. That
is, X(1) is the matrix whose j™ column is ¥;e*/".

Example 3.4.4: Suppose we take the system

=

Il

—_
SN =

S =

=l

e}
\9}

Find the general solution.
We have found the eigenvalues 1,2,3 earlier. We have found the eigenvector [(})] for the
eigenvalue 3. Similarly we find the eigenvector [ —(1) 1 ] for the eigenvalue 1, and [ _(1)1 ] for the eigenvalue

2 (exercise: check). Hence our general solution is

1 0 1 cre' + cze
X=ci|-1|e+c| 1| +c5|1]|e =|—cie + cre® + c3e].
0 -1 0 —cpe?!
In terms of a fundamental matrix solution
e 0 &[e
¥=X@c=|-e e e||c].

0 —e* 0]||cs
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Exercise 3.4.3: Check that this really solves the system.

Note: If we write a homogeneous linear constant coefficient n™ order equation as a first order
system (as we did in § 3.1), then the eigenvalue equation

det(P—-AI)=0

is essentially the same as the characteristic equation we gotin § 2.2 and § 2.3.

3.4.3 Complex eigenvalues

A matrix might very well have complex eigenvalues even if all the entries are real. For example,
suppose that we have the system
7 = [ ! 1} Py
-1 1|

Let us compute the eigenvalues of the matrix P =[ !, 1].
-4 1 , ,
det(P-an=det|| ~ % |]=0-0'+1=2-20+2=0,

Thus A = 1 +i. The corresponding eigenvectors will also be complex. First take 4 = 1 — i,

(P—(1-i)Di=0,

i1,
-1 i|v7

The equations iv; +v, = 0 and —v; +iv, = 0 are multiples of each other. So we only need to consider
one of them. After picking v, = 1, for example, we have an eigenvector v = [ { |. In similar fashion
we find that [ '] is an eigenvector corresponding to the eigenvalue 1 + i.

We could write the solution as

=13

1 .

i S _ crie1=" — cyie(+
1 I I A e

We would then need to look for complex values ¢ and ¢, to solve any initial conditions. It is perhaps
not completely clear that we get a real solution. We could use Euler’s formula and do the whole
song and dance we did before, but we will not. We will do something a bit smarter first.

We claim that we did not have to look for a second eigenvector (nor for the second eigenvalue).
All complex eigenvalues come in pairs (because the matrix P is real).
First a small side note. The real part of a complex number z can be computed as Z—;Z, where the

bar above z means a + ib = a — ib. This operation is called the complex conjugate. Note that if a is
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a real number, then @ = a. Similarly we can bar whole vectors or matrices. If a matrix P is real,
then P = P. We note that PX = P ¥ = PX. Therefore,

(P — AV = (P — A7,

So if V is an eigenvector corresponding to the eigenvalue 4 = a + ib, then ¥ is an eigenvector
corresponding to the eigenvalue A = a — ib.
Suppose that a + ib is a complex eigenvalue of P, and V is a corresponding eigenvector. Then

— ve(aﬂb)t

=l

1

is a solution (complex valued) of ¥’ = P#. Then note that e*+ = ¢~ and so

is also a solution. The function

- -

X3 = Re xX; = Reve

is also a solution. And X; is real-valued! Similarly as Imz = 57 is the imaginary part, we find that

2i

is also a real-valued solution. It turns out that ¥ and ¥, are linearly independent. We will use
Euler’s formula to separate out the real and imaginary part.

Returning to our problem,

. . . .
A i o ie' cost + e'sint
)?1:[ ]e(l ’)’:[1](e’cost—ze’smt):[ ]

1 e'cost—ie'sint
Then

.
e'sint

ReX’l :[t ],
e’ cost
t
e cost

Im)?l :[ [ ],
—e'sint

are the two real-valued linearly independent solutions we seek.

Exercise 3.4.4: Check that these really are solutions.
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The general solution is

5 e'sint e'cost cie'sint + cre’ cost
X=C1| 4 ) ros = P ;o .
e’ cost —e'sint cie' cost — cre’ sint

This solution is real-valued for real ¢ and ¢,. Now we can solve for any initial conditions that we
may have.

Let us summarize as a theorem.

Theorem 3.4.2. Let P be a real-valued constant matrix. If P has a complex eigenvalue a + ib and a
corresponding eigenvector V, then P also has a complex eigenvalue a — ib with a corresponding
eigenvector V. Furthermore , ¥ = P has two linearly independent real-valued solutions

% = Re e, and % = Im e @i,

So for each pair of complex eigenvalues we get two real-valued linearly independent solutions.
We then go on to the next eigenvalue, which is either a real eigenvalue or another complex eigenvalue
pair. If we had n distinct eigenvalues (real or complex), then we will end up with n linearly
independent solutions.

We can now find a real-valued general solution to any homogeneous system where the matrix
has distinct eigenvalues. When we have repeated eigenvalues, matters get a bit more complicated
and we will look at that situation in § 3.7.

3.4.4 Exercises

Exercise 3.4.5 (easy): Let A be a 3 X 3 matrix with an eigenvalue of 3 and a corresponding

. 1 . >
eigenvector vV = [—31 ] Find AV.

Exercise 3.4.6: a) Find the general solution of x| = 2x,, X, = 3x, using the eigenvalue method
(first write the system in the form ¥’ = AX). b) Solve the system by solving each equation separately
and verify you get the same general solution.

Exercise 3.4.7: Find the general solution of x| = 3x| + Xy, X, = 2x1 + 4x, using the eigenvalue
method.

Exercise 3.4.8: Find the general solution of x| = x| — 2xy, X, = 2x| + X using the eigenvalue
method. Do not use complex exponentials in your solution.

. . . 9 -2 -6 .
Exercise 3.4.9: a) Compute eigenvalues and eigenvectors of A = [Ig 36 ] b) Find the general
solution of ¥’ = AX.

. ) _ -2 -1 -1
Exercise 3.4.10: Compute eigenvalues and eigenvectors of [ 321 ]
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|

[=ESRS

Exercise 3.4.11: Leta,b,c,d, e, f be numbers. Find the eigenvalues of [§

1

= b) Solve the system

;.
Exercise 3.4.102: a) Compute eigenvalues and eigenvectors of A = [ 1, }]. b) Solve the system
X' =AX

(=]l
D — L

Exercise 3.4.101: a) Compute eigenvalues and eigenvectors of A = [

X' =AX

Exercise 3.4.103: Solve x| = x,, X, = x| using the eigenvalue method.

Exercise 3.4.104: Solve x| = x,, X, = —x; using the eigenvalue method.
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3.5 Two dimensional systems and their vector fields

Note: 1 lecture, should really be in [EP] §5.2, but is in [EP] §6.2, parts of §7.5 and §7.6 in [BD]

Let us take a moment to talk about constant coefficient linear homogeneous systems in the plane.
Much intuition can be obtained by studying this simple case. Suppose we have a 2 X 2 matrix P and

the system
X X
= ) 2
[y ] d [y ] 2

The system is autonomous (compare this section to § 1.6) and so we will be able to draw a vector
field. We will be able to visually tell what the vector field looks like and how the solutions behave,
once we find the eigenvalues and eigenvectors of the matrix P.

Case 1. Suppose that the eigenvalues of P

st + -+ ¢ . : ¢, are real and positive. We find two corresponding
eigenvectors and plot them in the plane. For ex-

:F 32 ample, take the matrix [} 1 ]. The eigenvalues are
{ 1 and 2 and corresponding eigenvectors are [} ]

"t : 1" and[!]. See Figure 3.3.

o ER Now suppose that x and y are on the line de-

§ ] termined by an eigenvector v for an eigenvalue A.
A F i+ Thatis, [ y] = aV for some scalar a. Then

: ¢ [ﬂ =P [;] = P(aV) = a(PV) = aAv.

L | | | | |
-3 -2 -1 0 1 2 3

The derivative is a multiple of v and hence points

Figure 3.3: Eigenvectors of P. along the line determined by V. As A > 0, the

derivative points in the direction of ¥ when a is

positive and in the opposite direction when a is

negative. Let us draw the lines determined by the eigenvectors, and let us draw arrows on the lines

to indicate the directions. See Figure 3.4 on the facing page.

We fill in the rest of the arrows and we also draw a few solutions. See Figure 3.5 on the next

page. Notice that the picture looks like a source with arrows coming out from the origin. Hence we
call this type of picture a source or sometimes an unstable node.

Case 2. Suppose both eigenvalues were negative. For example, take the negation of the matrix
in case 1, [ ' Z1]. The eigenvalues are —1 and —2 and corresponding eigenvectors are the same,
[§]and []]. The calculation and the picture are almost the same. The only difference is that the
eigenvalues are negative and hence all arrows are reversed. We get the picture in Figure 3.6 on the
facing page. We call this kind of picture a sink or sometimes a stable node.

Case 3. Suppose one eigenvalue is positive and one is negative. For example the matrix [ L ].
The eigenvalues are 1 and —2 and corresponding eigenvectors are the same, [§] and [ ] We



111

3.5. TWO DIMENSIONAL SYSTEMS AND THEIR VECTOR FIELDS

© ~ - o 3 o @
i AN fﬂzmaaa»;grxwtvv¢e
NN N KNNANRNMNANANAA4 77 7 > > >
INKRNRAN NAANNA[A 447 7 5 5> >
AIRNNNRRKNRN N NNA[4a 497 7 5> >N
NN XK NN MM A[A 4 7 7 > > > > >
INN XK X NN NA[A 4 7 > > 5 332
A IN
~

N N KX X X X ¥

Figure 3.5: Example source vector field with

eigenvectors and solutions.
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eigenvectors and solutions.

[ 9 ] The eigenvalues turn out to be +2i and eigenvectors are [ J;] and [ ;.

We take the eigenvalue 2i and its eigenvector [ J. ] and note that the real and imaginary parts of Ve

Case 4. Suppose the eigenvalues are purely imaginary. That is, suppose the eigenvalues are +ib.

The next three cases we will assume the eigenvalues are complex. In this case the eigenvectors

Figure 3.6: Example sink vector field with  Figure 3.7: Example saddle vector field with
are also complex and we cannot just plot them on the plane.

eigenvectors and solutions.
reverse the arrows on one line (corresponding to the negative eigenvalue) and we obtain the picture

in Figure 3.7. We call this picture a saddle point.

For example, let P
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are

2i —2 sin(21)
1| » | sin(2r)
fm [21‘] ¢ = [2 cos(2)|"
We can take any linear combination of them, and which one we take depends on the initial conditions.
For example, the real part is a parametric equation for an ellipse. Same with the imaginary part and
in fact any linear combination of them. It is not difficult to see that this is what happens in general

when the eigenvalues are purely imaginary. So when the eigenvalues are purely imaginary, we get
ellipses for the solutions. This type of picture is sometimes called a center. See Figure 3.8.

Re[l]em _ [ cos(2f) ],

-3 -2 -1 0 1 2 3 -3 2 -1 0 1 2 3
ST 7 77 77477 25 s s Yy vy yy® SETTT 7 NASNEENaAS AR SAESaRN
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Figure 3.8: Example center vector field. Figure 3.9: Example spiral source vector field.

Case 5. Now suppose the complex eigenvalues have a positive real part. That is, suppose the
eigenvalues are a = ib for some a > 0. For example, let P = [ !, | |. The eigenvalues turn out to be
1 + 2/ and eigenvectors are [ 5] and [ 5, ]. We take 1 + 2i and its eigenvector [ 5; | and find the real
and imaginary of Ve!!*?) are

i —2sin(2t)
Im 1 P20 _ sin(2r)
2i ’

Re [ 21 ] 14200 _ [ cos(21) ] ’

2 cos(2t)

Now note the ¢’ in front of the solutions. This means that the solutions grow in magnitude while
spinning around the origin. Hence we get a spiral source. See Figure 3.9.

Case 6. Finally suppose the complex eigenvalues have a negative real part. That is, suppose the
eigenvalues are —a =+ ib for some a > 0. For example, let P = [ 7! ~1 |. The eigenvalues turn out to
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be —1 + 2i and eigenvectors are | 5, ] and [ J;]. We take —1 — 2i and its eigenvector [ 4, ] and find the

real and imaginary of V"'~ are
1 o _,| cos(2t)
(—1-2iy _
Re [2;‘] ¢ e [2 sin(2t)]’
| Py _,|—sin(2¢)
(=12t _ t
fm [21'] © T [2 cos(2t)]'

Now note the e in front of the solutions. This means that the solutions shrink in magnitude while
spinning around the origin. Hence we get a spiral sink. See Figure 3.10.
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Figure 3.10: Example spiral sink vector field.

We summarize the behavior of linear homogeneous two dimensional systems in Table 3.1.

Eigenvalues Behavior

real and both positive source / unstable node
real and both negative sink / stable node

real and opposite signs saddle

purely imaginary center point / ellipses

complex with positive real part  spiral source
complex with negative real part spiral sink

Table 3.1: Summary of behavior of linear homogeneous two dimensional systems.
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3.5.1 Exercises

Exercise 3.5.1: Take the equation mx" + cx’ + kx = 0, withm > 0, ¢ > 0, k > O for the mass-spring
system. a) Convert this to a system of first order equations. b) Classify for what m, c,k do you get
which behavior. ¢) Can you explain from physical intuition why you do not get all the different kinds
of behavior here?

Exercise 3.5.2: Can you find what happens in the case when P = [} 1]? In this case the eigenvalue
is repeated and there is only one eigenvector. What picture does this look like?

Exercise 3.5.3: Can you find what happens in the case when P = [} 1]? Does this look like any of
the pictures we have drawn?

Exercise 3.5.101: Describe the behavior of the following systems without solving:
a)x =x+y y=x—-y.

b) x| = x1 + x3, X, = 2x,.

c) x; = —2x3, x, =2x;.

d)x' =x+3y, y =-2x—-4y.

e)x =x—4y, vy =-4x+y.

Exercise 3.5.102: Suppose that X' = AX where A is a 2 by 2 matrix with eigenvalues 2 + i. Describe
the behavior.

Exercise 3.5.103: Take [y] =[] ] Draw the vector field and describe the behavior. Is it one
of the behaviours that we have seen before?



3.6. SECOND ORDER SYSTEMS AND APPLICATIONS 115

3.6 Second order systems and applications

Note: more than 2 lectures, §5.3 in [EP], not in [BD]

3.6.1 Undamped mass-spring systems

While we did say that we will usually only look at first order systems, it is sometimes more
convenient to study the system in the way it arises naturally. For example, suppose we have 3
masses connected by springs between two walls. We could pick any higher number, and the math
would be essentially the same, but for simplicity we pick 3 right now. Let us also assume no friction,
that is, the system is undamped. The masses are m;, m,, and m3 and the spring constants are &,
ky, k3, and k4. Let x; be the displacement from rest position of the first mass, and x, and x3 the
displacement of the second and third mass. We will make, as usual, positive values go right (as x;
grows the first mass is moving right). See Figure 3.11.

Figure 3.11: System of masses and springs.

This simple system turns up in unexpected places. For example, our world really consists of
many small particles of matter interacting together. When we try the above system with many more
masses, we obtain a good approximation to how an elastic material will behave. By somehow taking
a limit of the number of masses going to infinity, we obtain the continuous one dimensional wave
equation (that we study in § 4.7). But we digress.

Let us set up the equations for the three mass system. By Hooke’s law we have that the force
acting on the mass equals the spring compression times the spring constant. By Newton’s second
law we have that force is mass times acceleration. So if we sum the forces acting on each mass and
put the right sign in front of each term, depending on the direction in which it is acting, we end up
with the desired system of equations.

mix{ = —kix; + ky(xy = x1) = —(k; + kp)x1 + kpxy,
myxy = —ka(xy — x1) + k3(x3 — x2) =kox; — (ky + k3)xp + k3 x3,
msxy = —k3(x3 — x2) — kax3 = k3xo — (k3 + k) x3.

We define the matrices
ny 0 0 —(kl + kg) kz 0

M=10 my 0 and K = k2 —(kz + k3) k3 .
0 0 my 0 k3 —(kg + k4)
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We write the equation simply as
M@ = K%

At this point we could introduce 3 new variables and write out a system of 6 equations. We claim
this simple setup is easier to handle as a second order system. We will call X the displacement
vector, M the mass matrix, and K the stiffness matrix.

Exercise 3.6.1: Repeat this setup for 4 masses (find the matrices M and K). Do it for 5 masses.
Can you find a prescription to do it for n masses?

As with a single equation we will want to “divide by M.” This means computing the inverse of
M. The masses are all nonzero and M is a diagonal matrix, so comping the inverse is easy.

- 0 0
M'={0 - 0
0 0 L

m3

This fact follows readily by how we multiply diagonal matrices. You should verify that MM~ =
M™'M = I as an exercise.

Let A = M~'K. We look at the system ¥ = M~'K#, or
X" =AX

Many real world systems can be modeled by this equation. For simplicity, we will only talk about
the given masses-and-springs problem. We try a solution of the form

= at

N
X =ve .

We compute that for this guess, ¥ = a?Ve®. We plug our guess into the equation and get

a*ve™ = Ave™.

We can divide by e* to get that oV = AV. Hence if o? is an eigenvalue of A and ¥is a corresponding
eigenvector, we have found a solution.

In our example, and in other common applications, it turns out that A has only real negative
eigenvalues (and possibly a zero eigenvalue). So we will study only this case. When an eigenvalue A
is negative, it means that o> = A is negative. Hence there is some real number w such that —w? = A.
Then o = +iw. The solution we guessed was

X = V(cos(wr) + i sin(wt)).

By taking real and imaginary parts (note that v is real), we find that Vcos(wt) and Vsin(wt) are
linearly independent solutions.

If an eigenvalue is zero, it turns out that both ¥ and V¢ are solutions, where V' is a corresponding
eigenvector.
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Exercise 3.6.2: Show that if A has a zero eigenvalue and V is a corresponding eigenvector, then
=V a + bt) is a solution of X" = AZ for arbitrary constants a and b.

Theorem 3.6.1. Let A be an n X n matrix with n distinct real negative eigenvalues we denote by
—wi > —w5 > -+ > —w?, and corresponding eigenvectors by Vi, Vs, ..., V,. If A is invertible (that
is, if w; > 0), then

n

X() = Z Vi(a; cos(w;t) + b; sin(w;t)),

i=1

is the general solution of
>/ 2
X = AX,

for some arbitrary constants a; and b;. If A has a zero eigenvalue, that is w, = 0, and all other
eigenvalues are distinct and negative, then the general solution can be written as

5(t) = Vi@ + bit) + ) i@ cos(wit) + b sin(wit)).
=2

Note that we can use this solution and the setup from the introduction of this section even when
some of the masses and springs are missing. For example, when there are say 2 masses and only 2
springs, simply take only the equations for the two masses and set all the spring constants for the
springs that are missing to zero.

3.6.2 Examples

Example 3.6.1: Suppose we have the system in Figure 3.12, with m; = 2, m, = 1, k; = 4, and
k2 = 2

Figure 3.12: System of masses and springs.

The equations we write down are

2 0],
o 1" ~

-4+2) 2],
2 =217

or
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We find the eigenvalues of A to be 4 = —1, —4 (exercise). Now we find corresponding eigenvec-
tors to be [ 1] and [ !, | respectively (exercise).
We check the theorem and note that w; = 1 and w, = 2. Hence the general solution is

1

1 (ay cos(2t) + b sin(21)).

= B] (ay cos(t) + by sin(?)) +

The two terms in the solution represent the two so-called natural or normal modes of oscillation.
And the two (angular) frequencies are the natural frequencies. The two modes are plotted in

Figure 3.13.

0.0 2.5 5.0 7.5 10.0 0.0 25 5.0 7.5 10.0

2

0.0 25 5.0 75 10.0

Figure 3.13: The two modes of the mass-spring system. In the left plot the masses are moving in
unison and the right plot are masses moving in the opposite direction.

Let us write the solution as

_11 ¢y cos(2t — ap).

X= [;] ¢ cos(t —ay) +

The first term,
[;] cicos(t—ap) = [ c1cos(t —ay) ] ,

2¢q cos(t — ay)

corresponds to the mode where the masses move synchronously in the same direction.
The second term,
1 cycos(2t — a
[_l]czcos(Zt—az): [ 2 €08( 2) ],

—cy cos(2f — ap)
corresponds to the mode where the masses move synchronously but in opposite directions.

The general solution is a combination of the two modes. That is, the initial conditions determine
the amplitude and phase shift of each mode.
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Example 3.6.2: We have two toy rail cars. Car 1 of mass 2kg is traveling at 3 ms towards the
second rail car of mass 1kg. There is a bumper on the second rail car that engages at the moment
the cars hit (it connects to two cars) and does not let go. The bumper acts like a spring of spring
constant k = 2N/m. The second car is 10 meters from a wall. See Figure 3.14.

—_—
k

Figure 3.14: The crash of two rail cars.

10 meters

We want to ask several question. At what time after the cars link does impact with the wall
happen? What is the speed of car 2 when it hits the wall?

OK, let us first set the system up. Let # = O be the time when the two cars link up. Let x; be the
displacement of the first car from the position at # = 0, and let x, be the displacement of the second
car from its original location. Then the time when x,(#) = 10 is exactly the time when impact with
wall occurs. For this 7, x(7) is the speed at impact. This system acts just like the system of the
previous example but without k;. Hence the equation is

2 0., [-2 2],
0o 1" T2 -—2*

> _1 1 N
X = 2 ) X.

We compute the eigenvalues of A. It is not hard to see that the eigenvalues are 0 and —3 (exercise).
Furthermore, eigenvectors are [ ! | and [ , | respectively (exercise). We note that w, = V3 and we
use the second part of the theorem to find our general solution to be

L
=

or

(al + b]l‘) +

_12 (a2 cos(V3 1) + by sin(V31))
ay + byt + ap cos(V3 1) + by sin(V3 1) ]

ay + byt — 2a, cos(V3 1) = 2b, sin(V3 1)

We now apply the initial conditions. First the cars start at position 0 so x;(0) = 0 and x,(0) = 0.
The first car is traveling at 3 "5, so x](0) = 3 and the second car starts at rest, so x5(0) = 0. The first
conditions says

0 = %0) =

a) + ap
a —2612 '



120 CHAPTER 3. SYSTEMS OF ODES

It is not hard to see that this implies that a; = a, = 0. We plug @, and a, and differentiate to get

) = b, + V3b, cos(\/gt)]
by =2V3bycos(V3 )|
So i
3] L. [bi+ V3b
[J‘X(m"m—zﬁwj'

It is not hard to solve these two equations to find b; = 2 and b, = \/% Hence the position of our cars

is (until the impact with the wall)

-
X =

m+%mmﬁn
m—%mm@ﬂ‘

Note how the presence of the zero eigenvalue resulted in a term containing ¢. This means that the
carts will be traveling in the positive direction as time grows, which is what we expect.

What we are really interested in is the second expression, the one for x,. We have x,(¢) =
2t — % sin(V3 7). See Figure 3.15 for the plot of x, versus time.

I I I I I
0 1 2 3 4 5 6

Figure 3.15: Position of the second car in time (ignoring the wall).

Just from the graph we can see that time of impact will be a little more than 5 seconds from
time zero. For this we have to solve the equation 10 = x,(f) = 27 - % sin(V3 7). Using a computer
(or even a graphing calculator) we find that #mpac & 5.22 seconds.

As for the speed we note that x; =2 -2 cos(V31). At time of impact (5.22 seconds from ¢ = 0)
we get that xJ (fimpact) ~ 3.85.

The maximum speed is the maximum of 2 — 2 cos(V3 1), which is 4. We are traveling at almost
the maximum speed when we hit the wall.
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Now suppose that Bob is a tiny person sitting on car 2. Bob has a Martini in his hand and would
like to not spill it. Let us suppose Bob would not spill his Martini when the first car links up with
car 2, but if car 2 hits the wall at any speed greater than zero, Bob will spill his drink. Suppose Bob
can move car 2 a few meters towards or away from the wall (he cannot go all the way to the wall,
nor can he get out of the way of the first car). Is there a “safe” distance for him to be in? A distance
such that the impact with the wall is at zero speed?

The answer is yes. Looking at Figure 3.15 on the facing page, we note the “plateau” between
t = 3 and ¢ = 4. There is a point where the speed is zero. To find it we need to solve x}(r) = 0. This

is when cos(\/§ ) = 1 or in other words when ¢ = 27’%, 47”5, ... and so on. We plug in the first value to
obtain x, (2—”) = 4L ~7.26. So a “safe” distance is about 7 and a quarter meters from the wall.

Alternatively Bob could move away from the wall towards the incoming car 2 where another
safe distance is 87’% ~ 14.51 and so on, using all the different ¢ such that x}(r) = 0. Of course = 0 is
always a solution here, corresponding to x, = 0, but that means standing right at the wall.

3.6.3 Forced oscillations
Finally we move to forced oscillations. Suppose that now our system is
" = AR+ F cos(wi). (3.3)

That is, we are adding periodic forcing to the system in the direction of the vector F.

Just like before this system just requires us to find one particular solution X, add it to the general
solution of the associated homogeneous system X, and we will have the general solution to (3.3).
Let us suppose that w is not one of the natural frequencies of ¥” = AX, then we can guess

X, = ccos(wt),

where ¢ is an unknown constant vector. Note that we do not need to use sine since there are only
second derivatives. We solve for ¢ to find X,. This is really just the method of undetermined
coefficients for systems. Let us differentiate ¥, twice to get

%) = —w*@cos(wt).
Now plug into the equation
—w*ecos(wt) = AZcos(wt) + F cos(wt)
We can cancel out the cosine and rearrange the equation to obtain

(A + WD = —F.

So 1
é=(A+ D) (=F).
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Of course this this is possible only if (A + w*I) = (A — (—w?)I) is invertible. That matrix is invertible
if and only if —w? is not an eigenvalue of A. That is true if and only if w is not a natural frequency
of the system.

Example 3.6.3: Let us take the example in Figure 3.12 on page 117 with the same parameters as
before: m; =2, m, = 1, k; =4, and k, = 2. Now suppose that there is a force 2 cos(3¢) acting on
the second cart.

The equation is

X = [_3 ! cos(31).

2 =2

X+ 0
2
We have solved the associated homogeneous equation before and found the complementary solution

to be
(as cos(2t) + b, sin(2t)).

X = B] (ay cos(t) + by sin(1)) + _11

We note that the natural frequencies were 1 and 2. Hence 3 is not a natural frequency, we can
try @cos(3f). We can invert (A + 321)
-1 -1
6 1 A
2 _ _|% 20

([—3 1
2 -2 20 20

-1 - —l -1 0 L
Z=A+o’D) (-F) =% 4;)” 2]:[32].
20 2011 10

Hence,

Combining with what we know the general solution of the associated homogeneous problem to
be we get that the general solution to ¥ = A¥+ F cos(wt) is

1
(az cos(21) + by sin(21)) + | %3 | cos(31).

-1

1
¥=%+Xx,= [2] (a; cos(t) + by sin(r)) +

10

The constants ay, a», by, and b, must then be solved for given any initial conditions.

If w is a natural frequency of the system resonance occurs because we will have to try a particular
solution of the form

- -

X, = ctsin(wt) + Jcos(wt).

That is assuming that all eigenvalues of the coefficient matrix are distinct. Note that the amplitude
of this solution grows without bound as ¢ grows.
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3.6.4 Exercises

Exercise 3.6.3: Find a particular solution to

= [_3 1
X

-

X+

0 cos(21).

12 =2 2

Exercise 3.6.4 (challenging): Let us take the example in Figure 3.12 on page 117 with the same
parameters as before: my = 2, ky = 4, and k, = 2, except for m,, which is unknown. Suppose
that there is a force cos(5t) acting on the first mass. Find an m, such that there exists a particular
solution where the first mass does not move.

Note: This idea is called dynamic damping. In practice there will be a small amount of damping
and so any transient solution will disappear and after long enough time, the first mass will always
come to a stop.

Exercise 3.6.5: Let us take the Example 3.6.2 on page 119, but that at time of impact, cart 2 is
moving to the left at the speed of 3. a) Find the behavior of the system after linkup. b) Will the
second car hit the wall, or will it be moving away from the wall as time goes on. c) at what speed
would the first car have to be traveling for the system to essentially stay in place after linkup.

Exercise 3.6.6: Let us take the example in Figure 3.12 on page 117 with parameters my = my = 1,
ki = ko = 1. Does there exist a set of initial conditions for which the first cart moves but the second
cart does not? If so, find those conditions. If not, argue why not.

0 6 -3 0

Exercise 3.6.101: Find the general solution to [é % (g)] X" = [_23 %9 ] X+ [Cos(gm ]
Exercise 3.6.102: Suppose there are three carts of equal mass m and connected by two springs of

constant k (and no connections to walls). Set up the system and find its general solution.

Exercise 3.6.103: Suppose a cart of mass 2 kg is attached by a spring of constant k = 1 to a cart of
mass 3 kg, which is attached to the wall by a spring also of constant k = 1. Suppose that the initial
position of the first cart is 1 meter in the positive direction from the rest position, and the second
mass starts at the rest position. The masses are not moving and are let go. Find the position of the
second mass as a function of time.
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3.7 Multiple eigenvalues

Note: 1 or 1.5 lectures, §5.4 in [EP], §7.8 in [BD]

It may very well happen that a matrix has some “repeated” eigenvalues. That is, the characteristic
equation det(A — AI) = 0 may have repeated roots. As we have said before, this is actually unlikely
to happen for a random matrix. If we take a small perturbation of A (we change the entries of A
slightly), then we will get a matrix with distinct eigenvalues. As any system we will want to solve
in practice is an approximation to reality anyway, it is not indispensable to know how to solve these
corner cases. It may happen on occasion that it is easier or desirable to solve such a system directly.

3.7.1 Geometric multiplicity

Take the diagonal matrix

APy

A has an eigenvalue 3 of multiplicity 2. We call the multiplicity of the eigenvalue in the characteristic
equation the algebraic multiplicity. In this case, there also exist 2 linearly independent eigenvectors,
[ ] and [9] corresponding to the eigenvalue 3. This means that the so-called geometric multiplicity
of this eigenvalue is also 2.

In all the theorems where we required a matrix to have n distinct eigenvalues, we only really
needed to have 7 linearly independent eigenvectors. For example, ¥* = AX has the general solution

5 1 0
X=c [O 1]e3t.

Let us restate the theorem about real eigenvalues. In the following theorem we will repeat eigen-
values according to (algebraic) multiplicity. So for the above matrix A, we would say that it has
eigenvalues 3 and 3.

e+ ¢y

Theorem 3.7.1. Take %' = PX. Suppose the matrix P is nxn, has n real eigenvalues (not necessarily
distinct), Ay, ..., A,, and there are n linearly independent corresponding eigenvectors vy, ..., V,.
Then the general solution to the ODE can be written as

At = Ant

X=chel + cyihe™ + -+ ¢, Ve

The geometric multiplicity of an eigenvalue of algebraic multiplicity n is equal to the number of
corresponding linearly independent eigenvectors. The geometric multiplicity is always less than
or equal to the algebraic multiplicity. We have handled the case when these two multiplicities are
equal. If the geometric multiplicity is equal to the algebraic multiplicity, then we say the eigenvalue
is complete.
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In other words, the hypothesis of the theorem could be stated as saying that if all the eigenvalues
of P are complete, then there are n linearly independent eigenvectors and thus we have the given
general solution.

Note that if the geometric multiplicity of an eigenvalue is 2 or greater, then the set of linearly
independent eigenvectors is not unique up to multiples as it was before. For example, for the
diagonal matrix A above we could also pick eigenvectors [ ! | and [ !, ], or in fact any pair of two
linearly independent vectors. The number of linearly independent eigenvectors corresponding to A
is the number of free variables we obtain when solving AV = AV. We then pick values for those free
variables to obtain the eigenvectors. If you pick different values, you may get different eigenvectors.

3.7.2 Defective eigenvalues

If an n X n matrix has less than n linearly independent eigenvectors, it is said to be deficient. Then
there is at least one eigenvalue with an algebraic multiplicity that is higher than its geometric
multiplicity. We call this eigenvalue defective and the difference between the two multiplicities we

call the defect.
31
0 3

has an eigenvalue 3 of algebraic multiplicity 2. Let us try to compute eigenvectors.

o ol

We must have that v, = 0. Hence any eigenvector is of the form [ |. Any two such vectors are
linearly dependent, and hence the geometric multiplicity of the eigenvalue is 1. Therefore, the
defect is 1, and we can no longer apply the eigenvalue method directly to a system of ODEs with
such a coeflicient matrix.

Example 3.7.1: The matrix

The key observation we will use here is that if A is an eigenvalue of A of algebraic multiplicity
m, then we will be able to find m linearly independent vectors solving the equation (A — A1)V = 0.
We will call these generalized eigenvectors.

Let us continue with the example A = [} ! ] and the equation ¥’ = AX. We have an eigenvalue
A = 3 of (algebraic) multiplicity 2 and defect 1. We have found one eigenvector V; = [} ]. We have
the solution

)?1 = \71 €3t.

In this case, let us try (in the spirit of repeated roots of the characteristic equation for a single
equation) another solution of the form
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We differentiate to get
>/ _ = 3t - - 3t _ - - 3t - . 3t
X =viet + 3+ v e’ = By + V) e + 3vite’.
As we are assuming that %, is a solution, %" must equal AX,, and
AR = A(%, + D) e = Ahe™ + AVte’.
By looking at the coefficients of e* and te* we see 3V, + | = A}, and 3V, = A¥,. This means that
(A-3Dh =%, and (A-3D¥ =0.

Therefore, ¥, is a solution if these two equations are satisfied. We know the second of these two
equations is satisfied as V| is an eigenvector. If we plug the first equation into the second we obtain

(A-3DA-3Dh=0, or (A-3D* =0.

If we can, therefore, find a ¥, that solves (A — 31)*¥, = 0 and such that (A - 31V, = V|, then we are
done. This is just a bunch of linear equations to solve and we are by now very good at that.

We notice that in this simple case (A — 37)? is just the zero matrix (exercise). Hence, any vector
% solves (A — 31)%# = 0. We just have to make sure that (A — 31V, = ;. Write

b -

By inspection we see that letting a = 0 (a could be anything in fact) and b = 1 does the job. Hence
we can take ¥, = [9]. Our general solution to ¥’ = A¥is

1 3 1€ + cate
t] e = 3 .
0 coe

0

1 +

1
¥=c | e +c
o 2
Let us check that we really do have the solution. First x| = ¢;3e + c2¢* + 3cate™ = 3x; + x,. Good.
Now X, = 3¢2¢” = 3x,. Good.

Note that the system ¥’ = AX has a simpler solution since A is a so-called upper triangular
matrix, that is every entry below the diagonal is zero. In particular, the equation for x, does not
depend on x;. Mind you, not every defective matrix is triangular.

Exercise 3.7.1: Solve X' = [} }]| % by first solving for x, and then for x, independently. Now check
that you got the same solution as we did above.

Let us describe the general algorithm. First for A of multiplicity 2, defect 1. First find an
eigenvector v of A. Now find a vector ¥, such that

(A= AD*%, =0,
(A= AD%, = V.
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This gives us two linearly independent solutions

\71 eﬂt,

=
Il

)?2 = (\72 + \711‘) €/U.

This machinery can also be generalized to larger matrices and higher defects. We will not go
over this method in detail, but let us just sketch the ideas. Suppose that A has a multiplicity m
eigenvalue 4. We find vectors such that

-

(A — ADY7 =0, but  (A-AD"'v#0.

Such vectors are called generalized eigenvectors. For every eigenvector V; we find a chain of
generalized eigenvectors v, through v such that:

(A — A, =0,
=7

(A= ADV, = vy,

(A — AP, = V1.

We form the linearly independent solutions

t2 tk—Z tk_l A
- - - - - t
X (vk+vk_1t+vk_2§+~--+vz(k_2)'+v1(k_1)')e .

Recall that k! =1-2-3---(k—1) - k is the factorial. We proceed to find chains until we form m
linearly independent solutions (m is the multiplicity). You may need to find several chains for every
eigenvalue.

3.7.3 Exercises

Exercise 3.7.2: Let A = [3 73 |. Find the general solution of ¥’ = A%,

5

Exercise 3.7.3: Let A = [ o . a) What are the eigenvalues? b) What is/are the defect(s) of the

eigenvalue(s)? c) Find the general solution of ¥’ = AX.

-4 4
30
4 -1

Exercise 3.7.4: Let A = [§ é § . a) What are the eigenvalues? b) What isjare the defect(s) of the

eigenvalue(s)? c) Find the general solution of %' = A% in two different ways and verify you get the
same answer.
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Exercise 3.7.5: Let A = :Oi —;2 —jz . a) What are the eigenvalues? b) What is/are the defect(s) of the
eigenvalue(s)? ¢) Find the general solution of ' = AR
Exercise 3.7.6: Let A = —21 —24 :lz . a) What are the eigenvalues? b) What is/are the defect(s) of the
eigenvalue(s)? ¢) Find the general solution of ' = AR

Exercise 3.7.7: Let A =|-1 0 2 |. a) What are the eigenvalues? b) What isjare the defect(s) of the

eigenvalue(s)? c) Find the general solution of ¥’ = AR

Exercise 3.7.8: Suppose that A is a 2 X 2 matrix with a repeated eigenvalue A. Suppose that there
are two linearly independent eigenvectors. Show that A = Al.

Exercise 3.7.101: Let A = [ i i i ] a) What are the eigenvalues? b) What isjare the defect(s) of the

eigenvalue(s)? c) Find the general solution of X’ = AX.

Exercise 3.7.102: Let A = [ _%1 ? §] a) What are the eigenvalues? b) What isj/are the defect(s) of the

eigenvalue(s)? c) Find the general solution of X’ = AX.

Exercise 3.7.103: Let A = [—(2)1 :0% (g)]. a) What are the eigenvalues? b) What isjare the defect(s) of
the eigenvalue(s)? c¢) Find the general solution of X’ = AX.
Exercise 3.7.104: Let A = [} ¢ ], where a, b, and c are unknowns. Suppose that 5 is a doubled

eigenvalue of defect 1, and suppose that |} ] is the eigenvector. Find A and show that there is only
one solution.
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3.8 Matrix exponentials

Note: 2 lectures, §5.5 in [EP], §7.7 in [BD]

3.8.1 Definition

In this section we present a different way of finding the fundamental matrix solution of a system.
Suppose that we have the constant coefficient equation

’
X' =PX,

as usual. Now suppose that this was one equation (P is a number or a 1 X 1 matrix). Then the
solution to this would be

¥=e
It turns out the same computation works for matrices when we define e’ properly. First let us write
down the Taylor series for e* for some number a.

e =1+at+

(a’  (ar)’  (an)* o (an)
> e T T

Recall k! =1-2-3---kis the factorial, and 0! = 1. We differentiate this series term by term

d . , ar a‘f (at)?  (at)®

— (e =a+adt+—+—+--=all+at+ —+—+-- | = ae”.

dt (%) 2 6 2 6

Maybe we can write try the same trick here. Suppose that for an n X n matrix A we define the matrix

exponential as

A def 1o, 13 [V
=I+A+ A+ A+ 4+ —A"+ -
‘ 2" 76 k!
Let us not worry about convergence. The series really does always converge. We usually write Pt
as tP by convention when P is a matrix. With this small change and by the exact same calculation

as above we have that

d tP tP
7 (e ) = Pe'".
Now P and hence ¢'* is an n X n matrix. What we are looking for is a vector. We note that in the
1 x 1 case we would at this point multiply by an arbitrary constant to get the general solution. In the

matrix case we multiply by a column vector .
Theorem 3.8.1. Let P be an n X n matrix. Then the general solution to ' = PX is
=ere

where C is an arbitrary constant vector. In fact ¥(0) = C.
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Let us check.
Cx= S (e"e) = pete=px

Hence e’ is the fundamental matrix solution of the homogeneous system. If we find a way
to compute the matrix exponential, we will have another method of solving constant coeflicient
homogeneous systems. It also makes it easy to solve for initial conditions. To solve ¥’ = AX,
X0) = b, we take the solution

S
2= e"b.

This equation follows because €™ = 1, so #(0) = ¢*b = b.

We mention a drawback of matrix exponentials. In general e**8 # ete®. The trouble is that
matrices do not commute, that is, in general AB # BA. If you try to prove e**8 # ¢e® using the
Taylor series, you will see why the lack of commutativity becomes a problem. However, it is still
true that if AB = BA, that is, if A and B commute, then e¢**2 = ¢%¢®. We will find this fact useful.
Let us restate this as a theorem to make a point.

Theorem 3.8.2. If AB = BA, then e = eeB. Otherwise e’ # e*e® in general.

3.8.2 Simple cases

In some instances it may work to just plug into the series definition. Suppose the matrix is diagonal.
For example, D = [¢9]. Then

k
k_a O
o=[5 3
and
1 1 1 0 a 0 1[a> O 1l 0 et 0
D— —_ 2 —_ 3 c e = —_ —_ e =
e _I+D+2D +6D+ [O 1]+[0 b]+2[0 b2]+6[0 b3]+ [0 eb]'

So by this rationale we have that

;1 _|le O a_ e 0
e —[0 e] and e _[O e“]'
This makes exponentials of certain other matrices easy to compute. Notice for example that the
matrix A = [ 3 4] can be written as 31 + B where B = [ % % ]. Notice that B> = [{9]. So B* =0

for all k > 2. Therefore, ¢ = I + B. Suppose we actually want to compute ¢, The matrices 3t/
and B commute (exercise: check this) and e'® = I + ¢B, since (tB)* = *B*> = 0. We write

(I+1tB) =

e 0
[ 0 e3t

0

3t
e 0
etA — e3t1+rB — e3tletB — [ o
e

1+2t 4t ]

(1+21)e* 4t
-t 1-2¢

—te¥ (1-20e¥|"
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So we have found the fundamental matrix solution for the system ¥’ = A¥. Note that this matrix has
a repeated eigenvalue with a defect; there is only one eigenvector for the eigenvalue 3. So we have
found a perhaps easier way to handle this case. In fact, if a matrix A is 2 X 2 and has an eigenvalue
A of multiplicity 2, then either A is diagonal, or A = AI + B where B> = 0. This is a good exercise.

Exercise 3.8.1: Suppose that A is 2 X 2 and A is the only eigenvalue. Then show that (A — AI)* = 0.
Then we can write A = Al + B, where B*> = 0. Hint: First write down what does it mean for the
eigenvalue to be of multiplicity 2. You will get an equation for the entries. Now compute the square
of B.

Matrices B such that B* = 0 for some k are called nilpotent. Computation of the matrix
exponential for nilpotent matrices is easy by just writing down the first k terms of the Taylor series.

3.8.3 General matrices

In general, the exponential is not as easy to compute as above. We cannot usually write any matrix
as a sum of commuting matrices where the exponential is simple for each one. But fear not, it is still
not too difficult provided we can find enough eigenvectors. First we need the following interesting
result about matrix exponentials. For any two square matrices A and B, we have

BB = BB
This can be seen by writing down the Taylor series. First note that

(BAB™'Y’ = BAB"'BAB™' = BAIAB™' = BA*B™.

And hence by the same reasoning (BAB™!)" = BA*B~!. Now write down the Taylor series for ¢545™".

- 1 1
®5" = I+ BAB™ + E(BAB‘l)Z + E(BAB‘l)S T
y I T B
= BB +BAB™ + 2BA’B™ + ZBA'B + -
1, 1
:B(I+A+§A2+6A3+---)B‘l
= BB

Sometimes we can write a matrix A as EDE~!, where D is diagonal. This procedure is called
diagonalization. If we can do that, you can see that the computation of the exponential becomes
easy. Adding 7 into the mix we see that

etA — EetDE—] .

Now to do this we will need n linearly independent eigenvectors of A. Otherwise this method
does not work and we need to be trickier, but we will not get into such details in this course. We
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let E be the matrix with the eigenvectors as columns. Let A, ..., 4, be the eigenvalues and let ¥/},
..., V, be the eigenvectors, then E = [V, ¥, --- V,]. Let D be the diagonal matrix with the
eigenvalues on the main diagonal. That is

4 0 -+ 0
0 4 - 0
D={(. . |-
0 0 - 2,
We compute
AE =A[V, v - V]
= [A\j’)] AVQ e A\_}n]
= [/ll‘_})l /12‘72 T /111‘711]
=[Vi V% - V,ID
= ED.

The columns of E are linearly independent as these are linearly independent eigenvectors of A.
Hence E is invertible. Since AE = ED, we right multiply by E~!' and we get

A =EDE™".

This means that ¢ = EePE~'. Multiplying the matrix by ¢ we obtain

e/lll 0 ... 0
0 eb .. 0

et=EPET =E| . . L |ETL (3.4)
0 0 ... W

The formula (3.4), therefore, gives the formula for computing the fundamental matrix solution e
for the system ¥’ = A, in the case where we have n linearly independent eigenvectors.

Notice that this computation still works when the eigenvalues and eigenvectors are complex,
though then you will have to compute with complex numbers. Note that it is clear from the definition
that if A is real, then ¢ is real. So you will only need complex numbers in the computation and
you may need to apply Euler’s formula to simplify the result. If simplified properly the final matrix
will not have any complex numbers in it.

Example 3.8.1: Compute the fundamental matrix solution using the matrix exponentials for the

-1 20k
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Then compute the particular solution for the initial conditions x(0) = 4 and y(0) = 2.
Let A be the coefficient matrix [} #]. We first compute (exercise) that the eigenvalues are 3 and
—1 and corresponding eigenvectors are [ | | and [ !, ]. Hence we write

a (11 o1 1]

=l =1llo e||1 -1
[ror][er o]-1[-1 -1
11 =1llo e 2 |-1 1
-1 e et [-1 =1
T2 let —et||-1 1

-1 [_e3t — et _e3t + et

Y 3t t

e3t+e—t e3t_e—t
- 2 2
—el et —eM— e et et |

2 2

The initial conditions are x(0) = 4 and y(0) = 2. Hence, by the property that ¢** = I we find that
the particular solution we are looking for is b where b is [ 4 ]. Then the particular solution we are

looking for is
3t —t 3t —t
X] [e ;e e 26 4
= 31t et o) =
y 2 2

3.8.4 Fundamental matrix solutions

¥ + et
3t _ ,-t]°
3e e

2e +2et M — et
e — Qe+ M+ 7!

We note that if you can compute the fundamental matrix solution in a different way, you can use
this to find the matrix exponential ¢”*. The fundamental matrix solution of a system of ODEs is
not unique. The exponential is the fundamental matrix solution with the property that for r = 0
we get the identity matrix. So we must find the right fundamental matrix solution. Let X be any
fundamental matrix solution to ¥ = AX. Then we claim

et = X0 [XO0)].

Clearly, if we plug t = 0 into X(¢) [X(0)]"' we get the identity. We can multiply a fundamental
matrix solution on the right by any constant invertible matrix and we still get a fundamental matrix
solution. All we are doing is changing what the arbitrary constants are in the general solution
X(1) = X(@)C.

3.8.5 Approximations

If you think about it, the computation of any fundamental matrix solution X using the eigenvalue
method is just as difficult as the computation of 4. So perhaps we did not gain much by this
new tool. However, the Taylor series expansion actually gives us a very easy way to approximate
solutions, which the eigenvalue method did not.
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The simplest thing we can do is to just compute the series up to a certain number of terms. There
are better ways to approximate the exponential®. In many cases however, few terms of the Taylor
series give a reasonable approximation for the exponential and may suffice for the application. For
example, let us compute the first 4 terms of the series for the matrix A = [1 ?].

2 £ 3
R T+IA+ AT+ A =1+t >
2" "6 2 3

1

+7
21
1+t+§t2+%t3 21427+ 17
20422+ 28 1+1+372+ 27|

Just like the scalar version of the Taylor series approximation, the approximation will be better for
small # and worse for larger ¢. For larger ¢, we will generally have to compute more terms. Let us see
how we stack up against the real solution with # = 0.1. The approximate solution is approximately
(rounded to 8 decimal places)

0.1 0.1° [1.12716667 0.22233333]

014 ey VAT (-
e TR+ 01A+ —=ATH = AT = 055033333 1.12716667

And plugging ¢ = 0.1 into the real solution (rounded to 8 decimal places) we get

014 _ |1.12734811 0.22251069
~10.22251069 1.12734811 |

This is not bad at all. Although if we take the same approximation for # = 1 we get (using the Taylor

series)
6.66666667 6.33333333
6.33333333 6.66666667 |’

while the real value is (again rounded to 8 decimal places)

10.22670818 9.85882874
9.85882874 10.22670818|"

So the approximation is not very good once we get up to t = 1. To get a good approximation at

t = 1 (say up to 2 decimal places) we would need to go up to the 11™ power (exercise).

3.8.6 Exercises

Exercise 3.8.2: Using the matrix exponential, find a fundamental matrix solution for the system
X =3x+y Yy =x+3y.

*C. Moler and C.F. Van Loan, Nineteen Dubious Ways to Compute the Exponential of a Matrix, Twenty-Five Years
Later, SIAM Review 45 (1), 2003, 3-49
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Exercise 3.8.3: Find e for the matrix A = [33].

Exercise 3.8.4: Find a fundamental matrix solution for the system x| = Tx; + 4x, + 12x3, x, =

0
1|
-2
A B

Exercise 3.8.6 (challenging): Suppose AB = BA. Show that under this assumption, e**8 = e*eP.

X1+ 2x, + x3, Xy = =3x1 — 2x, — 5x3. Then find the solution that satisfies X =

Exercise 3.8.5: Compute the matrix exponential e* for A = [} ?].

. . -1 _ . . .
Exercise 3.8.7: Use Exercise 3.8.6 to show that (¢*)” = e™. In particular this means that e” is
invertible even if A is not.

Exercise 3.8.8: Suppose A is a matrix with eigenvalues —1, 1, and corresponding eigenvectors | 1],

[9]. @) Find matrix A with these properties. b) Find the fundamental matrix solution to ¥’ = A% c)
Solve the system in with initial conditions %(0) = [3].

Exercise 3.8.9: Suppose that A is an n X n matrix with a repeated eigenvalue A of multiplicity n.
Suppose that there are n linearly independent eigenvectors. Show that the matrix is diagonal, in
particular A = Al. Hint: Use diagonalization and the fact that the identity matrix commutes with
every other matrix.

Exercise 3.8.10: Let A =[7' 1] a) Find . b) Solve %' = A%, ¥(0) = [ L ].

Exercise 3.8.11: Ler A = [12]. Approximate ¢'* by expanding the power series up to the third
order.

Exercise 3.8.101: Compute ¢ where A =4, 7]

1 -3
21
1-3

oo

Exercise 3.8.102: Compute e"* where A = [ ]

Exercise 3.8.103: a) Compute ¢ where A = |3 7']. b) Solve ¥’ = A% for ¥0) = [1].

Exercise 3.8.104: Compute the first 3 terms (up to the second degree) of the Taylor expansion of
e where A = |33 ] (Write as a single matrix). Then use it to approximate "',
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3.9 Nonhomogeneous systems

Note: 3 lectures (may have to skip a little), somewhat different from §5.6 in [EP], §7.9 in [BD]

3.9.1 First order constant coefficient
Integrating factor

Let us first focus on the nonhomogeneous first order equation
=y >, it
xX'(1) = AX() + (1),

where A is a constant matrix. The first method we will look at is the integrating factor method. For
simplicity we rewrite the equation as

2'(1) + PX(1) = f(0),

where P = —A. We multiply both sides of the equation by ¢’* (being mindful that we are dealing
with matrices that may not commute) to obtain

TR (1) + T PR = ¢ f(1).
We notice that Pe'” = ¢'" P. This fact follows by writing down the series definition of e'”,
1 1
Pe'* :P(I+I+tP+ E(IP)2+---) =P+1tP*+ Er2103+--- =

1
= (I+I+tP+ i(rP)2+--- P = Pe'”.
We have already seen that % (elP ) = P¢'P. Hence,

%(etp)?(t)) = ¢ (1.

We can now integrate. That is, we integrate each component of the vector separately
e O f ¢ f(0) di + @
Recall from Exercise 3.8.7 that (¢)”' = ¢~'P. Therefore, we obtain

i) =e* fetpf(t) dt+ee
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Perhaps it is better understood as a definite integral. In this case it will be easy to also solve for
the initial conditions as well. Suppose we have the equation with initial conditions

() + PR1) = f(n,  #0)=b.

The solution can then be written as

) =e® f e f(s)ds + e b, (3.5)
0

Again, the integration means that each component of the vector e*” ﬁs) is integrated separately. It is
not hard to see that (3.5) really does satisfy the initial condition X(0) = b.

-

0
X(0) = e‘OPf espf(s) ds+e b =1b = b.
0

Example 3.9.1: Suppose that we have the system

x]+5x = 3x, = ¢,

Xy +3x; —x, =0,

with initial conditions x;(0) = 1, x,(0) = 0.
Let us write the system as

s Yool ol

We have previously computed e’ for P = [3 73 |. We immediately have ¢

P, simply by negating ¢.

tP

(1+3ne* =3t e | =3ne™ 3te™
3% (1-3ne|" ¢ T 3 (+3ne?|

Instead of computing the whole formula at once. Let us do it in stages. First

f t
f espﬂs) ds :f
0 0
4 3s
_ (1+3s)e
_j; 3se% ] ds

t€3t
=l @=De+1 |-
3

(1+3s)e* =35> ||e* J
3¢ (1-3s)e>|lo|“®
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Then
!
X(1) = e_’Pf e“'Pf(s) ds+e b
0
[ =3pe  3re™ e ] [(A=3ne™ 3 N1
T Bre (143 || Gl 3t (1+3ne |0
~ te? (1-30e™
Tle () e T 3™
[ a-2pe™
B k—%’ + (% - 2t) e |
Phew!

Let us check that this really works.
X, +5x; = 3x, = (dte —de™)+5(1 =2t e H +e' — (1 -61) e =¢'.
Similarly (exercise) x;, + 3x; — x, = 0. The initial conditions are also satisfied as well (exercise).

For systems, the integrating factor method only works if P does not depend on ¢, that is, P is
constant. The problem is that in general

ditefp(t)dz £ P(1) efP(t)dt’

because matrix multiplication is not commutative.

Eigenvector decomposition

For the next method, we note that eigenvectors of a matrix give the directions in which the matrix

acts like a scalar. If we solve our system along these directions these solutions would be simpler as

we can treat the matrix as a scalar. We can put those solutions together to get the general solution.
Take the equation

2'(1) = AR@) + f(0). (3.6)
Assume that A has n linearly independent eigenvectors vy, ..., V,. Let us write
X(O) = V1§10 + V2 &(0) + -+ + P, §,(D). (3.7

That is, we wish to write our solution as a linear combination of eigenvectors of A. If we can solve
. . 9-

for the scalar functions &; through &, we have our solution ¥. Let us decompose f in terms of the

eigenvectors as well. Write

-

(0) =V 81(0) + V2 g2(1) + -+ + V), 8al(D). (3.8)
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That is, we wish to find g, through g, that satisfy (3.8). We note that since all the eigenvectors are
independent, the matrix E = [V, ¥V, --- V,]is invertible. We see that (3.8) can be written as
f = Eg, where the components of g are the functions g; through g,. Then g = E~! f Hence it is
always possible to find & when there are n linearly independent eigenvectors.

We plug (3.7) into (3.6), and note that AV, = A;V.

-

B =ME ARG+ T8,

=AW E +hE+ -+ E)HVIGI g+ + Vg

= AV E +ALE+ -+ AV E VI g+ h g+ + Vg
=V LE+HhLE+ -+ VL, E+VIgi+ g+ V8,
=V (L& +g)+ (L &+ )+ + 7, (4, €+ gn)

If we identify the coefficients of the vectors V| through v, we get the equations

E =&+ 81,
&E=0héE+ g,
g;z = A& + gn-

Each one of these equations is independent of the others. They are all linear first order equations
and can easily be solved by the standard integrating factor method for single equations. That is, for
example for the k™ equation we write

E) = A &r(t) = gi(D).

We use the integrating factor e~*' to find that

di;[fk(f) 8_1”] = e W g (1).

Now we integrate and solve for & to get

&) = e f e g (f) dt + Cre™'.

Note that if we are looking for just any particular solution, we could set C, to be zero. If we leave
these constants in, we will get the general solution. Write X(¢) = V; & (¢) + %, &) + - -+ + V, E,(0),
and we are done.

Again, as always, it is perhaps better to write these integrals as definite integrals. Suppose that
e e, ., -, i - 17 " — - . .
we have an initial condition #(0) = b. We take ¢ = E~'b and note b = ¥, a; + - - - + ¥, ay,, just like
before. Then if we write

!
&(t) = e f e gi(s) dt + are,
0
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we will actually get the particular solution X(¢) = V1£,(¢) + & (F) + - - - + V,&,(¢) satisfying X(0) = b,
because &(0) = a.

Example 3.9.2: Let A = [13]. Solve ' = A%+ f where (1) = [226;] for ¥(0) = [_35//1166]

The eigenvalues of A are —2 and 4 and corresponding eigenvectors are [ !, | and [ | | respectively.
This calculation is left as an exercise. We write down the matrix E of the eigenvectors and compute
its inverse (using the inverse formula for 2 X 2 matrices)

REEE! IR N
e[l e

We are looking for a solution of the form 2= [ 1,]&, +[!]&. We also wish to write f in terms
[ 1

-1

of the eigenvectors. That is we wish to write f = [226;] =[14]1g +[1]g. Thus
81| _ g 2| _ L1 —1||2e"| _ | —1
&l 2t 211 1 (|2t e+t

Sog =€ —tand g, =€ +1.
We further want to write X(0) in terms of the eigenvectors. That is, we wish to write ¥(0) =

[_35//1166]2[_11]a1+[}]a2. Hence
ar| 316 B 1/4
o =5 el = L)

So a; = /4 and a, = ~1/16. We plug our X into the equation and get that

L., |1f. 1 1 1
|:_ll§1+|:1]§2:A[_1 §1+A 1 §2+ -1 &+ 1 82
|1 -2 )+14 + (t—t)+1(’—t)
We get the two equations

/ t 1

fl = —251 +e —1, where nfl(()) =a = Z,
-1

fé = 462 +eé + t, where 62(0) =ap; = 1_6

We solve with integrating factor. Computation of the integral is left as an exercise to the student.
Note that we will need integration by parts.

!
1
& :e_zter’(et—t)dt+Cle_2’:% 5 ) +Ce
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C, is the constant of integration. As &;(0) = !/, then /4 = 1/3 + 1/4 + C; and hence C; = -1/3.
Similarly
_ At —4t ¢t dt + C 4t__e_t_£_i+c 4t
§2—efe (e"+1) 26—3 1716 he.

As &,(0) = /16 we have that -1/16 = -1/3 — /16 + C, and hence C, = /3. The solution is
. 1]{e—e? 1-2¢ 1{e* —e 4t+1 e | 3-1n
X(t) = + + - = -2t 341 ! 16_ .
-1 3 4 1 3 16 € _fe toe +e3 £2¢ 4 %

. 4 _ b, Mot _
That is, x; = “5— + 2372 and x, = <=5+2¢ + 25,

Exercise 3.9.1: Check that x, and x, solve the problem. Check both that they satisfy the differential
equation and that they satisfy the initial conditions.

Undetermined coeflicients

We also have the method of undetermined coefficients for systems. The only difference here is that
we will have to take unknown vectors rather than just numbers. Same caveats apply to undetermined
coeflicients for systems as for single equations. This method does not always work. Furthermore if
the right hand side is complicated, we will have to solve for lots of variables. Each element of an
unknown vector is an unknown number. So in system of 3 equations if we have say 4 unknown
vectors (this would not be uncommon), then we already have 12 unknown numbers that we need to
solve for. The method can turn into a lot of tedious work. As this method is essentially the same as
it is for single equations, let us just do an example.

Example 3.9.3: Let A = [~} 9]. Find a particular solution of ' = A%+ f where f() = [e; ]

Note that we can solve this system in an easier way (can you see how?), but for the purposes of
the example, let us use the eigenvalue method plus undetermined coefficients.

The eigenvalues of A are —1 and 1 and corresponding eigenvectors are [ | | and [ { ] respectively.
Hence our complementary solution is

for some arbitrary constants a; and a,.
We would want to guess a particular solution of

-

S
X=ae +bt+7¢.

However, something of the form de' appears in the complementary solution. Because we do not
yet know if the vector & is a multiple of [ 9| we do not know if a conflict arises. It is possible that
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there is no conflict, but to be safe we should also try bte'. Here we find the crux of the difference for
g . . . g
systems. We try both terms de' and bte' in the solution, not just the term bte’. Therefore, we try

¥=de +bte' +ét+d.
Thus we have 8 unknowns. We write @ = [Z; ] b= [i; ] ¢= [g], andd = [j; ] We plug ¥ into the

equation. First let us compute ¥’.

>/ (=, D\t Pt 2 al+b1 t bl t 1
X —(a+b)e + bte' +C = 4+ by e+ by te' + e
Now %’ must equal A%+ f, which is
AR+ f = Ade' + Abte' + Act+ Ad + f =
— —ai 1 —by ‘ —C1 —d; 11, |0
_[—2a1+a2 ¢ +[—2b1+b2 e +[—201+cz ’+[—2d1+d2]+ 0|¢ " 1]"

We identify the coeflicients of ¢/, t¢’, t and any constant vectors.

a +b1 =—qa; +1,
a, + b2 = —2611 + a,

by = =by,

by, = =2b| + b,
0=—c,
0=-2¢ci+cy+1,
¢ = —dy,

¢ = -2d, + d>.

We could write the 8 x 9 augmented matrix and start row reduction, but it is easier to just solve the
equations in an ad hoc manner. Immediately we see that b; = 0, ¢; = 0, d; = 0. Plugging these
back in, we get that ¢c; = —1 and d, = —1. The remaining equations that tell us something are

a = —a; + 1,
a, + bz = -2a; + a,.

So a; = !/2 and b, = —1. Finally, a, can be arbitrary and still satisfy the equations. We are looking
for just a single solution so presumably the simplest one is when a, = 0. Therefore,

1/2 0 Lot
— 2
T+ [—1} - [—te’—t— 1]'

te' +
0
That is, x; = % e', x; = —te' —t — 1. We would add this to the complementary solution to get the

e+

- -
f:a’e’+bte’+8t+d:[

-1 -1

general solution of the problem. Notice also that both de’ and bte' were really needed.
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Exercise 3.9.2: Check that x; and x, solve the problem. Also try setting a, = 1 and again check
these solutions. What is the difference between the two solutions we can obtain in this way?

As you can see, other than the handling of conflicts, undetermined coefficients works exactly the
same as it did for single equations. However, the computations can get out of hand pretty quickly
for systems. The equation we had done was very simple.

3.9.2 First order variable coefficient

Just as for a single equation, there is the method of variation of parameters. In fact for constant
coeflicient systems, this is essentially the same thing as the integrating factor method we discussed
earlier. However, this method will work for any linear system, even if it is not constant coefficient,
provided we can somehow solve the associated homogeneous problem.

Suppose we have the equation
=A@+ (). (3.9

Further, suppose that we have solved the associated homogeneous equation ¥* = A(¢) ¥ and found
the fundamental matrix solution X(#). The general solution to the associated homogeneous equation
is X(¢)C for a constant vector ¢. Just like for variation of parameters for single equation we try the
solution to the nonhomogeneous equation of the form

Xp = X(0) (1),
where ii(f) is a vector valued function instead of a constant. Now we substitute into (3.9) to obtain
20 = X' id@) + X(0) it (1) = A@r) X (1) ii(t) + f(1).
But X(7) is the fundamental matrix solution to the homogeneous problem, so X’(r) = A(¢#)X(¢), and
X' (1) it(r) + X(0) it (1) = X' (D) @(0) + f ().

Hence X(¢) il (1) = f(£). If we compute [X(1)]™", then i (r) = [X(1)]”" f(£). We integrate to obtain il
and we have the particular solution X, = X(1) ii(f). Let us write this as a formula

%, = X(1) f [(X(0)]™" f(r) dt.

Note that if A is constant and we let X(r) = ", then [X(1)] "' = ¢~ and hence we get a solution
X, =e" f e f(¢) dt, which is precisely what we got using the integrating factor method.

Example 3.9.4: Find a particular solution to

f’——l
2 +1

t =1, || . »
1+ X+ 1 +1). (3.10)
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Here A = ﬁ [ '] is most definitely not constant. Perhaps by a lucky guess, we find that

X =[!7] solves X'(¢) = A()X(¢). Once we know the complementary solution we can easily find a

1
solution to (3.10). First we find
1 ¢
-t 1|

ROIBE

2+1

Next we know a particular solution to (3.10) is

2, = X(1) f [(X()]™" £() dr

(1 ] 1 1 t|]r
1) 2+1|- 1)
] 2t
1f—t2+1 dt
—t"[ 12

1 1|3 +1
1

— 3
2 .3
_gt + 1t

+1)dt

1T 1T
N U )
=~

Adding the complementary solution we have that the general solution to (3.10).

St

Exercise 3.9.3: Check that x; = % t* and x, = % £ + t really solve (3.10).

1.4
3t

Cl—C21‘+%l4
2P+t

C2+(C1+1)[+%t3 )

In the variation of parameters, just like in the integrating factor method we can obtain the general
solution by adding in constants of integration. That is, we will add X(7)¢ for a vector of arbitrary
constants. But that is precisely the complementary solution.

3.9.3 Second order constant coefficients
Undetermined coefficients

We have already previously did a simple example of the method of undetermined coefficients for
second order systems in § 3.6. This method is essentially the same as undetermined coefficients for
first order systems. There are some simplifications that we can make, as we did in § 3.6. Let the

equation be
¥ =AX+ F(),

where A is a constant matrix. If F (1) 1s of the form F, o cos(wt), then we can try a solution of the form

X, = Ccos(wt),
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and we do not need to introduce sines.

If the F is a sum of cosines, note that we still have the superposition principle. If F@) =
Fycos(wot) + F cos(w,?), then we would try dcos(wot) for the problem ¥” = AX + Fy cos(wot),
and we would try b cos(w t) for the problem ¥” = A¥ + F, o cos(wit). Then we sum the solutions.

However, if there is duplication with the complementary solution, or the equation is of the form
2" = AR + B+ F(1), then we need to do the same thing as we do for first order systems.

You will never go wrong with putting in more terms than needed into your guess. You will find
that the extra coefficients will turn out to be zero. But it is useful to save some time and effort.

Eigenvector decomposition
If we have the system
¥’ =AX+ F(1),

we can do eigenvector decomposition, just like for first order systems.
Let Ay, ..., 4, be the eigenvalues and Vi, ..., ¥, be eigenvectors. Again form the matrix
E=[V,---V,]. We write

(1) = Vi &)+ E@) + -+ +V, E).

We decompose F in terms of the eigenvectors
F(0) = #1810) + H g2(0) + -+ + 7, 8,(0).

And again g = E"'F.
Now we plug in and doing the same thing as before we obtain

=R +hE + -+ ,E)
=AW E+RE+ -+ E) Vg H g+ Vg,
=AV &+ AL S+ -+ AV E + VI g+ h g+ V8
L E +hbLE+ P, 0,E+T1 g +hg+ -+,
V(L& +g)+(hé+g)+ o+ V(A &y + &)

We identify the coefficients of the eigenvectors to get the equations

f;’ =04 & + g1,
& =&+ g,
‘f;z/ = A &n + &n-

Each one of these equations is independent of the others. We solve each one of these using
the methods of chapter 2. We write ¥(f) = v, &(f) + -+ - + V, &,(f), and we are done; we have a
particular solution. If we have found the general solution for & through &,, then again X(r) =
Vi &1(8) + - -+ + V, &,(2) is the general solution (and not just a particular solution).
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Example 3.9.5: Let us do the example from § 3.6 using this method. The equation is

21 _3 1
i _[2 5 cos(31).

- 0
T2
The eigenvalues were —1 and —4, with eigenvectors [} ] and [ !, ]. Therefore E = [} ! ] and
E™' = 1[} 1] Therefore,

et -]
22 312 —1{[2cos(31) = cos(31)

So after the whole song and dance of plugging in, the equations we get are
74 2
& ==&+ 3 cos(31),
" 2
& =-4& — 3 cos(31).

For each we can try the method of undetermined coefficients and try C; cos(3¢) for the first equation
and C, cos(3¢) for the second equation. We plug in to get

2
—9C, cos(3t) = —C; cos(31) + 3 cos(31),
2
—-9C, cos(3t) = —4C, cos(31) — 3 cos(31).

Each of these equations we solve separately. We get —9C, = —C; +2/3 and —9C, = —4C, — /3. And
hence C; = -1/12 and C; = ?/15. So our particular solution is

X= B] (I—; cos(3t)) +

This solution matches what we got previously in § 3.6.

(3 cos(3t)) = [_1/ 2100] cos(31).

1
-1|\15 3

3.9.4 Exercises

Exercise 3.9.4: Find a particular solution to X' = x + 2y +2t, ¥y = 3x+ 2y — 4, a) using integrating
factor method, b) using eigenvector decomposition, c) using undetermined coefficients.

Exercise 3.9.5: Find the general solutionto X’ =4x+y— 1,y = x+ 4y — ¢, a) using integrating
factor method, b) using eigenvector decomposition, c) using undetermined coefficients.

Exercise 3.9.6: Find the general solution to x| = —6x1 + 3x, + cos(?), x3 = 2x; — Tx, + 3 cos(1), a)
using eigenvector decomposition, b) using undetermined coefficients.
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Exercise 3.9.7: Find the general solution to x{ = —6x + 3x, + cos(2t), x) = 2x; — Txy + 3 cos(21),
a) using eigenvector decomposition, b) using undetermined coefficients.

Exercise 3.9.8: Take the equation

=y
Il
—

ST,
-~ =

a) Check that

. fsint | t cost
Xe = C1 + .
—f cost ¢ sint

is the complementary solution. b) Use variation of parameters to find a particular solution.

Exercise 3.9.101: Find a particular solution to x’ = Sx+4y+t,y' = x+ 8y —1, a) using integrating
factor method, b) using eigenvector decomposition, c) using undetermined coefficients.

Exercise 3.9.102: Find a particular solution to X' =y + €',y = x + €', a) using integrating factor
method, b) using eigenvector decomposition, c) using undetermined coefficients.

Exercise 3.9.103: Solve x' = x, + t, X, = x1 + t with initial conditions x,(0) = 1, x2(0) = 2, usin
1 2 8
eigenvector decomposition.

Exercise 3.9.104: Solve x| = =3x|+x, +1, X = 9x1 + 5x, +cos(?) with initial conditions x,(0) = 0,
x2(0) =0, x{(0) = 0, x,(0) = 0, using eigenvector decomposition.



148 CHAPTER 3. SYSTEMS OF ODES



Chapter 4

Fourier series and PDEs

4.1 Boundary value problems

Note: 2 lectures, similar to §3.8 in [EP], §10.1 and §11.1 in [BD]

4.1.1 Boundary value problems

Before we tackle the Fourier series, we need to study the so-called boundary value problems (or
endpoint problems). For example, suppose we have

X" +Ax=0, x(a)=0, x(b)=0,

for some constant A, where x(¢) is defined for ¢ in the interval [a, b]. Unlike before, when we
specified the value of the solution and its derivative at a single point, we now specify the value of
the solution at two different points. Note that x = 0 is a solution to this equation, so existence of
solutions is not an issue here. Uniqueness of solutions is another issue. The general solution to
x" + Ax = 0 will have two arbitrary constants present. It is, therefore, natural (but wrong) to believe
that requiring two conditions will guarantee a unique solution.

Example 4.1.1: Take A =1,a =0, b = n. That is,

4

X"+x=0, x(0)=0, x(r)=0.

Then x = sint is another solution (besides x = 0) satisfying both boundary conditions. There are
more. Write down the general solution of the differential equation, which is x = Acost + Bsint.
The condition x(0) = 0 forces A = 0. Letting x(;r) = 0 does not give us any more information as
x = Bsint already satisfies both boundary conditions. Hence, there are infinitely many solutions of
the form x = Bsint, where B is an arbitrary constant.

149
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Example 4.1.2: On the other hand, change to 4 = 2.
X" +2x=0, x(0)=0, x(m)=0.

Then the general solution is x = A cos(\/§ H+B sin(\@ 1). Letting x(0) = O still forces A = 0. We
apply the second condition to find 0 = x(r) = Bsin(V2 7). As sin(V27) # 0 we obtain B = 0.
Therefore x = 0 is the unique solution to this problem.

What is going on? We will be interested in finding which constants A allow a nonzero solution,
and we will be interested in finding those solutions. This problem is an analogue of finding
eigenvalues and eigenvectors of matrices.

4.1.2 Eigenvalue problems

For basic Fourier series theory we will need the following three eigenvalue problems. We will
consider more general equations, but we will postpone this until chapter 5.

X"+Ax=0, x(a)=0, x(b)=0, 4.1)
X"+Ax=0, x'(a)=0, Xx'(b)=0, 4.2)

and
X"+ Ax=0, x(a)=x(b), x'(a)=x(b), 4.3)

A number A is called an eigenvalue of (4.1) (resp. (4.2) or (4.3)) if and only if there exists a nonzero
(not identically zero) solution to (4.1) (resp. (4.2) or (4.3)) given that specific 4. The nonzero
solution we found is called the corresponding eigenfunction.

Note the similarity to eigenvalues and eigenvectors of matrices. The similarity is not just
coincidental. If we think of the equations as differential operators, then we are doing the same exact
thing. For example, let L = —j—;. We are looking for nonzero functions f satisfying certain endpoint
conditions that solve (L — A1) f = 0. A lot of the formalism from linear algebra can still apply here,
though we will not pursue this line of reasoning too far.

Example 4.1.3: Let us find the eigenvalues and eigenfunctions of
xX"+Ax=0, x(0)=0, x(m)=0.

For reasons that will be clear from the computations, we will have to handle the cases 4 > 0,
A =0, 4 < 0 separately. First suppose that 4 > 0, then the general solution to x” + Ax = 0 is

x = Acos(Vat) + Bsin(Va1).
The condition x(0) = 0 implies immediately A = 0. Next

0=ux(n) = Bsin(\/zﬂ).
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If B is zero, then x is not a nonzero solution. So to get a nonzero solution we must have that
sin(VAm) = 0. Hence, VA must be an integer multiple of 7. In other words, VA = k for a
positive integer k. Hence the positive eigenvalues are k? for all integers k > 1. The corresponding
eigenfunctions can be taken as x = sin(k?). Just like for eigenvectors, we get all the multiples of an
eigenfunction, so we only need to pick one.

Now suppose that 4 = 0. In this case the equation is x” = 0 and the general solution is x = A7+ B.
The condition x(0) = 0 implies that B = 0, and x(;r) = 0 implies that A = 0. This means that 4 = 0
is not an eigenvalue.

Finally, suppose that A < 0. In this case we have the general solution

x = A cosh(V=11) + Bsinh(V-1¢).

Letting x(0) = 0 implies that A = 0 (recall coshO = 1 and sinh 0 = 0). So our solution must be
x = Bsinh(V-211) and satisfy x(;r) = 0. This is only possible if B is zero. Why? Because sinh £ is
only zero for & = 0, you should plot sinh to see this. We can also see this from the definition of sinh.
We get 0 = sinht = % Hence ¢’ = ¢™/, which implies ¢ = —¢ and that is only true if t = 0. So
there are no negative eigenvalues.

In summary, the eigenvalues and corresponding eigenfunctions are
A = kP with an eigenfunction x;, = sin(kt) for all integers k > 1.
Example 4.1.4: Let us compute the eigenvalues and eigenfunctions of
X"+Ax=0, X0)=0, x'(m)=0.

Again we will have to handle the cases 4 > 0, 4 = 0, 4 < 0 separately. First suppose that 1 > 0.
The general solutionto x” + Ax=0isx = A cos(VA 1) + Bsin(V11). So

X' = —AVA sin(VA1) + BVA cos(VA1).
The condition x’(0) = 0 implies immediately B = 0. Next
0 = x'(1) = ~A VA sin(VaAn).

Again A cannot be zero if A is to be an eigenvalue, and sin(VA 7r) is only zero if VA = k for a positive
integer k. Hence the positive eigenvalues are again k” for all integers k > 1. And the corresponding
eigenfunctions can be taken as x = cos(k?).

Now suppose that 4 = 0. In this case the equation is x” = 0 and the general solution is x = At+ B
so x' = A. The condition x’(0) = 0 implies that A = 0. Now x’(;r) = 0 also simply implies A = 0.
This means that B could be anything (let us take it to be 1). So 4 = 0 is an eigenvalue and x = 1 is a
corresponding eigenfunction.

Finally, let 4 < 0. In this case we have the general solution x = A cosh(V=11) + Bsinh(V=A211)

and hence
X' = AV-=A sinh(V=-211) + BV-A cosh(V-A1¢).
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We have already seen (with roles of A and B switched) that for this to be zero at t = 0 and t = 7 it
implies that A = B = 0. Hence there are no negative eigenvalues.
In summary, the eigenvalues and corresponding eigenfunctions are

A=k with an eigenfunction x; = cos(kt) for all integers k > 1,
and there is another eigenvalue
Ay =0 with an eigenfunction xo = 1.

The following problem is the one that leads to the general Fourier series.

Example 4.1.5: Let us compute the eigenvalues and eigenfunctions of
X"+ Ax=0, x(-m)=x(x), Xx'(-m)=x'(n).

Notice that we have not specified the values or the derivatives at the endpoints, but rather that they
are the same at the beginning and at the end of the interval.

Let us skip 4 < 0. The computations are the same as before, and again we find that there are no
negative eigenvalues.

For A4 = 0, the general solution is x = At + B. The condition x(—x) = x(;r) implies that A = 0
(Am + B = —Am + B implies A = 0). The second condition x’(—7m) = x’(;r) says nothing about B and
hence A = 0 is an eigenvalue with a corresponding eigenfunction x = 1.

For 4 > 0 we getthat x = A cos(VA 1) + Bsin(VAr). Now

A cos(— VAr) + Bsin(— VAr) = A cos(VAn) + Bsin(VAr).
We remember that cos(—6) = cos(#) and sin(—6) = — sin(d). Therefore,
A cos(\/z ) —B sin(\/z mH=A cos(\//_l m)+ B sin(\//_l 7).

Hence either B = 0 or sin(VAx) = 0. Similarly (exercise) if we differentiate x and plug in the
second condition we find that A = 0 or sin(VA7) = 0. Therefore, unless we want A and B to both be
zero (which we do not) we must have sin(VAx) = 0. Hence, V2 is an integer and the eigenvalues
are yet again A = k? for an integer k > 1. In this case, however, x = A cos(kt) + Bsin(kt) is an
eigenfunction for any A and any B. So we have two linearly independent eigenfunctions sin(k?) and
cos(kt). Remember that for a matrix we could also have had two eigenvectors corresponding to a
single eigenvalue if the eigenvalue was repeated.
In summary, the eigenvalues and corresponding eigenfunctions are

A=Kk with the eigenfunctions cos(kt) and sin(kr) for all integers k > 1,

=0 with an eigenfunction xo = 1.
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4.1.3 Orthogonality of eigenfunctions

Something that will be very useful in the next section is the orthogonality property of the eigen-
functions. This is an analogue of the following fact about eigenvectors of a matrix. A matrix is
called symmetric if A = AT. Eigenvectors for two distinct eigenvalues of a symmetric matrix are
orthogonal. That symmetry is required. We will not prove this fact here. The differential operators
we are dealing with act much like a symmetric matrix. We, therefore, get the following theorem.

Theorem 4.1.1. Suppose that x,(t) and x,(t) are two eigenfunctions of the problem (4.1), (4.2) or
(4.3) for two different eigenvalues A, and A,. Then they are orthogonal in the sense that

b
f x1(Dx(1) dt = 0.

Note that the terminology comes from the fact that the integral is a type of inner product. We
will expand on this in the next section. The theorem has a very short, elegant, and illuminating
proof so let us give it here. First note that we have the following two equations.

X’ll +A4ix1=0 and x’z' + Ax, = 0.
Multiply the first by x, and the second by x; and subtract to get
(/11 - /lz)X]XQ = X;)C] — ng’ll.

Now integrate both sides of the equation.

b b
(A - /lz)f X1Xp dt = f Xy x1 — xpx] dt
a a

" d
= f 7 (X5x1 — xpx)) dt

/ / b
= [xle - xle]t:a =0.
The last equality holds because of the boundary conditions. For example, if we consider (4.1) we
have x(a) = x1(b) = x2(a) = x2(b) = 0 and so x,x; — x,x] is zero at both a and b. As A, # A,, the
theorem follows.

Exercise 4.1.1 (easy): Finish the theorem (check the last equality in the proof) for the cases (4.2)
and (4.3).

We have seen previously that sin(nf) was an eigenfunction for the problem x” + Ax = 0, x(0) = 0,
x(mr) = 0. Hence we have the integral

f sin(mt) sin(nt) dt = 0, when m # n.
0
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Similarly
f cos(mt) cos(nt) dt = 0, when m # n.
0
And finally we also get
f sin(mt) sin(nt) dt = 0, when m # n,
f cos(mt) cos(nt) dt = 0, when m # n,
and

f " cos(mt) sin(nt) dt = 0.

T

4.1.4 Fredholm alternative

We now touch on a very useful theorem in the theory of differential equations. The theorem holds
in a more general setting than we are going to state it, but for our purposes the following statement
is sufficient. We will give a slightly more general version in chapter 5.

Theorem 4.1.2 (Fredholm alternative®). Exactly one of the following statements holds. Either
X"+Ax=0, x(a)=0, x(b)=0 4.4)
has a nonzero solution, or
X'+ Ax=f(t), x(a)=0, x(b)=0 4.5)
has a unique solution for every function f continuous on |a, b].

The theorem is also true for the other types of boundary conditions we considered. The theorem
means that if 4 is not an eigenvalue, the nonhomogeneous equation (4.5) has a unique solution for
every right hand side. On the other hand if A is an eigenvalue, then (4.5) need not have a solution
for every f, and furthermore, even if it happens to have a solution, the solution is not unique.

We also want to reinforce the idea here that linear differential operators have much in common
with matrices. So it is no surprise that there is a finite dimensional version of Fredholm alternative
for matrices as well. Let A be an n X n matrix. The Fredholm alternative then states that either
(A-ADX = 0 has a nontrivial solution, or (A-ADX = b has a solution for every b.

A lot of intuition from linear algebra can be applied for linear differential operators, but one
must be careful of course. For example, one difference we have already seen is that in general a
differential operator will have infinitely many eigenvalues, while a matrix has only finitely many.

*Named after the Swedish mathematician Erik Ivar Fredholm (1866 — 1927).
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4.1.5 Application

Let us consider a physical application of an endpoint problem. Suppose we have a tightly stretched
quickly spinning elastic string or rope of uniform linear density p. Let us put this problem into the
xy-plane. The x axis represents the position on the string. The string rotates at angular velocity w,
so we will assume that the whole xy-plane rotates at angular velocity w. We will assume that the
string stays in this xy-plane and y will measure its deflection from the equilibrium position, y = 0,
on the x axis. Hence, we will find a graph giving the shape of the string. We will idealize the string
to have no volume to just be a mathematical curve. If we take a small segment and we look at the
tension at the endpoints, we see that this force is tangential and we will assume that the magnitude
is the same at both end points. Hence the magnitude is constant everywhere and we will call its
magnitude 7. If we assume that the deflection is small, then we can use Newton’s second law to get
an equation
Ty + pw’y = 0.

Let L be the length of the string and the string is fixed at the beginning and end points. Hence,

¥(0) = 0and y(L) = 0. See Figure 4.1.
N

y

Figure 4.1: Whirling string.

We rewrite the equation as y” + ’%zy = (. The setup is similar to Example 4.1.3 on page 150,

except for the interval length being L instead of 7. We are looking for eigenvalues of y” + 1y =
2
0,y(0) = 0,y(L) = 0 where A = p%. As before there are no nonpositive eigenvalues. With A > 0, the

general solution to the equationisy = A cos(VA x) + Bsin(VA x). The condition y(0) = 0 implies
that A = 0 as before. The condition y(L) = 0 implies that sin(VA L) = 0 and hence VAL = kr for
some integer k > 0, so

pw? kK

A
What does this say about the shape of the string? It says that for all parameters p, w, T not
. . . . .. - .- pw? K2n2
satisfying the above equation, the string is in the equilibrium position, y = 0. When = = 5%,

then the string will “pop out” some distance B at the midpoint. We cannot compute B with the
information we have.
Let us assume that p and T are fixed and we are changing w. For most values of w the string is

knNT

in the equilibrium state. When the angular velocity w hits a value w = = Vi

then the string will pop
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out and will have the shape of a sin wave crossing the x axis k times. When w changes again, the
string returns to the equilibrium position. You can see that the higher the angular velocity the more
times it crosses the x axis when it is popped out.

4.1.6 KExercises

Hint for the following exercises: Note that when A > 0, then cos(VA (f — a)) and sin(VA (f — a)) are
also solutions of the homogeneous equation.

Exercise 4.1.2: Compute all eigenvalues and eigenfunctions of x" + Ax = 0, x(a) = 0, x(b) =0
(assume a < b).

Exercise 4.1.3: Compute all eigenvalues and eigenfunctions of x” + Ax =0, x'(a) =0, x¥'(b) =0
(assume a < b).

Exercise 4.1.4: Compute all eigenvalues and eigenfunctions of X" + Ax =0, x'(a) =0, x(b) =0
(assume a < b).

Exercise 4.1.5: Compute all eigenvalues and eigenfunctions of X" + Ax = 0, x(a) = x(b), x'(a) =
X' (b) (assume a < b).

Exercise 4.1.6: We have skipped the case of A < 0 for the boundary value problem x" + Ax =
0, x(—m) = x(m), X'(—m) = xX'(;). Finish the calculation and show that there are no negative
eigenvalues.

Exercise 4.1.101: Consider a spinning string of length 2 and linear density 0.1 and tension 3. Find
smallest angular velocity when the string pops out.

Exercise 4.1.102: Suppose x”" + Ax = 0 and x(0) = 1, x(1) = 1. Find all A for which there is more
than one solution. Also find the corresponding solutions (only for the eigenvalues).

Exercise 4.1.103: Suppose X" + x = 0 and x(0) = 0, x’(r) = 1. Find all the solution(s) if any exist.

Exercise 4.1.104: Consider X' + Ax = 0 and x(0) = 0, x(1) = 0. Why does it not have any
eigenvalues? Why does any first order equation with two endpoint conditions such as above have
no eigenvalues?

Exercise 4.1.105 (challenging): Suppose x’”’ + Ax = 0 and x(0) = 0, x'(0) = 0, x(1) = 0. Suppose
that A > 0. Find an equation that all such eigenvalues must satisfy. Hint: Note that —\A is a root of
rP+1=0.
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4.2 The trigonometric series

Note: 2 lectures, §9.1 in [EP], §10.2 in [BD]

4.2.1 Periodic functions and motivation

As motivation for studying Fourier series, suppose we have the problem
X+ wyx = f(b), (4.6)
for some periodic function f(¢). We have already solved
X’ + wyx = Fycos(wt). 4.7

One way to solve (4.6) is to decompose f(#) as a sum of cosines (and sines) and then solve many
problems of the form (4.7). We then use the principle of superposition, to sum up all the solutions
we got to get a solution to (4.6).

Before we proceed, let us talk a little bit more in detail about periodic functions. A function
is said to be periodic with period P if f(t) = f(¢t + P) for all t. For brevity we will say f() is
P-periodic. Note that a P-periodic function is also 2P-periodic, 3P-periodic and so on. For example,
cos(?) and sin(¢) are 2m-periodic. So are cos(kt) and sin(k?) for all integers k. The constant functions
are an extreme example. They are periodic for any period (exercise).

Normally we will start with a function f(¢) defined on some interval [-L, L] and we will want
to extend periodically to make it a 2L-periodic function. We do this extension by defining a new
function F'(¢) such that for ¢ in [-L, L], F(t) = f(¢). For t in [L,3L], we define F(t) = f(t — 2L), for
tin [-3L,-L], F(t) = f(t + 2L), and so on. We assumed that f(—L) = f(L). We could have also
started with f defined only on the half-open interval (—L, L] and then define f(—L) = f(L).

Example 4.2.1: Define f(t) = 1 — > on [-1, 1]. Now extend periodically to a 2-periodic function.
See Figure 4.2 on the following page.

You should be careful to distinguish between f(¢) and its extension. A common mistake is to
assume that a formula for f(¢) holds for its extension. It can be confusing when the formula for f(¢)
is periodic, but with perhaps a different period.

Exercise 4.2.1: Define f(t) = cost on [7/2,7/2]. Now take the n-periodic extension and sketch its
graph. How does it compare to the graph of cost.

4.2.2 Inner product and eigenvector decomposition

Suppose we have a symmetric matrix, that is AT = A. We have said before that the eigenvectors of
A are then orthogonal. Here the word orthogonal means that if ¥ and w are two distinct (and not
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0.5 -1 05

0.0 - 0.0

-0.5 -0.5
-3 -2 -1 0 1 2 3

Figure 4.2: Periodic extension of the function 1 — 7.

multiples of each other) eigenvectors of A, then (¥, w) = 0. In this case the inner product (¥, w) is
the dot product, which can be computed as v/ .
To decompose a vector ¥ in terms of mutually orthogonal vectors w; and w, we write

V= Cl]lf\_/)l + Clz\/vg.
Let us find the formula for a; and a,. First let us compute

VW) = (a1w) + aaWa, i) = ai (Wi, W) + ax{(Wa, i) = ai{wy, wh).

Therefore,
FRGAT)
(Wi, W)
Similarly
a0 = V, W)
(W, Wh)

You probably remember this formula from vector calculus.

Example 4.2.2: Write ¥ = [3] as a linear combination of w) = [ !, ] and w) = [ 1].
First note that w; and w, are orthogonal as (W, w,) = 1(1) + (=1)1 = 0. Then
(V, W) 2(1) +3(-1) -1
a = — < = = —,
Ty 1D+ (DD 2
Gy 243 5

Q=) 1+1 2

Hence
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4.2.3 The trigonometric series

Instead of decomposing a vector in terms of eigenvectors of a matrix, we will decompose a function
in terms of eigenfunctions of a certain eigenvalue problem. The eigenvalue problem we will use for
the Fourier series is

X"+ Ax=0, x(-n)=x(x), x'(=m)=x'(n).

We have previously computed that the eigenfunctions are 1, cos(kt), sin(kt). That is, we will want to
find a representation of a 2r-periodic function f(¢) as

(59

f@) = % + ) aycos(nr) + by sin(ur).

n=1

This series is called the Fourier series’ or the trigonometric series for f(t). We write the coefficient
of the eigenfunction 1 as 3 for convenience. We could also think of 1 = cos(0r), so that we only
need to look at cos(kt) and sin(kr).

As for matrices we will want to find a projection of f(t) onto the subspace generated by the
eigenfunctions. So we will want to define an inner product of functions. For example, to find a, we
want to compute { f(¢), cos(nt) ). We define the inner product as

@), g0y f £ (@) dr.

With this definition of the inner product, we have seen in the previous section that the eigenfunctions
cos(kt) (including the constant eigenfunction), and sin(k?) are orthogonal in the sense that

(cos(mt), cos(nt) ) =0 for m # n,
(sin(mt), sin(nt) ) = 0 for m # n,

(sin(mt), cos(nt)) =0 for all m and n.

By elementary calculus forn = 1,2, 3, ... we have ( cos(nt), cos(nt) ) = w and ( sin(nt), sin(nt) ) =
n. For the constant we get that (1, 1) = 2z. The coeflicients are given by

_ {f@,cosm)) 1 (T
" (cos(nt), cos(nt)y « fﬂ f(t) cos(nt) dt,
_ {f@,sin@mn) 1 (7 '
" (sin(nt), sin(nt)y 7« I i f(0) sin(nt) dt.

Compare these expressions with the finite-dimensional example. For ay we get a similar formula

_ 0, 1) 1T
ag =2 TS _ﬂIﬂf(t)dt.

"Named after the French mathematician Jean Baptiste Joseph Fourier (1768 — 1830).


http://en.wikipedia.org/wiki/Joseph_Fourier
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Let us check the formulas using the orthogonality properties. Suppose for a moment that

(o)

1) = % + ) aycos(nr) + by sin(ur).

n=1

Then for m > 1 we have

(o)

+ Z a, cos(nt) + b, sin(nt) , cos(mt) >

n=1

(f(). cosm) = (5

= %( 1, cos(mt)) + Z a,{ cos(nt), cos(mt) ) + b,{ sin(nt), cos(mt) )

n=1

= a,{cos(mt), cos(mt) ).

(f(1),cos(mt) )

And hence am = (cos(mt),cos(mt)y"*

Exercise 4.2.2: Carry out the calculation for ay and b,,.

Example 4.2.3: Take the function
f(=t

for ¢ in (—m, ]. Extend f(¢) periodically and write it as a Fourier series. This function is called the
sawtooth.

-5.0 -2.5 0.0 2.5 5.0

I I I I I
-5.0 -2.5 0.0 25 5.0

Figure 4.3: The graph of the sawtooth function.

The plot of the extended periodic function is given in Figure 4.3. Let us compute the coeflicients.

We start with ay,
1 T
apy = —f tdt=0.
T Jorn
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We will often use the result from calculus that says that the integral of an odd function over a
symmetric interval is zero. Recall that an odd function is a function ¢(¢) such that ¢(—1) = —¢(?).
For example the functions ¢, sin ¢, or (importantly for us) 7 cos(nt) are all odd functions. Thus

1 T
ay = = f tcos(nt) dt = 0.
Y/ -

Let us move to b,. Another useful fact from calculus is that the integral of an even function over a
symmetric interval is twice the integral of the same function over half the interval. Recall an even
function is a function ¢(#) such that ¢(—f) = ¢(¢). For example ¢ sin(n?) is even.

1 T
b, = — f tsin(nt) dt
nJ

/4

2 T
=— f tsin(nt) dt
T Jo

= g( —tcos(ar) ' + 1 fﬂ cos(nt) dt)
o n - nJo

_2 ( —7 cos(nm) N 0)

T n
_ —2cos(nm) _ 2(-1)"!

n n

We have used the fact that
1 if n even,

cos(nm) = (=1)" = {_1 if n odd

The series, therefore, is
© 2(=1 n+1
Z L sin(nr).
n
=1
Let us write out the first 3 harmonics of the series for f(z).
. ) 2 .
2 sin(t) — sin(2¢t) + 3 sin(37) + - - -

The plot of these first three terms of the series, along with a plot of the first 20 terms is given in
Figure 4.4 on the following page.

Example 4.2.4: Take the function

f(t):{o if —r<1<0,
T

if O0<t<m
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-5.0 25 0.0 2.5 5.0 -5.0 25 0.0 2.5 5.0
T T T T T 7 T T T T T

L L L L L ] L L L L L
5.0 25 0.0 25 5.0 5.0 25 0.0 25 5.0

Figure 4.4: First 3 (left graph) and 20 (right graph) harmonics of the sawtooth function.

-5.0 -2.5 0.0 2.5 5.0

T T T T T
3 13
2 12
11 11
0 0

s Lo Lo Lo Lo
5.0 2.5 0.0 25 5.0

Figure 4.5: The graph of the square wave function.

Extend f(¢) periodically and write it as a Fourier series. This function or its variants appear often in
applications and the function is called the square wave.

The plot of the extended periodic function is given in Figure 4.5. Now we compute the
coefficients. Let us start with a

1 (7 1 (™
aoz—ff(t)dt:—fﬂdt:ﬂ.
T J-r T Jo

1 (™ 1 [
a, = — f f(t)cos(nt) dt = —f mcos(nt) dt = 0.
T J-r T Jo

Next,
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And finally
1 T
b, = —f f(t) sin(nt) dt
TJn
| A
= - f 7 sin(nt) dt
T Jo
_ [— cos(nt)]”
n =0
_l—cos(zn) 1—(=1y" [% ifnisodd,
B n B n ~ |0 ifniseven.
The Fourier series is
”+§jzgmr) "+§: 2 sin((2k-1)1)
— —_ n = — - .
2 —in 2 — 2k -1
n odd

Let us write out the first 3 harmonics of the series for f(7).

2
The plot of these first three and also of the first 20 terms of the series is given in Figure 4.6.

2
f+2gm0+§sm@n+~-

-5.0 -2.5 0.0 2.5 5.0 -5.0 -2.5 0.0 2.5 5.0
T T T T T T T T T T
1 A AAAAAA A N AAAAAA A 1
F 1. , Y Wy 1A vy 1s
2 12 2 12

A AAAAA I\I\ {\I\ AAAAA I\A

V"vvvvvvv "aaaaaaaniil

Figure 4.6: First 3 (left graph) and 20 (right graph) harmonics of the square wave function.

We have so far skirted the issue of convergence. For example, if f() is the square wave function,
the equation

f =

N

- 2
in((2k — 1) 1).
+;2k_1 sin((2k — 1))
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is only an equality for such ¢ where f(7) is continuous. That is, we do not get an equality for
t = —m, 0, and all the other discontinuities of f(¢). It is not hard to see that when ¢ is an integer
multiple of 7 (which includes all the discontinuities), then

b4 = 2 T
r in((2k — 1)) = Z.
2+Z2k—lsm(( =3

k=1
We redefine f(¢) on [—x, 7] as

0 if -r<t<0,
fO=3r if O<t<m,
il if t=-mt=0,0rt=m,

and extend periodically. The series equals this extended f(¢) everywhere, including the disconti-
nuities. We will generally not worry about changing the function values at several (finitely many)
points.

We will say more about convergence in the next section. Let us however mention briefly an
effect of the discontinuity. Let us zoom in near the discontinuity in the square wave. Further, let
us plot the first 100 harmonics, see Figure 4.7. You will notice that while the series is a very good
approximation away from the discontinuities, the error (the overshoot) near the discontinuity at
t = m does not seem to be getting any smaller. This behavior is known as the Gibbs phenomenon.
The region where the error is large does get smaller, however, the more terms in the series we take.

1.75 2.00 2.25 2.50 2.75 3.00 3.25
T T T T T T

3.50 [~ -1 350

AI\AAI\/\/\I\I\A/\/\(\/\

275 - 275

I I I I I I
1.75 2.00 225 2.50 275 3.00 3.25

Figure 4.7: Gibbs phenomenon in action.

We can think of a periodic function as a “signal” being a superposition of many signals of pure
frequency. For example, we could think of the square wave as a tone of certain base frequency. It
will be, in fact, a superposition of many different pure tones of frequencies that are multiples of the
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base frequency. On the other hand a simple sine wave is only the pure tone. The simplest way to
make sound using a computer is the square wave, and the sound will be a very different from nice
pure tones. If you have played video games from the 1980s or so, then you have heard what square
waves sound like.

4.2.4 Exercises

Exercise 4.2.3: Suppose f(t) is defined on [—n, ] as sin(5t) + cos(3t). Extend periodically and
compute the Fourier series of f(t).

Exercise 4.2.4: Suppose f(t) is defined on [—n,n] as |t|. Extend periodically and compute the
Fourier series of f(1).

Exercise 4.2.5: Suppose f(t) is defined on [-r,n] as |t]’. Extend periodically and compute the
Fourier series of f(t).

Exercise 4.2.6: Suppose f(t) is defined on (—n, rt] as

-1 if <t <0,
f(t)_{l if 0<tr<nm.

Extend periodically and compute the Fourier series of f(t).

Exercise 4.2.7: Suppose f(t) is defined on (—n,n] as £. Extend periodically and compute the
Fourier series of f(t).

Exercise 4.2.8: Suppose f(t) is defined on [—r,n| as t*>. Extend periodically and compute the
Fourier series of f(1).

There is another form of the Fourier series using complex exponentials that is sometimes easier
to work with.

Exercise 4.2.9: Let

(o)

do .
f@ = > + Z a, cos(nt) + b, sin(nt).
n=1
Use Euler’s formula e = cos(6) + i sin(f) to show that there exist complex numbers c,, such that
fy= )" cne™.
m=—o0

Note that the sum now ranges over all the integers including negative ones. Do not worry about
convergence in this calculation. Hint: It may be better to start from the complex exponential form
and write the series as

co+ Z ™ + c_e”™.

m=1
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Exercise 4.2.101: Suppose f(t) is defined on [—n, x| as f(t) = sin(t). Extend periodically and
compute the Fourier series.

Exercise 4.2.102: Suppose f(t) is defined on (—n,n] as f(t) = sin(nt). Extend periodically and
compute the Fourier series.

Exercise 4.2.103: Suppose f(1) is defined on (-m,n] as f(t) = sin’(¢). Extend periodically and
compute the Fourier series.

Exercise 4.2.104: Suppose f(t) is defined on (—r, ) as f(t) = t*. Extend periodically and compute
the Fourier series.
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4.3 More on the Fourier series

Note: 2 lectures, §9.2 — §9.3 in [EP], §10.3 in [BD]

Before reading the lecture, it may be good to first try Project IV (Fourier series) from the
IODE website: http://www.math.uiuc.edu/iode/. After reading the lecture it may be good to
continue with Project V (Fourier series again).

4.3.1 2L-periodic functions

We have computed the Fourier series for a 2r-periodic function, but what about functions of different
periods. Well, fear not, the computation is a simple case of change of variables. We can just rescale
the independent axis. Suppose that you have the 2L-periodic function f(¢) (L is called the half
period). Let s = 7 1. Then the function

g(s) = f(% S)

is 2m-periodic. We want to also rescale all our sines and cosines. We want to write

f( = %+Zancos(%t)+bnsin(%t).

n=1

If we change variables to s we see that
g(s) = % + ; a, cos(ns) + b, sin(ns).

We can compute a, and b, as before. After we write down the integrals we change variables from s

back to 7.
1 (" 1t
ag = — g(s)ds = — f(t) dt,
nJ_, LJ_;

1 (7 1 nmn
a, = - Iﬂ g(s) cos(ns) ds = 7 IL f(t) cos (f t) dt,

T L
b, = % I &(s) sin(ns)ds = % j: S sin(% r) dt.

The two most common half periods that show up in examples are 7 and 1 because of the
simplicity. We should stress that we have done no new mathematics, we have only changed
variables. If you understand the Fourier series for 2r-periodic functions, you understand it for 2L-
periodic functions. All that we are doing is moving some constants around, but all the mathematics
is the same.
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Example 4.3.1: Let
f( =11 for—-1<t<1,

extended periodically. The plot of the periodic extension is given in Figure 4.8. Compute the Fourier
series of f(1).

-2 -1 0 1 2

Figure 4.8: Periodic extension of the function f(¢).

We want to write f(t) = “70 + Yooy @y cos(nmt) + b, sin(nnt). For n > 1 we note that |¢| cos(nrnt)
is even and hence

1
a, = f f(t) cos(nrt) dt
-1
1
= 2f t cos(nnt) dt
0

1 1 1
- 2[i sin(nm)] ~2 f — sin(nmr) d
=0 o Nm

nmw t=

=0+ nzLﬂz[cos(nm)]1

_2A=D"=1) |0 if n is even,
=0 n271'2 B

ﬁ if n is odd.

Next we find a

1
aO:fltldt: 1.
-1

You should be able to find this integral by thinking about the integral as the area under the graph
without doing any computation at all. Finally we can find b,. Here, we notice that |¢] sin(nt) is odd
and, therefore,

1
b, = f f(®) sin(nrt) dt = 0.
-1
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Hence, the series is
= —— cos(nnt).
2 n’n?
n=1
n odd
Let us explicitly write down the first few terms of the series up to the 3™ harmonic.

1 4 4

3T cos(mt) — o0 cos(3xt) — - --
The plot of these few terms and also a plot up to the 20™ harmonic is given in Figure 4.9. You
should notice how close the graph is to the real function. You should also notice that there is no
“Gibbs phenomenon” present as there are no discontinuities.

Figure 4.9: Fourier series of f(f) up to the 3™ harmonic (left graph) and up to the 20™ harmonic
(right graph).

4.3.2 Convergence

We will need the one sided limits of functions. We will use the following notation
fleo) =limf@,  and  flc+) = lim f(1).
tTe tic

If you are unfamiliar with this notation, lim,;. f(#) means we are taking a limit of f(¢) as ¢ approaches
¢ from below (i.e. f < ¢) and lim,|. f(f) means we are taking a limit of f(#) as ¢ approaches ¢ from
above (i.e. t > ¢). For example, for the square wave function

0 if -n<t<0
1) = - 4.8
J {77 if O0<t<m, (4.8)



170 CHAPTER 4. FOURIER SERIES AND PDES

we have f(0—) = 0and f(0+) = 7.
Let f(¢) be a function defined on an interval [a, b]. Suppose that we find finitely many points

a=tyt,t, ..., =bin the interval, such that f(¢) is continuous on the intervals (7, t1), (1, 12),
..oy (i1, 1). Also suppose that all the one sided limits exist, that is, all of f(#%+), f(t;—), f(t1+),
f(tr-), f(tr+), ..., f(#—) exist and are finite. Then we say f(¢) is piecewise continuous.

If moreover, f(¢) is differentiable at all but finitely many points, and f”(¢) is piecewise continuous,
then f(7) is said to be piecewise smooth.

Example 4.3.2: The square wave function (4.8) is piecewise smooth on [—, 7] or any other interval.
In such a case we simply say that the function is piecewise smooth.

Example 4.3.3: The function f(¢) = |¢| is piecewise smooth.

Example 4.3.4: The function f(¢) = % is not piecewise smooth on [—1, 1] (or any other interval
containing zero). In fact, it is not even piecewise continuous.

Example 4.3.5: The function f(f) = V! is not piecewise smooth on [—1, 1] (or any other interval
containing zero). f(¢) is continuous, but the derivative of f(¢) is unbounded near zero and hence not
piecewise continuous.

Piecewise smooth functions have an easy answer on the convergence of the Fourier series.

Theorem 4.3.1. Suppose f(t) is a 2L-periodic piecewise smooth function. Let

% +;ancos(%t)+bnsin(%t)

be the Fourier series for f(t). Then the series converges for all t. If f(t) is continuous near t, then

(o8]

f(@) = %+Zancos(%t)+bnsin(%t).

n=1

Otherwise

Jum) +fu) =2, Z a, cos (E t) + b, sin (ﬂr t).
2 2 L L
n=1

If we happen to have that f(¢) = W at all the discontinuities, the Fourier series converges
to f(¢) everywhere. We can always just redefine f(¢) by changing the value at each discontinuity
appropriately. Then we can write an equals sign between f(f) and the series without any worry. We
mentioned this fact briefly at the end last section.

Note that the theorem does not say how fast the series converges. Think back the discussion of
the Gibbs phenomenon in last section. The closer you get to the discontinuity, the more terms you
need to take to get an accurate approximation to the function.
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4.3.3 Differentiation and integration of Fourier series
Not only does Fourier series converge nicely, but it is easy to differentiate and integrate the series.
We can do this just by differentiating or integrating term by term.

Theorem 4.3.2. Suppose
f( = % + HZ:; a, cos (% t) + b, sin (% t)

is a piecewise smooth continuous function and the derivative f'(t) is piecewise smooth. Then the
derivative can be obtained by differentiating term by term,

—Un . bn
@)= Z aLmr sin (% t) + Zﬂ cos (% t).

n=1
It is important that the function is continuous. It can have corners, but no jumps. Otherwise the
differentiated series will fail to converge. For an exercise, take the series obtained for the square
wave and try to differentiate the series. Similarly, we can also integrate a Fourier series.

Theorem 4.3.3. Suppose
f() = % + ; a, cos (% t) + b, sin (% t)

is a piecewise smooth function. Then the antiderivative is obtained by antidifferentiating term by
term and so

apt S (mr ) -b,L (mr )
Ft)=—+C+ sin{—t]+ cos|—1t¢],
® 2 ; nm L nm L
where F'(t) = f(t) and C is an arbitrary constant.

Note that the series for F(¢) is no longer a Fourier series as it contains the ”70’ term. The

antiderivative of a periodic function need no longer be periodic and so we should not expect a
Fourier series.

4.3.4 Rates of convergence and smoothness

Let us do an example of a periodic function with one derivative everywhere.
Example 4.3.6: Take the function
@+ 1)t if —-1<t<0,
f@ = .
1-pnr if O0<r<l,

and extend to a 2-periodic function. The plot is given in Figure 4.10 on the following page.
Note that this function has one derivative everywhere, but it does not have a second derivative
derivative whenever ¢ is an integer.
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-2 -1 0 1 2
0.50 T T

-2 -1 0 1 2

Figure 4.10: Smooth 2-periodic function.

Exercise 4.3.1: Compute f"'(0+) and f"'(0-).

Let us compute the Fourier series coefficients. The actual computation involves several integra-
tion by parts and is left to student.

1 0 1
aozff(l)dt:f(t+1)tdt+f(l—t)tdt:O,
-1 -1 0

1 0 1
a, = f f(t) cos(nmt) dt = f (t+ 1)t cos(nnt) dt + f (1 =10t cos(nnt)dt =0
-1 -1 0

1 0 1
b, = f f(t) sin(nnt) dt = f (t+ 1)t sin(nnt) dt + f (1 = 1)t sin(nnt) dt
-1 -1 0

A= (=) {% if nis odd,

w3 0 if n is even.

That is, the series is

> S Sin(um).

3,3
=17Tn
di

S5
&

This series converges very fast. If you plot up to the third harmonic, that is the function

8 8
p sin(7t) + 77 sin(3t),

B
it is almost indistinguishable from the plot of f(¢) in Figure 4.10. In fact, the coeflicient 27% is

already just 0.0096 (approximately). The reason for this behavior is the n* term in the denominator.
The coefficients b, in this case go to zero as fast as ”% goes to zero.
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It is a general fact that if you have one derivative, the Fourier coeflicients will go to zero
approximately like n% If you have only a continuous function, then the Fourier coefficients will go
to zero as ,%2 If you have discontinuities, then the Fourier coefficients will go to zero approximately
as % Therefore, we can tell a lot about the smoothness of a function by looking at its Fourier
coeflicients.

To justify this behavior take for example the function defined by the Fourier series

(o)

1
f(t) = Z — sin(n).

n=1

When we differentiate term by term we notice

(o8]

1
Fao=y — cos(n).

n=1

Therefore, the coeflicients now go down like n% which we said means that we have a continuous
function. The derivative of f'(¢) is defined at most points, but there are points where f’(¢) is not
differentiable. It has corners, but no jumps. If we differentiate again (where we can) we find that the
function f”(¢), now fails to be continuous (has jumps)

(o)

-1
() = Z — sin(u).

n=1
This function is similar to the sawtooth. If we tried to differentiate again we would obtain

[Se]

Z —cos(nt),

n=1
which does not converge!

Exercise 4.3.2: Use a computer to plot f(t), f'(¢t) and f”(t). That is, plot say the first 5 harmonics
of the functions. At what points does f"'(t) have the discontinuities.

4.3.5 Exercises

Exercise 4.3.3: Let

[0 F-1<t<0,
f(t)_{t if 0<r<l,

extended periodically. a) Compute the Fourier series for f(t). b) Write out the series explicitly up to
the 3" harmonic.
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Exercise 4.3.4: Let
-t if -1<t<0,
f@ = {

?if 0<tr<l1,

extended periodically. a) Compute the Fourier series for f(t). b) Write out the series explicitly up to
the 3" harmonic.

Exercise 4.3.5: Let
1‘—0’ if —10<t<0,
L if 0<r<10,

extended periodically (period is 20). a) Compute the Fourier series for f(t). b) Write out the series
explicitly up to the 3" harmonic.

Exercise 4.3.6: Let f(t) = > n% cos(nt). Is f(t) continuous and differentiable everywhere? Find

n=1

the derivative (if it exists everywhere) or justify why f(t) is not differentiable everywhere.

Exercise 4.3.7: Let f(t) = ), U Sin(nr). Is f(¢) differentiable everywhere? Find the derivative

n

(if it exists everywhere) or justify why f(t) is not differentiable everywhere.

Exercise 4.3.8: Let
0 if -2<t<0,

f) =1t if0<t<l,
—t+2 if1<t<L2,

extended periodically. a) Compute the Fourier series for f(t). b) Write out the series explicitly up to
the 3" harmonic.

Exercise 4.3.9: Let
fin=¢ for-1<t<1

extended periodically. a) Compute the Fourier series for f(t). b) Write out the series explicitly up to
the 3" harmonic. c) What does the series converge to att = 1.

Exercise 4.3.101: Let
fO = for-2<t<2

extended periodically. a) Compute the Fourier series for f(t). b) Write out the series explicitly up to
the 3rd harmonic.

Exercise 4.3.102: Let
f® =t for A <t < A (for some A)

extended periodically. a) Compute the Fourier series for f(t). b) Write out the series explicitly up to
the 3rd harmonic.
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Exercise 4.3.103: Let

| =

f = nn+1)

n=1
Compute f'(1).
Exercise 4.3.104: Let
1 w1
f( = > + nz:; P cos(nt).

a) Find the antiderivative. b) Is the antiderivative periodic?

SR
+ Z sin(nnt).

175
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4.4 Sine and cosine series

Note: 2 lectures, §9.3 in [EP], §10.4 in [BD]

4.4.1 Odd and even periodic functions

You may have noticed by now that an odd function has no cosine terms in the Fourier series and an
even function has no sine terms in the Fourier series. This observation is not a coincidence. Let us
look at even and odd periodic function in more detail.

Recall that a function f(7) is odd if f(—t) = —f(¢). A function f(¥) is even if f(—t) = f(¢). For
example, cos(nt) is even and sin(nt) is odd. Similarly the function # is even if k is even and odd
when £ is odd.

Exercise 4.4.1: Take two functions f(t) and g(t) and define their product h(t) = f(t)g(t). a) Suppose
both are odd, is h(t) odd or even? b) Suppose one is even and one is odd, is h(t) odd or even? c)
Suppose both are even, is h(t) odd or even?

If f(¢) and g(¢) are both odd, then f(¢) + g(¢) is odd. Similarly for even functions. On the other
hand, if f(¢) is odd and g(#) even, then we cannot say anything about the sum f(¢) + g(¢). In fact, the
Fourier series of any function is a sum of an odd (the sine terms) and an even (the cosine terms)
function.

In this section we are interested in odd and even periodic functions. We have previously defined
the 2L-periodic extension of a function defined on the interval [-L, L]. Sometimes we are only
interested in the function on the range [0, L] and it would be convenient to have an odd (resp. even)
function. If the function is odd (resp. even), all the cosine (resp. sine) terms will disappear. What
we will do is take the odd (resp. even) extension of the function to [-L, L] and then we extend
periodically to a 2L-periodic function.

Take a function f(¢) defined on [0, L]. On (—L, L] define the functions

Foa(t) = —f(-t) if ~L<t<0,

Faven(t) & {f o it OsrsL.
f(=n if -L<t<O.

dof {f(t) if 0<r<lL,

Extend Foqq(f) and Feyen(?) to be 2L-periodic. Then F4q(?) is called the odd periodic extension of
f(1), and Fen(?) is called the even periodic extension of f(t).

Exercise 4.4.2: Check that F,;,(t) is odd and that F,,.,(t) is even.

Example 4.4.1: Take the function f(r) = # (1 — t) defined on [0, 1]. Figure 4.11 on the facing page
shows the plots of the odd and even extensions of f(¢).
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Figure 4.11: Odd and even 2-periodic extension of f(f) =¢(1 —1),0 <t < 1.

4.4.2 Sine and cosine series

Let f(#) be an odd 2L-periodic function. We write the Fourier series for f(r). We compute the
coeflicients a, (including n = 0) and get

1t nr
a, = ZILf(t)cos(ft) di = 0.

That is, there are no cosine terms in the Fourier series of an odd function. The integral is zero
because f(¢) cos (nLt) is an odd function (product of an odd and an even function is odd) and the
integral of an odd function over a symmetric interval is always zero. Furthermore, the integral of an
even function over a symmetric interval [—L, L] is twice the integral of the function over the interval
[0, L]. The function f() sin (% t) is the product of two odd functions and hence even.

b, = %sz(t) sin(% z) dt = %foLf(t) sin(% t) dt.

We can now write the Fourier series of f(f) as

Z b, sin (ﬂr t).
n=1 L

Similarly, if f(#) is an even 2L-periodic function. For the same exact reasons as above, we find

that b, = 0 and
h (L
a, = ZL f(t)cos (% t) dt.
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The formula still works for n = 0 in which case it becomes

2 L
ap = zfo\ f(@) dt.

w4 i cos(m t)

2 n=1 - L
An interesting consequence is that the coefficients of the Fourier series of an odd (or even)
function can be computed by just integrating over the half interval [0, L]. Therefore, we can compute

the Fourier series of the odd (or even) extension of a function by computing certain integrals over
the interval where the original function is defined.

The Fourier series is then

Theorem 4.4.1. Let f(t) be a piecewise smooth function defined on [0, L). Then the odd extension
of f(t) has the Fourier series

Fodd(t) = Z bn sin (% t) )
n=1

where

2t . (n7m
b, = z[) f(t) sin (f t) dt.

The even extension of f(t) has the Fourier series

Foyen(t) = % + Z a, cos (%T t),

n=1

where

2t nmr
a =1 fo £00) cos,(f t) dt.

The series ), | b, sin (% t) is called the sine series of f() and the series 2 + 3,7, a, cos (% t)
is called the cosine series of f(t). It is often the case that we do not actually care what happens
outside of [0, L]. In this case, we can pick whichever series fits our problem better.

It is not necessary to start with the full Fourier series to obtain the sine and cosine series. The
sine series is really the eigenfunction expansion of f(¢) using the eigenfunctions of the eigenvalue
problem x” + Ax = 0, x(0) = 0, x(L) = L. The cosine series is the eigenfunction expansion of f(7)
using the eigenfunctions of the eigenvalue problem x” + Ax = 0, x’(0) = 0, x’(L) = L. We could
have, therefore, have gotten the same formulas by defining the inner product

L
D), g() = fo Fg) dr,
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and following the procedure of § 4.2. This point of view is useful because many times we use a
specific series because our underlying question will lead to a certain eigenvalue problem. If the
eigenvalue value problem is not one of the three we covered so far, you can still do an eigenfunction
expansion, generalizing the results of this chapter. We will deal with such a generalization in

chapter 5.

Example 4.4.2: Find the Fourier series of the even periodic extension of the function f(¢) = #> for
0<t<m.
We want to write

(59

1) = % + ) a,cos(n),

n=1

2 (" 212
aoz—ftzdt:l,
T 0 3

2 (" 2[,1 T4 (T
a, = — f 2 cos(nt) dt = = [ﬂ_ sin(nt)] - — f tsin(nt) dt
nJo | n o hmJo

4 4 i 4(-1)"
_ _[t cos(nt)]O + p f cos(nt) dt = (nz) )
0

where

and

- nln
Note that we have detected the “continuity” of the extension since the coefficients decay as niz That
is, the even extension of 2 has no jump discontinuities. It will have corners, since the derivative
(which will be an odd function and a sine series) will have a series whose coefficients decay only as
% so the derivative will have jumps.
Explicitly, the first few terms of the series are

7’ 4
3 4 cos(t) + cos(2t) — ) cos(3f) + - --

Exercise 4.4.3: a) Compute the derivative of the even extension of f(t) above and verify it has jump
discontinuities. Use the actual definition of f(t), not its cosine series! b) Why is it that the derivative
of the even extension of f(t) is the odd extension of f'(t).

4.4.3 Application

We said that Fourier series ties in to the boundary value problems we studied earlier. Let us see this
connection in more detail.
Suppose we have the boundary value problem for 0 < ¢ < L,

x'(1) + Ax(t) = f(0),
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for the Dirichlet boundary conditions x(0) = 0, x(L) = 0. By using the Fredholm alternative
(Theorem 4.1.2 on page 154) we note that as long as A is not an eigenvalue of the underlying
homogeneous problem, there will exist a unique solution. Note that the eigenfunctions of this
eigenvalue problem were the functions sin (%t) Therefore, to find the solution, we first find the
Fourier sine series for f(¢). We write x also as a sine series, but with unknown coefficients. We
substitute the series for x into the equation and solve for the unknown coefficients.

If we have the Neumann boundary conditions x'(0) = 0, x'(L) = 0, we do the same procedure
using the cosine series. These methods are best seen by examples.

Example 4.4.3: Take the boundary value problem for 0 < ¢ < 1,
x"(1) + 2x(t) = f(@),

where f(f) = ton 0 < t < 1, and satisfying the Dirichlet boundary conditions x(0) = 0, x(1) = 0.
We write f(f) as a sine series

(o9

f(t) = Z ¢, sin(nrt),

n=1

where
2 (_ 1)n+1

nmw

1
c, =2 f tsin(nnt) dt =
0
We write x(t) as

x(1) = i b, sin(nmnt).
We plug in to obtain .
xX"(t) + 2x(¢) = i —b,n’n* sin(nnt) + 2 i b, sin(nnt)
n=1 n=1
= i b,(2 — n*n*) sin(nnt)
n=1

(o)

_1\n+l
=y 2EDT G,

— nm
Therefore,
2 _1 n+l
b2 — n’n?) = 2EDT
nr
or
2 (_ 1 )n+1

"= nn(2 — n?n?)’
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We have thus obtained a Fourier series for the solution

x© 2(=1 n+l1
x(f) = Z mr((Zf)n%rz) sin(nnt).
n=1

Example 4.4.4: Similarly we handle the Neumann conditions. Take the boundary value problem
forO<r<1,

x"(1) + 2x(t) = f(),
where again f(f) =ton 0 < ¢ < 1, but now satisfying the Neumann boundary conditions x’(0) = 0,
x'(1) = 0. We write f(¢) as a cosine series

(9]

Co
+ Z ¢, cos(nrmt),

f(t):E

n=1

1
C0:2f tdr =1,
0

! 2(-1'-1) |5 ifnodd,
cn:2ftcos(nﬂt)dt:%:{”” oo
0 nmn

where

and

0 if n even.

We write x(¢) as a cosine series

(o0

x(t) = % + Z a, cos(nmt).

n=1

We plug in to obtain

(o)

X" (1) + 2x(1) = Z[—ann2ﬂ2 cos(nm)] +ag+2 i[an cos(mrt)]

n=1 n=1

=ay+ Z a,(2 — n*n?) cos(nnt)
n=1

1 — —4
= f(t) = 3 + HZ:; = cos(nnt).

n odd

Therefore, ag = %, a, = 0 for n even (n > 2) and for n odd we have

2.2y _ _—
a,(2—n"n") = o
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or
—4

a, = ————————.
" P22 — n?n?)
We have thus obtained a Fourier series for the solution

(o8]

x(f) = % + Z . cos(nrt).

— n?r?(2 — nn?)
n odd

4.4.4 KExercises

Exercise 4.4.4: Take f(t) = (t — 1)* defined on 0 < t < 1. a) Sketch the plot of the even periodic
extension of f. b) Sketch the plot of the odd periodic extension of f.

Exercise 4.4.5: Find the Fourier series of both the odd and even periodic extension of the function
f(&) = (t=1)* for 0 < t < 1. Can you tell which extension is continuous from the Fourier series
coefficients?

Exercise 4.4.6: Find the Fourier series of both the odd and even periodic extension of the function
f@)=tforO0<t<m.

Exercise 4.4.7: Find the Fourier series of the even periodic extension of the function f(t) = sint
forO0<t<m

Exercise 4.4.8: Let

x(t) + 4x(t) = f(v),
where f(t) = 10on 0 <t < 1. a) Solve for the Dirichlet conditions x(0) = 0, x(1) = 0. b) Solve for
the Neumann conditions x'(0) = 0, x’'(1) = 0.
Exercise 4.4.9: Let

x"(1) +9x(1) = f(0),
for f(t) = sin(2nt) on 0 < t < 1. a) Solve for the Dirichlet conditions x(0) = 0, x(1) = 0. b) Solve
for the Neumann conditions x'(0) = 0, x'(1) = 0.
Exercise 4.4.10: Let

x'(t) +3x() = f(1), x(0)=0, x(1)=0,

where f(t) = ", b, sin(nnt). Write the solution x(t) as a Fourier series, where the coefficients are

given in terms of b,,.

Exercise 4.4.11: Let f(t) = *(2—1) for 0 < t < 2. Let F(t) be the odd periodic extension. Compute
F(1), F(2), F(3), F(-1), F(%/2), F(101), F(103). Note: Do not compute using the sine series.
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Exercise 4.4.101: Let f(t) = t/30on 0 < t < 3. a) Find the Fourier series of the even periodic
extension. b) Find the Fourier series of the odd periodic extension.

Exercise 4.4.102: Let f(t) = cos(2t) on 0 < t < n. a) Find the Fourier series of the even periodic
extension. b) Find the Fourier series of the odd periodic extension.

Exercise 4.4.103: Let f(t) be defined on 0 < t < 1. Now take the average of the two extensions
g = w a) What is g(t) if 0 < t < 1 (Justify!) b) What is g(¢t) if —1 < t < 0 (Justify!)

Exercise 4.4.104: Let f(t) = >, nl—z sin(nt). Solve x” — x = f(t) for the Dirichlet conditions
x(0) = 0 and x(r) = 0.

Exercise 4.4.105 (challenging): Let f(t) =t+ )., 2%, sin(nt). Solve x"” +nx = f(t) for the Dirichlet
conditions x(0) = 0 and x() = 1. Hint: Note that fr satisfies the given Dirichlet conditions.
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4.5 Applications of Fourier series

Note: 2 lectures, §9.4 in [EP], not in [BD]

4.5.1 Periodically forced oscillation

k F() Let us return to the forced oscillations. We have a mass-spring
m |—p  system as before, where we have a mass m on a spring with spring
constant k, with damping c, and a force F(¢) applied to the mass.
Suppose that the forcing function F(z) is 2L-periodic for some
L > 0. We have already seen this problem in chapter 2 with a
simple F(¢). The equation that governs this particular setup is

damping ¢

mx” (1) + cx'(t) + kx(t) = F(1). 4.9)

We know that the general solution will consist of x., which solves the associated homogeneous
equation mx” + cx’ + kx = 0, and a particular solution of (4.9) we will call x,. For ¢ > 0, the
complementary solution x. will decay as time goes on. Therefore, we are mostly interested in
particular solution x, that does not decay and is periodic with the same period as F(r). We call
this particular solution the steady periodic solution and we write it as x,, as before. The difference
in what we will do now is that we consider an arbitrary forcing function F(¢) instead of a simple
cosine.

For simplicity, let us suppose that ¢ = 0. The problem with ¢ > 0 is very similar. The equation

mx” +kx=0

has the general solution
x(1) = A cos(wgt) + B sin(wyt),

where wq = \/% . Any solution to mx"'(t) + kx(t) = F(¢) will be of the form A cos(wyt) + B sin(wyt) +
Xsp. The steady periodic solution x;, has the same period as F(z).
In the spirit of the last section and the idea of undetermined coeflicients we will first write

FQ@) = % + ;cncos(% t) +dnsin(%t).
Then we write a proposed steady periodic solution x as
x(t) = % + ;ancos(%t) + bnsin(%t),

where a, and b,, are unknowns. We plug x into the differential equation and solve for a, and b, in
terms of ¢, and d,,. This process is perhaps best understood by example.
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Example 4.5.1: Suppose that k = 2, and m = 1. The units are the mks units (meters-kilograms-
seconds) again. There is a jetpack strapped to the mass, which fires with a force of 1 newton for 1
second and then is off for 1 second, and so on. We want to find the steady periodic solution.

The equation is, therefore,
x" +2x = F(@1),

0 if -1<1<0,
F(t):{ i <t<

where F(¢) is the step function

1 if O0<r<l,

extended periodically. We write

(>

F(r) = % + Z ¢, cos(nrt) + d, sin(nrr).

n=1

We compute

1 1
Cp = f F(t) cos(nnt) dt = f cos(nmt) dt = 0 forn > 1,
-1 0

1 1
Co=f F(t)dt=f dt=1,
-1 0

1
d, = f F () sin(nnt) dt

1

1
= f sin(nst) dt
0

[— cos(nrut) ]1

nmw =0

-1 {i if n odd,

mn
0 ifneven.

n
So
1 Z"" 2
F(t) = E + L E Sil’l(l’lﬂ'l).

n odd
We want to try

x(t) = > + Z a, cos(nnt) + b, sin(nnt).

n=1

Once we plug x into the differential equation x”” + 2x = F(t), it is clear that a, = 0 for n > 1 as there
are no corresponding terms in the series for F(#). Similarly b, = O for n even. Hence we try

X(t) = % + Z:; b, sin(nri).
odd
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We plug into the differential equation and obtain

[e9)

X'+ 2x = Z [—bnnzﬂ2 sin(mrt)] +ag+2 i [b,, sin(mrt)]

n=1 n=1
n odd n odd
=aqag+ Z bn(2 — n’n?) sin(nnt)
n=1
n odd
1 = 2.
=F({t)==-+ Z — sin(nnt).
2 —i 7n
n odd

So ay = %, b, = 0 for even n, and for odd n we get

B 2
" a2 - n?n?)’

The steady periodic solution has the Fourier series

1 - 2 .
Xgp(t) = i ; 2 =) sin(nrt).
n odd

We know this is the steady periodic solution as it contains no terms of the complementary solution
and it is periodic with the same period as F(¢) itself. See Figure 4.12 for the plot of this solution.

0.0 2.5 5.0 7.5 10.0

05 T T T 05

Figure 4.12: Plot of the steady periodic solution x,, of Example 4.5.1.
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4.5.2 Resonance

Just like when the forcing function was a simple cosine, resonance could still happen. Let us assume
¢ = 0 and we will discuss only pure resonance. Again, take the equation

mx" (1) + kx(t) = F(¢).

When we expand F(¢) and find that some of its terms coincide with the complementary solution to
mx"" + kx = 0, we cannot use those terms in the guess. Just like before, they will disappear when
we plug into the left hand side and we will get a contradictory equation (such as O = 1). That is,
suppose

X, = A cos(wot) + B sin(wyt),

where wy = % for some positive integer N. In this case we have to modify our guess and try

ay Nr . (Nm - nmw . (nm
x(t) = > + t(aN cos (T t) + by sin (T t)) + Z; a, cos (f t) + b, sm(f t).
n#N
In other words, we multiply the offending term by 7. From then on, we proceed as before.

Of course, the solution will not be a Fourier series (it will not even be periodic) since it con-
tains these terms multiplied by z. Further, the terms t(aN N (% t) + by sin (% t)) will eventually
dominate and lead to wild oscillations. As before, this behavior is called pure resonance or just
resonance.

Note that there now may be infinitely many resonance frequencies to hit. That is, as we change
the frequency of F' (we change L), different terms from the Fourier series of F' may interfere with the
complementary solution and will cause resonance. However, we should note that since everything
is an approximation and in particular c is never actually zero but something very close to zero, only
the first few resonance frequencies will matter.

Example 4.5.2: Find the steady periodic solution to the equation
2x" + 187%x = F(1),

where

-1 if -1<1t<0,
F() = .
1 if O0<t<l1,

extended periodically. We note that

[

F(r) = Z 7% sin(nnt).

n=1
n odd

Exercise 4.5.1: Compute the Fourier series of F to verify the above equation.
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The solution must look like
x(1) = ¢y cos(3mt) + co sin(37t) + x,(1)

for some particular solution x,,.

We note that if we just tried a Fourier series with sin(nzt) as usual, we would get duplication
when n = 3. Therefore, we pull out that term and multiply by . We also have to add a cosine term
to get everything right. That is, we must try

x,(t) = azt cos(3mt) + bzt sin(3nt) + Z b, sin(nrnt).

n=1
n odd
n#3

Let us compute the second derivative.
X () = —6azm sin(3nr) — 9n%as t cos(3nt) + 6bym cos(3nt) — 9n’bs t sin(3nt)+

+ Z (=n*n%b,) sin(nnt).
n=1

n odd
n#3

We now plug into the left hand side of the differential equation.

2x) + 187°x = — 12a37 sin(3xt) — 187 ast cos(3nt) + 12b3m cos(3nt) — 187 bst sin(3rt)+
+ 187°ast cos(3nt) + 187°bst sin(37t)+

+ Z (=21n27%b,, + 187%b,) sin(nrt).
nngdld
n#3

If we simplify we obtain

2x) + 187°x = —12ay7sin(3n1) + 12bswcos(3nt) + Y (~2n’7°by + 187°h,) sin(n).
nn:(%d
n#3

This series has to equal to the series for F(r). We equate the coefficients and solve for a3 and b,,.

LG _ -1
T 1270 92

4 2

= fi dd and 3,
nﬂ(lgﬂ'z - 2}127[2) 7T3I’l(9 _ nz) or n odd and n #
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That is,

[0e]

2
Xp(l) = ﬁ t cos(3mt) + nE_l m
n odd
n#3

sin(nst).

When ¢ > 0, you will not have to worry about pure resonance. That is, there will never be
any conflicts and you do not need to multiply any terms by ¢. There is a corresponding concept of
practical resonance and it is very similar to the ideas we already explored in chapter 2. We will not
go into details here.

4.5.3 Exercises

Exercise 4.5.2: Let F(f) = 1 + X, & cos(nnt). Find the steady periodic solution to x”" +2x = F(¢).
Express your solution as a Fourier series.

Exercise 4.5.3: Let F(t) = ), , n% sin(nnt). Find the steady periodic solution to x” + x’ + x = F(t).
Express your solution as a Fourier series.

Exercise 4.5.4: Let F(t) = )., an cos(nnt). Find the steady periodic solution to X" + 4x = F(t).
Express your solution as a Fourier series.

Exercise 4.5.5: Let F(t) =t for —1 < t < 1 and extended periodically. Find the steady periodic
solution to x"" + x = F(t). Express your solution as a series.

Exercise 4.5.6: Let F(t) =t for —1 <t < 1 and extended periodically. Find the steady periodic
solution to X' + n*x = F(t). Express your solution as a series.

Exercise 4.5.101: Let F(t) = sin(2nt) + 0.1 cos(10xt). Find the steady periodic solution to x'" +
V2x=F (1). Express your solution as a Fourier series.

Exercise 4.5.102: Let F(t) = )., e”" cos(2nt). Find the steady periodic solution to x” +3x = F(t).
Express your solution as a Fourier series.

Exercise 4.5.103: Let F(t) = |t| for =1 < t < 1 extended periodically. Find the steady periodic
solution to X" + V3 x = F(t). Express your solution as a series.

Exercise 4.5.104: Let F(t) = |t| for =1 < t < 1 extended periodically. Find the steady periodic
solution to X' + m*x = F(t). Express your solution as a series.
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4.6 PDEs, separation of variables, and the heat equation

Note: 2 lectures, §9.5 in [EP], §10.5 in [BD]

Let us recall that a partial differential equation or PDE is an equation containing the partial
derivatives with respect to several independent variables. Solving PDEs will be our main application
of Fourier series.

A PDE is said to be linear if the dependent variable and its derivatives appear at most to the
first power and in no functions. We will only talk about linear PDEs. Together with a PDE, we
usually have specified some boundary conditions, where the value of the solution or its derivatives
is specified along the boundary of a region, and/or some initial conditions where the value of the
solution or its derivatives is specified for some initial time. Sometimes such conditions are mixed
together and we will refer to them simply as side conditions.

We will study three specific partial differential equations, each one representing a more general
class of equations. First, we will study the heat equation, which is an example of a parabolic PDE.
Next, we will study the wave equation, which is an example of a hyperbolic PDE. Finally, we will
study the Laplace equation, which is an example of an elliptic PDE. Each of our examples will
illustrate behavior that is typical for the whole class.

4.6.1 Heat on an insulated wire

Let us first study the heat equation. Suppose that we have a wire (or a thin metal rod) of length L
that is insulated except at the endpoints. Let x denote the position along the wire and let # denote

time. See Figure 4.13.

temperature u

S -

L x

insulation

Figure 4.13: Insulated wire.

Let u(x, ) denote the temperature at point x at time ¢. The equation governing this setup is the
so-called one-dimensional heat equation:

ou 0u

o ox

where k > 0 is a constant (the thermal conductivity of the material). That is, the change in heat at a
specific point is proportional to the second derivative of the heat along the wire. This makes sense;
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if at a fixed ¢ the graph of the heat distribution has a maximum (the graph is concave down), then
heat flows away from the maximum. And vice-versa.

We will generally use a more convenient notation for partial derivatives. We will write u, instead
of %, and we will write u,, instead of %. With this notation the heat equation becomes

U, = kuy,.

For the heat equation, we must also have some boundary conditions. We assume that the ends
of the wire are either exposed and touching some body of constant heat, or the ends are insulated.
For example, if the ends of the wire are kept at temperature 0, then we must have the conditions

u0,)=0 and u(L,t) =0.
If, on the other hand, the ends are also insulated we get the conditions
u0,1)=0 and u,(L,t)=0.

In other words, heat is not flowing in nor out of the wire at the ends. We always have two conditions
along the x axis as there are two derivatives in the x direction. These side conditions are called
homogeneous (that is, u or a derivative of u is set to zero).

Furthermore, suppose that we know the initial temperature distribution at time ¢ = 0. That is,

u(x,0) = f(x),

for some known function f(x). This initial condition is not a homogeneous side condition.

4.6.2 Separation of variables

The heat equation is linear as u and its derivatives do not appear to any powers or in any functions.
Thus the principle of superposition still applies for the heat equation (without side conditions). If u;
and u, are solutions and ¢y, ¢, are constants, then u = ¢ u; + c,u5 is also a solution.

Exercise 4.6.1: Verify the principle of superposition for the heat equation.

Superposition also preserves some of the side conditions. In particular, if u; and u, are solutions
that satisfy u(0,7) = 0 and u(L, ¢) = 0, and ¢, ¢, are constants, then u = ¢ u; + cou, is still a solution
that satisfies u(0,t) = 0 and u(L, ) = 0. Similarly for the side conditions u,(0,7) = 0 and u,(L, t) = 0.
In general, superposition preserves all homogeneous side conditions.

The method of separation of variables is to try to find solutions that are sums or products of
functions of one variable. For example, for the heat equation, we try to find solutions of the form

u(x,t) = X(x)T(2).
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That the desired solution we are looking for is of this form is too much to hope for. What is perfectly
reasonable to ask, however, is to find enough “building-block™ solutions of the form u(x,t) =
X(x)T(t) using this procedure so that the desired solution to the PDE is somehow constructed from
these building blocks by the use of superposition.

Let us try to solve the heat equation

u; = ki, with  u(0,1) =0, u(L,t) =0, and u(x,0)= f(x).
Let us guess u(x,t) = X(x)T (). We plug into the heat equation to obtain
X()T'(t) = kX" (X)T(2).

We rewrite as
T () 3 X" (x)

kT~ X(x)°
This equation must hold for all x and all z. But the left hand side does not depend on x and the right

hand side does not depend on ¢. Hence, each side must be a constant. Let us call this constant —A
(the minus sign is for convenience later). We obtain the two equations

ro X'\

kKT X))

In other words

X" (x) + AX(x) =0,

T'(t) + AT (t) = 0.
The boundary condition u(0, f) = 0 implies X(0)7'(#) = 0. We are looking for a nontrivial solution
and so we can assume that 7'(¢) is not identically zero. Hence X(0) = 0. Similarly, u(L,7) = 0

implies X(L) = 0. We are looking for nontrivial solutions X of the eigenvalue problem X"’ + AX = 0,
X(0) =0, X(L) = 0. We have previously found that the only eigenvalues are 4, = ”2—’2’2 for integers

n > 1, where eigenfunctions are sin (% x). Hence, let us pick the solutions

nmw
X0 = s[4
(x) = sin 3 X
The corresponding 7,, must satisfy the equation

, n*n?
Tn(l) + Fan(t) =0.

By the method of integrating factor, the solution of this problem is

1222 by
T,(H)=e 2 .
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It will be useful to note that 7,,(0) = 1. Our building-block solutions are
. [(nm —n?a gy
u,(x,t) = X,(x)T,(¢) = sin (I x) e 2 .

We note that u,(x, 0) = sin (%’ x). Let us write f(x) as the sine series

F(x) = i b, sin (% x) .
n=1

That is, we find the Fourier series of the odd periodic extension of f(x). We used the sine series as
it corresponds to the eigenvalue problem for X(x) above. Finally, we use superposition to write the
solution as

2

%) ) . nn 2
u(x,t) = Z buity(x, 1) = Z b, sin (f x) ez M
n=1 n=1

Why does this solution work? First note that it is a solution to the heat equation by superposition.
It satisfies u(0,¢) = 0 and u(L,t) = 0, because x = 0 or x = L makes all the sines vanish. Finally,
plugging in ¢t = 0, we notice that 7,,(0) = 1 and so

u(x,0) = i b,u,(x,0) = i b, sin(% x) = f(x).
n=1 n=1

Example 4.6.1: Suppose that we have an insulated wire of length 1, such that the ends of the wire
are embedded in ice (temperature 0). Let £ = 0.003. Then suppose that initial heat distribution is
u(x,0) = 50 x (1 — x). See Figure 4.14.

0.00 0.25 0.50 0.75 1.00
T T T

I I I
0.00 0.25 0.50 0.75 1.00

Figure 4.14: Initial distribution of temperature in the wire.
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We want to find the temperature function u(x, r). Let us suppose we also want to find when (at
what £) does the maximum temperature in the wire drop to one half of the initial maximum of 12.5.
We are solving the following PDE problem:
u, = 0.003 u,,,
u0,t) =u(l,r =
u(x,0)=50x(1 —x) forO < x < 1.
We write f(x) =50x (1 — x) for 0 < x < 1 as a sine series. That is, f(x) = >, ., b, sin(nmx), where

200 200(-1)" [0  ifneven,
|2 ifnodd.

1
b, = 2f 50 x (1 — x) sin(nmx) dx =
0

mn3 w3

Jux,)
1.00
- 11.700
10.400
9.100
10.0 9100
6.500
5.200
- 3.900
V N i : 2.600
, “ ““‘L‘ \ | LT 1.300
5.0 »\\ \\\\\\ ; S . | 0000
0«‘ »‘i‘{:‘:\n\\ . ‘
) R
25 ‘g‘@;
0‘%
0.0

Figure 4.15: Plot of the temperature of the wire at position x at time .

The solution u(x, 1), plotted in Figure 4.15 for 0 < < 100, is given by the series:

4
u(x,t) = Z L’? sin(nrx) e~ n'n 0.003¢

n odd
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Finally, let us answer the question about the maximum temperature. It is relatively easy to see
that the maximum temperature will always be at x = 0.5, in the middle of the wire. The plot of
u(x, t) confirms this intuition.

If we plug in x = 0.5 we get

o 400 -n*n%0.003 ¢
u(0.5,1) = Zl — 5 sin(nm0.5)e :
nodd
For n = 3 and higher (remember 7 is only odd), the terms of the series are insignificant compared

to the first term. The first term in the series is already a very good approximation of the function.
Hence 400
w(0.5,1) x — e 00,
Vs
The approximation gets better and better as ¢ gets larger as the other terms decay much faster. Let
us plot the function (0.5, 1), the temperature at the midpoint of the wire at time ¢, in Figure 4.16.
The figure also plots the approximation by the first term.

0 25 50 75 100
T T T

Figure 4.16: Temperature at the midpoint of the wire (the bottom curve), and the approximation of
this temperature by using only the first term in the series (top curve).

After t = 5 or so it would be hard to tell the difference between the first term of the series for
u(x, t) and the real solution u(x, #). This behavior is a general feature of solving the heat equation. If
you are interested in behavior for large enough ¢, only the first one or two terms may be necessary.

Let us get back to the question of when is the maximum temperature one half of the initial
maximum temperature. That is, when is the temperature at the midpoint 125/ = 6.25. We notice on
the graph that if we use the approximation by the first term we will be close enough. We solve

400
i e—nz 0.0031

625 = —
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That is,
In 6.25 1

400
= ———— x245.
-r20.003

So the maximum temperature drops to half at about ¢ = 24.5.
We mention an interesting behavior of the solution to the heat equation. The heat equation
“smoothes” out the function f(x) as ¢t grows. For a fixed ¢, the solution is a Fourier series with

2.2
coefficients b,e 2 “'. If t > 0, then these coefficients go to zero faster than any nip for any power
p- In other words, the Fourier series has infinitely many derivatives everywhere. Thus even if the
function f(x) has jumps and corners, the solution u(x, f) as a function of x for a fixed > 0 is as
smooth as we want it.

4.6.3 Insulated ends

Now suppose the ends of the wire are insulated. In this case, we are solving the equation
u; = kity, with u,(0,1) =0, u(L,1)=0, and u(x,0)= f(x).

Yet again we try a solution of the form u(x, r) = X(x)7'(¢). By the same procedure as before we plug
into the heat equation and arrive at the following two equations

X"(x) + AX(x) =0,

T'(t) + AkT () = 0.
At this point the story changes slightly. The boundary condition u,(0, r) = 0 implies X"(0)7'(¢) = 0.
Hence X’(0) = 0. Similarly, u,(L,?) = 0 implies X’(L) = 0. We are looking for nontrivial solutions
X of the eigenvalue problem X" + AX = 0, X’(0) = 0, X"(L) = 0. We have previously found that the

. 2.2 . . . .
only eigenvalues are 4, = 5, for integers n > 0, where eigenfunctions are cos (% x) (we include
the constant eigenfunction). Hence, let us pick solutions

X, (x) = cos (%T x) and Xo(x) = 1.

The corresponding 7, must satisfy the equation
, n*n?
Tn(t) + Fan(t) =0.

For n > 1, as before, .
T.(t)y=e 2 ",
For n = 0, we have T|(¢) = 0 and hence Ty(¢) = 1. Our building-block solutions will be

—n27r2

u,(x,1) = X,(x)T,(t) = cos (% x) e 2 k’,
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and
uy(x,t) = 1.

We note that u,(x,0) = cos (% x). Let us write f using the cosine series

flx) = %+Zancos(%x).

That is, we find the Fourier series of the even periodic extension of f(x).
We use superposition to write the solution as

[se] (o8]
ao ao nm =n’r?
u(x,t) = > + Z ayu,(x, 1) = > + Z a, cos (f x) e M
n=1

n=1

Example 4.6.2: Let us try the same equation as before, but for insulated ends. We are solving the
following PDE problem

u, = 0.003 u,,,
u(0,1) = u,(1,1) = 0,
u(x,0)=50x(1 —x) forO<x< 1.

For this problem, we must find the cosine series of u(x, 0). For 0 < x < 1 we have
25 & (-200
S0x(1-x)= 3+ Z; (W) cos(nmx).

The calculation is left to the reader. Hence, the solution to the PDE problem, plotted in Figure 4.17
on the next page, is given by the series

25 < (=200
u(x,t) = 3 + Z ( — ) cos(nmx) o 0.0031
nmn

n=2
n even

Note in the graph that the temperature evens out across the wire. Eventually, all the terms except
the constant die out, and you will be left with a uniform temperature of 23—5 ~ 8.33 along the entire
length of the wire.

4.6.4 Exercises

Exercise 4.6.2: Suppose you have a wire of length 2, with k = 0.001 and an initial temperature
distribution of u(x,0) = 50x. Suppose that both the ends are embedded in ice (temperature 0). Find
the solution as a series.
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Figure 4.17: Plot of the temperature of the insulated wire at position x at time .

Exercise 4.6.3: Find a series solution of

Ur = Uyxx,
u,1) =u(l,1) =0,
u(x,0) = 100 forO<x<1.

Exercise 4.6.4: Find a series solution of

Uy = Uyx,
u(0,1) = u(m, 1) =0,
u(x,0) = 3 cos(x) + cos(3x) Jor0 < x<m.
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Exercise 4.6.5: Find a series solution of

1
Uy = = Uxx,

3
u (0,0 = u(m,t) =0,

u(x,O):—x for0 < x<m.
T

Exercise 4.6.6: Find a series solution of

Uy = Uxx,
u(0,t) =0, wu(l,r) =100,
u(x,0) = sin(mwx) forO<x<1.

Hint: Use the fact that u(x,t) = 100x is a solution satisfying u, = u,,, u(0,t) = 0, u(1,¢) = 100.
Then use superposition.

Exercise 4.6.7: Find the steady state temperature solution as a function of x alone, by letting t — oo
in the solution from exercises 4.6.5 and 4.6.6. Verify that it satisfies the equation u,, = 0.

Exercise 4.6.8: Use separation variables to find a nontrivial solution to u., + uy, = 0, where
u(x,0) = 0and u(0,y) = 0. Hint: Try u(x,y) = X(x)Y(y).

Exercise 4.6.9 (challenging): Suppose that one end of the wire is insulated (say at x = 0) and the
other end is kept at zero temperature. That is, find a series solution of

Ur = kuxx,
u(0,1) = u(L,1) =0,
u(x,0) = f(x) for0 < x < L.

Express any coefficients in the series by integrals of f(x).

Exercise 4.6.10 (challenging): Suppose that the wire is circular and insulated, so there are no ends.
You can think of this as simply connecting the two ends and making sure the solution matches up at
the ends. That is, find a series solution of

Ur = kuxxa
u(0,1) = u(L,t), u(0,1) = u (L, 1),
u(x,0) = f(x) for0 < x < L.

Express any coefficients in the series by integrals of f(x).
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Exercise 4.6.101: Find a series solution of

Ur = 3uxxa
u(,t) = u(r,t) =0,
u(x,0) = 5sin(x) + 2 sin(5x) for0 < x<m.

Exercise 4.6.102: Find a series solution of

u, = 0.1u,,,
uy(0,1) = uy(m, 1) = 0,
u(x,0) =1+ 2cos(x) for0 < x<m.

Exercise 4.6.103: Use separation of variables to find a nontrivial solution to u,, = u..

Exercise 4.6.104: Use separation of variables (Hint: try u(x,t) = X(x) + T(¢)) to find a nontrivial
solution to u, + u, = u.
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4.7 One dimensional wave equation

Note: 1 lecture, §9.6 in [EP], §10.7 in [BD]

Suppose we have a string such as on a guitar of length L. Suppose we only consider vibrations
in one direction. That is let x denote the position along the string, let # denote time and let y denote
the displacement of the string from the rest position. See Figure 4.18.

/Ty\

0 L x

y

Figure 4.18: Vibrating string.

The equation that governs this setup is the so-called one-dimensional wave equation:

_ 2
Yu = A Yxxs

for some a > 0. We will assume that the ends of the string are fixed and hence we get
y(0,6) =0 and y(L,t) = 0.

Note that we always have two conditions along the x axis as there are two derivatives in the x
direction.

There are also two derivatives along the ¢ direction and hence we will need two further conditions
here. We will need to know the initial position and the initial velocity of the string.

yx,0)=f(x)  and  yi(x0) = g(x),

for some known functions f(x) and g(x).

As the equation is again linear, superposition works just as it did for the heat equation. And
again we will use separation of variables to find enough building-block solutions to get the overall
solution. There is one change however. It will be easier to solve two separate problems and add
their solutions.

The two problems we will solve are

W[[ = azwxm
w(0,1) = w(L,1) =0,
w(x,0) =0 forO<x< L, (4.10)

wi(x,0) = g(x) forO < x < L.
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and
i = a2zxm
2(0,t) = z(L,t) = 0,
2(x,0) = f(x) forO0<x<L, (4.11)
2(x,0) =0 for0 < x < L.

The principle of superposition will then imply that y = w + z solves the wave equation and
furthermore y(x, 0) = w(x, 0) + z(x,0) = f(x) and y,(x,0) = w,(x, 0) + z,(x,0) = g(x). Hence, y is a
solution to

y” = azyxxa

(0,0 =y(L,1) =0,

y(x,0) = f(x) forO0<x <L, 4.12)
yi(x,0) = g(x) for0 < x < L.

The reason for all this complexity is that superposition only works for homogeneous conditions
such as y(0,7) = y(L,t) = 0, y(x,0) = 0, or y,(x,0) = 0. Therefore, we will be able to use the
idea of separation of variables to find many building-block solutions solving all the homogeneous
conditions. We can then use them to construct a solution solving the remaining nonhomogeneous
condition.

Let us start with (4.10). We try a solution of the form w(x, f) = X(x)7 (¢) again. We plug into the
wave equation to obtain

X)T" (1) = X" ()T (2).
Rewriting we get
T'@m _ X'
2Tt X(x)
Again, left hand side depends only on 7 and the right hand side depends only on x. Therefore, both
equal a constant, which we will denote by —A.

o _ X

T X))

We solve to get two ordinary differential equations
X" (x) + AX(x) =0,
T"(t) + Aa°T (1) = 0.

The conditions 0 = w(0,#) = X(0)T(¢) implies X(0) = 0 and w(L, ) = O implies that X(L) = O.

Therefore, the only nontrivial solutions for the first equation are when A = 1, = “7- and they are

nm
X =sin("2),
(x) = sin 7 X
The general solution for T for this particular A, is

T,(t) = Acos (@ t) + Bsin (@ t) .
L L
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We also have the condition that w(x, 0) = 0 or X(x)7'(0) = 0. This implies that 7(0) = 0, which in
turn forces A = 0. It will be convenient to pick B = n—ﬁa (you will see why in a moment) and hence

L
(1) = — sin(@t).
nna L
Our building-block solution will be

L . (nrm . (nma
wu(x, f) = — sm(f x) sin (— t).

nra L

We differentiate in ¢, that is

(wp),(x,£) = sin (% x) cos (? t) .

Hence,
(w,),(x.0) = sin (% x).

We expand g(x) in terms of these sines as

g(x) = i b, sin (% x) .
n=1

Using superposition we can just write down the solution to (4.10) as a series

(o] (o) L
w(x,t) = HZ:; b,w,(x, 1) = ; b, — sin (% x) sin (? t).
Exercise 4.7.1: Check that w(x,0) = 0 and w,(x,0) = g(x).

Similarly we proceed to solve (4.11). We again try z(x,y) = X(x)T(¢). The procedure works
exactly the same at first. We obtain

X" (x) + AX(x) = 0,
T"(t) + Aa*T (1) = 0.

and the conditions X(0) = 0, X(L) = 0. Soagain A = 4, = 'i—’f and
nm
X,(x) = sin|[— x].
(x) sm( 7 x)
This time the condition on 7" is 7’(0) = 0. Thus we get that B = 0 and we take

T,(t) = cos (? t).
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Our building-block solution will be
(x,1) = sin (E ) cos (@ t)
Zn(x, 1) = 7~ 7 ¢

We expand f(x) in terms of these sines as
= . (nm
f(x) = ;cn sm( 7 x).

And we write down the solution to (4.11) as a series

(o8] (o0

2(x, 1) = Z CnZn(x, 1) = Z ¢, Sin (% x) cos (? t).

n=1 n=1

Exercise 4.7.2: Fill in the details in the derivation of the solution of (4.11). Check that the solution
satisfies all the side conditions.

Putting these two solutions together we will state the result as a theorem.

Theorem 4.7.1. Take the equation

Vi = @Y,
igg: g)_:ngf;)t) 0 forO< x <L, (4.13)
yi(x,0) = g(x) for0<x <L,
where .
fx) = ; Cn sin(% x) .
and

g(x) = i b, sin (%T x) .
n=1

Then the solution y(x,t) can be written as a sum of the solutions of (4.10) and (4.11). In other
words,

= L
y(x, 1) = Z b, — sin (% x) sin (? t) + ¢, sin (% x) cos (? t)

. (nm L . (nma nra
= Z sin (— x) [b,, —_— s1n(— t) + ¢, cos (— t)] .
L nra L L
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Figure 4.19: Plucked string.

Example 4.7.1: Let us try a simple example of a plucked string. Suppose that a string of length 2
is plucked in the middle such that it has the initial shape given in Figure 4.19. That is

0.1x ifo<x<l,
fx) = .
0.12-x ifl<x<2.

The string starts at rest (g(x) = 0). Suppose that a = 1 in the wave equation for simplicity.
We leave it to the reader to compute the sine series of f(x). The series will be

fx) = % sin (@) sin (E x).

Note that sin(%) is the sequence 1,0,-1,0,1,0,—-1,...forn =1,2,3,4,.... Therefore,

F0) 0.8 in (7T ) 0.8 (37 3 N 0.8 o S
X) = —sin|=x|—- —sin|— x sin| — x| —
2 2 252 2

The solution y(x, 7) is given by
. (nm nm
y(x, t) = Z ﬂ sm( ) sin (7 x) cos (7 t)
0.8(=1)"*! ((2m—1)7r ) ((Zm— D )
= Z sin x| cos| ———+¢
2m - 1)*x2 2 2

B O 8 Vs r 0.8 3r 3r 0.8 Sn 5w
= sm(2 ) cos(it)— o sm( > ) cos(jt)+ 7522 sm( > ) cos(jt)—

A plot for 0 < ¢ < 3 is given in Figure 4.20 on the following page. Notice that unlike the heat
equation, the solution does not become “smoother,” the “sharp edges” remain. We will see the
reason for this behavior in the next section where we derive the solution to the wave equation in a
different way.

Make sure you understand what the plot such as the one in the figure is telling you. For each

fixed #, you can think of the function y(x, #) as just a function of x. This function gives you the shape
of the string at time ¢.
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Figure 4.20: Shape of the plucked string for 0 < ¢ < 3.

4.7.1 Exercises

Exercise 4.77.3: Solve

Yir = Wxs

¥(0,0 =y(,1 =0,

y(x,0) = sin(37x) + § sin(67x) for0<x<1,
yi(x,0) =0 for0<x<1.

Exercise 4.7.4: Solve

Y = 4yxx’

¥(0,7) =y(1,1) =0,

y(x,0) = sin(37x) + }‘ sin(67rx) for0<x<1,
vi(x,0) = sin(97x) for0 < x<1.

Exercise 4.7.5: Derive the solution for a general plucked string of length L, where we raise the
string some distance b at the midpoint and let go, and for any constant a (in the equation y,; = a*y.,).
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Exercise 4.7.6: Suppose that a stringed musical instrument falls on the floor. Suppose that the
length of the string is 1 and a = 1. When the musical instrument hits the ground the string was in
rest position and hence y(x,0) = 0. However, the string was moving at some velocity at impact
(t =0), say y,(x,0) = —1. Find the solution y(x, t) for the shape of the string at time t.

Exercise 4.7.7 (challenging): Suppose that you have a vibrating string and that there is air resis-
tance proportional to the velocity. That is, you have

Yu = azyxx — kys,

¥0,1) = y(1,1) =0,

y(x,0) = f(x) for0<x<1,
yi(x,0) =0 for0<x< 1.

Suppose that 0 < k < 2na. Derive a series solution to the problem. Any coefficients in the series
should be expressed as integrals of f(x).

Exercise 4.7.101: Solve

Yit = Yxxo
(0,8 = y(m,1) = 0,
y(x,0) = sin(x) for(0 < x <m,
v:(x,0) = sin(x) for0 < x<m.
Exercise 4.7.102: Solve
yll = 25yxx’
y(0,1) =y(2,1) =0,
y(x,0)=0 for0 < x <2,
vi(x,0) = sin(rt) + 0.1 sin(27¢) for0 < x<2.
Exercise 4.7.103: Solve
Vir = 2Yxxs
(0,8 = y(m,1) = 0,
y(x,0) =x for0 < x<m,
vi(x,0) =0 for0 < x<m.

Exercise 4.7.104: let’s see what happens when a = 0. find a solution to y,, = 0, y(0,1) = y(m,1) = 0,
y(x,0) = sin(2x), y,(x, 0) = sin(x).
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4.8 D’Alembert solution of the wave equation

Note: 1 lecture, different from §9.6 in [EP], part of §10.7 in [BD]

We have solved the wave equation by using Fourier series. But it is often more convenient to
use the so-called d’Alembert solution to the wave equation*. This solution can be derived using
Fourier series as well, but it is really an awkward use of those concepts. It is much easier to derive
this solution by making a correct change of variables to get an equation that can be solved by simple
integration.

Suppose we have the wave equation

Vit = @ Yix (4.14)
And we wish to solve the equation (4.14) given the conditions

y(0,1) = y(L,t) =0 forall ¢,
y(x,0) = f(x) 0<x<lL, (4.15)
yi(x,0) = g(x) 0<x<L.

4.8.1 Change of variables

We will transform the equation into a simpler form where it can be solved by simple integration.
We change variables to ¢ = x — at, n = x + at and we use the chain rule:

0 _060 o _90 06
ox O0x0¢& Oxon  d¢  on’
o 90 md 9 d

—==—+——= +a—.
ot oroe  aran . “oe “on
We compute

0%y 0 0\(dy Oy 0%y i A
= — =| — o — | = 2
5 = (e e+ ) - 8

o0& an) o “ocon o
2 2 2 2
:Q: (9+ 0 ay+a@_ ,0%y 20y+26y
or ¢ on

9y _ 2 2Y .
Toe2 " von ¢ o

Yu

2. 2, .
Iy %. Then we plug into

In the above computations, we have used the fact from calculus that 350 = 3

the wave equation,
0%y

0é0n

*Named after the French mathematician Jean le Rond d’ Alembert (1717 — 1783).

0= azyxx — Vg = 4a® = 4a2y§,7.
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Therefore, the wave equation (4.14) transforms into yg, = 0. It is easy to find the general solution
to this equation by integrating twice. Let us integrate with respect to 7 first® and notice that the
constant of integration depends on £&. We get y: = C(§). Next, we integrate with respect to & and
notice that the constant of integration must depend on . Thus, y = f C(¢) dé + B(n). The solution
must, therefore, be of the following form for some functions A(¢) and B():

y =A()+ B(n) = A(x — at) + B(x + at).

4.8.2 The formula

We know what any solution must look like, but we need to solve for the given side conditions. We
will just give the formula and see that it works. First let F'(x) denote the odd extension of f(x), and
let G(x) denote the odd extension of g(x). Now define

1 1 1 1
A(x) = EF(x) - %ﬁ G(s) ds, B(x) = EF(X) + ZL G(s) ds.

We claim this A(x) and B(x) give the solution. Explicitly, the solution is y(x, t) = A(x—at) + B(x +at)
or in other words:

1 1 xX—at 1 1 X+at
y(x,t) = =F(x—at) — — f G(s)ds+ =F(x+at)+ — f G(s)ds
2 2a 0 2 261 0

F _ F 1 X+at
_ (x —at) + F(x + ar) N _f G(s) ds.
2 2a Jyiu

(4.16)

Let us check that the d’ Alembert formula really works.

1 | 1 1 [
y(x,0) = EF(X) -0 j; G(s)ds+ EF(X) + % fo G(s)ds = F(x).

So far so good. Assume for simplicity F' is differentiable. By the fundamental theorem of calculus
we have

- 1 |
yi(x, 1) = TaF’(x - an)+ 5GGr—an + gF’(x +ar) + 5Glx +an)

So
-a _, 1 a._, 1 3
vi(x,0) = > F'(x)+ EG(x) + EF (x) + EG(X) = G(x).

Yay! We’re smoking now. OK, now the boundary conditions. Note that F(x) and G(x) are odd.
Also fox G(s) ds is an even function of x because G(x) is odd (to see this fact, do the substitution

YWe can just as well integrate with & first, if we wish.
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s =-v). So

1 1 at 1 1 at
v(0,1) = EF(—at) - ZL G(s)ds + EF(at) + Zj(: G(s)ds

-1 1 ! 1 1 r“
= —F(at) - — —F — =0.
> (ar) P foa G(s)ds + 7 (at) + o ﬁ G(s)ds =0

Note that F(x) and G(x) are 2L periodic. We compute
1 1 L—at 1 1 L+at
y(L,t) = =F(L —at) - —f G(s)ds+ =F(L + at) + —f G(s)ds
2 2a Jo 2 2a Jo
1F( L — at) ! fLG()d ! f_mG()d +
=—-F(-L-at)— — s)ds — — s)ds
2 261 0 2a 0
1 1t 1
+—F(L+at)+ — G(s)ds+ — G(s)ds
2 261 0 Za 0

-1 1 ! 1 1 “
:—F(L+at)——fg G(s) ds+—F(L+at)+—f G(s)ds =0.
2 2a 0 2 2a 0

And voila, it works.

Example 4.8.1: What the d’ Alembert solution says is that the solution is a superposition of two
functions (waves) moving in the opposite direction at “speed” a. To get an idea of how it works, let
us do an example. Suppose that we have the simpler setup

Yir = Yxx

¥(0,1) =y(1,1) =0,
y(x,0) = f(x),
vi(x,0) = 0.

Here f(x) is an impulse of height 1 centered at x = 0.5:

0 if 0<x<045,
20(x—=045) if 0<x<045,
20(0.55 - x) if 0.45 <x<0.55,
0 if 0.55<x<1.

Jx) =

The graph of this pulse is the top left plot in Figure 4.21 on the next page.
Let F(x) be the odd periodic extension of f(x). Then from (4.16) we know that the solution is
given as
Fx-t)+F(x+1)
> .

y(x, 1) =
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It is not hard to compute specific values of y(x, ). For example, to compute y(0.1,0.6) we notice
x—t=-05and x +1 = 0.7. Now F(-0.5) = —f(0.5) = -20(0.55 - 0.5) = —1 and F(0.7) =
f(0.7) = 0. Hence y(0.1,0.6) = %) = —0.5. As you can see the d’ Alembert solution is much easier
to actually compute and to plot than the Fourier series solution. See Figure 4.21 for plots of the

solution y for several different z.

0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
T T T T T T
1.0 - -1 1.0 1.0 - 110
05 |~ -1 05 05 |- A /\ -1 05
0.0 0.0 0.0 0.0
05 |- -1 -05 -05 |- -1 05
10 [ 1.0 1.0 - 1.0
I I I I I I
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
T T T T T T
10 [ -1 10 10 |- 110

05 j\ /\ 0.5 0.5 -] 05
0.0 0.0 0.0 ‘v \/7 0.0
-05 [ -1 -05 -05 [ -1 -05

I I I I I I
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00

Figure 4.21: Plot of the d’ Alembert solution forr = 0, = 0.2, t = 0.4, and ¢ = 0.6.

4.8.3 Notes

It is perhaps easier and more useful to memorize the procedure rather than the formula itself. The
important thing to remember is that a solution to the wave equation is a superposition of two waves
traveling in opposite directions. That is,

y(x,t) = A(x — at) + B(x + at).
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If you think about it, the exact formulas for A and B are not hard to guess once you realize what
kind of side conditions y(x, t) is supposed to satisfy. Let us give the formula again, but slightly
differently. Best approach is to do this in stages. When g(x) = 0 (and hence G(x) = 0) we have the

solution
F(x—at)+ F(x + ar)

2
On the other hand, when f(x) = 0 (and hence F(x) = 0), we let

H(x) = fx G(s) ds.
0

The solution in this case is

1 wat Gs) ds = —-H(x—at)+ H(x + at).
2a 2a

x—at

By superposition we get a solution for the general side conditions (4.15) (when neither f(x) nor
g(x) are identically zero).

F(x—at)+ F(x+ ar) N —H(x—at)+ H(x + at)
2 2a '

Do note the minus sign before the H, and the a in the second denominator.

y(x, 1) = “4.17)

Exercise 4.8.1: Check that the new formula (4.17) satisfies the side conditions (4.15).

Warning: Make sure you use the odd extensions F(x) and G(x), when you have formulas for
f(x) and g(x). The thing is, those formulas in general hold only for 0 < x < L, and are not usually
equal to F(x) and G(x) for other x.

4.8.4 Exercises

Exercise 4.8.2: Using the d’Alembert solution solve y,, = 4y.,, 0 < x <m, t >0, y(0,7) = y(m,t) = 0,
y(x,0) = sinx, and y,(x,0) = sin x. Hint: Note that sin x is the odd extension of y(x, 0) and y,(x, 0).

Exercise 4.8.3: Using the d’Alembert solution solve y, = 2y,,, 0 < x < 1,¢t >0, y(0,¢) = y(1,¢) =0,
y(x,0) = sin’(nx), and y,(x,0) = sin® (7).

Exercise 4.8.4: Take vy, = 4y, 0 < x <m t > 0, y(0,¢) = y(mr,1) = 0, y(x,0) = x(r — x), and
vi(x,0) = 0. a) Solve using the d’Alembert formula (Hint: You can use the sine series for y(x,0).) b)
Find the solution as a function of x for a fixedt = 0.5, t = 1, and t = 2. Do not use the sine series
here.

Exercise 4.8.5: Derive the d’Alembert solution for y,; = a*y., 0 < x <m, t > 0, y(0,1) = y(m,1) = 0,
y(x,0) = f(x), and y,(x,0) = 0, using the Fourier series solution of the wave equation, by applying
an appropriate trigonometric identity.
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Exercise 4.8.6: The d’Alembert solution still works if there are no boundary conditions and the
initial condition is defined on the whole real line. Suppose that y,; = y.. (for all x on the real line
andt > 0), y(x,0) = f(x), and y,(x,0) = 0, where

0 if x<-1,
x+1 if -1 <x<0,
-x+1 if 0<x<l1,
0 if x>1.

Solve using the d’Alembert solution. That is, write down a piecewise definition for the solution.
Then sketch the solution fort =0,t=12t=1,and t = 2.

Exercise 4.8.101: Using the d’Alembert solution solve y, = 9y, 0 < x < 1, t > 0, y(0,¢) =
y(1,8) =0, y(x,0) = sin(2nx), and y,(x,0) = sin(37x).

Exercise 4.8.102: Take y,, = 4y, 0 < x < 1,1t > 0, y(0,1) = y(1,£) = 0, y(x,0) = x — x?, and
vi(x,0) = 0. Using the D’Alembert solution find the solution ata)t = 0.1, b)t =1/2, c)t = 1. (You
may have to split up your answer by cases)

Exercise 4.8.103: Take y, = 100y,,, 0 < x <4, ¢t > 0, y(0,1) = y4,1t) = 0, y(x,0) = F(x), and

vi(x,0) = 0. Suppose that F(0) =0, F(1) =2, F(2) =3, F(3) = 1. Using the D’Alembert solution
find a) y(1, 1), b) y(4,3), ) y(3,9).
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4.9 Steady state temperature and the Laplacian

Note: I lecture, §9.7 in [EP], §10.8 in [BD]

Suppose we have an insulated wire, a plate, or a 3-dimensional object. We apply certain fixed
temperatures on the ends of the wire, the edges of the plate or on all sides of the 3-dimensional
object. We wish to find out what is the steady state temperature distribution. That is, we wish to
know what will be the temperature after long enough period of time.

We are really looking for a solution to the heat equation that is not dependent on time. Let us
first do this in one space variable. We are looking for a function u that satisfies

U = kuxx’

but such that u, = 0 for all x and 7. Hence, we are looking for a function of x alone that satisfies
u,, = 0. It is easy to solve this equation by integration and we see that u = Ax + B for some
constants A and B.

Suppose we have an insulated wire, and we apply constant temperature 7 at one end (say where
x = 0) and T, on the other end (at x = L where L is the length of the wire). Then our steady state

solution is
T, - T,

u(x) = x+T.

This solution agrees with our common sense intuition with how the heat should be distributed in the
wire. So in one dimension, the steady state solutions are basically just straight lines.

Things are more complicated in two or more space dimensions. Let us restrict to two space
dimensions for simplicity. The heat equation in two variables is

Uy = k(g + utyy), (4.18)

or more commonly written as u, = kAu or u, = kV?u. Here the A and V? symbols mean a"—; + %.
We will use A from now on. The reason for that notation is that you can define A to be the right
thing for any number of space dimensions and then the heat equation is always u, = kAu. The A is
called the Laplacian.

OK, now that we have notation out of the way, let us see what does an equation for the steady
state solution look like. We are looking for a solution to (4.18) that does not depend on z. Hence we
are looking for a function u(x, y) such that

Au = uy, +uy, = 0.

This equation is called the Laplace equationd. Solutions to the Laplace equation are called harmonic
functions and have many nice properties and applications far beyond the steady state heat problem.

INamed after the French mathematician Pierre-Simon, marquis de Laplace (1749 — 1827).
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Harmonic functions in two variables are no longer just linear (plane graphs). For example,
you can check that the functions x> — y* and xy are harmonic. However, if you remember your
multi-variable calculus we note that if u,, is positive, u is concave up in the x direction, then uy,
must be negative and # must be concave down in the y direction. Therefore, a harmonic function can
never have any “hilltop” or “valley” on the graph. This observation is consistent with our intuitive
idea of steady state heat distribution.

Commonly the Laplace equation is part of a so-called Dirichlet problem!. That is, we have some
region in the xy-plane and we specify certain values along the boundaries of the region. We then try
to find a solution u defined on this region such that u agrees with the values we specified on the
boundary.

For simplicity, we will consider a rectangular region. Also for simplicity we will specify
boundary values to be zero at 3 of the four edges and only specify an arbitrary function at one
edge. As we still have the principle of superposition, you can use this simpler solution to derive the
general solution for arbitrary boundary values by solving 4 different problems, one for each edge,
and adding those solutions together. This setup is left as an exercise.

We wish to solve the following problem. Let 2 and w be the height and width of our rectangle,
with one corner at the origin and lying in the first quadrant.

(0, ) u=0 (w, h)
Au =0, (4.19)
u0,y)=0forO<y<h, (4.20)
u(x,h) =0for0 < x <w, 4.21) u=0 u=20

u(w,y) =0for0<y<h, (4.22)
u(x,0) = f(x) for0 < x <w. (4.23)

(0,0) u= f(x) (w,0)

The method we will apply is separation of variables. Again, we will come up with enough
building-block solutions satisfying all the homogeneous boundary conditions (all conditions except
(4.23)). We notice that superposition still works for the equation and all the homogeneous conditions.
Therefore, we can use the Fourier series for f(x) to solve the problem as before.

We try u(x,y) = X(x)Y(y). We plug u into the equation to get

XY +XY" =0.

We put the X's on one side and the Y's on the other to get

X/I_Y/I
X Y

INamed after the German mathematician Johann Peter Gustav Lejeune Dirichlet (1805 — 1859).


http://en.wikipedia.org/wiki/Dirichlet

216 CHAPTER 4. FOURIER SERIES AND PDES

The left hand side only depends on x and the right hand side only depends on y. Therefore, there is

some constant A such that A = % = YT And we get two equations
X"+ AX =0,
Y’ -2aY =0.

Furthermore, the homogeneous boundary conditions imply that X(0) = X(w) = 0 and Y(h) = 0.
Taking the equation for X we have already seen that we have a nontrivial solution if and only if
A=A, = £ and the solution is a multiple of

W2

X,(x) = sin(ﬂx).
w
For these given 4, the general solution for Y (one for each n) is
Y,(y) = A, cosh (@y) + B, sinh (Ey) (4.24)
w w

We only have one condition on Y, and hence we can pick one of A, or B, to be something convenient.
It will be useful to have Y, (0) = 1, so we let A,, = 1. Setting Y,,(h) = 0 and solving for B, we get that
—cosh (@)

w

sinh (22) -

w

B, =

After we plug the A, and B, we into (4.24) and simplify, we find

sinh (M)

w

sinh(@) '

w

Yn@) =

We define u,(x,y) = X,,(x)Y,(y). And note that u, satisfies (4.19)—(4.22).
Observe that

,(x.0) = X,(x)Y,(0) = sin (%x)
Suppose

F(x) = ib,, sin(%).
n=1

Then we get a solution of (4.19)—(4.23) of the following form.

o o ‘ sinh (@)
u(x, y) = Z:; butn(x, y) = Z:; by sin (%x) [T(L’)] '

w

As u, satisfies (4.19)—(4.22) and any linear combination (finite or infinite) of u, must also satisfy
(4.19)—(4.22), we see that u must satisfy (4.19)—(4.22). By plugging in y = 0 it is easy to see that u
satisfies (4.23) as well.
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Example 4.9.1: Suppose that we take w = h = 7 and we let f(x) = 7. We compute the sine series
for the function 7 (we will get the square wave). We find that for 0 < x < 7 we have

(o)

4
f(x) = Z — sin(nx).

n=1
n odd

Therefore the solution u(x, y), see Figure 4.22, to the corresponding Dirichlet problem is given as

4 . sinh(n(r — y))
u(x,y) = Z —sin(nx) | —————=|.
“n sinh(nm)
n odd
0.0
0.0 05 y
1.0
1.5
‘ T 25
| 30
o [y
T so
3.0 T~ T 3.142
e
3.0 T 2.199
| S [T 20 1.885
25 LT T 1.571
I R ! LT 1.257
. [ S 1.5
~ \ ~ 0.943
2.0 : 0.628
1 [ B e R R 0.314
15 T L 0.000
S | os
1.0 .
0.0
0.5 0.0
0.0
0.0

25
v 3.0

Figure 4.22: Steady state temperature of a square plate with three sides held at zero and one side
held at .

This scenario corresponds to the steady state temperature on a square plate of width r with 3
sides held at 0 degrees and one side held at 7 degrees. If we have arbitrary initial data on all sides,
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then we solve four problems, each using one piece of nonhomogeneous data. Then we use the
principle of superposition to add up all four solutions to have a solution to the original problem.

There is another way to visualize the solutions of the Laplace equation. Take a wire and bend it
in just the right way so that it corresponds to the graph of the temperature above the boundary of
your region. Then dip the wire in soapy water and let it form a soapy film stretched between the
edges of the wire. It turns out that this soap film is precisely the graph of the solution to the Laplace
equation. Harmonic functions come up frequently in problems when we are trying to minimize area
of some surface or minimize energy in some system.

4.9.1 Exercises

Exercise 4.9.1: Let R be the region described by 0 < x < mand 0 <y < m. Solve the problem
Au=0, u(x,0)=sinx, ulx,m)=0, u,y)=0, u(ry)=0.

Exercise 4.9.2: Let R be the region described by 0 < x < 1 and 0 <y < 1. Solve the problem

Uy + Uy = 0,
u(x,0) = sin(rx) — sin(2rx), u(x,1)=0,
u©0,y) =0, u(l,y)=0.

Exercise 4.9.3: Let R be the region described by 0 < x < 1 and 0 < y < 1. Solve the problem

Uy + Uy = 0,
u(x,0) = u(x, 1) = u(0,y) = u(l,y) = C.

for some constant C. Hint: Guess, then check your intuition.
Exercise 4.9.4: Let R be the region described by 0 < x < mand 0 <y < &. Solve

Au=0, ulx0)=0, wulx,m)=mn u@,y)=y, u(my =y.
Hint: Try a solution of the form u(x,y) = X(x) + Y(y) (different separation of variables).
Exercise 4.9.5: Use the solution of Exercise 4.9.4 to solve

Au=0, u(x,0)=sinx, wulx,m)=n, u@©,y)=y, ulmy =y.

Hint: Use superposition.
Exercise 4.9.6: Let R be the region described by 0 < x < w and 0 <y < h. Solve the problem

Uy + Uy = 0,
u(x,0) =0, ulx,h) = f(x),
u©0,y) =0, u(w,y)=0.

The solution should be in series form using the Fourier series coefficients of f(x).
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Exercise 4.9.77: Let R be the region described by 0 < x < w and 0 <y < h. Solve the problem

Uy + Uy, =0,
u(x,00=0, u(x,h) =0,
u@©,y) = f(»), u(w,y) =0.

The solution should be in series form using the Fourier series coefficients of f(y).

Exercise 4.9.8: Let R be the region described by 0 < x < w and 0 <y < h. Solve the problem

Uy + Uy, =0,
u(x,0)=0, wulx,h)=0,
w©,y) =0, u(w,y) = f(y).
The solution should be in series form using the Fourier series coefficients of f(y).
Exercise 4.9.9: Let R be the region described by 0 < x < 1 and 0 <y < 1. Solve the problem
Uy + Uy, = 0,
u(x,0) = sin(9rx), wu(x,1) = sin(2rx),
u@0,y) =0, u(l,y)=0.
Hint: Use superposition.
Exercise 4.9.10: Let R be the region described by 0 < x < 1 and 0 <y < 1. Solve the problem
Uy + Uy, = 0,
u(x,0) = sin(wx), u(x,1) = sin(zx),
u(0,y) = sin(zry), u(l,y) = sin(xy).
Hint: Use superposition.

Exercise 4.9.101: Let R be the region described by 0 < x < 1 and 0 <y < 1. Solve the problem

(o)

1
Au=0, ux,0) = — sin(nrx), u(x,1)=0, u(0,y)=0, u(l,y)=0.
n2

n=1

Exercise 4.9.102: Let R be the region described by 0 < x < 1 and 0 <y < 2. Solve the problem

Au=0, u(x,0)=0.1sin(rx), u(x,2)=0, u©,y)=0, u(l,y)=0.
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Chapter 5

Eigenvalue problems

5.1 Sturm-Liouville problems

Note: 2 lectures, §10.1 in [EP], §11.2 in [BD]

5.1.1 Boundary value problems

We have encountered several different eigenvalue problems such as:
X" (x)+ AX(x) =0

with different boundary conditions

X(0)=0 XL)=0 (Dirichlet) or,
X'0)=0 X/ (L)=0 (Neumann) or,
X0)=0 X(L)=0 (Mixed) or,
X0)=0 X/(L)=0 (Mixed),...

For example for the insulated wire, Dirichlet conditions correspond to applying a zero temperature
at the ends, Neumann means insulating the ends, etc. ... Other types of endpoint conditions also

arise naturally, such as
hX(0)-X'(0)=0 hX(L) + X'(L) =0,
for some constant /.

These problems came up, for example, in the study of the heat equation u, = ku,, when we
were trying to solve the equation by the method of separation of variables. In the computation we
encountered a certain eigenvalue problem and found the eigenfunctions X,,(x). We then found the
eigenfunction decomposition of the initial temperature f(x) = u(x,0) in terms of the eigenfunctions

[Se]

FO) =D enXa().

n=1

221
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Once we had this decomposition and once we found suitable 7,(¢) such that 7,(0) = 1, we noted
that a solution to the original problem could be written as

[

u(x 1) = D e To(OX, ().

n=1

We will try to solve more general problems using this method. First, we will study second order
linear equations of the form

d d
o (p(x)—y) — g(x)y + Ar(x)y = 0. .1
X dx

Essentially any second order linear equation of the form a(x)y” + b(x)y" + c(x)y + Ad(x)y = 0 can
be written as (5.1) after multiplying by a proper factor.

Example 5.1.1 (Bessel): Put the following equation into the form (5.1):

Xy +xy + (/bc2 - nz)y =0.

Multiply both sides by i to obtain
d 2

1 ’ d
_( 2)’"+xy'+(/1x2—n2))’):xy,'+y,+ Le-Ty= a2 ) - Sy =0,
X X dx\ dx X

We can state the general Sturm-Liouville problem™. We seek nontrivial solutions to

d

d
Zp@Z2) - gy + rxy =0, a<x<b,
dx dx

aiy(a) — axy'(a) = 0,
Biy(b) + Bay'(b) = 0.
In particular, we seek As that allow for nontrivial solutions. The As for which there are non-

trivial solutions are called the eigenvalues and the corresponding nontrivial solutions are called
eigenfunctions. The constants a; and @, should not be both zero, same for 5, and 3,.

(5.2)

Theorem 5.1.1. Suppose p(x), p’(x), q(x) and r(x) are continuous on [a, b] and suppose p(x) > 0
and r(x) > 0 for all x in [a, b]. Then the Sturm-Liouville problem (5.2) has an increasing sequence
of eigenvalues

A< <Az3<---

such that
lim 4, = +c0

and such that to each A, there is (up to a constant multiple) a single eigenfunction y,(x).
Moreover, if g(x) > 0 and ay, @2, 1,52 = 0, then A, > 0 for all n.

“Named after the French mathematicians Jacques Charles Frangois Sturm (1803 — 1855) and Joseph Liouville (1809
— 1882).
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Note: Be careful about the signs. Also be careful about the inequalities for r and p, they must be
strict for all x! Problems satisfying the hypothesis of the theorem are called regular Sturm-Liouville
problems and we will only consider such problems here. That is, a regular problem is one where
p(x), p'(x), g(x) and r(x) are continuous, p(x) > 0, r(x) > 0, g(x) > 0, and ay, @2,81,5, = 0.

When zero is an eigenvalue, we will usually start labeling the eigenvalues at O rather than 1 for
convenience.

Example 5.1.2: The problem y” + 1y, 0 < x < L, y(0) = 0, and y(L) = 0 is a regular Sturm-
Liouville problem. p(x) = 1, g(x) = 0, r(x) = 1, and we have p(x) = 1 > 0 and r(x) = 1 > 0. The
2.2

eigenvalues are 4, = “7- and eigenfunctions are y,(x) = sin(“Fx). All eigenvalues are nonnegative

as predicted by the theorem.
Exercise 5.1.1: Find eigenvalues and eigenfunctions for
Y +Ay=0, y(©0) =0, y(@)=0.

Identify the p,q,r,a;, ;. Can you use the theorem to make the search for eigenvalues easier? (Hint:
Consider the condition —y'(0) = 0)

Example 5.1.3: Find eigenvalues and eigenfunctions of the problem
Y +ly=0, 0<x<l,
hy(0)—y'(0)=0, y(1)=0, h>0.

These equations give a regular Sturm-Liouville problem.

Exercise 5.1.2: Identify p,q,r,a;,B; in the example above.

First note that 4 > 0 by Theorem 5.1.1. Therefore, the general solution (without boundary
conditions) is

yx)=A cos(\/z x)+ B sin(\ﬁ X) if >0,
y(x) =Ax+ B if 1 =0.
Let us see if 4 = 0 is an eigenvalue: We must satisfy 0 = 7B — A and A = 0, hence B = 0 (as

h > 0), therefore, O is not an eigenvalue (no eigenfunction).
Now let us try 4 > 0. We plug in the boundary conditions.

0=hA- VaB,
0=-AVa sin(\a) +BVa cos(\/ﬁ).
Note that if A = 0, then B = 0 and vice-versa, hence both are nonzero. So B = 4 and

\/17
0 =-A+2sin(V2) + N cos(VA). As A # 0 we get

0 = — V2 sin(V) + hcos(V2),
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or

h
— —tan VA.
Va

Now use a computer to find 4,,. There are tables available, though using a computer or a graphing
calculator will probably be far more convenient nowadays. Easiest method is to plot the functions
h/x and tan x and see for which x they intersect. There will be an infinite number of intersections. So
denote by /4, the first intersection, by /4, the second intersection, etc. ... For example, when
h =1, we get that 4; = 0.86, and A, ~ 3.43. A plot for & = 1 is given in Figure 5.1. The appropriate
eigenfunction (let A = 1 for convenience, then B = /v2) is

yu(x) = cos(y/A, x) + \/Lﬂ_ sin(y/4, x).

n

Figure 5.1: Plot of L and tan x.

5.1.2 Orthogonality

We have seen the notion of orthogonality before. For example, we have shown that sin(nx) are
orthogonal for distinct n on [0, r]. For general Sturm-Liouville problems we will need a more
general setup. Let r(x) be a weight function (any function, though generally we will assume it
is positive) on [a, b]. Then two functions f(x), g(x) are said to be orthogonal with respect to the
weight function r(x) when

b
f F(x) g(x) r(x) dx = 0.
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In this setting, we define the inner product as

b
fre) < f F(x) g(x) r(x) dx,

and then say f and g are orthogonal whenever (f,g) = 0. The results and concepts are again
analogous to finite dimensional linear algebra.

The idea of the given inner product is that those x where r(x) is greater have more weight.
Nontrivial (nonconstant) r(x) arise naturally, for example from a change of variables. Hence, you
could think of a change of variables such that d¢ = r(x) dx.

We have the following orthogonality property of eigenfunctions of a regular Sturm-Liouville
problem.

Theorem 5.1.2. Suppose we have a regular Sturm-Liouville problem

d dy 3
It (p(X)a) —q(x)y + Ar(x)y = 0,

aiy(a) — azy’(a) = 0,
Biy(b) + By (b) = 0.

Let y; and y; be two distinct eigenfunctions for two distinct eigenvalues A; and A. Then

b
f () yi(x) r(x) dx = 0,

that is, y; and y; are orthogonal with respect to the weight function r.

Proof is very similar to the analogous theorem from § 4.1. It can also be found in many books
including, for example, Edwards and Penney [EP].

5.1.3 Fredholm alternative

We also have the Fredholm alternative theorem we talked about before for all regular Sturm-
Liouville problems. We state it here for completeness.

Theorem 5.1.3 (Fredholm alternative). Suppose that we have a regular Sturm-Liouville problem.
Then either

d

dy 3
It (P(x)a) —q(x)y + Ar(x)y = 0,

a1y(a) — azy'(a) = 0,
Biy(b) + B2y’ (b) = 0,
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has a nonzero solution, or

d

dy 3
p (p(X)E) —q(x)y + Ar(x)y = f(x),

ayy(a) — ay'(a) =0,
Biy(b) + B2y (b) =0,

has a unique solution for any f(x) continuous on [a, b].

This theorem is used in much the same way as we did before in § 4.4. It is used when solving
more general nonhomogeneous boundary value problems. The theorem does not help us solve the
problem, but it tells us when a solution exists and when it exists if it is unique, so that we know
when to spend time looking for a solution. To solve the problem we decompose f(x) and y(x) in
terms of the eigenfunctions of the homogeneous problem, and then solve for the coefficients of the
series for y(x).

5.1.4 Eigenfunction series

What we want to do with the eigenfunctions once we have them is to compute the eigenfunction
decomposition of an arbitrary function f(x). That is, we wish to write

(&9

F =) ey, (5.3)

n=1

where y,(x) the eigenfunctions. We wish to find out if we can represent any function f(x) in this way,
and if so, we wish to calculate ¢, (and of course we would want to know if the sum converges). OK,
so imagine we could write f(x) as (5.3). We will assume convergence and the ability to integrate
the series term by term. Because of orthogonality we have

b
f:ym) = f J(X) ym(x) r(x) dx

© b
=Y e f ¥u() () 1) dlx

n=1

b
= cmf Y (X) Y(%) (x) dx = C(Yms Ym)-

Hence,

G _ L@@ e dx
" <ym’ ym> fab (ym(x))Z r(x) dx :

(5.4)
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Note that y,, are known up to a constant multiple, so we could have picked a scalar multiple of an
eigenfunction such that (y,,, y,,) = 1 (if we had an arbitrary eigenfunction j,,, divide it by /(F,u, ).
In the case that (y,,, y,,») = 1 we would have the simpler form c,, = (f, y,.) as we essentially did for
the Fourier series. The following theorem holds more generally, but the statement given is enough
for our purposes.

Theorem 5.1.4. Suppose f is a piecewise smooth continuous function on [a, b). If y1,y,, ... are the
eigenfunctions of a regular Sturm-Liouville problem, then there exist real constants cy,cy, . .. given
by (5.4) such that (5.3) converges and holds for a < x < b.

Example 5.1.4: Take the simple Sturm-Liouville problem

y'+Ay=0, 0<x<g,

Y 0) =0, (7_2r) = 0.

The above is a regular problem and furthermore we actually know by Theorem 5.1.1 on page 222
that 1 > 0.

Suppose 4 = 0, then the general solution is y(x) = Ax + B, we plug in the initial conditions to
get 0 =y(0) = B,and 0 = y'(§) = A, hence 4 = 0 is not an eigenvalue.

The general solution, therefore, is

y(x) = A cos(VAx) + Bsin(VA x).

Plugging in the boundary conditions we get 0 = y(0) = A and 0 = y'(%) = VABcos(V1%). B
cannot be zero and hence cos(Va 5) = 0. This means that Va 5 must be an odd integral multiple of
Z.1ie.(2n—1)7 = V4, 5. Hence

A, =Q2n— 1)

We can take B = 1. And hence our eigenfunctions are
yu(x) = sin((2n — 1)x).
We finally compute

fo : (sin(2n = 1)) dx = Z

So any piecewise smooth function on [0, 7] can be written as

[

F) =) eusin(@n - 1)x),

n=1
where

oy @ sin@n - Dy d
n <yna yn> j(')% (Sin((Zn _ 1)x))2 dx

Note that the series converges to an odd 2r-periodic (not m-periodic!) extension of f(x).

= if2 f(x) sin((2n — 1)x) dx.
T Jo
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Exercise 5.1.3 (challenging): In the above example, the function is defined on 0 < x < %, yet the
series converges to an odd 2n-periodic extension of f(x). Find out how is the extension defined for
IT<x<m.

2

5.1.5 Exercises

Exercise 5.1.4: Find eigenvalues and eigenfunctions of
Y +Ady=0, y0)-y(0)=0, y()=0.
Exercise 5.1.5: Expand the function f(x) = x on 0 < x < 1 using the eigenfunctions of the system
Y +y=0, y(0)=0, y1)=0.

Exercise 5.1.6: Suppose that you had a Sturm-Liouville problem on the interval [0, 1] and came up
with y,(x) = sin(ynx), where y > 0 is some constant. Decompose f(x) = x, 0 < x < 1 in terms of
these eigenfunctions.

Exercise 5.1.7: Find eigenvalues and eigenfunctions of
YW+ay=0, y0)=0, y(©0)=0, y1)=0, y(1)=0.
This problem is not a Sturm-Liouville problem, but the idea is the same.

Exercise 5.1.8 (more challenging): Find eigenvalues and eigenfunctions for

d
a(exy’) +1e'y=0, y0)=0, y()=0.

Hint: First write the system as a constant coefficient system to find general solutions. Do note that
Theorem 5.1.1 on page 222 guarantees A1 > Q.

Exercise 5.1.101: Find eigenvalues and eigenfunctions of
y'+ay=0, y-1)=0, y()=0.

Exercise 5.1.102: Put the following problems into the standard form for Sturm-Lioville problems,
that is, find p(x), qg(x), r(x), @y, a3, B1, and 3,, and decide if the problems are regular or not.
a)xy" +Ay=0for0<x<1,y0)=0,y(1) =0,

b)(1+x2)y" =2xy +(A—x})y=0for-1<x<1,y-1)=0, y1)+y (1) =0.
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5.2 Application of eigenfunction series

Note: 1 lecture, §10.2 in [EP], exercises in §11.2 in [BD]

The eigenfunction series can arise even from higher order equations. Suppose we have an elastic
beam (say made of steel). We will study the transversal vibrations of the beam. That is, assume the
beam lies along the x axis and let y(x, ) measure the displacement of the point x on the beam at
time ¢. See Figure 5.2.

y

Figure 5.2: Transversal vibrations of a beam.

The equation that governs this setup is

4 2
#9,0y
oxt - or
for some constant a > 0.
Suppose the beam is of length 1 simply supported (hinged) at the ends. Suppose the beam is

displaced by some function f(x) at time ¢ = 0 and then let go (initial velocity is 0). Then y satisfies:

Yo + ¥ =0 (O <x<1,1>0),
¥(0,1) = y:(0,2) = 0,

y(1,0) = yu(l,1) =0,

y(x,0) = f(x), y(x,0)=0.

Again we try y(x, ) = X(x)T(¢) and plug in to get a*XT + XT” = 0 or

(5.5)

X(4) _T"

- -2
X a*T

We note that we want 7" + Aa*T = 0. Let us assume that 1 > 0. We can argue that we expect
vibration and not exponential growth nor decay in the ¢ direction (there is no friction in our model
for instance). Similarly A = 0 will not occur.

Exercise 5.2.1: Try to justify A > 0 just from the equations.
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Write w* = A, so that we do not need to write the fourth root all the time. For X we get the
equation X — w*X = 0. The general solution is

X(x) = Ae®” + Be ™ + C sin(wx) + D cos(wx).

Now0=X0)=A+B+D,0=X"(0)=w*(A+B-D). Hence, D=0and A+ B=0, or B= —A.
So we have
X(x) = Ae”" — Ae™ + C sin(wx).

Also 0= X(1) = A(e” — e™®) + Csinw, and 0 = X”(1) = Aw?*(e” — ™) — Cw? sin w. This means
that Csinw = 0 and A(e® — e @) = 2Asinhw = 0. If w > 0, then sinhw # 0 and so A = 0. This
means that C # 0 otherwise A is not an eigenvalue. Also w must be an integer multiple of 7. Hence
w=nrandn > 1 (as w > 0). We can take C = 1. So the eigenvalues are A, = n*z* and the
eigenfunctions are sin(nmx).

Now T” + n*n*a*T = 0. The general solution is T(f) = A sin(n’n’a*t) + B cos(n*n*a*t). But
T’(0) = 0 and hence we must have A = 0 and we can take B = 1 to make 7'(0) = 1 for convenience.
So our solutions are T,(f) = cos(n’m*a’t).

As the eigenfunctions are just sines again, we can decompose the function f(x) on0 < x < 1
using the sine series. We find numbers b,, such that for 0 < x < 1 we have

f(x) = Z b, sin(nrx).
n=1
Then the solution to (5.5) is

Y060 = Y X, (0T, () = ) by sin(nrx) cos(n’z’a’t).

n=1 n=1

The point is that X, 7, is a solution that satisfies all the homogeneous conditions (that is, all
conditions except the initial position). And since and 7,(0) = 1, we have

35,00 = D BXu(D)T(0) = D buX,(x) = ) by sin(nmx) = f(x).
n=1 n=1 n=1

So y(x, t) solves (5.5).

Note that the natural (circular) frequency of the system is n’z?a®. These frequencies are all
integer multiples of the fundamental frequency n2a?, so we will get a nice musical note. The exact
frequencies and their amplitude are what we call the timbre of the note.

The timbre of a beam is different than for a vibrating string where we will get “more” of the
smaller frequencies since we will get all integer multiples, 1,2, 3,4, 5, ... For a steel beam we will
get only the square multiples 1,4,9, 16,25, ... That is why when you hit a steel beam you hear a
very pure sound. The sound of a xylophone or vibraphone is, therefore, very different from a guitar
or piano.
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x(x—1)

Example 5.2.1: Let us assume that f(x) = =5~

by now)

On 0 < x < 1 we have (you know how to do this

(o) 4 )
f(x) = Z; e sin(nmx).
nodd
Hence, the solution to (5.5) with the given initial position f(x) is

> 4
y(x, t) = Z SO0 sin(nnx) cos(n’ma’t).
n=1

n odd

5.2.1 Exercises

Exercise 5.2.2: Suppose you have a beam of length 5 with free ends. Lety be the transverse
deviation of the beam at position x on the beam (0 < x < 5). You know that the constants are such
that this satisfies the equation y, + 4y,.x = 0. Suppose you know that the initial shape of the beam
is the graph of x(5 — x), and the initial velocity is uniformly equal to 2 (same for each x) in the
positive y direction. Set up the equation together with the boundary and initial conditions. Just set
up, do not solve.

Exercise 5.2.3: Suppose you have a beam of length 5 with one end free and one end fixed (the
fixed end is at x = 5). Let u be the longitudinal deviation of the beam at position x on the beam
(0 < x <5). You know that the constants are such that this satisfies the equation u, = 4u.,. Suppose

you know that the initial displacement of the beam is xs;(f, and the initial velocity is == in the

100
positive u direction. Set up the equation together with the boundary and initial conditions. Just set

up, do not solve.

Exercise 5.2.4: Suppose the beam is L units long, everything else kept the same as in (5.5). What
is the equation and the series solution.

Exercise 5.2.5: Suppose you have

@*Yerx +y0 =0 (0<x<1,1>0),
¥(0,1) = yx(0,2) = 0,

y(1,0) = yu(l,1) =0,

y(x,0) = f(0),  yilx,0) = g(x).

That is, you have also an initial velocity. Find a series solution. Hint: Use the same idea as we did
for the wave equation.

Exercise 5.2.101: Suppose you have a beam of length I with hinged ends. Let y be the transverse
deviation of the beam at position x on the beam (0 < x < 1). You know that the constants are such
that this satisfies the equation y, + 4y, = 0. Suppose you know that the initial shape of the beam
is the graph of sin(rrx), and the initial velocity is 0. Solve for y.
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Exercise 5.2.102: Suppose you have a beam of length 10 with two fixed ends. Lety be the transverse
deviation of the beam at position x on the beam (0 < x < 10). You know that the constants are such
that this satisfies the equation y,; + 9y..xx = 0. Suppose you know that the initial shape of the beam
is the graph of sin(rrx), and the initial velocity is uniformly equal to x(10 — x). Set up the equation
together with the boundary and initial conditions. Just set up, do not solve.
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5.3 Steady periodic solutions

Note: 1-2 lectures, §10.3 in [EP], not in [BD]

5.3.1 Forced vibrating string.

Suppose that we have a guitar string of length L. We have studied the wave equation problem in this
case, where x was the position on the string,  was time and y was the displacement of the string.

See Figure 5.3.
/N

0 L x

Figure 5.3: Vibrating string.

The problem is governed by the equations

Vi = azyxx’
v(0,1) =0, y(L,t) =0, (5.6)
y(x,0) = f(x), yi(x,0) = g(x).

We saw previously that the solution is of the form

1= 5 () (2 2

where A, and B, were determined by the initial conditions. The natural frequencies of the system
are the (circular) frequencies “7 for integers n > 1.

But these are free Vibratlons What if there is an external force acting on the string. Let us
assume say air vibrations (noise), for example a second string. Or perhaps a jet engine. For
simplicity, assume nice pure sound and assume the force is uniform at every position on the string.
Let us say F(t) = Fcos(wt) as force per unit mass. Then our wave equation becomes (remember
force is mass times acceleration)

Vi = @yxx + Fo cos(wr), (5.7)

with the same boundary conditions of course.
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We will want to find the solution here that satisfies the above equation and
(0,1 =0, y(L,1) =0, y(x,0) =0, yi(x,0) = 0. (5.8)

That is, the string is initially at rest. First we find a particular solution y, of (3.7) that satisfies
¥(0,1) = y(L,t) = 0. We define the functions f and g as

_ _ Iy
S(x) = =y,(x,0), g(x) = _E(x’ 0).

We then find solution y. of (5.6). If we add the two solutions, we find that y = y. + y, solves (5.7)
with the initial conditions.

Exercise 5.3.1: Check thaty = y. +y, solves (5.7) and the side conditions (5.8).

So the big issue here is to find the particular solution y,. We look at the equation and we make
an educated guess
yp(x, 1) = X(x) cos(wt).

We plug in to get
—w?X cos(wt) = a*X” cos(wt) + F, cos(wt),
or —w?*X = a*X” + F, after canceling the cosine. We know how to find a general solution to

this equation (it is an nonhomogeneous constant coefficient equation) and we get that the general
solution is

F
X(x) = Acos (g x) + Bsin (9 x) - —(2).
a a w
The endpoint conditions imply X(0) = X(L) = 0. So
F,
0=X(0)=A-—,
)
orA = %, and also
F L L\ F
0=X(L) = — cos(“’—) n Bsin(“’—) )
w a a w

Assuming that sin(%L) is not zero we can solve for B to get

-F (cos (%L) - 1).

B = (5.9)

Therefore,
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The particular solution y, we are looking for is

yp(x, 1) = % [cos (% x) - L sin (% x) - 1] cos(wr).

Exercise 5.3.2: Check that y, works.

Now we get to the point that we skipped. Suppose that sin(‘”;L) = (0. What this means is that w is
equal to one of the natural frequencies of the system, i.e. a multiple of %*. We notice that if w is not
equal to a multiple of the base frequency, but is very close, then the coeflicient B in (5.9) seems
to become very large. But let us not jump to conclusions just yet. When w = *7# for n even, then
cos(“’;L) = 1 and hence we really get that B = 0. So resonance occurs only when both cos(%L) =-1
and sin(“’;L) = 0. That is when w = “ for odd n.

We could again solve for the resonance solution if we wanted to, but it is, in the right sense, the
limit of the solutions as w gets close to a resonance frequency. In real life, pure resonance never
occurs anyway.

The above calculation explains why a string will begin to vibrate if the identical string is plucked
close by. In the absence of friction this vibration would get louder and louder as time goes on. On
the other hand, you are unlikely to get large vibration if the forcing frequency is not close to a
resonance frequency even if you have a jet engine running close to the string. That is, the amplitude
will not keep increasing unless you tune to just the right frequency.

Similar resonance phenomena occur when you break a wine glass using human voice (yes this
is possible, but not easy") if you happen to hit just the right frequency. Remember a glass has much
purer sound, i.e. it is more like a vibraphone, so there are far fewer resonance frequencies to hit.

When the forcing function is more complicated, you decompose it in terms of the Fourier series
and apply the above result. You may also need to solve the above problem if the forcing function is
a sine rather than a cosine, but if you think about it, the solution is almost the same.

Example 5.3.1: Let us do the computation for specific values. Suppose Fp = 1 and w = 1 and
L=1anda = 1. Then

cos(1) -1

sin(1) sin(x) — 1) cos(?).

yp(x, 1) = (cos(x) -

. _ cos()-1 . s
Write B = =75 for simplicity.

Then plug in t = 0 to get

f(x) = -y,(x,0) = —cosx + Bsinx + 1,

and after differentiating in  we see that g(x) = —a;—t”(x, 0)=0.

TMythbusters, episode 31, Discovery Channel, originally aired may 18th 2005.
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Hence to find y. we need to solve the problem

Yir = Yxx»
0,1 =0, y(1,1) =0,
y(x,0) = —cosx + Bsinx + 1,
vi(x,0) = 0.
Note that the formula that we use to define y(x, 0) is not odd, hence it is not a simple matter of
plugging in to apply the D’ Alembert formula directly! You must define F to be the odd, 2-periodic
extension of y(x, 0). Then our solution would look like
F F(x - H-1
(x+0)+F(x—1) + [cos )_cosF )
2 sin(1)

y(x, t) = sin(x) — 1) cos(?). (5.10)

0.0 1 t
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Figure 5.4: Plot of y(x, 1) = w + (cos(x) - C‘zfll()gl sin(x) — 1) cos(?).

It is not hard to compute specific values for an odd extension of a function and hence (5.10) is a
wonderful solution to the problem. For example it is very easy to have a computer do it, unlike a
series solution. A plot is given in Figure 5.4.
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5.3.2 Underground temperature oscillations

Let u(x, 1) be the temperature at a certain location at depth x underground at time 7. See Figure 5.5.

%

depth x

Figure 5.5: Underground temperature.

The temperature u satisfies the heat equation u, = ku,,, where k is the diffusivity of the soil. We
know the temperature at the surface u(0, f) from weather records. Let us assume for simplicity that

u(0,1) = Ty + Ag cos(wt).

For some base temperature T, then ¢ = 0 is midsummer (could put negative sign above to make it
midwinter). A is picked properly to make this the typical variation for the year. That is, the hottest
temperature is Ty + A( and the coldest is Ty — Ay. For simplicity, we will assume that 7y = 0. w is
picked depending on the units of ¢, such that when ¢ = 1 year, then wt = 2x.

It seems reasonable that the temperature at depth x will also oscillate with the same frequency.
And this in fact will be the steady periodic solution, independent of the initial conditions. So we are
looking for a solution of the form

u(x,t) = V(x) cos(wt) + W(x) sin(wr).

for the problem
u, = ku,,, u(0,1) = Ag cos(wt). (5.11D)

We will employ the complex exponential here to make calculations simpler. Suppose we have a
complex valued function
h(x,t) = X(x) ™.

We will look for an 4 such that Re 2 = u. To find an s, whose real part satisfies (5.11), we look for
an A such that
h, = kh,,, h(0,1) = Age™". (5.12)

Exercise 5.3.3: Suppose h satisfies (5.12). Use Euler’s formula for the complex exponential to
check that u = Re h satisfies (5.11).
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Substitute £ into (5.12).
inetu)t — kX/lelwt.

Hence,
kX" —iwX =0,

or
X" —a*X =0,

where o = + \/% . Note that + Vi = ++2 s0 you could simplify to @ = +(1 + i) /5. Hence the

general solution is

X(x) = Ae VRS 4 Bl VE X,

We assume that an X(x) that solves the problem must be bounded as x — oo since u(x, t) should
be bounded (we are not worrying about the earth core!). If you use Euler’s formula to expand the
complex exponentials, you will note that the second term will be unbounded (if B # 0), while the
first term is always bounded. Hence B = 0.

(1+0)

Exercise 5.3.4: Use Euler’s formula to show that e % will be unbounded as x — oo, while

e_(”i)\/gx will be bounded as x — oo.

Furthermore, X(0) = A, since h(0, t) = Ape™”. Thus A = A,. This means that
h(x, 1) = Age"1*? Vi xpivt _ Aoe—(1+i)\/gx+iwt = Age™ Vi xpiwi- 52

We will need to get the real part of &, so we apply Euler’s formula to get

= Age” VE* — L ) visinfwi- |2
h(x,t) = Age” V" | cos | wt 2kx + isin|wt 2kx .

u(x, 1) = Re h(x, 1) = Age V& * cos (a)t _ /% x),

Then finally

Yay!

Notice the phase is different at different depths. At depth x the phase is delayed by x \/% .
For example in cgs units (centimeters-grams-seconds) we have k = 0.005 (typical value for soil),
W= — df; e = 31,5?77,3 o~ 1.99 X 1077, Then if we compute where the phase shift x\/% =
we find the depth in centimeters where the seasons are reversed. That is, we get the depth at which
summer is the coldest and winter is the warmest. We get approximately 700 centimeters, which is
approximately 23 feet below ground.

Be careful not to jump to conclusions. The temperature swings decay rapidly as you dig deeper.

The amplitude of the temperature swings is Age~ VE*_ This function decays very quickly as x (the
depth) grows. Let us again take typical parameters as above. We will also assume that our surface
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temperature swing is +15° Celsius, that is, Ay = 15. Then the maximum temperature variation at
700 centimeters is only +0.66° Celsius.

You need not dig very deep to get an effective “refrigerator,” with nearly constant temperature.
That is why wines are kept in a cellar; you need consistent temperature. The temperature differential
could also be used for energy. A home could be heated or cooled by taking advantage of the above
fact. Even without the earth core you could heat a home in the winter and cool it in the summer. The
earth core makes the temperature higher the deeper you dig, although you need to dig somewhat
deep to feel a difference. We did not take that into account above.

5.3.3 Exercises

Exercise 5.3.5: Suppose that the forcing function for the vibrating string is F sin(wt). Derive the
particular solution'y,,.

Exercise 5.3.6: Take the forced vibrating string. Suppose that L = 1, a = 1. Suppose that the
forcing function is the square wave that is 1 on the interval 0 < x < 1 and —1 on the interval
—1 < x < 0. Find the particular solution. Hint: You may want to use result of Exercise 5.3.5.

Exercise 5.3.7: The units are cgs (centimeters-grams-seconds). For k = 0.005, w = 1.991 x 1077,
Ao = 20. Find the depth at which the temperature variation is half (£10 degrees) of what it is on the
surface.

Exercise 5.3.8: Derive the solution for underground temperature oscillation without assuming that
TO =0.

Exercise 5.3.101: Take the forced vibrating string. Suppose that L = 1, a = 1. Suppose that
the forcing function is a sawtooth, that is |x| — % on —1 < x < 1 extended periodically. Find the
particular solution.

Exercise 5.3.102: The units are cgs (centimeters-grams-seconds). For k = 0.01, w = 1.991 x 1077,
Ao = 25. Find the depth at which the summer is again the hottest point.
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Chapter 6

The Laplace transform

6.1 The Laplace transform

Note: 1.5 — 2 lectures, §10.1 in [EP], §6.1 and parts of §6.2 in [BD]

6.1.1 The transform

In this chapter we will discuss the Laplace transform”. The Laplace transform turns out to be a very
efficient method to solve certain ODE problems. In particular, the transform can take a differential
equation and turn it into an algebraic equation. If the algebraic equation can be solved, applying
the inverse transform gives us our desired solution. The Laplace transform also has applications in
the analysis of electrical circuits, NMR spectroscopy, signal processing, and elsewhere. Finally,
understanding the Laplace transform will also help with understanding the related Fourier transform,
which, however, requires more understanding of complex numbers. We will not cover the Fourier
transform.

The Laplace transform also gives a lot of insight into the nature of the equations we are dealing
with. It can be seen as converting between the time and the frequency domain. For example, take
the standard equation

mx" (t) + cx'(t) + kx(t) = f(2).

We can think of ¢ as time and f(#) as incoming signal. The Laplace transform will convert the
equation from a differential equation in time to an algebraic (no derivatives) equation, where the
new independent variable s is the frequency.

We can think of the Laplace transform as a black box. It eats functions and spits out functions
in a new variable. We write L{f(#)} = F(s) for the Laplace transform of f(¢). It is common to
write lower case letters for functions in the time domain and upper case letters for functions in the

*Just like the Laplace equation and the Laplacian, the Laplace transform is also named after Pierre-Simon, marquis
de Laplace (1749 — 1827).
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frequency domain. We use the same letter to denote that one function is the Laplace transform of
the other. For example F(s) is the Laplace transform of f(¢). Let us define the transform.

LU} = F(s) fo ) di.

We note that we are only considering ¢ > 0 in the transform. Of course, if we think of 7 as time there
is no problem, we are generally interested in finding out what will happen in the future (Laplace
transform is one place where it is safe to ignore the past). Let us compute some simple transforms.

Example 6.1.1: Suppose f(¢) = 1, then

00 —st —sth —sh
: 1 1
L{1} = f e dt = [e ] = lim [e ] = lim (e - —) =_.
0 =S |0 h—oo | —§ =0 h—oo \ —§ ) Ky

The limit (the improper integral) only exists if s > 0. So £L{1} is only defined for s > 0.

Example 6.1.2: Suppose f(t) = e~ then

L{e—at} — f e—ste—at dt = f e—(s+a)t dt =
0 0

The limit only exists if s + a > 0. So L{e ™} is only defined for s + a > 0.

e~ (star 1% 1

s+a

—(s+a)|,_,

Example 6.1.3: Suppose f(f) = t, then using integration by parts

Lit) = f e 't dt
0

—te )T 1 [
= [ ] + - f el dt
S l=0 S Jo

1 [Se]
=0+ -
S

—st

=5 Ji=0

Again, the limit only exists if s > 0.

Example 6.1.4: A common function is the unit step function, which is sometimes called the
Heaviside function'. This function is generally given as

0 ifr<0,
u(t) = .
1 ifr>0.

"The function is named after the English mathematician, engineer, and physicist Oliver Heaviside (1850—1925).
Only by coincidence is the function “heavy” on “one side.”
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Let us find the Laplace transform of u(t — a), where a > 0 is some constant. That is, the function
thatis O fort <a and 1 for ¢t > a.

00 00 et o e
Liu(—a)} = f e 'u(t—a)dt = f e dt = [ ] = ,
0 a -s t=a s

where of course s > 0 (and a > 0 as we said before).

By applying similar procedures we can compute the transforms of many elementary functions.
Many basic transforms are listed in Table 6.1.

f@® L{f()}

C S

t 3

t2 %

£ s

r" e
e—at ﬁ
sin(wt) o
cos(wt) =

sinh(wt) =%
cosh(wr) ==
u(t—a) ¢

Table 6.1: Some Laplace transforms (C, w, and a are constants).

Exercise 6.1.1: Verify Table 6.1.

Since the transform is defined by an integral. We can use the linearity properties of the integral.
For example, suppose C is a constant, then

LICf(1)} = f e "Cf(t)dt = Cf e f(t)dt = CL{f (D))
0

0
So we can “pull out” a constant out of the transform. Similarly we have linearity. Since linearity is
very important we state it as a theorem.

Theorem 6.1.1 (Linearity of the Laplace transform). Suppose that A, B, and C are constants, then
] LIAf () + Bg()} = AL{f (1)} + BL{g(1)},

and in particular

LICf} = CLf(0}.
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Exercise 6.1.2: Verify the theorem. That is, show that L{Af(t) + Bg(t)} = AL{f(t)} + BL{g(1)}.

These rules together with Table 6.1 on the previous page make it easy to find the Laplace
transform of a whole lot of functions already. But be careful. It is a common mistake to think that
the Laplace transform of a product is the product of the transforms. In general

Lif(0g(n} # LIf(D} Lig(n)}.

It must also be noted that not all functions have a Laplace transform. For example, the function
% does not have a Laplace transform as the integral diverges for all s. Similarly, tan 7 or ¢” do not
have Laplace transforms.

6.1.2 Existence and uniqueness

Let us consider when does the Laplace transform exist in more detail. First let us consider functions
of exponential order. The function f(¢) is of exponential order as t goes to infinity if

lf@OI < Me”,

for some constants M and c, for sufficiently large ¢ (say for all # > ¢, for some #y). The simplest way
to check this condition is to try and compute

tim 7%

t—oo ¢t

If the limit exists and is finite (usually zero), then f() is of exponential order.

Exercise 6.1.3: Use L’Hopital’s rule from calculus to show that a polynomial is of exponential
order. Hint: Note that a sum of two exponential order functions is also of exponential order. Then
show that t" is of exponential order for any n.

For an exponential order function we have existence and uniqueness of the Laplace transform.

Theorem 6.1.2 (Existence). Let f(t) be continuous and of exponential order for a certain constant
c. Then F(s) = L{f(t)} is defined for all s > c.

The transform also exists for some other functions that are not of exponential order, but that
will not be relevant to us. Before dealing with uniqueness, let us note that for exponential order
functions we obtain that their Laplace transform decays at infinity:

lim F(s) = 0.

§—00

Theorem 6.1.3 (Uniqueness). Let f(t) and g(t) be continuous and of exponential order. Suppose
that there exists a constant C, such that F(s) = G(s) for all s > C. Then f(t) = g(t) for all t > O.
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Both theorems hold for piecewise continuous functions as well. Recall that piecewise continuous
means that the function is continuous except perhaps at a discrete set of points where it has jump
discontinuities like the Heaviside function. Uniqueness however does not “see” values at the
discontinuities. So we can only conclude that f(#) = g(¢) outside of discontinuities. For example,
the unit step function is sometimes defined using u(0) = !/2. This new step function, however, has
the exact same Laplace transform as the one we defined earlier where u(0) = 1.

6.1.3 The inverse transform

As we said, the Laplace transform will allow us to convert a differential equation into an algebraic
equation. Once we solve the algebraic equation in the frequency domain we will want to get back to
the time domain, as that is what we are interested in. If we have a function F(s), to be able to find
f(#) such that L{f(r)} = F(s), we need to first know if such a function is unique. It turns out we are
in luck by Theorem 6.1.3. So we can without fear make the following definition.

If F(s) = L{f(#)} for some function f(#). We define the inverse Laplace transform as

def

LTF6) = f@).

There is an integral formula for the inverse, but it is not as simple as the transform itself (requires
complex numbers). For us it will suffice to compute the inverse by using Table 6.1 on page 243.

Example 6.1.5: Take F(s) = ﬁ Find the inverse Laplace transform.
We look at the table and we find
L_l 1 — e—t
s+1 '

As the Laplace transform is linear, the inverse Laplace transform is also linear. That is,

LYAF(s) + BG(s)} = AL YF(s)} + BLH{G(s)}.
Of course, we also have L™1{AF(s)} = AL '{F(s)}. Let us demonstrate how linearity can be used.

Example 6.1.6: Take F(s) = Szg—f:l Find the inverse Laplace transform.
First we use the method of partial fractions to write F' in a form where we can use Table 6.1 on

page 243. We factor the denominator as s(s> + 1) and write

s> +s+1 A Bs+C
oL T2 :
s+ s s se+ 1

Putting the right hand side over a common denominator and equating the numerators we get
A(s* + 1)+ s(Bs+ C) = s* + s + 1. Expanding and equating coeflicients we obtain A+ B=1,C =1,
A =1, and thus B = 0. In other words,
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By linearity of the inverse Laplace transform we get

24541 1 1
1:-1{%}:1:-1{—%51{ _ }:1+sint.
s+ S ) st + 1

Another useful property is the so-called shifting property or the first shifting property

Lief0)} = F(s + a),

where F(s) is the Laplace transform of f(¢).
Exercise 6.1.4: Derive the first shifting property from the definition of the Laplace transform.

The shifting property can be used, for example, when the denominator is a more complicated
quadratic that may come up in the method of partial fractions. We will write such quadratics as
(s + a)* + b by completing the square and then use the shifting property.

Example 6.1.7: Find L‘l{ 1 }

s2+45+8
First we complete the square to make the denominator (s + 2)* + 4. Next we find

. 1 _ 1
L {S2+4} = 2sm(2t).

Putting it all together with the shifting property we find

-1 1 _ -l 1 b
L {s2+4s+8}_£ {(S+2)2+4}—2€ sin(21).

In general, we will want to be able to apply the Laplace transform to rational functions, that is
functions of the form

F(s)

G(s)
where F(s) and G(s) are polynomials. Since normally (for functions that we are considering) the
Laplace transform goes to zero as s — oo, it is not hard to see that the degree of F(s) will be smaller
than that of G(s). Such rational functions are called proper rational functions and we will always
be able to apply the method of partial fractions. Of course this means we will need to be able
to factor the denominator into linear and quadratic terms, which involves finding the roots of the
denominator.

6.1.4 Exercises
Exercise 6.1.5: Find the Laplace transform of 3 + £ + sin(rnt).

Exercise 6.1.6: Find the Laplace transform of a + bt + ct* for some constants a, b, and c.
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Exercise 6.1.77: Find the Laplace transform of A cos(wt) + B sin(wt).

Exercise 6.1.8: Find the Laplace transform of cos*(wt).

Exercise 6.1.9: Find the inverse Laplace transform of ——.

Exercise 6.1.10:

Exercise 6.1.11:

Exercise 6.1.12:

Exercise 6.1.13:
Exercise 6.1.14:
Exercise 6.1.15:
Exercise 6.1.101
Exercise 6.1.102
Exercise 6.1.103

Exercise 6.1.104

4

Find the inverse Laplace transform of sffl.

Find the inverse Laplace transform of m

toift>1,

Find the Laplace transform of f(t) =
p sform of f(t) {0 i<l

Find the inverse Laplace transform of m

Find the Laplace transform of sin(w(t — a)).

Find the Laplace transform of t sin(wt). Hint: several integrations by parts.
: Find the Laplace transform of 4(t + 1),
: Find the inverse Laplace transform of ﬁ

: Find the Laplace transform of te™ (Hint: integrate by parts).

: Find the Laplace transform of sin(t)e™" (Hint: integrate by parts).
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6.2 Transforms of derivatives and ODEs

Note: 2 lectures, §7.2 —7.3 in [EP], §6.2 and §6.3 in [BD]

6.2.1 Transforms of derivatives

Let us see how the Laplace transform is used for differential equations. First let us try to find
the Laplace transform of a function that is a derivative. That is, suppose g(¢) is a continuous
differentiable function of exponential order. Then

Lig®} = fo g (1) di = [e"g(0)] " - fo (=s)e™"g(0) di = —g(0) + sL{g()}.

We repeat this procedure for higher derivatives. The results are listed in Table 6.2. The procedure
also works for piecewise smooth functions, that is functions that are piecewise continuous with a
piecewise continuous derivative. The fact that the function is of exponential order is used to show
that the limits appearing above exist. We will not worry much about this fact.

J@  Lif0) = F(s)

g sG(s)-g0)

g'(1)  s*G(s) - s8(0) - g'(0)

g"(1)  s’G(s) - s°(0) - 5g'(0) - g"(0)

Table 6.2: Laplace transforms of derivatives (G(s) = L{g(?)} as usual).

Exercise 6.2.1: Verify Table 6.2.

6.2.2 Solving ODEs with the Laplace transform

Notice that the Laplace transform turns differentiation into multiplication by s. Let us see how to
apply this fact to differential equations.

Example 6.2.1: Take the equation
x"(t) + x(t) = cos(2t), x(0)=0, x'(0)=1.

We will take the Laplace transform of both sides. By X(s) we will, as usual, denote the Laplace
transform of x(¢).

L{x" (@) + x(1)} = L{cos(21)},
$2X(s) = sx(0) — x'(0) + X(s) =

s
s2+4°
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We can plug in the initial conditions now (this will make computations more streamlined) to obtain

2
X(s)— 1+ X(s) = .
$X(s) ()= 5

We now solve for X(s),
S N 1 .
2+ D(s2+4)  s2+1

We use partial fractions (exercise) to write

X(s) =

1 s 1 s N 1
3224+1 35244 $2+1°

X(s) =
Now take the inverse Laplace transform to obtain
1 1 )
x(1) = 3 cos(t) — 3 cos(2t) + sin(?).

The procedure for linear constant coeflicient equations is as follows. We take an ordinary
differential equation in the time variable . We apply the Laplace transform to transform the equation
into an algebraic (non differential) equation in the frequency domain. All the x(7), x’(¢), x”’(¢), and
so on, will be converted to X(s), sX(s) — x(0), s>°X(s) — sx(0) — x’(0), and so on. We solve the
equation for X(s). Then taking the inverse transform, if possible, we find x(¢).

It should be noted that since not every function has a Laplace transform, not every equation
can be solved in this manner. Also if the equation is not a linear constant coefficient ODE, then by
applying the Laplace transform we may not obtain an algebraic equation.

6.2.3 Using the Heaviside function

Before we move on to more general equations than those we could solve before, we want to consider
the Heaviside function. See Figure 6.1 on the following page for the graph.

0 ifr<0,
u(t) = .
1 ifr>0.

This function is useful for putting together functions, or cutting functions off. Most commonly
it is used as u(t — a) for some constant a. This just shifts the graph to the right by a. That is, it is a
function that is O when ¢ < a and 1 when ¢ > a. Suppose for example that f(¢) is a “signal” and you
started receiving the signal sin ¢ at time ¢ = 7. The function f(#) should then be defined as

o) = {o ifr <,

sint ift>m.
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1.00 | 1.00

0.00 -] 0.00

I I I
-1.0 -0.5 0.0 0.5 1.0

Figure 6.1: Plot of the Heaviside (unit step) function u(t).

Using the Heaviside function, f(#) can be written as
f(t) = u(t — ) sint.

Similarly the step function that is 1 on the interval [1, 2) and zero everywhere else can be written as
u(t—1) —u(t-2).

The Heaviside function is useful to define functions defined piecewise. If you want the function ¢ on
when ¢ is in [0, 1] and the function —¢ + 2 when 7 is in [1, 2] and zero otherwise, you can use the
expression

t(u@) —u@—1))+ (=t +2) (u( — 1) — u(t - 2)).

Hence it is useful to know how the Heaviside function interacts with the Laplace transform. We
have already seen that

—as

Liu(t - a)} = -

This can be generalized into a shifting property or second shifting property.

LUt —a)ut —a)} = e L{f(D)}. (6.1)

Example 6.2.2: Suppose that the forcing function is not periodic. For example, suppose that we
had a mass-spring system

X'+ x(t) = f(r), x0)=0, x'(0)=0,

where f(f) = 1if 1 <t < 5 and zero otherwise. We could imagine a mass-spring system, where a
rocket is fired for 4 seconds starting at # = 1. Or perhaps an RLC circuit, where the voltage is raised
at a constant rate for 4 seconds starting at ¢t = 1, and then held steady again starting at ¢ = 5.
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We can write f() = u(t — 1) — u(t — 5). We transform the equation and we plug in the initial
conditions as before to obtain

-5 —5s

e e

$2X(s) + X(s) = —-

-
We solve for X(s) to obtain

e’ e—5s

s(s2+ 1) s(s2+1)

We leave it as an exercise to the reader to show that

1
L {m} =1-cost.

So using (6.1) we find

X(s) =

1
s(s2+1) "

In other words L{1 — cost} =

o {s<s—i 1)} = L7 e L{1 —cos1}} = (1 - cos(t = D) u(t - 1).

Similarly

—5s
-1 e— _ -1 —5s _ _ _ 3 B
L {S(S2+1)}—£ {e L{1 cost}} (1 —cos(t — 5)) u(t - 5).
Hence, the solution is

x(t) = (1 =cos(t— 1) u(t—1) = (1 = cos(t — 5)) u(t = 5).

The plot of this solution is given in Figure 6.2.

Figure 6.2: Plot of x(7).
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6.2.4 Transfer functions

Laplace transform leads to the following useful concept for studying the steady state behavior of a
linear system. Suppose we have an equation of the form

Lx = f(2),

where L is a linear constant coefficient differential operator. Then f(7) is usually thought of as input
of the system and x() is thought of as the output of the system. For example, for a mass-spring
system the input is the forcing function and output is the behaviour of the mass. We would like to
have an convenient way to study the behaviour of the system for different inputs.
Let us suppose that all the initial conditions are zero and take the Laplace transform of the
equation, we obtain the equation
A()X(s) = F(s).

Solving for the ratio X)/F(s) we obtain the so called transfer function H(s) = 1/a).

X(s)

H(s) = Fs),

In other words, X(s) = H(s)F(s). We obtain an algebraic dependence of the output of the system
based on the input. We can now easily study the steady state behaviour of the system given different
inputs by simply multiplying by the transfer function.

Example 6.2.3: Given x” + w%x = f(t), let us find the transfer function (assuming the initial
conditions are zero).
First, we take the Laplace transform of the equation.

s*X(s) + wiX(s) = F(s).

Now we solve for the transfer function X&)/ Fs).

X(s) 1

O = " vra

Let us see how to use the transfer function. Suppose we have the constant input f(¢) = 1. Hence

F(s) =1/s, and
1

X(s) = H(s)F(s) = Er
0

Taking the inverse Laplace transform of X(s) we obtain

1- t
ﬂn:—ﬁ%@Q.
wy
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6.2.5 Transforms of integrals

A feature of Laplace transforms is that it is also able to easily deal with integral equations. That is,
equations in which integrals rather than derivatives of functions appear. The basic property, which
can be proved by applying the definition and doing integration by parts, is

L{f f(1) dT} = 1F(s).
0 h)

It is sometimes useful (e.g. for computing the inverse transform) to write this as

f f(rydr=L" {1 F(s)}.
0 R)

1
s(s2+1)

41 1 ! 4 1 r
L - = L > dr = sintdr=1--cost.
S S +1 0 S +1 0

Example 6.2.5: An equation containing an integral of the unknown function is called an integral

equation. For example, take
!
£ = f e x(7) dr,
0

where we wish to solve for x(¢). We apply the Laplace transform and the shifting property to get

2 2L ey = Lxis -,
) S S

Example 6.2.4: To compute £ { } we could proceed by applying this integration rule.

where X(s5) = L{x(?)}. Thus

X(s—1) = % or  X(s)=

(s+1)*
We use the shifting property again

x(t) = 2e7't.
6.2.6 Exercises

Exercise 6.2.2: Using the Heaviside function write down the piecewise function that is 0 for t < 0,
t* fortin [0, 1) and t for t > 1.

Exercise 6.2.3: Using the Laplace transform solve
mx” +cx' +kx=0, x(0)=a, x'(0)=0b,

where m > 0, ¢ > 0, k > 0, and ¢* — 4km > 0 (system is overdamped).
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Exercise 6.2.4: Using the Laplace transform solve
mx" +cx’ +kx=0, x(0)=a, x'(0)=b,
where m > 0, ¢ > 0, k > 0, and ¢* — 4km < 0 (system is underdamped).
Exercise 6.2.5: Using the Laplace transform solve
mx”" +cx’ +kx=0, x(0)=a, x'(0)=0b,
where m > 0, ¢ > 0, k > 0, and ¢* = 4km (system is critically damped).
Exercise 6.2.6: Solve x'" + x = u(t — 1) for initial conditions x(0) = 0 and x'(0) = 0.

Exercise 6.2.7: Show the differentiation of the transform property. Suppose L{f(t)} = F(s), then
show

Li-tf®)} = F'(s).

Hint: Differentiate under the integral sign.
Exercise 6.2.8: Solve x"" + x = tu(t — 1) for initial conditions x(0) = 1 and x'(0) = 0, x”"(0) = 0.
Exercise 6.2.9: Show the second shifting property: L{f(t — a)u(t — a)} = e~ L{f(?)}.

Exercise 6.2.10: Let us think of the mass-spring system with a rocket from Example 6.2.2. We
noticed that the solution kept oscillating after the rocket stopped running. The amplitude of the
oscillation depends on the time that the rocket was fired (for 4 seconds in the example). a) Find
a formula for the amplitude of the resulting oscillation in terms of the amount of time the rocket
is fired. b) Is there a nonzero time (if so what is it?) for which the rocket fires and the resulting
oscillation has amplitude 0 (the mass is not moving)?

Exercise 6.2.11: Define
t-17% ifl<t<?2,
f()=43-1 if2<t<3,
0 otherwise.

a) Sketch the graph of f(t). b) Write down f(t) using the Heaviside function. c) Solve x”" + x = f(¢),
x(0) = 0, x’(0) = 0 using Laplace transform.

Exercise 6.2.12: Find the transfer function for mx” +cx’+kx = f(t) (assuming the initial conditions
are zero).

Exercise 6.2.101: Using the Heaviside function u(t), write down the function
0 ifx<l1

fX)=4qt-1 ifl<x<2.
1 ifx>2
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Exercise 6.2.102: Solve x"" — x = (1* = Du(t — 1) for initial conditions x(0) = 1, x'(0) = 2 using the
Laplace transform.

Exercise 6.2.103: Find the transfer function for X' + x = f(t) (assuming the initial conditions are

zero).
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6.3 Convolution

Note: 1 or 1.5 lectures, §7.2 in [EP], §6.6 in [BD]

6.3.1 The convolution

We said that the Laplace transformation of a product is not the product of the transforms. All hope
is not lost however. We simply have to use a different type of a “product.” Take two functions f ()
and g(r) defined for ¢ > 0. Define the convolutioni of f(¢) and g(¢) as

f * ) & fo F(Oglt - 1) dr. 62)

As you can see, the convolution of two functions of ¢ is another function of 7.

Example 6.3.1: Take f(¢) = ¢' and g(t) = t for ¢t > 0. Then

(f*g)(l‘)=fe’(t—T)dT:e’—t—l.
0

To solve the integral we did one integration by parts.

Example 6.3.2: Take f(¢) = sin(wt) and g(¢) = cos(wt) for t > 0. Then

t
(f=g)@) = f sin(wt) cos(w(t — 7)) dr.
0
We will apply the identity

cos(6) sin(y) = % (sin(@ + ) — sin(6 — ¥)).

Hence,
(f*2)@) = f % (sin(wt) — sin(wt — 2wT)) dt
0

1 1 '
= [— 7sin(wt) + — cosQwt — wt)
2 4w =0

1
= 3 t sin(wt).

The formula holds only for # > 0. We assumed that f and g are zero (or simply not defined) for
negative t.

¥ For those that have seen convolution defined before, you may have seen it defined as (f = g)(¢) = L o:o f(n)g—71)dr.
This definition agrees with (6.2) if you define f(¢) and g(#) to be zero for t < 0. When discussing the Laplace transform
the definition we gave is sufficient. Convolution does occur in many other applications, however, where you may have
to use the more general definition with infinities.
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The convolution has many properties that make it behave like a product. Let ¢ be a constant and
f> &, and h be functions then

fxg=gx*f,
(cf)xg=f=(cg) =c(f*g),
(fxg)*xh=f=(g=xh).

The most interesting property for us, and the main result of this section is the following theorem.

Theorem 6.3.1. Let f(t) and g(t) be of exponential type, then

£Kﬁﬁmﬂ=£{£f@k@—ﬂﬁ}=£ﬁmuk®k

In other words, the Laplace transform of a convolution is the product of the Laplace transforms.
The simplest way to use this result is in reverse.

Example 6.3.3: Suppose we have the function of s defined by
1 1 1

(s+1)s2  s+1 52

We recognize the two entries of Table 6.2. That is

Therefore,

1 1 !
L { _2} = f e dr=e"+1-1.
s+1s 0

The calculation of the integral involved an integration by parts.

6.3.2 Solving ODEs

The next example will demonstrate the full power of the convolution and Laplace transform. We
will be able to give a solution to the forced oscillation problem for any forcing function as a definite
integral.

Example 6.3.4: Find the solution to
X'+ wix = f(t), x0)=0, x'(0)=0,

for an arbitrary function f(7).
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We first apply the Laplace transform to the equation. Denote the transform of x(¢) by X(s) and
the transform of f(¢) by F(s) as usual.

s*X(s) + wiX(s) = F(s),

or in other words

X(s) = F(s) > >
5% + wy
We know
e 1 _ sin(wot).
2 + w} wo
Therefore,

x(l—) = ft f(T)w dT,
0 W

0
or if we reverse the order

(1) = f SI@D ¢y ar.
0 wo

Let us notice one more thing with this example. We can now see how Laplace transform handles
resonance. Suppose that f(¢) = cos(wgt). Then

o3 1 t
x(t) = f Sin(woT) cos(wy(t — 1)) dr = — f cos(wyt) sin(wy(t — 7)) dr.
0 Wo Wo Jo
We have already computed the convolution of sine and cosine in Example 6.3.2. Hence
Ly(1 . 1 .
x(t) =|—| | = ¢ sin(wpt) | = — ¢ sin(wp?).
Wy 2 2(’JO

Note the ¢ in front of the sine. This solution will, therefore, grow without bound as ¢ gets large,
meaning we get resonance.

Similarly, we can solve any constant coefficient equation with an arbitrary forcing function f(¢)
as a definite integral using convolution. A definite integral is usually enough for most practical
purposes. It is generally not hard to numerically evaluate a definite integral.

6.3.3 Volterra integral equation

A common integral equation is the Volterra integral equation®

x() = f(t) + f ot = D)x(7) d,
0

$Named for the Italian mathematician Vito Volterra (1860 — 1940).


http://en.wikipedia.org/wiki/Vito_Volterra
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where () and g(¢) are known functions and x(¢) is an unknown we wish to solve for. To find x(¢),
we apply the Laplace transform to the equation to obtain

X(s) = F(s) + G(5)X(s),

where X(s), F(s), and G(s) are the Laplace transforms of x(¢), f(¢), and g(¢) respectively. We find

_ F(s)
1-G(s)

To find x(#) we now need to find the inverse Laplace transform of X(s).

X(s)

Example 6.3.5: Solve
!
x()=e "+ f sinh(z — 7)x(7) dr.
0

We apply Laplace transform to obtain

1
X(s) = —— +
e R

X(s),

or |

1 s—1 s 1

X — s+1 — — _ .
(s) 1_521_1 s2-2 2-2 $2-2

It is not hard to apply Table 6.1 on page 243 to find

x(t) = cosh(V2 1) — R sinh(V2 7).
V2

6.3.4 Exercises
Exercise 6.3.1: Let f(t) = 1> fort > 0, and g(t) = u(t — 1). Compute f * g.
Exercise 6.3.2: Let f(t) =t fort >0, and g(t) = sint for t > 0. Compute f * g.
Exercise 6.3.3: Find the solution to

mx" +cx’ +kx=f(t), x(0)=0, x'(0)=0,

for an arbitrary function f(t), where m > 0, ¢ > 0, k > 0, and c* — 4km > 0 (system is overdamped).
Write the solution as a definite integral.

Exercise 6.3.4: Find the solution to
mx" +cx' +kx=f(t), x(0)=0, x'(0)=0,

for an arbitrary function f(t), where m > 0, ¢ > 0, k > 0, and ¢* —4km < 0 (system is underdamped).
Write the solution as a definite integral.
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Exercise 6.3.5: Find the solution to
mx" +cx' +kx = f(r), x(0)=0, x'(0)=0,

for an arbitrary function f(t), where m > 0, ¢ > 0, k > 0, and ¢* = 4km (system is critically
damped). Write the solution as a definite integral.

Exercise 6.3.6: Solve

x()=e '+ f cos(t — 7)x(1) dr.
0

Exercise 6.3.7: Solve )
x(f) = cost + f cos(t — 1)x(7) dr.
0

Exercise 6.3.8: Compute L™ {( 2i4)2} using convolution.
S

Exercise 6.3.9: Write down the solution to x'" —2x = e‘tz, x(0) = 0, x'(0) = 0 as a definite integral.

Hint: Do not try to compute the Laplace transform of e’

Exercise 6.3.101: Let f(t) = cost fort > 0, and g(t) = e™'. Compute f * g.

Exercise 6.3.102: Compute L {ﬁi@} using convolution.

Exercise 6.3.103: Solve x” + x = sint, x(0) = 0, x’(0) = 0 using convolution.

Exercise 6.3.104: Solve x” + x = sint, x(0) = 0, x’(0) = 0 using convolution.



Chapter 7

Power series methods

7.1 Power series

Note: 1 or 1.5 lecture , §3.1 in [EP], §5.1 in [BD]

Many functions can be written in terms of a power series

(o)

Z ar(x — Xo)k-

k=0

If we assume that a solution of a differential equation is written as a power series, then perhaps we
can use a method reminiscent of undetermined coefficients. That is, we will try to solve for the
numbers a;. Before we can carry out this process, let us review some results and concepts about
power series.

7.1.1 Definition

As we said, a power series is an expression such as

Z ai(x — xo)k =ap+ a;(x — xg) + a(x — xo)2 + as(x — xo)3 +oe, (7.1)
k=0

where ay, ai, as, ..., aq;,...and xy are constants. Let

n
$u(x) = ) a(x = x0) = @ + a1(x = xo) + ax(x = x0) + as(x = x)° + -+ + @ (x = xp)'",
k=0

denote the so-called partial sum. If for some x, the limit
lim §,(x) = lim " a(x - x0)*
n—oo n—o00 =0

261
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exists, then we say that the series (7.1) converges at x. Note that for x = xj, the series always
converges to ap. When (7.1) converges at any other point x # x,, we say that (7.1) is a convergent
power series. In this case we write

[

Z a(x — xo)* = lim Z ar(x — xo)k.
n—o0o =0

k=0
If the series does not converge for any point x # x,, we say that the series is divergent.
Example 7.1.1: The series

)C2 x3

1
ka:1+x+3+€+m

NgE

k

Il
[«

is convergent for any x. Recall that k! = 1-2-3 .-k is the factorial. By convention we define 0! = 1.
In fact, you may recall that this series converges to e*.

We say that (7.1) converges absolutely at x whenever the limit

n
lim Zlakl |x — xolk
n—oo
k=0

exists. That is, if the series Yo lax| |x — xolf is convergent. Note that if (7.1) converges absolutely
at x, then it converges at x. However, the opposite is not true.

Example 7.1.2: The series

k=1
—1)k o
converges absolutely at any x € (-1, 1). It converges at x = —1, as >, % converges (condition-
ally) by the alternating series test. But the power series does not converge absolutely at x = —1,

because ., % does not converge. The series diverges at x = 1.

7.1.2 Radius of convergence

If a series converges absolutely at some x;, then for all x such that |x — xy| < |xp — x;| we have
that |a;(x — x0)*| < |ax(x; — xo)¥| for all k. As the numbers |a;(x; — xo)*| sum to some finite limit,
summing smaller positive numbers |a;(x — x,)¥| must also have a finite limit. Therefore, the series
must converge absolutely at x. We have the following result.

Theorem 7.1.1. For a power series (1.1), there exists a number p (we allow p = o) called the
radius of convergence such that the series converges absolutely on the interval (xo — p, Xy + p) and
diverges for x < xo — p and x > xo + p. We write p = oo if the series converges for all x.
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diverges converges absolutely diverges
| | |
! ! !
Xo —p Xo Xo+p

Figure 7.1: Convergence of a power series.

See Figure 7.1. In Example 7.1.1 the radius of convergence is p = oo as the series converges
everywhere. In Example 7.1.2 the radius of convergence is p = 1. We note that p = 0 is another
way of saying that the series is divergent.

A useful test for convergence of a series is the ratio test. Suppose that

(9]
2

k=0
is a series such that the limit
. Cr+1
L = lim
n—oo Ck

exists. Then the series converges absolutely if L < 1 and diverges if L > 1.
Let us apply this test to the series (7.1). That is we let ¢, = ax(x — xo)" in the test. We let

k+1
.| Crer .|k (x = xo) . |aka
L =lim = lim — | = lim |x = xo]-
n—oo | Cy n—oo ak(.x — XO) n—oo [ (y
Define A by
. A+ 1
A = lim .
n—oo ak

Then if 1 > L = A|x — x| the series (7.1) converges absolutely. If A = 0, then the series always
converges. If A > 0, then the series converges absolutely if |x — xo| < 1/4, and diverges if |x—xo| > 1/a.
That is, the radius of convergence is !/a. Let us summarize.

Theorem 7.1.2. Let

[se]
k
Z ar(x — xo)
k=0
be a power series such that
Qi+ 1
Ak

A = lim

n—oo

exists. If A = 0, then the radius of convergence of the series is co. Otherwise the radius of
convergence is 1/a.
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Example 7.1.3: Suppose we have the series

Z 27k (x = DE,
k=0

First we compute,
k-1

-k

Ai+1
ag

A = lim

k—o0

= lim

k—o0

=271 =1/,

Therefore the radius of convergence is 2, and the series converges absolutely on the interval (-1, 3).

The ratio test does not always apply. That is the limit of “Z—Zl| might not exist. There exist more
sophisticated ways of finding the radius of convergence, but those would be beyond the scope of
this chapter.

7.1.3 Analytic functions

Functions represented by series are called analytic functions. Not every function is analytic, although
the majority of the functions you have seen in calculus are.

An analytic function f(x) is equal to its Taylor series” near a point x,. That is, for x near x, we
have

(o)

(k)
=S L0 0 (7.2)

!
k!

where f®(x,) denotes the k" derivative of f(x) at the point x;.

Figure 7.2: The sine function and its Taylor approximations around x, = 0 of 5" and 9™ degree.

“Named after the English mathematician Sir Brook Taylor (1685 — 1731).


http://en.wikipedia.org/wiki/Brook_Taylor
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For example, sine is an analytic function and its Taylor series around x, = 0 is given by

[ee)

ED" e

sin(x) =
— 2n+ 1)!

In Figure 7.2 on the facing page we plot sin(x) and the truncations of the series up to degree 5 and 9.
You can see that the approximation is very good for x near 0, but gets worse for larger x. This is
what will happen in general. To get good approximation far away from x, you will need to take
more and more terms of the Taylor series.

7.1.4 Manipulating power series

One of the main properties of power series that we will use is that we can differentiate them term by
term. That is Suppose that Y a;(x — xo)* is a convergent power series. Then for x in the radius of

COHVCrgence we haVC

d (oo} o0 ~

- lz ar(x — Xo)k] = Z kag(x — x0)* .
X k=0 k=1

Notice that the term corresponding to k = 0 disappeared as it was constant. The radius of conver-
gence of the differentiated series is the same as that of the original.

Example 7.1.4: Let us show that the exponential y = e* solves y’ = y. First write

Now differentiate

y = (k—1>'

»Mg

For convenience we reindex the series by simply replacmg k with k + 1. The series does not change,
what changes is simply how we write it. After reindexing the series starts at k = 0 again.

[

Z _1)vxk1 Zkv

k=

That was precisely the power series for e that we started with, so we showed that %‘e" =e".

Convergent power series can be added and multiplied together, and multiplied by constants
using the following rules. Firstly, we can add series by adding term by term,

(Z ay(x - Xo)k) * (Z bi(x x@"} = > (@ +b(x - xp)\.
k=0 k=0

k=0
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We can multiply by constants,

a [Z ap(x — xo)kJ = Z aai(x — xo)k.
k=0

k=0

We can also multiply series together,

(Z ay(x - xo)k] [Z bi(x - xo)k) = > elx = xo),
k=0 k

00
k=0 =0

where ¢, = agb; + a1by—1 + - - - + ayby. The radius of convergence of the sum or the product is at
least the minimum of the radii of convergence of the two series involved.

7.1.5 Power series for rational functions

Polynomials are simply finite power series. That is, a polynomial is a power series where the a;
beyond a certain point are all zero. We can always expand a polynomial as a power series about any
point xy by writing the polynomial as a polynomial of (x — xo). For example, let us write 2x* —3x +4
as a power series around xy = 1:

232 =3x+4=3+(x-1D+2(x- 1D~

In other words ap = 3, a; = 1, a, = 2, and all other a;, = 0. To do this, we know that a;, = O for
all k > 3. So we write ag + a;(x — 1) + a»(x — 1)?, we expand, and we solve for ay, a;, and a,. We
could have also differentiated at x = 1 and used the Taylor series formula (7.2).

Now let us look at rational functions. Notice that a series for a function only defines the function
on an interval. For example, for —1 < x < 1 we have

1 (o)
I :Zxk:1+x+x2+~'
IR =,

This series is called the geometric series. The ratio test tells us that the radius of convergence is 1.
The series diverges for x < —1 and x > 1, even though ﬁ is defined for all x # 1.

We can use the geometric series together with rules for addition and multiplication of power
series to expand rational functions around a point, as long as the denominator is not zero at x,. Note
that as for polynomials, we could equivalently use the Taylor series expansion (7.2).

Example 7.1.5: Expand - —— as a power series around the origin and find the radius of conver-
gence.
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First, write 1 + 2x + x> = (1 + x)? = (1 — (=x))*. Now we compute

X 3 1 2

T+2x+ 2 \1=(=n

= x Z(—l)kxk]
k=0

=x Z ckxk)
k=0

(o)

chxkﬂ’

k=0

where using the formula for product of product of series we obtain, ¢ = 1, ¢y = -1 -1 = =2,
co=1+1+1=3, etc.... Therefore

(o)

Z (=D ek = x — 242 + 3% —da 4 -

1+2x+x2 —

The radius of convergence is at least 1. We use the ratio test

. lags =Dk + 1) . k+1
lim - = 1lim— =1
(=)< 1k koo k

k—o0

= lim

k—o0

(273

So the radius of convergence is actually equal to 1.

7.1.6 Exercises

(9

Exercise 7.1.1: Is the power series e x* convergent? If so, what is the radius of convergence?
0

k=

Exercise 7.1.2: Is the power series Z kx* convergent? If so, what is the radius of convergence?
k=0

Exercise 7.1.3: Is the power series Z k\x* convergent? If so, what is the radius of convergence?
k=0

Exercise 7.1.4: Is the power series Z (x — 10)* convergent? If so, what is the radius of
=0 (
convergence?

Exercise 7.1.5: Determine the Taylor series for sin x around the point x, = .
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Exercise 7.1.6: Determine the Taylor series for In x around the point xy = 1, and find the radius of
convergence.

Exercise 7.1.7: Determine the Taylor series and its radius of convergence of around xy = 0.

1+x

Exercise 7.1.8: Determine the Taylor series and its radius of convergence of around x, = 0.

X
. . : 4—-x
Hint: you will not be able to use the ratio test.

Exercise 7.1.9: Expand x° + 5x + 1 as a power series around x, = 5.

[Se]

Exercise 7.1.10: Suppose that the ratio test applies to a series Z agx*. Show, using the ratio test,
k=0
that the radius of convergence of the differentiated series is the same as that of the original series.

Exercise 7.1.101: Is the power series Z(O.l)”x” convergent? If so, what is the radius of conver-
n=1
gence?

= n!
Exercise 7.1.102 (challenging): Is the power series E gx” convergent? If so, what is the radius
nl’l

n=1

of convergence?

Exercise 7.1.103: Using the geometric series, expand 1]Tx around xy = 2. For what x does the
series converge?

Exercise 7.1.104 (challenging): Find the Taylor series for x’e* around x, = 0.
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7.2 Series solutions of linear second order ODEs

Note: 1 or 1.5 lecture , §3.1 in [EP], §5.2 and §5.3 in [BD]

Suppose we have a linear second order homogeneous ODE of the form

p(x)y" + g(x)y’ + r(x)y = 0.

Suppose that p(x), g(x), and r(x) are polynomials. We will try a solution of the form

y= ) ax - xp)
k=0

and solve for the g, to try to obtain a solution defined in some interval around xy.
The point x is called an ordinary point if p(xy) # 0. That is, the functions

4(x) r(x)
AN d -~
o M ®

269

(7.3)

(7.4)

(7.5)

are defined for x near x,. If p(xp) = 0, then we say x is a singular point. Handling singular points

is harder than ordinary points and so we will focus only on ordinary points.

Example 7.2.1: Let us start with a very simple example

y' —y=0.

Let us try a power series solution near x, = 0, which is an ordinary point. Every point is an ordinary
point in fact, as the equation is constant coefficient. We already know we should obtain exponentials

or the hyperbolic sine and cosine, but let us pretend we do not know this.
We try
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We reindex the series (replace k with k + 2) to obtain
- Z(k +2) (k + 1) agor’.
k=0

Now we plug y and y” into the differential equation

0=y —y= (Z(k +2)(k + 1)ak+2xk) _ (Z akxk)
k=0 k=0

(o8]

((k +2)(k+ 1) agaxt — akxk)
k=0

= > (k+2) (k+ Dag —ay) @
=0

As y” —yis supposed to be equal to 0, we know that the coefficients of the resulting series must be
equal to 0. Therefore,

dg

k2t Dl —ac =0, o duz = (k+2)(k+1)

The above equation is called a recurrence relation for the coefficients of the power series. It did
not matter what ay or a; was. They can be arbitrary. But once we pick ay and a;, then all other
coeflicients are determined by the recurrence relation.

So let us see what the coeflicients must be. First, ay and a; are arbitrary

ap a a ap as a

2 YT “Too o0 “Tood 5t

So we note that for even k, that is k = 2n we get

a) =

ap

=dy, = ——, 7.6
ax = a )] (7.6)
and for odd k, that is k = 2n + 1 we have
a
=dy = ————. 7.7
ap = dpyl 2n+ 1)! (71.7)

Let us write down the series

N N 0 2n a 2n+1 N 1 2n+1
+ — "4+ e .
Y= Za" Z((Zn)'x Qn+ D! ) (Zn)' “1;(2n+1)!x

k=0

Now we recognize the two series as the hyperbolic sine and cosine. Therefore,

y = ap cosh x + a; sinh x.
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Of course, in general we will not be able to recognize the series that appears, since usually there
will not be any elementary function that matches it. In that case we will be content with the series.

Example 7.2.2: Let us do a more complex example. Suppose we wish to solve Airy’s equation’,
that is

yN _ xy — O’
near the point xy = 0. Note that x, = 0 is an ordinary point.
We try
y= > axt.

k=0

We differentiate twice (as above) to obtain

Now we plug into the equation

0=y"-xy

1] Il
—_——— —_———
iDe B

b b

~ ~

b t

| |

—_ —_—

N N’

Q Q

=~ =~

" "

G G
N — N —

| |
—_ =

M8 M8

S 8

H» =~

¥ "
~— N —

Now we reindex to make things easier to sum

0=y —xy= (2a2 + Z(k +2) (k + 1)ak+2xk) _ (Z ak_lxk).
k=1

k=1

= 2a, + i((k +2) (k+ 1) gy — ) ¥
k=1

Again y” — xy is supposed to be 0 so first we notice that a, = 0 and also

Aj-1

(k+2)(k+ Dage —a1 =0, ordwe = g0 =

Now we jump in steps of three. First we notice that since a, = 0 we must have that, as = 0, ag = 0,
ap;; =0, etc.... In general as,.» = 0.
The constants a( and a; are arbitrary and we obtain

ay a as ap as aj
= —, ay = ——, aeg = = ’ ar = = ’
AR @G T O6) O3 T MG DOHB)
"Named after the English mathematician Sir George Biddell Airy (1801 — 1892).

as
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For a; where k is a multiple of 3, that is k = 3n we notice that

ao

(2)(3)(5)(6) -+ (3n = 1H(3n)’

az, =

For a; where k = 3n + 1, we notice

a

Gl = BY@6)(T) - Bm)Bn+ 1)

In other words, if we write down the series for y we notice that it has two parts

Y=(ao+@x3+ﬂx6+---+ 0 x3”+---)
6% * 180 23)5)(6)---Bn = D(3n)
+(ax+a—x R 4 x3"”+---)
Y T 50 BYD6)(T)---Bn)Bn+ 1)
— 1 1 L 6 4 ! n oo
= do| L+ o+ e’ 4o 23)5)6)---Gn=DGn) "
a 12x 504% GYDO)T) - BB+ 1) '
We define
1 1 6 o« .. 1 3" D)
L T Y 737 P e e A
LAV S ! il
(x) = x+ a4 g TGO - GnGrne .

and write the general solution to the equation as y(x) = agy;(x) + a;y.(x). Notice from the power
series that y;(0) = 1 and y,(0) = 0. Also, y{(0) = 0 and y;(0) = 1. If we obtained a solution that
satisfies the initial conditions y(0) = ao and y’(0) = a;.

The functions y; and y, cannot be written in terms of the elementary functions that you know.
See Figure 7.3 for the plot of the solutions y; and y,. These functions have many intersting properties.
For example, they are oscillatory for negative x (like solutions to y”” + y = 0) and for positive x they
grow without bound (like solutions to y” —y = 0).

Sometimes a solution may turn out to be a polynomial.

Example 7.2.3: Let us find a solution to the so-called Hermite’s equation of order n* is the equation

y' =2xy" +2ny = 0.

*Named after the French mathematician Charles Hermite (1822—1901).
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5.0 25 00 25 5.0
75 T T 75

5.0

25

0.0

25 - 25

-5.0 -5.0
-5.0 -2.5 0.0 25 5.0

Figure 7.3: The two solutions y; and y, to Airy’s equation.

Let us find a solution around the point xo = 0. We try

y= aix’.
k=0
We differentiate (as above) to obtain
y = Z kagx* !,
k=1
y' = Z k(k — 1) apx*2.

>~
Il

2
Now we plug into the equation

0=y"—-2xy' +2ny= Z k(k — l)akxk_z) - ZX(Z kakxk_l) + 2n(2 akxk)
k=2 k=1 k=0
=(> k-1 akxk_2) - (Z Zkakxk) + (
=2 k=1 k

=|2a, + Z(k +2)(k+1) ak+2xk) — (Z Zkakxk) + (2nao + Z 2nakxk)
k=1 k=1 k=1

= 2a, + 2nay + Z((k +2) (k + 1) agsn — 2kay + 2na)x*.
k=1

[ee)

2nakﬂ‘)
=0

Asy”’ —2xy" + 2ny = 0 we have
(2k — 2n)

(k+ 2kt Dagz +(22k+2ma, =0, or awe = go= T die



274 CHAPTER 7. POWER SERIES METHODS

This recurrence relation actually includes a, = —nay (which comes about from 2a, + 2nay = 0).
Again a( and a, are arbitrary.

4o T L_2-n
T om " T3 "
212 -n) 2%2(2 — n)(—n)
ag = 2= T A~ Ao,

®HE) 2T @O ¢
Lo 2B-m 2B -m-n)
T T (@30

Let us separate the even and odd coefficients. We find that

a,

_2"(-n)2-n)---2m—-2—-n)

@om 2m)! .
(L =mB=n)---Q@m—1-n)
Gam1 = Qm+ 1)! '

Let us write down the two series, one with the even powers and one with the odd.

2em 5 2= 4 2@ -n)

yix) =1+ X A & ,
2(1 - 22(1 — - 23(1 — _ _
ya(x) = x + ( n)xs N (I-m(@3 ”)xs N (I -m)(3-n)5 n)x7+_“
3! 5! 7
We then write
y(x) = apy1(x) + a1y (x). (7.8)

We also notice that if n is a positive even integer, then y;(x) is a polynomial as all the coefficients
in the series beyond a certain degree are zero. If n is a positive odd integer, then y,(x) is a polynomial.
For example if n = 4, then

2A-4) 5, A=)

4
2 4
X a0 1 —4x" + §x . (7.9)

n@ =1+

7.2.1 Exercises

In the following exercises, when asked to solve an equation using power series methods, you should
find the first few terms of the series, and if possible find a general formula for the k™ coefficient.

Exercise 7.2.1: Use power series methods to solve y” +y = 0 at the point x, = 1.
Exercise 7.2.2: Use power series methods to solve y” + 4xy = 0 at the point xy = 0.

Exercise 7.2.3: Use power series methods to solve y' — xy = 0 at the point xy = 1.
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Exercise 7.2.4: Use power series methods to solve y” + x*y = 0 at the point xy = 0.

Exercise 7.2.5: The methods work for other orders than second order. Try the methods of this
section to solve the first order system y’ — xy = 0 at the point x, = 0.

Exercise 7.2.6 (Chebyshev’s equation of order p): a) Solve (1 — x*)y” — xy’ + p?y = 0 using power
series methods at xy = 0. b) For what p is there a polynomial solution?

Exercise 7.2.7: Find a polynomial solution to (x> +1)y” —2xy’ +2y = 0 using power series methods.

Exercise 7.2.8: a) Use power series methods to solve (1 — x)y” +y = 0 at the point xy = 0. b) Use
the solution to part a) to find a solution for xy” +y = 0 around the point x, = 1.

Exercise 7.2.101: Use power series methods to solve y"' + 2x*y = 0 at the point x, = 0.

Exercise 7.2.102 (challenging): We can also use power series methods in nonhomogeneous equa-
tions. a) Use power series methods to solve y"' — xy = ﬁ at the point xy = 0. Hint: recall the
geometric series. b) Now solve for the initial condition y(0) = 0, y’(0) = 0.

Exercise 7.2.103: Attempt to solve x*y"” —y = 0 at xo = 0 using the power series method of this
section (xy is a singular point). Can you find at least one solution? Can you find more than one
solution?
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Solutions to Selected Exercises

0.2.101: Compute x’ = —2¢ 2 and x”" = 4e~?. Then (4e™?) + 4(=2e7*) + 4(e7*) = 0.
0.2.102: Yes.
0.2.103: y = x"is a solution for r = 0 and r = 2.

0.2.104: C, =100, C, =-90
0.2.105: ¢ = —9¢®

L1101: y=e"+%5+9
1.1.102: x = (3r-2)!/3
1.1.103: x=sin"'(r+ 1)
1.1.104: 170

y = 0 s a solution such that y(0) = 0.

1.2.102:  Yes a solution exists. y* = f(x,y) where f(x,y) = xy. The function f(x, y) is continuous
and % = x, which is also continuous near (0, 0). So a solution exists and is unique. (In fact y = 0 is
the solution).

1.2.103: No, the equation is not defined at (x,y) = (1, 0).
1.3.101: y=Ce"
1.3.102: y=¢" +1

1.3.103: P +x=1+2
13.104: y=

1-Inx

14.101: y=Ce™ +1/3

279
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1.4.102: y =259 4]
1.4.103: 2000 1In(10) — 2000 In(5) — 1000 ~ 386.29 grams

1.4.104:  P(10) = 1000e2X19-09X10" = 1000e'S ~ 3.27 x 10
1.5.101: y= 325

1.5.102: y= ==

2x

1.5.103: y= (7> +3x+1)

1.5.104: y= /x> —In(C — x)

1.6.101:

a) 0, 1, 2 are critical points.

b) x = 0 is unstable (semistable), x = 1 is stable, and x = 2 is unstable.
ol

1.6.102: a) There are no critical points.  b) co

1/3

16103 )& = k(M —x)+A b V@0 W

1.7.101: Approximately: 1.0000, 1.2397, 1.3829

1.7.102:

a)0, 8,12

b) x(4) = 16, so errors are: 16, 8, 4.

¢) Factors are 0.5, 0.5, 0.5.

1.7.103: a)0,0,0 b) x =0is a solution so errors are: 0, 0, 0.

2.1.101: Yes. To justify try to find a constant A such that sin(x) = Ae* for all x.
2.1.102: No. e**? = ¢%e”.

2.1.103: y=>5

21.104: y=C;In(x)+C,

2.2.101: y = Ciet2 Vx4 Cyel-2- V2

2.2.102: y=C;e** + Crxe**

2.2.103: y = e “cos(x) — e *sin(x)

2.2.104:  y(x) = 2L o732 4 Jatdb ox

23.101: y=Cie* + Cox® + C3x? + Cux + Cs

2.3.102: a)rP-3r2+4r—12=0b)y"”" =3y" +4y' =12y = 0¢) y = C,€** +C, sin(2x) + C3 cos(2x)
2.3.103: y=0.

2.3.104: No. e'e* —e™! = 0.
2.3.105: Yes. (Hint: First note that sin(x) is bounded. Then note that x and x sin(x) cannot be
multiples of each other.)

2.4.101: k = 8/9 (and larger)
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2.4.102:

a) 0.051” + 0.1 + (/) = 0

b) x(f) = Ce™"cos(V3 1 —7)

¢) x(£) = 10e™" cos(V31) + %e—f sin( V3 1)

2.4.103: a) k = 500000 b) #@ ~ 0.141 ¢) 45000kg d) 11250 kg

25.101: y= w

2.5.102: a)y= 2e}f+x3—9x' b) y = C; cos( V2x) + C, sin( V2x) + —Zex+36’53‘9x,
25103 y(x)=x>—4x+6+ e (x-5).

2.5.104: y = 2xe'”—(e“+e:)log(e2"+l)

. = V3l a6
2.6.101: w= i 0984 C(w)= VS ~ 2.016

. _ (wj—w)Fy 2wpF . A _ < _ k
2.6.102: Xsp = W cos(wt) + W};(Z%_wzf sin(wt) + £, where P =3, and wy = \/;

2.6.103: a)w =2b)25

3.1.101: y, = Cle3x, y2 = y(x) = Cre* + Qesx, y3 = y(x) = Cze* + %63)“
3.1.102: x = 562’ Ly= 562’ + 4e‘t

3.1.103: x| = x,, x2 = X3, Xj = X| +1

31104 Y, +yi+y =0y, 4y =y =2, = Y5, 5 = s

3.2.101: -15

3.2.102: -2

32.103: ©=[4]

Va 0
3.2.104: o[ 0] b)[ l/ho]
3.3.101: Yes.
3.3.102: No.2[«|-[¢]-[4'|=0
33003 [31=[39101+[¢]
33.104: a) @' =[0%]% b)¥= [Cw’zgcl]
3.4.101:

a) Eigenvalues: 4,0, -1  FEigenvectors: [0], [El)) , 3 ]

b)x—Cl[ ]e4f+c2[g]+c3[_§2]e—f

3.4.102: \f G
3i 1-vV3i -2
a) Eigenvalues: 1+ v3i 1 5 3 Eigenvectors: [ - \ﬂ] [ 1 H@.]
2 _ 12 ~2cos( %) 1/2 -2 Sm(%)
b) = Cle cos(@)+ ﬁsin(@) + C2€ sin(g)—\/gcos(@)
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34103: X=C[l]e+Co[ ) ]e”
34104 ¥=C [ 20 |+ |00

— sin(7) cos(t)

3.5.101: a) Two eigenvalues: + V2 so the behavior is a saddle. ~ b) Two eigenvalues: 1 and 2, so
the behavior is a source.  ¢) Two eigenvalues: +2i, so the behavior is a center (ellipses). d) Two
eigenvalues: —1 and —2, so the behavior is a sink.  e) Two eigenvalues: 1 + 44, so the behavior is a
spiral source.

3.5.102: Spiral source.

—_— s — — — — —— — —>

sfp> - - > > > > > = s

»»»»»»»»»»

««««««««««

she = == s

= e e e e — — — — —

The solution will not move anywhere if y = 0. When y is positive, then the solution moves (with
constant speed) in the positive x direction. When y is negative, then the solution moves (with
constant speed) in the negative x direction. It is not one of the behaviors we have seen.

Note that the matrix has a double eigenvalue 0 and the general solution is x = Ct + C; and y = Cj,
which agrees with the above description.

3.6.101: = [_11 ] (ay cos( V3 1)+, sin(V3 z))+[_?2] (a2 cos( V2 £)+by sin( V2 1)) + [ ﬂ (as cos(r)+
i] cos(21)

X
b3 sin(?)) + [ Zs

3.6.102: [”8’28])? _ [75" L _I‘Zk]f Solution: ¥ = [—12](a1 cos(VHm1) + by sin( Vm1)) +
[_él ] (a2 cos( VT 1) + by sin( VT 1)) + M (ast + bs).

3.6.103: x; = (¥/5)cos(V/61) — (%/5) cos(f)
37001 93,00 b)Nodefects. o #=Cf|ev+C| 8 ]+cs| 1]

3.7.102:
a)l, 1,2
b) Eigenvalue 1 has a defect of 1

ox=c[t|era(i]« ] )erc[i]e

3.7.103:
a)2,2,2
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b) Eigenvalue 2 has a defect of 2

oswcfere i fie i [ e[

37.104: A=[31]

3yt o3t
3.8.101: i *

263 —4e 43¢ % - %T” —& 442 3¢t
3.8.102: 2e!—2e% et \ 262 00!

2631 —5¢% 43¢ %t—%t —& 4562 -3¢t

. A _ [+  —te? ] —»_[(1—:)&']

38.103: aye =) o] b= [0

. 14204582 31+612 ] 0.1A4 . [1.25 036
3.8.104: [2t+4t2 s | € = Lo s ]

3.9.101: The general solution is (particular solutions should agree with one of these)
X(t) — %Cl(e% + e4t) + 45_1C2(€9t 4t) 18[+5 y(l) — %Cl(e% 4t) + C2(4€5t + e4t) + 1 + 21(,

3.9.102: The general solution is (part1cular solutions should agree with one of these).
x(1) = %Cl (e +e)+ lCz(e’ —e N +te y() = %Cl(et —e N+ %Cz(e’ +e™) + te

39.03: ¥=[]](3¢—1-1)+[}]Fe"

2

. 2 _ 1 V6 | v ot

3.9.104: x—[é]((ﬁ"‘lzo«f) t+(14o+120\@)€ 6t_$_ 70:)
+ [ ] ( sin(2t) + 30 COS(ZZ) + m _ C(?(gz))

41.101: w=nm %
4.1.102: A, =4k’x* fork =1,2,3,... x; = cos(2knt) + Bsin(2knt)  (for any B)

4.1.103: x(7) = —sin(r)

4.1.104: x = Ce™" andif x(0) = 0 then C = 0 and so x(¢) = 0, so the solution is always identically
zero. Note that one condition is always enough to guarantee a unique solution for a first order
equation.

41.105: L7 V1 B ooy \523&) + sin ﬁ;ﬁ o
4.2.101: sin(?)

42.102: Yy = Sm(mw;{;);_(;; WG gin(nt)
4.2.103: 1 - 1cos(2r)

4

42104 T4 3 CUOTEID o)

3 n=1

4.3.101: a)i+ Z 16( 1) cos(£1)  b) & — L cos(31) + & cos(nt) — 5% cos(3F1) + -
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4.3.102:

4.3.103:

4.3.104:

4.4.101:

4.4.102:

4.4.103:

4.4.104:

4.4.105:

4.5.101:

4.5.102:

4.5.103:

4.5.104:

4.6.101:
4.6.102:
4.6.103:
4.6.104:
4.7.101:

4.7.102:

4.7.103:

4.7.104:
4.8.101:

SOLUTIONS TO SELECTED EXERCISES

a) Y (_1)::“ sin(%2r)  b) 2 sin(3r) — 4 sin(Fr) +
n=1
(= Z_]l — cos(nmt)
a) F(1) = £ + C + X & sin(nt) b) no.
n=1

a) 12+ Z pne) 2 55 Cos(5'1) b) Z 07 1) sm("’r 1)

n odd
a) cos(21) b) Z mz - sin(ni)
nodd
a) f(t) b) 0
Z] m sm(nt)
‘ [se]
s+ ’El W =7 sin(nt)
X = «f sm(27rt) + 100 5 cos(10mr)
X = Z
X = 2\/» + §1 m COS(I’l?Tl)
n odd

x = = — Zsin(nr) + Z ——— cos(nnt)

N3 o 2 (1=%)

n'odd
u(x,t) = 5sin(x) e + 2 sin(5x) e’
u(x,t) =1+ 2cos(x)e
u(x,t) = eVe™ for some A
u(x, 1) = Ae* + Be'

y(x, 1) = sin(x) (sin(z) + cos(t))

y(x, t) = Si sin(zrx) sin(57t) + ——

T

100” sin(27x) sin(1071)

y(x,t) = i el 1) sm(nx) cos(n V2 21)
n=1
y(x, t) = sin(2x) + ¢ sin(x)

_ sin(2a(x—31))+sin(2n(3t+x)) cos(3n(x—31))—cos(3n(3t+x))
y(x’ t) - 2 + 1871

g—fr sin(37”t) -
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x—x*-004 if02<x<08
4.8.102: a)y(x,0.1) =:0.6x ifx<02

0.6 —0.6x if x> 0.8
b) y(x,12) = —x+ x> ¢)y(x,1) = x — x?
4.8.103: a)y(l,1)=-12 b)y4,3)=0 ¢)y(3,9 =1

4.9.101: M(.X', y) = Z # Sin(m'rx) (Slnzll(l:’l}i'f(sﬂ—)y)))
n=1 *

4.9.102:  u(x,y) = 0.1sin(rx) (FC)

sinh(27)

50101 4, = 2500 0 =123, .y, = cos (252x)

285

51.102: a)p(x) =1,9(x) =0,r(x) =L a, =1, = 0,8, = 1, 8, = 0. The problem is not

X

regular. b) p(x) = 1 +x%, g(x) = x>, r(x) = 1, @; = 1, @, = 0,8, = 1, B> = 1. The problem is

regular.
5.2.101: y(x, ) = sin(7x) cos(4m’t)

52.102: 9y 4y, =0 (O<x<10,t>0), ¥0,8) =y.(0,f) =0,
y(x,0) = sin(zrx),  y,(x,0) = x(10 — x).

53.101: y,(x,1) = io] — (cos(mrx) — StmL G (nx) — l)cos(nm).

sin(nr)
n=1

nodd
5.3.102: Approximately 1991 centimeters
6.1.101: 5+% 42

6.1.102: 22 -2t+1-¢*
6.1.103: !

(s+1)?

6.1.104: !

25t
6.2.101: f(1)=(—- Dt —1)—u(t —2)) + u(t - 2)
6.2.102: x(t)= e =2 - Du(t-1) - %r + 376’
6.2.103: H(s)= —

s+1

6.3.101: i(cost+sins—e™)

6.3.102: 5¢-5sint

6.3.103: %(sint —tcost)

6.3.104: %(sin t—tcost)

7.1.101: Yes. Radius of convergence is 10.
7.1.102: Yes. Radius of convergence is e.

70103 L= -t Py

y(10,17) = y«(10,1) = 0,

= N 11Tx = E} (=1)"*1(x — 2)", which converges for 1 < x < 3.
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71104 Y Ly
n§7 (n=7)!

7.2101: a, =0, a3 =0, as = 0, recurrence relation (for k > 5): a; = —2a_s, So:

y(x) = ap + a1 x = 2apx> — 2a;x° + 4apx'® + 4a; x"" — 8agx' — 8a;x'0 + - -

7.2.102: a)a, = %, and for k > 1 we have a; = a;,_3 + 1, so

¥(x) = ap+arx+3x° +(ag+ DxP +(a1 +Dx* +2 0 +(ag+2)x8+(a1 +2)x" + 2 x5 +(ap+3)x° +(a; +3)x'0+- - -
b) y(x) = 2% + 3+ xt + 30 + 208 + 207 + 28 + 320 + 340+ -

7.2.103: Applying the method of this section directly we obtain a; = 0 for all £ and so y(x) = 0 is
the only solution we find.
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absolute convergence, 262
acceleration, 16

addition of matrices, 90
Airy’s equation, 271
algebraic multiplicity, 124
amplitude, 65

analytic functions, 264
angular frequency, 65
antiderivative, 14
antidifferentiate, 14

associated homogeneous equation, 70, 101

atan2, 66

augmented matrix, 95
autonomous equation, 37
autonomous system, 87

beating, 78

Bernoulli equation, 33

boundary conditions for a PDE, 190
boundary value problem, 149

catenary, 11

Cauchy-Euler equation, 50

center, 112

cgs units, 238, 239

characteristic equation, 52
Chebyshev’s equation of order p, 275
Chebyshev’s equation of order 1, 50
cofactor, 94

cofactor expansion, 94

column vector, 90

commute, 92

complementary solution, 70
complete eigenvalue, 124

complex conjugate, 106

complex number, 53

complex roots, 54

constant coefficient, 51, 100
convergence of a power series, 262
convergent power series, 262
converges absolutely, 262
convolution, 256

corresponding eigenfunction, 150
cosine series, 178

critical point, 37

critically damped, 67

d’Alembert solution to the wave equation, 208
damped, 66
damped motion, 62
defect, 125
defective eigenvalue, 125
deficient matrix, 125
dependent variable, 7
determinant, 92
diagonal matrix, 116
matrix exponential of, 130
diagonalization, 131
differential equation, 7
direction field, 87
Dirichlet boundary conditions, 180, 221
Dirichlet problem, 215
displacement vector, 116
distance, 16
divergent power series, 262
dot product, 91, 158
dynamic damping, 123
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eigenfunction, 150, 222
eigenfunction decomposition, 221, 226
eigenvalue, 103, 222

eigenvalue of a boundary value problem, 150
eigenvector, 103

eigenvector decomposition, 138, 145
ellipses (vector field), 112

elliptic PDE, 190

endpoint problem, 149

envelope curves, 68

equilibrium solution, 37

Euler’s equation, 50

Euler’s equations, 56

Euler’s formula, 53

Euler’s method, 42

even function, 161, 176

even periodic extension, 176
existence and uniqueness, 20, 48, 57
exponential growth model, 9
exponential of a matrix, 129
exponential order, 244

extend periodically, 157

first order differential equation, 7
first order linear equation, 27
first order linear system of ODEs, 99
first order method, 43
first shifting property, 246
forced motion, 62
systems, 121
Fourier series, 159
fourth order method, 44
Fredholm alternative
simple case, 154
Sturm-Liouville problems, 225
free motion, 62
free variable, 96
fundamental matrix, 100
fundamental matrix solution, 100, 130

general solution, 10
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generalized eigenvectors, 125, 127
Genius software, 5

geometric multiplicity, 124
geometric series, 266

Gibbs phenomenon, 164

half period, 167

harmonic function, 214
harvesting, 39

heat equation, 190

Heaviside function, 242

Hermite’s equation of order n, 272
Hermite’s equation of order 2, 50
homogeneous equation, 34
homogeneous linear equation, 47
homogeneous side conditions, 191
homogeneous system, 100
Hooke’s law, 62, 115

hyperbolic PDE, 190

identity matrix, 91
imaginary part, 54
implicit solution, 24
inconsistent system, 96
indefinite integral, 14
independent variable, 7
initial condition, 10
initial conditions for a PDE, 190
inner product, 91
inner product of functions, 159, 225
integral equation, 253, 258
integrate, 14
integrating factor, 27
integrating factor method, 27
for systems, 136
inverse Laplace transform, 245
invertible matrix, 92
IODE software, 5
Labl, 18
Lab II, 42
Project I, 18
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Project I, 42
Project 111, 57
Project IV, 167
Project V, 167

la vie, 72
Laplace equation, 190, 214
Laplace transform, 241
Laplacian, 214
leading entry, 96
Leibniz notation, 15, 22
linear combination, 48, 57
linear equation, 27, 47
linear first order system, 87
linear operator, 48, 70
linear PDE, 190
linearity of the Laplace transform, 243
linearly dependent, 57
linearly independent, 49, 57
for vector valued functions, 100
logistic equation, 38
with harvesting, 39

mass matrix, 116

mathematical model, 9
mathematical solution, 9

matrix, 90

matrix exponential, 129

matrix inverse, 92

matrix valued function, 99
method of partial fractions, 245
Mixed boundary conditions, 221
mks units, 65, 69, 185
multiplication of complex numbers, 53
multiplicity, 60

multiplicity of an eigenvalue, 124

natural (angular) frequency, 65
natural frequency, 77, 118
natural mode of oscillation, 11

Neumann boundary conditions, 180, 221
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Newton’s law of cooling, 31, 37
Newton’s second law, 62, 63, 86, 115
nilpotent, 131

normal mode of oscillation, 11

odd function, 161, 176
odd periodic extension, 176
ODE, 8
one-dimensional heat equation, 190
one-dimensional wave equation, 201
operator, 48
ordinary differential equation, 8
ordinary point, 269
orthogonal

functions, 153, 159

vectors, 157

with respect to a weight, 224
orthogonality, 153
overdamped, 67

parabolic PDE, 190
parallelogram, 93

partial differential equation, 8, 190
partial sum, 261

particular solution, 10, 70

PDE, 8, 190

period, 65

periodic, 157

phase diagram, 38

phase portrait, 38, 88

phase shift, 65

Picard’s theorem, 20

piecewise continuous, 170
piecewise smooth, 170

power series, 261

practical resonance, 82, 189
practical resonance amplitude, 82
practical resonance frequency, 81
product of matrices, 91
projection, 159

proper rational function, 246
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pseudo-frequency, 68
pure resonance, 79, 187

quadratic formula, 52

radius of convergence, 262
ratio test for series, 263

real part, 54

real world problem, 8
recurrence relation, 270
reduced row echelon form, 96
reduction of order method, 50
regular Sturm-Liouville problem, 223
reindexing the series, 265
repeated roots, 59

resonance, 79, 122, 187, 258
RLC circuit, 62

row vector, 90

Runge-Kutta method, 46

saddle point, 111

sawtooth, 160

scalar, 90

scalar multiplication, 90
second order differential equation, 11
second order linear differential equation, 47
second order method, 43
second shifting property, 250
semistable critical point, 39
separable, 22

separation of variables, 191
shifting property, 246, 250
side conditions for a PDE, 190
simple harmonic motion, 65
sine series, 178

singular matrix, 92

singular point, 269

singular solution, 24

sink, 110

slope field, 18

solution, 7

solution curve, 88

source, 110

spiral sink, 113

spiral source, 112

square wave, 82, 162

stable critical point, 37

stable node, 110

steady periodic solution, 81, 184

steady state temperature, 199, 214

stiff problem, 45

stiffness matrix, 116

Sturm-Liouville problem, 222
regular, 223

superposition, 47, 57, 100, 191

symmetric matrix, 153, 157

system of differential equations, 85

Taylor series, 264
tedious, 72, 73, 80, 141
thermal conductivity, 190
three mass system, 115
timbre, 230

trajectory, 88

transfer function, 252
transient solution, 81
transpose, 91
trigonometric series, 159

undamped, 64

undamped motion, 62
systems, 115

underdamped, 68

undetermined coefficients, 71
for second order systems, 121, 144
for systems, 141

unforced motion, 62

unit step function, 242

unstable critical point, 37

unstable node, 110

upper triangular matrix, 126

variation of parameters, 73
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for systems, 143
vector, 90
vector field, 87
vector valued function, 99
velocity, 16
Volterra integral equation, 258

wave equation, 190, 201, 208
weight function, 224
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