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Introduction

0.1 Notes about this book

Note: A section for the instructor.

0.1.1 History of the source work

This book originated from my class notes for Math 286 at University of Illinois at Urbana-
Champaign (https://www.math.uiuc.edu) in Fall 2008 and Spring 2009. It is a first course
on differential equations for engineers. Using this book, I also taught Math 285 at UIUC,
Math 20D at University of California, San Diego (https://www.math.ucsd.edu/), and
Math 4233 at Oklahoma State University (https://math.okstate.edu). Normally these
courses are taught with Edwards and Penney, Differential Equations and Boundary Value
Problems: Computing and Modeling [EP], or Boyce and DiPrima’s Elementary Differential
Equations and Boundary Value Problems [BD], and this book aims to be more or less a drop-in
replacement. Other books I used as sources of information and inspiration are E.L. Ince’s
classic (and inexpensive) Ordinary Differential Equations [I], Stanley Farlow’s Differential
Equations and Their Applications [F], now available from Dover, Berg and McGregor’s
Elementary Partial Differential Equations [BM], and William Trench’s free book Elementary
Differential Equations with Boundary Value Problems [T]. See the Further Reading chapter at
the end of the book.

The source work’s website https://www.jirka.org/diffyqs/ contains additional
resources.The IXTEX source of source work is also available for possible modification and
customization at github (https://github.com/jirilebl/diffyqs).

0.1.2 Acknowledgments by author of source work

Firstly, I would like to acknowledge Rick Laugesen. I used his handwritten class notes
the first time I taught Math 286. My organization of this book through chapter 5, and
the choice of material covered, is heavily influenced by his 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
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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 Shin, Gladys Cruz, Jonathan Gomez, Janelle Louie, Navid Froutan, Grace
Victorine, Paul Pearson, Jared Teague, Ziad Adwan, Martin Weilandt, S6nmez Sahutoglu,
Pete Peterson, Thomas Gresham, Prentiss Hyde, Jai Welch, Simon Tse, Andrew Browning,
James Choi, Dusty Grundmeier, John Marriott, Jim Kruidenier, Barry Conrad, Wesley
Snider, Colton Koop, Sarah Morse, Erik Boczko, Asif Shakeel, Chris Peterson, Nicholas
Hu, Paul Seeburger, Jonathan McCormick, David Leep, William Meisel, Shishir Agrawal,
Tom Wan, and probably others I have forgotten. Finally, I would like to acknowledge NSF
grants DMS-0900885 and DMS-1362337.

0.1.3 Acknowledgments by authors of the derivative work

The authors thank Asela Abeya for assistance in preparing the additional exercises, and
Joseph Hundley for managing the Amazon KDP edition.

0.1.4 Contents of this derivative work

This book contains the Introduction and Chapters 1 (except 1.9 on PDE), 2, 3, 6 (except 6.5
on PDE), 7, and 8 of the source work. Chapter 4 and 5 of the source work (Fourier series
and PDEs, More on eigenvalue problems), and its Appendix on Linear Algebra, are not
included.

Additions are some some extra exercises (inserted starting at numbers 51 and 151)
and examples, and brief instructions on using Python for some graphical, numerical,
and symbolic tasks. There is an associated Python module resources306.py available at
https://raw.githubusercontent.com/UBmath/306/master/resources36.py.

The organization of this book to some degree requires chapters be done in order. The
dependence of the material covered is roughly:

Introduction
1
Chapter 1
1
Chapter 2
Chapter 3 Chapter 6
1
Chapter 8

Chapter 7


https://raw.githubusercontent.com/UBmath/306/master/resources306.py
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0.2 Introduction to differential equations

Note: more than 1 lecture, §1.1 in [EP], chapter 1 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 all your classes from now
on were given in Swahili. It would be important to first learn Swahili, or you would have a
very tough time getting a good grade in your classes.

You saw many differential equations already without perhaps knowing about it. And
you even solved simple differential equations when you took calculus. Let us see an
example you may not have seen:

dx
E+x—2cost. (1)

Here x is the dependent variable and t is the independent variable. Equation (1) is a basic
example of a differential equation. 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 t. That is, we want to find a
function of t, which we call x, such that when we plug x, t, and ‘;—’f into (1), the equation
holds; that is, the left hand side equals the right hand side. It is the same idea as it would
be for a normal (algebraic) equation of just x and t. We claim that

x = x(t) = cost +sint
is a solution. How do we check? We simply plug x into equation (1)! First we need to

compute Z—f. We find that % = —sint + cos t. Now let us compute the left-hand side of (1).

dx
E+x:(—sint+cost)+(cost+sint):2cost.

dx X
dt

Yay! We got precisely the right-hand side. But there is more! We claim x = cos f +sin t +e~*

is also a solution. Let us try,
dx ) _t
—— =-—sint +cost—e .

dt
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We plug into the left-hand side of (1)

dx
E+x:(—sint+cost—e_t)+(cost+sint+e_t)=2cost.

dx X
dt

And it works yet again!
So there can be many different solutions. For this equation all solutions can be written

in the form
t

x =cost+sint + Ce™ ",
for some constant C. Different constants C will give different solutions, so there are really
infinitely many possible solutions. See Figure 1 for the graph of a few of these solutions.
We will see how we find these solutions a few lectures from now.

Solving differential equations can be
quite hard. There is no general method
that solves every differential equation. We
will generally focus on how to get exact for-
mulas for solutions of certain differential
equations, but we will also spend a little
bit of time on getting approximate solu-
tions. And we will spend some time on
understanding the equations without solv-
ing them.

Most of this book is dedicated to ordinary
differential equations or ODEs, that is, equa- 0 i : 3 : 5
tions with only one independent variable, Figure 1: Few solutions of t;ll_ﬂtc +x =2cost.
where derivatives are only with respect to
this one variable. If there are several independent variables, we get partial differential
equations or PDEs.

Even for ODEs, which are very well understood, it is not a simple question of turning
a crank to get answers. When you can find exact solutions, they are usually preferable
to approximate solutions. It is important to understand how such solutions are found.
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 even
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 never saw 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.
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0.2.3 Differential equations in practice

So how do we use differential equations in Real-world problem

science and engineering? First, we have some

real-world problem we wish to understand. We abstract interpret
make some simplifying assumptions and cre-

ate a mathematical model. That is, we translate ) fathematical solve Mathematical
the real-world situation into a set of differential model solution
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 model and how to interpret the results is
what your physics and engineering classes do. In this course, we will focus mostly on the
mathematical 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 is proportional to the population—a large population grows quicker.
Let t denote time (say in seconds) and P the population. Our model is

apr
— =kP,
dt

for some positive constant k > 0.

Example 0.2.1: Suppose there are 100 bacteria at time 0 and 200 bacteria 10 seconds later.
How many bacteria will there be 1 minute from time 0 (in 60 seconds)?

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

P(t) = Ce™,

0 10 20 30 40 50 60
T T T T T

6000 [

5000 |

where C is a constant. Let us try:

ap = Cke*t = kP. o0 |
dt

And it really is a solution.
OK, now what? We donot know C,and = .

we do not know k. But we know something.

We know P(0) = 100, and we know P(10) = T 0 2 % o % %

200. Let us plug these conditions in and see

what happens.

4000

=] 4000

- 3000

2000 |

-1 2000

-1 1000

Figure 2: Bacteria growth in the first 60 seconds.

100 = P(0) = Cef’ = C,
200 = P(10) = 100 *1°.
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Therefore, 2 = ¢1% or 15‘—02 =k ~ 0.069. So
P(t) — 1OOe(ln2)t/10 ~ 100 80'069t.

At one minute, ¢ = 60, the population is P(60) = 6400. See Figure 2 on the previous page.

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 made assumptions that might
not be true exactly, just approximately. If our assumptions are reasonable, then there
will be approximately 6400 bacteria. Also, 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 is known, and we want to solve the equation for different
initial conditions. What does that mean? Take k = 1 for simplicity. Suppose we want to
solve the equation ”;—It) = P subject to P(0) = 1000 (the initial condition). Then the solution
turns out to be (exercise)

P(t) = 1000 e".

We call P(t) = Ce' the general solution, as every solution of the equation can be written
in this form for some constant C. We need an initial condition to find out what C is, in
order to find the particular solution we are looking for. Generally, when we say “particular
solution,” we just mean some solution.

0.2.4 Four fundamental equations

A few equations appear often and it is useful to just memorize what their solutions are. Let
us call them the four fundamental equations. Their 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. No need to wonder if you remembered the
solution correctly.

First such equation is

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 saw above that this function is a solution, although we used different variable names.
Next,
dy
dx
for some constant k > 0. The general solution for this equation is

_kyl

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
42
_Z = —kzy’
dx
for some constant k > 0. The general solution for this equation is
y(x) = Cq cos(kx) + Ca sin(kx).
Since the equation is 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.
Finally, consider the second order differential equation
d*y
dx?
for some constant k > 0. The general solution for this equation is

y(x) = Cre® + Coe™,

= kzy’

or
y(x) = Dy cosh(kx) + D, sinh(kx).
For those that do not know, cosh and sinh are defined by

X 4 opX X _ ,—X
¢ 26 , sinhx:e 26
They are called the hyperbolic cosine and hyperbolic sine. These functions are sometimes
easier to work with than exponentials. They have some nice familiar properties such as
cosh0 =1,sinh0 =0, and % cosh x = sinh x (no that is not a typo) and % sinh x = cosh x.

coshx =

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

Example 0.2.2: In equations of higher order, you get more constants you must solve for
2

to get a particular solution. The equation ZTZ = 0 has the general solution y = C1x + Cp;

simply integrate twice and don’t forget about the constant of integration. Consider the

initial conditions y(0) = 2 and y’(0) = 3. We plug in our general solution and solve for the

constants:

2=y(0)=C1-0+C2=C2, 3=y/(0)=C1.
In other words, y = 3x + 2 is the particular solution we seek.
An interesting note about cosh: The graph of cosh is the exact shape of a hanging chain.
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 weight. For example, the

gateway arch in Saint Louis is an inverted graph of cosh—if it were just a parabola it might
fall. 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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0.2.5 Checking and plotting solution formulas with Python

We can check that formulas really are solutions of a differential equations using the
symbolic computation capabilities of sympy. This is especially useful in complicated cases
where we may not totally trust our own hand-computations. In the screenshot on the next
page, we recheck the results of 0.2.2. See § 0.1 for how to obtain the "resources306" module.
Solution plots like the one on the next page can also be created using numpy instead of
sympy, as shown below. The idea is to generate a sequence of points along the graph and
join them with straight line segments. We use several hundred points so that the curve
looks smooth. In the example (a), we plot the curve y = e~ for t between -1 and 2. In
example (b), we plot a family of curves indexed by the parameter ¢ which runs over the
values {4, 5,6, ...,15}. There are many options for modifying and decorating such plots: to
find out how, ask Google "matplotlib how to add title to plot", etc.
(a)

# the following line imports sympy as sp, numpy as np, matplotlib.pyplot as plt
from resources306 import *

t = np.linspace(-1,2,200)

plt.plot( t, np.exp(-2*t) );

plt.gridQ)

(b)

t = np.linspace(0,0.02,100)
for ¢ in np.linspace(4,15,12):
plt.plot( t, 13/(1-(1-13/c)*np.exp(91*t)) )
plt.x1im(0,.02)
plt.ylim(0,20)

200

175

150

125

(b) 10.0

15

(a)

5.0

|

25

=T L -

0.0 T T T T T T T
00000 00025 0.0050 0.0075 0.0100 0.0125 00150 00175 0.0200

10 -05 00 05 10 15 20
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from resources306 import *

Construct the alleged family of solutions:

sp.symbols('t C")

C =
= sp.cos(t) + sp.sin(t) + C*sp.exp(-t)

t,
X
X
Ce™ +sin(t) + cos (1)

Verify that they all satisfy the differential equation Z_’: +x =2cost:

sp.diff(x,t) + x == 2*sp.cos(t)

True

Checking "LHS == RHS" tests whether the two expressions are identical: it will not catch if they are
different but equivalent, like cos? tand 1 — sin® . A more robust tactic is to test if "LHS - RHS"
simplifies to 0:

sp.simplify( sp.diff(x,t) + x - 2*sp.cos(t) ) ==

True

Plot a few of the solutions:

afewsolutions = [x.subs({C:c}) for c in [-2,0,1]]
afewsolutions

1

[sin () + cos (t) —2e™, sin(f) + cos(f), sin () + cos(?) + e_(]

for solution in afewsolutions:
expressionplot( solution, t, 0, 5 )
plt.grid()

201
15 A
104
0.5 A
0.0 1
-0.5 1

-10 14 N /

=15 A
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0.2.6 Exercises

Note: Exercises with numbers 101 and higher have solutions in the back of the book.
Exercise 0.2.4: Show that x = e* is a solution to x””’ — 12x" + 48x’ — 64x = 0.

Exercise 0.2.5: Show that x = e' is not a solution to x"”" — 12x” + 48x’ — 64x = 0.
2
Exercise 0.2.6: Is y = sin t a solution to (%) =1 - y2? Justify.

Exercise 0.2.7: Let y” + 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™" + Cpe?t is a solution to x”" — x’ —2x = 0. Find Cy and Cy
to solve for the initial conditions x(0) = 10 and x’(0) = 0.

Exercise 0.2.10: Find a solution to (x')* + x2 = 4 using your knowledge of derivatives of functions
that you know from basic calculus.

Exercise 0.2.11: Solve:

dA dH
a) T -10A, A(0)=5 b) e 3H, HQO)=1
d’y , d2x ,
c) 22 =4y, y(0)=0, y'(0)=1 d) d_yz =-9x, x(0)=1, x(0)=0

Exercise 0.2.12: Is there a solution to y’ = vy, such that y(0) = y(1)?

Exercise 0.2.13: The population of city X was 100 thousand 20 years ago, and the population of
city X was 120 thousand 10 years ago. Assuming constant growth, you can use the exponential
population model (like for the bacteria). What do you estimate the population is now?

Exercise 0.2.14: Suppose that a football coach gets a salary of one million dollars now, and a raise
of 10% every year (so exponential model, like population of bacteria). Let s be the salary in millions
of dollars, and t is time in years.

a) What is s(0) and s(1). b) Approximately how many years will it take
for the salary to be 10 million.

c) Approximately how many years will it take  d) Approximately how many years will it take
for the salary to be 20 million. for the salary to be 30 million.

Exercise 0.2.51: Verify that the function(s) solve the following differential equations (DEs):

a) y' =-5y; y=23e>*
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b) vy =cos(3x); y = 3sin(3x)+7

—3x

d

)

¢) vy =2y; y = ce* ,where c is any real number.
) Y +y —6y=0; y1=¢*, yp=e

)y

e) y"+16y =0; y; = cos(4x), yp = sin(4x)
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 = 0? Justify.

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

Exercise 0.2.104: Verify that x = Cye' + Cy is a solution to x” — x’ = 0. Find C1 and C; so that
x satisfies x(0) = 10 and x’(0) = 100.

Exercise 0.2.105: Solve ‘fi—f =8¢ and ¢(0) = —

Exercise 0.2.106: Solve:

dx d*x ,

a) T —4x, x(0)=9 b) T —4x, x(0)=1, x'(0)=
dp d*T .

c) a0 3p, p(0)=4 d) T 4T, T0)=0, T(0)=

Exercise 0.2.151: Substitute y = e’* into the following DEs, solve for r, then write the general
linear combination of the solution(s) of the form e’*:

a) 7y"+5y =0

b) 2y" +7y' -4y =0
c) y" =3y’ —=10y =0
d) 3y"-7y'—6y =0
e) 4y" +3y'—y =0

Exercise 0.2.152: Verify that y = y(x) solves the DE. Then find the constant C which satisfies the
given initial condition.

a) 3y’ =2y, y(0)=5; y = Ce¥*

b) v =(Bx2+1)y, y(1)=1; y = Ce*™*

c) vy =8x3(y*+1), y(0)=1; y = tan(2x* + C)
d) v +2y =6, y(0)=-5; y =3+ Ce™>*
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0.3 Classification of differential equations

Note: less than 1 lecture or left as reading, §1.3 in [BD]

There are many types of differential equations, and we classify them into different
categories based on their properties. Let us quickly go over the most basic classification.
We already saw the distinction between ordinary and partial differential equations:

* Ordinary differential equations or (ODE) are equations where the derivatives are taken
with respect to only one variable. That is, there is only one independent variable.

e Partial differential equations or (PDE) are equations that depend on partial derivatives
of several variables. That is, there are several independent variables.

Let us see some examples of ordinary differential equations:

d

d—btl =ky, (Exponential growth)

d

d_]l{ =k(A-vy), (Newton’s law of cooling)
2

m% + CZ—;C + kx = f(t). (Mechanical vibrations)

And of partial differential equations:

dy 9y .
o Ty T 0, (Transport equation)
2
(;_1: = %, (Heat equation)
Pu  u  Pu
= : Wi tion in 2 di i
92 o2 + 2 (Wave equation in 2 dimensions)

If there are several equations working together, we have a so-called system of differential

equations. For example,
/

y=x, xX=y

is a simple system of ordinary differential equations. Maxwell’s equations for electromag-
netics,

V.-D=p, V-B=0,
. 9B - - D
V><E:__/ VxH= -,
ot I+ 5

are a system of partial differential equations. The divergence operator V- and the curl
operator VX can be written out in partial derivatives of the functions involved in the x, y,
and z variables.
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The next bit of information is the order of the equation (or system). The order is simply
the order of the largest derivative that appears. If the highest derivative that appears is
the first derivative, the equation is of first order. If the highest derivative that appears is
the second derivative, then the equation is of second order. For example, Newton’s law
of cooling above is a first order equation, while the mechanical vibrations equation is a
second order equation. The equation governing transversal vibrations in a beam,

4841/ %y

a ) + ETe) =0,
is a fourth order partial differential equation. It is fourth order as at least one derivative is
the fourth derivative. It does not matter that the derivative in ¢ is only of second order.

In the first chapter, we will start attacking first order ordinary differential equations,
that is, equations of the form Z—Z = f(x, y). In general, lower order equations are easier to
work with and have simpler behavior, which is why we start with them.

We also distinguish how the dependent variables appear in the equation (or system).
In particular, we say an equation is linear if the dependent variable (or variables) and their
derivatives appear linearly, that is only as first powers, they are not multiplied together,
and no other functions of the dependent variables appear. In other words, the equation is
a sum of terms, where each term is some function of the independent variables or some
function of the independent variables multiplied by a dependent variable or its derivative.
Otherwise, the equation is called nonlinear. For example, an ordinary differential equation
is linear if it can be put into the form

ny n-1
an(x)W + an—l(x)

Y dy _
Tl + -t al(x)% + ap(x)y = b(x). 2)
The functions ao, a1, .. ., a, are called the coefficients. The equation is allowed to depend
arbitrarily on the independent variable. So
d? d 1
e"d—x‘z + sin(x)% +x%y = p 3)
is still a linear equation as y and its derivatives only appear linearly.
All the equations and systems above as examples are linear. It may not be immediately
obvious for Maxwell’s equations unless you write out the divergence and curl in terms of
partial derivatives. Let us see some nonlinear equations. For example Burger’s equation,

is a nonlinear second order partial differential equation. It is nonlinear because y and g—z
are multiplied together. The equation

dx 5
rriak (4)
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is a nonlinear first order differential equation as there is a second power of the dependent
variable x.

Alinear equation may further be called homogeneous if all terms depend on the dependent
variable. That is, if no term is a function of the independent variables alone. Otherwise,
the equation is called nonhomogeneous or inhomogeneous. For example, the exponential
growth equation, the wave equation, or the transport equation above are homogeneous.
The mechanical vibrations equation above is nonhomogeneous as long as f(t) is not the
zero function. Similarly, if the ambient temperature A is nonzero, Newton’s law of cooling
is nonhomogeneous. A homogeneous linear ODE can be put into the form

ny n-1
an(x)W + an—l(x)

y dy _
= +- 4 al(x)dx +ap(x)y = 0.

Compare to (2) and notice there is no function b(x).

If the coefficients of a linear equation are actually constant functions, then the equation
is said to have constant coefficients. The coefficients are the functions multiplying the
dependent variable(s) or one of its derivatives, not the function b(x) standing alone. A
constant coefficient nonhomogeneous ODE is an equation of the form

d"y d"ly dy
Ay———+ay-1——— + - +a1=— +aoy = b(x),

where ag, a1, ..., a, are all constants, but b may depend on the independent variable x. The

mechanical vibrations equation above is a constant coefficient nonhomogeneous second

order ODE. The same nomenclature applies to PDEs, so the transport equation, heat

equation and wave equation are all examples of constant coefficient linear PDEs.

Finally, an equation (or system) is called autonomous if the equation does not depend on
the independent variable. For autonomous ordinary differential equations, the independent
variable is then thought of as time. Autonomous equation means an equation that does
not change with time. For example, Newton’s law of cooling is autonomous, so is equation
(4). On the other hand, mechanical vibrations or (3) are not autonomous.

0.3.1 Exercises

Exercise 0.3.1: Classify the following equations. Are they ODE or PDE? Is it an equation or a
system? What is the order? Is it linear or nonlinear, and if it is linear, is it homogeneous, constant
coefficient? If it is an ODE, is it autonomous?

o d%x ) du _du
a) sm(t)ﬁ+cos(t)x—t b) $+35 =Xy
. . %u ’u
c) y"+3y+5x =0, x"+x-y=0 d)ﬁ+u@:0
4
e) x" +tx? =t 1 dx:O

drt
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Jur

Jup | Jus
ox +

Exercise 0.3.2: If i = (11, up, uz) is a vector, we have the divergence V - ii = oyt and

+

oo (dus _ dupr dw _ dus Jdup _ dux - is sti -
curl VX u = ( dy T 9z 92 T oxs ok T dy ) Notice that curl of a vector is still a vector. Write

out Maxwell’s equations in terms of partial derivatives and classify the system.

Exercise 0.3.3: Suppose F is a linear function, that is, F(x, y) = ax + by for constants a and b.
What is the classification of equations of the form F(y’, y) = 0.

Exercise 0.3.4: Write down an explicit example of a third order, linear, nonconstant coefficient,
nonautonomous, nonhomogeneous system of two ODE such that every derivative that could appear,
does appeat.

Exercise 0.3.101: Classify the following equations. Are they ODE or PDE? Is it an equation or a
system? What is the order? Is it linear or nonlinear, and if it is linear, is it homogeneous, constant
coefficient? If it is an ODE, is it autonomous?

v v dx )
a) ﬁ+38—y2—sm(x) b) E+cos(t)x—t +t+1
d7P 144 l4
C)W=3F(X) d)y +8y =1
2
e) x"+tyx' =0, y'+txy=0 f %:% 2

Exercise 0.3.102: Write down the general zeroth order linear ordinary differential equation. Write
down the general solution.

Exercise 0.3.103: For which k is ‘;—’f + x* = t5*2 linear, Hint: there are two answers.
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Chapter 1

First order equations

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

d
% = f(x,y),

or just
y'=fly).
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(x). (1.1)

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

/y’(x)dxz/f(x)dx+C,

y(x)z/f(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 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



22 CHAPTER 1. FIRST ORDER EQUATIONS

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

/xxf(t)dt+C.

Hence the terminology to 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 as a way to write it.

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
by differentiating: y’ = 3x2. We got precisely our equation back.

Normally, we also have an initial condition such as y(xg) = yo for some two numbers
xo and yo (xo is usually 0, 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(xo) = yo. Then the solution is

v = [ fEds s (12)

Let us check! We compute iy’ = f(x), via the fundamental theorem of calculus, and
by Jupiter, y is a solution. Is it the one satisfying the initial condition? Well, y(xo) =
/xzo f(x)dx + yo = yo. It is!

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

X
y(x) :/ 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' = f(y).

Let us write the equation in Leibniz notation.

dy B
W)

Now we use the inverse function theorem from calculus to switch the roles of x and y to

obtain
dx 1

dy  f)
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
X(y) = Wdy+C

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= Eln|y| + D,
where D is an arbitrary constant. Now we solve for y (actually for |y|).

|]/| — ekx—kD — e—kDekx.

If we replace e *P with an arbitrary constant C, we can get rid of the absolute value bars

(which we can do 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 = Ce**.

Example 1.1.4: Find the general solution of y’ = y2.
First we note that y = 0 is a solution. We can now assume that y # 0. Write
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We integrate to get
-1
x=—+C.
Yy

We solve for y = z-. So the general solution is

1
V=% or y=0.

Note the singularities of the solution. If for example C = 1, then the solution “blows up”

as we approach x = 1. See Figure 1.1. 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 (—co, C) or (C, o).

Usually when this happens we only consider one of these the solution. For example if
1

we impose a condition y(0) = 1, then the solution is y = =, and we would consider this

solution only for x on the interval (—co, 1). In the figure, it is the left side of the graph.

1 1 1 1 1
3 3
-3 -2 -1 0 1 2 3

Figure 1.1: Plot of y = L.

1—x

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!/2 meters per second, where t 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 just integrate this equation to get that

x(t) = 2¢? + C.
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We still need to figure out C. We know that when ¢ = 0, then x = 0. That is, x(0) = 0. So
0=2x(0)=2"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 ~ 3.44 meters, x(10) = 2¢'%2 — 2 ~ 294 meters.

Example 1.1.6: Suppose that the car accelerates at a rate of > m/s2. At time ¢ = 0 the car is
at the 1 meter mark and is traveling at 10 m/s. 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" =12, x(0)=1, x’(0) = 10.
What if we say x” = v. Then we have the problem
v =12, v(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.

1.1.1 Exercises
Exercise 1.1.2: Solve Z—z = x? +x for y(1) = 3.
Exercise 1.1.3: Solve Z—Z = sin(5x) for y(0) = 2.

Exercise 1.1.4: Solve Z—Z = le_l for y(0) = 0.

Exercise 1.1.5: Solve y’ = y° for y(0) = 1.

Exercise 1.1.6 (little harder): Solve v’ = (y — 1)(y + 1) for y(0) = 3.
Exercise 1.1.7: Solve Z_Z = 47 for y(0) = 0.

Exercise 1.1.8 (harder): Solve y” = sinx for y(0) =0, y’(0) = 2.

Exercise 1.1.9: A spaceship is traveling at the speed 2t + 1 kmjs (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 ‘;—’t‘ = sin(t?) + t, x(0) = 20. It is OK to leave your answer as a definite
integral.
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Exercise 1.1.11: A dropped ball accelerates downwards at a constant rate 9.8 meters per second
squared. Set up the differential equation for the height above ground h in meters. Then supposing
h(0) = 100 meters, how long does it take for the ball to hit the ground.

Exercise 1.1.12: Find the general solution of y' = e*, and then y’ = eY.

1
x2-2x-8

1
x4 +4x2

Exercise 1.1.51: Find the general solution of y’ =

Exercise 1.1.52: Find the general solution of y’ =

Exercise 1.1.101: Solve % = e* + x and y(0) = 10.

Exercise 1.1.102: Solve x’ = %, x(1) =1.

Exercise 1.1.103: Solve x’ = ﬁ(x), x(0) = Z.

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

Exercise 1.1.105: Solve y’ = y", y(0) = 1, where n is a positive integer. Hint: You have to
consider different cases.

Exercise 1.1.106: The rate of change of the volume of a snowball that is melting is proportional to
the surface area of the snowball. Suppose the snowball is perfectly spherical. Then the volume (in
centimeters cubed) of a ball of radius r centimeters is 4/3 r3. The surface area is 47r?. Set up the
differential equation for how r is changing. Then, suppose that at time t = 0 minutes, the radius is
10 centimeters. After 5 minutes, the radius is 8 centimeters. At what time t will the snowball be
completely melted.

nn

Exercise 1.1.107: Find the general solution to vy = 0. How many distinct constants do you need?

Exercise 1.1.151: Find the general solution to the following differential equations (DEs) by
integration:
2
a) % = 4x3 4 %
3
b) T =6x2+1
3
c) % = cos(2x)
Exercise 1.1.152: Find the particular solution to the following initial value problems (IVPs):

a) y"=6x+2, y(1)=-1, y'(1) =7

b) vy’ = e3%; y(0)=-2, y'(0) =4
c) y’' = ﬁ; y(0) =10, y’(0) =1
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1.2 Slope fields

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

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

y' = f(x, ).

A lot of the time, we cannot simply solve these kinds of equations explicitly. It would
be nice if we could at least figure out the shape and behavior of the solutions, or find
approximate solutions.

1.2.1 Slope fields

The equation y’ = f(x, y) gives you a slope at each point in the (x, y)-plane. And this is
the slope a solution y(x) would have at x if its value was y. In other words, f(x, y) is the
slope of a solution whose graph runs through the point (x, y). Ata point (x, ), we plot
a short line with the slope f(x, y). For example, if f(x, y) = xy, then at point (2,1.5) we
draw a short line of slope xy =2 X 1.5 = 3. So, if y(x) is a solution and y(2) = 1.5, then the
equation mandates that y’(2) = 3. See Figure 1.2.

. I I I I I .
-3 -2 -1 0 1 2 3

Figure 1.2: The slope y’ = xy at (2,1.5).

To get an idea of how solutions behave, we draw such lines at lots of points in the plane,
not just the point (2, 1.5). We would ideally want to see the slope at every point, but that is
just not possible. Usually we pick a grid of points fine enough so that it shows the behavior,
but not too fine so that we can still recognize the individual lines. We call this picture the
slope field of the equation. See Figure 1.3 on the following page for the slope field of the
equation y’ = xy. Usually in practice, one does not do this by hand, but has a computer do
the drawing.
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Suppose we are given a specific initial condition y(xg) = yo. A solution, that is, the
graph of the solution, would be a curve that follows the slopes we drew. For a few sample
solutions, see Figure 1.4. It is easy to roughly sketch (or at least imagine) possible solutions
in the slope field, just from looking at the slope field itself. You simply sketch a line that
roughly fits the little line segments and goes through your initial condition.

3—3 -2 -1 0 1 2 33 3'3 -2 -1 0 1 2 33
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Figure 1.3: Slope field of y' = xy. Figure 1.4: Slope field of y’ = xy with a graph
of solutions satisfying y(0) = 0.2, y(0) = 0, and
y(0) = -0.2.

By looking at the slope field we get a lot of information about the behavior of solutions
without having to solve the equation. For example, in Figure 1.4 we see what the solutions
do when the initial conditions are y(0) > 0, y(0) = 0 and y(0) < 0. A small change in the
initial condition causes quite different behavior. We see this behavior just from the slope
field and imagining what solutions ought to do.

We see a different behavior for the equation y” = —y. The slope field and a few solutions
is in see Figure 1.5 on the next page. If we think of moving from left to right (perhaps x is
time and time is usually increasing), then we see that no matter what y(0) is, all solutions
tend to zero as x tends to infinity. Again that behavior is clear from simply looking at the
slope field itself.

1.2.2 Existence and uniqueness
We wish to ask two fundamental questions about the problem
y' =f(x,y),  y(xo) = yo.
(i) Does a solution exist?

(ii) Is the solution unique (if it exists)?
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Figure 1.5: Slope field of y’ = —y with a graph of a few solutions.

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 _
y—x, y(0) =0.

Integrate to find the general solution y = In |x| + C. The solution does not exist at x = 0.
See Figure 1.6 on the following page. The equation may have been written as the seemingly
harmless xy” = 1.

Example 1.2.2: Solve:
v =24/]yl, y(0) = 0.

See Figure 1.7 on the next page. Note that y = 0 is a solution. But another solution is
the function

x2  if x>0,

yx)=4 ,

—x- if x <O.

It is hard to tell by staring at the slope field that the solution is not unique. Is there any
hope? Of course there is. We have the following theorem, known as Picard’s theorem®.

*Named after the French mathematician Charles Emile Picard (1856-1941)


https://en.wikipedia.org/wiki/Charles_%C3%89mile_Picard
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Figure 1.6: Slope field of y" = 1/x. Figure 1.7: Slope field of y' = 2+/|y| with two

solutions satisfying y(0) = 0.

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

y'=fxy),  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+/|y|, y(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 =2 y(0) = A.

We know how to solve this equation. First assume that A # 0, so v is not equal to zero
at least for some x near 0. Sox” =1/y?,sox = -1/y+C,soy = & If y(0) = A, thenC =1/a
SO

1
y= Ya—x
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 most of this course we will be interested in equations where existence and uniqueness
holds, and in fact holds “globally” unlike for the equation i’ = y>.
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1.2.3 Slope fields with Python

The resources306 module provides a function slopefieldplot. You supply slopefieldplot with a
function (called f in the example below) that returns the right hand side of your differential
equation, the desired minimum and maximum values on the horizontal and vertical axes
respectively, and the desired spacing between line segments on the horizontal axis. Any of
the graphical options for matplotlib.pyplot.plot(), such as line color, line width, etc., can also
be supplied to slopefieldplot. Here we create a slope field plot for the differential equation
Z—Z =x2-y:

from resources306 import *

def f(x,y): return x**2 -y

slopefieldplot( £, -2,2, -1,2, .2 ,lw=2)

plt.xlabel('x")

plt.ylabel('y');

If using a Python environment that does not automatically display graphics, add the line
"plt.show()".
This generates the slope field part of the picture below.
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X
The resources306 module also provides a function expressionplot as a simple way to plot a
sympy expression. You supply expressionplot with the expression you want to plot, the (one
and only) variable in the expression, the minimum and maximum values of that variable
to be shown in the plot, and any graphical options you like. Below, we create two solutions
of the differential equation Z—Z = x? — y as sympy expressions:
X = sp.symbols('x")
yl = x*%2-2%x+2
y2 = ((x**2-2%x+2)*sp.exp(x)-3)*sp.exp(-x)
yl,y2
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(x?=2x+2, ((x*—2x+2)e* -3)e™)
and then with the code below add their graphs to the slope field plot.

slopefieldplot( £, -2,2, -1,2, .2 ,lw=2)
expressionplot(yl,x,-2,2,color="r"',alpha=.4,1w=3)
expressionplot(y2,x,-1,2,color="b"',alpha=.4,1w=3)
plt.xlabel('x')

plt.ylabel('y")

1.2.4 Exercises

Exercise 1.2.1: Sketch slope field for y’ = e*~Y. How do the solutions behave as x grows? Can you
guess a particular solution by looking at the slope field?

Exercise 1.2.2: Sketch slope field for y' = x.

Exercise 1.2.3: Sketch slope field for y' = y>.

Exercise 1.2.4: Is it possible to solve the equation y' = —2 for y(0) = 1? Justify.

Ccos x
Exercise 1.2.5: Is it possible to solve the equation y’ = y+/|x| for y(0) = 0? Is the solution unique?
Justify.
Exercise 1.2.6: Match equations y' =1—x,y" = x =2y, y’ = x(1 — y) to slope fields. Justify.
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Exercise 1.2.7 (challenging): Take y’ = f(x,y), y(0) = 0, where f(x,y) > 1 for all x and y.
If the solution exists for all x, can you say what happens to y(x) as x goes to positive infinity?
Explain.

Exercise 1.2.8 (challenging): Take (y — x)y’ =0, y(0) = 0.
a) Find two distinct solutions.
b) Explain why this does not violate Picard’s theorem.

Exercise 1.2.9: Suppose y' = f(x, y). What will the slope field look like, explain and sketch an
example, if you know the following about f(x, y):

a) f does not depend on y. b) f does not depend on x.
c) f(t, t) =0 for any number t. d) f(x,0)=0and f(x,1) =1 forall x.
Exercise 1.2.10: Find a solution to y’ = |y|, y(0) = 0. Does Picard’s theorem apply?

Exercise 1.2.11: Take an equation vy’ = (y — 2x)g(x, y) + 2 for some function g(x, y). Can you
solve the problem for the initial condition y(0) = 0, and if so what is the solution?
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Exercise 1.2.12 (challenging): Suppose y’ = f(x, y) is such that f(x,1) = 0 for every x, f is
continuous and % exists and is continuous for every x and y.

a) Guess a solution given the initial condition y(0) = 1.
b) Can graphs of two solutions of the equation for different initial conditions ever intersect?

c) Given y(0) = 0, what can you say about the solution. In particular, can y(x) > 1 for any x?
Can y(x) = 1 for any x? Why or why not?

Exercise 1.2.51: Sketch the region of continuity for f(x, y) on a set of axes and sketch the region of

continuity for %(x, y) on a separate set of axes. Apply Picard’s Theorem to determine whether the
solution exists and whether it is unique.

a) y' =2x%y +3xy?, y(1) =2
b) y' =+, y(-1)=3

Q) ¥’ =2r -3y, y(3) =2
d) y' =2y +6x, y(1) = -3
e) y'=xIn(y), y(2) =3

Ny =x%ed, y(-1)=4

g) ¥ =5y +10x, y(1) =0
h) y' =By +10x, y(1) = -2
i) ,y(0)=0

) ,y(=1) =-2

Wi

y' =2y
y' =2

QI

Yy

Exercise 1.2.52: Sketch, on one single set of axes, the region where both f(x,y) and g—f;(x, y) are

continuous. Determine the conditions on (xo, yo) for which Picard’s Theorem guarantees that a
unique solution exists.

a) ¥y =\2x—y
b) y' =In(y - x?)
¢) ¥ = +yIn(x)
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Exercise 1.2.53: Use the following method to determine y(4) approximately if y(0) = 0 and
Z—I{ =cosy + ysint forall t. Use Python to draw the slope field of the differential equation on the
region where t runs from 0 to 5 and y runs from -1 to 5. Save the graphic you've created as a PNG
image, and then open it in a program that allows you to draw on it, like Inkscape, GIMP, etc. On
your slope field, sketch the curve y(t) that has the following properties: (i) y(0) = 0, i.e., it starts at
t =0,y =0, (i) its slope agrees with the slope field at every point along it. Then from your picture,

estimate y(4) as accurately as you can.

Exercise 1.2.101: Sketch the slope field 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) = 0? Is the solution unique?
Exercise 1.2.103: Is it possible to solve y" = —= for y(1) = 0?

Exercise 1.2.104: Match equations y’ = sinx, y’ = cosy, y’ = y cos(x) to slope fields. Justify.
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Exercise 1.2.105 (tricky): Suppose

0
f(y)={1 <0,

Does y" = f(y), y(0) = 0 have a continuously differentiable solution? Does Picard apply? Why, or
why not?

Exercise 1.2.106: Consider an equation of the form y" = f(x) for some continuous function f, and
an initial condition y(xo) = yo. Does a solution exist for all x? Why or why not?
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1.3 Separable equations

Note: 1 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(x)dx + C. Unfortunately this method no longer works for the general form of the
equation ¥’ = f(x, y). Integrating both sides yields

y:/f(x,y)dx+C.

Notice the dependence on vy in the integral.

1.3.1 Separable equations

We say a differential equation is separable if we can write it as

y' = fx)g(y),

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

d
2= fog),

Then we rewrite the equation as
(x)dx.
g(y) -/

Both sides look like something we can integrate. We obtain

/g<y> [ e

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

Example 1.3.1: Take the equation
Yy =xy.
Note that y = 0 is a solution. We will remember that fact and assume y # 0 from now on,

so that we can divide by y. Write the equation as %

d
/—yzfxdx+C.
Y

We compute the antiderivatives to get

= xy. Then

2
Inly| = —+C
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or
2 2

2 K2 X2
:eZ+C:eZeC:D€2’

ly|

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

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

We should be a little bit more careful with this method. You may be worried that we
integrated in two different variables. We seemingly did a different operation to each side.
Let us work through this method more rigorously. Take

d
2= Fmzw).

We rewrite the equation as follows. Note that y = y(x) is a function of x and so is dy !
1 dy
= f(x).
8(y) dx

We integrate both sides with respect to x:

d
/ﬁ% x—/f(x)dx+C

We use the change of variables formula (substitution) on the left hand side:

/ﬁdy:/f(x)dx+c.

And we are done.

1.3.2 Implicit solutions

We sometimes get stuck even if we can do the integration. Consider the separable equation
Y
y' ==
y-+1
We separate variables,
y2+1
Yy

dy = (y+y) dy = x dx.
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We integrate to get
2 2
y x
—+1 = —+

or perhaps the easier looking expression (where D = 2C)
y2 +2In|y| = x>+ D.

It is not easy to find the solution explicitly as it is hard to solve for y. We, therefore, leave
the solution in this form and call it an implicit solution. Itis still easy to check that an implicit
solution satisfies the differential equation. In this case, we differentiate with respect to x,
and remember that y is a function of x, to get

2
12y + = | = 2x.
/(o)

Multiply both sides by y and divide by 2(y? + 1) and you will get exactly the differential
equation. We leave this computation to the reader.

If you have an implicit solution, and you want to compute values for y, you might
have to be tricky. You might get multiple solutions y for each x, so you have to pick one.
Sometimes you can graph x as a function of y, and then flip your paper. Sometimes you
have to do more.

Computers are also good at some of these tricks. More advanced mathematical software
usually has some way of plotting solutions to implicit equations. For example, for C = 0 if
you plot all the points (x, y) that are solutions to y? + 21In |y| = x2, you find the two curves
in Figure 1.8 on the following page. This is not quite a graph of a function. For each x there
are two choices of y. To find a function you would have to pick one of these two curves.
You pick the one that satisfies your initial condition if you have one. For example, the top
curve satisfies the condition y(1) = 1. So for each C we really got two solutions. As you can
see, computing values from an implicit solution can be somewhat tricky. But sometimes,
an implicit solution is the best we can do.

The equation above also has the solution y = 0. So the general solution is

y?>+2In|y| = x* + C, and y=0.

These outlying solutions such as y = 0 are sometimes called singular solutions.

1.3.3 Examples of separable equations

Example 1.3.2: Solve x?y’ =1 - x% + y> — x*y?, y(1) = 0.
Factor the right-hand side

xzy’ =(1-x3)1+ yz).
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Figure 1.8: The implicit solution y> + 2In|y| = x> to y’ = g

Separate variables, integrate, and solve for y:

/

y  1-x?
T+y2  x2
Vo1
1+y2 «x2

-1
arctan(y) = - Xt C,

y:tan(_?l—x+C).

Solve for the initial condition, 0 = tan(-2+ C)toget C =2 (orC =2+ m,or C =2 + 27,
etc.). The particular solution we seek is, therefore,

-1
y—tan(T—x+2).

Example 1.3.3: Bob made a cup of coffee, and Bob likes to drink coffee only once reaches
60 degrees Celsius and will not burn him. Initially at time ¢t = 0 minutes, Bob measured the
temperature and the coffee was 89 degrees Celsius. One minute later, Bob measured the
coffee again and it had 85 degrees. The temperature of the room (the ambient temperature)
is 22 degrees. When should Bob start drinking?

Let T be the temperature of the coffee in degrees Celsius, and let A be the ambient
(room) temperature, also in degrees Celsius. Newton’s law of cooling states that the rate at
which the temperature of the coffee is changing is proportional to the difference between
the ambient temperature and the temperature of the coffee. That is,

ar
E - k(A - T)/
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for some constant k. For our setup A =22, T(0) = 89, T(1) = 85. We separate variables and
integrate (let C and D denote arbitrary constants):

_1 4T __
T—A dt ’
In(T-A) =—-kt+C, (note that T — A > 0)
T-A=De™,
T=A+De .

Thatis, T = 22 + D e™*. We plug in the first condition: 89 = T(0) = 22 + D, and hence
D =67.So T =22 + 67 ¢ . The second condition says 85 = T(1) = 22 + 67 ¢~¥. Solving for
k we get k = —In -2 ~ 0.0616. Now we solve for the time t that gives us a temperature of

60 degrees. Narnely, we solve
60 = 22 + 67¢ 001!

60-22

1
togett = 8066176 ~ 9.21 minutes. So Bob can begin to drink the coffee at just over 9

minutes from the time Bob made it. That is probably about the amount of time it took us
to calculate how long it would take. See Figure 1.9.

80 [~ -1 80

80 - -1 80

60 |- -1 60

70 |~ -1 70

40 [ - 40

60 60

I I I I 20 | L L L 1 20
0.0 25 5.0 75 10.0 125 0 20 40 60 80

Figure 1.9: Graphs of the coffee temperature function T(t). On the left, horizontal lines are drawn at
temperatures 60, 85, and 89. Vertical lines are drawn at t = 1 and t = 9.21. Notice that the temperature
of the coffee hits 85 at t =1, and 60 at t = 9.21. On the right, the graph is over a longer period of time,
with a horizontal line at the ambient temperature 22.

Example 1.3.4: Find the general solution to y’ = _xy (including singular solutions).

First note that y = 0 is a solution (a singular solutlon). Now assume that y # 0.

3y—x
y?
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36
P+ C  x2+2C

y:

So the general solution is,

6
y—m, and y—O

Example 1.3.5: Exponential growth x’ = kx, k > 0
A culture initially contains 20,000 bacteria. After 5 hours there are 400,000 bacteria.
Determine the function P(t) expressing population as a function of time ¢ (in hours). What

is the rate of growth when the population is 1 million bacteria? Round to the nearest 1000
bacteria/hour.

The population is given by the separable DE:

= kP
with the IC:
P(0) = 20,000.
Solving,
dP
7 = = kdt
InP=kt+C

P(t) = Pye* where Py = P(0) = 20,000.
To find the growth constant k:

P(5) = 400,000 = 20,000¢*®

k_anO(h)l

Then P(t) = 20,000¢**
At the time + when P(t) = 10° bacteria, the growth rate of the population is:

I 20
P’ = kP = —~22(10°) ~ 599,000 bacteria/hour

Example 1.3.6: Exponential decay x" = —Ax, A > 0.
A sandal made of a cedar was found in an archaeological excavation at Uruk in

Mesopotamia. A radiochemical analysis showed that the sandal contained 54% of the
radioactive isotope *C present in a living cedar tree. How old is the sandal? Round to the
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nearest century.

Let S(t) = amount of *C present at ¢ years after the sandal was made, and suppose
A =0.00012 (yr)~! is the decay constant for 4C. Then

S(t) = Spe~0-00012¢
S(t) = 0.54Sy = Sge 0000121

In0.54
t = m ~ 5100 years.

1.3.4 Exercises

Exercise 1.3.1: Solve y’ = */y.

Exercise 1.3.2: Solve y’ = x2y.

. dx 2
Exercise 1.3.3: Solve T (x=—=1) ¢, for x(0) = 0.
ax

Exercise 1.3.4: Solve T

x sin(t), for x(0) = 1.

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

dx
Exercise 1.3.6: Solve xy’ = y + 2xy, where y(1) = 1.
_ dy y*+1
Exercise 1.3.7: Solve il for y(0) = 1.
dy x2+1
E jse 1.3.8: Fi mplici ] -— = , =1
xercise 1.3.8: Find an implicit solution for dx = A1 for y(0)

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

Exercise 1.3.11: Find an explicit solution for y’ = ye‘xz, y(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 1.3.51: Sixteen grams of a radioactive substance decays to twelve grams in 500 years. Let
S(t) be the number of grams remaining at time t years.
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a) Find the decay constant of this substance. Determine the exact value and an approximation.
b) What is the half-life of the radioactive substance?

c) How much will remain after 1000 years? What is the rate of disintegration at this time?

Exercise 1.3.52: Let P(t) be the population of a certain species of insect at time t, where t is
measured in days. Suppose a population of 30,000 insects grows to 150,000 in 3 days.

a) Find the growth constant for this population.
b) Write the corresponding initial value problem (DE and IC) and its solution.

c) How long will it take for the population to triple?

Exercise 1.3.53: Suppose that $10,000 is invested at 5.5% interest. Let A(t) be the amount in this
account at time t years.

a) Write the DE, IC and solution for this problem.

b) How much is in the account after 5 years? What is the rate of growth at this time?
c) When there is $20,000 in the account, what is the rate of growth?
)

d) When will the original amount triple?

Exercise 1.3.54: Assume that the motion of a car is subject to a combined resistive force due to
friction and wind resistance. Newton’s Second Law gives m v’ = v v or v’ = =k v.

a) The car is moving with a constant speed on a straight road at 70 mph when the engine
suddenly stops. At 1 minute after the engine has stopped, the speed of the car is 56 mph. Solve
the IVP for v(t).

b) Determine the position function x(t).

c) After the engine stops, how far does the car go before it stops moving?
Exercise 1.3.101: Solve y’' = 2xy.
Exercise 1.3.102: Solve x’ = 3xt> — 3t2, x(0) = 2.

Exercise 1.3.103: Find an implicit solution for x" = ﬁ, x(0) =1.

Exercise 1.3.104: Find an explicit solution to xy’ = y?, y(1) = 1.

sin(x)

Exercise 1.3.105: Find an implicit solution to y’ = os(y)”

Exercise 1.3.106: Take Example 1.3.3 with the same numbers: 89 degrees at t = 0, 85 degrees at
t =1, and ambient temperature of 22 degrees. Suppose these temperatures were measured with
precision of +0.5 degrees. Given this imprecision, the time it takes the coffee to cool to (exactly) 60
degrees is also only known in a certain range. Find this range. Hint: Think about what kind of
error makes the cooling time longer and what shorter.
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Exercise 1.3.107: A population x of rabbits on an island is modeled by x’ = x — (1/1000) x2, where
the independent variable is time in months. At time t = 0, there are 40 rabbits on the island.

a) Find the solution to the equation with the initial condition.

b) How many rabbits are on the island in 1 month, 5 months, 10 months, 15 months (round to
the nearest integer).

Exercise 1.3.151: In 1982, a local sponge diver discovered a shipwreck off the coast of Uluburun in
south-western Turkey. Dendrochronology dated the ship in the late Bronze Age, about 1305 B.C.E.
If a radiochemical assay had been performed in 2010 on a wooden writing tablet recovered from
the shipwreck, what percentage of '*C would have been found in the tablet? Round to the nearest
percent. Use the value A = 0.00012 (yr)~! for the decay constant of 1*C.

Exercise 1.3.152: A long-term investment account guarantees 3% annual interest.
a) How long would it take for the initial amount to double?
b) What should be invested initially, if one wishes to have $250,000 in 25 years?

Exercise 1.3.153: A radioactive substance decays to 4/5 of its original mass in 7 years. What is the
half-life of this substance?

Exercise 1.3.154: The population of a city was 0.9 million in 1995 and 1.2 million in 2000.
Assuming an exponential model,

a) Find the growth constant k.

b) Letting P(t) be the population with t in years since 1995, write the IVP and the solution.
c) What was the population in 2015?

d) What will the population be in 2025?

Exercise 1.3.155: A long-term certificate of deposit (CD) with continuous compounding is opened
at a bank. The terms of the CD specify no additional deposits and no withdrawals.

a. What is the interest rate r if the amount of the deposit grows by a factor of 5 in 10 years?
b. What was the initial deposit if the amount in the account is $40,000 after 8 years?

Exercise 1.3.156: Determine the decay constant A for a radioactive substance if the mass of this
substance is my at time t; and my at time tp, 0 < t; < to years.

Exercise 1.3.157: A site close to a nuclear power plant was found to be contaminated by Strontium-
90 (*°Sr), which has a half-life of 28.8 years. If the site has 40 times the maximum level considered
safe for human habitation, how long should this site remain uninhabited?

Find an explicit solution to each of the followings IV Ps:
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Exercise 1.3.158
Exercise 1.3.159

Exercise 1.3.160

Exercise 1.3.161:

Exercise 1.3.162:

:y' = 2xy =3x%y, y(1) = 1.

: (x> =1y =2y, y(2) = 3.
cyY = y(0) = -2
cot(x)y’ = , y(0) =2
ey =y, y(0) = -5.

CHAPTER 1. FIRST ORDER EQUATIONS
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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 is about linear equations. In this section
we focus on the first order linear equation. A first order equation is linear if we can put it into
the form:

y +px)y = f(x). (1.3)

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.

The trick is to rewrite the left-hand side of (1.3) as a derivative of a product of y with
another function. To this end we find a function r(x) such that

r(x)y +r(x)p(x)y = % [r(x)y].

This is the left-hand side of (1.3) multiplied by r(x). So if we multiply (1.3) by r(x), we
obtain

% [r(x)y] = (%) f(x).

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 P)dx,
We compute:

Y +p)y = f(x),
e/p(x)dxy/ + efp(x)dxp(x)y — e/p(x)dxjf(x)’
L3
dx

[efp(ao dxy] = o/ Pt (),
ef”(x)dxy = /ef”(x)dxf(x) dx +C,

y:e_/p(x)dx (/efp(x)dxf(x)derC .
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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.

Example 1.4.1: Solve
Yy +2xy = e, y(0) = -1.

First note that p(x) = 2x and f(x) = e** The integrating factor is r(x) = o) PR — o3,
We multiply both sides of the equation by r(x) to get

2 2 2 .2
ety +2xe¥ y =e"""e",

Al

We integrate

2
e*y=e"+C,

.2 2
y=e"" +Ce™".

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

2 2
X—X —X
y=e"t =2e7",

Note that we do not care which antiderivative we take when computing e/ POx 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.

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

v +p(x)y=fx),  y(xo)=yo.

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

() = e b PO ( / AL F(t)dt + 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(xo) = 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+y=eT5 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(x0) = 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?, 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 ﬁ 5L/min, 0.1 k8/L
liters of water. Solution of water and salt (brine) with concentration b
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_A_A_J

Let us come up with the equation. Let x denote the kilograms 60L
of salt in the tank, let t denote the time in minutes. For a small 10kg salt 3
change At in time, the change in x (denoted Ax) is approximately —~__ -~ /I\

3 L/ min
Ax = (rate in X concentration in)Af — (rate out X concentration out)Af.

Dividing through by At and taking the limit At — 0 we see that

X . . . .
— = (rate in X concentration in) — (rate out X concentration out).

dt

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,

Or in the form (1.3)

ar 60+ 2t
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Let us solve. The integrating factor is

r(t) = exp (/ = i T dt) = exp (% In(60 + 2t)) = (60 +2t)°/2.

We multiply both sides of the equation to get

3
60 + 2t

- [(60 + 2t)3/2x] = 0.5(60 +2¢)*2,

(60 + 215)3/2 o (60 +24)%2 =5 = 0.5(60 + 2t)%/?,

(60 +2£)%%x = / 0.5(60 + 2¢)*/%dt + C,

_ 60 + 2t)°/? _
x = (60 + 2t) 3/2/%& +C(60 +2t)7%/2,

5 1 _
x = (60 +2t) 3/2E(60 +26)%% + C(60 + 2t) %2,

60 +2t
T 10

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

+ C(60 +2t)~%/2.

10 = x(0) = — + C(60)™>/% = 6 + C(60)°/?,

or
C = 4(60%?) ~ 1859.03.

We are interested in x when the tank is
full. The tank is full when 60 + 2t = 100, or
when t = 20. So

-1 100

B 60 + 40 _3/2 0 5 10 15 20
x(20) = 10 +C(60+40) Figure 1.10: Graph of the solution x kilograms of
~ 10 + 1859.03(100) >/ ~ 11.86. salt in the tank at time t.

See Figure 1.10 for the graph of x over t.
The concentration when the tank is full is approximately 0.1186 k8/liter, and we started
with 1/6 or 0.167 kg/liter.

Example 1.4.2: (cf. example 1.3.3), T" = k(A - T):

An iron object at 400° F is dropped into a large vat of water at A = 60° F. After 5
seconds, the temperature of the object is 300° F.

a) Write and solve the IVP.
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b) Find the constant k.
c) When will the temperature of the object be 150° F? Round to the nearest second.

a) The IVP consists of the DE T” = k(A — T) together with the IC T(0) = 400. Writing
the DE in the standard form for a linear, first order equation, one obtains T’ + kT = 60k.
Applying the method of integrating factors gives:

r(t) = o [P(B)dt _ kt
T'e* + keM'T = 60ke™!
(e TY = 60ke*!
So,  eMT =60e" +C
or T(t) = 60 + Ce**.

Imposing the IC allows one to solve for C:

T(0) = 60 + C = 400, C = 340
T(t) = 60 + 340e~**.

b) The value of the constant k is determined by the temperature of the object at t = 5
seconds:

T(5) = 60 + 340¢7® = 300

c) If the temperature of the object is 150°F at some time ¢, then T(t) = 150:

60 + 340e kKt = 150
_ 11139—4 ln%4 ln%4

1 p 0.070 9 seconds

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”.

Exercise 1.4.6: Solve y’ + 3x2y = sin(x) e, with y(0) =1.
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Exercise 1.4.7: Solve y’ + cos(x)y = cos(x).

1
x2+1

Exercise 1.4.8: Solve Yy’ +xy =3, with y(0) = 0.

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?
¢) When will the concentration in the second lake be maximal?

Exercise 1.4.10: Newton'’s law of cooling states that Z—’; = —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 = Ag cos(wt) for
some constants Ag 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 1.4.51: (cf. example 1.3.3), T" = k(A — T): The acceleration v’(t) of a sports car is
proportional to the difference between 180 miles/hr and the velocity v(t) of the car. If this car can
accelerate from rest to 60mph in 5 seconds:

a) Apply the method of integrating factors (IFs) to determine the particular solution to the IVP.
b) How fast was the car going at 3 seconds?
c) What is tlim v(t)?

d) When will the velocity be 5/9 of the limiting velocity?
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Exercise 1.4.101: Solve y’ + 3x?y = x2.
Exercise 1.4.102: Solve y’ + 2sin(2x)y = 2sin(2x), y(7/2) = 3.

Exercise 1.4.103: Suppose a water tank is being pumped out at 3 Ljmin. The water tank starts at
10 L of clean water. Water with toxic substance is flowing into the tank at 2 Ljmin, with concentration
20t ¢/ 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 ‘é—lz =(2-0.1¢t)P. If
P(0) = 1000, find the population at t = 5.

Exercise 1.4.105: A cylindrical water tank has water flowing in at I cubic meters per second. Let
A be the area of the cross section of the tank in meters. Suppose water is flowing from the bottom of
the tank at a rate proportional to the height of the water level. Set up the differential equation for h,
the height of the water, introducing and naming constants that you need. You should also give the
units for your constants.

Apply the method of IFs to solve the following problems.

Exercise 1.4.151: Before opening the parachute a skydiver jumping out of an airplane falls at an
increasing rate. However, air resistance creates an upward force which balances the downward force
of gravity, resulting in a constant terminal velocity T. If v(t) the downward velocity of the skydiver
at t seconds, then v’ = k(T — v).

If the initial velocity is 10 feet/second, the velocity after 3 seconds is 40 feet/second and the terminal
velocity is 70 ft/sec,

a) Apply the method of IFs to determine the particular solution to the IVP, before the parachute
opens.

b) When will the velocity of the skydiver be 60 ft/sec?

Exercise 1.4.152: Suppose the spread of information by mass media is proportional to the difference
between 100% and x(t), the percentage of the population knowing the information after t hours.

Suppose that 10% of the population knows the information initially and that 30% knows the
information after 4 hours.

a) Solve the IVP.
b) What percentage of the population will know this information after 7 hours?
c) What is the rate of dissemination of this information (in % of the population/hour) at 7 hours?

Exercise 1.4.153: A boat has mass 200 slugs (approximate weight 6,435 pounds). The boat motor
provides a constant thrust of 5,000 pounds force. Assume the total resistive force due to water and
air resistance is proportional to velocity and the coefficient of resistance is 100 pounds force per ft/sec
of velocity. Applying Newton’s Second Law gives, 200v” = 5,000 — 1000 for velocity v(t) ft/sec.
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a) If the boat starts from rest, determine v(t).
b) When will the velocity of the boat be 80% of its maximum velocity?
c) How far has the boat gone at the time specified in part b)?

Exercise 1.4.154: An individual retires with a retirement account which yields 4% interest per
year, compounded continuously. Online banking allows continuous withdrawals for living expenses
at a rate of $30,000 per year.

a) If the account balance is $300,000 when this person retires, solve the IVP for the amount A(t)
in the retirement account at time t years.

b) How long will it take for this account to close due to a zero balance.

c) What initial amount Ao must be in the account so that the rate of growth due to interest
equals the rate of withdrawals?

Exercise 1.4.155: A constant horizontal force of 8N is applied to a 2kg mass. The total resistive

force of the level surface is proportional to velocity, with a coefficient of 1 X=2.

a) If the initial velocity is 1 m/s, solve the IVP for v(t).
b) What was the initial velocity if the object is moving 20 m/s at 5 seconds?

Exercise 1.4.156: The concentration C(t) of solute inside a cell changes with time due to the passage
of solute across the cell membrane. The rate of change is given by C" = k(M — C), where C(t) is the
concentration of solute inside the cell, M is the concentration of solute outside the cell, assumed
constant, k > 0 is a constant and t is the time measured in seconds.

a) Suppose that the initial concentration inside the cell is C(0) = 20 ug/mL, that M = 100 ug/mL,
and that after 3 seconds the concentration inside the cell is C(3) = 35 ug/mL. Solve the IVP
for C(t) and determine the value of k.

b) How long will it take for the concentration C(t) to increase from 35 ug/mL to 45 ug/mL?

Exercise 1.4.157: A piece of iron heated to 450°F is placed outside in order to create this problem.
The outside temperature is a constant 75°F. At 2 PM the temperature of the iron is 400°F, and 2
minutes later temperature is 375°F.

a) When was this piece of iron placed outside?

b) When will its temperature be 300°F ?

Solve the following differential equations(DEs) by the method of integrating factors. If an initial
condition(IC) is given, find the particular solution to the IVP.
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Exercise 1.4.158: 3y’ — 6y =12, y(0) = 4.
Exercise 1.4.159: y’ +2xy = 2x.

Exercise 1.4.160: y' — 6x%y =0, y(1) =e.
Exercise 1.4.161: x?y’ = 3xy + 4x5.

Exercise 1.4.162: xy’ + 2y = 5y/x.

Exercise 1.4.163: y’ + (cosx)y =2cosx, y(m) =5.
Exercise 1.4.164: (x +2)y’ — y = —.

Exercise 1.4.165: x?y’ + xy =1 (x > 0), y(1) = 3.

Exercise 1.4.166: y’ + 3(sin3x)y = e°3*, y(0) = ¢

_1
x241°

Exercise 1.4.167: (x> + 1)y’ +2xy =

Exercise 1.4.168: y' = x —2y.

53
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1.5 Substitution

Note: 1 lecture, can safely be skipped, §1.6 in [EP], not in [BD]

Just as 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 =(-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 use another variable v, which we
treat as a function of x. Let us try

v=x-y+1

We need to figure out i in terms of v’, v and x. We differentiate (in x) to obtain v’ =1 - y’.
So vy’ =1 -9'. We plug this into the equation to get

1-7 = o2

In other words, v’ = 1—v2. Such an equation we know how to solve by separating variables:

1
dv =dx
1-1202
So
1 v+1 v+1 v+1
—1 =x+ T o = p2x+2C — 2x
2nv_1 x+C, or — e , 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

x-y

and also the two solutionsx —y+1=1ory =x,andx-y+1=-1or y = x + 2. We solve
the first equation for y.

2x
De“*,

x—y+2=(x-y)De*,
X — y +2 = Dxe* — yDe*,
—y + yDe* = Dxe* — x - 2,
y (=1 + De*) = Dxe® —x -2,
Dxe? —x -2
De?* -1

y:
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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
patterns to look for. We summarize a few of these in a table.

When you see Try substituting

vy v=y°
yzyz D= y3
(cosy)y’ v =siny
(siny)y’ U =Cosy
y'eY v=c¢eY

Usually you try to substitute in the “most complicated” part of the equation with the
hopes of simplifying it. The table above 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*:

¥ +px)y =q(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 7 need not be an integer.

Example 1.5.1: Solve
xy +y(x+1)+xy° =0, y(1) =1.

First, the equation is Bernoulli (p(x) = (x + 1)/x and g(x) = —1). We substitute

o=y =y, v = —4y~0y.

In other words, (-1/4) y°v’ = y’. So

xy' +y(x+1)+xy’ =0,

5
—X
Tyv’ +y(x+1)+xy° =0,
“There 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).
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_—xv’+y"4(x+1)+x =0,

4
_Txv'+v(x+1)+x=0,
and finally
, 4x+1)

v =4.

X

The equation is now linear. We can use the integrating factor method. In particular, we use
formula (1.4). Let us assume that x > 0 so |x| = x. This assumption is OK, as our initial

condition is x = 1. Let us compute the integrating factor. Here p(s) from formula (1.4) is
—4(s+1)
—.

—4x+4

4

6/1" p(s)ds _ exp (/x —4(s +1) ds) — pdx—4In(n)+4 _ ,—dvtd 4 _ €
1

X
e~ h p)ds _ Ldx+dln(x)—4 _ dx—4,4

We now plug in to (1.4)

x X
o(x) = e~ h PO (/ eh POy gy 4 1)

1

X e—4t+4
A (/ 4 dt + 1) )
1 t4

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”

X ,-4t+d
y~t =t iyt 4/ at+1],
1t

—x+1

e

y= 14"
x(4 e+ 1)

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

r-rlt)

Here we try the substitutions

y

v == and therefore =y =v+x7v.
X
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We note that the equation is transformed into
v+ xv" = F(v) or xv' =F(v)—v or

Hence an implicit solution is

1
/F(U)_vdv—ln|x|+c.

Example 1.5.2: Solve

2y = y? +xy, y(1) =1.

Flv)-v

KR
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We put the equation into the form y’ = (y/x)2 + ¥/x. We substitute v = v/x to get the

separable equation

xv' = 0v* +v -0 =07

which has a solution

/%dvzln|x|+C,
v
1

— =1In|x|+C,

v

oo L
Injx|+C’

We unsubstitute

Yy _ -1
x In|x|+C’
=X
y_1n|x|+C'
We want y(1) =1, so
-1 -1
D= c- ¢

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.
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Exercise 1.5.3: Solve y’ + xy = y*, with y(0) = 1.

Exercise 1.5.4: Solve yy’ + x = y/x% + y2.

Exercise 1.5.5: Solve y’ = (x + y — 1),
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’ = y* - 3x, y(0) = 2.
Exercise 1.5.104: Solve 2yy’ = eV~ 4 2y,

Find a closed-form solution to the following problems. If possible, solve explicitly for y(x).
Exercise 1.5.151: x?y’ = y? + 3xy.
Exercise 1.5.152: i’ = \/x + y — 5.
Exercise 1.5.153: x3yy’ + x%y? = y°.
Exercise 1.5.154: vy’ = (x + y +7)?, y(0) = —6.
Exercise 1.5.155: xy’ =2x + 3y, y(-1) = 3.
Exercise 1.5.156: (cos y)y’ = e* +1, y(0) = 0.
Exercise 1.5.157: (x> — y?)y’ = xy.
Exercise 1.5.158: y*y’ = —3x2y° + x2.
Exercise 1.5.159: ¢2Vy’ =1 — e?Y
Exercise 1.5.160: xy2y’ = x>+ 2y°.
2/3 _

Exercise 1.5.161: x2y’ — x3e~ /¥y 3y.
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1.6 Autonomous equations

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

Consider problems of the form
dx

- =),
where the derivative of solutions depends only on x (the dependent variable). Such
equations are called autonomous equations. If we think of t as time, the naming comes from
the fact that the equation is independent of time.
We return to the cooling coffee problem (Example 1.3.3). Newton’s law of cooling says

dx

i k(A - x),
where x is the temperature, t is time, k is some positive constant, and A is the ambient
temperature. See Figure 1.11 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 t increases. In
fact in this simple example if we change the initial condition a little bit, then as t — co we
get x(t) — A. If a critical point is not stable, we say it is unstable.
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Figure 1.11: The slope field and some solutions of ~ Figure 1.12: The slope field and some solutions of
x' =035 -x). x'=0.1x5-x).

Consider now the logistic equation

dx
i kx(M — x),



60 CHAPTER 1. FIRST ORDER EQUATIONS

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 1.12 on the preceding page for an example, x” = 0.1x(5 — x). There are two
critical points, x = 0 and x = 5. The critical point at x = 5 is stable, while the critical point
at x = 0 is unstable.

It is not necessary to find the exact solutions to talk about the long term behavior of the
solutions. From the slope field above of x’ = 0.1x(5 — x), we see that

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

Here 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 solutions only exist for some
finite period of time. Same can happen here. In our example equation above it turns 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 —co, but it may get there rather quickly.

If we are interested only in the long term behavior of the solution, we would be doing
unnecessary work if we solved the equation exactly. We could draw the slope field, but 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.
Since x is the dependent variable we draw the axis vertically, as it appears in the slope
field diagrams above. If f(x) > 0, we draw an up arrow. If f(x) < 0, we draw a down
arrow. To figure this out, we could just plug in some x between the critical points, f(x)
will have the same sign at all x between two critical points as long f(x) is continuous. For
example, f(6) = —0.6 < 0,so f(x) < 0for x > 5, and the arrow above x = 5 is a down arrow.
Next, f(1) = 0.4 > 0, so f(x) > 0 whenever 0 < x < 5, and the arrow points up. Finally,
f(=1) =-0.6 < 0so f(x) < 0 when x < 0, and the arrow points down.

v
+ x=5
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Armed with the phase diagram, it is easy to sketch the solutions approximately: As
time t moves from left to right, the graph of a solution goes up if the arrow is up, and it
goes down if the arrow is down.

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.

Once we draw the phase diagram, we classify critical points as stable or unstable™.

\ \ ¢ ¢
\ ﬁ 1 i bl

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 1 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.
The number k > 0 is a constant depending on how fast humans multiply. Our equation

becomes

dx
E —kJC(M—X)—]’l.

We expand the right-hand side and set it to zero.
kx(M —x)—h = —kx*> + kMx —h = 0.

Solving for the critical points, let us call them A and B, we get

kM + | (kM)? — 4k kM — J(kM)? — 4hk
A= B = :

2k ’ 2k
Exercise 1.6.2: Sketch a 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 h = 1, then A and B are distinct and positive.
The slope field we get is in Figure 1.13 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.

*Unstable points with one of the arrows pointing towards the critical point are sometimes called semistable.
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Figure 1.13: The slope field and some solutions of ~ Figure 1.14: The slope field and some solutions of
x' =

¥ =01x8-x)—1.

4. There is only one critical point and it is unstable. When

:[3:

When h = 1.6, then A
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 1.14.

20

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 1.15.
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1.6.1 Sketching qualitatively-different solutions to autonomous DEs

We are considering problems of the form:
x' = f(x)

where f(x) and %(x) are continuous. The basic idea is that the sign of the function
f(x) tells us if the solution is increasing or decreasing. This allows one to sketch rough
approximate solutions with the correct qualitative properties.

Example 1.6.1:
X'= f(x)=x*-4x+3 (1.5)
Step 1) Draw 3 sets of axes:
(i) xx’-plane, for the graph of x” = f(x),
(ii) a vertical x axis, for the phase line,

(iii) tx-plane, for the solution curves.

It is helpful to draw (i) “sideways” as in Figure 1.16 so that the x-axes of all 3 plots
are aligned.

L < 4 -
A
(ag} ® 3
_(\|><V 2
— ® 1
A
) 0 -
< & < o 5 5 a6 13 s
S t
Figure 1.16

Step 2) Sketch x” = f(x) in the xx’-plane. Note that each value x = c such that f(c) =0
corresponds to a constant solution x(t) = c for all x. The values x = ¢ are also called
critical points or equilibria of the DE.

Step 3) Mark the critical points x = ¢ as dots on the x-axis of the phase line. These divide the
phase line into subintervals.
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Step 4) Draw an arrow on each subinterval, pointing up if f > 0 on the subinterval and
down if f < 0.

Step 5) Sketch the constant solutions x(t) = c in the tx-plane. These lines divide the tx-plane
into subregions corresponding to the subintervals of the phase line.

Step 6) Select one IC (tp, xg) for each different subregion and sketch the corresponding
solution. Base the sketch on whether x(t) is increasing or decreasing as shown by
the arrows on the phase line. Each solution curve must lie entirely in one of the
subregions. It can be shown by using the Picard existence/uniqueness theorem for
tirst order ODEs (Theorem 1.2.1) that different solution curves cannot intersect (y
and x of the Theorem correspond to x and t here, respectively). It follows that each
non-constant solution x(f) cannot cross or even touch any of the lines x = ¢ because
these lines represent constant solutions x(t) = c.

In the example shown in Figure 1.16 on the previous page, each of the three non-constant
solution curves represents a class of solutions having the same qualitative behavior:

1) Any IC (to, xo) with x9 < 1 leads to a solution which is strictly increasing and
asymptotic as t — oo to x = 1. For t < ty, the solution takes on arbitrarily large
negative values.

2) Any IC (to, xo) with 1 < xg < 3 leads to a solution which is strictly decreasing for all ¢
and asymptoticas t — oo tox = 1. Ast — —oo the solution is asymptotic to x = 3.

3) Any IC (to, xo) with xo > 3 leads to a solution which is strictly increasing. For t > t,
the solution takes on arbitrarily large positive values. Ast — —oo, the solution is
asymptotic to x = 3.

1.6.2 Exercises

Exercise 1.6.3: Consider x’ = x°.
a) Draw the phase diagram, find the critical points, and mark them stable or unstable.
b) Sketch typical solutions of the equation.
¢) Find th_)r?o x(t) for the solution with the initial condition x(0) = 1.

Exercise 1.6.4: Consider x" = sin x.

a) Draw the phase diagram for —4m < x < 4. On this interval mark the critical points stable
or unstable.

b) Sketch typical solutions of the equation.

¢) Find tlim x(t) for the solution with the initial condition x(0) = 1.
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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
negative for all other x.

a) Draw the phase diagram for x’ = f(x), find the critical points, and mark them stable or
unstable.

b) Sketch typical solutions of the equation.

c¢) Find tlim x(t) for the solution with the initial condition x(0) = 0.5.

Exercise 1.6.6: Start with the logistic equation Z—’; = kx(M —x). Suppose 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 1.6.7: A disease is spreading through the country. Let x be the number of people infected.

Let the constant S be the number of people susceptible to infection. The infection rate % is

proportional to the product of already infected people, x, and the number of susceptible but uninfected
people, S — x.

a) Write down the differential equation.

b) Supposing x(0) > 0, that is, some people are infected at time t = 0, what is tlim x(t).

c) Does the solution to part b) agree with your intuition? Why or why not?

Follow the steps in Example 1.6.1 to sketch the qualitative-different solution curves for the
following autonomous DEs. Be sure to show all key features of the three graphs, zeros of f(x),
arrows of increase / decrease, ..., as in Figure 1.16 on page 63.

Exercise 1.6.51: x’ = x*> — 6x + 5.
Exercise 1.6.52: x’ = —x? + x + 2.
Exercise 1.6.53: x’ = x + 3.
Exercise 1.6.54: x’ = (x + 2)2.
Exercise 1.6.55: x’ = —x? + 6x — 9.
Exercise 1.6.56: x’ = —2x + 2.

Exercise 1.6.57: x’ = x2 — 4x + 4.
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Exercise 1.6.58: x’ = —x? +5x — 4.

Exercise 1.6.59: x’ = x> — 4.

Exercise 1.6.60: x’ = —x? + x + 6.

Exercise 1.6.61: x’ = (3 — x)3.

Exercise 1.6.101: Let x’ = (x — 1)(x — 2)x2.
a) Sketch the phase diagram and find critical points.
b) Classify the critical points.
c) If x(0) = 0.5, then find E?o x(t).

Exercise 1.6.102: Let x" = e™*.

a) Find and classify all critical points. b) Find tlim x(t) given any initial condition.

Exercise 1.6.103: Assume that a population of fish in a lake satisfies ‘;—’t‘ = 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?
Exercise 1.6.104: Suppose % = (x — a)(x — B) for two numbers a < p.
a) Find the critical points, and classify them.

Forb), c), d), find tlim x(t) based on the phase diagram.

b) x(0) < a, c) a<x(0)<p, d) B < x(0).
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1.7 Numerical methods: Euler’s method

Note: 1 lecture, can safely be skipped, §2.4 in [EP], §8.1 in [BD]

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

y, = f(xl }/)/ y(x()) = Yo.

If the equation can be solved in closed form, we should do that. But what if we have
an equation that cannot be solved in closed form? 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*. It works as follows:
Take xp and compute the slope k = f(xo, o). The slope is the change in y per unit change
in x. Follow the line for an interval of length / on the x-axis. Hence if y = yg at xq, then
we say that y; (the approximate value of y at x1 = xo + h) is y1 = yo + hk. Rinse, repeat!
Let k = f(x1, 1), and then compute x2 = x1 + /1, and y» = y1 + hk. Now compute x3 and
y3 using x, and y,, etc. Consider the equation y’ = ¥*/3, y(0) =1, and & = 1. Then xp = 0
and yo = 1. We compute

x1=x0+h=0+1=1, y1:y0+hf(x0,y0):1+1-1/3:4/3z1.333,

4/2)2
X2 = X1 +h=1+1 =2, Yo =11 +hf(x1,y1) :4/3+1.(/T3) :52/27z 1.926.
We then draw an approximate graph of the solution by connecting the points (xo, yo),
(x1, y1), (x2, Y2),. . .. For the first two steps of the method see Figure 1.17 on the next page.

More abstractly, forany i =0,1,2,3, ..., we compute
Xiy1 =x; +h, Visl = yi +h f(xi, yi).

The line segments we get are an approximate graph of the solution. Generally it is not
exactly the solution. See Figure 1.18 on the following page for the plot of the real solution
and the approximation.

We continue with the equation y’ = ¥°/3, y(0) = 1. Let us try to approximate y(2) using
Euler’s method. In Figures 1.17 and 1.18 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. We are approximately
1.074 off. Let us halve the step size. Computing y4 with = 0.5, we find that y(2) ~ 2.209,
so an error of about 0.791. Table 1.1 on page 69 gives the values computed for various
parameters.

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

*Named after the Swiss mathematician Leonhard Paul Euler (1707-1783). The correct pronunciation of
the name sounds more like “oiler.”


https://en.wikipedia.org/wiki/Euler
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with initial conditions y(0) = 1.

The difference between the actual solution and the approximate solution is called the
error. We usually talk about just the size of the error and we do not care much about its
sign. The point is, 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?

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. There exists an improved Euler method, see the exercises, which is
a second order method. A second order method reduces the error to approximately one
quarter every time we halve the interval. The meaning of “second” order is the squaring in
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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 2.97472 0.02528 0.50913

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

Ya=1/2x1/2 = (1f2)".

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 the
exercises 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) 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 17 minutes. 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 in practice we do not know how large the error is! How do we know what is
the right step size? Well, 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
following page for successive halvings of 1. 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,
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the solution goes to infinity when you approach x = 3.

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' = v*/3, y(0) = 1.

Another case where things go bad is if the solution oscillates wildly near some point.
The solution may exist at all points, but even a much better numerical method than

Euler would need an insanely small step size to approximate the solution with reasonable

precision. And computers might not be able to easily handle such a small step size.

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 (it is fourth order as 1/16 = 1/2x 1/2x 1/2 X 1/2).

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

several competing factors to consider.

¢ 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.

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. There is a certain
optimum step size such that the precision increases as we approach it, but then starts

getting worse as we make our step size smaller still. Trouble is: this optimum may be
hard to find.

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
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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 seem to 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.

1.7.1 Euler’s method with Python

Below we show an implementation of Euler’s method applied to the initial value problem
y’ = x2 -y, y(0) = 2. We plot the resulting Euler approximation on top of the slope field.

from resources306 import *

def f(x,y):
return x**2 -y

plt.figure(figsize=(8,8))
slopefieldplot( £, 0,2.5, 0.5,3.5, .1 ,1lw=2)

y =2.0 # This is the initial value of y.

x=20.0 # This is the initial time.

xfinal = 2.5 # This is the value of x we want to get to.
n=2_38 # Here we say how many steps we want to take.
h # This is our step-size.

(xfinal-x)/n

3

Initialize lists to store the data in
for later plotting.

[x]
[y]

xlist
ylist

H*

for i in range(n): # Take n steps
slope = f(x,y) # Compute the slope at the current location with DE
y =y + h*slope # Take the Euler step to the new value of vy.
X=X+h # Advance x by one step.
xlist.append(x) # Tack the new values at the ends of the lists.
ylist.append(y)

for x,y in zip(xlist,ylist):
print(£f'{x:8.4f} {y:12.8f}")

plt.plot( xlist, ylist, 'mo-', lw=3, alpha=0.6, label='FEuler approximation' )
plt.xlabel('x")
plt.ylabel('y")
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b) Solve the equation exactly.

Exercise 1.7.3: Consider ZJ: = (2t - x)z, x(0)

approximate x(1).
Exercise 1.7.4: Consider

1.7.2 Exercises
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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 v’ = y with
y(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, Y3, Ya 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 d—z = f(x,y),
y(x0) = yo, and a step size h. Everything is the same as in Euler’s method, except the
computation of y;+1 and x;1.

kl = f(xi/ yi)/
ky = f(xi + 12, yi + k1(h/2)), Xiv1 = Xi + 1,
k1 +2ky +2ks + k
ks = f(xi+ 12, yi + ka(h/2)), Vil = i + — 2 g ST,

k4 = f(xi + h, Yi+ k3h).

Exercise 1.7.7: Consider Z—z =yx?, y(0) = 1.
a) Use Runge—Kutta (see above) with step sizes h = 1 and h = 1/2 to approximate y(1).
b) Use Euler’s method with h = 1 and h = 1/2.
c) 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***1, 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.

There is a simple way to improve Euler’s method to make it a second order method
by doing just one extra step. Consider Z—x = f(x,y), y(x0) = yo, and a step size h. What
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we do is to pretend we compute the next step as in Euler, that is, we start with (x;, v;),
we compute a slope k1 = f(x;, y;), and then look at the point (x; + &, y; + k1h). Instead of
letting our new point be (x; + h, y; + k1h), we compute the slope at that point, call it k,
and then take the average of k1 and kj, hoping that the average is going to be closer to the
actual slope on the interval from x; to x; + h. And we are correct, if we halve the step, the
error should go down by a factor of 22 = 4. To summarize, the setup is the same as for
regular Euler, except the computation of y;;1 and x;41.

ki = f(xi, y,'), Xiq1 = X; +h,
k1 + k2

2h.

ko = f(xi+h,yi +kih), Visl = Vi +

d
Exercise 1.7.104: Consider % =x+y,y0) =1

a) Use the improved Euler’s method (see above) with step sizes h = 1/4and h = 1/8 to approximate

y(D)
b) Use Euler’s method with h = 1/4and h = 1/s.
c) Solve exactly, find the exact value of y(1).

d) Compute the errors, and the factors by which the errors changed.
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1.8 Exact equations

Note: 1-2 lectures, can safely be skipped, §1.6 in [EP], §2.6 in [BD]

Another type of equation that comes up quite often in physics and engineering is an exact
equation. Suppose F(x, y) is a function of two variables, which we call the potential function.
The naming should suggest potential energy, or electric potential. Exact equations and
potential functions appear when there is a conservation law at play, such as conservation
of energy. Let us make up a simple example. Let

F(x,y) = x? + yz.

We are interested in the lines of constant
energy, that is lines where the energy is
conserved; we want curves where F(x, y) =
C, for some constant C. In our example, s [ 1
the curves x? + y> = C are circles. See

Figure 1.19.
We take the total derivative of F: T 1’
OF oF
dF = —dx + —dy.
dx Ay Y
For convenience, we will make use of the | | 1 | |
notation of F, = g—i and F, = 3—5. In our = ° R ° : B "
example, Figure 1.19: Solutions to F(x,y) = x>+ y> = C

for various C.
dF =2xdx + 2y dy.

We apply the total derivative to F(x, y) = C,
to find the differential equation dF = 0. The differential equation we obtain in such a way
has the form p

Mdx+Ndy=0, or M+N=2=0.
An equation of this form is called exact if it was obtained as dF = 0 for some potential
function F. In our simple example, we obtain the equation

d
2xdx +2ydy =0, or 2x+2y%:0.

Since we obtained this equation by differentiating x> + y?> = C, the equation is exact. We
often wish to solve for y in terms of x. In our example,

y =+VC2 - x2.

An interpretation of the setup is that at each point ¥ = (M, N) is a vector in the plane,
that is, a direction and a magnitude. As M and N are functions of (x, y), we have a
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vector field. The particular vector field o that comes from an exact equation is a so-called
conservative vector field, that is, a vector field that comes with a potential function F(x, y),

such that
s (9F or
~\ox"ay)’
Let y be a path in the plane starting at (x1, y1) and ending at (x2, y2). If we think of ¥ as
force, then the work required to move along y is

/5(17)-d17:/de+Ndy:P(xz,yz)—F(xl,yl).
Y Y

That is, the work done only depends on endpoints, that is where we start and where we
end. For example, suppose F is gravitational potential. The derivative of F given by v
is the gravitational force. What we are saying is that the work required to move a heavy
box from the ground floor to the roof, only depends on the change in potential energy.
That is, the work done is the same no matter what path we took; if we took the stairs or
the elevator. Although if we took the elevator, the elevator is doing the work for us. The
curves F(x, y) = C are those where no work need be done, such as the heavy box sliding
along without accelerating or breaking on a perfectly flat roof, on a cart with incredibly
well oiled wheels.

An exact equation is a conservative vector field, and the implicit solution of this equation
is the potential function.

1.8.1 Solving exact equations

Now you, the reader, should ask: Where did we solve a differential equation? Well, in
applications we generally know M and N, but we do not know F. That is, we may have

just started with 2x + 21/% = 0, or perhaps even

x+ya:0.

It is up to us to find some potential F that works. Many different F will work; adding
a constant to F does not change the equation. Once we have a potential function F, the
equation F(x, y(x)) = C gives an implicit solution of the ODE.

Example 1.8.1: Let us find the general solution to 2x + Zyg—z = (. Forget we knew what F
was.

If we know that this is an exact equation, we start looking for a potential function F.
We have M = 2x and N = 2y. If F exists, it must be such that F,(x, y) = 2x. Integrate in
the x variable to find

F(x,y) = x? + A(y), (1.6)

for some function A(y). The function A is the “constant of integration”, though it is only
constant as far as x is concerned, and may still depend on y. Now differentiate (1.6) in y
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and set it equal to N, which is what F, is supposed to be:

2y = Fy(x, ) = A'(y).

Integrating, we find A(y) = y?. We could add a constant of integration if we wanted to,
but there is no need. We found F(x, y) = x> + y2. Next for a constant C, we solve

F(x,y(x)) =C.
for y in terms of x. In this case, we obtain y = +VC? — x2 as we did before.

Exercise 1.8.1: Why did we not need to add a constant of integration when integrating A’(y) = 2y?
Add a constant of integration, say 3, and see what F you get. What is the difference from what we
got above, and why does it not matter?

The procedure, once we know that the equation is exact, is:
(i) Integrate F, = M in x resulting in F(x, y) = something + A(y).

(ii) Differentiate this F in y, and set that equal to N, so that we may find A(y) by
integration.

The procedure can also be done by first integrating in y and then differentiating in x. Pretty
easy huh? Let’s try this again.

Example 1.8.2: Consider now 2x + y + xyg—z =0.
OK,so M =2x + y and N = xy. We try to proceed as before. Suppose F exists. Then
F:(x,y) = 2x + y. We integrate:

F(x,y) = x* + xy + A(y)
for some function A(y). Differentiate in y and set equal to N:
N =xy=Fy(x,y) =x+A(y).
But there is no way to satisfy this requirement! The function xy cannot be written as x

plus a function of y. The equation is not exact; no potential function F exists.

Is there an easier way to check for the existence of F, other than failing in trying to find
it? Turns out there is. Suppose M = Fy and N = F,. Then as long as the second derivatives

are continuous,
OM  9°F J’F  ON

Ay - dyox - Ixady T ox

Let us state it as a theorem. Usually this is called the Poincaré Lemma®.

Theorem 1.8.1 (Poincaré). If M and N are continuously differentiable functions of (x, y), and

%—A}f = %—I;C’, then near any point there is a function F(x, y) such that M = g—i and N = g—;.

*Named for the French polymath Jules Henri Poincaré (1854-1912).


https://en.wikipedia.org/wiki/Henri_Poincar%C3%A9
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The theorem doesn’t give us a global F defined everywhere. In general, we can only
find the potential locally, near some initial point. By this time, we have come to expect this
from differential equations.

Let us return to the example above where M = 2x + y and N = xy. Notice M, = 1 and
Ny = y, which are clearly not equal. The equation is not exact.

Example 1.8.3: Solve

dy —2x-y

dx x—-1"7 y) =1.

We write the equation as

(2x+y)+(x—1)%=0,
soM =2x+yand N = x — 1. Then

M, =1=N,.

The equation is exact. Integrating M in x, we find

F(x,y) = x* + xy + A(y).
Differentiating in y and setting to N, we find

x—1=x+A'(y).

So A’(y) = -1, and A(y) = —y will work. Take F(x,y) = x?> + xy — y. We wish to solve
x?+xy—y = C. Firstletus find C. As y(0) = 1then F(0,1) = C. Therefore 0°+0x1-1=C,
so C = —1. Now we solve x? + xy — y = —1 for y to get

—x2-1
x—-1"

y =
Example 1.8.4: Solve

x
———dx+ ——=dy =0, 1)=2.
x2+y2x x2+y2y y(@)
We leave to the reader to check that M, = N,.

This vector field (M, N) is not conservative if considered as a vector field of the entire
plane minus the origin. The problem is that if the curve y is a circle around the origin, say
starting at (1, 0) and ending at (1, 0) going counterclockwise, then if F existed we would
expect

O:F(l,O)—P(l,O):/dex+1-"ydy:/ A dy = 27,
V4

y X2+ 12 X2 + 12
That is nonsense! We leave the computation of the path integral to the interested reader, or
you can consult your multivariable calculus textbook. So there is no potential function F
defined everywhere outside the origin (0, 0).
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If we think back to the theorem, it does not guarantee such a function anyway. It only
guarantees a potential function locally, that is only in some region near the initial point. As
y(1) = 2 we start at the point (1,2). Considering x > 0 and integrating M in x or N in y,
we find

F(x,y) = arctan(¥/x).

The implicit solution is arctan(y/x) = C. Solving, y = tan(C)x. That is, the solution is
a straight line. Solving y(1) = 2 gives us that tan(C) = 2, and so y = 2x is the desired
solution. See Figure 1.20, and note that the solution only exists for x > 0.

5.0 25 0.0 25 50
10 T T T 10

-10 L L . -10
-5.0 25 0.0 25 5.0

Figure 1.20: Solution to —ﬁyzdx + ﬁyzdy =0, y(1) = 2, with initial point marked.

Example 1.8.5: Solve
dy
2, .2 _
x“+y +2y(x+1)dx 0.

The reader should check that this equation is exact. Let M = x? + y? and N = 2y(x + 1).
We follow the procedure for exact equations

1
F(x,y) = §x3 + xyz + A(y),

and

2y(x +1) =2xy + A'(y).
Therefore A’(y) = 2y or A(y) = y?and F(x, y) = 3% +xy*+y2. We try to solve F(x, y) = C.
We easily solve for y? and then just take the square root:

) _ C— (128

e
x+1 7 50 y== x+1

When x = -1, the term in front of Z—Z vanishes. You can also see that our solution is not
valid in that case. However, one could in that case try to solve for x in terms of y starting
from the implicit solution 1x% + xy? + y2 = C. The solution is somewhat messy and we
leave it as implicit.
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1.8.2 Integrating factors

Sometimes an equation M dx +N dy = 0is not exact, but it can be made exact by multiplying
with a function u(x, y). That is, perhaps for some nonzero function u(x, v),

u(x, y)M(x, y)dx +u(x, y)N(x,y)dy =0

is exact. Any solution to this new equation is also a solution to M dx + N dy = 0.
In fact, a linear equation

d
Zipy=fo),  or  (ply - () dx+dy =0

is always such an equation. Let r(x) = e/ P0)dx be the integrating factor for a linear
equation. Multiply the equation by r(x) and write it in the form of M + N Z—Z =0.

d
rOP()Y = r(x)f(x) + r(x) 72 = 0.

Then M = r(x)p(x)y —r(x)f(x),so My = r(x)p(x), while N = r(x),so Ny = r'(x) = r(x)p(x).
In other words, we have an exact equation. Integrating factors for linear functions are just
a special case of integrating factors for exact equations.

But how do we find the integrating factor u? Well, given an equation

Mdx+Ndy =0,

u should be a function such that

0 0
@[ M] = uyM +uMy = ——[uN] = u:N + uNx.
Therefore,

At first it may seem we replaced one differential equation by another. True, but all hope is
not lost.

A strategy that often works is to look for a u that is a function of x alone, or a function
of y alone. If u is a function of x alone, that is u(x), then we write u’(x) instead of u,, and
uy is just zero. Then

M, — Ny
N

u=1u'.

In particular, M%Nx ought to be a function of x alone (not depend on vy). If so, then we

have a linear equation

M, - N
l/l,—yTxH:O.
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Letting P(x) = My D

u(x) = Ce/P@dx  The constant in the solution is not relevant, we need any nonzero

, we solve using the standard integrating factor method, to find

solution, so we take C = 1. Then u(x) = e/ PDdx g the integrating factor.
Similarly we could try a function of the form u(y). Then

My - Nx U= _u/
- :
M, —N; : . .
In particular, —5— ought to be a function of y alone. If so, then we have a linear equation
M, - N
y X
u + ———u=0.
M

My—le we find u(y) = Ce=/ QW We take C = 1. So u(y) = e~/ QWdy i

Letting Q(y) =
the integrating factor.

Example 1.8.6: Solve

x? +y? d
—2 42y=L =0,
x%+y?
Let M = —+- and N = 2y. Compute
2y 2y
My_Nx_x+1_0_x+1'

As this is not zero, the equation is not exact. We notice

P(x)_My_Nx_ 2y i_ 1
N x+12y x+1

is a function of x alone. We compute the integrating factor

o P@)dx _ JIn(x+1) _ 5 4 1
We multiply our given equation by (x + 1) to obtain
dy
2, 2
2 1)== =
xT 4y +2y(x + )dx 0,

which is an exact equation that we solved in Example 1.8.5. The solution was
— (1/3)x3
S CEORTS)
x+1

dy
2 =
y +(xy+1)dx 0.

Example 1.8.7: Solve
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First compute
My-Ny=2y-y=y.
As this is not zero, the equation is not exact. We observe

M, — Ny Yy 1

__Y - J _ -
Q) =~ =15 =

is a function of y alone. We compute the integrating factor

e~ [QWdy _ p-Iny _ l
y

Therefore we look at the exact equation

1d
+xy+ dy _

y dx

The reader should double check that this equation is exact. We follow the procedure for
exact equations

F(x,y) =xy +A(y),

and
xy+1

Yy
Consequently A’(y) = 5 or A(y) =Iny. Thus F(x, y) = xy + Iny. It is not possible to solve

=x+ i =x+A'(y). (1.7)

F(x,y) = C for y in terms of elementary functions, so let us be content with the implicit
solution:
xy+Iny=C.

We are looking for the general solution and we divided by y above. We should check what
happens when y = 0, as the equation itself makes perfect sense in that case. We plug in
y = 0 to find the equation is satisfied. So y = 0 is also a solution.

1.8.3 Exercises
Exercise 1.8.2: Solve the following exact equations, implicit general solutions will suffice:
a) 2xy +x2)dx+ (x> +y?2+1)dy =0 b) x° +y5y—0

Zdy_o

c) e* +y3+3xy d) (x + y)cos(x) + sin(x) + sin(x)y’ =0

Exercise 1.8.3: Find the integrating factor for the following equations making them into exact
equations:

x Y x e*+y?
a) e*Vdx +2edy =0 b) ——dx+3xdy =0

2x+2y d

) 4y*+x)dx + d) 2sin(y)dx + xcos(y)dy =0
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Exercise 1.8.4: Suppose you have an equation of the form: f(x) + g(y)g—z = 0.
a) Show it is exact.
b) Find the form of the potential function in terms of f and g.

Exercise 1.8.5: Suppose that we have the equation f(x)dx —dy = 0.
a) Is this equation exact?

b) Find the general solution using a definite integral.

Exercise 1.8.6: Find the potential function F(x, y) of the exact equation H% dx+(1y+x)dy =0
in two different ways.

a) Integrate M in terms of x and then differentiate in y and set to N.
b) Integrate N in terms of y and then differentiate in x and set to M.
Exercise 1.8.7: A function u(x, y) is said to be a harmonic function if uyy, + uy, = 0.

a) Show that —u, dx + u, dy = 0 is an exact equation. Therefore there exists (at least locally)
the so-called harmonic conjugate function v(x, y) such that v, = —u, and v, = u,.

Verify that the following u are harmonic and find the corresponding harmonic conjugates v:
b) u=2xy ¢) u=-e*cosy d) u=x>-3xy?
Exercise 1.8.101: Solve the following exact equations, implicit general solutions will suffice:
a) cos(x) +ye*¥ +xe*Vy' =0 b) 2x +y)dx +(x —4y)dy =0
c) ex+eyg—z =0 d) 3x?+3y)dx + (By*+3x)dy =0

Exercise 1.8.102: Find the integrating factor for the following equations making them into exact
equations:

a) %dx+3ydy=0 b) dx —e ™ Ydy =0
c) (%gx)+%)dx+ﬁdy:0 d) (2y+y72)dx+(2y+x)dy20
Exercise 1.8.103:

a) Show that every separable equation y' = f(x)g(y) can be written as an exact equation, and
verify that it is indeed exact.

b) Using this rewrite y’ = xy as an exact equation, solve it and verify that the solution is the
same as it was in Example 1.3.1.
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Chapter 2

Higher order linear ODEs

2.1 Second order linear ODEs

Note: 1 lecture, reduction of order optional, 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
A(x)y” + B(x)y" + C(x)y = F(x).
We usually divide through by A(x) to get

Yy +p(x)y +qx)y = f(x), (2.1)

where p(x) = B&)/A(x), g(x) = C¥)/A«x), and f(x) = F&)/A(x). The word linear means, for
example, that the equation contains no quadratic or higher powers of v, y’, and y”.
In the special case when f(x) = 0, we have a so-called homogeneous equation

y'+p)y’ +q(x)y = 0. (22)
We have already seen some second order linear homogeneous equations.

y’ +k*y =0 Two solutions are:  y; = cos(kx), y2 = sin(kx).

y’ —k*y =0 Two solutions are:  y1 = e**, yp = e7**.

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

Theorem 2.1.1 (Superposition). Suppose y1 and y, are two solutions of the homogeneous equation
(2.2). Then

y(x) = Ciy1(x) + Caya(x),

also solves (2.2) for arbitrary constants C1 and Cs.
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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 C1y1 + Cay2 a linear combination of y; and

y2. Let us prove this theorem; the proof is very enlightening and illustrates how linear
equations work.

Proof: Let y = C1y1 + C2y2. Then

v +py +qy = (Ciy1 + Coy2)” + p(Ciy1 + Cay2) + q(Cry1 + Cay2)
= C1y] + Cayy + Cipyy + Capys + Crgy1 + Caqy2

= Ci(yy +pyy +qy1) + Ca(yy + pys + qy2)
=C1-0+C,-0=0. O

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(C1y1 + Cay2) = C1Ly; + C2Lys. The proof above becomes

Ly = L(C1y1 + Czyz) = C1Ly1 + CzLyz = C1 -0+ C2 -0=0.

Two different solutions to the second equation y” — k*y = 0 are y; = cosh(kx) and
y2 = sinh(kx). Let us remind ourselves of the definition, cosh x = % and sinh x = ex_ze_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 , drj.

—[cosh x] = sinh x, —[smhx] = cosh x,
dx dx

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 on some
interval I, a is a number in 1, and a, by, by are constants. The equation

y'+p)y +q()y = f(x),
has exactly one solution y(x) defined on the same interval I satisfying the initial conditions

y(a) = by, y'(a) = b1.
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For example, the equation y” + k?y = 0 with y(0) = by and y’(0) = b; has the solution
by .
y(x) = bg cos(kx) + - sin(kx).
The equation y” — k?y = 0 with y(0) = by and y’(0) = by has the solution
b .
y(x) = bg cosh(kx) + 7 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 =
Ciy1 + Coyn?

Answer is affirmative! Provided that y; and y» are different enough in the following
sense. We say y1 and y; are linearly independent if one is not a constant multiple of the other.

Theorem 2.1.3. Let p, q be continuous functions. Let y1 and vy, be two linearly independent
solutions to the homogeneous equation (2.2). Then every other solution is of the form

y = Clyl + Czyz.

That is, y = C1y1 + Caya is the general solution.

For example, we found the solutions y; = sinx and y» = cosx for the equation
y”+y = 0. Itis 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
sinx = 0 for all x, which is preposterous. So y; and y; are linearly independent. Hence,

y =Cpcosx + Casinx

is the general solution to y” + y = 0.

For two functions, checking linear independence is rather simple. Let us see another
example. Consider y” — 2x~2y = 0. Then y; = x> and y, = 1/x are solutions. To see that
they are linearly indepedent, suppose one is a multple of the other: y1 = Ay,, we just
have to find out that A cannot be a constant. In this case we have A = v1/y, = x3, this most
decidedly not a constant. So y = C1x2 + C,1/x is the general solution.

If you have one solution to a second order linear homogeneous equation, then you
can find another one. This is the reduction of order method. The idea is that if we somehow
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found y; as a solution of y” + p(x)y’ + g(x)y = 0 we try a second solution of the form
y2(x) = y1(x)v(x). We just need to find v. We plug y» into the equation:

0=yy +px)y;+q(x)y2 = yiv +2y10" + y19” + p(x)(yjo + y10') + q(2)y1v
0

= 10" + 2y + p(X)y)o’ + (yy + Fq(x)y)o.

In other words, y19” + (2y; + p(x)y1)v’ = 0. Using w = v" we have the first order linear
equation y1w’ + (2y; + p(x)y1)w = 0. After solving this equation for w (integrating factor),
we find v by antidifferentiating w. We then form y, by computing y;v. For example,
suppose we somehow know y; = x is a solution to y” + x~'y’ — x2y = 0. The equation
for w 1s then xw’ + 3w = 0. We find a solution, w = Cx~3, and we find an antiderivative
v =3 2 Hence y» = y1v = S Any C works and so C = -2 makes y, = 1/x. Thus, the
general solution is y = Cy1x + Ca1/x.

Since we have a formula for the solution to the first order linear equation, we can write
a formula for y5:

o~ [p()dx

120 = y1(x) / o
ylx

Although it is much easier to remember that we just need to try y2(x) = y1(x)v(x) and find
v(x) as we did above. Also, the technique works for higher order equations too: you get to
reduce the order for each solution you find. So it is better to remember how to do it rather
than a specific formula.

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.

Exercise 2.1.4: Prove the superposition principle for nonhomogeneous equations. Suppose that y;
is a solution to Lyy = f(x) and vy, is a solution to Ly, = g(x) (same linear operator L). Show that

Yy =1y + yasolves 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".

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 (assume that x > 0 for
simplicity).
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Exercise 2.1.6: Suppose that (b — a)* — 4ac > 0.

a) Find a formula for the general solution of ax?y”

find a formula for r.

+bxy’ +cy =0. Hint: Try y = x" and

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.

Exercise 2.1.8 (reduction of order): Suppose y1 is a solution to y” + p(x)y’ + q(x)y = 0. By
directly plugging into the equation, show that

o~ [P dx
ya(x) = yl(x)/ dx
y1 x)
is also a solution.
Exercise 2.1.9 (Chebyshev’s equation of order 1): Take (1 — x2)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 that y = 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 e* and e**? linearly independent? Justify.
Exercise 2.1.103: Guess a solution to y” + y’ +y = 5.

Exercise 2.1.104: Find the general solution to xy” + y’ = 0. Hint: It is a first order ODE in y’.

Exercise 2.1.105: Write down an equation (guess) for which we have the solutions e* and e**
Hint: Try an equation of the form y” + Ay’ + By = 0 for constants A and B, plug in both e* and
e?* and solve for A and B.
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In the following exercises, show that the given functions 17 and y; are solutions to the
DE. Then show that y; and y; are linearly independent. Applying Theorem 2.1.3, write
the general solution. Impose the given ICs to find the particular solution to the IVP.

Exercise 2.1.151: y” + 25y = 0; y1 = cos5x, y» = sin5x; y(0) = -2, y’(0) = 3.
Exercise 2.1.152: y” +y' — 6y = 0; y1 = €2, yo = e7%; y(0) = 4, y’(0) = -2.
Exercise 2.1.153: y” + 8y’ + 16y = 0; y1 = e™**, yp = xe™*; y(0) = -1, y’(0) = —4.
Exercise 2.1.154: y” + 6y’ +8y = 0; y1 = e 2%, yo = e~*; y(0) = 3, y’(0) = -5.

Exercise 2.1.155: y” + 6y’ +9y = 0; y1 = e>%, yo = xe™>%; y(0) =2, y’(0) = 5.
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2.2 Constant coefficient second order linear ODEs

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

2.21 Solving constant coefficient equations

Consider the problem
y' -6y’ +8y=0, y0)=-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, they do not
depend on x.

To guess a solution, think of a function that 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. Yes, we are talking about the exponential.

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™ —6 re’™ +8 ¢ =0,
—— ~—— ~——

y” Y y
r>—6r+8=0  (divide through by e'*),
(r=2)(r—4)=0.
Hence, if r = 2 or r = 4, then e™ is a solution. So let y; = e2* and Y2 = edx,

Exercise 2.2.1: Check that y1 and y; are solutions.

The functions e2* and e** 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= Cre?* + Cye™.

We need to solve for C; and C,. To apply the initial conditions, we first find y’ =
2C1e%* +4Cye**. We plug x = 0 into y and y’ and solve.

-2 = ]/(0) = C1 + Cz,
6 = ]/(0) =2Cq1 +4Cs.

*Making an educated guess with some parameters to solve for is such a central technique in differential
equations, that people sometimes use a fancy name for such a guess: ansatz, German for “initial placement of
a tool at a work piece.” Yes, the Germans have a word for that.
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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
get5 = Cy. Then C1 = =7 as —2 = C; + 5. Hence, the solution we are looking for is

y = 7> + 5e%",

Let us generalize this example into a method. Suppose that we have an equation
ay” +by +cy =0, (2.3)
where a, b, ¢ are constants. Try the solution y = e’* to obtain
ar?e™ + bre™ + ce’™ = 0.
Divide by e”* to obtain the so-called characteristic equation of the ODE:
ar® +br+c=0.

Solve for the r by using the quadratic formula.

—b + Vb? — 4ac
2a '

So e"* and e"?* are solutions. There is still a difficulty if ri = r;, but it is not hard to
overcome.

ry, 2 =

Theorem 2.2.1. Suppose that r1 and ry are the roots of the characteristic equation.

(i) If r1 and r are distinct and real (when b — 4ac > 0), then (2.3) has the general solution

y = Cye'™* + Cpe'?.

(i) If r1 = ro (happens when b? — 4ac = 0), then (2.3) has the general solution
y =(C1+ Cox)e™.
Example 2.2.1: Solve
y// _ ka =0.

The characteristic equation is 72 — k* = 0 or (r — k)(r + k) = 0. Consequently, e** and e**
are the two linearly independent solutions, and the general solution is

Yy = Clekx + Cze_kx.

. S =S . S_,—S . .
Since cosh s = £&— and sinh s = £5'—, we can also write the general solution as

y = Dj cosh(kx) + D, sinh(kx).

Example 2.2.2: Find the general solution of
y" -8y +16y =0.

The characteristic equation is r2—8r+16 = (r — 4)2 = 0. The equation has a double
root r1 = r, = 4. The general solution is, therefore,

y =(C1+ Cax) e = Cre*™ + Coxe* .
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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 y’ = e** + 4xe? and y” = 8¢** + 16xe**. Plug in

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

In some sense, a doubled root rarely happens. If coefficients are picked randomly, a
doubled root is unlikely. There are, however, some natural phenomena (such as resonance
as we will see) where a doubled root does happen, so we cannot just dismiss this case.

Let us give a short argument 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
12, we are really taking the derivative of e’* using r as the variable. Therefore, the limit is
xe™, and hence this is a solution in the doubled root case.

2.2.2 Complex numbers and Euler’s formula

A polynomial may have complex roots. The equation % + 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). Think of a complex number as a point in the
plane. We add complex numbers in the straightforward way: (a,b) + (c,d) = (a + ¢, b + d).
We define multiplication by

(a,b) x(c,d) def (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 write (a, b) as a + ib, and we treat i as if it were an unknown. When b is
zero, then (a,0) is just the number a. We do arithmetic with complex numbers just as we
would with polynomials. The property we just mentioned becomes i2 = —1. So whenever
we see i%, we replace it by —1. For example,

(2 +3i)(4i) — 5i = (2 x 4)i + (3 x 4)i% — 5i = 8i + 12(—1) — 5i = —12 + 3i.

The numbers i and —i are the two roots of > + 1 = 0. Engineers often use the letter j
instead of i for the square root of —1. We use the mathematicians” convention and use i.

Exercise 2.2.3: Make sure you understand (that you can justify) the following identities:
a) i2=-1,i3=-i,i*=1, b) %:—i,
c) 3-7i)(-2-9i)=---=-69 —13i, d) (3-2i)(3+2i) = 32— (2i)* = 32+22 = 13,

1 _ 1 342 _342i _ 3 , 2
€) 373 = 373342 = 13 — 13 T 13-
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We also define the exponential ¢“+? of a complex number. We do this by 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, these properties still hold for the
complex exponential. For example the very important property: e**¥ = e*e¥. This means
that e"+? = ¢%¢'’. Hence if we can compute e’’, we can compute e****. For '’ we use the
so-called Euler’s formula.

Theorem 2.2.2 (Euler’s formula).

[ ¢'® = cos 0 +isin O and "% = cos O —isin 6. ]

In other words, e"*? = ¢ (cos(b) + i sin(b)) = e” cos(b) + ie” sin(b).
Exercise 2.2.4: Using Euler’s formula, check the identities:

i0 o ,~i0 i0 _ ,~i0
_|_ —
cos 0 = % and sin 0 = %
Exercise 2.2.5: Double angle identities: Start with ¢'?9) = (eie)z. Use Euler on each side and
deduce:
cos(260) = cos? 6 — sin? O and sin(260) = 2sin 6 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.

2.2.3 Complex roots

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

—b+Vb2%—4ac
2a

that has complex roots. By the quadratic formula, the roots are . These roots are

complex if b? — 4ac < 0. In this case the roots are

-b . Vdac - b?

7’1,7’2:511 2

As you can see, we always get a pair of roots of the form «a + if. In this case we can still
write the solution as
y= Cle(a+iﬁ)x + Cze(a—i‘b’)x.

However, the exponential is now complex-valued. We 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

Y = e(a+iﬁ)x and Yo = e(a—iﬁ)x.
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Then

y1 = e** cos(Bx) + ie®* sin(Bx),

Y2 = e** cos(Bx) — ie®" sin(Bx).

Linear combinations of solutions are also solutions. Hence,

ys = N ; 2 _ e cos(Bx),
_ n-y I, %
Yya="pr=¢ sin(fx),

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.

Theorem 2.2.3. Take the equation
ay” +by’ +cy =0.
If the characteristic equation has the roots a + iff (when b> — 4ac < 0), then the general solution is
y = C1e®* cos(Bx) + Cre™* sin(Bx).

Example 2.2.3: Find the general solution of y” + k?y = 0, for a constant k > 0.
The characteristic equation is r2 + k2 = 0. Therefore, the roots are r = +ik, and by the
theorem, we have the general solution

y = Cy cos(kx) + C, sin(kx).

Example 2.2.4: Find the solution of y” — 6y’ + 13y =0, y(0) = 0, y’(0) = 10.
The characteristic equation is > — 6r + 13 = 0. By completing the square we get
(r - 3)2 + 22 = 0 and hence the roots are r = 3 + 2i. By the theorem we have the general
solution
y = C1e> cos(2x) + Coe3¥ sin(2x).

To find the solution satisfying the initial conditions, we first plug in zero to get
0=y(0) = C1e°cos0 + Cre’sin0 = Cy.
Hence, C1 =0and y = Cpe3* sin(2x). We differentiate,
Y’ = 3Coe* sin(2x) + 2C,e3* cos(2x).

We again plug in the initial condition and obtain 10 = y’(0) = 2C5, or C = 5. The solution
we are seeking is
y = 5¢> sin(2x).
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2.2.4 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.

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 the Cauchy—Euler equations of Exercise 2.1.6 on page 88. Suppose
now that (b — a)* — 4ac < 0. Find a formula for the general solution of axy” + bxy’ + cy = 0.
Hint: Note that x" = e"I"*,

Exercise 2.2.15: Find the solution to y” — 2a)y’ + a*y = 0, y(0) = a, y’(0) = b, where a, a,
and b are real numbers.

Exercise 2.2.16: Construct an equation such that y = C1e™>* cos(3x) + Coe™>* sin(3x) is the
general solution.

Exercise 2.2.51:  a) If r1 # rp, show that e"* and e">* are linearly independent.
b) Show that e"* and xe"™ are linearly independent.
Exercise 2.2.52: Find the general solution to each of the following DEs:
a) 2y”" +8y" +8y =0
by y"+2y' +2y =0
c) 2y” +5y' -3y =0
d) y" -4y’ +13y =0
e) y" -6y +y =0
f y'+4y" +5y =0
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.
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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.
Exercise 2.2.105: Find the solution to z”(t) = =2z'(t) — 2z(t), z(0) = 2, z/(0) = -2.

Exercise 2.2.106: Find the solution to y” — (a + B)y’ + apy =0, y(0) = a, y’(0) = b, where a,
B, a, and b are real numbers, and o # .

Exercise 2.2.107: Construct an equation such that y = C1e3* + Coe™2* is the general solution.
Exercise 2.2.151: Construct the DE for each of the following general solutions:

a) y = C1e73% + Cpe™

b) y = Cq1 + Cpe®*

¢) y=Cre ™ + Coxe ¥

d) y=Cie *cosx + Cre *sinx

e) y=C1+Cox

Exercise 2.2.152: Find the general solution to each of the following Cauchy-Euler equations, for
x > 0.

a) x*y” +3xy’ +2y =0
b) x*y” —3xy’ +4y =0
c) x*y” +3xy’ +5y =0
d) 3x%y” + 14xy’ -4y =0
e) 4x%y” +8xy’ +y =0
f 4x%y” +8xy’ +5y =0
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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]

We briefly study higher order equations. Equations appearing in applications tend to
be second order. Higher order equations do appear from time to time, but generally the
world around us 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 developed are also somewhat harder to apply, but
we will not dwell on these complications. It is also possible to use the methods for systems
of linear equations from chapter 3 to solve higher order constant coefficient equations.

Let us start with a general homogeneous linear equation

y(”) + pn_l(x)y(”_l) + -+ p1(x)y" + po(x)y = 0. (2.4)

Theorem 2.3.1 (Superposition). Suppose y1, ya, ..., Yn are solutions of the homogeneous
equation (2.4). Then

y(x) = Ciy1(x) + Caya(x) + -+ + Cpryn(x)
also solves (2.4) for arbitrary constants C1,Cap, ..., Cy.

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 po through p,—1, and f are continuous
functions on some interval I, a is a number in I, and by, b, ..., by—1 are constants. The equation

Y+ p1 ()Y + 4 pr(0) Y+ po(x)y = f(x)

has exactly one solution y(x) defined on the same interval I satisfying the initial conditions

y(@)="bo, y'@=0b1, ..., y(”_l)(a) =b,_1.

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 y1, 2, ..., y» are linearly independent if the equation

cayitoy+--+cpy, =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 c; # 0, then we can solve
for y1 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*, ¢?*, ¢3* are linearly independent.

Let us give several ways to show this fact. Many textbooks (including [EP] and [F])
introduce Wronskians, but it is difficult to see why they work and they are not really
necessary here.

Let us write down

cre* + cpe? + 03¢ = 0.

We use rules of exponentials and write z = e*. Hence z? = ¢?* and z> = ¢3*. Then we have
c1z + 0222 + C3Z3 =0.

The left-hand side is a third degree polynomial in z. It is either identically zero, or it has
at most 3 zeros. Therefore, it is identically zero, c; = ¢ = c3 = 0, and the functions are
linearly independent.

Let us try another way. As before we write

cre* + cpe? + e3¢ = 0.
This equation has to hold for all x. We divide through by e3* to get
cre™? + cpe ¥ 4+ ¢3 = 0.

As the equation is true for all x, let x — oco. After taking the limit we see that c3 = 0. Hence
our equation becomes
c1e* + cpe® = 0.

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

c1e* + cpe? + ¢3¢ = 0.

We can evaluate the equation and its derivatives at different values of x to obtain equations
for c1, c2, and c3. Let us first divide by e* for simplicity.

c1 + cre” + cz3e?* = 0.
We set x = 0 to get the equation c1 + c2 + c3 = 0. Now differentiate both sides
coe” +2c3e%* = 0.

We set x = 0 to get c2 + 2c3 = 0. We divide by e* again and differentiate to get 2c3e* = 0.
It is clear that c3 is zero. Then ¢, must be zero as ¢, = —2c¢3, and ¢; must be zero because
c1+cr+c3=0.

There is no one best way to do it. All of these methods are perfectly valid. The important
thing is to understand why the functions are linearly independent.

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:
eX+e™*

coshx = — or 2coshx —e¥ —e™* =0.
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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
y" =-3y" -y +3y =0. (2.5)

Try: y = . We plug in and get

We divide through by e"*. Then
r=3r2—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 7 roots for an n'"" degree
polynomial. They may be repeated and they may 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 numbers). 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 r1, then we know (r — r1) is a factor of
our polynomial. Polynomial long division can then be used.

A good strategy is to begin with »r = 0, 1, or —1. These are easy to compute. Our
polynomial has two such roots, r1 = —1 and r, = 1. There should be 3 roots and the last
root is reasonably easy to find. The constant term in a monic* polynomial such as this is the
multiple of the negations of all the roots because r> =372 —r + 3 = (r — r1)(r — r2)(r — r3). So

3 = (=r)(=r2)(=r3) = )(=1)(=73) = 3.

You should check that r3 = 3 really is a root. Hence e, e* and ¢3* 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. So the general solution is

y=Cie™ + Cre* + Cse*.

*The word monic means that the coefficient of the top degree 7%, in our case 73, is 1.
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Suppose we were given some initial conditions y(0) = 1, y’(0) = 2, and y”(0) = 3. Then

1=y(0)=C1+C2+Cg,
2= y/(O) =—C1+Cr+ 3C3,
3= ;I/”(O) =C1+Cy+9Cs.

It is possible to find the solution by high school algebra, but it would be a pain. The 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 C3 = 1/4. The specific solution to the
ODE is
y= _—1€_x+ex+1e3x.
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

rx rx 2

e, xe'™, xZ%™, ..., xFle™x.

We take a linear combination of these solutions to find the general solution.

Example 2.3.4: Solve
)

y _3ylll+3yl/_y120.

We note that the characteristic equation is
r* =33+ 32— = 0.

By inspection we note that r* — 373 + 312 — r = r(r - 1)°. Hence the roots given with
multiplicity are » = 0,1, 1, 1. Thus the general solution is

y= (C1 + Cox + C3x2) e’ + Cy
——
terms coming from r=1 from r=0

The case of complex roots is similar to second order equations. Complex roots always
come in pairs r = a + iff. Suppose we have two such complex roots, each repeated k times.
The corresponding solution is

(Co+ C1x + -+ + Crq1xF 1) e cos(Bx) + (Do + Dyx + - - - + Di_1x¥71) €% sin(B).

where Cy, ..., Cx_1, Do, ..., Dx_1 are arbitrary constants.

Example 2.3.5: Solve
4)

yW—4y"” +8y” -8y’ +4y = 0.

The characteristic equation is
r*—4r3 + 81— 8r + 4 =0,
(r? —2r + 2)2 =0,
(r-1%+1)" =0.
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Hence the roots are 1 + i, both with multiplicity 2. Hence the general solution to the ODE is
Yy =(C1+ Cax)e* cosx + (C3+ Cyx)e* sinx.

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.

2.3.3 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 an ODE 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 —cosx, g(x) = e* 4+ 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, x2, and x* linearly independent? If so, show it, if not, find a linear
combination 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 2.3.11: Find an equation such that y = xe~>* sin(3x) is a solution.

Exercise 2.3.101: Find the general solution of y® — y® = 0.
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Exercise 2.3.102: Suppose that the characteristic equation of a third order differential equation has
roots £2i and 3.

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” + my’ — V4y = 0, y(0) = 0, y’(0) = 0, y”(0) = 0.

Exercise 2.3.104: Are e*, e¥™1, 2¥, sin(x) linearly independent? If so, show it, if not find a linear
combination that works.

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

Exercise 2.3.106: Find an equation such that y = cos(x), y = sin(x), y = e* are solutions.
Exercise 2.3.151: Find the general solution to the following DEs:

a) 4y® +7y" -2y =0

b) y® -16y =0

c) y¥ —5y” +4y =0

d) y® +6y” +9y =0

e) y¥ +8y” -9y =0

Ny +yW-12y" =0

g) yW+3y" +3y" +y =0

h) y® —8y” +16y =0
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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.

24.1 Some examples

Our first example is a mass on a spring. Suppose we have a k E(t)
mass m > 0 (in kilograms) connected by a spring with spring m —»
constant k > 0 (in newtons per meter) to a fixed wall. There w

may be some external force F(t) (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 a damper is
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 c

mx" + cx’ + kx = F(t).
This is a linear second order constant coefficient ODE. We say the motion is
(i) forced, if F # O (if F is not identically zero),
(ii) unforced or free, it F = 0 (if F is identically zero),
(iii) damped, if c > 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 two other
examples.

Here is an example for electrical engineers. Consider the pictured
RLC circuit. There is a resistor with a resistance of R ohms, an inductor
with an inductance of L henries, and a capacitor with a capacitance
of C farads. There is also an electric source (such as a battery) giving
a voltage of E(t) volts at time ¢ (measured in seconds). Let Q(t) be the
charge in coulombs on the capacitor and I(t) be the current in the circuit. The relation

~ 0
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between the two is Q’ = I. By elementary principles we find LI’ + RI + Q/c = E. We
differentiate to get

LI”(t) + RI'(t) + %I(t) = E'(1).

This is a nonhomogeneous second order constant coefficient linear equation. As L, R, and
C are all positive, this system behaves just like the mass and spring system. Position of
the mass is replaced by current. Mass is replaced by 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—for constant voltage this is an unforced motion.

Our next example behaves like a mass and spring system
only approximately. Suppose a mass m hangs on a pendulum
of length L. We seek an equation for the angle 6(t) (in radians).
Let g be the force of gravity. Elementary physics mandates that
the equation is

0" + %sin@ =0.

Let us derive this equation using Newton’s second law: force
equals mass times acceleration. The acceleration is L6” and
mass is m. So mLO” has to be equal to the tangential component of the force given by
the gravity, which is m g sin 0 in the opposite direction. So mLO” = —mgsin 6. The m
curiously cancels from the equation.

Now we make our approximation. For small & we have that approximately sin 0 = 0.
This can be seen by looking at the graph. In Figure 2.1 we can see that for approximately
—0.5 < 0 < 0.5 (in radians) the graphs of sin 0 and 0 are almost the same.

Therefore, when the swings are small, 0
is small and we can model the behavior by | ., [ ™ T i 7
the simpler linear equation

. g 3 05
0" + LQ—O.

0.0

The errors from this approximation build
up. So after a long time, the state of the
real-world 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 (that is, only small angles 0), the approximation is reasonably good.

In real-world problems it is often necessary to make these types of simplifications.
We must 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.

-0.5

Figure 2.1: The graphs of sin 0 and 0 (in radians).
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24.2 Free undamped motion

In this section we only consider free or unforced motion, as we do not know yet how to
solve nonhomogeneous equations. Let us start with undamped motion where ¢ = 0. The
equation is

mx” + kx = 0.

We divide by m and let wg = \/k/_m to rewrite the equation as
x” + wix = 0.
The general solution to this equation is
x(t) = A cos(wopt) + B sin(wot).
By a trigonometric identity
A cos(wpt) + B sin(wpt) = C cos(wpt — ),

for two different constants C and y. Itis not hard to compute that C = VA2 + BZand tany =
B/A. Therefore, we let C and y be our arbitrary constants and write x(t) = C cos(wot — ).

Exercise 2.4.1: Justify the identity A cos(wot) + B sin(wot) = C cos(wot — y) and verify the
equations for C and y. Hint: Start with cos(a — ) = cos(a) cos(pB) + sin(a) sin(B) and multiply
by C. Then what should o 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 nice
physical interpretation. Write the solution as

x(t) = C cos(wot — y).

This is a pure-frequency oscillation (a sine wave). The amplitude is C, wy is the (angular)
frequency, and y is the so-called phase shift. The phase shift just shifts the graph left or right.
We call wg the natural (angular) frequency. This entire setup is called simple harmonic motion.

Let us pause to explain the word angular before the word frequency. The units of wq
are radians per unit time, not cycles per unit time as is the usual measure of frequency.
Because one cycle is 27 radians, the usual frequency is given by 52. It is simply a matter of
where we put the constant 277, and that is a matter of taste.

The period of the motion is one over the frequency (in cycles per unit time) and hence
i—z. That is the amount of time it takes to complete one full cycle.

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 m/s. 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 1m/s, while the other
end of the spring is held in place. The mass therefore starts oscillating. What is the
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frequency of the resulting oscillation? 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 m/s. This gives us the initial conditions.

So the equation with initial conditions is

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

We directly compute wy = v¥/m = V4 = 2. Hence the angular frequency is 2. The usual
frequency in Hertz (cycles per second) is 2/2n = 1/ = 0.318.
The general solution is
x(t) = A cos(2t) + B sin(2t).
Letting x(0) = 0.5means 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) = 0.5cos(2t) + 0.5sin(2t).
A plot of x(t) is shown in Figure 2.2.

In general, for free undamped motion, a
solution of the form

0.0 2.5 5.0 7.5 10.0,

x(t) = A cos(wpt) + B sin(wot),

corresponds to the initial conditions x(0) =
A and x’(0) = woB. Therefore, it is easy to
figure out A and B from the initial condi-
tions. The amplitude and the phase shift
can then be computed from A and B. In
the example, we have already found the am-
plitude C. Let us compute the phase shift. 1ot m L L 3 1
We know that tany = B/Aa = 1. We take the | | |
arctangent of 1 and get /4 or approximately
0.785. We still need to check if this y is in
the correct quadrant (and add 7 to y if it is not). Since both A and B are positive, then y
should be in the first quadrant, 7/4 radians is in the first quadrant, so y = 7/4.

Note: Many calculators and computer software have not only 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.

Figure 2.2: Simple undamped oscillation.

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

mx” +cx’+kx =0,
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as
x” +2px’ + wix =0,

_ [k _ <
@O =\, P=om

r2+2pr+a)5=0.

where

The characteristic equation is

Using the quadratic formula we get that the roots are

r=—pxp? -l

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:

s o (c)z_k_c2—4km
m  4m?

PP =5,

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

Overdamping

When ¢? — 4km > 0, the system is over-
damped. In this case, there are two distinct | | ! ‘ ‘
real roots r1 and r,. Both roots are nega-

tive: As \[p? — a)é isalwaysless thanp, then | i

—p + .[p? - w(z) is negative in either case.

The solution is

x(t) = Cre™t + Cpe™!.

00 - 0.0

Since r1, 1, are negative, x(t) — Oas t — oo.
Thus the mass will tend towards the rest 0 3 w 7 00
position as time goes to infinity. For a few Figure 2.3: Overdamped motion for several differ-
sample plots for different initial conditions, | ent initial conditions.
see Figure 2.3.

No oscillation happens. In fact, the
graph crosses the x-axis at most once. To see why, we try to solve 0 = Cie"! + Cpe™'.
Therefore, C1e"! = —Cpe™! and using laws of exponents we obtain

-G
G

= plra—r)t
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This equation has at most one solution ¢t > 0. For some initial conditions the graph never
crosses 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) = xp and x’(0) = 0.

Then
X0

x(t) =

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

p— (r1e"" = rpe™) .

Critical damping

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

x(t) = Cre P! + Cyte™P!,

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.

Underdamping

When ¢? — 4km < 0, the system is under-
damped. In this case, the roots are complex.

r:_in,pz_wé 05 [ - os

=—pxV-1 wi — p?

0.0 [~ 0.0

=-p=x ia)l,
where w1 = /w] — p?. Our solution is o i
x(t) = e P! (A cos(wit) + Bsin(wt)), A

Figure 2.4: Underdamped motion with the envelope

r
o curves shown.

x(t) = Ce P! cos(wit — y).

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

The figure also shows the envelope curves Ce P! and —CeP!. 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 as not to hit the concrete with your
head.
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The phase shift y shifts the oscillation left or right, but within the envelope curves (the
envelope curves do not change if y changes).

Notice that the angular pseudo-frequency* 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 ¢
larger, then at some point the solution should start looking like the solution for critical
damping or overdamping, where no oscillation happens. So if c? approaches 4km, we
want w1 to approach 0.

On the other hand, when c gets smaller, w approaches wg (w1 is always smaller than
wp), 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 0.

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.
Exercise 2.4.3: Do Exercise 2.4.2 for m = 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 Nim. 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 1kg 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.

c) 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.

*We do not call w a frequency since the solution is not really a periodic function.
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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
traveling 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 milliohms (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 I.
b) Find the general solution.
c) Solve for I(0) = 10 and I'(0) = 0.

Exercise 2.4.103: A 5000 kg railcar hits a bumper (a spring) at 1ms, and the spring compresses by
0.1m. Assume no damping.

a) Find k.
b) 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 1ms?

d) What is the maximum mass of a railcar that can hit the spring without breaking at 2 m/s?

Exercise 2.4.104: A mass of m kg is on a spring with k = 3N/m and ¢ = 2Ns/m. Find the mass
mq for which there is critical damping. If m < myg, does the system oscillate or not, that is, is it
underdamped or overdamped?

Exercise 2.4.151: Solve the following IV Ps for position x(t).

If the system is overdamped or critically damped, solve a second IVP for the undamped sys-
tem. Re-write the solution for the undamped system in the form x,(t) = C cos(wot — y).

If the system is underdamped, re-write the solution in the form x(t) = Ce P! cos(wit — y)
where w1 is the pseudo-frequency of the damped oscillation.

a) 2x” +5x" +2x =0; x(0) =2, x’(0) = 1

b) x” +8x"+20x =0; x(0) =2, x’(0) = -4
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c) x”+6x"+9x =0; x(0) =2, x'(0) =4
d) 4x” +4x’ +17x =0; x(0) =4, x'(0) =4

e) x” +6x" +25x =0; x(0) =2, x’(0) =-2
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2.5 Nonhomogeneous equations

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

2,51 Solving nonhomogeneous equations

We have solved linear constant coefficient homogeneous equations. What about nonhomo-
geneous 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 vy, to the associated
homogeneous equation

y"+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=Yt yp

is the general solution to (2.6). We have Ly, = 0 and Ly, = 2x + 1. As L is a linear operator
we verify that y is a solution, Ly = L(y. + yp) = Lyc + Ly, = 0 + (2x + 1). Let us see why
we obtain the general solution.

Let y, and #, be two different particular solutions to (2.6). Write the difference as
w = yp — Jp. Then plug w into the left-hand side of the equation to get

w” + 5w’ + 6w = (y, + 5y, +6yp) = (J,, + 57, +67y) = 2x +1) - (2x + 1) =

Using the operator notation the calculation becomes simpler. As L is a linear operator we

write
Lw=L(yp—Jp) =Lyp —Lijp = 2Qx +1) - 2x +1) =

So w = y, — ¥y is a solution 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 complementary solution (the general solution to the associated homogeneous equation Ly = 0)
and let vy, be any particular solution to Ly = f(x). Then the general solution to Ly = f(x) is

Y=Yct+Yp.

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
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 vy, into the left hand side to obtain

y, +5y, + 6y, = (Ax + B)” + 5(Ax + B)’ + 6(Ax + B)
=0+5A+6Ax +6B =6Ax + (5A + 6B).

So6Ax+(5A+6B) = 2x +1. Therefore, A = 1/3and B = -1/9. That means y, = % X —% = 3x9_—1.
Solving the complementary problem (exercise!) we get

Ye = C1€_2x + C2€_3x.

Hence the general solution to (2.6) is

3x -1

y= Cle_zx + C2€_3x + 9

Now suppose we are further given some initial conditions. For example, y(0) = 0 and
y’(0) = 1/3. First find y’ = —2C1e72* — 3Cpe~3* + 1/3. Then
1

1 o 1
O—y(O)—C1+C2—§, g—y(O)— 2Cq 3C2+3.

We solve to get C; = 1/3 and Cy = —2/9. The particular solution we want is

1 5 2 4 3x-1 3eP -2 +3x-1
y(x)—3e 3¢ + g = 5 .

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 v,
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

yp = Acos(2x) + B sin(2x).
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We plug y, into the equation and we get

—4A cos(2x) — 4B sin(2x) +2 (—2A sin(2x) + 2B cos(2x))

vy Yp
+2 (A cos(2x) + 2B sin(2x)) = cos(2x),

Yp
or
(—4A + 4B + 2A) cos(2x) + (—4B — 4A + 2B) sin(2x) = cos(2x).
The left-hand side must equal to right-hand side. Namely, —4A + 4B + 2A = 1 and
—4B —4A +2B =0.So -2A +4B =1 and 2A + B = 0 and hence A = -1/10 and B = 1/5. So
—cos(2x) + 2sin(2x)
10 '

Similarly, if the right-hand side contains exponentials we try exponentials. If

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

L]/ — €3x,
we 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(mx).
For this equation, we guess
yp=(A+Bx+ Cx?)e ™ cos(nx) + (D + Ex + Fx?) e * sin(nx).

We plug in and then hopefully get equations that we can solve for A, B, C, D, E, and 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]/ — e3x.

We would love to guess y = Ae3*, 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 ¢3*. The trick in this case is
to multiply our guess by x to get rid of duplication with the complementary solution. That
is tirst we compute y, (solution to Ly = 0)

ye = Cre™ + Cre’?,
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and we note that the 3 term is a duplicate with our desired guess. We modify our guess
to y = Axe® so that there is no duplication anymore. Let us try: y’ = Ae3* + 3Axe3* and
y” = 6Ae* +9Axe%, so

" — 9y = 6Ae3 +9Axe3 — 9Axe3 = 6Ae3".
y y

Thus 6Ae>" is supposed to equal e3*. Hence, 6A = 1 and so A = 1/6. We can now write the
general solution as
3x

1
Y =Yc+yp=Cre > +Coe™ + Z 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. = C1e3* + Coxe’*. Guessing y = Axe* would not get
us anywhere. In this case we want to guess y, = Ax?¢3*. 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 = e** + cosx.

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 = " + cos x. This is because L is
linear; we have Ly = L(u + v) = Lu + Lv = ¢** + cos x.

2.5.3 Variation of parameters

The method of undetermined coefficients works 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 finitely many linearly independent derivatives, so that we can write a guess
that consists of them all. Some equations are a bit tougher. Consider

Yy’ +y =tanx.

Each new derivative of tan x looks completely different and cannot be written as a linear
combination of the previous derivatives. If we start differentiating tan x, we get:

sec? x, 2 sec? x tan x, 4 sec? x tan? x + 2 sect X,

8sec? x tan® x + 16 sec* x tan x, 16 sec? x tan* x + 88 sec* x tan® x + 16 sec® X,

This equation calls for a different method. We present the method of variation of
parameters, which handles any equation of the form Ly = f(x), provided we can solve
certain integrals. For simplicity, we restrict ourselves to second order constant coefficient
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equations, but the method works for higher order equations just as well (the computations
become 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=vy"+y=tanx.

First we find the complementary solution (solution to Ly, = 0). We get y. = C1y1 + Cay,
where 11 = cosx and y; = sinx. To find a particular solution to the nonhomogeneous
equation we try

Yp =Y =ury1 + uzxy,

where u1 and u; are functions and not constants. We are trying to satisfy Ly = tan x. That
gives us one condition on the functions u1 and u>. Compute (note the product rule!)

y' = (uiy1 + ujy2) + (ury] + uays).

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
(uiy1 + usy2) = 0. This makes computing the second derivative easier.

y' = uyy + U2y,
144 ’ / ’ / 144 144
y" = (uyyy + upy,) + (uayy + uzyy).

Since y1 and y; are solutions to y” + y = 0, we find y{ = —y1 and y; = —y». (If the equation
was a more general y” + p(x)y’ + q(x)y = 0, we would have y” = —p(x)y’ — q(x)yi.) So

/

y" = (uiyy + uzy;) = (uays + uay).

We have (11y1 + u2y2) = y and so

’

y" = Wiy +uyyy) -y,

and hence
/

y’ +y =Ly =uly] +uyy;.

4

For y to satisfy Ly = f(x) we must have f(x) = ujy] + uyy;.
What we need to solve are the two equations (conditions) we imposed on u; and u5:

uyr+uzy2 =0,
uyyp + upys = f(x).

We solve for u] and u} in terms of f(x), y1 and y>. We 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
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could just plug into, but instead of memorizing that, it is better, and easier, to just repeat
what we do below. In our case the two equations are

u’ cos(x) + us sin(x) = 0,

—u7 sin(x) + uy cos(x) = tan(x).
Hence

uf cos(x)sin(x) + uj sin?(x) = 0,

—u sin(x) cos(x) + u;) cos?(x) = tan(x) cos(x) = sin(x).
And thus

ub (sin?(x) + cos®(x)) = sin(x),
uj = sin(x),
,  —sin(x) _

Ml = T(x) = —tan(x) sin(x).

We integrate u] and u;, to get u1 and u5.

up = /ui dx = /—tan(x) sin(x) dx = %ln

Uy = /u; dx = /sin(x) dx = —cos(x).

sin(x) — 1

+ si ,
sin(x) + 1 sin(x)

So our particular solution is

Yp = U1y1 + usyn = %cos(x)ln % + cos(x) sin(x) — cos(x) sin(x) =
1 sin(x) — 1
=3 cos(x) In sn() 71|
The general solution to y” + y = tan x is, therefore,
1 sin(x) — 1
= i = In|—————|.
y = Cy cos(x) + Casin(x) + > cos(x) In Sin(o) 1‘

2,54 Undetermined coefficients with Python

If you'd like to check your answer to an undetermined coefficients problem, you can do it
2

using sympy, as we show below for the differential equation ZTz + ZZ—Z

the guess y = A cos2x + B sin 2x.

+ 2y = cos2x and
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from resources306 import *

x,A,B = sp.symbols('x A B')

Cc0s2x,sin2x = sp.cos(2*x),sp.sin(2*x) # shorthand

y = A*cos2x + B*sin2x # our guessed form of the solution

de_lhs = sp.diff(y,x,x) + 2*sp.diff(y,x) + 2%y

de_rhs = cos2x

de = de_lhs - de_rhs # shove everything to the LHS, equate this to 0
de

—4A sin (2x) + 2A cos (2x) + 2B sin (2x) + 4B cos (2x) — 4 (A cos (2x) + B sin (2x)) — cos (2x)

eqs = [ de.coeff(cos2x), de.coeff(sin2x)) ]
eqgs

[2A +4B -1, —4A +2B]

sp.solve( eqs, [A,B] )

2.5.5 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: Set up the form of the particular solution but do not solve for the coefficients for
y(4) _ zy/// + y// = eX.

Exercise 2.5.6: Set up the form of the particular solution but do not solve for the coefficients for
y@ -2y + y” =¥ + x +sinx.

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? See also Exercise 2.5.10.

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 2.5.9: For an arbitrary constant c find a particular solution to y” — y = e*. Hint: Make
sure to handle every possible real c.
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Exercise 2.5.10:

a) Using variation of parameters find a particular solution of y” — y = e*.

b) Find a particular solution using undetermined coefficients.

c) Are the two solutions you found the same? What is going on?
Exercise 2.5.101: Find a particular solution to y” — y’ + y = 2sin(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 = x2, y(0) = 1, y’(0) = 2.

1

Exercise 2.5.104: Use variation of parameters to find a particular solution of y” — y = 7 =.

Exercise 2.5.105: For an arbitrary constant c find the general solution to y” — 2y = sin(x + c).

Exercise 2.5.151: Apply the method of undetermined coefficients to find the general solution to the
following DEs. Include the form of y,, but do not determine the coefficients

a) y" —4y” +5y’ = 3x +5¢* sinx
b) y/// _ 4]// — X2 + 362x _ eSx

) ¥y +4y” + 13y’ = 3x% + 5 — 6e7>* cos 3x

o

QU

) y® +2y" =3y = 4x + 2073 — 3¢5

e) yW —9y” =5e73* —2x2 +7

A y® —2y® — 8y = 4x + 1 + 2072 — 3¢
g) ¥y +2y® 42y = 4x3 — x? + 5e ¥ sin x

Exercise 2.5.152: Apply the method of undetermined coefficients to find the general solution to the
following DEs. Determine the form and coefficients of y,

a) y’ -2y =8x+ 5e3%
b) y” +y" -2y =2x +e**
c) y' +6y’ +13y = cosx
d) y"” +y" —6y = x> +2x +4e*
Exercise 2.5.153: Based upon the solutions in Exercise 2.5.152, solve the following IV Ps:
a) y” -2y’ =8x +5¢%*; y(0) =0, y'(0) = -1
b) vy +y" =2y =2x+e*;y(0) =1, y'(0) = y"(0) =0
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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 example of a mass on a spring. k E(t)
We examine the case of forced oscillations, which we did not w m —»

yet handle. That is, we consider the equation

mx” + cx’ + kx = F(t), damping ¢

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

We are interested in 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) = Fycos(wt) (or
sine instead of cosine, the calculations are essentially the same).

2.6.1 Undamped forced motion and resonance
First let us consider undamped (¢ = 0) motion. We have the equation
mx" + kx = Fycos(wt).

This equation has the complementary solution (solution to the associated homogeneous
equation)

X = C1cos(wpt) + Cp sin(wot),
where wg = \/k/_m is the natural frequency (angular). It is the frequency at which the system
“wants to oscillate” without external interference.

Suppose that wg # w. We try the solution x, = A cos(wt) and solve for A. We do not
need a sine in our trial solution as after plugging in we only have cosines. If you include a
sine, it is fine; you will find that its coefficient is zero (I could not find a second rhyme).

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

Fo
Xp m(a)g ~ o) cos(wt).
We leave it as an exercise to do the algebra required.
The general solution is

x = Cq1cos(wpt) + Cyp sin(wpt) + cos(wt).

0
m(w? — w?)

Written another way

x = Ccos(wot —y) + cos(wt).

m(a)(z] - w?)

The solution is a superposition of two cosine waves at different frequencies.
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Example 2.6.1: Take
0.5x"” + 8x = 10 cos(7tt), x(0) =0, x'(0)=0

Let us compute. First we read off the parameters: @ = 7, wo = /8/05 = 4, Fy = 10,
m = 0.5. The general solution is

20
x = Cqcos(4t) + Cp sin(4t) + ——— cos(mtt).
16 — 72

Solve for C; and C; using the initial
conditions: Cy = 202 and C, = 0. Hence 0 ‘ ‘ ; 10

16

20
oo (cos(mt) — cos(4t)). .
Notice the “beating” behavior in Fig-
ure 2.5. First use the trigonometric identity |

2 sin (A ; B) sin (A%B) =cosB —cosA

to get

X 20 2sin 4_nt sin 4+nt B 5 ) : o
= - 1 _— 1 .
16 — 72 2 2 Figure 2.5: Graph of 72 (cos(mtt) — cos(4t)).

X =

The function x is a high frequency wave
modulated by a low frequency wave.

Now suppose wg = w. Obviously, we cannot try the solution A cos(wt) and then use
the method of undetermined coefficients. We notice that cos(wt) solves the associated
homogeneous equation. Therefore, we try x, = At cos(wt) + Bt sin(wt). This time we need
the sine term, since the second derivative of t cos(wt) contains sines. We write the equation

x" + w?x = Fo cos(wt).
m
Plugging x, into the left-hand side we get
F
2Bw cos(wt) — 2Aw sin(wt) = —0 cos(wt).

Hence A =0and B = 2
is

. Our particular solution is 2 — t sin(wt) and our general solution

F
x = C1cos(wt) + Cp sin(wt) + 0 t sin(wt).
2mw

The important term is the last one (the particular solution we found). This term grows

without bound as f — 0. In fact it oscillates between 2F°t and Fot . The first two terms

only oscillate between =+, /C% + C%, which becomes smaller and smaller in proportion to

the oscillations of the last term as ¢ gets larger. In Figure 2.6 on the next page we see the
graphwithC1 =C,=0,Fp=2,m=1, w = 1.
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By forcing the system in just the right fre-
quency we produce very wild oscillations.
This kind of behavior is called resonance or
perhaps pure resonance. Sometimes reso-
nance 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. h ‘ ‘ ‘

On the other hand resonance can be de-
structive. In an earthquake some buildings Figure 2.6: Graph of 1t sin(rtt).
collapse while others may be relatively un-
damaged. This is due to different buildings having different resonance frequencies. So
tiguring 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*.

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 solved the homogeneous problem before. We let
c k
P=3m 0\

Fo
x” +2px’ + w3x = — cos(wt).
p 0ox = (wt)

We replace equation (2.8) with

The roots of the characteristic equation of the associated homogeneous problem are

r, 12 =—p +4[p% - a)g. The form of the general solution of the associated homogeneous

2

equation depends on the sign of p? — wj, or equivalently on the sign of ¢ — 4km, as before:

Cie"t + Cpe™t if ¢ > 4km,
xe =4 Cre Pt + Cote Pt if c2=4km,
e P (Cqy cos(wit) + Casin(wit)) if ¢* < 4km,

where w1 = \Jw} — p%. In any case, we see that x(t) — 0 as t — co.

*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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Let us find a particular solution. There can be no conflicts when trying to solve for the
undetermined coefficients by trying x, = A cos(wt) + B sin(wt). Let us plug in and solve
for A and B. We get (the tedious details are left to reader)

((w — @*)B = 2wpA) sin(wt) + (03 — ©*)A + 2wpB) cos(wt) = % cos(wt).

We solve for A and B:
w? — w?)F
A= ( 0 ) 0 -,
mQawp)* + m(w? - w?)
2wpvF
B = “P7o

 mQap) + m(@? - w?)’
We also compute C = VA2 + B? to be
Fo

C= .
m\/(Za)p)2 + (a)(z) - w2)2

Thus our particular solution is

w? — w?)F
Xp = @y o 5 cos(wt) +
mQwp)* + m(w? — w?)

2a)pFo

5 5 sin(wt).
mQwp)” + m(wj — w?)

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

‘ B 2wp
any = — =
A

2 _ .2
Wy — @

Hence,

_ Fo
.
m2aop) + (@2 - w?)’

If w=wythenA=0B=C= Fo and y = /2.

2mwp’

X

cos(wt —y).

For reasons we will explain in a moment, we call x. the transient solution and denote
it by xt,. We call the x;, from above the steady periodic solution and denote it by xs,. The
general solution is

X =Xc+Xp = Xgp + Xsp.

The transient solution x. = x4 goes to zero as t — oo, as all the terms involve an
exponential with a negative exponent. So for large ¢, the effect of x;, is negligible and we
see essentially only xs,. Hence the name transient. Notice that x, involves no arbitrary
constants, and the initial conditions only affect x;,. Thus, the effect of the initial conditions
is negligible after some period of time. We might as well focus on the steady periodic
solution and ignore the transient solution. See Figure 2.7 on the facing page for a graph
given several different initial conditions.
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The speed at which x;, goes to zero de-
pends on p (and hence c). The bigger p is
(the bigger c is), the “faster” x;, becomes
negligible. So the smaller the damping, the
longer the “transient region.” This is consis-
tent 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 res-
onance when damping is present. Since
there were no conflicts when solving with
undetermined coefficient, there is no term
that goes to infinity. We look instead at
the maximum value of the amplitude of
the steady periodic solution. Let C be the
amplitude of xsp. If we plot C as a function

125

I I I
0 5 10 15 20

Figure 2.7: Solutions with different initial con-
ditions for parameters k =1, m =1, Fp = 1,
c=07and w =1.1.

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 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 practical resonance can disappear altogether when damping is large.

0.0

2.5 3.0

25

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

C'(w) =

—2w(2p? + w? - a)g)Fo

m(Qwp)? + (@2 - ?))

3/2°
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This is zero either when @ = 0 or when 2p? + w? — w} = 0. In other words, C’'(w) = 0 when

‘ w=Jw-2p* or w=0. ’

If cug — 2p? is positive, then /a)g — 2p? is the practical resonance frequency (that is the

point where C(w) is maximal). This follows by the first derivative test for example as then
C’(w) > 0 for small w in this case. If on the other hand cug — 2p? is not positive, then C(w)
achieves its maximum at w = 0, and there is no practical resonance since we assume 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 wg. As the damping ¢ (and
hence p) becomes smaller, the practical resonance frequency goes to wo. So when damping
is very small, wg is a good estimate of the practical resonance frequency. This behavior
agrees with the observation that when ¢ = 0, then wy is the resonance frequency.

Another interesting observation to make is that when w — oo, then C — 0. This means
that if the forcing frequency gets too high it does not manage to get the mass moving in
the mass-spring system. This is quite reasonable intuitively. If we wiggle back and forth
really fast while sitting on a swing, we will not get it moving at all, no matter how forceful.
Fast vibrations just cancel each other out before the mass has any chance of responding by
moving one way or the other.

The behavior is more complicated if the forcing function is not an exact cosine wave,
but for example a square wave. A general periodic function will be the sum (superposition)
of many cosine waves of different frequencies. The reader is encouraged to come back to
this section once we have learned about the Fourier series.

2.6.3 Symbolic computation with Python

As an example of symbolic computation in Python, we repeat the above computation using
sympy.

from resources306 import *

a,b,w,w0,p,t,GO0 = sp.symbols('abwwdptGO')

X = a¥*sp.cos(w*t) + b*sp.sin(w*t)

# Write the DE with everything on the LHS, implicitly set to O
de = sp.diff(x,t,t) + 2*p*sp.diff(x,t) + wO**2*x - GO*sp.cos(w*t)
display(de)

dec = de.subs(t,0) # get the coefficient of cos(wt)
des = de.subs(t,sp.pi/2/w) # get the coefficient of sin(wt)
display(dec); display(des)

sol = sp.solve([dec,des],[a,b])

display(sol)

amp = sp.simplify( sp.sqrt(a**2 + b**2).subs(sol) )

display( amp )
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= amp.subs({GO:1,w0:1}) # choose units of time and amplitude
pval in [2,1,0.5,0.25,0.125,0.0625]:
ampp = amp.subs(p,pval)
expressionplot( ampp, w, 0, 3, label="damping = '+str(pval) )
legend ()
xlabel ('forcing frequency, w'); plt.ylabel('amplitude of response')
savefig('myresonanceplot.png')
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2.6.4 Exercises

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

Exercise 2.6.2: Derive a formula for xs, if the equation is mx” + cx’ + kx = Focos(wt) +
Fy cos(Bwt). Assume c > 0.

Exercise 2.6.3: Take mx” + cx’ + kx = Fycos(wt). Fixm > 0,k > 0, and Fy > 0. Consider
the function C(w). For what values of ¢ (solve in terms of m, k, and Fy) will there be no practical
resonance (that is, for what values of c is there no maximum of C(w) for w > 0)?
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Exercise 2.6.4: Take mx” + cx” + kx = Focos(wt). Fix c > 0,k > 0, and Fy > 0. Consider the
function C(w). For what values of m (solve in terms of c, k, and Fy) 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: 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 the mass
and the support acts as the spring, where the induced vibrations are horizontal. 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). The 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
from the rest position, the tower collapses. Will the tower collapse?

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

Exercise 2.6.102: Derive a formula for x5, for mx” + cx’ + kx = Fo cos(wt) + A, where A is some
constant. Assume ¢ > 0.

Exercise 2.6.103: Suppose there is no damping in a mass and spring system with m =5, k = 20,
and Fo = 5. Suppose w is chosen to be precisely the resonance frequency.

a) Find w.
b) Find the amplitude of the oscillations at time t = 100, given the system is at rest at t = 0.

Exercise 2.6.151: Apply the method of undermined coefficients to solve the following initial value
problems:

a) x” +4x =15cos3t; x(0) =2, x’(0) =1
b) x” +9x =4sin2t; x(0) =3, x’(0) = -2

¢) x” +16x =2cos3t +5sin3t; x(0) = -1, x’(0) =1



Chapter 3

Systems of ODEs

3.1 Introduction to systems of ODEs

Note: 1 to 1.5 lectures, §4.1 in [EP], §7.1 in [BD]

3.1.1 Systems

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 v1, vz, ..., y», then we can have
a differential equation involving all of them and their derivatives with respect to one
independent variable x. For example, y}" = f(y1, y3, Y1, y2, x). Usually, when we have two
dependent variables we have two equations such as

yi, = fl(yi/ yé/ Y1, yZ/x)/
vy = fo(y1, Y5 Y1, Y2, X),

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 ODEs as second order derivatives appear.
The system

x1 = g1(x1, x2,x3, 1),
x5 = g2(x1, X2, X3, 1),
Xé = g3(x1/ X2,X3, t)/

is a first order system, where x1, X2, x3 are the dependent variables, and ¢ is the independent
variable.
The terminology for systems is essentially the same as for single equations. For the
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system above, a solution is a set of three functions x1(t), x2(t), x3(t), such that

x5 () = g1(xa(t), x2(t), x3(t), t),
x5(t) = ga(x1(t), x2(t), x3(t), t),
x5 () = ga(xa(t), x2(t), x3(t), £).

We usually also have an initial condition. Just like for single equations we specify x1, x2,
and x3 for some fixed t. For example, x1(0) = a1, x2(0) = a2, x3(0) = a3. For some constants
a1, az, and asz. For the second order system we would also specify the first derivatives at a
point. And if we find a solution with constants in it, where by solving for the constants we
find a solution for any initial condition, we call this solution the general solution. Best to
look at a simple example.

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

Y1 =y1,
Yo = Y1- Y2,

with y1, y2 as the dependent variables and x as the independent variable. And consider
initial conditions y1(0) = 1, y2(0) = 2.

We note that y; = Cie* is the general solution of the first equation. We then plug this
y1 into the second equation and get the equation y;, = Cie* — y», which is a linear first
order equation that is easily solved for y,. By the method of integrating factor we get

C
e*yp = 7162" + C,,

or yp = Clex 4 Cpe™™. The general solution to the system is, therefore,
y 2 8 y

C
y1 = Cre”, Yo = 716" + Cpe™™.
We solve for C; and C; given the initial conditions. We substitute x = 0 and find that

C1 =1and C; = 3/2. Thus the solution is y; = ¢*, and yp = (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. While we won't
generally be able to solve for one variable and then the next, we will try to salvage as much
as possible from this technique. It will turn out that in a certain sense we will still (try to)
solve a bunch of single equations and put their solutions together. Let’s not worry right
now about how to solve systems yet.

We will mostly consider the linear systems. The example above is an example of a linear
first order system. It is linear as none of the dependent variables or their derivatives appear
in nonlinear functions or with powers higher than one (x, y, x" and y’, constants, and
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functions of t can appear, but not xy or ( y’)2 or x%). Another, more complicated, example
of a linear system is

vy = etyi + t2y1 +5y7 + sin(t),
vy =ty — y5 +2y1 + cos(t).

3.1.2 Applications

Let us consider some simple applications of systems and how to set up the equations.

Example 3.1.2: First, we consider salt and brine tanks, but this time water flows from one
to the other and back. We again consider that the tanks are evenly mixed.

N D

\_M_/ \_M_/
X1 X2
Vol.=V = —{_Vol.=V

Figure 3.1: A closed system of two brine tanks.

Suppose we have two tanks, each containing volume V liters of salt brine. The amount
of salt in the first tank is x; grams, and the amount of salt in the second tank is x, grams.
The liquid is perfectly mixed and flows at the rate r liters per second out of each tank into
the other. See Figure 3.1.

The rate of change of x1, that is x7, is the rate of salt coming in minus the rate going out.
The rate coming in is the density of the salt in tank 2, that is %, times the rate r. The rate

coming out is the density of the salt in tank 1, that is 3}, times the rate . In other words it is

¥)=2r-y =Ly Dy = L(x - x1)
1y Ty Tyrytt Tyt
Similarly we find the rate xé, where the roles of x; and x; are reversed. All in all, the
system of ODEs for this problem is
LA
r
/ —_— — —
x5 = V(x1 X7).

In this system we cannot solve for x1 or x, separately. We must solve for both x; and x; at
once, which is intuitively clear since the amount of salt in one tank affects the amount in
the other. We can’t know x; before we know x,, and vice versa.
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We don't yet know how to find all the solutions, but intuitively we can at least find
some solutions. Suppose we know that initially the tanks have the same amount of salt.
That is, we have an initial condition such as x1(0) = x2(0) = C. Then clearly the amount
of salt coming and out of each tank is the same, so the amounts are not changing. In
other words, x; = C and x; = C (the constant functions) is a solution: x] = x/, = 0, and
x2 — x1 = x1 — x2 = 0, so the equations are satisfied.

Let us think about the setup a little bit more without solving it. Suppose the initial
conditions are x1(0) = A and x,(0) = B, for two different constants A and B. Since no salt is
coming in or out of this closed system, the total amount of salt is constant. That is, x1 + x»
is constant, and so it equals A + B. Intuitively if A is bigger than B, then more salt will flow
out of tank one than into it. Eventually, after a long time we would then expect the amount
of salt in each tank to equalize. In other words, the solutions of both x; and x; should tend
towards A%B. Once you know how to solve systems you will find out that this really is so.

Example 3.1.3: Let us look at a second order example. We return to the mass and spring
setup, but this time we consider two masses.

Consider one spring with constant k and two masses m k
and m». Think of the masses as carts that ride along a straight
track with no friction. Let x1 be the displacement of the first
cart and x; be the displacement of the second cart. That is, we x}lﬁ x}?

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(x2 — x1), since xp — x1 is 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 is

mixy = k(xa = x1),

moxy = —k(xz — x1).
Again, 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 on exactly
where the second cart goes and vice-versa.

3.1.3 Changing to first order

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'h order differential equation

y(n) = F(y(n_l), c ey y// y/ x)'
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We define new variables u1, uy, ..., u, and write the system

U, =1uy,
/
U, = us,
’ _
Uy_1 = Un,

M;,l = F(ui’ll uVl—ll M4 uZI Mll x)'
We solve this system for u1, uy, ..., u,. Once we have solved for the u’s, we can discard u,
through u, and let y = u;. This y solves the original equation.

Example 3.1.4: Take x"”" = 2x” + 8x’ + x + t. Letting u; = x, up = x’, uz = x”, we find the
system:
uy = uo, uy = us, uj = 2uz +8uy + uy +t.

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 7, can be
transformed into a first order system of n X k equations and n X k unknowns.

Example 3.1.5: Consider the system from the carts example,
mix] = k(xz — x1), moxy = —k(xz — x1).

Let uy = x1, up = xi, Uz = X, Ug = xé. The second order system becomes the first order
system

ujy = uo, myuy = k(us — u1), uj = uy, mouy = —k(uz — uq).
Example 3.1.6: The idea works in reverse as well. Consider the system
x'=2y-x, y =x,

where the independent variable is t. 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’. So,

y'=x'=2y-x=2y-vy.
We now have the equation y” + y’ — 2y = 0. We know how to solve this equation and we
find that y = C1e™! + Cef. Once we have y, we use the equation y’ = x to get x.

x=y = —2C1e7 2 + Cpet.

We solve for the initial conditions 1 = x(0) = —2C; + C; and 0 = y(0) = C;1 + C2. Hence,
Ci1=-Cyand 1 =3C,. So Cq = -1/3and C; = 1/3. Our solution is

202t 4 ot —e2t 4ot

= V=T
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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, software for solving ODE numerically (approximation) is generally
for first order systems. So to use it, you have to take whatever ODE you want to solve and
convert it to a first order system. In fact, it is not very hard to adapt computer code for
the Euler or Runge-Kutta method for first order equations to handle 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.

3.1.4 Autonomous systems and vector fields

A system where the equations do not depend on the independent variable is called an
autonomous system. For example the system y’ = 2y — x, y’ = x is autonomous as t is the
independent variable but does not appear in the equations.

For autonomous systems we can the so-called direction field or vector field, 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, y’ = 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) at the point (x, y) and we do this for many points on the xy-plane. For
example, at the point (1,2) we draw the vector (2(2) — 1,1) = (3, 1), a vector pointing to the
right and a little bit up, while at the point (2, 1) we draw the vector (2(1) -2,2) = (0,2) a
vector that points straight up. When drawing the vectors, we will scale down their size to
fit many of them on the same direction field. We are mostly interested in their direction
and relative size. See Figure 3.2 on the next page.

We can draw a path of the solution in the plane. Suppose the solution is given by
x = f(t), y = g(t). We pick an interval of t (say 0 < t < 2 for our example) and plot all the
points (f(t), g(t)) for t in the selected range. The resulting picture is called the phase portrait
(or phase plane portrait). The particular curve obtained is called the trajectory or solution
curve. See an example plot in Figure 3.3 on the facing page. In the figure the solution starts
at (1,0) and travels along the vector field for a distance of 2 units of . We solved this
system precisely, so we compute x(2) and y(2) to find 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.

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

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 t we would get a different direction field.
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Figure 3.2: The direction field for x’ = 2y — x,  Figure 3.3: The direction field for x’ = 2y — x,

Yy =x. y’ = x with the trajectory of the solution starting
at (1,0) for0 <t < 2.

3.1.5 Picard’s theorem

Perhaps before going further, let us mention that Picard’s theorem on existence and
uniqueness still holds for systems of ODE. Let us restate this theorem in the setting of
systems. A general first order system is of the form

xi = Fl(xll X2,/ Xn, t)/

x; = FZ(xll X2, ., Xy, t)/ (3 1)

xy, = Fu(x1,x2,..., %4, ).

Theorem 3.1.1 (Picard’s theorem on existence and uniqueness for systems). If for every

. . . . . OF; . .
j=1,2,...,nandeveryk =1,2,...,n each F; is continuous and the derivative a—xi exists and is

continuous near some (x?, xg, ..., &9, 19), then a solution to (3.1) subject to the initial condition
x1(t%) = x9, x2(£%) = 13, ..., x4(t%) = x exists (at least for some small interval of t's) and is
unique.

That is, a unique solution exists for any initial condition given that the system is
reasonable (F; and its partial derivatives in the x variables are continuous). As for single
equations we may not have a solution for all time ¢, but at least for some short period of
time.

As we can change any nth order ODE into a first order system, then we notice that this
theorem provides also the existence and uniqueness of solutions for higher order equations
that we have until now not stated explicitly.
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3.1.6 Exercises

Exercise 3.1.2: Find the general solution of x] = xo — x1 +t, x5 = x2.
Exercise 3.1.3: Find the general solution of x] = 3x1 — x2 + et X, = X1.
Exercise 3.1.4: Write ay” + by’ + cy = f(x) as a first order system of ODEs.

Exercise 3.1.5: Write x” + y2y’ — x® = sin(t), y” + (x’ + y')* — x = 0 as a first order system of
ODEs.

Exercise 3.1.6: Suppose two masses on carts on frictionless surface are at displacements x1 and x;
as in Example 3.1.3 on page 132. Suppose that a rocket applies force F in the positive direction on
cart x1. Set up the system of equations.

Exercise 3.1.7: Suppose the tanks are as in Example 3.1.2 on page 131, starting both at volume V,
but now the rate of flow from tank 1 to tank 2 is r, and rate of flow from tank 2 to tank one is r,. In
particular, the volumes will now be changing. Set up the system of equations.

Exercise 3.1.101: Find the general solution to y; = 3y1, y, = Y1+ Y2, Y5 = y1 + 3.
Exercise 3.1.102: Solve y’ =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} + y1+ y2 = t, y + y1 — y2 = t2 as a first order system.

Exercise 3.1.105: Suppose two masses on carts on frictionless surface are at displacements x1 and
x as in Example 3.1.3 on page 132. Suppose initial displacement is x1(0) = x2(0) = 0, and initial
velocity is x1(0) = x5(0) = a for some number a. Use your intuition to solve the system, explain
your reasoning.

Exercise 3.1.106: Suppose the tanks are as in Example 3.1.2 on page 131 except that clean water
flows in at the rate s liters per second into tank 1, and brine flows out of tank 2 and into the sewer
also at the rate of s liters per second.

a) Draw the picture.
b) Set up the system of equations.

c) Intuitively, what happens as t goes to infinity, explain.
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3.2 Matrices and linear systems

Note: 1.5 lectures, first part of §5.1 in [EP], §7.2 and §7.3 in [BD]

3.2.1 Matrices and vectors

Before we start talking about linear systems of ODEs, we 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

an app 413 dia Aais
A=lax ax axy axy ax;|.
Az Az Az Aaz4 Aass

The numbers a;; are called elements or entries.
By a vector we 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 usually denote matrices

by upper case letters and vectors by lower case letters with an arrow such as X or b. By 0
we mean the vector of all zeros.

We define some operations on matrices. We want 1 X 1 matrices to really act like
numbers, so our operations have to be compatible with this viewpoint.

First, we can multiply a matrix by a scalar (a number). We simply multiply each entry
in the matrix by the scalar. For example,

5 123 |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 11 -1f |2 3 2
4 5 6 02 4| |4 7 10"
If the sizes do not match, then addition is not defined.

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

A+0=A=0+A,
A+B=B+A,
(A+B)+C=A+(B+0C),
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 AT. Example:

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,

b1
[[11 ar Ll3] . bz = a1b1 + azbz + a3b3.
b3

And similarly for larger (or smaller) vectors.

Armed with the dot product we 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 the dot product

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

Do note how the sizes match up: m X n multiplied by n X p is m X p. Example:

-1

[N
O = O

1
0
[1-1+2-1+3-1 1-0+2-1+3-0 1-(-1)+2-1+3-0 16 21
4-1+5-1+6-1 4-0+5-1+6-0 4-(-1)+5-1+6-0| [15 5 1

For multiplication we want an analogue of a 1. This analogue is the so-called identity
matrix. The identity matrix is a square matrix with 1s on the diagonal and zeros everywhere
else. It is usually denoted by I. For each size we have a different identity matrix and so
sometimes we may denote the size as a subscript. For example, the I3 would be the 3 x 3
identity matrix
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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 a denote a scalar (number).

A(BC) = (AB)C,
A(B +C) = AB + AC,
(B+C)A=BA+CA,
a(AB) = (aA)B = A(aB),
IA=A=AI

A few warnings are in order.

(i) AB # BA in general (it may be true by fluke sometimes). That is, matrices do not
commute. For example, take A = [11] and B = [}9].

(ii) AB = AC does not necessarily imply B = C, even if A is not 0.
(iti) AB = 0doesnot necessarily mean thatA = 0or B = 0. Try, forexample, 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 A7l 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~! (on the left) to get A”LAB = A"!AC or IB = IC

or B = C. It is also not hard to see that (A‘l)_1 = A.

3.2.3 The determinant

For square matrices we define a useful quantity called the determinant. 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

det([” bl) def d — be.
c d

Before trying to define the determinant for larger matrices, let us note the meaning of
the determinant. Consider an 7 X n matrix as a mapping of the n-dimensional euclidean
space R" to itself, where X gets sent to AX. In particular, a 2 X 2 matrix A is a mapping
of the plane to itself. The determinant of A is the factor by which the area of objects
changes. If we take the unit square (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
(negative if the axes get flipped). For example, let

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

R e R 1 R e 1 R

The image of the square is another square with vertices (0,0), (1, -1), (1,1), and (2,0). 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,c), (b,d) and (a + b,c + d). And it is

precisely
a b
wlfe 2l
b

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

Let us look at the determinant for larger matrices. We define A;; as the matrix A with
the i" row and the j™ column deleted. To compute the determinant of a matrix, pick one
row, say the i" row and compute:

n

det(A) = Z (=1)"a;; det(A;)).
j=1

For the first row we get

+a1, det(A1,) if nis odd,

det(A) =4a1 det(An) —Aan det(A1z) + 413 det(A13) - .
—a1, det(Ay,) if n even.

We alternately add and subtract the determinants of the submatrices A;; multiplied by
a;j for a fixed i and all j. For a 3 X 3 matrix, picking the first row, we get det(A) =

aii det(Au) —a12 det(Alz) + a13 det(Alg). For example,
6 4 5
)+3-det([7 8])

1 2 3
det| |4 5 6 :1-det([g 8])—2-det([§ 9
7 8 9

=1(5-9-6-8)—24-9-6-7)+3(4-8-5-7) =0.

The numbers (—1)i+j det(A;;) are called cofactors of the matrix and this way of computing
the determinant is called the cofactor expansion. No matter which row you pick, you always
get the same number. It is also possible to compute the determinant by expanding along
columns (picking a column instead of a row above). It is true that det(4) = det(AT).

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

il a))

d
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I personally find this notation confusing as vertical lines usually mean a positive quantity,
while determinants can be negative. Also think about how to write the absolute value of a
determinant. I will not use this notation in this book.

Think of the determinants telling you the scaling of a mapping. If B doubles the sizes
of geometric objects and A triples them, then AB (which applies B to an object and then A)
should make size go up by a factor of 6. This is true in general:

det(AB) = det(A) det(B).

This property is one of the most useful, and it is employed often to actually compute
determinants. A particularly interesting consequence is to note what it means for existence
of inverses. Take A and B to be inverses of each other, thatis AB = I. Then

det(A) det(B) = det(AB) = det(I) = 1.

Neither det(A) nor det(B) can be zero. Let us state this as a theorem as it will be very
important in the context of this course.

Theorem 3.2.1. An n X n matrix A is invertible if and only if det(A) # 0.

In fact, det(A~!)det(A) = 1 says that det(A™!) = m. So we even know what the
determinant of A~! is before we know how to compute AL

There is a simple formula for the inverse of a 2 X 2 matrix

a b 1 [d -b

c d| ad-bcl|-c a|’
Notice the determinant of the matrix [ 4 Z ] 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 is
best shown by example. Suppose that we have the following system of linear equations

2x1 + 2xp + 2x3 = 2,
X1+ x2+3X3 :5,
x1 +4xy+ 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. The system above can be written as

2 2 2| [x 2
1 1 3| |x]=1{5
1 4 1] |x3 10
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To solve the system we put the coefficient 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

2 222
1135
1 4 1]10

We apply the following three elementary operations.
(i) Swap two rows.
(ii) Multiply a row by a nonzero number.
(iii) Add a multiple of one row to another row.

We 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

1111
1135
1 4 1|10

Now subtract the first row from the second and third row.

1111
0 0 2|4
0 30/|9

Multiply the last row by 1/3 and the second row by 1/2.

(1 1 11 ]
00 1|2
|01 03]

Swap rows 2 and 3.
(11 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
010]|3
00 1|2

If we think about what equations this augmented matrix represents, we see that x; = —4,
x2 = 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.

We write this equation in matrix notation as
AZ =,

222 - 2
where A is the matrix [ % ‘11 :f ] and b is the vector [ 150 ] . The solution can also be computed

via the inverse,
X=ATTAX=A"1b.

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), then the system is inconsistent and has no solution. For example, for
a system of 3 equations and 3 unknowns, if you find a row suchas [0 0 0 | 1]in the
augmented matrix, you know the system is inconsistent. That row corresponds to 0 = 1.

You generally try to use row operations until the following conditions are satisfied. The
tirst (from the left) nonzero entry in each row is called the leading entry.

(i) The leading entry in any row is strictly to the right of the leading entry of the row
above.

(ii) Any zero rows are below all the nonzero rows.
(iii) All leading entries are 1.

(iv) All the entries above and below a leading entry are zero.

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.

1203
0 0 1)1
0 0 0]O0

Suppose the variables are x1, x2, and x3. Then x; is the free variable, x; = 3 — 2x,, and
X3 = 1.

On the other hand if during the row reduction process you come up with the matrix

12 133
00 1/1],
00 0|3

there is no need to go further. The last row corresponds to the equation 0x; + 0x2 + 0x3 = 3,
which is preposterous. Hence, no solution exists.
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3.2.5 Computing the inverse

If the matrix A is square and there exists a unique solution ¥ to AX = b for any b (there are
no free variables), then A is invertible. Multiplying both sides by A~!, you can see that

% = A71D. So it is useful to compute the inverse if you want to solve the equation for many

different right-hand sides b.

We have a formula for the 2 X 2 inverse, 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 AXj = & where ¢ is the
vector with all zeros except a 1 at the k' position, then the inverse is the matrix with the
columns X fork =1,2,...,n (exercise: why?). Therefore, to find the inverse we write a
larger n X 2n augmented matrix [ A | I |, where I is the identity matrix. We then perform
row reduction. The reduced row echelon form of [ A | I ] will be of the form [I | A~!] if
and only if A is invertible. We then just read off the inverse A™1.

3.2.6 Exercises

Exercise 3.2.2: Solve [ 13| % = [ 2] by using matrix inverse.

9 -2 -6
Exercise 3.2.3: Compute determinant of [ 23 66].

1231
Exercise 3.2.4: Compute determinant of [‘é 93 8]. Hint: Expand along the proper row or column
80101

to make the calculations simpler.

12
Exercise 3.2.6: For which h is [é g

Infinitely many?

hi1
Exercise 3.2.7: For which h is [(1) ’f 2] not invertible? Find all such h.
9 2-61, 1
Exercise 3.2.8: Solve [—8 3 6 ]x = [2] )
10 -2 -6
537
Exercise 3.2.9: Solve [8 1 4]
633
3230 2
Exercise 3.2.10: Solve lg 52 %l X = lgl.
2343

Exercise 3.2.11: Find 3 nonzero 2 X 2 matrices A, B, and C such that AB = AC but B # C.

Exercise 3.2.51: Solve | % 2| X = [ 1, | by using the matrix inverse.
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Exercise 3.2.52: For a general 2 X 2 matrix A = [ ,show Al = IA = A.

Exercise 3.2.53: For each of the following pairs of matrices A, B calculate the products AB and
BA, if they exist.

a) A=[142%], B=[923]
by A=[73] B=[333]
o a=[{3 i n- 1

Exercise 3.2.54: For each of the following matrices, compute A=1, then show that AA™' = A71A =

11 1
Exercise 3.2.101: Compute determinant of [% 3 —05]

Exercise 3.2.102: Find t such that [ ] is not invertible.

t

12
Exercise 3.2.103: Solve [1 1] X =[15].
Exercise 3.2.104: Suppose a, b, c are nonzero numbers. Let M = [g 2], N = [

a) Compute M~". b) Compute N71.
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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
or vector whose entries depend on some variable. If ¢ is the independent variable, we write
a vector-valued function X(t) as

x1(t)
v =[],
xn.(t)
Similarly a matrix-valued function A(t) is
an(t) aw(t) -+ a(t)
Alh) = ﬂ21.(t) ﬂzz.(t) ﬂzf(t) |
1) aalt) o )

The derivative A’(t) or ‘2—‘? is just the matrix-valued function whose ij" entry is a;].(t).

Rules of differentiation of matrix-valued functions are similar to rules for normal
functions. Let A(t) and B(t) be matrix-valued functions. Let ¢ a scalar and let C be a
constant matrix. Then

/

(A(t)+ B(t)) = A'(t) + B'(t),
(A(t)B(t))" = A'(HB(t) + A(t)B'(t),
(cA(t)) = cA(t),
)
)

(CA(1))" = CA'(t),
(A(t)C) = A'(t)C.

/

Note the order of the multiplication in the last two expressions.
A first order linear system of ODEs is a system that can be written as the vector equation

(1) = P(OE(E) + f(1),

where P(t) is a matrix-valued function, and X(t) and f (t) are vector-valued functions. We

will often suppress the dependence on t and only write X’ = PX + f. A solution of the
system is a vector-valued function X satisfying the vector equation.
For example, the equations

x1 = 2tx1 + elxy + t2,

X1
’ t
xz—T—x2+e,
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S, |2t et s, t2
Y=y g T e

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 X’ = PX be a linear homogeneous system of ODEs. Suppose
that X1, X2, . .., X, are n solutions of the equation and c1, ca, . . ., ¢,y are any constants, then

X = C13_C>1+C2)_C)2+'--+Cn9_c>n, (3.2)

-

is also a solution. Furthermore, if this is a system of n equations (P is n X n), and X1,Xa, ..., Xy
are linearly independent, then every solution X can be written as (3.2).

Linear independence for vector-valued functions is the same idea as for normal functions.
The vector-valued functions X1, X, . . ., X, are linearly independent when

Cli_C)1+C23_C)2+--'+CnJ_C)n 26
has only the solution c1 = ¢ = --- = ¢, = 0, where the equation must hold for all ¢.

Example 3.3.1: X; = [ff ], Xy = [19Lt ], X3 = [—tz] are linearly dependent because X1 + X3 =

il

X», and this holds for all t. Soc; =1, c; = -1, and c3 = 1 above will work.
and note

On the other hand if we change the example just slightly X; = [ t2 ], Xy = [ ] X3 =
then the functions are linearly independent. First write ¢1X1 + c2X2 + ¢3X3 = 0
that it has to hold for all . We get that

10

= ol

In other words c1t% — c3t2 = 0 and c1f + cat + ¢c3 = 0. If we set t = 0, then the second
equation becomes c3 = 0. But then the first equation becomes c1t?2 = 0 for all t and so

= (. Thus the second equation is just cof = 0, whichmeans c; = 0. Soc; =c2 =c3 =01s
the only solution and X1, X2, and X3 are linearly independent.

C1t2 - Cgtz

C1X1 + CoXp + C3X3 =
11 242 343 c1t + cat + 3

The linear combination ¢1X1 + c2X2 + - - - + ¢, X, could always be written as
X(t)c,

where X(t) is the matrix with columns X1, X», . . ., X,;, and C is the column vector with entries
c1,€2,...,Cn. Assuming that X1, Xy, ..., X, are linearly independent, the matrix-valued
function X(t) is called a fundamental matrix, or a 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 X’ = PX + f be a linear system of ODEs. Suppose X, is one particular solution.
Then every solution can be written as

-

X =Xc+Xp,
where X. is a solution to the associated homogeneous equation (X' = PX).

The procedure for systems is 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 of ¥’ = PX + ]? . Next suppose
you are given an initial condition of the form

¥(to) = b

for some fixed ty and a constant vector b. Let X (t) be a fundamental matrix solution of
the associated homogeneous equation (i.e. columns of X(t) are solutions). The general
solution can be written as

X(t) = X(t) ¢ + Xp(t).

We are seeking a vector ¢ such that
b =X(ty) = X(tg)C + J_C)p(t()).
In other words, we are solving for C the nonhomogeneous system of linear equations
X(tg)c=b— J_C)p(to).

Example 3.3.2: In § 3.1 we solved the system

x) = x,

Xy = X1 = X2,
with initial conditions x1(0) = 1, x2(0) = 2. Let us consider this problem in the language of

this section.
The system is homogeneous, so f(t) = 0. We write the system and the initial conditions

as
?:H_ﬂh, z@:BL

We found the general solution is x; = cie! and xp = Fe’ + cpe™

. Letting ¢ = 1 and
¢» = 0, we obtain the solution [(1 /ezt) of ] Letting c1 = 0 and c2 = 1, we obtain [egt ] These
two solutions are linearly independent, as can be seen by setting t = 0, and noting that

the resulting constant vectors are linearly independent. In matrix notation, a fundamental
matrix solution is, therefore,
t
er 0
X(t) = :
(1) [%et e_t]
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To solve the initial value problem we solve for ¢ in the equation

X(0)Z=b,

b ile-la

1 = .

11 2

A single elementary row operation shows ¢ = [3}2 |. Our solution is

t
7(t) = X(1)E = [ft (L] [%] -

¢ ¢ 2

or in other words,

ay

et l
1t 3,—t]|-
el +3e

This new solution agrees with our previous solution from § 3.1.

3.3.1 Exercises

Exercise 3.3.1: Write the system x| = 2x1 — 3txz + sint, x; = elx1 + 3xp + cost in the form
¥ =PI+ f(t).

Exercise 3.3.2:
a) Verify that the system X' = [} 3| X has the two solutions [ 1] e* and [ 1] e72".
b) Write down the general solution.

c) Write down the general solution in the form x1 =?, x =? (i.e. write down a formula for each
element of the solution).

Exercise 3.3.3: Verify that H] el and [_11] e! are linearly independent. Hint: Just plugin t = 0.

1 1 1
Exercise 3.3.4: Verify that [ ! ] el and [—11] el and [—11] e?! are linearly independent. Hint: You
must be a bit more tricky than in the previous exercise.

Exercise 3.3.5: Verify that [té] and [ﬁ] are linearly independent.
Exercise 3.3.6: Take the system x] + x}, = x1, X — x5, = X2.
a) Write it in the form AX’ = BX for matrices A and B.

b) Compute A~! and use that to write the system in the form X' = PX.

Exercise 3.3.51: Write the following n*'- order DEs as a system of n 1%~ order DEs, then write the
system of the form X'(t) = P(t)X(t) + f(t)

a) x” +elx’ — (sint)x = cost
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b) x” — (tan~ 1 t)x” + t2x’ — 3x = t*

) x"” — 3% +e’x = sin? ¢t

d) tx” +tetx” —2x" +x =et', t >0

e) x® +5x” — (6cos t)x” + t2x = (tan™1 ¢)

A 2x® —2x"” + tx =Int, t >0
Exercise 3.3.101: Are [e:f] and [ :;t] linearly independent? Justify.
Exercise 3.3.102: Are [Cos?(t)], [elt ], and [@It] linearly independent? Justify.
Exercise 3.3.103: Write x’ = 3x — y + e', y’ = tx in matrix notation.
Exercise 3.3.104:

a) Write x| = 2txp, 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 such a system

where P is a constant square matrix. We wish to adapt the method for the single constant

coefficient equation by trying the function e’!. However, ¥ is a vector. So we try X = e,

where 7 is an arbitrary constant vector. We plug this ¥ into the equation to get

AveM = Pgelt.
—_—— ——

-

X Px

We divide by e?f and notice that we are looking for a scalar A and a vector ¥ that satisfy
the equation
AU = Po.

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 v such
that
AD = Av.

We call A an eigenvalue of A and we call 7 a corresponding eigenvector.

Example 3.4.1: The matrix [% 1 ] has an eigenvalue A = 2 with a corresponding eigenvector

| -

[6] as
Let us see how to compute eigenvalues for any matrix. Rewrite the equation for an
eigenvalue as

(A- AT =0.

This equation has a nonzero solution v only if A — AI is not invertible. Were it invertible,
we could write (A — AI)"'(A — AI)T = (A — AI)"'0, which implies 7 = 0. Therefore, A has
the eigenvalue A if and only if A solves the equation

det(A — AI) = 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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(211
Example 3.4.2: Find all eigenvalues of 120].
We write ]

2
det

11 100
2 0[=Af0 1 0l]=det|]| 1 2-A 0 |]|=

0 2 00 1 | 0 0 2-A

=2-M)(2-2)?=1) = (A = 1)(A = 2)(A = 3).

So the eigenvaluesare A =1, A =2,and A = 3.

For an n X n matrix, the polynomial we get by computing det(A — AI) is of degree 1, and
hence in general, we have n eigenvalues. Some may be repeated, some may be complex.

To find an eigenvector corresponding to an eigenvalue A, we write
(A—ADF =0,

and solve for a nontrivial (nonzero) vector 7. If A is an eigenvalue, there will be at least one
free variable, and so for each distinct eigenvalue A, we can always find an eigenvector.
211

12 0] corresponding to the eigenvalue A = 3.

Example 3.4.3: Find an eigenvector of [ 0

We write

211 10 0\[n] [-1 1 1][ox
(A-AD3=|]1 2 o|-3]0 1 0|||w|=]|1 -1 0]]|w|=0.
00 2 00 1|/|os 0 0 -1|]|vs

It is easy to solve this system of linear equations. We write down the augmented matrix

-11 110
1 -1 0 /0],
0 0 -1]0

and perform row operations (exercise: which ones?) until we get:

1 -1 0|0
0 0 1]0
0 0 00

The entries of ¥ have to satisfy the equations v1 — v, = 0, v3 = 0, and v is a free variable.
We can pick v, to be arbitrary (but nonzero), let v1 = v, and of course vz = 0. For example,

- 1 -
if we pick v =1, then v = [ (1)] Let us verify that v really is an eigenvector corresponding

21 1)1 3 1
1 2 0]11]=(3[=3|1
0 0 2{(0 0 0

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: When the matrix is 2 X 2 you do not need to do row operations when computing an
eigenvector, you can read it off from A — Al (if you have computed the eigenvalues correctly). Can

you see why? Explain. Try it for the matrix [21].

3.4.2 The eigenvalue method with distinct real eigenvalues
OK. We have the system of equations
X" = PX.

We find the eigenvalues A1, A, ..., A, of the matrix P, and corresponding eigenvectors o1,
U, ..., 0y. Now we notice that the functions 91eMf, Dre?2t, ..., 7,eMt are solutions of the
system of equations and hence X = c101eM! + coBre™?f + - -+ + ¢, T,e! is a solution.

Theorem 3.4.1. Take X’ = PX. If P is an n X n constant matrix that has n distinct real eigenvalues
A1, Ao, ..., Ay, then there exist n linearly independent corresponding eigenvectors 01,02, ..., On,
and the general solution to X’ = PX can be written as

{ X = c171eMt + crtpet -+ 0, TeMt, J

The corresponding fundamental matrix solution is

X(t) = [51e)\1t Toett .. g eMnt |.
That is, X(t) is the matrix whose j column is 7je’/".

Example 3.4.4: Consider the system

4

Il
S = N
O N R
N O =

Ry

Find the general solution.
for the

] for the

Earlier, we found the eigenvalues are 1,2,3. We found the eigenvector

—_—
—Oo Ok
[E—

eigenvalue 3. Similarly we find the eigenvector [ —(1]1 ] for the eigenvalue 1, and [ )

eigenvalue 2 (exercise: check). Hence our general solution is

1 0 1 cret + c3edt
¥=c1|-1lef +ca| 1 |e® +c3|1]|e® = |—cret + cre? + c3e®
0 -1 0 —cpe?t

In terms of a fundamental matrix solution,
et 0 e[
¥=X(t)C=|-et e e3||c].
0 —e2 0||cs
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Exercise 3.4.3: Check that this X really solves the system.

Note: If we write a single homogeneous linear constant coefficient nt" 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 got in § 2.2 and § 2.3.

3.4.3 Complex eigenvalues

A matrix may very well have complex eigenvalues even if all the entries are real. Take, for
example,
2/ 1 1 -
=1 4%
Let us compute the eigenvalues of the matrix P = [ 4 % ] .
det(P — AI) :det([l__lA 1;]) =(1-AP?+1=A2-21+2=0.

Thus A =1 +i. Corresponding eigenvectors are also complex. Start with A =1 —i.

(P-(1-i)3 =0,

i 1]é
v =

-1 i ?=0

The equations iv; + v2 = 0 and —v; + iv2 = 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 7 = [ 1 |.

In similar fashion we find that | 7' | is an eigenvector corresponding to the eigenvalue 1 + i.
We could write the solution as

X=oc [il et 4 )

—i (1+i)t _ Clie(l_i)t _ C2i€(1+i)t

We would then need to look for complex values c1 and c; to solve any initial conditions. It
is perhaps not completely clear that we get a real solution. After solving for c1 and ¢, we
could use Euler’s formula and do the whole song and dance we did before, but we will not.
We will apply the formula in a smarter way first to find independent real solutions.

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).
zZ+z

First a small detour. The real part of a complex number z can be computed as %%,

where the bar above z means a + ib = a — ib. This operation is called the complex conjugate.
If a is a real number, then 2 = a. Similarly we bar whole vectors or matrices by taking
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the complex conjugate of every entry. Suppose a matrix P is real. Then P = P, and so

X

=

P X = P%. Also the complex conjugate of 0 is still 0, therefore,
0=0=(P—-AD3 = (P - AI)3.

In other words, if A = a +ib is an eigenvalue, then so is A =a—ib. Andif 7 is an eigenvector

corresponding to the eigenvalue A, then 7 is an eigenvector corresponding to the eigenvalue
A.
Suppose a +ib is a complex eigenvalue of P, and ¥ is a corresponding eigenvector. Then

)—51 — 5e(a+ib)t

is a solution (complex-valued) of ¥’ = P¥. Euler’s formula shows that e?+i? = ¢7~¥ and so

Xp =X = 5e(a—ib)t

is also a solution. As X1 and X, are solutions, the function

(a+ib)t _ X+ X — X1 + % — 1;1 + 1;
2 2 2 2

X3 = Re X1 = Reve
is also a solution. And X3 is real-valued! Similarly as Im z = %= is the imaginary part, we
find that o
X1 — X1 _ X1 — X2

2i 20
is also a real-valued solution. It turns out that X3 and X4 are linearly independent. We will
use Euler’s formula to separate out the real and imaginary part.

.')_54 = Imfl =

Returning to our problem,

% = |;l S0t lil (¢! cost — ie' sint) = lietcost +etsintl _ letsintl L l el cos t l '

el cost —iefsint el cost —eltsint
Then t t
> e'sint - e cost
Rex; = and Imx; = .
1= letcost]|” I= | —etsint]|’

are the two real-valued linearly independent solutions we seek.
Exercise 3.4.4: Check that these really are solutions.
The general solution is

. el sint et cost ciefsint + cpet cost
X=c _ = .
et cost 2| _etgint ciefcost —cret sint

This solution is real-valued for real c¢1 and c;. We now solve for any initial conditions we
may have.

Let us summarize as a theorem.
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Theorem 3.4.2. Let P be a real-valued constant matrix. If P has a complex eigenvalue a + ib and
a corresponding eigenvector U, then P also has a complex eigenvalue a — ib with a corresponding

eigenvector 0. Furthermore, X' = PX has two linearly independent real-valued solutions

(a+ib)t (a+ib)t.

X1 = Reve and Xp = Imve

For each pair of complex eigenvalues a + ib and a — ib, 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 have n distinct eigenvalues (real
or complex), then we end up with # linearly independent solutions. If we had only two
equations (n = 2) as in the example above, then once we found two solutions we are
finished, and our general solution is

X = C19_C)1 + Czﬁ_C)z =C1 (Re 5€(a+ib)t) + Cz(Im 5€(a+ib)t).

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 Eigenvalues and eigenvectors with Python

Both numpy and sympy provide functions to compute eigenvalues and eigenvectors.
They present the results in rather different ways. numpy.linalg.eig() gives a list of the
eigenvalues ("j" is used for the imaginary unit), followed by an array whose columns are
the corresponding eigenvectors. sympy.Matrix.eigenvects() returns a list of tuples, each of
which has the eigenvalue, its algebraic multiplicity, and a list of corresponding eigenvectors.
Numpy uses floating point arithmetic, while sympy does exact rational arithmetic if the
input is integer or rational.
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from resources306 import *
= [[7,7,0],[-7,7,0],[0,0,13]]

np.linalg.eig(A)
(array([ 7.+7.3, 7.-7.j, 13.+0.j1),

array([[0. -9.70710678j, 0. +0.70710678],
0. +0. ] 1,
[0.70710678+0. , 0.70710678-0. j ,
0. +0.7 1,
[0 +0.7 , 0. -0.j ,
1 +0.] 11))

sp.Matrix(A).eigenvects()

0 i —i
13, 1, 0 . T-"Ti, 1, 1 , T+7i, 1, 1
1 0 0

B = [[5,5],[0,5]]

np.linalg.eig(B)

(array([5., 5.]), array([[ 1.00000000e+00, -1.00000000e+00],
[ 0.00000000e+00, 2.22044605e-1611))

sp.Matrix(B) .eigenvects()

G L]

¢ =[[3,0],[0,3]]

np.linalg.eig(C)

(array([3., 3.1), array([[1l., 0.1,
(0., 1.11))

sp.Matrix(C).eigenvects()

G L] D
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3.4.5 Exercises

Exercise 3.4.5 (easy): Let A be a 3 X 3 matrix with an eigenvalue of 3 and a corresponding
eigenvector U = [—;1] Find Av.

Exercise 3.4.6:

a) Find the general solution of x| = 2x1, x, = 3x using the eigenvalue method (first write the
system in the form X' = 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| = 3x1 + x2, x;, = 2x1 + 4x; using the eigenvalue
method.

Exercise 3.4.8: Find the general solution of x| = x1 — 2x2, x;, = 2x1 + X2 using the eigenvalue
method. Do not use complex exponentials in your solution.

Exercise 3.4.9:

9 -2 -6
a) Compute eigenvalues and eigenvectors of A = [;g 3 8 ]

b) Find the general solution of X’ = AX.

i, N

—_
—

Exercise 3.4.10: Compute eigenvalues and eigenvectors of [ 33 21 (1) ]
b
Exercise 3.4.11: Leta,b,c,d, e, f be numbers. Find the eigenvalues of llé g ;l
Exercise 3.4.101:
103
a) Compute eigenvalues and eigenvectors of A = [—21 01 ]

b) Solve the system X' = AX.

Exercise 3.4.102:
a) Compute eigenvalues and eigenvectors of A = [_1 (1)]
b) Solve the system X’ = AX.

Exercise 3.4.103: Solve x’

_ ,_ : .
1 = X2, x5, = x1 using the eigenvalue method.

Exercise 3.4.104: Solve x| = x7, x5, = —x1 using the eigenvalue method.

Exercise 3.4.151: Solve each of the following systems by the eigenvalue method. If ICs are given,
find the particular solution to the system. If no ICs are given, find the general solution. Write all
solutions in vector form.



3.4. EIGENVALUE METHOD 159

a) xj =3x1— X2, X5 =7x1 —5x2

=4x1 +x2, X5 = 6x1 — X2

= x1— X2, X5 = 5x1 — 3x2

d) x] = —-2x1+5x2, x5 = —6x1 +9x2; x1(0) =1, x2(0) =3
=3x1 +4xp, x5 = —5x1 +7x2

f) x]=-x1—x2, x; =5x1 +x2; x1(0) = =2, x2(0) = 1

§) x] = —4x1 +x3, x5 = 2x1 — 3x2; x1(0) = 2, x2(0) = -3

h) x| =—-x1—2x2, x5 =9x1 +5x;

’

5 = —2x1 — X2

i) x]=x1+5x2, x

J) x1=5x1+7x2, xj = —2x1 — 4x2; x1(0) = =2, x,(0) = -3
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3.5 Two-dimensional systems and their vector fields

Note: 1 lecture, part of §6.2 in [EP], 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 use
coordinates (x, v) for the plane as usual, and suppose P = [ﬁ b ] is a 2 X 2 matrix. Consider

the system
e | 09

The system is autonomous (compare this section to § 1.6) and so we can draw a vector field
(see the end of § 3.1). 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. For
this section, we assume that P has two eigenvalues and two corresponding eigenvectors.

Case 1. Suppose that the eigenvalues of P are real and positive. We find two corre-
sponding eigenvectors and plot them in the plane. For example, take the matrix [ e ] . The
eigenvalues are 1 and 2 and corresponding eigenvectors are [(1)] and H ] See Figure 3.4.

Suppose the point (x, y) is on the line
determined by an eigenvector 7 for an eigen-
value A. That is, [’y‘] = a0 for some scalar
a. Then

mﬂ?m = P(a?) = a(P7F) = aA3. 4

The derivative is a multiple of ¥ and hence
points along the line determined by 7. As
A > 0, the derivative points in the direction | .} kN
of ¥ when « is positive and in the oppo-
site direction when « is negative. Let us | s E E ) i . 3
draw the lines determined by the eigenvec-
tors, and let us draw arrows on the lines to
indicate the directions. See Figure 3.5 on the facing page.

We fill in the rest of the arrows for the vector field and we also draw a few solutions.
See Figure 3.6 on the next page. 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.

E 2 -1 0 1 2
3 T T T T T 3

Figure 3.4: Eigenvectors of P.

Case 2. Suppose both eigenvalues are negative. For example, take the negation of the
matrix in case 1, [ o ] 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 3.7 on the facing page. We call this kind of picture a sink or a stable node.

Case 3. Suppose one eigenvalue is positive and one is negative. For example the matrix
[4 1] The eigenvalues are 1 and —2 and corresponding eigenvectors are [ | and [ 4 ].
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2
= 3

-3

2
-3

Figure 3.6: Example source vector field with eigen-

vectors and solutions.

Figure 3.5: Eigenvectors of P with directions.
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Figure 3.8: Example saddle vector field with eigen-

vectors and solutions.

Figure 3.7: Example sink vector field with eigen-

vectors and solutions.

We reverse the arrows on one line (corresponding to the negative eigenvalue) and we

obtain the picture in Figure 3.8. We call this picture a saddle point.

For the next three cases we will assume the eigenvalues are complex. In this case the

eigenvectors are also complex and we cannot just plot them in the plane.

[ % §]- The eigenvalues turn out to be +2i and eigenvectors

|. Consider the eigenvalue 2i and its eigenvector | J;|. The real and

Case 4. Suppose the eigenvalues are purely imaginary. That is, suppose the eigenvalues

9]
A, =
- (¢}
Q =
= IS
Qi
£~ g
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=~ © Z
. — @©
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o &g
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We can take any linear combination of them to get other solutions, which one we take
depends on the initial conditions. Now note that the real part is a parametric equation for
an ellipse. Same with the imaginary part and in fact any linear combination of the two.
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 3.9.

&
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Tt vyl NN Ao » A 4 AR
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Figure 3.9: Example center vector field. Figure 3.10: 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 = [ }, 1|. The eigenvalues
turn out to be 1 + 2i and eigenvectors are [211 ] and [ —121‘ ] . We take 1 + 2i and its eigenvector

[ ;] and find the real and imaginary parts of GeI*2)" are

1 ; cos(2t) 1 - sin(2tf)
(1+20)t _ ,t (1+2i)t _ ¢
Re [21'] ‘ ‘ [—2 sin(Zt)] o Im lzil ¢ ¢ [2 cos(2t)|

Note the e’ in front of the solutions. The solutions grow in magnitude while spinning
around the origin. Hence we get a spiral source. See Figure 3.10.

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 = [ ! 1]. The
eigenvalues turn out to be —1 + 2i and eigenvectors are [—121‘] and [211 ] We take -1 - 2i
and its eigenvector [211 ] and find the real and imaginary parts of ge("1"2! are

cos(2t) l m l 1] SC1-20) _ et l— sin(2t)l
’ 2i )

2i

1 .
(-1-2i)t _ ,—t
Re[ l ¢ ¢ 2 sin(2t) 2 cos(2t)

Note the e~ in front of the solutions. The solutions shrink in magnitude while spinning
around the origin. Hence we get a spiral sink. See Figure 3.11 on the facing page.
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Figure 3.11: Example spiral sink vector field.

We summarize the behavior of linear homogeneous two-dimensional systems given by
a nonsingular matrix in Table 3.1. Systems where one of the eigenvalues is zero (the matrix
is singular) come up in practice from time to time, see Example 3.1.2 on page 131, and the
pictures are somewhat different (simpler in a way). See the exercises.

Eigenvalues Behavior

source / unstable node
sink / stable node

real and both positive
real and both negative

real and opposite signs

purely imaginary

complex with positive real part
complex with negative real part

saddle

center point / ellipses
spiral source

spiral sink

Table 3.1: Summary of behavior of linear homogeneous two-dimensional systems.

3.5.1 Exercises

>

Exercise 3.5.1: Take the equation mx"” + cx’ + kx = 0, with m > 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.

c) Can you explain from physical intuition why you do not get all the different kinds of behavior
here?
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Exercise 3.5.2: What happens in the case when P = [(1] 1 ] ? In this case the eigenvalue is repeated

and there is only one independent eigenvector. What picture does this look like?

Exercise 3.5.3: What happens in the case when P = [11]? Does this look like any of the pictures
we have drawn?

Exercise 3.5.4: Which behaviors are possible if P is diagonal, that is P = [S 9 ]? You can assume
that a and b are not zero.

Exercise 3.5.5: Take the system from Example 3.1.2 on page 131, x] = ;(x2— x1), Xy = v (x1—x2).
As we said, one of the eigenvalues is zero. What is the other eigenvalue, how does the picture look
like and what happens when t goes to infinity.

Exercise 3.5.101: Describe the behavior of the following systems without solving:
g) x’:x+yl y’:x—y, b) x1=x1+x2, xé=2xz.
) Xy =-2x, x}=2x. d) x’=x+3y, y =-2x-4y.
e) x'=x—-4y, y =-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: Tuake [ﬁ], = [8 (1]] [ﬂ Draw the vector field and describe the behavior. Is it
one of the behaviors that we have seen before?
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3.6 Second order systems and applications

Note: more than 2 lectures, §5.4 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 m1, m,, and m3 and
the spring constants are ki, k2, k3, and k4. Let x1 be the displacement from rest position of
the first mass, and x; and x3 the displacement of the second and third mass. We make, as
usual, positive values go right (as x; grows, the first mass is moving right). See Figure 3.12.

k1 ko

Figure 3.12: System of masses and springs.

k3 ky

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 system
above with many more masses, we obtain a good approximation to how an elastic material
behaves. 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, the force acting
on the mass equals the spring compression times the spring constant. By Newton’s second
law, force is mass times acceleration. So if we sum the forces acting on each mass, put the
right sign in front of each term, depending on the direction in which it is acting, and set
this equal to mass times the acceleration, we end up with the desired system of equations.

myxy = —kixq + ka(x2 — x1) = —(k1 + ko)x1 + koxy,
moxy = —ka(xo — x1) + ka(x3 —x2) = koxy — (ko + k3)x2 + kzx3,
maxy = —ks(x3 — x2) — kaxs = ksxpy — (k3 + kq)x3.

We define the matrices

mp O 0 —(ky + kp) ko 0
M=10 my O and K = ko —(ky + k3) ks .
0 0 ms3 0 ks —(k3 + k4)
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We write the equation simply as
MXx"” = KX.

At this point we could introduce 3 new variables and write out a system of 6 first order
equations. We claim this simple setup is easier to handle as a second order system. We 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 want to “divide by M.” This means computing the inverse
of M. The masses are all nonzero and M is a diagonal matrix, so computing the inverse is
easy:

M1=|0 X 0
0o o L

m3

This fact follows readily by how we multiply diagonal matrices. As an exercise, you should
verify that MM~ = MM = I.

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

X = ve®,

2

We compute that for this guess, X" = a?ve®!. We plug our guess into the equation and get
p g plug g q g

a’Be = Age™.

We divide by e%! to arrive at a?% = AU. Hence if a? is an eigenvalue of A and 7 is a
corresponding eigenvector, we have found a solution.

In our example, and in other common applications, A has only real negative eigenvalues
(and possibly a zero eigenvalue). So we 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 a = +iw. The solution we guessed was

X = U (cos(wt) + i sin(wt)).

By taking the real and imaginary parts (note that v is real), we find that ¢ cos(wt) and
v sin(wt) are linearly independent solutions.

If an eigenvalue is zero, it turns out that both ¢ and vt are solutions, where 0 is an
eigenvector corresponding to the eigenvalue 0.
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Exercise 3.6.2: Show that if A has a zero eigenvalue and T is a corresponding eigenvector, then
X = 0(a + bt) is a solution of X" = AX for arbitrary constants a and b.

Theorem 3.6.1. Let A be a real n X n matrix with n distinct real negative (or zero) eigenvalues we

denote by —w?i > —w3 > -+ > —w?, and corresponding eigenvectors by v, Ua, ..., Uy. If A'is

invertible (that is, if w1 > 0), then

X(t) = Z ¥i(a; cos(wit) + b; sin(wit)),

i=1

is the general solution of
X" = AX,

for some arbitrary constants a; and b;. If A has a zero eigenvalue, that is w1 = 0, and all other
eigenvalues are distinct and negative, then the general solution can be written as

n
#(t) = Bu(ar + bat) + . 5i(a; cos(wit) + by sin(wit)).
i=2

We 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 only 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: Consider the setup in Figure 3.13, with m; = 2kg, mp = 1kg, k1 = 4N/m,
and k2 = 2N/m.

Figure 3.13: System of masses and springs.

The equations we write down are

2 Of/'_
01 B

-(4+2) 2|,
2 2"

or
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We find the eigenvalues of A to be A = -1, -4 (exercise). We find corresponding
eigenvectors to be [%] and [_11] respectively (exercise).
We check the theorem and note that w1 = 1 and w, = 2. Hence the general solution is

_11 (a2 cos(2t) + by sin(2t)).

X = Bl (a1 cos(t) + by sin(t)) +

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 first natural
frequency is 1, and second natural frequency is 2. The two modes are plotted in Figure 3.14.

0.0 2.5 5.0 7.5 10.0 0.0 2.5 5.0 7.5 10.0

L L L L
0.0 25 5.0 75 10.0

Figure 3.14: The two modes of the mass-spring system. In the left plot the masses are moving in unison
and in the right plot are masses moving in the opposite direction.

Let us write the solution as

S 1 1
X = [2l ci1cos(t —aq) + _1l cp cos(2t — ap).

The first term,
1 c1cos(t — aq)
c t— =
[2] 1cos(t —a) [2c1 cos(t —aq)|’
corresponds to the mode where the masses move synchronously in the same direction.
The second term,

cp cos(2t — ap)
—cpcos(2t —ap)|”’

|_11] cp cos(2t — ap) = l

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. As an example, suppose we have

initial conditions
N 1 |0
x(0) = [_J , x'(0) = |6l .
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We use the a;, b; constants to solve for initial conditions. First

450+ 2]

We solve (exercise) to find a1 = 0, ap = 1. To find the b1 and b;, we differentiate first:

ai + ap

ai +
1 2611—112

X = [;] (—aq sin(t) + by cos(t)) + _11] (—2a2 sin(2t) + 2b; cos(2t)).

- .

Again solve (exercise) to find b1 = 2, b, = —1. So our solution is

Now we solve:
1

b1+ 1

ES

b1 + 2b2
2by —2by |

1 _ 2sin(t) + cos(2t) — sin(2t)
—1] (cos(2t) = sin(21)) = [4 sin(t) — cos(2t) + sin(2t) |

X = Bl 2sin(t) +

The graphs of the two displacements, x1 and x; of the two carts is in Figure 3.15.

I I I
0.0 25 5.0 75 10.0

Figure 3.15: Superposition of the two modes given the initial conditions.

Example 3.6.2: We have two toy rail cars. Car 1 of mass 2 kg is traveling at 3 m/s 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 3.16 on the next page.

We want to ask several questions. 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 t = 0 be the time when the two cars link up. Let x1
be the displacement of the first car from the position at t = 0, and let x, be the displacement
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—_—
k

Figure 3.16: The crash of two rail cars.

10 meters

of the second car from its original location. Then the time when x,(t) = 10 is exactly the
time when impact with wall occurs. For this ¢, x7(t) 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].
0 1]* T2 -2

¥ = -1 1 3
12 2|7
We compute the eigenvalues of A. It is not hard to see that the eigenvalues are 0 and
-3 (exercise). Furthermore, eigenvectors are H] and [_12] respectively (exercise). Then

or

(a1 + b1t) +

1l(azcos(xﬂ§t)+-bzsin(\ﬂ§t))

w1 =0, wy = V3, and by the second part of the theorem the general solution is
-2

. [
=l
| e+ bit+a cos(\/§ t) + by sin(\/§ t)

a1 + bit —2a5 cos(V3 ) = 2bysin(V3 1) |

We now apply the initial conditions. First the cars start at position 0 so x1(0) = 0 and
x2(0) = 0. The first car is traveling at 3m/s, so x{(0) = 3 and the second car starts at rest, so
x5(0) = 0. The first conditions says

a1+ ar
a1 — Zﬂz

0= %(0) =

It is not hard to see that a1 = a, = 0. We seta; = 0 and a, = 0 in X(¢) and differentiate to get

Y(t) = b1 + V3 by cos(V31) l
= b1 —2V3bycos(V3 )|
So 7
3 o _ b1 + V3 b,
[Ol =+0)= 51—2\/5192].
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Solving these two equations we find by =2 and by = % Hence the position of our cars is
(until the impact with the wall)

X =

2t + % sin(V3 )
2t — % sin(vV3 )|’

Note how the presence of the zero eigenvalue resulted in a term containing ¢. This means
that the cars 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
xo(t) =2t — % sin(V3t). See Figure 3.17 for the plot of x, versus time.

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,(t) = 2t — % sin(V3t). Using

a computer (or even a graphing calculator) we find that ¢jmpact ~ 5.22 seconds.

’

The speed of the second car is x; =
0 1 2 3 4 5 6

2 —2cos(V31). At the time of impact (5.22 i ‘ ‘ : : ‘ 1.
seconds from ¢ = 0) we get x/ (timpact) ~ 3.85.

The maximum speed is the maximum of
2 — 2cos(V3t), which is 4. We are traveling
at almost the maximum speed when we hit
the wall.

Suppose that Bob is a tiny person sitting
on car 2. Bob has a Martini in his hand and
would like not to spill it. Let us suppose
Bob would not spill his Martini when the 0 i : 3 ; : :
first car links up with car 2, but if car 2 hits Figure 3.17: Position of the second car in time
the wall at any speed greater than zero, Bob (ignoring the wall).
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 at? A distance such that the impact with the wall is
at zero speed?

The answer is yes. Looking at Figure 3.17, we note the “plateau” between t = 3 and
t = 4. There is a point where the speed is zero. To find it we solve x}(¢) = 0. This is when

cos(V3t) = 1 or in other words when t = 22,42 and so on. We plug in the first value

\/5 7 \/3 7
to obtain x» (2—”) = 4% ~ 7.26. So a “safe” distance is about 7 and a quarter meters from

V3] V3
the wall.
Alternatively Bob could move away from the wall towards the incoming car 2, where

another safe distance is x; (4—”) = 82 ~ 14.51 and so on. We can use all the different ¢ such

Vi) T s

that x7(t) = 0. Of course t = 0 is also a solution, corresponding to x, = 0, but that means
standing right at the wall.
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3.6.3 Forced oscillations

Finally we move to forced oscillations. Suppose that now our system is
¥’ = AX + F cos(wt). (3.4)

That is, we are adding periodic forcing to the system in the direction of the vector F.

As before, this system just requires us to find one particular solution ¥,, add it to the
general solution of the associated homogeneous system X., and we will have the general
solution to (3.4). Let us suppose that w is not one of the natural frequencies of X" = AX,
then we can guess

Xp = C cos(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 ¥,. This is really just the method of
undetermined coefficients for systems. Let us differentiate X, twice to get

X, = —w?Ccos(wt).
Plug ¥, and ¥}, into equation (3.4):

> -
xp Axp

—w?¢ cos(wt) = AZ cos(wt) +F cos(wt).
We cancel out the cosine and rearrange the equation to obtain
(A + )¢ = -F.

So
Z=(A+ ) (=F).
Of course 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  is not a
natural frequency of the system.
We simplified things a little bit. If we wish to have the forcing term to be in the units of
force, say Newtons, then we must write

M’ = K% + G cos(wt).
If we then write things in terms of A = M ~1K, we have
¥ = M71KZ + MG cos(wt) or ¥ = AX + F cos(wt),

where E= M_lé.

Example 3.6.3: Let us take the example in Figure 3.13 on page 167 with the same parameters
as before: my =2, mp =1, k1 =4, and ko = 2. Now suppose that there is a force 2 cos(3t)
acting on the second cart.
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The equation is

2 0[5, |-4 2

01" T2 -2
We solved the associated homogeneous equation before and found the complementary
solution to be

-3 1
2 =2

0
2

-

X+ X + || cos(3t).

g cos(3t) or X’ = |

Xo = Bl (a1 cos(t) + by sin(t)) + _11] (a2 cos(2t) + by sin(2t)).

The natural frequencies are 1 and 2. As 3 is not a natural frequency, we try ¢ cos(3t).
We invert (A + 3%I):
-3 1
2 =2

Lo [Z A70 1
C=(A+w’) (-F)= lf‘; 4301 l l = [Egl .
o w172 1%
Combining with the general solution of the associated homogeneous problem, we get

1

- -1 7 -1

6 1 L =

2 _ _ |20 20
20 20

Hence,

that the general solution to ¥’ = AX + F cos(wt) is

1

20
-3
0

5 | cos(3t).
T

1
_1l (a2 cos(2t) + by sin(2t)) +

1
X=X +X,= [2] (a1 cos(t) + by sin(t)) +

We then solve for the constants a1, a5, b1, and b, using any initial conditions we are given.

Note that given force ]? , we write the equation as Mx” = KX + f to get the units right.
Then we write ¥ = M™'K¥ + M~ f. The term § = M~! f in ¥ = A% + § is in units of force
per unit mass.

If w is a natural frequency of the system, resonance may occur, because we will have to
try a particular solution of the form

X, = Ctsin(wt) + d cos(wt).

That is assuming that the eigenvalues of the coefficient matrix are distinct. Next, note that
the amplitude of this solution grows without bound as ¢t grows.

3.6.4 Exercises

Exercise 3.6.3: Find a particular solution to
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Exercise 3.6.4 (challenging): Let us take the example in Figure 3.13 on page 167 with the same
parameters as before: my = 2, k1 = 4, and ky = 2, except for my, which is unknown. Suppose
that there is a force cos(5t) acting on the first mass. Find an my 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 169, but that at time of impact, car 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 3.13 on page 167 with parameters my = mp =1,
k1 = 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.

1007 - 30 07 2t
Exercise 3.6.101: Find the general solution to [8 %g] x" = [ 2 4 03] X+ [“’sé )].
- 0

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, §5.5 in [EP], §7.8 in [BD]

It may happen that a matrix A has some “repeated” eigenvalues. That is, the character-
istic equation det(A — AI) = 0 may have repeated roots. 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), we get a matrix with distinct eigenvalues. As any system we want to solve in
practice is an approximation to reality anyway, it is not absolutely indispensable to know
how to solve these corner cases. On the other hand, these cases do come up in applications
from time to time. Furthermore, if we have distinct but very close eigenvalues, the behavior
is similar to that of repeated eigenvalues, and so understanding that case will give us
insight into what is going on.

3.7.1 Geometric multiplicity

Take the diagonal matrix
30
)

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, [(1)] and [(1)] 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, X’ = AX has the

general solution
-1 0 3
X=c1 lo 1] e’

Let us restate the theorem about real eigenvalues. In the following theorem we will repeat
eigenvalues according to (algebraic) multiplicity. So for the matrix A above, we would say
that it has eigenvalues 3 and 3.

e+ oy

Theorem 3.7.1. Suppose the n X n matrix P has n real eigenvalues (not necessarily distinct), A1,
Az, ..., Ay, and there are n linearly independent corresponding eigenvectors 01, Uy, . .., Uy. Then
the general solution to X’ = PX can be written as

Aot Ant

X = c101e™M + cptpe™t + -+ 0, Tye
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. The theorem handles the case when
these two multiplicities are equal for all eigenvalues. If for an eigenvalue 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 7 linearly independent eigenvectors and thus
we have the given general solution.

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 = |3 | we could also pick eigenvectors |1 | 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 A7 = A7. We
pick specific values for those free variables to obtain 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 7 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.

Example 3.7.1: The matrix

3 1]

0 3|

has an eigenvalue 3 of algebraic multiplicity 2. Let us try to compute eigenvectors.
01 221— _ =
[O 0] [Uz_ =0.

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 coefficient matrix.

Roughly, the key observation is that if A is an eigenvalue of A of algebraic multiplicity
m, then we can find certain m linearly independent vectors solving (A — AI)*3 = 0 for
various powers k. We will call these generalized eigenvectors.

Let us continue with the example A = [} 1] and the equation ¥’ = AX. We found an
eigenvalue A = 3 of (algebraic) multiplicity 2 and defect 1. We found one eigenvector
¢ = [ {]- We have one solution

We are now stuck, we get no other solutions from standard eigenvectors. But we need two
linearly independent solutions to find the general solution of the equation.
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Let us try (in the spirit of repeated roots of the characteristic equation for a single
equation) another solution of the form

Xp = (52 + 51t) e3t,
We differentiate to get
J_CZ = 1_51631’L + 3(57_ + 51i’) et = (352 + 771) et + 351t€3t.
As we are assuming that X, is a solution, X, must equal AX». So let’s compute AXo:
AXy = A(T_}z + 51t) et = A772€3t + A51t€3t.

By looking at the coefficients of ¢ and te3' we see 30, + U1 = A%, and 351 = A%;. This
means that
(A - 31)52 = 51, and (A - 31)51 =0.

Therefore, X; is a solution if these two equations are satisfied. The second equation is
satisfied if 77 is an eigenvector, and we found the eigenvector above, so let 77 = [6] So, if
we can find a v, that solves (A — 3I)0, = 71, then we are done. This is just a bunch of linear
equations to solve and we are by now very good at that. Let us solve (A — 3I)v, = v1. Write

0 1||af| |1

0 0|[b| 0]
By inspection we see that letting 2 = 0 (a2 could be anything in fact) and b = 1 does the job.
Hence we can take 0, = [{]. Our general solution to ¥’ = A¥ is

1 c13t + cotedt
i’) e3t = l 1 €3t2 .

+
0 Co

f:cll(l) e3t+cz((1)

Let us check that we really do have the solution. First x] = 133 +c2e% +3cate3 = 3x7 +x».
Good. Now x/, = 3c2e% = 3x;. Good.

In the example, if we plug (A — 31)7, = 3; into (A — 31)3; = 0 we find
(A-31)(A-30)3,=0, or (A-3I)7>% =0.

Furthermore, if (A — 31)w # 0, then (A - 3I)w is an eigenvector, a multiple of 71. In this
2 x 2 case (A—3I )2 is just the zero matrix (exercise). So any vector w solves (A — 31 )ZZT) =0
and we just need a @ such that (A — 3[)w # 0. Then we could use @ for 7>, and (A — 3)@
for 7.

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.
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Exercise 3.7.1: Solve X’ = [8 %] X by first solving for xp and then for x1 independently. Check
that you got the same solution as we did above.

Let us describe the general algorithm. Suppose that A is an eigenvalue of multiplicity 2,
defect 1. First find an eigenvector 71 of A. That is, 71 solves (A — AI)7; = 0. Then, find a
vector U, such that

(A= ADv, = 1.

This gives us two linearly independent solutions

551 = 516“,
X = (D2 + 1t) e,
Example 3.7.2: Consider the system
2 50
=10 2 0|x
-1 4 1

Compute the eigenvalues,

2-A -5 0
O=detA—Al)=det|| 0 2-A 0 [|=@2-1)>*1-27).
-1 4 1-A
The eigenvalues are 1 and 2, where 2 has multiplicity 2. We leave it to the reader to find
that [%] is an eigenvector for the eigenvalue A = 1.
Let’s focus on A = 2. We compute eigenvectors:

0 -5 0 01
0=(A-2D3=|0 0 O0/]|v].
-1 4 -1]|vs

The first equation says that v, = 0, so the last equation is —v1 — v3 = 0. Let v3 be the free

1
variable to find that v1 = —v3. Perhaps let v3 = —1 to find an eigenvector [ 0 ] Problem is

that setting v3 to anything else just gets multiples of this vector and so we have a defect of
1. Let 71 be the eigenvector and let’s look for a generalized eigenvector p:

(A - 21)52 = 51/

0 -5 0]]a 1
0 0 O0]|fp|=|(0],
-1 4 -1f|c -1

where we used 4, b, ¢ as components of 7 for simplicity. The first equation says —5b = 1
so b = -1/5. The second equation says nothing. The last equation is —a + 4b — ¢ = -1, or
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a+4/5+c=1,ora+c =15 Welet c be the free variable and we choose ¢ = 0. We find
- 15
Uy = [1/5 l .

0

The general solution is therefore,

0 1 51 [1
¥=c1|0|ef +co| 0 |eX +c3||-1s5|+|0]|¢t]e?.
1 -1 0 -1

This machinery can also be generalized to higher multiplicities and higher defects. We
will not go over this method in detail, but let us just sketch the ideas. Suppose that A has
an eigenvalue A of multiplicity m. We find vectors such that

(A-AD5=0, but (A-AD"'5=0.

Such vectors are called generalized eigenvectors (then v = (A — AI )k_15 is an eigenvector).
For the eigenvector 77 there is a chain of generalized eigenvectors v, through 7y such that:

(A-AD3; =0,
(A - /\I)Z_;Z = 51/

(A = AD; = Bpy.

Really once you find the 7y such that (A — AI )5, = 0but (A — AT 15, 0, you find the
entire chain since you can compute the rest, vx_1 = (A — AI)T, Uk = (A — AI)Tx_1, etc.
We form the linearly independent solutions

J_C)l = 516“,

Xp = (52 + ?71t) EM,

. . o2 L k2 L Y

Xp = (vk+vk_1t+vk_25+---+vz(k_2)! +Ul(k—1)!) e’ .
Recall that k! =1-2-3---(k — 1) - k is the factorial. If you have an eigenvalue of geometric
multiplicity ¢, you will have to find ¢ such chains (some of them might be short: just the
single eigenvector equation). We go until we form m linearly independent solutions where
m is the algebraic multiplicity. We don’t quite know which specific eigenvectors go with
which chain, so start by finding oy first for the longest possible chain and go from there.

For example, if A is an eigenvalue of A of algebraic multiplicity 3 and defect 2, then
solve
(A-ADB1=0, (A-ADBr =31, (A—-AI)T;=Ds.
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That is, find 73 such that (A — AI)*35 = 0, but (A — AI)*33 # 0. Then you are done as
Uy = (A — Al)U3 and 71 = (A — AI)¥,. The 3 linearly independent solutions are

- - - - — - - t
X1 = v1e’, X2 = (T2 + O1t) e, X3 = (03 + Dot + Ul?) eM.

If on the other hand A has an eigenvalue A of algebraic multiplicity 3 and defect 1, then

solve _ R
(A- A7, =0, (A-AD7y =0, (A - ADT3 = 0y.

Here 71 and 0, are actual honest eigenvectors, and 03 is a generalized eigenvector. So

there are two chains. To solve, first find a 73 such that (A — AI)*33 = 0, but (A — AI)35 # 0.
Then 7, = (A — AI)73 is going to be an eigenvector. Then solve for an eigenvector v; that is
linearly independent from 7. You get 3 linearly independent solutions

X1 = 51€At, Xy = ’(726“, J_C)3 = (53 + 52t)€/‘t.

3.7.3 Exercises

Exercise 3.7.2: Let A = |3 =3 |. Find the general solution of X' = AX.

5 —4 4
Exercise 3.7.3: Let A = [ 02 i 01].

a) What are the eigenvalues?
b) What is/are the defect(s) of the eigenvalue(s)?

c) Find the general solution of X' = AX.
Exercise 3.7.4: Let A = [% ; 8].
002

a) What are the eigenvalues?
b) What is/are the defect(s) of the eigenvalue(s)?

¢) Find the general solution of X' = AX in two different ways and verify you get the same ansuwer.

Exercise 3.7.5: Let A = [—01 —12 —22]
-4.4 7

a) What are the eigenvalues?
b) What is/are the defect(s) of the eigenvalue(s)?

c) Find the general solution of X' = AX.
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Exercise 3.7.6: Let A = [—21 —§4 _12].
a) What are the eigenvalues?

b) What is/are the defect(s) of the eigenvalue(s)?

c) Find the general solution of X' = AX.
Exercise 3.7.7: Let A = [—2% 02 ]

a) What are the eigenvalues?

b) What is/are the defect(s) of the eigenvalue(s)?

¢) Find the general solution of X’ = AX.

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 = H % ﬂ
a) What are the eigenvalues?
b) What is/are the defect(s) of the eigenvalue(s)?
¢) Find the general solution of X' = AX.
Exercise 3.7.102: Let A = [_%1 ? §]

a) What are the eigenvalues?
b) What is/are the defect(s) of the eigenvalue(s)?

¢) Find the general solution of X’ = AX.
Exercise 3.7.103: Let A = [—il :0% g].

a) What are the eigenvalues?

b) What is/are 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 ¢ are unknowns. Suppose that 5 is a doubled
eigenvalue of defect 1, and suppose that [(1) ] is a corresponding eigenvector. Find A and show that
there is only one such matrix A.
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Exercise 3.7.151: Find the general solution in vector form to each of the following systems. If ICs
are given, find the particular solution. Classify the critical point for each system, then sketch the
qualitatively- different solution curves for the general solution.

4

=9xq1 + 4xy, x5 = —4x1 + x»

b) x7 = —=5x1+x2, x; = —x1 — 3x2

c) xj =—x1—2x2, x5 =2x1 = 5x2; x1(0) = =1, x2(0) = 3
= 6x1 + X2, X, = —x1 +8x2; x1(0) = =2, x2(0) =5
e) X7 =7x1+x2, x5 = —4x1 + 3x2

f) x]=-8x1—x2, x), =4x1 —4x2
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3.8 Matrix exponentials

Note: 2 lectures, §5.6 in [EP], §7.7 in [BD]

3.8.1 Definition

There is another way of finding a fundamental matrix solution of a system. Consider the
constant coefficient equation
= PX.

If this would be just one equation (when P is a number or a 1 X 1 matrix), then the solution
would be

X =et.
That doesn’t make sense if P is a larger matrix, but essentially the same computation that
led to the above works for matrices when we define e”! properly. First let us write down

the Taylor series for e?! for some number a:

=1 4at+

(at)®  (at)® (at) - at)
2 76 ;

Recall k! =1-2-3---k is the factorial, and 0! = 1. We differentiate this series term by term
312 443 3
d . . o,  a’t?  att ( (at)*  (at) +---):ae‘”

E(e ):0+a+at+T+T+- Ltat+—=+—

Maybe we can try the same trick with matrices. For an n X n matrix A we define the matrix
exponential as

A def 1 2 1 3 1 k
[+A+-A+-A + A"+
2 6 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
7

e'’) = Pe'”.

Now P and hence e!? is an n x n matrix. What we are looking for is a vector. 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 X’ = PX is

X =ell?,

where ¢ is an arbitrary constant vector. In fact, X(0) = C.
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Let us check: p p
—x=—(e"c)=Pe’c=Px.
it = ar )
Hence e'! is a fundamental matrix solution of the homogeneous system. So if we can

compute the matrix exponential, we have another method of solving constant coefficient
homogeneous systems. It also makes it easy to solve for initial conditions. To solve ¥’ = AX,

%(0) = b, we take the solution
X =e!b.

This equation follows because ¢%4 = I, so X(0) = e04p = .

We mention a drawback of matrix exponentials. In general e*8 # e4eB. The trouble is
that matrices do not commute, that is, in general AB # BA. If you try to prove eA*8 # ¢/e8
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 ¢4*8 = ¢4eB,
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 eA+B = oAeB  Otherwise, eA*E # e4eB 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 = [g 2]. Then

k
k_ a 0
o= [y 3
and
P =[+D+ D2+ 1D3 4 ...
2 6

_[1 o], e of, 1]a* 0|, 1]a® O], ~_[e" O

0 1] |0 b 2|0 b*] 6|0 b7 0 et
So by this rationale

1_6 0 al _ e’ 0
e—lo el and e —lo eal.

This makes exponentials of certain other matrices easy to compute. For example, the
matrix A = [_51 ﬂ can be written as 31 + B where B = [_21 _42]. Notice that B2 = [8 8]. So
B¥ = 0 for all k > 2. Therefore, ¢? = I + B. Suppose we actually want to compute ‘4. The
matrices 3tI and tB commute (exercise: check this) and e*? = I + tB, since (tB)2 = t’B%2 = 0.
We write
(I+1tB) =

A 3tI+tB 3t _tB et
ptA = BtIHB _ 3t ,tB _

0
0 e3t
le3t 0

(1+2t)e3 4te3t
—ted3t  (1-2t)e3|"

0 e3t -t  1-2t

1+2t 4t l
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We found a fundamental matrix solution for the system ¥’ = AX. Note that this matrix has
a repeated eigenvalue with a defect; there is only one eigenvector for the eigenvalue 3. So
we 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 = AI, or A = AI + B where B2 = 0. This is a
good exercise.

Exercise 3.8.1: Suppose that A is 2 X 2 and A is the only eigenvalue. Show that (A — AD? =0,
and therefore that we can write A = AI + B, where B> = 0 (and possibly 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 usually cannot write a
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 two square matrices A and

B, with B invertible, we have
eBAB™ — BoAB-1,

This can be seen by writing down the Taylor series. First

(BAB™'Y’ = BAB™'BAB™! = BAIAB™! = BA2B™".

And by the same reasoning (BAB_l)k = BAFB~1. Now write the Taylor series for eBABT,

eBAP = 1+ BAB™! + %(BAB‘l)Z + %(BAB—lf .
1 1
=BB'+BAB ! + EBAZB-I n EBA3B‘1 4.

:B(I+A+%A2+%A3+---)B‘1

= BeAB7L.

Given a square matrix A, we can usually write A = EDE ~1 where D is diagonal and
E invertible. This procedure is called diagonalization. If we can do that, the computation
of the exponential becomes easy as eP is just taking the exponential of the entries on the
diagonal. Adding t into the mix, we can then compute the exponential

!t = Ee'PEL,
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To diagonalize A we need n linearly independent eigenvectors of A. Otherwise, this
method of computing the exponential does not work and we need to be trickier, but
we will not get into such details. Let E be the matrix with the eigenvectors as columns.
Let A1, A2, ..., A, be the eigenvalues and let 1, ¥, ..., U, be the eigenvectors, then

E=[01 Uy -+ 0y]. Make adiagonal matrix D with the eigenvalues on the diagonal:
Ay 0 - 0
0 Ay -~ 0
0 0 - A,

We compute

AE=A[B) By - ]
=[AD; ADr, - AT,
=[A01 AOr  -o- ApOy]
=[01 U2 -+ U,]|D
=ED.

The columns of E are linearly independent as these are linearly independent eigenvectors
of A. Hence E is invertible. Since AE = ED, we multiply on the right by E~! and we get

A =EDE™L

This means that e# = EeP E~1. Multiplying the matrix by t we obtain

eMt 0 ... 0
0 e/\Zt . e 0
et = Ee!PE1=E| | o C | E7L (3.5)
0 0 e/nt

The formula (3.5), therefore, gives the formula for computing a fundamental matrix solution
e'/ for the system ¥’ = AX, in the case where we have 7 linearly independent eigenvectors.

This computation still works when the eigenvalues and eigenvectors are complex,
though then you have to compute with complex numbers. 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 not for the result. 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 a fundamental matrix solution using the matrix exponential for

the system
x’_12 X
vl 12 1yl
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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 [ 1 ] and [ 4 ] . Hence the diagonalization

of A is
12] 1 1][3 o]t 1]
2 1|~ |1 -1||o -1||1 -1 -
~—— S N e N
A E D E-1
We write

e3t+eff e3t_eff
_ 2 2
e3t_e—t e3t+e—t .

The initial conditions are x(0) = 4 and y(0) = 2. Hence, by the property that ¢%4 = |

we find that the particular solution we are looking for is e!Ah where b is [‘21] Then the
particular solution we are looking for is

3t —t 3t_,—t — —
x| | S| (4] (263 207t 4 o3 -t
y = | g3t -t e3t_5€—t 2 = 283t—2€_t +e3t+€_t

3.8.4 Fundamental matrix solutions

3e3t _ e—t .

B l3e3t +et

We note that if you can compute a fundamental matrix solution in a different way, you can
use this to find the matrix exponential e!4. A fundamental matrix solution of a system of
ODEs is not unique. The exponential is the fundamental matrix solution with the property
that for t = 0 we get the identity matrix. So we must find the right fundamental matrix
solution. Let X be any fundamental matrix solution to X’ = AX. Then we claim

et = X(#) [X(0)] .

Clearly, if we plug t = 0 into X(¢)[X (0)]_1 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 are the arbitrary
constants in the general solution X(t) = X(t)c.
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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 e!4. So perhaps we did not
gain much by this new tool. However, the Taylor series expansion actually gives us a way
to approximate solutions, which the eigenvalue method did not.

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 = [%%]

5

B 7
2 6 3| _
i
1+t+32+ 848 244224748
2t +242+ 43 1+t+§t2+%t3l'

2 3

etAzI+tA+%A2+%A3:I+t + t2 + 3

21

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 ¢t = 0.1. The
approximate solution is approximately (rounded to 8 decimal places)

0.1 0.1 43 - l1.12716667 0.22233333l

0.1A Yo oA2 _
et xI+01A+ A"+ — 0.22233333 1.12716667

And plugging t = 0.1 into the real solution (rounded to 8 decimal places) we get

0.1A _

0.22251069 1.12734811

1.12734811 0.22251069l

Not bad at all! Although if we take the same approximation for t = 1 we get

Ls_ l6.66666667 6.33333333]

1 2
[+A+347+¢ 6.33333333  6.66666667

while the real value is (again rounded to 8 decimal places)

A _ |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).

*C. Moler and C.F. Van Loan, Nineteen Dubious Ways to Compute the Exponential of a Matrix, Twenty-Five
Years Later, STAM Review 45 (1), 2003, 3—49
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3.8.6 Exercises

Exercise 3.8.2: Using the matrix exponential, find a fundamental matrix solution for the system
x'=3x+y,y =x+3y.

Exercise 3.8.3: Find e'/ for the matrix A = [23].
ro= 7x1 + 4xy + 12x3,

1
X, = x1 4 2x2 + x3, xi, = =3x1 — 2xp — 5x3. Then find the solution that satisfies X(0) = [ (1)2 ]

Exercise 3.8.4: Find a fundamental matrix solution for the system x

2 3
Exercise 3.8.5: Compute the matrix exponential e? for A = [(1] %]
Exercise 3.8.6 (challenging): Suppose AB = BA. Show that under this assumption, eA*B = e4eB.

Exercise 3.8.7: Use Exercise 3.8.6 to show that ()" = e=A. In particular this means that e is
invertible even if A is not.

Exercise 3.8.8: Let A be a 2 X 2 matrix with eigenvalues —1, 1, and corresponding eigenvectors
1] [0
HaN
a) Find matrix A with these properties.
b) Find a fundamental matrix solution to X’ = AX.
c) Solve the system in with initial conditions X(0) = [%] .

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= [ 1.
a) Find e'4. b) Solve X' = AX, X(0) = [ L ].

Exercise 3.8.11: Let A = [% ﬁ] Approximate e'4 by expanding the power series up to the third
order.

Exercise 3.8.12: For any positive integer n, find a formula (or a recipe) for A" for the following
matrices:

30 5 2 01 21
AR Y Y O ]
Exercise 3.8.101: Compute e'* where A = | 1, 12].

2
Exercise 3.8.102: Compute e' where A = [—% 1 42;]

|
|
@D
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Exercise 3.8.103:
a) Compute ¢! where A = |3 7] b) Solve X' = AX for ¥(0) = [1].

Exercise 3.8.104: Compute the first 3 terms (up to the second degree) of the Taylor expansion of
!4 where A = [% %] (Write as a single matrix). Then use it to approximate e%14.

Exercise 3.8.105: For any positive integer n, find a formula (or a recipe) for A" for the following
matrices:

0|5 ) 25 g
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3.9 Nonhomogeneous systems

Note: 3 lectures (may have to skip a little), somewhat different from §5.7 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
T(h) = AT(H) + F(1),

where A is a constant matrix. The first method we look at is the integrating factor method.
For simplicity we rewrite the equation as

(1) + PE(t) = f(1),

where P = —A. We multiply both sides of the equation by e!” (being mindful that we are
dealing with matrices that may not commute) to obtain

PR (1) + P PE(t) = P £ (1).

We notice that Pe!f = ¢!PP. This fact follows by writing down the series definition of e!F:
y g

1 1
PefP=P(1+tP+§(tP)2+---)=P+tP2+§t2P3+---:

1
:(I+tP+§(tP)2+---)P:etPP.

So 4 (e'f) = Pe'? = ¢!PP. The product rule says

%(etpa?(t)) = o' PF/(t) + P PR(),

and so

%(etpf(t)) = e'P£(1).

We can now integrate. That is, we integrate each component of the vector separately
e!PE(t) = /e“’f(t)dt +2.
Recall from Exercise 3.8.7 that (e’ )_1 = ¢~tP. Therefore, we obtain

X(t) = e‘”’/e“’f(t)dt +e tPE.
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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. Consider the equation with initial conditions

¥(t) +P(t) = f(t),  %(0)=b.

The solution can then be written as

t - -
‘ X(t) = e"tP/ eP f(s)ds + e b, (3.6)

0

Again, the integration means that each component of the vector esP f (s) is integrated
separately. It is not hard to see that (3.6) really does satisfy the initial condition x(0) = b.

0
X(0) = e"OP/ ePf(s)ds +e b =1b = b.
0

Example 3.9.1: Suppose that we have the system

Xy +5x1 —3x = ¢,
x5 +3x1—x2=0,

with initial conditions x1(0) = 1, x2(0) = 0.
Let us write the system as

_ t
S [

The matrix P = [g j’] has a doubled eigenvalue 2 with defect 1, and we leave it as an
exercise to double check we computed e? correctly. Once we have e‘”’, we find e *7, simply
by negating t.

tP _

(1+3t)e?  -3te? p =3t 3te~2
3te?t (1-3t)e?|’ T | -3te? (1+3t)e?|”

Instead of computing the whole formula at once, let us do it in stages. First

/tespf(s)ds _ /t (1+43s)e?  —3se% l [esl is
0 0

3se?° (1-3s)e>||0
t
/

(1+3s)e>
3se3s ds
»fot(l +3s) e ds
fot 3se3 ds

te3t
= | 3t=1)¢¥ +1] (used integration by parts).
"3
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Then

t
X(t) = e_tp/ et f(s)ds + e b

0

[(1-3t)e™2t  3te
“3te 2t (1+43t)e72t| |Gtz 1)e3f+1

te=2 (1- 3t)e‘2t

g e en]+ [ S5
(1-2t)e 2

-5+ (5 -2t) e‘”l

(1 —3t)e % 3te™?t 1
—3te™?  (1+3t)e 2| |0

Phew!
Let us check that this really works.

X +5x1 = 3xp = (4t —de™) + 5(1 - 2H) e H +ef —(1-6t)e™ = ¢!

Similarly (exercise) x7, + 3x1 — x2 = 0. The initial conditions are also satisfied (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

% [efP(t)dt] " P(t)efp(t)dt,

because matrix multiplication is not commutative.

Eigenvector decomposition

For the next method, note that eigenvectors of a matrix give the directions in which the
matrix acts like a scalar. If we solve the system along these directions, the computations
are simpler as we treat the matrix as a scalar. We then put those solutions together to get
the general solution for the system.

Take the equation

() = AZ(t) + f(b). (3.7)
Assume A has n linearly independent eigenvectors 01, 0, . .., U,. Write
X(t) =01 &E1(t) + Do &) + -+ - + T En(2). (3.8)

That is, we wish to write our solution as a linear combination of eigenvectors of A. If we

solve for the scalar functions &; through &,,, we have our solution X. Let us decompose f
in terms of the eigenvectors as well. We wish to write

F(t) = 51 g1(t) + Ba ga(t) + -+ + B gu(1). (3.9)

That is, we wish to find g1 through g, that satisfy (3.9). Since all the eigenvectors are
independent, the matrix E = [01 02 --- 0y, ]isinvertible. Write the equation (3.9) as
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f = Eg, where the components of § are the functions g; through g,. Then § = E717.
Hence it is always possible to find § when there are 7 linearly independent eigenvectors.
We plug (3.8) into (3.7), and note that Aty = A,Ty:

[ AR 7

D1&EY+ 0o&h + -+ Tnéy = A (U181 + V2o + -+ + Up&y) + 0181 + 02Q2 + -+ + Tngn
= A51£1 +A52£2 + .- +A5nén + 51g1 + 52g2 + -0+ 5ngn
=01 &1 + 0oAo&o + - + U A&y + 0181 + Uag2 + -+ + Ongn
= 01(A1&1 + 1) + D2(A2&a + §2) + - + Tn(Aun + gn)-

If we identify the coefficients of the vectors ; through v, we get the equations

&l =M&+ g1,
& =M&r+ g,

5;1 =N &n + In-

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 the k' equation we write

Ep(t) = Akéi(t) = gi(t).

We use the integrating factor e ! to find that

%[&c(t)e‘“*] = e~ g(t).

We integrate and solve for & to get

Er(t) = eMt / e Mg (t)dt + Cre .

If we are looking for just any particular solution, we can set C to be zero. If we leave these
constants in, we get the general solution. Write X(t) = 01&1(¢) + 02&2(¢) + - - - + U, & (1), and
we are done.

As always, it is perhaps better to write these integrals as definite integrals. Suppose that
we have an initial condition ¥(0) = b. Take @ = E7'b to find b = 0141 + Toap + -+ - + Tuay,
just like before. Then if we write

¢
{ Ee(t) = eAkt/ e~ gr (s) ds + age,
0
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we get the particular solution X(t) = 01&1(t) + 02&a(t) + -+ - + U, &, (¢) satisfying X(0) = b,
because £i(0) = ay.
Let us remark that the technique we just outlined is the eigenvalue method applied to

nonhomogeneous systems. If a system is homogeneous, that is, if f = 0, then the equations
we get are & ]’{ = A&k, and so & = Cre*t are the solutions and that’s precisely what we got
in § 3.4.

Example 3.9.2: Let A = [13]. Solve ¥’ = AX + fwhere j?(t) =[%'] for X(0) = [_35//1166]

The eigenvalues of A are —2 and 4 and corresponding eigenvectors are [ 4 ] and [ 1 ]
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)

_| 11 R N |
E‘[—l 1]’ E _Ell 1]‘
] &o. We first need to write f
J=14]8+[1] 82 Thus

-

in terms of the eigenvectors. That is we wish to write f =

81| _ g1 2ef| 1|1 —1) [2ef|

o 26 2|1 1|2t
Sogi=e'—tand gp =ef +t.

We further need to write ¥(0) in terms of the eigenvectors. That is, we wish to write

X(0) = [ 316 ] =[4]a1+[}] a2 Hence

~5/16
| _ e Se ]| | 14
== 15l = L

So a1 = /4 and a, = ~1/16. We plug our X into the equation and get

We are looking for a solution of the form X = [ 4 ] &1+ [

el —t
el +¢

¥ AX f
1], [1]., 1 1 1
l_l 514_ 1 (SzzAl_l £1+A 1 §2+ -1 g1+ 1 82
1, 1 1 t L I
_l_ll( 289) + ||| 42+ _1] (e =)+ | (" +1)
We get the two equations

’ t L

&= 28 +et —t, where &1(0) = a1 = 1

Eh=4&r+el +t, where £(0) = a2 = 7.

16
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We solve with integrating factor. Computation of the integral is left as an exercise to the
student. You will need integration by parts.
E1=e 2t | 2 (e —t)dt + Cre™ = ¢ _t + 1 + Cpe 2
3 2 4 '
Cj is the constant of integration. As £1(0) = 1/4, then 1/4 = 1/34+1/44+ C; and hence C; = -1/.
Similarly
el t 1

&y =Mt /e““ (¢! + 1) dt + Cre = "3 TI1 16 + Cpe*t,

As &5(0) = -1/16 we have -1/16 = -1/3 — 1/16 + C, and hence C;, = 1/3. The solution is
t_ -2t _ 4t _ Lt e*_e2 | 312t
2(t) = 1 et —e +1 2t +1 e e _4t+1 _ _—2t34t_-|t-—16_ -
-1 3 4 1 3 16 et +e* -2 + 4t-5

3 16
&1 &2

2t L4t _n,t _
e “+e* -2e +4t5

) 4 -0t _
Thatis, x1 = &—— + 32l and x, = a =3

Exercise 3.9.1: Check that x1 and x; solve the problem. Check both that they satisfy the differential
equation and that they satisfy the initial conditions.

Undetermined coefficients

We also have the method of undetermined coefficients for systems. The only difference
here is that we have to use unknown vectors rather than just numbers. Same caveats apply
to undetermined coefficients for systems as for single equations. This method does not
always work. Furthermore, if the right-hand side is complicated, we 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 if done by hand. 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 ¥’ = AX + fwhere f(t) =[¢]
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
e

- H .
X = Q1 1 e "+ an

for some arbitrary constants a; and ax».
We would want to guess a particular solution of

X=ae' +bt+¢C.
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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 there is no conflict, but to be safe we should also try bte'. Here we find the
crux of the difference between a single equation and systems. We try both terms de’ and

bte! in the solution, not just the term bte!. Therefore, we try

¥ = el + bte! +
Thus we have 8 unknowns. We write a = Z;],E= [Z;],E’= E;],andj= [gé].Weplug

X into the equation. First let us compute X’.

X = (ﬁ+5)ef+5tet+5: a1+ by el + by tet + |1
ar + bz bz_ Co
Now ¥ must equal A% + f, which is
A%+ f = Ade' + Abte! + ACt+Ad + f

— —m t —01 t —C1 —dq ¢ |0
B l—2ﬂ1+612 e+ l—2b1+bzl te" + l—2C1+C2 b+ l—2d1+d2 * 0 e+ 1 t
|+l —b1 t —C1 —dq
B [—2a1+a2 e+ [—2b1+b2 te + —2c1+cr+1 b+ |—2d1+d2 ’

We identify the coefficients of e, tef, t and any constant vectors in X" and in AX + j? to find
the equations:

ay+by =—-a; +1, 0=—cy,

ar + by = —2a1 + a», 0=-2c1+cr+1,
by =-by, c1=—d,
bz = —2171 + bz, Cyr = —2d1 + dz.

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 b1 =0, c; =0, d; = 0.
Plugging these back in, we get that c; = —1 and d> = —1. The remaining equations that tell
us something are

ap =-a1+1,
ar + bz = —-2a1 + a».

So a1 = 1/2 and by = —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,

> > [12 0 0 0 Let

> _ =t t, = _ t t _ 2

X =ae +bte' +ct+d lo e te+_1t+ _1l l—tet—t—ll'
Thatis, x1 = % el x, = —tet —t — 1. We would add this to the complementary solution to

get the general solution of the problem. Notice that both ze’ and bte' were really needed.
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Exercise 3.9.2: Check that x1 and x, solve the problem. Try setting a = 1 and check we get a
solution as well. What is the difference between the two solutions we obtained (one with a; = 0 and
one with a, = 1)?

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 considered was pretty simple.

3.9.2 First order variable coefficient

Variation of parameters

Just as for a single equation, there is the method of variation of parameters. For constant

coefficient systems, it is essentially the same thing as the integrating factor method we

discussed earlier. However, this method works for any linear system, even if it is not

constant coefficient, provided we somehow solve the associated homogeneous problem.
Suppose we have the equation

¥ =A)T+ f(b). (3.10)

Further, suppose we solved the associated homogeneous equation ¥’ = A(t) X and found a
fundamental matrix solution X(#). The general solution to the associated homogeneous
equation is X ()¢ for a constant vector ¢. Just like for variation of parameters for single
equation we try the solution to the nonhomogeneous equation of the form

X, = X(t)u(t),

where ii(t) is a vector-valued function instead of a constant. We substitute fp into (3.10) to
obtain

X'(t)u(t)+ X(t)u'(t) = A(t) X(t) u(t) +f(t).

(1) A(D)Tp(t)

But X(t) is a fundamental matrix solution to the homogeneous problem. So X’(t) = A(t)X(t),

and
XU + X(b) () = XU + £(8).

Hence X(t) u'(t) = ]?(t). If we compute [X(#)] 7}, then @’(t) = [X(£)] ™ f(t). We integrate to
obtain i and we have the particular solution X, = X(t) ii(t). Let us write this as a formula

‘ % = X() / [X(O]7" f(t)d.

If A is constant and X(t) = e'4, then [X(£)]™" = ¢4, We get a solution Xp =
et4 f e~ f (t) dt, which is precisely what we got using the integrating factor method.
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Example 3.9.4: Find a particular solution to

Yot
t24+1

t -1

1 (£ +1). (3.11)

X+

t
1

Here A = ﬁ [+ 7' ] is most definitely not constant. Perhaps by a lucky guess, we find

that X = [} 7 ] solves X'(t) = A(t)X(t). Once we know the complementary solution we
can easily find a solution to (3.11). First we find

_ 1 1 t
[X(1)] 1=—[_t 1].

t2+1

Next we know a particular solution to (3.11) is

= x(0) [ D foa

R M HGEEE
1 -t 2t

|t 1_/ | 4

N —t'l t2

Tt 1| |-+t
[ 1.4

- 3t§3t+t'
L3

Adding the complementary solution we find the general solution to (3.11):

=1 7l

Exercise 3.9.3: Check that x1 = % t* and x, = 3 3 + t really solve (3.11).

144
3t

C1—C2t+%t4
2134+t

Cz+(C1+1)t+%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 ()¢ 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 seen 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

¥ = AZ +E®),
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where A is a constant matrix. If F (t) is of the form Fo cos(wt), then as two derivatives of
cosine is again cosine we can try a solution of the form

Xp = C cos(wt),

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
ﬁ(t) = F cos(wot) + F cos(wit), then we would try 4 cos(wot) for the problem X" =
A% + g cos(wpt), and we would try b cos(ws t) for the problem X" = AX + F1 cos(wit). Then
we sum the solutions.

However, if there is duplication with the complementary solution, or the equation is of
the form ¥” = A¥ + BX + E(t), 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
= AT+ f(t),

we can do eigenvector decomposition, just like for first order systems.
Let A1, Ay, ..., A, be the eigenvalues and 01, Uy, . . ., U, be eigenvectors. Again form the
matrix E=[01 0, --- 0, ]. Write

X(t) =01 &E1(t) + 02 Ea(t) + -+ - + Ty En(B).

Decompose f in terms of the eigenvectors

-

ft)=0181(t) + o () + -+ Uy gu(t),

where, again, § = E™! f .
We plug in, and as before we obtain

-

X" AX f

0187 + 028 + -+ 0,8y = A (0181 + oo+ -+ + 04 &p) + 0181 + D282 + -+ + Tngn
= AT1&1 + ATy + -+ + ATy + 0181 + D282+ + Tngn
= 01A1&1 + DaAoéo + - + T Ap &y + 0181+ T2 2+ -+ + Ty §n
= 01(A1&1 + g1) + 02(A2&2 + g2) + -+ + Tu(Aun + gn)-
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We identify the coefficients of the eigenvectors to get the equations

&l =Mé&+ g1,
&y =M&o+ g,

é;q, =Apén + 8n-

Each one of these equations is independent of the others. We solve each equation using the
methods of chapter 2. We write X(t) = 01&1(t) + 02&2(t) + - -+ + U, &, (t), and we are done;
we have a particular solution. We find the general solutions for &; through &, and again
X(t) = 01&1(t) + U2 Ea(t) + -+ + T, &n(t) is the general solution (and not just a particular
solution).

Example 3.9.5: Let us do the example from § 3.6 using this method. The equation is

-

X+ 0 cos(3t).

210 -3 1
= 2

2 =2

The eigenvalues are —1 and —4, with eigenvectors [} | and [ ! |. Therefore E = [} | and
Et=1 [3 4 ]. Therefore,

1 4z 111 1 0 2 cos(3t)
[gl:Elf(t):gl ]l ]:[_32 _
Q2 2 —1]|2cos(3t) = cos(3t)
So after the whole song and dance of plugging in, the equations we get are
4 2 ” 2
& =-¢&1+ 3 cos(3t), &) =—46& - 3 cos(3t).

For each equation we use the method of undetermined coefficients. We try C; cos(3t) for
the first equation and C, cos(3t) for the second equation. We plug in to get

—9C1 cos(3t) = —Cq cos(3t) + % cos(3t),
—9C5 cos(3t) = —4C; cos(3t) — % cos(3t).

We solve each of these equations separately. We get —-9C; = —C; +2/3and —9C, = —4C, —2/3.
And hence Cy = -1/12and C, = 2/15. So our particular solution is

X = Bl (;—21 cos(3t)) +

This solution matches what we got previously in § 3.6.

-1

(% cos(3t)) = lfg/zfol cos(3t).
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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 solution tox’ =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(t), x5 = 2x1 — 7x2 + 3 cos(t),
a) using eigenvector decomposition, b) using undetermined coefficients.

Exercise 3.9.7: Find the general solution to x7 = —6x1 +3x2 +cos(2t), xJ = 2x1—7x2+3 cos(2t),

a) using eigenvector decomposition, b) using undetermined coefficients.
. |3 -1 [
Exercise 3.9.8: Take the equation X’ = [i INERS AR
;

a) Check that X = ¢1 l t smttl ) lt cos t

—t cos f sin tl is the complementary solution.

b) Use variation of parameters to find a particular solution.

Exercise 3.9.101: Find a particular solution to x’ =5x +4y +t,y' = x +8y — t,
a) using integrating factor method, b) using eigenvector decomposition,
c) using undetermined coefficients.

Exercise 3.9.102: Find a particular solution tox’ = y +e', vy’ = 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 x1(0) = 1, x2(0) = 2,
using eigenvector decomposition.

Exercise 3.9.104: Solve x7 = —3x1 + x2 +t, xJ = 9x1 + 5x2 + cos(t) with initial conditions
x1(0) = 0, x2(0) = 0, x3(0) = 0, x5(0) = 0, using eigenvector decomposition.



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 is a very
efficient method to solve certain ODE or PDE problems. The transform takes a differential
equation and turns 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(¢t).

We can think of ¢ as time and f(t) 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(t)} = F(s) for the Laplace transform of f(t).
It is common to write lower case letters for functions in the time domain and upper case
letters for functions in the frequency domain. We use the same letter to denote that one

fJust 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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function is the Laplace transform of the other. For example F(s) is the Laplace transform of
f(t). Let us define the transform.

L{FB)} =Fs) & / e~ () dt.

We note that we are only considering ¢ > 0 in the transform. Of course, if we think of ¢
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(t) = 1, then

e—st —sth —sh
L{1} = / e stdt = [ l = lim le ] = lim (e —i) _ L
=0 h—co | —S =0 h—oo \ —S —S S

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) = ¢, then

L{e™} = /oo e te7 dt = /Oo e~ gp =
0 0

The limit only exists if s + a > 0. So £L{e~"} is only defined for s + a > 0.

e—(s+u)t 1

0 s+a

—(s +a)|,

Example 6.1.3: Suppose f(t) = t, then using integration by parts

L{t}:/ e Sttdt
—St [eS]
l ] /e‘”dt
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 if t<0,
u(t) =
1 if t >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 for t <aand 1 for t > a.

L{u(t—a)} — /Oooe_”u(t—a)dt _ /oo oSt dp = [e—stloo _ e—as’

—5 t=a

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®)} £(t) L{f (1)}
C = sin(wt) 5%

t 5 cos(wt) i

£2 S% sinh(wt) =%
B5 cosh(wt) =2

L u(t—a) <=

et L

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

L{Cf(t)}:/O e'Sth(t)dt:C/O et f(t)dt = CL{f (1)}

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

\ L{Af(t)+Bg(t)} = AL{f ()} + BL{g(t)}, !

and in particular

L{Cfn}=cL{fm}.

Exercise 6.1.2: Verify the theorem. That is, show that .E{Af(t) + Bg(t)} = AL{f(t)} +
BL{g(h)}.



206 CHAPTER 6. THE LAPLACE TRANSFORM

These rules together with Table 6.1 on the preceding 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

LU0} # LEFOIL{g0}.

It must also be noted that not all functions have a Laplace transform. For example, the

function 1 does not have a Laplace transform as the integral diverges for all s. Similarly,

tan t or e!” do not have Laplace transforms.

6.1.2 Existence and uniqueness

When does the Laplace transform exist? A function f(t) is of exponential order as t goes to
infinity if

f(O] < Me®,
for some constants M and c, for sufficiently large t (say for all t > ty for some tp). The
simplest way to check this condition is to try and compute

lim f)

t—oo eCt

If the limit exists and is finite (usually zero), then f(t) 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 existence is not difficult to see. Let f(t) be of exponential order, thatis | f ()| < Me*!
for all t+ > 0 (for simplicity typ = 0). Lets > ¢, or in other words (c —s) < 0. By the
comparison theorem from calculus, the improper integral defining L{ f (t)} exists if the
following integral exists

o0 co (c—=s)t 1™
/ e St (Met) dt = M/ el dr =M [e l M
0 0 t=0

c—-s|,., c—s

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.

S$—00
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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) forall s > C. Then f(t) = g(t) forall t > 0.

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(t) = g(t) outside of
discontinuities. For example, the unit step function is sometimes defined using u(0) = 1/2.
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. Given a function
F(s), we wish to find a function f(t) such that .C{ f (t)} = F(s). Theorem 6.1.3 says that the
solution f(t) is unique. So we can without fear make the following definition.

Suppose F(s) = L{f(t)} for some function f(t). Define the inverse Laplace transform as

def

= f(t).

There is an integral formula for the inverse, but it is not as simple as the transform itself—it
requires complex numbers and path integrals. For us it will suffice to compute the inverse
using Table 6.1 on page 205.

L7HF(s)}

Example 6.1.5: Take F(s) = ﬁ Find the inverse Laplace transform.
We look at the table to find
1
-1 _ -t
L {s + 1} e

As the Laplace transform is linear, the inverse Laplace transform is also linear. That is,

L7} {AF(S) + BG(S)} =AL™! {P(s)} + BL_l{G(s)}.

Of course, we also have £! {AF (s)} =AL! {F (s)}. Let us demonstrate how linearity can
be used.

Example 6.1.6: Take F(s) = Sz;g%” 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 205. We factor the denominator as s(s? + 1) and write

s2+s+1 A Bs+C
- =T )
s3+s s s2+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 coefficients we obtain
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A+B=1,C=1,A =1, and thus B = 0. In other words,

s2+s+1 1 1
= =4 )
s3+s s s2+1

By linearity of the inverse Laplace transform we get

2 1 1 1
L_l{s-g—s+}:£_1{_}+£_1{ 5 }=1+sint.
s°+s S s +1

Another useful property is the so-called shifting property or the first shifting property

[ L{e f(1)} = F(s +a), }

where F(s) is the Laplace transform of f(t).
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 complete
the square and write such quadratics as (s + a)2 + b and then use the shifting property.

Example 6.1.7: Find £ { !

s2+45+8J "
First we complete the square to make the denominator (s + 2)2 + 4. Next we find

L1 {521 4} = %sin(Zt).

Putting it all together with the shifting property, we find

-1 1 _ p-1 1 I TR
e

In general, we want to be able to apply the inverse 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 the 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) must be smaller than that of G(s). Such rational functions are called proper
rational functions and we can always apply the method of partial fractions. Of course this
means we need to be able to factor the denominator into linear and quadratic terms, which
involves finding the roots of the denominator.
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6.1.4 The Laplace transform with Python

We show how to compute Laplace and inverse Laplace transforms below. The expression
O(t — 3) in the sympy output represents the Heaviside unit step function u(t — 3).

from resources306 import *
from sympy.integrals import laplace transform as L, inverse laplace transform as Linv

s,t = sp.symbols('s t')
w = sp.symbols('w")
L( sp.sin(w*t), t, s )[0]

w

s+ w?
F = sp.exp(-3*(s+1))/((s+1)**2+49)
F

673573

(s+ 1)* +49

f = Linv(F,s,t)
f

e sin (7t — 21)0 (t — 3)
7

expressionplot(f, t,0,6 , lw=2)

0.006 {

0.004 4

0.002 4

0.000 A

=0.002 4

-0004 4

6.1.5 Exercises

Exercise 6.1.5: Find the Laplace transform of 3 + t° + sin(mtt).

Exercise 6.1.6: Find the Laplace transform of a + bt + ct? for some constants a, b, and c.
Exercise 6.1.7: 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 ﬁ.

Exercise 6.1.10: Find the inverse Laplace transform of 522_f1
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1

Exercise 6.1.11: Find the inverse Laplace transform of P

toift>1,

Exercise 6.1.12: Find the Laplace transform of f(t) =
place transform of £ (1) {0 el

Exercise 6.1.13: Find the inverse Laplace transform of m.

Exercise 6.1.14: Find the Laplace transform of sin(w(t — a)).
Exercise 6.1.15: Find the Laplace transform of t sin(wt). Hint: Several integrations by parts.
Exercise 6.1.51: Apply the definition to find the Laplace transform of each of the following functions:

a) f(t)=2

b) f(t) = e
o) f(H) =55
d) f(t)=t+1
e) f(t)y=5-2t

N f(t) = pTi+2

Exercise 6.1.52: Apply the definition to find the Laplace transform of each of the following functions,
represented graphically by:
a)
1 c )
0.8
0.6
fi
® 0.4
0.2
0 o

N\

,,_.
-~ 2@
LF¥]
.

b)

0.8
0.6
0.4
0.2

(o)

,,_.
~ 2 ®
[¥¥]
e
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c)
1.
0.8
0.6
0.41
0.2
0 ©

f(t)

YV

d)

l.

0.81
i
0.2

0

>~
-

3 4

[e—
-~ @

Exercise 6.1.101: Find the Laplace transform of 4(t + 1)°.

Exercise 6.1.102: Find the inverse Laplace transform of ﬁ.

Exercise 6.1.103: Find the Laplace transform of te™" (Hint: integrate by parts).
Exercise 6.1.104: Find the Laplace transform of sin(t)e™" (Hint: integrate by parts).

Exercise 6.1.151: Using linearity and the transforms for t", e, sin wt, and cos wt, find the
Laplace transform for each of the following functions:

a) f(t)=2—5COS3t+%—6€7t
b) f(t) = 527 +2sinmt + (2t + 1)?
c) f(t)=3e™+2 - 34ﬁ + sin? 2t
d) f(t)=4cosV2t—2+ (12 +1)>

e) f(t)= %+ % — cos? 3t

n! 1 @ s .
T and =, find

Exercise 6.1.152: Using linearity and the inverse transforms for Sz, 17, 7o

the inverse Laplace transform for each of the following functions:

a) F(s)=3-3% + 7%
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b) F(s) = 244 + 75— + =

454 7 7(s+m) | s2+4

1 2
¢) F(s) = 55— % + 2319

d) F(s)=L1- 2 + -5

s 352 " s—m?

1 -7
e) F(s) = 65 T §;+3

Exercise 6.1.153: Use the method of partial fractions to find the inverse Laplace transform of the
following functions:

1) F(s) = 25
b) F(s) = 254
c) F(s) = 25
d) F(s) = 52
&) F(s) = 5

Exercise 6.1.154: Apply the first shifting property (translation of the transform along the s-axis)
to find the Laplace transform of the following functions:

a) f(t) =t

b) f(t)=3t32
c) f(t) = e* cos3t
d) f(t) =2e73" sin5¢
e) f(t) =3e ™ cos2mt

Exercise 6.1.155: Apply the first shifting property to find the inverse Laplace transform of the
following functions:

a) F(s) = ﬁ
b) F(s) = GTeyeme
c) F(s) = 222
d) F(s) = me

e) F(S)Z 4s+3

52445413

_ _3s+4
N F6) =555
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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. Suppose g(t) is a differentiable
function of exponential order, that is, |g(t)| < Me®! for some M and c. So .[Z{ g(t)} exists,
and what is more, lim;_,o ¢! ¢(t) = 0 when s > ¢. Then

Hgw)= [ etgmar=[eigo]” - [ etgi = —g0+sLig0)}

t=

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.

f&)  L{f(B} =F(s)

g'(t)  sG(s) - g(0)

§"(t) s?G(s) —sg(0) - &(0)

§"(t) s°G(s) —s7g(0) —sg'(0) - g"(0)

Table 6.2: Laplace transforms of derivatives (G(s) = L{g(t)} 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(t).

L{x"(t) + x(1)} = L{cos(21)},

52X (s) — sx(0) — x"(0) + X(s) = 5284- X
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We plug in the initial conditions now—this makes the computations more streamlined—to

obtain
s

s2+4

s2X(s) -1+ X(s) =

We solve for X(s),

S 1
20214 21
We use partial fractions (exercise) to write

1 s 1 s 1
35241 _§SZ+4+32+1'

Now take the inverse Laplace transform to obtain

X(s) =

x(t) = %cos(t) - %cos(2t) + sin(t).

The procedure for linear constant coefficient equations is as follows. We take an ordinary
differential equation in the time variable t. We apply the Laplace transform to transform
the equation into an algebraic (non differential) equation in the frequency domain. All the
x(t), x’(t), x”(t), and so on, will be converted to X(s), sX(s) — x(0), s2X(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(t).

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 next page for the graph.

0 if t <0,
u(t) =
1 if t>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 0 when t < 4 and 1 when t > a. Suppose for example
that f(t) is a “signal” and you started receiving the signal sin t at time t = 7t. The function
f(t) should then be defined as

sint if t > m.

f(t):{o if t<m,

Using the Heaviside function, f(f) can be written as

f(t) =u(t —m) sint.
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1.00 | 1.00

050 | - 0.50

-1.0 -0.5 0.0 0.5 1.0

Figure 6.1: Plot of the Heaviside (unit step) function u(t).

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 to
define f(t) such that f(t) = t when t is in [0,1], f(f) = —t + 2 when ¢ is in [1,2], and
f(t) = 0 otherwise, then you can use the expression

f)=t(u®)—ult—-1)+ (-t +2) (u(t - 1) — u(t - 2)).

Hence it is useful to know how the Heaviside function interacts with the Laplace
transform. We have already seen that

e—as

L{u(t —a)} = .

S

This can be generalized into a shifting property or second shifting property.

[ {fe-aut-a = L{f0). | 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"(t)+x(t) = f(t), x(0)=0, x'(0)=0,

where f(t) =1if 1 <t < 5 and zero otherwise. We could imagine a mass-spring system,
where a rocket is fired for 4 seconds starting at t = 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 t = 5.
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We can write f(t) = u(t — 1) — u(t — 5). We transform the equation and we plug in the
initial conditions as before to obtain

-5 =55
s2X(s) + X(s) = eT _¢

S

We solve for X(s) to obtain

We leave it as an exercise to the reader to show that

L {ﬁ} =1-cost.

In other words £{1 —cost} = So using (6.1) we find

_1
s(s2+1) "

L {s(sez—_il)} = L7 {e7 L{1-cost}} = (1 -cos(t — 1)) u(t - 1).

Similarly

£l = e s ot} = (- coste -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 on the facing page.

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(#),

where L is a linear constant coefficient differential operator. Then f(t) is usually thought
of as input of the system and x(t) 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 behavior of
the mass. We would like to have a convenient way to study the behavior 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(s)X(s) = F(s).
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Figure 6.2: Plot of x(t).

Solving for the ratio X(s)/F(s) we obtain the so-called transfer function H(s) = 1/As).

_ X(s)

H(s) = )’

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 behavior of the system
given different inputs by simply multiplying by the transfer function.

Example 6.2.3: Given x” + a)gx = f(t), let us find the transfer function (assuming the initial
conditions are zero).
First, we take the Laplace transform of the equation.

s2X(s) + w3 X(s) = F(s).
Now we solve for the transfer function X(s)/F(s).

_ X(s) _ 1

H(s) = s) Tra

Let us see how to use the transfer function. Suppose we have the constant input f(¢) = 1.
Hence F(s) = 1/s, and
11
5=
5s

X(s) = H(s)F(s) = S

Taking the inverse Laplace transform of X(s) we obtain

1- t
x(t) = w.
@y
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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{étf(T)dT} :%F(S). 1

It is sometimes useful (e.g. for computing the inverse transform) to write this as

i 1
/ f(rydr = L™ {—F(s)}.
0 s

1
s(s2+1)

L1 1 1 —/t.[:"l 1 dT—‘/tSianT_l—COSt
SSZ+1 - 0 SZ+1 a 0 h '

Example 6.2.5: An equation containing an integral of the unknown function is called an
integral equation. For example, take

t
t2:/ e"x(7)dr,
0

where we wish to solve for x(t). We apply the Laplace transform and the shifting property
to get

Example 6.2.4: To compute £~} { } we could proceed by applying this integration

rule.

2 %L{etx(t)} = %X(S -1,

g3
where X(s) = L{x(t)}. Thus

X(s=1)= s% or X(s) = - 1)2.

We use the shifting property again
x(t) = 2e7tt.

6.2.6 Exercises

Exercise 6.2.2: Using the Heaviside function write down the piecewise function that is O for t < 0,
t2 for t in [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)=0,

wherem >0,¢ >0,k >0,and c?> — 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,
wherem >0,¢ >0,k >0,and c? —4km < 0 (system is underdamped).
Exercise 6.2.5: Using the Laplace transform solve
mx” +cx’+kx =0, x(0)=a, x'(0)=0,
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

L{-tf(t)} = F(s).
Hint: Differentiate under the integral sign.
Exercise 6.2.8: Solve x"" +x = t3u(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(t)}.

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 O (the mass is not moving)?

Exercise 6.2.11: Define
(t-1)7% if1<t<2,
f(t)=13-t 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(t), 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).
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Exercise 6.2.101: Using the Heaviside function u(t), write down the function

0 if t<1,
fFHy=3t-1 if1<t<2,
1 if 2<t.

Exercise 6.2.102: Solve x” — x = (t?> — 1)u(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).

Exercise 6.2.151: Use Laplace transforms to solve the following IV Ps:
a) x”+25x=0;x(0)=1, x’(0) =2
b) x” +4x =2;x(0) =3, x’(0) = -1
c) x” +9x =cost; x(0)=-1, x’(0) =1
d) x” +5x"+6x =3;x(0)=x"(0)=0
e) x”+2x"+5x=0;x(0)=2, x'(0) =1
f) x” +6x"+25x=0;x(0)=1, x’(0) =3

Exercise 6.2.152: Apply the second shifting property (step-translation along the t-axis) and
Heawiside step functions to find the Laplace transforms of the following functions:

cost 0<t<2m,
a t) =
) f11) {O t > 2.
0 0<t<?2,
b) f(t)=41 2<t<35,
2 t>5.
sin2t 0<t<3m,
C t) =
) f11) {O t > 3m.
0 0<t<2,
d) f(t)=qcosmt 2<t<5,
0 t > 5.
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0 0<t<m,
e) f(t)=14sin3t mw<t<4m,
0 t >4mn.

Exercise 6.2.153: Apply the second shifting property (step- translation along the t-axis) to find the
inverse Laplace transform of the following functions:

-3s

a) F(s) = é_—4)
b) F(s) = &

c) F(s) = %
d) F(s) = 55

e) F(s) = SLte™)

s2+4

-27s _6—3715

) F(s) = (13—

Exercise 6.2.154: Apply the integration property, as in Example 6.2.4, to find the inverse Laplace
transform of the following functions:

ll) F(S) = 5(51-1-2)

b) F(s) = 5k
0) F(s) = 21y
d) F(s) = m
&) F(s) = ey

f) F(S) = 52(52_71)
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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(t) and g(t) defined for ¢t > 0, and define the convolution® of f(t) and g(t) as

t
‘ (f’fg)(t)d=ef/O f(0g(t —1)dr. | (6.2)

As you can see, the convolution of two functions of t is another function of ¢.

Example 6.3.1: Take f(t) = ¢! and g(t) = t for t > 0. Then

(f*g)(t)=/teT(t—T)dT=et—t—1.
0

To solve the integral we did one integration by parts.

Example 6.3.2: Take f(f) = sin(wt) and g(t) = cos(wt) for t > 0. Then

t
(f = g)(t) = / sin(wT) cos(w(t — 1)) dr.
0
We apply the identity

cos(0) sin(y) = % (sin(6 + ) — sin(6 — v)).

Hence,
(f*8)t) = /Ot % (sin(wt) — sin(wt — 2w7)) dt

t
1 1

= = Tsin(wt) + — cos(RwT — wt)
2 4w =0

1
=5 t sin(wt).

The formula holds only for t > 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)(f) =
fj; f(1)g(t = 7) dt. This definition agrees with (6.2) if you define f(f) and g(t) to be zero for ¢ < 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 c be a
constant and f, g, and h be functions then

frg=8+*f,
(cf)xg=fx(cg)=c(f*g),
(f+g)xh=fx(g=*h).

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 order, then

L{f+)} =Ly [ f(og(t -1 dry=L{fH}L{gh)}.
0

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

111
(s+1)s2 s+1s2

We recognize the two entries of Table 6.2. That is

L_l{sj—l} = et and L1 {slz} =t.

4 11 e -
L (= Te dt=e" +t-1.
s+1s 0

The calculation of the integral involved an integration by parts.

Therefore,

6.3.2 Solving ODEs

The next example demonstrates the full power of the convolution and the Laplace transform.
We can give the solution to the forced oscillation problem for any forcing function as a
definite integral.

Example 6.3.4: Find the solution to
x” + w%x = f(t), x(0)=0, x'(0)=0,

for an arbitrary function f(¢).
We first apply the Laplace transform to the equation. Denote the transform of x(t) by
X(s) and the transform of f(t) by F(s) as usual.

s2X(s) + a)(z)X(s) = F(s),
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or in other words

1
X(s) = F(s) > 5
s+ wj
We know
e 1 _ sin(a)ot).
$2 + w? wo
Therefore,

o) /t f(T)sin(a)o(t - 1)) i,
0 w

0
or if we reverse the order

x(t):/ot %C?T)f(t—f)dr.

Let us notice one more feature of this example. We can now see how Laplace transform
handles resonance. Suppose that f(t) = cos(wgt). Then

b t
x(t) = /0 %Q;OT) cos(wo(t — 7)) dt = wio./o sin(wpt) cos(wo(t — 7)) dr.

We have computed the convolution of sine and cosine in Example 6.3.2. Hence

x(t) = (L) (%t sin(a)ot)) = %t sin(wot).
0

wo

Note the t in front of the sine. The solution, therefore, grows without bound as ¢ gets large,
meaning we get resonance.

Similarly, we can solve any constant coefficient equation with an arbitrary forcing
function f(t) as a definite integral using convolution. A definite integral, rather than
a closed form solution, is usually enough for most practical purposes. It is not hard to
numerically evaluate a definite integral.

6.3.3 Volterra integral equation

A common integral equation is the Volterra integral equation*

t
x(t) = f(t)+ /0 gt —1)x(7)dr,

where f(t) and g(t) are known functions and x(t) is an unknown we wish to solve for. To
find x(t), we apply the Laplace transform to the equation to obtain

X(s) = F(s) + G(s)X(s),

*Named for the Italian mathematician Vito Volterra (1860-1940).
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where X(s), F(s), and G(s) are the Laplace transforms of x(t), f(t), and g(t) respectively.
We find

_ F(s)
X =165

To find x(t) we now need to find the inverse Laplace transform of X(s).

Example 6.3.5: Solve
t
x(t)y=e ' + / sinh(t — 7)x(7) dt.
0
We apply Laplace transform to obtain
1

1
X()=——+ X(s),
()=t o X
or .
41 -1 S 1
X — s+1 — ) — _ .
(®) 1-5 s2-2 -2 s2-2

It is not hard to apply Table 6.1 on page 205 to find

x(t) = cosh(V2t) - % sinh(V2¢).

6.3.4 Exercises
Exercise 6.3.1: Let f(t) = t> for t > 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 ¢*> — 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.

Exercise 6.3.5: 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 (system is critically
damped). Write the solution as a definite integral.
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Exercise 6.3.6: Solve

t
x(t)=et + / cos(t — 7)x(7) d.
0

Exercise 6.3.7: Solve t
x(t) = cost + / cos(t — 1)x(7) d.
0

Exercise 6.3.8: Compute L {(5214)2} using convolution.

Exercise 6.3.9: Write down the solution to x” — 2x = e, x(0) = 0, x’(0) = 0 as a definite
integral. Hint: Do not try to compute the Laplace transform of et

Exercise 6.3.51: Apply Theorem 6.3.1 to find the inverse Laplace transform of each of the following
functions. Check each result by showing that L[(f+g)(t)] = L[ f(t)]L[g(t)] = F(s)G(s) = H(s).

— 1
1) H) = e

b) H(S) = s(52+4)

¢) H(s) = —2

5(s249)
d) H(s) = @
e) H(s) = m

Exercise 6.3.101: Let f(t) = cost for t > 0, and g(t) = e™'. Compute f » g.

Exercise 6.3.102: Compute £ { S4J5r52} 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’ = f(t), x(0) = 0, x’(0) = 0, x”(0) = 0 using convolution. Write
the result as a definite integral.

Exercise 6.3.151: Compute the convolution f g for the following functions:

a) f(t) =3, g(t) = cos2t
b) f(t) = (t+3)% g(t) =2
0) f(t)y=e, g(t)=e¥
d) f(t) =t, g(t) = sint

e) f(t)=t, g(t)=e¥
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6.4 Dirac delta and impulse response

Note: 1 or 1.5 lecture, §7.6 in [EP], §6.5 in [BD]

6.4.1 Rectangular pulse

Often in applications we study a physical system by putting in a short pulse and then
seeing what the system does. The resulting behavior is often called impulse response. Let us
see what we mean by a pulse. The simplest kind of a pulse is a simple rectangular pulse

defined by
0 if t<a,
p(t)y=4M if a<t<b,
0 if b<t.

See Figure 6.3 for a graph.
Notice that

20 |- -1 20

(t) = M(u(t —a) —u(t - b)),

where u(t) is the unit step function.
Let us take the Laplace transform of a
square pulse,

L{ipt)} = L{IM(u(t —a) — u(t - b))}
—-as __ e—bs

= M e— 00 ; ; : ‘ ‘ 0.0

S 0.0 0.5 1.0 1.5 20 25 3.0

Figure 6.3: Sample square pulse with a = 0.5,

For simplicity we let a = 0, and it is
b=1land M = 2.

convenient to set M = 1/» to have

/000 p(t)dt =1.

That is, to have the pulse have “unit mass.” For such a pulse we compute

3 u(t)—u(t-b)| 1- e~bs
Li{p(t)} = L{ ; } =——

We generally want b to be very small. That is, we wish to have the pulse be very short and
very tall. By letting b go to zero we arrive at the concept of the Dirac delta function.
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6.4.2 The delta function

The Dirac delta function* is not exactly a function; it is sometimes called a generalized function.
We avoid unnecessary details and simply say that it is an object that does not really make
sense unless we integrate it. The motivation is that we would like a “function” 6(t) such
that for any continuous function f(t) we have

{ [ swrwa = o

The formula should hold if we integrate over any interval that contains 0, not just (—oo, c0).
So 0(t) is a “function” with all its “mass” at the single point ¢t = 0. In other words, for any
interval [c, d]

d 1 if the interval [¢, d] contains 0,i.e.c <0 < d,

o(t)dt =
c 0 otherwise.

Unfortunately there is no such function in the classical sense. You could informally think

that 6(¢) is zero for t # 0 and somehow infinite at ¢ = 0.

A good way to think about 6(t) is as a limit of short pulses whose integral is 1. For
example, suppose that we have a square pulse ¢(t) as above with a = 0, M = 1/, that is

p(t) = w. Compute

00 0o _ _ b
[ e = [ O a5 [

(0]

If f(t) is continuous at t = 0, then for very small b, the function f(t) is approximately equal
to f(0) on the interval [0, b]. We approximate the integral

b b
p [ swarsg [ rod = so.
Hence, ,
® 1
i [ gty = [ d = 50

Let us therefore accept 6(t) as an object that is possible to integrate. We often want to
shift 6 to another point, for example 6(f — a). In that case we have

[ st-aswi- s,

Note that 6(a — t) is the same object as 6(tf — a). In other words, the convolution of 6(t)
with f(t) is again f(t),

t
(f +6)(1) = /O 5(t - 5)f(s)ds = F(b).

*Named after the English physicist and mathematician Paul Adrien Maurice Dirac (1902-1984).
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As we can integrate 6(t), let us compute its Laplace transform.

‘ .E{é(t - a)} = /000 e SIo(t —a)dt = e,

In particular,

L{s(} =1.

Remark 6.4.1: Notice that the Laplace transform of 6(f —a) looks like the Laplace transform
of the derivative of the Heaviside function u(t — a), if we could differentiate the Heaviside

function. First notice i
-

L{u(t — a)} =

S

To obtain what the Laplace transform of the derivative would be we multiply by s, to obtain
e~"®, which is the Laplace transform of 6(t — a). We see the same thing using integration,

t
/ O0(s —a)ds = u(t —a).
0

So in a certain sense p
" E[u(t - a)] = 5(t—a). ”

This line of reasoning allows us to talk about derivatives of functions with jump discontinu-
ities. We can think of the derivative of the Heaviside function u(t — a) as being somehow
infinite at 4, which is precisely our intuitive understanding of the delta function.

Example 6.4.1: Let us compute £~} {1}, So far we have always looked at proper rational
functions in the s variable. That is, the numerator was always of lower degree than the
denominator. Not so with ££1. We write,

L {SSLl} =L} {1 + %} =L {1} + £ {1} =6(t) + 1.

s
The resulting object is a generalized function and only makes sense when put underneath

an integral.

6.4.3 Impulse response

As we said before, in the differential equation Lx = f(t), we think of f(¢) as input, and x(t)
as the output. Often it is important to find the response to an impulse, and then we use the
delta function in place of f(t). The solution to

Lx = 06(t)

is called the impulse response.
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Example 6.4.2: Solve (find the impulse response)
X"+ wix =6(t), x(0)=0, x'(0)=0. (6.3)
We first apply the Laplace transform to the equation. Denote the transform of x(t) by
X(s).

1
2 2°
$°+ W

s2X(s) + a)(z]X(s) =1, and so X(s) =

Taking the inverse Laplace transform we obtain

_ sin(wot)

x(t) = .

wo

Let us notice something about the example above. We showed before that when the
input is f(t), then the solution to Lx = f(t) is given by

. /Ot f(T)sin(a)(;Et - 1)) i

0

That is, the solution for an arbitrary input is given as convolution with the impulse response.
Let us see why. The key is to notice that for functions x(t) and f(t),

ey = 2| [ ot -oa] = [ owe-ode= 6o poo

We simply differentiate twice under the integral®, the details are left as an exercise. If we
convolve the entire equation (6.3), the left-hand side becomes

(x”+a)gx)*f = (x”*f)+a)5(x*f) = (x >ef)”+cug(x>ef).

The right-hand side becomes
(0= f)(t) = f().

Therefore y(t) = (x * f)(t) is the solution to

'+ a)gy = f(t).

This procedure works in general for other linear equations Lx = f(t). If you determine
the impulse response, you also know how to obtain the output x(¢) for any input f(t) by
simply convolving the impulse response and the input f(¢).

“You should really think of the integral going over (—co, c0) rather than over [0, t] and simply assume that
f(t) and x(t) are continuous and zero for negative ¢.
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6.4.4 Three-point beam bending

Let us give another quite different example where delta functions turn up. In this case
representing point loads on a steel beam. Suppose we have a beam of length L, resting
on two simple supports at the ends. Let x denote the position on the beam, and let y(x)
denote the deflection of the beam in the vertical direction. The deflection y(x) satisfies the

Euler-Bernoulli equation™,

B4V _p
e (x),

where E and I are constants’ and F(x) is the force applied per unit length at position x. The

situation we are interested in is when the force is applied at a single point as in Figure 6.4.

il—"é(x—a)
A 4

1~

Figure 6.4: Three-point bending.

In this case the equation becomes

d*y
Elﬁ = —F(S(x - 11),

where x = g is the point where the mass is applied. F is the force applied and the minus
sign indicates that the force is downward, that is, in the negative y direction. The end
points of the beam satisfy the conditions,

y(0)=0,  y"(0)=0,

y(L)=0,  y"(L)=0.
See § 5.2 for further information about endpoint conditions applied to beams.
Example 6.4.3: Suppose that length of the beam is 2, and suppose that EI = 1 for simplicity.
Further suppose that the force F = 1 is applied at x = 1. That is, we have the equation

d4y
i -0(x = 1),

and the endpoint conditions are

y(0)=0, y"(0)=0, y@2=0, y’"(2=0.

*Named for the Swiss mathematicians Jacob Bernoulli (1654-1705), Daniel Bernoulli (1700-1782), the
nephew of Jacob, and Leonhard Paul Euler (1707-1783).

*E is the elastic modulus and I is the second moment of area. Let us not worry about the details and
simply think of these as some given constants.
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We could integrate, but using the Laplace transform is even easier. We apply the
transform in the x variable rather than the t variable. Let us again denote the transform of
y(x) as Y(s).

s1Y(s) - %y (0) = sy'(0) = sy"(0) — y""(0) = -
We notice that y(0) = 0 and y”(0) = 0. Let us call C; = y’(0) and C, = y””(0). We solve for
Y(s),
—e~ S Cq Cy
2 T

Y(s) =

We take the inverse Laplace transform utilizing the second shifting property (6.1) to take
the inverse of the first term.

3
y(x) = —_(xg D

We still need to apply two of the endpoint conditions. As the conditions are at x = 2 we
can simply replace u(x — 1) = 1 when taking the derivatives. Therefore,

u(x—1)+ Cix + %x3.

—-2-=1 -
0=y((2) = ( )+C(2)+2 _—1+2C1+éC2,
6 6 3
and 3.2.2-1) C
0=y"Q2)=—"—"-— (2- )+—23~2-2:—1+2C2.

6 6

Hence C, = 1 and solving for C; using the first equation we obtain C; = 5!. Our solution
for the beam deflection is

-(x -1 1) x3

y(x) = u(x —1) - —+—

6.4.5 Exercises
Exercise 6.4.1: Solve (find the impulse response) x” + x" + x = 6(t), x(0) = 0, x’(0) =
Exercise 6.4.2: Solve (find the impulse response) x” +2x’ + x = 6(t), x(0) = 0, x’(0) =

Exercise 6.4.3: A pulse can come later and can be bigger. Solve x” + 4x = 46(t — 1), x(0) = 0,
x’'(0) =

Exercise 6.4.4: Suppose that f(t) and g(t) are differentiable functions and suppose that f(t) =
g(t)=0forall t <0. Show that

(f =) (1) = (f = &)(t) = (f = &")(b).

Exercise 6.4.5: Suppose that Lx = 6(t), x(0) = 0, x’(0) = 0, has the solution x = e™" for t > 0.
Find the solution to Lx = t?, x(0) = 0, x’(0) = 0 for t > 0.

Exercise 6.4.6: Compute £ {52+—§+1}

S
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Exercise 6.4.7 (challenging): Solve Example 6.4.3 via integrating 4 times in the x variable.

Exercise 6.4.8: Suppose we have a beam of length 1 simply supported at the ends and suppose that
force F =1 is applied at x = 2 in the downward direction. Suppose that EI = 1 for simplicity. Find
the beam deflection y(x).

Exercise 6.4.101: Solve (find the impulse response) x” = 6(t), x(0) = 0, x’(0) = 0.
Exercise 6.4.102: Solve (find the impulse response) x’ + ax = 6(t), x(0) = 0, x’(0) = 0.

Exercise 6.4.103: Suppose that Lx = 6(t), x(0) = 0, x’(0) = O, has the solution x(t) = cos(t) for
t > 0. Find (in closed form) the solution to Lx = sin(t), x(0) = 0, x’(0) = 0 for t > 0.

. _ 2
Exercise 6.4.104: Compute L1 {s;ﬁ}

Exercise 6.4.105: Compute £ {352‘3#}

s
Exercise 6.4.151: Solve the following IV Ps:
a) x” +16x =06(t—-3);, x(0)=1, x’(0) =0
b) x” +9x =1+06(t-4), x(0)=x"(0)=0
c) x"+x"—6x=406(t-2); x(0)=0, x’(0) =4
d) x” +6x’+9x =06(t —4); x(0) =0, x'(0) =2
e) x” +2x" +10x = 6(t — n); x(0) = x’(0) =0
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Chapter 7

Power series methods

7.1 Power series

Note: 1 or 1.5 lecture, §8.1 in [EP], §5.1 in [BD]
Many functions can be written in terms of a power series

[©e]

Z ax(x — xo)".

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 ag(x — xo)k =ag+ a1(x — xo) + ax(x — xo)2 + az(x — xo)3 +--e, (7.1)
k=0

where ag,a1,4a»,...,4ak,...and xg are constants. Let

n
k 2 3
Su(x) = ) alx = x0) = ag + ar(x = x0) + ax(x = x0)° + as(x — x0)° + -+ + au(x = x0)",
k=0

denote the so-called partial sum. If for some x, the limit

n
lim S, (x) = lim ; ax(x - x0)"
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exists, then we say that the series (7.1) converges at x. At x = x, the series always converges
to ag. When (7.1) converges at any other point x # xo, we say that (7.1) is a convergent power
series, and we write

o] n

k_ 1. k
Z ar(x —xp)" = nh_r)rc}oz ar(x — xp)".
k=0 k:o

If the series does not converge for any point x # xo, we say that the series is divergent.

Example 7.1.1: The series

2 3
k X X
xt=14+4x+—+—+---
! 2 6

| —

)
k=0

is convergent for any x. Recall that k! =1-2-3---k is the factorial. By convention we define
0! = 1. 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 — xglk
n—00

k=0

exists. That is, the series Y} |ak| |x — xolk is convergent. If (7.1) converges absolutely at x,
then it converges at x. However, the opposite implication is not true.

>
k=1
(-1

converges absolutely for all x in the interval (-1, 1). It converges at x = —1,as 3};”;
converges (conditionally) by the alternating series test. The power series does not converge
absolutely at x = —1, because ;7 , % does not converge. The series diverges at x = 1.

Example 7.1.2: The series

xk

==

7.1.2 Radius of convergence

If a power series converges absolutely at some x1, then for all x such that [x — xo| < |x1 — x0]
(that is, x is closer than x; to xg) we have |ak(x — xo)k| < |ak(x1 — xo)k| for all k. As
the numbers |a k(x1 — xo)k| sum to some finite limit, summing smaller positive numbers

|ak(x - xo)k| must also have a finite limit. Hence, the series must converge absolutely at x.

Theorem 7.1.1. For a power series (7.1), there exists a number p (we allow p = oo) called the
radius of convergence such that the series converges absolutely on the interval (xo — p, X0 + p)
and diverges for x < xo — p and x > xo + p. We write p = oo if the series converges for all x.

See Figure 7.1 on the facing page. 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.
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diverges converges absolutely diverges
/| \ i J \\ /AN
Xo— p X0 X0+ p

Figure 7.1: Convergence of a power series.

A useful test for convergence of a series is the ratio test. Suppose that
Ck
k=0
is a series and the limit
Ck+1
Ck

L = lim

k— o0

exists. Then the series converges absolutely if L < 1 and diverges if L > 1.
We apply this test to the series (7.1). Let ¢ = ax(x — x0)" in the test. Compute

k+1

c app1(x —x
L= lim || 2 i (Bt X0) |18 |lx — xol-
k—oo| Ck k—o0 ak(x—X())k k—oo | Af
Define A by

a

A = lim |,

k—oo | A

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 1/A.

A similar test is the root test. Suppose

L= klim Vx|
exists. Then 37, cx converges absolutely if L < 1 and diverges if L > 1. We can use the

same calculation as above to find A. Let us summarize.

Theorem 7.1.2 (Ratio and root tests for power series). Consider a power series

o

k
Z ar(x — xo)
k=0
such that
a
A= klim SH or A= klim a
—00 k —00

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

i 27K (x = 1),
k=0

First we compute the limit in the ratio test,

Ak+1 27k-1

ak

A = lim

k—o0

= lim

k—o0

= lim 27! = 1/2.

k—o0

2—k

Therefore the radius of convergence is 2, and the series converges absolutely on the interval
(-1,3). And we could just as well have used the root test:

A= lim lim ay| = lim 27k = lim 271 =1/a,

Example 7.1.4: Consider

—|=1 ,/ lim -
kl_{?o kl—l;r(}ok

So the radius of convergence is co: the series converges everywhere. The ratio test would

also work here.

The root or the ratio test does not always apply. That is the limit of |”Z—Zl or W might
not exist. There exist more sophisticated ways of finding the radius of convergence, but
those would be beyond the scope of this chapter. The two methods above cover many of
the series that arise in practice. Often if the root test applies, so does the ratio test, and vice
versa, though the limit might be easier to compute in one way than the other.

Compute the limit for the root test,

= hm |ag| = hm

7.1.3 Analytic functions

Functions represented by power 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

X0 we have “
k
fx) = Z LACOPRIS (7.2)

where f%)(xo) denotes the k! derivative of f(x) at the point xo.

*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 xo = 0 is given by

D" o
sin(x) = Z(2n+1)' x2mHL

In Figure 7.2 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 x further away
from 0. This is what happens in general. To get a good approximation far away from xg
you need to take more and more terms of the Taylor series.

Figure 7.2: The sine function and its Taylor approximations around xo = 0 of 5 and 9" degree.

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 }; a;(x — xo)k is a convergent power series. Then
for x in the radius of convergence we have

dd_x [Z ar(x — xo)*

k=0

= Z kag(x — x0)F !
k=1

Notice that the term corresponding to k = 0 disappeared as it was constant. The radius of
convergence of the differentiated series is the same as that of the original.

Example 7.1.5: Let us show that the exponential y = e* solves y’ = y. First write

o1,
=

Now differentiate

:Zk%xk_l kZ:: = 1)' k=1,

k=1
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We reindex the series by simply replacing 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.

o

1 1 ki1 - N0 1 g
—x" = —x = —Xx".
kz:; (k -1)! kél ((k+1)-1)! £ 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. First, we can add series by adding term by term,

(Z ax(x - xo)k) + (Z bi(x — xo)k) = > (a + by)(x - xo)".
k=0 k=0 k=0

We can multiply by constants,

a (i ap(x — xo)k) = i aap(x — xo)k.
k=0

k=0

We can also multiply series together,

(Z ax(x - xo)k) (Z bi(x - xo)k) = ) ol —xo),
k=0 k

where cx = aoby + a1bg—1 + - - - + axbo. 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 ay are zero for all k large enough. We can always expand a polynomial as a power series
about any point x¢ by writing the polynomial as a polynomial in (x — xg). For example, let
us write 2x? — 3x + 4 as a power series around xg = 1:

202 =3x +4 =3+ (x = 1) +2(x - 1)

In other words ag = 3, a1 = 1, a, = 2, and all other a; = 0. To do this, we know that a; =0
for all k > 3 as the polynomial is of degree 2. We write ag + a1(x — 1) + ax(x — 1%, we
expand, and we solve for ag, a1, and a,. We could have also differentiated at x = 1 and
used the Taylor series formula (7.2).

Let us look at rational functions, that is, ratios of polynomials. An important fact is
that a series for a function only defines the function on an interval even if the function is
defined elsewhere. For example, for =1 < x < 1 we have

1
1_x=2xk=1+x+x2+”'

[©e]

k=0



7.1. POWER SERIES 241

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 ~ is defined for all x # 1.
We can use the geometric series together with rules for add1t10n and multiplication of
power series to expand rational functions around a point, as long as the denominator is
not zero at xo. Note that as for polynomials, we could equivalently use the Taylor series
expansion (7.2).
Example 7.1.6: Expand
radius of convergence.
First, write 1 +2x + x% = (1 + x)* = (1 - (—x))z. Compute

T2 as a power series around the origin (xo = 0) and find the

2
_*r (1
1+2x + x2 (1—(—x))

Il Il 1
Mot
— T
a = in
= ||[f/j8 JI§ 8
= o
B a ’T‘
Tz L
=
L
v
N

k=0

where to get cx, we use the formula for the product of series. We obtain, ¢g = 1,
c1=-1-1=-2,c0=1+1+1 =3, etc. Therefore

X X k+17. _k 2 3 4
—_— = 1) " kxt =x—2x"+3x7 —4x" + -+
5 § (
1+2x+x o

The radius of convergence is at least 1. We use the ratio test

(-1 "2k +1)
C—l)k+1k

So the radius of convergence is actually equal to 1.

k+1
= lim —— =1.
klf.}o k

Ak+1
ak

lim

k—o0

= lim

k—o00

When the rational function is more complicated, it is also possible to use method of
x3+x
x2-1’

x3+x 1 1 - '
x2—1=x+1+x_1—x=x+kz_(;(_1) Z —x+Z(2)x

k odd

we write

partial fractions. For example, to find the Taylor series for

7.1.6 Exercises

Exercise 7.1.1: Is the power series » e*x* convergent? If so, what is the radius of convergence?

k=0
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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
SR
Exercise 7.1.4: Is the power series Z o) H(x — 10)F convergent? If so, what is the radius of
k=0 '

convergence?
Exercise 7.1.5: Determine the Taylor series for sin x around the point xo = m.

Exercise 7.1.6: Determine the Taylor series for In x around the point xo = 1, and find the radius of
convergence.

Exercise 7.1.7: Determine the Taylor series and its radius of convergence of around xg = 0.

1+x

Exercise 7.1.8: Determine the Taylor series and its radius of convergence of around xo = 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 xo = 5.

[o0]

Exercise 7.1.10: Suppose that the ratio test applies to a series Z arx®. Show, using the ratio test,
that the radius of convergence of the differentiated series is the ;(;fne as that of the original series.
Exercise 7.1.11: Suppose that f is an analytic function such that f™(0) = n. Find f(1).
Exercise 7.1.51: For each of the following 1%-order DEs:

i. Find the solution such that y(0) = yo by separation of variables.

ii. Find the solution such that y(0) = yo by the power series method about xo = 0.

L. . . . , x 1 .
iii. Using the power series expansions for the functions e* and 1=, show that the power series of

the function y(x) found in i. is the same as the power series solution found in ii.
a) y+3y =0
b) 2y’ +5y =0
c) 3y’ =2y
d) y+xy=0
e) x-1y' +y=0



7.1. POWER SERIES 243

fl Q+x)y+y=0
8) (1-3x)y’ =3y =0
Exercise 7.1.101: Is the power series Z (0.1)"x™ convergent? If so, what is the radius of

n=1
convergence?

o 7!
Exercise 7.1.102 (challenging): Is the power series Z n—nx” convergent? If so, what is the radius
n=1
of convergence?

Exercise 7.1.103: Using the geometric series, expand 7= around xo = 2. For what x does the
series converge?

Exercise 7.1.104 (challenging): Find the Taylor series for x”e* around xq = 0.

Exercise 7.1.105 (challenging): Imagine f and g are analytic functions such that f%)(0) = ¢©)(0)
for all large enough k. What can you say about f(x) — g(x)?
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7.2 Series solutions of linear second order ODEs

Note: 1 or 1.5 lecture, §8.2 in [EP], §5.2 and §5.3 in [BD]
Suppose we have a linear second order homogeneous ODE of the form
POy + )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= Z ag(x — xo)"
=0

and solve for the a; to try to obtain a solution defined in some interval around xy.
The point xq is called an ordinary point if p(xo) # 0. That is, the functions

g9(x) r(x)
o ™ R

are defined for x near x¢. If p(xo) = 0, then we say x is a singular point. Handling singular
points is harder than ordinary points and so we now 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 xg = 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

o0
y= Z arx”.
k=0
If we differentiate, the k = 0 term is a constant and hence disappears. We therefore get
o0
Z kakx
k=1
We differentiate yet again to obtain (now the k = 1 term disappears)

= Z k(k — 1)agx*?
k=2

We reindex the series (replace k with k + 2) to obtain

= Z(k +2) (k + 1) agsox”.
k=0
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Now we plug v and y” into the differential equation

0=y"-y= (i(k +2) (k + 1)ak+2xk) - (i akxk)

k=0 k=

o

= Z (k +2) (k+1)agsoxt - akxk)
k=0

= Z ((k+2) (k + 1) agsp — ar) x~.
k=0

As y” — y is supposed to be equal to 0, we know that the coefficients of the resulting series
must be equal to 0. Therefore,

_ ak
2= )k + 1)

The equation above is called a recurrence relation for the coefficients of the power series. It
did not matter what ag or a; was. They can be arbitrary. But once we pick a9 and a1, then
all other coefficients are determined by the recurrence relation.

Let us see what the coefficients must be. First, agp and a; are arbitrary

(k+2)(k+1)agy —ax =0, or

ar = @ az = a_l ag = a2 — ap as = as _ a1
2’ 3)Q) ®HG) ~ ®E)@)" 5@ 5RO

So we note that for even k, that is k = 2n we get

ag
ag = dan = M,

and for odd k, thatis k = 2n + 1 we have
aj

Ak = An+1 = m

Let us write down the series

N k N 40 on ai 2n+1 o1 2n N 1 2n+1
= =) |+ = + — :
Y ; X Z:;) ((Zn)! SO ) 70 Z::A) Qmi T M Z:;) n+ 1)

We recognize the two series as the hyperbolic sine and cosine. Therefore,

y = apcoshx + a; sinh x.

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. Consider Airy’s equation™:
y/l _ xy — 0’

near the point xo = 0. Note that xg = 0 is an ordinary point.

*Named after the English mathematician Sir George Biddell Airy (1801-1892).


http://en.wikipedia.org/wiki/George_Biddell_Airy
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We try
y= Z arxk.
k=0

We differentiate twice (as above) to obtain

y' = Z k (k= 1) agx*=2.
k=2

We plug vy into the equation

0=y" —xy= (i k(k-1) akxk_z) - x(i akxk)

Il
—_——
[
=
~~~
=
I
—_
SN—"
X
B
=
T
N
~————
I
—_——
[
X
P
=
=
+
—_
~———

We reindex to make things easier to sum

0=y" —xy= (Zaz + Z(k +2)(k+1) ak+2xk) — (Z ak_lxk)

=2ap + i((k +2)(k+1)ags — ak_l) xk.
k=1

Again y” — xy is supposed to be 0, so a, = 0, and

Ak-1

(k+2)(k+Dax a1 =0, or o = gmmin .

We jump in steps of three. First, since a; = 0 we must have , a5 = 0,43 =0, 411 =0, etc. In
general, a3, = 0.
The constants ag and a1 are arbitrary and we obtain

ao a1 as ag as a1

BT “T®ey "Te6 T ©00 T me) - De)@E)

For a; where k is a multiple of 3, that is k = 3n we notice that

_ ao
1= 2B)5)6) - @Brn - 1)(3n)’

For a; where k = 3n + 1, we notice

— i\
1 = B)@)6)(7) - @)@ + 1)
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In other words, if we write down the series for v, it has two parts

_ 4o Ao 0
y= (”0 e gt 2)3)5)6)---GBn = 1)(3n) )
a1 a1 ai n+
" (““‘ "RV Ut E@en e )
— 1 1 3 1 6 1
- ( T Y Deee G )
T PO S I S ! K3l
! 127 504 (3)(4)(6)(7)--- (3n)(3n + 1)
We define
(x)—1+1x3+ix6+---+ 1 X34
Y= 278 T 180 2)3)(5)(6)---(3n —1)(3n) /
— 1 1 1 3n+1
va(x) = x4 pxt 4 gl bt e Ty

and write the general solution to the equation as y(x) = aoyi(x) + a1y2(x). If we plug
in x = 0 into the power series for y; and y,, we find y1(0) = 1 and y2(0) = 0. Similarly,
y1(0) = 0 and y}(0) = 1. Therefore y = agy1 + a1y> is a solution that satisfies the initial
conditions y(0) = ap and y’(0) = a;.

75

75

5.0

25

0.0

25 [ - 25

5.0 L L : 5.0
5.0 25 0.0 25 5.0

Figure 7.3: The two solutions y1 and y, to Airy’s equation.

The functions 1 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
interesting 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” — v = 0).

Sometimes a solution may turn out to be a polynomial.
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Example 7.2.3: Let us find a solution to the so-called Hermite’s equation of order n*:
vy’ =2xy" +2ny =0.

Let us find a solution around the point xo = 0. We try

y= iakxk.

k=0
We differentiate (as above) to obtain
y = Z kagx*1,
k=1
Yy’ = Z k(k —1) agx®

>~
Il
N

Now we plug into the equation

0=y" —2xy +2ny

= Z k(k — 1)akxk"2) - 2x (Z kakxk"l) +2n (Z akxk)
k=2 k=1

k=0

= Z k(k — 1)akxk_2) - (Z Zkakxk) + (Z Znakxk)
k=2 k=1 k=0
=12a; + Z(k +2)(k + 1)ak+2xk) — (Z 2kakxk) + (2na0 + Z Znakxk)
k=1

2ap + 2nag + Z((k +2)(k + 1)ags2 — 2kag + 2nag) x*.
k=1

As y” = 2xy’" +2ny = 0 we have

(2k — 2n)
k+2)k+1 +(—2k+2 =0, =—
( ) g2 + ( n)ag or Ak+2 k+2)(k+1) ag
This recurrence relation actually includes a, = —nag (which comes about from 2a; +2nag =

0). Again ag and a; are arbitrary.

= —2na . _2(1—n)
oM TR0
212 - n) 22(2 — n)(- n)

“ETwe) T o0 ¢

*Named after the French mathematician Charles Hermite (1822-1901).



http://en.wikipedia.org/wiki/Hermite
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_2B-n)  22B-n)1-n)
PTTem P T oo ¢

Let us separate the even and odd coefficients. We find that

2"M(—n)2—n)---2m -2 —n)

Aom =

(2m)! ’
_2"1-n)3-n)---2m—1-n)
fam+1 = Q2m + 1)! '

Let us write down the two series, one with the even powers and one with the odd.

2(;1))(2 . 22(_;131(!2 —n) 4, 23(-n)(2 ;!n)(4 —n) 6, .. /
2(13-! n) 5, 2= g(s —n) 5 20 n)(37!— nG-n) 7. ..

yi(x) =1+

ya(x) = x +

We then write
y(x) = aoy1(x) + arya(x).

We remark that if # 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

2(—4 2°(-4)2 -4
(-4) , 2(42-4) 4 _

4
_ _ 2 .4
yx)=1+ 5 2 =1 4x+3x.

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 xo = 1.
Exercise 7.2.2: Use power series methods to solve y” + 4xy = 0 at the point xo = 0.
Exercise 7.2.3: Use power series methods to solve y” — xy = 0 at the point xg = 1.
Exercise 7.2.4: Use power series methods to solve y” + x*y = 0 at the point xo = 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 xo = 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 xo = 0.

b) For what p is there a polynomial solution?
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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 xo = 0.
b) Use the solution to part a) to find a solution for xy” + y = 0 around the point xo = 1.

Exercise 7.2.101: Use power series methods to solve y” + 2x3y = 0 at the point xo = 0.

Exercise 7.2.102 (challenging): Power series methods also work for nonhomogeneous equations.

a) Use power series methods to solve y” — xy = 1L at the point xo = 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 (xo is a singular point). Can you find at least one solution? Can you find more than one
solution?
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7.3 Singular points and the method of Frobenius

Note: 1 or 1.5 lectures, §8.4 and §8.5 in [EP], §5.4-§5.7 in [BD]

While behavior of ODEs at singular points is more complicated, certain singular points
are not especially difficult to solve. Let us look at some examples before giving a general
method. We may be lucky and obtain a power series solution using the method of the
previous section, but in general we may have to try other things.

7.3.1 Examples

Example 7.3.1: Let us first look at a simple first order equation
2xy’' —y =0.

Note that x = 0 is a singular point. If we try to plug in

(oe]

k

v = m,
k=0

we obtain

0=2xy —y=2x (i kakxk_l) - (i akxk)

k:1 k:o

=ag+ Z(Zkak — ap) x¥.
k=1

First, ap = 0. Next, the only way to solve 0 = 2kay —ay = 2k —1)ax fork =1,2,3,... is
for a; = 0 for all k. Therefore we only get the trivial solution y = 0. We need a nonzero
solution to get the general solution.

Let us try y = x” for some real number r. Consequently our solution—if we can find
one—may only make sense for positive x. Then y’ = rx"~. So

0=2xy —y=2xrx"t—x"=Q2r-1)x".
Therefore r = 1/2, or in other words y = x!/2
solution for positive x is

. Multiplying by a constant, the general

y = Cx/2,

If C # 0, then the derivative of the solution “blows up” at x = 0 (the singular point). There
is only one solution that is differentiable at x = 0 and that’s the trivial solution y = 0.

Not every problem with a singular point has a solution of the form y = x”, of course.
But perhaps we can combine the methods. What we will do is to try a solution of the form

y=x"f(x)
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where f(x) is an analytic function.

Example 7.3.2: Consider the equation
4x%y” —4x*y’ + (1 -2x)y =0,

and again note that x = 0 is a singular point.

Let us try
o0 o
y = X" Z akxk — Zakxkﬂ"
k=0 k=0

where r is a real number, not necessarily an integer. Again if such a solution exists, it may
only exist for positive x. First let us find the derivatives

y = ) (ke +r)artr,
k=0

Yy’ = Z(k +r)(k+7r—1) a2,
k=0

Plugging into our equation we obtain

0= 4x?y” —4x?y’ + (1 - 2x)y

= 4x? (i(k +7)(k+r-1) akxk”_z) — 4x? (i(k +7) akxk”_l) + (1 -2x) (i akxk”)
k=0 k=0 k=0

(i dk+r)(k+r—-1) akxk”)
k=0
- (Z 4(k + 1) akxk””) + (Z akxk”) - (Z Zakxk”*l)
k=0 =0

k=0 -
(Z dk+r)(k+r—-1) akxk+’)
k=0

- (i 4k +r—-1) ak_lxk”) + (i akxk“) - (i 2ak_1xk+r)
k=1

k=1 k=0

=4r(r — 1) agx” + apx” + Z(4(k +r)yk+r—1Dar—4k+r—1)ar1+a,— 2ak_1) xk+r
k=1

= (4r(r-1)+1) apx” + i((ﬁl(k +r)(k+r—=1)+1)ar— (4(k+r-1)+2) ak_l) Xk
k=1

To have a solution we must first have (47(r — 1) + 1) ag = 0. Supposing that ag # 0 we obtain

4r(r-1)+1=0.
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This equation is called the indicial equation. This particular indicial equation has a double
root at r = 1/2.

OK, so we know what r has to be. That knowledge we obtained simply by looking at
the coefficient of x”. All other coefficients of x**" also have to be zero so

(4k+r)(k+r—1)+1)ax — (4(k +r —1) +2) ar_1 = 0.
If we plug in r = 1/2 and solve for a;, we get
oy = 4k +12-1)+2 fpy = 1 -
4k +12)(k+12-1)+1 k
Letus setag = 1. Then

a—la—l a—la—l —1 —L —1 = 1
1_10_1 2_21_2/

Extrapolating, we notice that

ak: =

k(k=1)(k=2)---3-2 kI’

In other words,

yzzakka:ikl k+1/2 _ 1/2Zk'x = 1/2p%

k
That was lucky! In general, we will not be able to write the series in terms of elementary
functions.

We have one solution, let us call it y; = x1/2¢% But what about a second solution? If we
want a general solution, we need two linearly independent solutions. Picking ag to be a
different constant only gets us a constant multiple of 11, and we do not have any other r to
try; we only have one solution to the indicial equation. Well, there are powers of x floating
around and we are taking derivatives, perhaps the logarithm (the antiderivative of x™1) is
around as well. It turns out we want to try for another solution of the form

y2= ) bexk T+ (Inx)ys,
k=0

which in our case is

Y2 = Z bex 12 4 (Inx)x /2.
k=0

We now differentiate this equation, substitute into the differential equation and solve for
br. A long computation ensues and we obtain some recursion relation for by. The reader
can (and should) try this to obtain for example the first three terms
2b1 -1 be = 6by —1
T T
We then fix bp and obtain a solution y,. Then we write the general solutionas y = Ay1+Buy».

b1 =bo—1, by =
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7.3.2 The method of Frobenius
Before giving the general method, let us clarify when the method applies. Let
POy +q(x)y’ +r(x)y =0
be an ODE. As before, if p(xo) = 0, then xy is a singular point. If, furthermore, the limits

lim (x — xo)@ and lim (x — xg)?——=
X—X(

p (x) X—X p (x)
both exist and are finite, then we say that x is a regular singular point.

Example 7.3.3: Often, and for the rest of this section, xo = 0. Consider

2y +x(1+x)y + (m+x*)y = 0.

Write
lim x@ = lim xx(1 +x) =lim (1+x)=1,
x—0 p(x) x—0 x2 x—0
2
lim xzﬂ = lim xZM =lim (7 +x?) = n.
x—0 p(x) x—0 x2 x—0

So x = 0is a regular singular point.
On the other hand if we make the slight change

xzy" + A +x)y + (n+ xz)y =0,

then
1+x) .. 1+x
= lim

= DNE.
x—0 p(x) x—0 x2 x—0 X

Here DNE stands for does not exist. The point 0 is a singular point, but not a regular singular
point.

Let us now discuss the general Method of Frobenius*. We only consider the method at
the point x = 0 for simplicity. The main idea is the following theorem.

Theorem 7.3.1 (Method of Frobenius). Suppose that

p(x)y” +q(x)y" +r(x)y =0 (7.3)
has a regular singular point at x = 0. Then there exists at least one solution of the form

k
y:erakx ,

k

(e
=0

where ag = 1. A solution of this form is called a Frobenius-type solution.

*Named after the German mathematician Ferdinand Georg Frobenius (1849-1917).


http://en.wikipedia.org/wiki/Ferdinand_Georg_Frobenius
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The method usually breaks down like this:

(i) We seek a Frobenius-type solution of the form

(ii)

(iii)

(iv)

(v)

o
y= Z akxk+r.
k=0

We plug this y into equation (7.3). We collect terms and write everything as a single
series.

The obtained series must be zero. Setting the first coefficient (usually the coefficient of
x") in the series to zero we obtain the indicial equation, which is a quadratic polynomial
inr.

If the indicial equation has two real roots r; and r; such that r1 — r7 is not an integer,
then we have two linearly independent Frobenius-type solutions. Using the first root,
we plug in

o

y1=x" ) a,

k=0

and we solve for all a; to obtain the first solution. Then using the second root, we

plug in
yp = x" Z brxk,
k=0

and solve for all by to obtain the second solution.

If the indicial equation has a doubled root r, then there we find one solution
o0
y1=x" Z agxk,
k=0

and then we obtain a new solution by plugging

y2=x" Z bexk + (Inx)y1,
k=0

into equation (7.3) and solving for the constants by.

If the indicial equation has two real roots such that rq — r; is an integer, then one
solution is

[o0]

y1=x" ) a,

k=0
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and the second linearly independent solution is of the form

Yo = A" Z bexk + C(Inx)y1,
k=0

where we plug y, into (7.3) and solve for the constants by and C.

(vi) Finally, if the indicial equation has complex roots, then solving for aj in the solution
y=x" Z apxk
k=0
results in a complex-valued function—all the a; are complex numbers. We obtain
our two linearly independent solutions® by taking the real and imaginary parts of y.

The main idea is to find at least one Frobenius-type solution. If we are lucky and find
two, we are done. If we only get one, we either use the ideas above or even a different
method such as reduction of order (see § 2.1) to obtain a second solution.

7.3.3 Bessel functions

An important class of functions that arises commonly in physics are the Bessel functions.
For example, these functions appear when solving the wave equation in two and three
dimensions. First consider Bessel’s equation of order p:

2y’ +xy + (x> —p?)y =0.

We allow p to be any number, not just an integer, although integers and multiples of 1/2 are
most important in applications.
When we plug

[ee]
y= Z akxk+r
k=0

into Bessel’s equation of order p, we obtain the indicial equation

rr=1)+r—-p*=(r—-p)r+p)=0.
Therefore we obtain two roots 1 = p and r, = —p. If p is not an integer, then following the

method of Frobenius and setting a9 = 1, we obtain linearly independent solutions of the
form

= yP
net ; 2%kl(k + p)k=1+p)---2+p)1+p)
—xP '
Yy2=x ;zzkk!(k—P)(k—l —-p)---2-p)A-p)

*See Joseph L. Neuringera, The Frobenius method for complex roots of the indicial equation, International
Journal of Mathematical Education in Science and Technology, Volume 9, Issue 1, 1978, 71-77.
tNamed after the German astronomer and mathematician Friedrich Wilhelm Bessel (1784-1846).
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Exercise 7.3.1:
a) Verify that the indicial equation of Bessel’s equation of order p is (r — p)(r + p) = 0.

b) Suppose p is not an integer. Carry out the computation to obtain the solutions yy and y»
above.

Bessel functions are convenient constant multiples of y; and y». First we must define
the gamma function

I'x)= / t*le7t dt.
0
Notice that I'(1) = 1. The gamma function also has a wonderful property
I'(x+1)=xI(x).

From this property, it follows that I'(n) = (n — 1)! when 7 is an integer. So the gamma
function is a continuous version of the factorial. We compute:

[k+p+1)=(k+p)k—1+p)---2+p)A+p)I1+p),
[k-=p+1)=(k-p)k-1-p)---2-p)A-pIQ-p).

Exercise 7.3.2: Verify the identities above using I'(x + 1) = xI'(x).

We define the Bessel functions of the first kind of order p and —p as

_ 1 N (D) ey
Jp(x) = ?rA+p)/t ; K'T(k +p + 1)(5)

4

~ 1 RS (-1)F x\2k-p
Jp(x) = 27PT(1 - p)y2 - ;) kK!'T(k—p+1) (E) '

As these are constant multiples of the solutions we found above, these are both solutions
to Bessel’s equation of order p. The constants are picked for convenience.
When p is not an integer, |, and ], are linearly independent. When 7 is an integer we

obtain )
~ = (-1) x\ 2k+n
Ju(x) = kz:é kL (k + n)! (E) '

Jn(x) = (=1)" - (x),
and so J_, is not a second linearly independent solution. The other solution is the so-called

Bessel function of second kind. These make sense only for integer orders n and are defined as
limits of linear combinations of J,(x) and J_,(x), as p approaches 7 in the following way:

(o) = tim OPTIB) = L)
p—n sin(p)

In this case
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Each linear combination of J,(x) and ]_,(x) is a solution to Bessel’s equation of order p.
Then as we take the limit as p goes to 1, we see that Y, (x) is a solution to Bessel’s equation
of order n. It also turns out that Y, (x) and J,(x) are linearly independent. Therefore when
n is an integer, we have the general solution to Bessel’s equation of order n:

y = AJu(x) + BYy(x),

for arbitrary constants A and B. Note that Y, (x) goes to negative infinity at x = 0. Many
mathematical software packages have these functions J,(x) and Y, (x) defined, so they
can be used just like say sin(x) and cos(x). In fact, Bessel functions have some similar
properties. For example, —]1(x) is a derivative of Jo(x), and in general the derivative of
J.(x) can be written as a linear combination of J,_1(x) and J,+1(x). Furthermore, these
functions oscillate, although they are not periodic. See Figure 7.4 for graphs of Bessel
functions.

I I I I I I
0.0 25 5.0 75 10.0 0.0 25 5.0 75 10.0

Figure 7.4: Plot of the Jo(x) and J1(x) in the first graph and Yo(x) and Y1(x) in the second graph.

Example 7.3.4: Other equations can sometimes be solved in terms of the Bessel functions.
For example, given a positive constant A,

xy” +y' +A%xy =0,

can be changed to x?y” + xy’ + A2x2y = 0. Then changing variables t = Ax, we obtain via

chain rule the equation in y and ¢:
2y +ty +t2y =0,

which we recognize as Bessel’s equation of order 0. Therefore the general solution is
y(t) = AJo(t) + BYo(t), or in terms of x:

y =AJo(Ax) + BYp(Ax).

This equation comes up, for example, when finding the fundamental modes of vibration of
a circular drum, but we digress.
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7.3.4 Exercises

Exercise 7.3.3: Find a particular (Frobenius-type) solution of x*y” + xy’ + (1 + x)y = 0.
Exercise 7.3.4: Find a particular (Frobenius-type) solution of xy” — y = 0.

Exercise 7.3.5: Find a particular (Frobenius-type) solution of y” + 1y’ —xy = 0.
Exercise 7.3.6: Find the general solution of 2xy” + y’ — x*y = 0.

Exercise 7.3.7: Find the general solution of x*y” — xy’ —y = 0.

Exercise 7.3.8: In the following equations classify the point x = 0 as ordinary, regular singular,
or singular but not regular singular.

a) X>(1+x?)y” +xy =0 b) x*y" +y +y =0
¢) xy”" +x3y' +y =0 d) xy” +xy —e*y =0
2.,

e) xX*y” +x%y’ +x%y =0

Exercise 7.3.101: In the following equations classify the point x = 0as ordinary, regular singular,
or singular but not regular singular.

a) y"+y=0 b) X3y +(1+x)y=0
) xy"+x°y'+y =0 d) sin(x)y” -y =0
e) cos(x)y” —sin(x)y =0
Exercise 7.3.102: Find the general solution of x*>y” — y = 0.
Exercise 7.3.103: Find a particular solution of x*>y” + (x — 3/4)y = 0.

Exercise 7.3.104 (tricky): Find the general solution of x*>y” — xy’ +y = 0.



260 CHAPTER 7. POWER SERIES METHODS



Chapter 8

Nonlinear systems

8.1 Linearization, critical points, and equilibria

Note: 1 lecture, §6.1-§6.2 in [EP], §9.2-§9.3 in [BD]

Except for a few brief detours in chapter 1, we considered mostly linear equations.
Linear equations suffice in many applications, but in reality most phenomena require
nonlinear equations. Nonlinear equations, however, are notoriously more difficult to
understand than linear ones, and many strange new phenomena appear when we allow
our equations to be nonlinear.

Not to worry, we did not waste all this time studying linear equations. Nonlinear
equations can often be approximated by linear ones if we only need a solution “locally,” for
example, only for a short period of time, or only for certain parameters. Understanding
linear equations can also give us qualitative understanding about a more general nonlinear
problem. The idea is similar to what you did in calculus in trying to approximate a function
by a line with the right slope.

In § 2.4 we looked at the pendulum of length L. The goal was to
solve for the angle 6(t) as a function of the time t. The equation for
the setup is the nonlinear equation L

6”+%sin620.

S~ o

Instead of solving this equation, we solved the rather easier linear
equation

V24 5 _
7} +L9_0.

While the solution to the linear equation is not exactly what we were looking for, it is rather
close to the original, as long as the angle 0 is small and the time period involved is short.

You might ask: Why don’t we just solve the nonlinear problem? Well, it might be very
difficult, impractical, or impossible to solve analytically, depending on the equation in
question. We may not even be interested in the actual solution, we might only be interested
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in some qualitative idea of what the solution is doing. For example, what happens as time
goes to infinity?

8.1.1 Autonomous systems and phase plane analysis

We restrict our attention to a two-dimensional autonomous system

x/:f(x/y)/ y/:g(x’y)’

where f(x, y) and g(x, y) are functions of two variables, and the derivatives are taken with
respect to time ¢. Solutions are functions x(t) and y(t) such that

X(t) = f(x(t),y(1),  y#)=g(xt) y(t)).

The way we will analyze the system is very similar to § 1.6, where we studied a single
autonomous equation. The ideas in two dimensions are the same, but the behavior can be
far more complicated.

It may be best to think of the system of equations as the single vector equation

x|"_[fxy)
M - [g(x,y)l' 51

As in § 3.1 we draw the phase portrait (or phase diagram), where each point (x, ) corresponds

to a specific state of the system. We draw the vector field given at each point (x, y) by the
fGxy)
8(x.y)
points (x(t), y(t)) for a certain range of t.

vector [ ] . And as before if we find solutions, we draw the trajectories by plotting all

Example 8.1.1: Consider the second order equation x” = —x + x2. Write this equation as a
tirst order nonlinear system

x' =y, y = —x +x%
The phase portrait with some trajectories is drawn in Figure 8.1 on the facing page.

From the phase portrait it should be clear that even this simple system has fairly
complicated behavior. Some trajectories keep oscillating around the origin, and some go
off towards infinity. We will return to this example often, and analyze it completely in this
(and the next) section.
flxy)

8(x,y)
arrows point generally in essentially that same direction and have essentially the same

magnitude. In other words the behavior is not that interesting near such a point. We are of
course assuming that f(x, y) and g(x, y) are continuous.

Let us concentrate on those points in the phase diagram above where the trajectories
seem to start, end, or go around. We see two such points: (0,0) and (1, 0). The trajectories
seem to go around the point (0, 0), and they seem to either go in or out of the point (1, 0).

If we zoom into the diagram near a point where [ ] is not zero, then nearby the
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Figure 8.1: Phase portrait with some trajectories of x’ = y, y’ = —x + x2.

These points are precisely those points where the derivatives of both x and y are zero. Let
us define the critical points as the points (x, y) such that

f(x/ ]/) _ R
lg(x, y)l =0

In other words, these are the points where both f(x, y) = 0 and g(x, y) = 0.

The critical points are where the behavior of the system is in some sense the most

fxy)
8(xy)
Also, the trajectories are either going towards, away from, or around these points, so if we

are looking for long-term qualitative behavior of the system, we should look at what is
happening near the critical points.

Critical points are also sometimes called equilibria, since we have so-called equilibrium
solutions at critical points. If (xo, yo) is a critical point, then we have the solutions

complicated. If [ ] is zero, then nearby, the vector can point in any direction whatsoever.

x(t) = xo0, y(t) = yo.
In Example 8.1.1 on the preceding page, there are two equilibrium solutions:
x(t)=0, y(t)=0, and x(t)=1, y(t)=0.
Compare this discussion on equilibria to the discussion in § 1.6. The underlying concept is

exactly the same.

8.1.2 Linearization

In § 3.5 we studied the behavior of a homogeneous linear system of two equations near a
critical point. For a linear system of two variables given by an invertible matrix, the only
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critical point is the origin (0, 0). Let us put the understanding we gained in that section to
good use understanding what happens near critical points of nonlinear systems.

In calculus we learned to estimate a function by taking its derivative and linearizing.
We work similarly with nonlinear systems of ODE. Suppose (xo, o) is a critical point. First
change variables to (1, v), so that (1, v) = (0, 0) corresponds to (xo, yo). That is,

u=Xx-—-Xxo, v =Y = Yo

Next we need to find the derivative. In multivariable calculus you may have seen that the
several variables version of the derivative is the Jacobian matrix*. The Jacobian matrix of the

fxy) ] at (Xo, ]/O) is

vector-valued function [ 2(xy)

%(Xo, Yo) %(xo, Yo)
%(Xo, Yo) g—i(xo, Yo)

This matrix gives the best linear approximation as u and v (and therefore x and y) vary.
We define the linearization of the equation (8.1) as the linear system

ul”

ol =
Example 8.1.2: Let us keep with the same equations as Example 8.1.1: x’ = y, y’ = —x + x2.
There are two critical points, (0, 0) and (1, 0). The Jacobian matrix at any point is

%(xo, Yo) %(xo, Yo) lul
g—i(xo, Yo) g—i(xo, vo)| LY

[%(x,y) %(x, )

0 1]
d d :
Ry Feoy| [T1+2x 0

Therefore at (0,0), we have u = x and v = y, and the linearization is

R IE]

At the point (1,0), we have u = x — 1 and v = y, and the linearization is

R

The phase diagrams of the two linearizations at the point (0, 0) and (1, 0) are given in
Figure 8.2 on the facing page. Note that the variables are now 1 and v. Compare Figure 8.2
with Figure 8.1 on the previous page, and look especially at the behavior near the critical
points.

*Named for the German mathematician Carl Gustav Jacob Jacobi (1804-1851).


https://en.wikipedia.org/wiki/Carl_Gustav_Jacob_Jacobi
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8.1.3 Vector fields of 2D systems with Python

The resources306 module provides a function fieldplot to plot the vector field of the two-
dimensional autonomous system of ODEs (8.1). It works just like fieldplotlinear except that
instead of a matrix, it takes a pair of functions of two variables. You supply a Python
function that takes the pair (x, y) and returns the pair (f(x, y), g(x, y)). You also givethe
desired ranges for the horizontal and vertical axes, followed by any desired graphical
options. In the example below we use fieldplot to make a vector field plot for the system

X /_ —ycos(x+y—1)
[yl _lxcos(x—y+1) ' (8.2)

from resources306 import *
def F(X):
x,y =X
return -y*cos(x+y-1), x*cos(x-y+1)
COS = np.cos
plt.figure(figsize=(10,10))
plt.subplot(l1ll,aspect=1) # optional: make scales same on the two axes
fieldplot(F,-2,5,-2.5,2.5,color="b',alpha=0.5)
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8.1.4 Exercises

Exercise 8.1.1: Sketch the phase plane vector field for:

2 '=-x, c¢) x'=¢eY, y=e"

a) ¥ =x%, ¥ =y? b) X' =(x-y) y

Exercise 8.1.2: Match systems

1) x' =x2, y' =y? 2) ¥ =xy, ¥y =1+y>? 3) x’ =sin(ny), ¥y’ =x,
to the vector fields below. Justify.
NNt T 7r 777 AN A R N Y ] 7 s e NN
AN N L U T T S Y A D N R T T S RV R VAVAVAYEE-E NS N NI NN
SN UL SR S S S S P R A8 [~ ~ ) R Y A" + LSNE S S
\\\\\ I P . — - A > - — \\\\\»/'/'///
44444444444 — - > > - — \\\\\»/////
a) AAAAAAAAAAAAA b)f*)*)«) > > — C),ll¢+ 4¢TT,
44444444444 — > > > > — ////‘,‘,\\\\'\
P AR A SR T S S S S S SR Y — > y > ///‘/($\\\\\
[# 7 7 # + 4+ + x x X \] [— =~ ~ R g VoV vy - ot
VAR A . S A AR NN D A I T B R RV NNN S>> =
S/ VA NN N O R O R s VN NN 2 s}
Exercise 8.1.3: Find the critical points and linearizations of the following systems.

a) X' =x?—y: Yy =x*+y’ -1, b) x' = -y, y =3x+yx?
o) X =x>+y, v =y>+x

Exercise 8.1.4: For the following systems, verify they have critical point at (0,0), and find the

linearization at (0, 0).
a) X' =x+2y+x*-y? y =2y —x? by x'=-y, y¥=x-1°

c) X' =ax+by+f(x,y),y =cx+dy+g(x,y), where £(0,0) =0, g(0,0) = 0, and all first
partial derivatives of f and g are also zero at (0, 0), that is, g—i(O, 0) = %(O, 0) = 3—§(O, 0) =
20,0 =0.

Exercise 8.1.5: Take x’ = (x — y)?, v’ = (x + y)~

a) Find the set of critical points.

b) Sketch a phase diagram and describe the behavior near the critical point(s).

c) Find the linearization. Is it helpful in understanding the system?

Exercise 8.1.6: Take x’ = x2

, Yy = x5
a) Find the set of critical points.
b) Sketch a phase diagram and describe the behavior near the critical point(s).

c) Find the linearization. Is it helpful in understanding the system?
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Exercise 8.1.101: Find the critical points and linearizations of the following systems.

sin(ny)+(x—1)2, ]/’:3/2_]// b) x’=x+y+y2, y/:x,

x
N—"
=
Il

) x=(x-1>%+y, v =x*+y.

Exercise 8.1.102: Match systems
) ¥ =y* y=-x% 2) ¥’ =y, y=(x-1)(x+1),
3) X =y+x2, y =-—x,

to the vector fields below. Justify.

//'——»‘\-\\‘,\\-‘——7/’/ T ST S TS T LT \\\l ﬁﬁﬁﬁﬁ ‘\\\
VA A NN N s — 3w = o~ o~ NN S s s s s s ~ N\
/) 72 =2 ~ N v~ > 7 /] A T S T EN N % s > > > s oxn N\
A A N N A > 2w N~ VoV > a4 w oy )
A S S S T R S A A I N Loy T
a)—T L B e B b) O R AR N sow ] C) FLov o vy
LT 2 2 2 S D R S | P B v NN Loy O ]
N N« « v v v & <« x A\ oo NN Vv Y
N N « « v v v « « N\ [~ = < NN [ T S S S N N
N N © o wrr o~ — N N\ A 4 « <« <« s PN NN S 5> = s s - N\
\\_‘,/“//,‘h\\ A4 « - + < & « N \\\7 “““““ 5\\

Exercise 8.1.103: The idea of critical points and linearization works in higher dimensions as well.
You simply make the Jacobian matrix bigger by adding more functions and more variables. For the
following system of 3 equations find the critical points and their linearizations:

X' =x+z22, v =z"-y, 7 =z +x°

Exercise 8.1.104: Any two-dimensional non-autonomous system x’ = f(x,y,t), y' = g(x, y, t)
can be written as a three-dimensional autonomous system (three equations). Write down this
autonomous system using the variables u, v, w.



8.2. STABILITY AND CLASSIFICATION OF ISOLATED CRITICAL POINTS 269

8.2 Stability and classification of isolated critical points

Note: 1.5-2 lectures, §6.1-§6.2 in [EP], §9.2-§9.3 in [BD]

8.2.1 Isolated critical points and almost linear systems

A critical point is isolated if it is the only critical point in some small “neighborhood” of the
point. That is, if we zoom in far enough it is the only critical point we see. In the example
above, the critical point was isolated. If on the other hand there would be a whole curve of
critical points, then it would not be isolated.

A system is called almost linear at a critical point (xo, yo), if the critical point is isolated
and the Jacobian matrix at the point is invertible, or equivalently if the linearized system
has an isolated critical point. In such a case, the nonlinear terms are very small and the
system behaves like its linearization, at least if we are close to the critical point.

For example, the system in Examples 8.1.1 and 8.1.2 has two isolated critical points
(0,0) and (0, 1), and is almost linear at both critical points as the Jacobian matrices at both
points, [_01 (1)] and [9 (1)], are invertible.

On the other hand, the system x’ = x2, Yy = yz has an isolated critical point at (0, 0),
however the Jacobian matrix

2x 0
[ 0 23/]

is zero when (x, y) = (0,0). So the system is not almost linear. Even a worse example is the
system x” = x, y’ = x2, which does not have isolated critical points; x” and y’ are both zero
whenever x = 0, that is, the entire y-axis.

Fortunately, most often critical points are isolated, and the system is almost linear at
the critical points. So if we learn what happens there, we will have figured out the majority
of situations that arise in applications.

8.2.2 Stability and classification of isolated critical points

Once we have an isolated critical point, the system is almost linear at that critical point,
and we computed the associated linearized system, we can classify what happens to the
solutions. We more or less use the classification for linear two-variable systems from § 3.5,
with one minor caveat. Let us list the behaviors depending on the eigenvalues of the
Jacobian matrix at the critical point in Table 8.1 on the following page. This table is very
similar to Table 3.1 on page 163, with the exception of missing “center” points. We will
discuss centers later, as they are more complicated.

In the third column, we mark points as asymptotically stable or unstable. Formally, a
stable critical point (xo, yo) is one where given any small distance € to (xo, o), and any initial
condition within a perhaps smaller radius around (xo, o), the trajectory of the system
never goes further away from (xo, yo) than €. An unstable critical point is one that is not
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Eigenvalues of the Jacobian matrix Behavior Stability
real and both positive source / unstable node unstable
real and both negative sink / stable node asymptotically stable
real and opposite signs saddle unstable
complex with positive real part spiral source unstable
complex with negative real part spiral sink asymptotically stable

Table 8.1: Behavior of an almost linear system near an isolated critical point.

stable. Informally, a point is stable if we start close to a critical point and follow a trajectory
we either go towards, or at least not away from, this critical point.

A stable critical point (xo, yo) is called asymptotically stable if given any initial condition
sufficiently close to (xo, 1o) and any solution (x(t), y(t)) satisfying that condition, then

lim (x(), y(+)) = (xo, yo).

That is, the critical point is asymptotically stable if any trajectory for a sufficiently close
initial condition goes towards the critical point (xo, vp).

Example 8.2.1: Consider x’ = —y — x2, y’ = —x + y>. See Figure 8.3 on the facing page for
the phase diagram. Let us find the critical points. These are the points where —y — x* = 0
and —x + y? = 0. The first equation means y = —x2, and so y* = x*. Plugging into the
second equation we obtain —x + x* = 0. Factoring we obtain x(1 — x%) = 0. Since we are
looking only for real solutions we get either x = 0 or x = 1. Solving for the corresponding
y using y = —x2, we get two critical points, one being (0, 0) and the other being (1, -1).
Clearly the critical points are isolated.
Let us compute the Jacobian matrix:

—2x -1
l -1 23/] '
At the point (0, 0) we get the matrix [_01 ‘01 ] and so the two eigenvalues are 1 and —1. As
the matrix is invertible, the system is almost linear at (0, 0). As the eigenvalues are real and
of opposite signs, we get a saddle point, which is an unstable equilibrium point.

At the point (1, —1) we get the matrix [ 2 ] and computing the eigenvalues we get -1,
—3. The matrix is invertible, and so the system is almost linear at (1, —=1). As we have real
eigenvalues and both negative, the critical point is a sink, and therefore an asymptotically
stable equilibrium point. That is, if we start with any point (x;, y;) close to (1, —1) as an

initial condition and plot a trajectory, it approaches (1, —1). In other words,

lim (x(), y(1)) = (1,-1).
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Figure 8.3: The phase portrait with few sample trajectories of x' = —y — x2, y’ = —x + y2.

As you can see from the diagram, this behavior is true even for some initial points quite far
from (1, —1), but it is definitely not true for all initial points.

Example 8.2.2: Let us look at x’ = y + y?e*, y’ = x. First let us find the critical points.
These are the points where i + y?¢* = 0 and x = 0. Simplifying we get 0 = y + > = y(y +1).
So the critical points are (0, 0) and (0, —1), and hence are isolated. Let us compute the
Jacobian matrix:

y2e* 1+ 2ye*
1 0 '

At the point (0, 0) we get the matrix [(1) (1)] and so the two eigenvalues are 1 and —1. As
the matrix is invertible, the system is almost linear at (0, 0). And, as the eigenvalues are
real and of opposite signs, we get a saddle point, which is an unstable equilibrium point.

At the point (0, —1) we get the matrix [ s ] whose eigenvalues are 1 + i%. The matrix
is invertible, and so the system is almost linear at (0, —1). As we have complex eigenvalues
with positive real part, the critical point is a spiral source, and therefore an unstable
equilibrium point.

See Figure 8.4 on the next page for the phase diagram. Notice the two critical points,
and the behavior of the arrows in the vector field around these points.

8.2.3 The trouble with centers

Recall, a linear system with a center means that trajectories travel in closed elliptical orbits
in some direction around the critical point. Such a critical point we call a center or a stable
center. It is not an asymptotically stable critical point, as the trajectories never approach the
critical point, but at least if you start sufficiently close to the critical point, you stay close to
the critical point. The simplest example of such behavior is the linear system with a center.
Another example is the critical point (0, 0) in Example 8.1.1 on page 262.
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Figure 8.4: The phase portrait with few sample trajectories of x' = y + y?e*, y’ = x.

The trouble with a center in a nonlinear system is that whether the trajectory goes
towards or away from the critical point is governed by the sign of the real part of the
eigenvalues of the Jacobian matrix, and the Jacobian matrix in a nonlinear system changes
from point to point. Since this real part is zero at the critical point itself, it can have either
sign nearby, meaning the trajectory could be pulled towards or away from the critical point.

Example 8.2.3: An example of such a problematic behavior is the system x" = y,y" =
—x + y3. The only critical point is the origin (0, 0). The Jacobian matrix is

0 1
5 sl

At (0, 0) the Jacobian matrix is [ 9 (1)], which has eigenvalues +i. So the linearization has a
center.

Using the quadratic equation, the eigenvalues of the Jacobian matrix at any point (x, y)
are

4 -9y4

—
At any point where y # 0 (so at most points near the origin), the eigenvalues have a positive
real part (y? can never be negative). This positive real part pulls the trajectory away from

the origin. A sample trajectory for an initial condition near the origin is given in Figure 8.5
on the next page.

)\=gyzii

The moral of the example is that further analysis is needed when the linearization has a
center. The analysis will in general be more complicated than in the example above, and
is more likely to involve case-by-case consideration. Such a complication should not be
surprising to you. By now in your mathematical career, you have seen many places where
a simple test is inconclusive, recall for example the second derivative test for maxima or
minima, and requires more careful, and perhaps ad hoc analysis of the situation.
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Figure 8.5: An unstable critical point (spiral source) at the origin for x’ = y,y’ = —x + y°, even if the
linearization has a center.

8.2.4 Conservative equations

An equation of the form

x" + f(x) =
for an arbitrary function f(x) is called a conservative equation. For example the pendulum
equation is a conservative equation. The equations are conservative as there is no friction
in the system so the energy in the system is “conserved.” Let us write this equation as a
system of nonlinear ODE.

x'=y, Yy =—f(x).
These types of equations have the advantage that we can solve for their trajectories easily.
The trick is to first think of y as a function of x for a moment. Then use the chain rule
dy dy
=y'= dx /_ydx
where the prime indicates a derivative with respect to t. We obtain yfl—z + f(x) =0. We
integrate with respect to x to get f yg—y dx + f f(x)dx = C. In other words

g+ [ fedx=c

We obtained an implicit equation for the trajectories, with different C giving different
trajectories. The value of C is conserved on any trajectory. This expression is sometimes
called the Hamiltonian or the energy of the system. If you look back to § 1.8, you will notice

that y 2 + (x) = 0 is an exact equation, and we just found a potential function.
Yax q J P

Example 8.2.4: Let us find the trajectories for the equation x” + x — x? = 0, which is the
equation from Example 8.1.1 on page 262. The corresponding first order system is

x' =y, y = —x +x%
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Trajectories satisfy

1, 15
7Y +2x 3 =C.
We solve for y

y = i\/—xz + §x3 +2C.

Plotting these graphs we get exactly the trajectories in Figure 8.1 on page 263. In
particular we notice that near the origin the trajectories are closed curves: they keep going
around the origin, never spiraling in or out. Therefore we discovered a way to verify that
the critical point at (0, 0) is a stable center. The critical point at (0, 1) is a saddle as we
already noticed. This example is typical for conservative equations.

Consider an arbitrary conservative equation x” + f(x) = 0. All critical points occur
when vy = 0 (the x-axis), that is when x’ = 0. The critical points are those points on the
x-axis where f(x) = 0. The trajectories are given by

y = i\/—Z/f(x)dx +2C.

So all trajectories are mirrored across the x-axis. In particular, there can be no spiral sources
nor sinks. The Jacobian matrix is
0 1
- ol

The critical point is almost linear if f’(x) # 0 at the critical point. Let | denote the Jacobian
matrix. The eigenvalues of | are solutions to

0 =det(J — AI) = A2+ f/(x).

Therefore A = £4/—f’(x). In other words, either we get real eigenvalues of opposite signs
(if f'(x) < 0), or we get purely imaginary eigenvalues (if f’(x) > 0). There are only two
possibilities for critical points, either an unstable saddle point, or a stable center. There are
never any sinks or sources.

8.2.5 Phase portraits and equilibria with Python

The resources306 module also provides a function phaseportrait to numerically compute
and plot solution curves of the two-dimensional autonomous system of ODEs (8.1). This
works just like phaseportraitlinear described in § 8.1.3, except that instead of a matrix, you
supply a Python function that takes the pair (x, y) and returns the pair (f(x, y), g(x, y)).
This Python function can be the same one used with fieldplot. In the example below we use
phaseportrait to add some solution curves to the example from the previous section. We
also add dots to mark some equilibria. These are computed using fsolve, which is imported
by resources306 from the module scipy.optimize. You give fsolve the function whose zero you
want, and a rough guess at the location: fsolve will try to return an accurate approximation
of the zero.
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from resources306 import *
def F(X):
x,y = X
return -y*cos(x+y-1), x*cos(x-y+1)
COS = np.cos
plt.figure(figsize=(10,10))
plt.subplot(111,aspect=1) # optional: make scales same on the two axes

fieldplot(F,-2,5,-2.5,2.5,color="k',alpha=0.25)

phaseportrait(F, [(.25,0),(.25,.25),(.5,.5,-4,3),(-1,1),(-.5,.5),
(-1,-,2,1,-3,3),(1,1,-3,3)], color="k' )

x0,y0 = 0,0

x1,yl fsolve( F, (1,1) )

X2,y2 fsolve( F, (3,-1) )

x3,y3 = fsolve( F, (0,4) )

x4,y4 = fsolve( F, (-2,-2) )

plt.plot(x0,y0, 'ko', x1,y1, 'ko', x2,y2,'ko', x3,y3,'ko', x4,y4, 'ko")

8.2.6 Exercises

Exercise 8.2.1: For the systems below, find and classify the critical points, also indicate if the
equilibria are stable, asymptotically stable, or unstable.

a) X' =—-x+3x%,y = -y by ¥ =x*+y* -1,y =x

) X =yeX, Y =y—x+y>
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Exercise 8.2.2: Find the implicit equations of the trajectories of the following conservative systems.
Next find their critical points (if any) and classify them.

a) X" +x+x3=0 b) 6” +sinO =0

c) z/+(z-1)(z+1)=0 d) x” +x*+1=0
Exercise 8.2.3: Find and classify the critical point(s) of x’ = —=x2, y’ = —y>.
Exercise 8.2.4: Suppose x’ = —xy, y' = x> —1-y.

a) Show there are two spiral sinks at (—1,0) and (1, 0).

b) For any initial point of the form (0, yo), find what is the trajectory.

c) Can a trajectory starting at (xo, yo) where xo > 0 spiral into the critical point at (-=1,0)?
Why or why not?

Exercise 8.2.5: In the example x’ = y, y’ = y> — x show that for any trajectory, the distance from
the origin is an increasing function. Conclude that the origin behaves like is a spiral source. Hint:

Consider f(t) = (x(i,‘))2 + (y(t‘))2 and show it has positive derivative.

Exercise 8.2.6: Suppose f is always positive. Find the trajectories of x” + f(x’) = 0. Are there
any critical points?

Exercise 8.2.7: Suppose that x" = f(x,y), vy’ = g(x, y). Suppose that g(x, y) > 1 for all x and
y. Are there any critical points? What can we say about the trajectories at t goes to infinity?

Exercise 8.2.51: For the system below, find and classify the critical points.
a) X' =x-y-x>+xy, y =-y—x?
b) x' =—-x+siny, y' =2x
) x'=x3—4x, y =3x°-12x +y
d) x’ =4y +5sinx, y’' = -3y

Exercise 8.2.52: For the systems below:

i. Find all critical points (equilibria).

ii. Determine the linearized system for each of the points in (i.). Classify each of the critical
points (equilibria). If the critical points are not spirals or centers, find all eigenvectors.

iii. Sketch the global phase portrait. Include the eigenvectors for the linearized system at each
critical point and draw arrows on the solution curves to indicate the direction of flow.

2

a) X' =x>—x+vy, y =2x>-2x
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b) ' =-3x+vy, y =-y+x>
) x'=-x+y% y =x+2y
d x'=2x+y,y =-y+x?
e) X =y*-1,y =x3-1

N =3y"-3y+x,y=y>-y

Exercise 8.2.101: For the systems below, find and classify the critical points.
a) X' =—-x+x%,y =y by X' =y-y*-x,y=-x c¢) ¥ =xy,y=x+y-1

Exercise 8.2.102: Find the implicit equations of the trajectories of the following conservative systems.
Next find their critical points (if any) and classify them.

a) x"+x*=4 b) x” +e* =0 c) X"+ (x+1)e*=0

Exercise 8.2.103: The conservative system x” + x> = 0 is not almost linear. Classify its critical
point(s) nonetheless.

Exercise 8.2.104: Derive an analogous classification of critical points for equations in one dimension,
such as x" = f(x) based on the derivative. A point xg is critical when f(xo) = 0 and almost linear
if in addition f'(xo) # 0. Figure out if the critical point is stable or unstable depending on the sign
of f'(xo). Explain. Hint: see § 1.6.
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8.3 Applications of nonlinear systems

Note: 2 lectures, §6.3-§6.4 in [EP], §9.3, §9.5 in [BD]

In this section we study two very standard examples of nonlinear systems. First, we
look at the nonlinear pendulum equation. We saw the pendulum equation’s linearization
before, but we noted it was only valid for small angles and short times. Now we find
out what happens for large angles. Next, we look at the predator-prey equation, which
tinds various applications in modeling problems in biology, chemistry, economics, and
elsewhere.

8.3.1 Pendulum

The first example we study is the pendulum equation 6”+£ sin 6 = 0. Here, 0 is the angular
displacement, g is the gravitational acceleration, and L is the length of the pendulum. In
this equation we disregard friction, so we are talking about an idealized pendulum.

This equation is a conservative equation, so we can use our
analysis of conservative equations from the previous section. Let us
change the equation to a two-dimensional system in variables (8, w) L
by introducing the new variable w: 0

-l R

—% sin 0

The critical points of this system are when w = 0 and —$ sin 6 = 0, or in other words if
sin 0 = 0. So the critical points are when w = 0 and 0 is a multiple of 7. That is, the points
are ...(-2mn,0),(-mr,0),(0,0),(mn,0),(27,0).... While there are infinitely many critical
points, they are all isolated. Let us compute the Jacobian matrix:

wle) ) Ll

%(—%sinG) %(—%sin@) _%COSQ 0

For conservative equations, there are two types of critical points. Either stable centers,

or saddle points. The eigenvalues of the Jacobian matrix are A = +,/ —% cos 0.

The eigenvalues are going to be real when cos©® < 0. This happens at the odd
multiples of . The eigenvalues are going to be purely imaginary when cos 6 > 0.
This happens at the even multiples of m. Therefore the system has a stable center
at the points ...(-2m,0),(0,0),(27,0)..., and it has an unstable saddle at the points
...(=3m,0),(-m,0),(m,0),(3m,0).... Lookat the phase diagram in Figure 8.6 on the facing
page, where for simplicity we let § = 1.

In the linearized equation we have only a single critical point, the center at (0,0). Now
we see more clearly what we meant when we said the linearization is good for small
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Figure 8.6: Phase plane diagram and some trajectories of the nonlinear pendulum equation.

angles. The horizontal axis is the deflection angle. The vertical axis is the angular velocity
of the pendulum. Suppose we start at 0 = 0 (no deflection), and we start with a small
angular velocity . Then the trajectory keeps going around the critical point (0, 0) in an
approximate circle. This corresponds to short swings of the pendulum back and forth.
When 0 stays small, the trajectories really look like circles and hence are very close to our
linearization.

When we give the pendulum a big enough push, it goes across the top and keeps
spinning about its axis. This behavior corresponds to the wavy curves that do not cross the
horizontal axis in the phase diagram. Let us suppose we look at the top curves, when the
angular velocity w is large and positive. Then the pendulum is going around and around
its axis. The velocity is going to be large when the pendulum is near the bottom, and the
velocity is the smallest when the pendulum is close to the top of its loop.

At each critical point, there is an equilibrium solution. Consider the solution 6 = 0;
the pendulum is not moving and is hanging straight down. This is a stable place for the
pendulum to be, hence this is a stable equilibrium.

The other type of equilibrium solution is at the unstable point, for example 6 = . Here
the pendulum is upside down. Sure you can balance the pendulum this way and it will
stay, but this is an unstable equilibrium. Even the tiniest push will make the pendulum
start swinging wildly.

See Figure 8.7 on the next page for a diagram. The first picture is the stable equilibrium
0 = 0. The second picture corresponds to those “almost circles” in the phase diagram
around 0 = 0 when the angular velocity is small. The next picture is the unstable
equilibrium 0 = m. The last picture corresponds to the wavy lines for large angular
velocities.

The quantity

1 g
Ea) —ZCOSQ
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Figure 8.7: Various possibilities for the motion of the pendulum.

is conserved by any solution. This is the energy or the Hamiltonian of the system.
We have a conservative equation and so (exercise) the trajectories are given by

28
w ==+ TCOSQ+C,

for various values of C. Let us look at the initial condition of (6, 0), that is, we take the
pendulum to angle 0y, and just let it go (initial angular velocity 0). We plug the initial
conditions into the above and solve for C to obtain

2
C= _Tg cos 0.

Thus the expression for the trajectory is

[2
W == Tg\/cos 0 — cos Op.

Let us figure out the period. That is, the time it takes for the pendulum to swing back
and forth. We notice that the trajectory about the origin in the phase plane is symmetric
about both the 6 and the w-axis. That is, in terms of 6, the time it takes from 6y to —6 is
the same as it takes from —6 back to 6y. Furthermore, the time it takes from —6; to 0 is the
same as to go from 0 to 0y. Therefore, let us find how long it takes for the pendulum to go
from angle 0 to angle 0y, which is a quarter of the full oscillation and then multiply by 4.

We figure out this time by finding g—é and integrating from 0 to 0y. The period is four

times this integral. Let us stay in the region where w is positive. Since w = ‘2—?, inverting

we get
a_ L o
ao 29 /cos O — cos Oy
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Therefore the period T is given by

6o
T=4 L/ ! ao.
28 Jo  +cos O — cos O

The integral is an improper integral, and we cannot in general evaluate it symbolically. We
must resort to numerical approximation if we want to compute a particular T.
Recall from § 2.4, the linearized equation 6” + %6 = 0 has period

L
Tlinear = 274 [—.
V 8

We plot T, Tiinear, and the relative error % in Figure 8.8. The relative error says how
far is our approximation from the real period percentage-wise. Note that Tjinear is simply a
constant, it does not change with the initial angle 0y. The actual period T gets larger and
larger as Oy gets larger. Notice how the relative error is small when 0 is small. It is still
only 15% when 0y = 7, that is, a 90 degree angle. The error is 3.8% when starting at 7, a
45 degree angle. At a 5 degree initial angle, the error is only 0.048%.
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Figure 8.8: The plot of T and Tiinear with § = 1 (left), and the plot of the relative error % (right), for
0o between 0 and 1t/2.

While it is not immediately obvious from the formula, it is true that

lim T = oo.

OoTm
That is, the period goes to infinity as the initial angle approaches the unstable equilibrium
point. So if we put the pendulum almost upside down it may take a very long time before
it gets down. This is consistent with the limiting behavior, where the exactly upside down
pendulum never makes an oscillation, so we could think of that as infinite period.



282 CHAPTER 8. NONLINEAR SYSTEMS

8.3.2 Predator-prey or Lotka—Volterra systems

One of the most common simple applications of nonlinear systems are the so-called
predator-prey or Lotka—Volterra* systems. For example, these systems arise when two species
interact, one as the prey and one as the predator. It is then no surprise that the equations
also see applications in economics. The system also arises in chemical reactions. In biology,
this system of equations explains the natural periodic variations of populations of different
species in nature. Before the application of differential equations, these periodic variations
in the population baffled biologists.

We keep with the classical example of hares and foxes in a forest, it is the easiest to
understand.

x = # of hares (the prey),

y = # of foxes (the predator).

When there are a lot of hares, there is plenty of food for the foxes, so the fox population
grows. However, when the fox population grows, the foxes eat more hares, so when there
are lots of foxes, the hare population should go down, and vice versa. The Lotka—Volterra
model proposes that this behavior is described by the system of equations

x'=(a-by)x,
y' =(cx—4d)y,

where a, b, ¢, d are some parameters that describe the interaction of the foxes and hares’.
In this model, these are all positive numbers.

Let us analyze the idea behind this model. The model is a slightly more complicated
idea based on the exponential population model. First expand,

x"=(a—-by)x =ax—byx.

The hares are expected to simply grow exponentially in the absence of foxes, that is where

the ax term comes in, the growth in population is proportional to the population itself.

We are assuming the hares always find enough food and have enough space to reproduce.

However, there is another component —byx, that is, the population also is decreasing

proportionally to the number of foxes. Together we can write the equation as (a — by)x, so

it is like exponential growth or decay but the constant depends on the number of foxes.
The equation for foxes is very similar, expand again

Yy =(cx—d)y =cxy —dy.

The foxes need food (hares) to reproduce: the more food, the bigger the rate of growth,
hence the cxy term. On the other hand, there are natural deaths in the fox population, and
hence the —dy term.

*Named for the American mathematician, chemist, and statistician Alfred James Lotka (1880-1949) and
the Italian mathematician and physicist Vito Volterra (1860-1940).
tThis interaction does not end well for the hare.


https://en.wikipedia.org/wiki/Alfred_J._Lotka
https://en.wikipedia.org/wiki/Vito_Volterra
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Without further delay, let us start with an explicit example. Suppose the equations are
x" =(0.4-0.01y)x, y" =(0.003x — 0.3)y.

See Figure 8.9 for the phase portrait. In this example it makes sense to also plot x and y as
graphs with respect to time. Therefore the second graph in Figure 8.9 is the graph of x and
y on the vertical axis (the prey x is the thinner line with taller peaks), against time on the
horizontal axis. The particular solution graphed was with initial conditions of 20 foxes and
50 hares.

3

0
100 300 T T T 300

100

< € € <€ <
777 M

75

T

75

ERE AT & B s 1]
A A AT MR

7 AAAAAT]N]

< < ¥ ¥ ¥ ¥ © ¥ <«
S>> a7 A AP N

< < < < <

50

T

50

< < < < <
AT 57 77
N> > v 707

AN > > 77 AAA

25

T

25

N

777777

?????

Lo« < <

vV b L oL o2z

N
>
>
>
pL> > > > > > > > > > > > S > > > | | |

0 0
0 100 150 200 250 300 0 10 20 30 40

o
a

Figure 8.9: The phase portrait (left) and graphs of x and y for a sample solution (right).

Let us analyze what we see on the graphs. We work in the general setting rather than
putting in specific numbers. We start with finding the critical points. Set (@ — by)x =0,
and (cx — d)y = 0. The first equation is satisfied if either x = 0 or y = 4/p. If x = 0, the
second equation implies y = 0. If y = /5, the second equation implies x = d/c. There are
two equilibria: at (0, 0) when there are no animals at all, and at (¢/c, 4/v). In our specific
example x = 4/c = 100, and y = /v = 40. This is the point where there are 100 hares and 40
foxes.

We compute the Jacobian matrix:

a—-by —bx
cy cx—df’

At the origin (0, 0) we get the matrix [8 _Od ], so the eigenvalues are a and —d, hence real
and of opposite signs. So the critical point at the origin is a saddle. This makes sense. If
you started with some foxes but no hares, then the foxes would go extinct, that is, you
would approach the origin. If you started with no foxes and a few hares, then the hares
would keep multiplying without check, and so you would go away from the origin.

OK, how about the other critical point at (4/c, 4/v). Here the Jacobian matrix becomes

bd
# )
> 0



284 CHAPTER 8. NONLINEAR SYSTEMS

The eigenvalues satisfy A2 + ad = 0. In other words, A = +i Vad. The eigenvalues being
purely imaginary, we are in the case where we cannot quite decide using only linearization.
We could have a stable center, spiral sink, or a spiral source. That is, the equilibrium could
be asymptotically stable, stable, or unstable. Of course I gave you a picture above that
seems to imply it is a stable center. But never trust a picture only. Perhaps the oscillations
are getting larger and larger, but only very slowly. Of course this would be bad as it would
imply something will go wrong with our population sooner or later. And I only graphed a
very specific example with very specific trajectories.

How can we be sure we are in the stable situation? As we said before, in the case of
purely imaginary eigenvalues, we have to do a bit more work. Previously we found that for
conservative systems, there was a certain quantity that was conserved on the trajectories,
and hence the trajectories had to go in closed loops. We can use a similar technique here.
We just have to figure out what is the conserved quantity. After some trial and error we
find the constant

is conserved. Such a quantity is called the constant of motion. Let us check C really is a
constant of motion. How do we check, you say? Well, a constant is something that does
not change with time, so let us compute the derivative with respect to time:

— aya 1y1xde cx—by + yadxd—lee—cx—by + yaxde—cx—by(_cx/ _ by/)
Our equations give us what x” and y’ are so let us plug those in:

C'= ay”"l(cx - d)yxde"cx"by + y“dxd"l(a - by)xe"cx_by
+y"xe™* " (—c(a — by)x — b(cx — d)y)
= y“xde_cx_by(a(cx —d)+d(a—-by)+ (—c(a —by)x — b(cx — d)y))
=0.

So along the trajectories C is constant. In fact, the expression C = Tk ~ 5 g1ves us an implicit
eCx+by

equation for the trajectories. In any case, once we have found this constant of motion, it
must be true that the trajectories are simple curves, that is, the level curves of zﬁby It
turns out, the critical point at (4/c, 4/v) is a maximum for C (left as an exercise). So (4/c, 7/v)
is a stable equilibrium point, and we do not have to worry about the foxes and hares going
extinct or their populations exploding.

One blemish on this wonderful model is that the number of foxes and hares are discrete
quantities and we are modeling with continuous variables. Our model has no problem
with there being 0.1 fox in the forest for example, while in reality that makes no sense. The
approximation is a reasonable one as long as the number of foxes and hares are large, but
it does not make much sense for small numbers. One must be careful in interpreting any
results from such a model.
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An interesting consequence (perhaps counterintuitive) of this model is that adding
animals to the forest might lead to extinction, because the variations will get too big, and
one of the populations will get close to zero. For example, suppose there are 20 foxes and
50 hares as before, but now we bring in more foxes, bringing their number to 200. If we
run the computation, we find the number of hares will plummet to just slightly more than
1 hare in the whole forest. In reality that most likely means the hares die out, and then the
foxes will die out as well as they will have nothing to eat.

Showing that a system of equations has a stable solution can be a very difficult problem.
When Isaac Newton put forth his laws of planetary motions, he proved that a single
planet orbiting a single sun is a stable system. But any solar system with more than 1
planet proved very difficult indeed. In fact, such a system behaves chaotically (see § 8.5),
meaning small changes in initial conditions lead to very different long-term outcomes.
From numerical experimentation and measurements, we know the earth will not fly out
into the empty space or crash into the sun, for at least some millions of years or so. But we
do not know what happens beyond that.

8.3.3 Exercises

Exercise 8.3.1: Take the damped nonlinear pendulum equation 6” + p6” + (¢/L)sin 0 = 0
for some p > O (that is, there is some friction).

a) Suppose p =1 and 8/L = 1 for simplicity, find and classify the critical points.

b) Do the same for any p > 0 and any g and L, but such that the damping is small, in particular,
p? < 4(3/r).

c) Explain what your findings mean, and if it agrees with what you expect in reality.
Exercise 8.3.2: Suppose the hares do not grow exponentially, but logistically. In particular consider
x' = (0.4 -0.01y)x — yx?, y' = (0.003x — 0.3)y.

For the following two values of v, find and classify all the critical points in the positive quadrant,
that is, for x > 0 and y > 0. Then sketch the phase diagram. Discuss the implication for the long
term behavior of the population.

a) vy =0.001, b) y =0.01.
Exercise 8.3.3:

a) Suppose x and y are positive variables. Show ez—fy attains a maximum at (1, 1).

b) Suppose a,b, c,d are positive constants, and also suppose x and y are positive variables.

a,.d
Show eycx—fby attains a maximum at (4/c, 4/b).
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Exercise 8.3.4: Suppose that for the pendulum equation we take a trajectory giving the spinning-

around motion, for example w = \/ ng cos O + ZTg + a)(z]. This is the trajectory where the lowest

angular velocity is w3. Find an integral expression for how long it takes the pendulum to go all the
way around.

Exercise 8.3.5 (challenging): Take the pendulum, suppose the initial position is 0 = 0.

a) Find the expression for w giving the trajectory with initial condition (0, wo). Hint: Figure
out what C should be in terms of wy.

b) Find the crucial angular velocity w1, such that for any higher initial angular velocity, the
pendulum will keep going around its axis, and for any lower initial angular velocity, the
pendulum will simply swing back and forth. Hint: When the pendulum doesn’t go over the
top the expression for w will be undefined for some Os.

c) What do you think happens if the initial condition is (0, w1), that is, the initial angle is 0, and
the initial angular velocity is exactly w;.

Exercise 8.3.51: For each of the following nonlinear, damped mass-spring equations,
i. Write the corresponding 1%'- order system.
ii. Find all critical points (equilibria).

iii. Determine the linearized system for each of the points in (i.). Classify each of the critical
points. If the critical points are not spirals or centers, find all eigenvectors.

iv. Sketch the global phase portrait for the almost-linear system. Include the eigenvectors for the
linearized system at each critical point and draw arrows on the solution curves to indicate the
direction of flow.

a) x” +9x—-x3=0

by x" +x +2x —x2=0

c) x” +2x +4x-x3=0

)
)
)
d) x” +9x—10x3+ x> =0

Exercise 8.3.52: For each of the following nonlinear systems,

i. Find all critical points (equilibria).

ii. Determine the linearized system for each of the points in (i.). Classify each of the critical
points. If the critical points are not spirals or centers, find all eigenvectors.

iii. Sketch the phase portrait, showing at least 4 critical points. Include the eigenvectors for the
linearized system at each critical point and draw arrows on the solution curves to indicate the
direction of flow.
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a) x' =2y, y =sinx -y

b) x' = -2x +4siny, y’' =2x
c) xX’=x-y,y =2sinx

d) x' =3y, y’ = sin(mx)

e) x =sin(ny), ¥ =x+y

Exercise 8.3.101: Tuake the damped nonlinear pendulum equation 6” + u6’ + (8/L)sin 0 = 0 for
some w > O (that is, there is friction). Suppose the friction is large, in particular u> > 4(s/L).

a) Find and classify the critical points.
b) Explain what your findings mean, and if it agrees with what you expect in reality.

Exercise 8.3.102: Suppose we have the system predator-prey system where the foxes are also killed
at a constant rate h (h foxes killed per unit time): x’ = (a —by)x, v’ = (cx —d)y — h.

a) Find the critical points and the Jacobian matrices of the system.

b) Put in the constants a = 0.4, b = 0.01, ¢ = 0.003, d = 0.3, h = 10. Analyze the critical
points. What do you think it says about the forest?

Exercise 8.3.103 (challenging): Suppose the foxes never die. That is, we have the system
x" = (a—by)x, y = cxy. Find the critical points and notice they are not isolated. What will
happen to the population in the forest if it starts at some positive numbers. Hint: Think of the
constant of motion.
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8.4 Limit cycles

Note: less than 1 lecture, discussed in §6.1 and §6.4 in [EP], §9.7 in [BD]

For nonlinear systems, trajectories do not simply need to approach or leave a single
point. They may in fact approach a larger set, such as a circle or another closed curve.

Example 8.4.1: The Van der Pol oscillator* is the following equation

X" —u(l-x*)x" +x =0,

where 1 is some positive constant. The Van der Pol oscillator originated with electrical
circuits, but finds applications in diverse fields such as biology, seismology, and other
physical sciences.

For simplicity, let us use u = 1. A phase diagram is given in the left-hand plot in
Figure 8.10. Notice how the trajectories seem to very quickly settle on a closed curve. On
the right-hand side is the plot of a single solution for t = 0 to t = 30 with initial conditions
x(0) = 0.1 and x’(0) = 0.1. The solution quickly tends to a periodic solution.
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Figure 8.10: The phase portrait (left) and a graph of a sample solution of the Van der Pol oscillator.

The Van der Pol oscillator is an example of so-called relaxation oscillation. The word
relaxation comes from the sudden jump (the very steep part of the solution). For larger u
the steep part becomes even more pronounced, for small u the limit cycle looks more like a
circle. In fact, setting u = 0, we get x” + x = 0, which is a linear system with a center and
all trajectories become circles.

A trajectory in the phase portrait that is a closed curve (a curve that is a loop) is called a
closed trajectory. A limit cycle is a closed trajectory such that at least one other trajectory
spirals into it (or spirals out of it). For example, the closed curve in the phase portrait for

*Named for the Dutch physicist Balthasar van der Pol (1889-1959).


https://en.wikipedia.org/wiki/Balthasar_van_der_Pol
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the Van der Pol equation is a limit cycle. If all trajectories that start near the limit cycle
spiral into it, the limit cycle is called asymptotically stable. The limit cycle in the Van der Pol
oscillator is asymptotically stable.

Given a closed trajectory on an autonomous system, any solution that starts on it is
periodic. Such a curve is called a periodic orbit. More precisely, if (x(t), y(t)) is a solution
such that for some ty the point (x(to), (o)) lies on a periodic orbit, then both x(#) and y(t)
are periodic functions (with the same period). That is, there is some number P such that
x(t) = x(t + P) and y(t) = y(t + P).

Consider the system

X'=flx,y), ¥y =gkxy) (8.3)

where the functions f and g have continuous derivatives in some region R in the plane.

Theorem 8.4.1 (Poincaré-Bendixson®). Suppose R is a closed bounded region (a region in the
plane that includes its boundary and does not have points arbitrarily far from the origin). Suppose
(x(t), y(t)) is a solution of (8.3) in R that exists for all t > to. Then either the solution is a periodic
function, or the solution tends towards a periodic solution in R.

The main point of the theorem is that if you find one solution that exists for all ¢ large
enough (that is, as t goes to infinity) and stays within a bounded region, then you have
found either a periodic orbit, or a solution that spirals towards a limit cycle or tends to a
critical point. That is, in the long term, the behavior is very close to a periodic function.
Note that a constant solution at a critical point is periodic (with any period). The theorem is
more a qualitative statement rather than something to help us in computations. In practice
itis hard to find analytic solutions and so hard to show rigorously that they exist for all time.
But if we think the solution exists we numerically solve for a large time to approximate the
limit cycle. Another caveat is that the theorem only works in two dimensions. In three
dimensions and higher, there is simply too much room.

The theorem applies to all solutions in the Van der Pol oscillator. Solutions that start at
any point except the origin (0, 0) will tend to the periodic solution around the limit cycle,
and if the initial condition of (0, 0) will lead to the constant solution x =0, y = 0.

Example 8.4.2: Consider
x' = y+(x2+y2—1)2x, y = —x+(x2+y2—1)2y.

A vector field along with solutions with initial conditions (1.02,0), (0.9,0), and (0.1, 0) are
drawn in Figure 8.11 on the next page.

Notice that points on the unit circle (distance one from the origin) satisfy x* + y>—1 = 0.
And x(t) = sin(t), y = cos(t) is a solution of the system. Therefore we have a closed
trajectory. For points off the unit circle, the second term in x” pushes the solution further
away from the y-axis than the system x’ = vy, y’ = —x, and y’ pushes the solution further
away from the x-axis than the linear system x” = y, ¥’ = —x. In other words for all other
initial conditions the trajectory will spiral out.

*Ivar Otto Bendixson (1861-1935) was a Swedish mathematician.


https://en.wikipedia.org/wiki/Ivar_Otto_Bendixson
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Figure 8.11: Unstable limit cycle example.

This means that for initial conditions inside the unit circle, the solution spirals out
towards the periodic solution on the unit circle, and for initial conditions outside the unit
circle the solutions spiral off towards infinity. Therefore the unit circle is a limit cycle, but
not an asymptotically stable one. The Poincaré-Bendixson Theorem applies to the initial
points inside the unit circle, as those solutions stay bounded, but not to those outside, as
those solutions go off to infinity.

A very similar analysis applies to the system
X =y +(x2+y?-1)x, Yy = —x+(*+y>-1)y.

We still obtain a closed trajectory on the unit circle, and points outside the unit circle spiral
out to infinity, but now points inside the unit circle spiral towards the critical point at the
origin. So this system does not have a limit cycle, even though it has a closed trajectory.
Due to the Picard theorem (Theorem 3.1.1 on page 135) we find that no matter where
we are in the plane we can always find a solution a little bit further in time, as long as f and
g have continuous derivatives. So if we find a closed trajectory in an autonomous system,
then for every initial point inside the closed trajectory, the solution will exist for all time
and it will stay bounded (it will stay inside the closed trajectory). So the moment we found
the solution above going around the unit circle, we knew that for every initial point inside
the circle, the solution exists for all time and the Poincaré-Bendixson theorem applies.

Let us next look for conditions when limit cycles (or periodic orbits) do not exist. We
assume the equation (8.3) is defined on a simply connected region, that is, a region with no
holes we can go around. For example the entire plane is a simply connected region, and
so is the inside of the unit disc. However, the entire plane minus a point is not a simply
connected domain as it has a “hole” at the origin.
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Theorem 8.4.2 (Bendixson-Dulac*). Suppose R is a simply connected region, and the expression”

adf dg
o "oy

is either always positive or always negative on R (except perhaps a small set such as on isolated
points or curves) then the system (8.3) has no closed trajectory inside R.

The theorem gives us a way of ruling out the existence of a closed trajectory, and hence
a way of ruling out limit cycles. The exception about points or curves means that we can
allow the expression to be zero at a few points, or perhaps on a curve, but not on any larger
set.

Example 8.4.3: Let us look at x’ = y + y?e¥, y’ = x in the entire plane (see Example 8.2.2
on page 271). The entire plane is simply connected and so we can apply the theorem. We
of

compute -
Therefore, via the theorem, the system has no closed trajectories.

+ g—i = y2?e* + 0. The function y2e* is always positive except on the line y = 0.

In some books (or the internet) the theorem is not stated carefully and it concludes there
are no periodic solutions. That is not quite right. The example above has two critical points
and hence it has constant solutions, and constant functions are periodic. The conclusion of
the theorem should be that there exist no trajectories that form closed curves. Another
way to state the conclusion of the theorem would be to say that there exist no nonconstant
periodic solutions that stay in R.

Example 8.4.4: Let us look at a somewhat more complicated example. Take the system
R
—2x + 2y = 2(—x + y). This expression takes on both signs, so if we are talking about the
whole plane we cannot simply apply the theorem. However, we could apply it on the set
where —x + y > 0. Via the theorem, there is no closed trajectory in that set. Similarly, there
is no closed trajectory in the set —x + y < 0. We cannot conclude (yet) that there is no
closed trajectory in the entire plane. Perhaps half of it is in the set where —x + vy > 0 and
the other half is in the set where —x + y < 0.

The key is to look at the line where —x+y = 0,or x = y. Onthislinex’ = —y—x? = —x—x
and y’ = —x + y? = —x + x2. In particular, when x = y then x’ < y’. That means that the
arrows, the vectors (x’, y’), always point into the set where —x + y > 0. There is no way we
can start in the set where —x + y > 0 and go into the set where —x + y < 0. Once we are in
the set where —x + y > 0, we stay there. So no closed trajectory can have points in both
sets.

"= -y -x% y = —x + y* (see Example 8.2.1 on page 270). We compute 5

2

Example 8.4.5: Consider x’ = y + (x*> + y?> — 1)x, ¥’ = —x + (x*> + y?> — 1)y, and consider
the region R given by x? + y? > 1. That is, R is the region outside a circle of radius %

*Henri Dulac (1870-1955) was a French mathematician.

tUsually the expression in the Bendixson-Dulac Theorem is a((pf )4 a(q)g )

tiable function ¢. For simplicity, let us just consider the case ¢ = 1

for some continuously differen-


https://en.wikipedia.org/wiki/Henri_Dulac
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centered at the origin. Then there is a closed trajectory in R, namely x = cos(t), y = sin(¢).
Furthermore,
of 98

=2 =4x? +4y* -2
ox ox ¥ Y ’

which is always positive on R. So what is going on? The Bendixson—Dulac theorem does
not apply since the region R is not simply connected—it has a hole, the circle we cut out!

8.4.1 Exercises

Exercise 8.4.1: Show that the following systems have no closed trajectories.
a) X' =x>+y, y =y>+x? b) x' =e*Y, vy =e¥t,
o) X =x+3y>-vy3, y =y +x%

Exercise 8.4.2: Formulate a condition for a 2-by-2 linear system X' = AX to not be a center using
the Bendixson—Dulac theorem. That is, the theorem says something about certain elements of A.

Exercise 8.4.3: Explain why the Bendixson—Dulac Theorem does not apply for any conservative
system x” + h(x) = 0.

Exercise 8.4.4: A system such as x" = x, y’ = y has solutions that exist for all time t, yet there are
no closed trajectories. Explain why the Poincaré—Bendixson Theorem does not apply.

Exercise 8.4.5: Differential equations can also be given in different coordinate systems. Suppose
we have the system v’ = 1 —r?, 0’ = 1 given in polar coordinates. Find all the closed trajectories
and check if they are limit cycles and if so, if they are asymptotically stable or not.

Exercise 8.4.101: Show that the following systems have no closed trajectories.
a) X' =x+y?, y =y+x% b) x’ = —xsin®(y), vy’ =e”,
) X' =xy, y =x+x>

Exercise 8.4.102: Suppose an autonomous system in the plane has a solution x = cos(t) + e”!,

y = sin(t) + e~'. What can you say about the system (in particular about limit cycles and periodic
solutions)?

Exercise 8.4.103: Show that the limit cycle of the Van der Pol oscillator (for u > 0) must not lie
completely in the set where =1 < x < 1. Compare with Figure 8.10 on page 288.

Exercise 8.4.104: Suppose we have the system 1’ = sin(r), 0" = 1 given in polar coordinates. Find
all the closed trajectories.
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8.5 Chaos

Note: 1 lecture, §6.5 in [EP], §9.8 in [BD]

You have surely heard the story about the flap of a butterfly wing in the Amazon
causing hurricanes in the North Atlantic. In a prior section, we mentioned that a small
change in initial conditions of the planets can lead to very different configuration of the
planets in the long term. These are examples of chaotic systems. Mathematical chaos is
not really chaos, there is precise order behind the scenes. Everything is still deterministic.
However a chaotic system is extremely sensitive to initial conditions. This also means even
small errors induced via numerical approximation create large errors very quickly, so it is
almost impossible to numerically approximate for long times. This is a large part of the
trouble, as chaotic systems cannot be in general solved analytically.

Take the weather, the most well-known chaotic system. A small change in the initial
conditions (the temperature at every point of the atmosphere for example) produces
drastically different predictions in relatively short time, and so we cannot accurately
predict weather. And we do not actually know the exact initial conditions. We measure
temperatures at a few points with some error, and then we somehow estimate what is in
between. There is no way we can accurately measure the effects of every butterfly wing.
Then we solve the equations numerically introducing new errors. You should not trust
weather prediction more than a few days out.

Chaotic behavior was first noticed by Edward Lorenz* in the 1960s when trying to
model thermally induced air convection (movement). Lorentz was looking at the relatively
simple system:

x" = -10x + 10y, y =28x -y —xz, z' = —§z+xy.

A small change in the initial conditions yields a very different solution after a reasonably
short time.

A simple example the reader can experiment with, and which displays
chaotic behavior, is a double pendulum. The equations for this setup are
somewhat complicated, and their derivation is quite tedious, so we will not
bother to write them down. The idea is to put a pendulum on the end of
another pendulum. The movement of the bottom mass will appear chaotic.
This type of chaotic system is a basis for a whole number of office novelty
desk toys. It is simple to build a version. Take a piece of a string. Tie two
heavy nuts at different points of the string; one at the end, and one a bit
above. Now give the bottom nut a little push. As long as the swings are not too big and
the string stays tight, you have a double pendulum system.

*Edward Norton Lorenz (1917-2008) was an American mathematician and meteorologist.


https://en.wikipedia.org/wiki/Edward_Norton_Lorenz
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8.5.1 Duffing equation and strange attractors
Let us study the so-called Duffing equation:
x” +ax’ +bx + cx® = C cos(wt).

Here a, b, ¢, C, and w are constants. Except for the cx3 term, this equation looks like a
forced mass-spring system. The cx® means the spring does not exactly obey Hooke’s law
(which no real-world spring actually does obey exactly). When c is not zero, the equation
does not have a closed form solution, so we must resort to numerical solutions, as is usual
for nonlinear systems. Not all choices of constants and initial conditions exhibit chaotic
behavior. Let us study

x” +0.05x" + x> = 8 cos(t).

The equation is not autonomous, so we cannot draw the vector field in the phase plane.
We can still draw the trajectories. In Figure 8.12 we plot trajectories for ¢ going from 0 to
15, for two very close initial conditions (x, x’) = (2,3) and (x, x") = (2,2.9), and also the
solutions in the (x, t) space. The two trajectories are close at first, but after a while diverge
significantly. This sensitivity to initial conditions is precisely what we mean by the system
behaving chaotically.
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Figure 8.12: On left, two trajectories in phase space for 0 < t < 15, for the Duffing equation one with
initial conditions (2, 3) and the other with (2,2.9). On right the two solutions in (x, t)-space.

Let us see the long term behavior. In Figure 8.13 on the next page, we plot the behavior
of the system for initial conditions (2, 3) for a longer period of time. It is hard to see any
particular pattern in the shape of the solution except that it seems to oscillate, but each
oscillation appears quite unique. The oscillation is expected due to the forcing term. We
mention that to produce the picture accurately, a ridiculously large number of steps* had
to be used in the numerical algorithm, as even small errors quickly propagate in a chaotic
system.

*In fact for reference, 30,000 steps were used with the Runge-Kutta algorithm, see exercises in § 1.7.
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I I I I
0 20 40 60 80 100

Figure 8.13: The solution to the given Duffing equation for t from 0 to 100.

It is very difficult to analyze chaotic systems, or to find the order behind the madness,
but let us try to do something that we did for the standard mass-spring system. One
way we analyzed the system is that we figured out what was the long term behavior (not
dependent on initial conditions). From the figure above, it is clear that we will not get a
nice exact description of the long term behavior for this chaotic system, but perhaps we
can find some order to what happens on each “oscillation” and what do these oscillations
have in common.

The concept we explore is that of a Poincaré section®. Instead of looking at t in a certain
interval, we look at where the system is at a certain sequence of points in time. Imagine
flashing a strobe at a fixed frequency and drawing the points where the solution is during
the flashes. The right strobing frequency depends on the system in question. The correct
frequency for the forced Duffing equation (and other similar systems) is the frequency of
the forcing term. For the Duffing equation above, find a solution (x(t), y(t)), and look at
the points

(x(0), y(0)), (x(2m),y(2m)), (x(4n),y(4mn)), (x(6m),y(6m)),

As we are really not interested in the transient part of the solution, that is, the part of
the solution that depends on the initial condition, we skip some number of steps in the
beginning. For example, we might skip the first 100 such steps and start plotting points at
t =100(27), that is

(x(2007), y(2007)), (x(202m), y(2027)), (x(2047), y(204m)),
The plot of these points is the Poincaré section. After plotting enough points, a curious

pattern emerges in Figure 8.14 on the following page (the left-hand picture), a so-called
strange attractor.

*Named for the French polymath Jules Henri Poincaré (1854-1912).


https://en.wikipedia.org/wiki/Henri_Poincar%C3%A9
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Figure 8.14: Strange attractor. The left plot is with no phase shift, the right plot has phase shift 7/a.

Given a sequence of points, an attractor is a set towards which the points in the sequence
eventually get closer and closer to, that is, they are attracted. The Poincaré section is not
really the attractor itself, but as the points are very close to it, we see its shape. The strange
attractor is a very complicated set. It has fractal structure, that is, if you zoom in as far as
you want, you keep seeing the same complicated structure.

The initial condition makes no difference. If we start with a different initial condition,
the points eventually gravitate towards the attractor, and so as long as we throw away
the first few points, we get the same picture. Similarly small errors in the numerical
approximations do not matter here.

An amazing thing is that a chaotic system such as the Duffing equation is not random
at all. There is a very complicated order to it, and the strange attractor says something
about this order. We cannot quite say what state the system will be in eventually, but given
the fixed strobing frequency we narrow it down to the points on the attractor.

If we use a phase shift, for example 7/4, and look at the times

n/a, 21+ 7/4, AT+ T[4, 6T+ /4,

we obtain a slightly different attractor. The picture is the right-hand side of Figure 8.14. It
is as if we had rotated, moved, and slightly distorted the original. For each phase shift you
can find the set of points towards which the system periodically keeps coming back to.

Study the pictures and notice especially the scales—where are these attractors located
in the phase plane. Notice the regions where the strange attractor lives and compare it to
the plot of the trajectories in Figure 8.12 on page 294.

Let us compare this section to the discussion in § 2.6 about forced oscillations. Take the
equation

F
x" 4+ 2px" + a)gx = EO cos(wt).

This is like the Duffing equation, but with no x? term. The steady periodic solution is of
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the form
x = Ccos(wt + 7).

Strobing using the frequency w, we obtain a single point in the phase space. The attractor
in this setting is a single point—an expected result as the system is not chaotic. It was
the opposite of chaotic: Any difference induced by the initial conditions dies away very
quickly, and we settle into always the same steady periodic motion.

8.5.2 The Lorenz system

In two dimensions to find chaotic behavior, we must study forced, or non-autonomous,
systems such as the Duffing equation. The Poincaré—Bendixson Theorem says that a
solution to an autonomous two-dimensional system that exists for all time in the future
and does not go towards infinity is periodic or tends towards a periodic solution. Hardly
the chaotic behavior we are looking for.

In three dimensions even autonomous systems can be chaotic. Let us very briefly return
to the Lorenz system

8
x" =-10x + 10y, y =28x -y —xz, z' = —3E Y.
The Lorenz system is an autonomous system in three dimensions exhibiting chaotic behavior.

See the Figure 8.15 for a sample trajectory, which is now a curve in three-dimensional space.
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Figure 8.15: A trajectory in the Lorenz system.
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The solutions tend to an attractor in space, the so-called Lorenz attractor. In this case no
strobing is necessary. Again we cannot quite see the attractor itself, but if we try to follow a
solution for long enough, as in the figure, we get a pretty good picture of what the attractor
looks like. The Lorenz attractor is also a strange attractor and has a complicated fractal
structure. And, just as for the Duffing equation, what we want to draw is not the whole
trajectory, but start drawing the trajectory after a while, once it is close to the attractor.

The path of the trajectory is not simply a repeating figure-eight. The trajectory spins
some seemingly random number of times on the left, then spins a number of times on the
right, and so on. As this system arose in weather prediction, one can perhaps imagine a few
days of warm weather and then a few days of cold weather, where it is not easy to predict
when the weather will change, just as it is not really easy to predict far in advance when
the solution will jump onto the other side. See Figure 8.16 for a plot of the x component of
the solution drawn above. A negative x corresponds to the left “loop” and a positive x
corresponds to the right “loop”.

Most of the mathematics we studied in this book is quite classical and well understood.
On the other hand, chaos, including the Lorenz system, continues to be the subject of
current research. Furthermore, chaos has found applications not just in the sciences, but
also in art.

I I I I I
0.0 25 5.0 7.5 10.0 12.5 15.0

Figure 8.16: Graph of the x(t) component of the solution.

8.5.3 Exercises

Exercise 8.5.1: For the non-chaotic equation x” + 2px’ + a)(z)x = % cos(wt), suppose we strobe
with frequency w as we mentioned above. Use the known steady periodic solution to find precisely
the point which is the attractor for the Poincaré section.
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Exercise 8.5.2 (project): A simple fractal attractor can be drawn via the following chaos game.
Draw the three vertices of a triangle and label them, say p1, p2 and p3. Draw some random point p
(it does not have to be one of the three points above). Roll a die to pick of the p1, p2, or p3 randomly
(for example 1 and 4 mean p1, 2 and 5 mean py, and 3 and 6 mean p3). Suppose we picked py, then
let prew be the point exactly halfway between p and p,. Draw this point and let p now refer to this
new point puew. Rinse, repeat. Try to be precise and draw as many iterations as possible. Your
points will be attracted to the so-called Sierpinski triangle. A computer was used to run the game
for 10,000 iterations to obtain the picture in Figure 8.17.
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Figure 8.17: 10,000 iterations of the chaos game producing the Sierpinski triangle.

Exercise 8.5.3 (project): Construct the double pendulum described in the text with a string and
two nuts (or heavy beads). Play around with the position of the middle nut, and perhaps use different
weight nuts. Describe what you find.

Exercise 8.5.4 (computer project): Use a computer software (such as Matlab, Octave, or perhaps
even a spreadsheet), plot the solution of the given forced Duffing equation with Euler’s method.
Plotting the solution for t from 0 to 100 with several different (small) step sizes. Discuss.

Exercise 8.5.101: Find critical points of the Lorenz system and the associated linearizations.
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Appendix A

Table of Laplace Transforms

The function u is the Heaviside function, ¢ is the Dirac delta function, and

[} t
I(t) = / e"r' N, erf(t)=i / e Udr,  erfe(t) =1 - erf(t).
0 \/E 0

£(6) F(s)= L{fB)} = [ e f(D)di
c c

f e

t2 %

r =

tP (p >0) rg;;jln

et 4

sin(wt) e

cos(wt) T
sinh(wt) p
cosh(wt) p

u(t —a) e;s

o(t) 1

o(t —a) e s

erf (%) %e(“s)z erfc(as)
ﬁ exp (74—“;) (a>0) e\_/b;

£ - ae erfe(aVh) (a>0) A
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f(t)

FGs)= L{f()} = [T et f(t) at

af(t)+bg(t)
f(at) (a>0)

(= ayut - a)

e—atf(t)

g'(t)

g"(t)

g"(t)

gM(t)

(f*8)(H) = [ F(Dg(t —1)dt
U0

£ f ()

fot f(r)dt
@

aF(s) + bG(s)

F(3)

e F(s)

F(s +a)

sG(s) - g(0)

s2G(s) —sg(0) — ¢’(0)

s°G(s) - sg(0) - sg’'(0) - 8" (0)
s"G(s) —s"7'g(0) -~ - — g"D(0)
F(s)G(s)

—F'(s)

(=1)"F"(s)

1F(s)

[ F(o)do
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Answers to Selected Exercises

0.2.101: Compute x’ = —2¢7 % and x” = 4e72!. Then (4e~2!) + 4(—2¢72) + 4(e™%) = 0.
0.2.102: Yes.
0.2.103: y = x"isasolutionforr =0and r = 2.

0.2.104: C; =100, C, = -90
0.2.105: ¢ = —9¢%
0.2.106: a)x =9¢™* b)x =cos(2t) +sin(2t) c)p =431 d)T =3sinh(2x)
0.2.151:
a) y= ce 7%

1
b) y = c1e?* + cpe™
Q) y=c1e™ + cpe
—2x 3x
d) y=c1e73* +coe

1
e) y=cie "+ crer’

0.2.152:
a) C=5
b) C=e2
o C=1%
d) C=-8

0.3.101: a) PDE, equation, second order, linear, nonhomogeneous, constant coefficient.
b) ODE, equation, first order, linear, nonhomogeneous, not constant coefficient, not
autonomous.

c) ODE, equation, seventh order, linear, homogeneous, constant coefficient, autonomous.
d) ODE, equation, second order, linear, nonhomogeneous, constant coefficient, autonomous.
e) ODE, system, second order, nonlinear.

f) PDE, equation, second order, nonlinear.
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0.3.102: equation: a(x)y = b(x), solution: y = %

0.3.103: k=0ork=1
LL10L: y=e'+% +9
1.1.102: x = (3t —2)/®
1.1.103: x =sin"!(t +1)

1.1.104: 170
1.1.105: Ifn #1,theny = ((1-n)x + 1)1/(1_"). Ifn=1,theny = ¢*.
1.1.106: The equation is " = —C for some constant C. The snowball will be completely

melted in 25 minutes from time t = 0.
1.1.107: y = Ax® + Bx? + Cx + D, s0 4 constants.
1.1.151:

5 er

T+ +Cx+D

a) y
¥ a8 2
b) y=15+% +tCx*+Dx+E
c) y:—%+Cx2+Dx+E
1.1.152:
a) y=x3+x>+2x -5
b) y:9e%x+x—11

Q) y= %(x+9)3/2—5x—26

—_—— — — — — — — — — —

—_ e — — o — — — — - —

y = 0 s a solution such that y(0) = 0.

1.2.102: Yes a solution exists. ¥’ = f(x, y) where f(x,y) = xy. The function f(x, y) is
continuous and 3—5 = 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).

1.2.104: a)y’ =cosy, b)y =ycos(x), c)y =sinx. Justification left to reader.
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1.2.105: Picard does not apply as f is not continuous at y = 0. The equation does not have
a continuously differentiable solution. Suppose it did. Notice that y’(0) = 1. By the first
derivative test, y(x) > 0 for small positive x. But then for those x we would have y’(x) =0,
so clearly the derivative cannot be continuous.

1.2.106: The solution is y(x) = fx E f(s)ds + yo, and this does indeed exist for every x.

1.3.101: y = Ce™

1.3102: x=¢et +1
1.3.103: x> +x=1t+2
1.3.104: y = —

1-Inx

1.3.105: sin(y) = —cos(x) + C
1.3.106: The range is approximately 7.45 to 12.15 minutes.

1.3.107: a)x = 169205 . b) 102 rabbits after one month, 861 after 5 months, 999 after 10

months, 1000 after 15 months.

1.3.151: 100 0:00012x3315 , 79/,
1.3.152:

a) 1% In2 ~23.1yr
b) 250000e3/* ~ $118, 092

1.3.153: 71In(2)/In(5/4) = 21.7 yr
1.3.154:

a) k=1In3 ~0.05754

b) P’ = kP with P(0) = 0.9 million,
P(t) = 0-9€kt where k = %ln%

c) P(20) = 0.9¢*% = 0.9 (4)* ~ 2.84 million

d) P(30) = 0.9¢6!% = 0.9 (£)° ~ 5.06 million
1.3.155:

a) r =1n(4/3)/10 =~ 2.88%

b) Ao = $40000/e8" = $40000/(4/3)*/° ~ $31777
1.3.156: A =In (;”1—;) J(t2 — t1) (yr)~!

1.3.157: 28.81n(40)/In(2) = 153.3 years.
1.3.158: y =X ¥’ 2
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1.3.159: y = 20D

1.3.160: y=—/In(x2+1) +4
1.3.161: y = 2sec(x)

1.3.162: y = —V2xe¥ — 2e* +27
14101: y=Ce™ +1/3
1.4.102: y = 2529+ 41
1.4.103: 250 grams

ANSWERS TO SELECTED EXERCISES

1.4.104: P(5) = 1000e25-0:05x5 = 1000¢875 ~ 6.31 x 10°

1.4.105: AW =1 — kh, where k is a constant with units m2s.

1.4.151:

a) v(t) =70 — 60e~*! ft/sec where k = In(2)/3 ~ 0.2310 (sec)™

b) Att = 31n(6)/In(2) ~ 7.755 sec

1.4.152:

a) x(t) = 100 — 90e~* where k = In 2 (hr)™

b) x(7) = 100 — 90e %) ~ 42.0%
) x'(7) = 90ke % ~ 3.7%/hr
1.4.153:
a) v(t) =50(1 — e t/?) ft/sec
b) 2In5 = 3.2 sec
¢) 100In5 — 80 =~ 81 ft
1.4.154:
a) A(t) = $750,000 — $450,000e-04¢
b) 25 ln% ~ 12.8 years
) Ao = $750,000
1.4.155:
a) v(t) =40 — 39¢~ 1! m/s
b) 40 —20e'/2 ~ 7.03 m/s

1.4.156:
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a) C(t) =100 - 180e ! ug/mL where k = £ In 12 ~ 0.0692 (sec)~!

In(16/11) N
b) 3 n(16/13) ~ 3~ 2.41 sec

1.4.157:

a) Ziﬁ gﬁg ~ 3.58 minutes before 2 PM

b) 211;‘1133/192 ~ 9.19 minutes after 2 PM

1.4.158: y(x) = —2 + 6e%*

1.4159: y(x)=1+ce™

1.4.160: y(x) = e

1.4.161:  y(x) =2x° + cx

1.4.162:  y(x) = 2+/x + cx~2

1.4.163: y(x) =2+ 3e~sn¥

1.4.164: y(x) = -3(x +2)+c(x +2)
1.4.165: y(x) =1z 43

X

1.4.166: y(x) = (x + e)ec0s3x
. t +
1.4.167: y(x) = ar;z +’§ <

1.4.168: y(x) = x - Z +ce
1.5.101: y = 52

1.5.102: y = 32
15.103: y = (73 +3x + 1)

1.5.104: y = +/x2 —In(C — x)

15151 S0 = Ax?, y(x) = 245 = 25 c=1/A

1.5.152: Vo+1-In(v+1)= %x + ¢, where v(x) = x + y(x) -5
1.5.153: y(x) = (3x72+ cx3)73

1.5.154: y(x)=tan(x +F)—-x -7

1.5.155: y(x) = -2x>—«x

1.5.156: y(x) =sin"}(ze* +x — 1)

1.5.157: ;—§+ln(Z—§) ln( )+c

1.5.158: y(x) = (3 + ce )3
1.5.159: In|l-e?|=-2x+c, y(x) = FIn (1 £e2*)

309
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1.5.160: y(x) = (Ax® - x3)%
1.5.161: y(x) = (%2 + C)Se—S/x

1.6.101: a) 0, 1, 2 are critical points. b) x = 0 is unstable (semistable), x = 1 is stable,
and x = 2is unstable. ¢)1

1.6.102: a) There are no critical points. b) co

2
1-6.103: a) ‘Lii_gtc = kx(M _ x) +A b) kM+\/W

1.6.104: a) « is a stable critical point, 5 is an unstable one. b)a, c¢)a, d)coor DNE.
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.

1.7.104: a) Improved Euler: y(1) = 3.3897 for h = 1/4, y(1) ~ 3.4237 for h = 1/s, b)
Standard Euler: y(1) = 2.8828 for h = 1/4, y(1) ~ 3.1316 for h =1/s, c)y =2¢* —x—1,s0
y(2) is approximately 3.4366. d) Approximate errors for improved Euler: 0.046852 for
h =1/4,and 0.012881 for h = 1/s8.  For standard Euler: 0.55375 for h = 1/4, and 0.30499 for
h =1/s.  Factor is approximately 0.27 for improved Euler, and 0.55 for standard Euler.

1.8.101: a)e*¥+sin(x)=C b)x?>+xy-2y>=C oe¥+e¥=C d)x*+3xy+y>=C

1.8.102: a) Integrating factor is y, equation becomes dx + 3y*>dy = 0.  b) Integrating
factor is ¥, equation becomes e* dx —e ¥ dy = 0.  ¢) Integrating factor is y?, equation
becomes (cos(x) + y)dx + xdy = 0. d) Integrating factor is x, equation becomes
(2xy + y?) dx + (x> + 2xy)dy = 0.

1.8.103: a) Theequationis —f(x) dx+$ dy, and thisis exactbecause M = —f(x), N = ﬁ,
soM, =0=N,. b)-xdx+ %dy = 0, leads to potential function F(x, y) = —%2 + In|y/|,

solving F(x, y) = C leads to the same solution as the example.
2.1.101: Yes. Tojustify try to find a constant A such that sin(x) = Ae* for all x.

2.1.102: No. e¥2 = ¢2¢*,
21.103: y=>5

21.104: y=Ciln(x) +C2

21.105: y” -3y'+2y =0

2.1.151:  y(x) = —2cos5x + 3 sin5x
2.1.152:  y(x) = 2% + 27

2.1.153: y(x) = —e ™+ = 8xe™H
21.154: y(x) = %e‘zx - %e“lx

2.1.155:  y(x) = 2e7* + 11xe™3¥
2.2.101: y = C1e(-2+V2x 4 Cpe(-2-V2)x
2.2102: y = C1e¥ + Coxe™™
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2.2103: y = e */*cos((V7/4)x) — V7e */*sin((V7/a)x)
22104 y= @ e~3x/2 4 3012b px
2.2.105: z(t) = 2e~f cos(t)
22106 y = Flet + Lt ehx
22107: y”" -y -6y =0
2.2.151:

a) y"+8y ' +15y =0

b) y" -4y’ =0

o y'+4y" +4y =0

d) v"+2y" +2y =0

e) y'=0
2.2.152:

a) y(x) el cos(glcnx) +Co sin()lcnx)

b) y(x) = Ci1x2 + Cox?Inx

0 yis) = CHSHED i
d) y(x) = C1x% + sz—4

e) y(x) = C1x2 + Cox "I Inx

N y(x) = O + Gt
2.3.101: Y= Cre* + C2x3 + C3x2 + Cyx + C5
2.3.102: a)r®-3r2+4r—-12=0 b)y” -3y"+4y’-12y =0 )y = C1e¥ +Casin(2x)+
C3 cos(2x)
23103 y=0
2.3.104: No. ele* —e**1 = 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.)

23.106: y"-y"+y -y=0
2.3.151:

a) y(x)=Cy+Cox + Caei* + Cye2"

b) y(x) = C1e7 + Cpe?* + C3cos2x + Cysin2x
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c) y(x) = Cie™ + Cae™ + Cze 2 + Cqe**

d) y(x) =Cq1+ Cacos V3x + Cs3 sin V3x + Cax cos V3x + Csx sin V3x
e) y(x) = Cie™™ + Coe* + C3cos3x + Cysin3x

f) y(x) = C1 + Cox + Cax? + Cge ™ + Cse>*

g) y(x) = C1 + Cae™ + Caxe™ + Cyx%e™

h) y(x) = C1e™> + Cre?* + Caxe™* + Cyxe?

2.4.101: k = 8/9 (and larger)
2.4.102: a)0.051” +0.1I' + (/5)I =0 b)I=Cetcos(V3t—7y) <) I=10e"! cos(V3t)+
i}le—f sin(V3 )
2.4.103: a) k = 500000 b) 5% ~0.141 ¢)45000kg d)11250kg
2.4.104: mo = % If m < myg, then the system is overdamped and will not oscillate.
2.4.151:

a) x(t) = We st — Le-2;

Undamped x,(t) = 2cost +sint = V5 cos(t — y) where y = cos~ (%) 0.464

b) x(t) = 2e™*(cos(2t) + sin(2t)) = 2V2e™* cos(2t — I)

c) x(t) =2e73 +10te3;
Undamped x,(t) = 2cos(3t) + 3 25in(3t) = 2‘/_ cos(3t — y) where y = cos™! (%) ~
0.588

d) x(t) = e7*/2(4 cos(2t) + 3sin(2t)) = 5¢ /2 cos(2t — ) where y = cos™! (£) ~ 0.644
e) x(t) = e~ (2 cos(4t) + sin(4t)) = V5e 3! cos(4t — y) where y = cos™ (%) 0.464

2.5.101: y = —16sm<3x7)3+6cos(3x)

25102: a)y = w b)y =Cp COS(\/EX) +Cy sin(\/Ex) n 2€x+36x3—9x
2.5.103: y(x) =x*-4x+6+e¥(x —5)

2xe*—(e*+e ) log(e?* +1)
4

2.5.105: y = w + CreV2% 4 CpeV2x
2.5.151:

2.5.104:

a) y(x) = Cy + Cae* cosx + C3e?* sinx + Ax? + Bx + Cxe?* sinx + Dxe?* cos x
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b) y(x) = Cy+ Cae™* + C3e** + Ax® + Bx? + Cx + Dxe?* + Ee%*

o) y(x) = C1+Cae ™ cos 3x+Cze 2 sin 3x+Ax3+Bx?+Cx+Dxe 2 cos 3x+Exe 2 sin 3x
d) y(x) = Cq + Cax + C3e73% + Cge™ + Ax® + Bx? + Cxe ™3 + De>

e) y(x) = Cy+ Cox + C3e™* + C4e%* + Axe™* + Bx* + Cx® + Dx?

f) y(x) = C1 + Cox + C3x? + Cqe®* + Cse™>* + Ax* + Bx® + Cxe™>* + Dxe

g) y(x) = C1 + Cox + C3x% + Cae " cosx + Cse *sinx + Ax® + Bx® + Cx* + Dx® +
Exe ™ sinx + Fxe™ cos x

2.5.152:
a) y(x) = Cq + Cae? —2x? — 2x + 3%
b) y(x) = C1+ Coe™* + Cze® — 332 — 3x + g2
c) y(x) = C1e73% cos2x + Coe ¥ sin2x + {5 cOS X + 35 Sinx
D () = o Car¥ 4 CoeP — s = B = s o

2.5.153:

3
_9 ,1,-2v 1 1.2 1. . 1,02«
b) y(x) = 3z + g™ + 35¢* —5x° —5x + ge

26101 ©=Ll~0984 C(w)=1C ~2016

4V2 3V7
. _ (wj—w?)Fo 2wpFy . A _
2.6.102: x5y = s cos(wt) + R sin(wt) + %, where p = 5 and
wo = %
2.6.103: a)w =2 b)25
2.6.151:

a) x(t) =5cos2t + %sinZt — 3 cos 3t
b) x(t) = 3cos3t — %sin3t + % sin 2t
c) x(t) = —% cos4t — %sin4t + %cos?)t + %sinBt

31101y = C1e, yp = y(x) = Coe® + $e%, y3 = y(x) = Cae* + Ge™

. — 5,2t _ 2,-t — 5,2t 4 4,
3.1.102: x = 3e e,y =3¢ +3e

3.1.103: x] =xp, X, = X3, X3 = X1 +1

31104 yi+yi+ya=ty,+y1—y2=t% Y, =y ¥, = ys
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3.1.105: x1 = xp = at. Explanation of the intuition is left to reader.
3.1.106: a) Lefttoreader. b)x| = ;(xa—x1),x, = yx1— 5 x2. ) Ast goes to infinity,
both x1 and x; go to zero, explanation is left to reader.
3.2.101: -15
3.2.102: -2
3.2.103: X¥=[13]

Vo 0 /2 0 0
3.2.104: a) [ o ] b)| 0o

o 00 e
3.3.101: Yes
3.3.102: No. 2[h®] —[¢']~[¢']=0
33103 [§] = [33][3]+[9]
. 2, _[02t] 2 > _ [ cet®+C
33.104: a)xX’'=[J%]X b)xX= [ 2ézet2 1]
3.4.101: a) Eigenvalues: 4,0,—-1 Eigenvectors: (1)], g], [ gz
b)J_C)=C1 [(1)]64t+C2[(1)] +C3[% ]e_t
1 0 -2
3.4.102: a) Eigenvalues: 1+T‘/§i, 1_7@, Eigenvectors: 1__551. ], 1 J:%l]
N —2COS(@) —ZSin(@) »
b) X = Cqet/? 2 + Coetl? 7
)x 1€ cos(@)+ BSin(@) 2¢ sin(@)—\@cos(@)

34.103: ¥=Ci[}]e'+Co[L]e!

34104 ¥=C [f‘s’;ﬁfg)] +C [j'ij;((?)]

3.4.151:
a) X(t)=Cy 3] e +Cy[1]e*
b) ¥(t)=Ci[ L] e +Ca[1] €™
) X(t)=Cy [Zcogcfl-tsint] e™ +Co 2sirfitrltcost] e”!
d) () =-9[{]e* +2[3] ¥
€) ¥(t) = C1 [ cos it B einar ] € + C2 [ in i3 05 | €
£) 2(t) = 2 [ o252t | = 3 [sin2ii2 s |
g) X()=—3[2]e?+ 5[]
h) X(£) = C1 | 3con3 et | €%+ C2 [ 3anarisansar | €
D) (1) = C1 | _consr5tima | + Co | _ainsitaross ]
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) X(t)=—=[5]e¥+5[]e™

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:
5 and -3, so the behavior is a saddle.

3.5.102: Spiral source.

3.5.103:

—_—— —— — —— — —> —— —> —>

—_ > —> —> — —> —> —» —» —

F—> — — — — — — — — —

-> -> > -> > -> -> -> -> ->

-« -« - -« -« - -« - -« -«

Fem — +— <«— «— <«— «— «— <« <«

— e e — — — — — — —

e e — — — —— — —

The solution does not move anywhere if y = 0. When y is positive, the solution moves
(with constant speed) in the positive x direction. When y is negative, 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 = C1t + C»
and y = Cq, which agrees with the description above.

3.6.101: X = [—11 ] (a1 cos(V3t) + by sin(V3 1)) + [_(1)2] (a2 cos(V2 ) + by sin(V2 1)) +

[%] (a3 cos(t) + bz sin(t)) + [;_él cos(2t)

3.6.102: [8 r(r)z 8] X" = [_kk 2k ]x Solution: X = [—12] (a1 cos(v/3k/m t)+by sin(+/3k/m t))
[ ] (a2 cos(\/k/m t) + by Sll’l(\/k/_m t) + [ ] ast + bs).

3.6.103: x, = (2/5) cos(~y/1/6 t) — (2/5) cos(t)

3.7101: a)3,0,0 b)Nodefects. ¢)%=C; H] 3t +c2[ ]+c3 [ ?1]

3.7.102: a)1,1,2
b) Eigenvalue 1 has a defect of 1

> 0 1 0 3
oxza el 3 el 3
3.7.103: a)2,2,2

b) Eigenvalue 2 has a defect of 2

Q) X=C [8]e2f+c2([91] +t [g])eZt +C3([(1)] +t [—01] +§ [8])e2t
1 0 1 0 0 1

37104 A=[32]

3.7.151:
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a) ¥(t) = Cr [ 4] e + Co [ 4] £+ [3] )

b) X(t) = C; [Z%]€_4t+C2([:Ht+ [é])e““

0 70) = 3[3] e -4 7]
d) ¥(t)=-5[}]e" -7[ ] ™
0 501= i3]+ Cof [ 3]0+ 3]

[ 3tie —t_,3t
3.8101: efA=| "2, 72 fl

e +e”

[ 263t 462! 430t %—362% —e3t 4402 3¢t

3.8.102: e =| 20t ot 262 et
| 263 —5¢2 +3¢! %— 3"23t —e3t 4502t _3pt
. tA _ | (41 e® —te* - | (1-t)e?
3.8.103: a)e _[ 0 O] mE= [0

. 1424512 3t+6t2 0.1A - [1.250.36
3.8.104: [ 2t +412 1+2t+5t2] e~ [ 535 9%]

3.8.105: a) [5(3n) 2R 4(3") -2 l b) [3 -2(3") 2(3") -2

5(2") — 5(3") 5(2") —4(3") 331 3+l _9p

C) |(1) (1)1 if n is even, and [(1) 0] if n is odd.

3.9.101: The general solution is (particular solutions should agree with one of these):
x(t) = C1et +4Cae* —t/3—5/54, y(t) = Cre® — Cae* + tfe +7/216

3.9.102: The general solution is (particular solutions should agree with one of these):
x(t) = Cret + Cae™t + te!, y(t) = Cret — Cae™ + te!

39.103: ¥=[1](Get—t-1)+ L] Fe!
3.9.104: %= [§] ((140 + 120\/‘) ver 4 (140 + 120\/‘) - %~ CO;ét))

+ [_11] (g—g sin(2t) + % cos(2t) + E — COSSét))

6.1.101: £+ 8 41
S S

6.1.102: 22 -2t +1—¢ 2

. 1
61103 Lo

N
6.1.104: 1
6.1.151:

a) Fls) =2 - 25+ 2 - &
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b) F(s) =
) F(s) =
d) F(s) =
e) F(s) =

6.1.152:

1 21
3(s+m) ' s24m?

8,4 .1
+3+ 5+

32 _ 9 +L__ s
5+5  2s% 7 25 2(s2+16)

4s
5242

2,24 .12, 2
T tTaata

S5
5(s249) = s 25  2(s2+36)

a) f(t)=3-2¢% + 2sin3t

b) f(t) =
) f(t)=
d) f(t) =
e) f(t)=
6.1.153:
a) f(t) =
b) f(t) =
) f(t)=
d) f(t) =
e) f(t)=
6.1.154:
a) F(s) =
b) F(s) =
c) F(s) =
d) F(s) =
e) F(s) =
6.1.155:

a) f(t) =

1,3, 3,-mt

b7+ ge 4+ 2 cos2t
%e‘3t — %tz +3cos3t + %sin?)t
1—%t+5e”2t
ﬁt4+5cos\/§t—%sin\/§t

2t

|
NIw
+
NIw

e
1 _1c0os2t +sin2t
171

7.3t 2,0t

56 5¢
—1+42t+2et

—2cost+5cos\/§t

24
(s-3)°

18
(s+2)*

s—4
(s—4)%2+9

10
(s+3)2+25

3(s+m)
(s+m)2+4m2

1432t
6te

317
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b) f(t) = gtPe™

c) f(t) =e3 cos4t

d) f(t)=te ™

e) f(t) =4e % cos3t — 2¢7% sin3t

f) f(t) = 3e! cos2t + Ze' sin2t
6.2.101: f(t)=(t —1)(u(t —1) —u(t —2)) + u(t - 2)
6.2102: x(t) = (2e! 1 =2 - Du(t - 1) — Je~! + 3¢

6.2.103: H(s) = =
6.2.151:

a) x(t) = cosbt + % sin 5t
b) x(f) =3 cos2t — %sinZt + % — %cosZt
c) x(t) = —cos3t + %sin?)t + %Cost — %cos3t
d) x(f)=1-3e 2 +e73
e) x(t) =2e~! cos2t + 3¢~ sin 2t
f) x(t) = e cos4t + 3¢~ sin 4t
6.2.152:
a) F(s) = (=)

s2+1

b) F(S) — 6_25+e_55

S

¢) E(s) = 20 ™)

s2+4

d) F(S) _ (6—25+e—55)s

e) F(s) = 2t
6.2.153:
a) f(t) = u(t —3)ettd
b) f(t) = gu(t —2)(t - 2)*
) f(t) = 3u(t —2m)sin3(t - 2m)

d) £(t) = u(t —1)e =D = u(t = 2)e=t-2
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e) f(t)

f) f(t) = iu(t —27)sin4(t — 2m) — %u(t —37)sin4(t — 3m)

6.2.154:

d) f(t)
e) f(t)
f) f(t)

6.3.101:

6.3.102:
6.3.103:

6.3.104:
6.3.151:

a) (f
b) (f
o (f+
d) (f
e) (f+

6.4.101:
6.4.102:
6.4.103:
6.4.104:

6.4.105:
6.4.151:

= cos2t + u(t — m)cos2(t — m)

cos 3t
Zc052t+ sin 2t
=—1+31t+Le™

= 3t - 3sint

I(cost +sint —e™)

5t —5sint
%(sint —tcost)

fOt f(1)(1 = cos(t — 1)) dt

+ g)(t) = 3sin2¢

g)t) =3(t+3)° -
g)(t) = $e¥ — L~

+ g)(t) =t —sint

+8)(t) = -3 — gt + ¥

x(t) =t

x(t) = e

x(t) = (cos=*sin)(t) = %t sin(t)

O(t) — sin(t)
35(t — 1) + 2t

a) cos(4t)+lu(t —3)sin(4t —12)

b) x(t)
c) x(t)

-3 Lcos3t + %u(t —4)sin3(t — 4)

1
9
22 — 2e73t + du(t —2)et2 —

%u(t

_ 2)6—3(1‘—2)

319
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d) x(t) = 2te 3t + u(t — 4)(t — 4)e=309
e) x(t) = Ju(t — m)e™ " sin3(t - 1)

7.1.101: Yes. Radius of convergence is 10.
7.1.102: Yes. Radius of convergence is e.

7.1.103: L = —ﬁ s0 7 = ng() (-1)"*}(x —2)", which converges for 1 < x < 3.

7.1.104: Y ——x"
= (n=7)!

7.1.105:  f(x)— g(x)is a polynomial. Hint: Use Taylor series.

—2ay_s5

7.2.101: ap =0,a3 =0, ag = 0, recurrence relation (for k > 5): a; = 1) SO
_ a0 .5 a1 ,.6 ap .10 a 11 ag 15 a 16

y(x) = ao+a1x — o7 — X7+ 55X + 535X~ gaspX  ~ggoppX o

7.2.102: a)a; = %, and for k > 1 we have a; = ﬁ?—%’ 10)

_ 1,2 a0+l 3 m+l 4, 3 5 a+2 6 m+2 .7, 5 .8 a+3.9_ ;1+3..10, ...
y(x) = ag+ar1x +5x°+ =X+ 5 x* + 57+ 557X + T + 75 X0+ X+ U+

~1,2,1.3,1.4,3.5, 1.6, 1,7, 5 8, 1.,9.,°1.10
b) y(x) = 5x° + gXx” + 15X% + 3547 + 15X° + 57X + 755X° + 55X + 55X + -

7.2.103: Applying the method of this section directly we obtain a; = 0 for all k and so
y(x) = 0 is the only solution we find.

7.3.101: a) ordinary, b) singular but not regular singular, c) regular singular, d) regular
singular, e) ordinary.

+V5 -5
73102 y=Ax? +Bx 2

00 -1
7.3.103: y=x%2Y k(,z;iz),xk (Note that for convenience we did not pick ag = 1)
Pl !

7.3.104: y = Ax + BxIn(x)

8.1.101: a) Critical points (0,0) and (0, 1). At (0,0) using u = x, v = y the linearization
isu" = -2u — (Yn)v, v/ = —v. At (0,1) using u = x, v = y — 1 the linearization is
u' =-=2u+ /n)v, v =0.

b) Critical point (0, 0). Using u = x, v = y the linearizationis u’ = u + v, v’ = u.

¢) Critical point (1/2,-1/4). Using u = x —1/2, v = y + 1/4 the linearization is u’ = —u + v,
vV =u+o.

8.1.102: 1)isc), 2)isa), 3)isb)

8.1.103: Critical points are (0,0,0), and (-1, 1, —1). The linearization at the origin using

variables u = x, v =y, w = zis u’ = u, v’ = —v, z’ = w. The linearization at the point
(-1,1,-1) using variablesu = x+1,v=y—-1, w=z+1lisu’' =u -2w, v = —v - 2w,
w =w—2u.

81.104: u' = f(u,v,w), v =g(u,v,w), w =1.

8.2.101: a) (0,0): saddle (unstable), (1,0): source (unstable), b) (0,0): spiral sink
(asymptotically stable), (0,1): saddle (unstable), ¢) (1,0): saddle (unstable), (0,1):
saddle (unstable)
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8.2.102: a) % y2 + %xg’ —4x = C, critical points: (-2,0), an unstable saddle, and (2,0), a
stable center.  b) $y? + e* = C, no critical points.  ¢) 3y* + xe* = C, critical point at
(-1, 0) is a stable center.

8.2.103: Critical point at (0, 0). Trajectories are y = £4/2C + (1/2)x4, for C > 0, these give
closed curves around the origin, so the critical point is a stable center.

8.2.104: A critical point x is stable if f’(xgp) < 0 and unstable when f”(x¢) > 0.

8.3.101: a) Critical points are w = 0, 0 = km for any integer k. When k is odd, we have a
saddle point. When k is even we get a sink.  b) The findings mean the pendulum will
simply go to one of the sinks, for example (0, 0) and it will not swing back and forth. The
friction is too high for it to oscillate, just like an overdamped mass-spring system.

8.3.102: a) Solving for the critical points we get (0, —//4) and (%, 7). The Jacobian

matrix at (0, —"/a) is [ ”_Jrcbhh/dd _Od ] whose eigenvalues are a +bh /d and —d. So the eigenvalues

are always real of opposite signs and we get a saddle (In the application however we are

only looking at the positive quadrant so this critical point is not relevant). At (%, )
_ b(bh+ad)

we get Jacobian matrix [ ac biead g ] b) For the specific numbers given, the second critical
e

0 -11/6

point is (32, 40) the matrix is [3 125 1/4 ], which has eigenvalues % 327

. Therefore there

is a spiral source. This means the solution spirals outwards. The solution will eventually
hit one of the axes, x = 0 or y = 0, so something will die out in the forest.

8.3.103: The critical points are on the line x = 0. In the positive quadrant the y’ is always
positive and so the fox population always grows. The constant of motion is C = y%e %%V,
for any C this curve must hit the y-axis (why?), so the trajectory will simply approach a
point on the y axis somewhere and the number of hares will go to zero.

8.4.101: Use Bendixson-Dulac Theorem. a) fy + g, =1+ 1 > 0, so no closed trajectories.
b) fx + gy = —sin®(y) + 0 < 0 for all x, y except the lines given by y = k7 (where we get
zero), so no closed trajectories. ¢) fx + ¢, = y + 0 > 0 for all x, y except the line given by
y = 0 (where we get zero), so no closed trajectories.

8.4.102: Using Poincaré—Bendixson Theorem, the system has a limit cycle, which is the
unit circle centered at the origin as x = cos(t) + e~, y = sin(t) + ¢! gets closer and closer
to the unit circle. Thus we also have that x = cos(f), y = sin(t) is the periodic solution.

8.4103: f(x,y) =y, g(x,y) = u(l-x*)y—x.So fr+gy = u(1-x?). The Bendixson-Dulac
Theorem says there is no closed trajectory lying entirely in the set x> < 1.

8.4.104: The closed trajectories are those where sin(r) = 0, therefore, all the circles centered
at the origin with radius that is a multiple of 7t are closed trajectories.

8.5.101: Ceritical points: (0,0, 0), (3V8,3V8,27), (-3V8, —3V8, 27). Linearization at (0, 0, 0)
usingu =x,v =y, w=zisu’ =-10u + 100, v’ = 28u — v, w’ = —(8/3)w. Linearization at
(3V8,3V8,27) using u = x-3V8,v = y-3V8,w = z—27isu’ = ~10u+10v, v’ = u—v-3V8w,
w’ = 3V8u+3V8v—(8/3)w. Linearization at (-3V8, —3V8, 27) using u = x+3V8,v = y+3V8,
w=z-27isu’ =-10u +10v, v’ = u — v + 3V8w, w’ = —3V8u — 3V8v — (8/3)w.
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