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1.1 Introduction

This set of lecture notes was built from a one semester course on the Introduction to
Ordinary and Differential Equations at Penn State University from 2010-2014. Our main
focus is to develop mathematical intuition for solving real world problems while developing
our tool box of useful methods. Topics in this course are derived from five principle subjects
in Mathematics

(i) First Order Equations (Ch. 2)

(i1) Second Order Linear Equations (Ch. 3)

(iii) Higher Order Linear Equations (Ch. 4)

(iv) Laplace Transforms (Ch. 5)

(v) Systems of Linear Equations (Ch. 6)

(vi) Nonlinear Differential Equations and Stability (Ch. 7)
(vii) Partial Differential Equations and Fourier Series (Ch. 8)

Each class individually goes deeper into the subject, but we will cover the basic tools
needed to handle problems arising in physics, materials sciences, and the life sciences.
Here we focus on the development of the solution methods for solving those problems.

1.2 Some Basic Mathematical Models; Direction Fields
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| Definition 1.2.1 A differential equation is an equation containing derivatives.

Definition 1.2.2 A differential equation that describes some physical process is often
called a mathematical model

» Example 1.1 (Falling Object)

Consider an object falling from the sky. From Newton’s Second Law we have

dv
F = - m— 1.1
ma mdt ( )

When we consider the forces from the free body diagram we also have
F=mg—yv (1.2)
where 7 is the drag coefficient. Combining the two

dv

 —mo— 1.
m— = mg =y (1.3)

Suppose m = 10kg and y = 2kg/s. Then we have

2 —098__ (1.4)

It looks like the direction field tends towards v = 49m/s. We plot the direction field by
plugging in the values for v and 7 and letting dv/dt be the slope of a line at that point. =

Direction Fields are valuable tools in studying the solutions of differential equations of
the form

dy

— = f{(t, 1.5

5 =) (1.5)
where f is a given function of the two variables ¢t and y, sometimes referred to as a rate
function. At each point on the grid, a short line is drawn whose slope is the value of f at

the point. This technique provides a good picture of the overall behavior of a solution.

Two Things to keep in mind:
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Figure 1.1: Direction field for above example

1. In constructing a direction field we never have to solve the differential equation only
evaluate it at points.

2. This method is useful if one has access to a computer because a computer can generate
the plots well.

= Example 1.2 (Population Growth) Consider a population of field mice, assuming there
is nothing to eat the field mice, the population will grow at a constant rate. Denote time by
t (in months) and the mouse population by p(r), then we can express the model as

p _

— 1.6
P (1.6)

where the proportionality factor r is called the rate constant or growth constant. Now
suppose owls are killing mice (15 per day), the model becomes
dp

X _05p—4 1.7
I 0.5p —450 (1.7)

note that we subtract 450 rather than 15 because time was measured in months. In general

p _

=rp—k 1.8
7P (1.8)

where the growth rate is r and the predation rate k is unspecified. Note the equilibrium
solution would be k/r.

Definition 1.2.3 The equilibrium solution is the value of p(¢) where the system no
longer changes, d—’[’ =0.

In this example solutions above equilibrium will increase, while solutions below will

decrease.

Steps to Constructing Mathematical Models:
1. Identify the independent and dependent variables and assign letters to represent them.
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Figure 1.2: Direction field for above example

Often the independent variable is time.

2. Choose the units of measurement for each variable.

3. Articulate the basic principle involved in the problem.

4. Express the principle in the variables chosen above.

5. Make sure each term has the same physical units.

6. We will be dealing with models in this chapter which are single differential equations.

= Example 1.3 Draw the direction field for the following, describe the behavior of y as
t — oo, Describe the dependence on the initial value:

Y =2y+3 (1.9)

Ans: For y > —1.5 the slopes are positive, and hence the solutions increase. For y < —1.5
the slopes are negative, and hence the solutions decrease. All solutions appear to diverge
away from the equilibrium solution y(t) = —1.5. .

» Example 1.4 Write down a DE of the form dy/dt = ay + b whose solutions have the
required behavior as t — oo. It must approach %

Answer: For solutions to approach the equilibrium solution y(#) = 2/3, we must have
y <0 fory>2/3,and y > 0 for y < 2/3. The required rates are satisfied by the DE
y =2-—3y. .

= Example 1.5 Find the direction field for y’ = y(y — 3)

Solutions of Some Differential Equations

Last Time: We derived two formulas:

d

md—\; — mg—7v (Falling Bodies) (1.10)
dp .
— = rp—k (Population Growth) (1.11)

dt
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Figure 1.3: Direction field for above example

Both equations have the form:

dy _

=ay—>b 1.12
W (1.12)
» Example 1.6 (Field Mice / Predator-Prey Model)
Consider
9P _5p—450 (1.13)
g = 0P .
we want to now solve this equation. Rewrite equation (1.13) as
dp p—900
Ut S ) 1.14
dt 2 (1.14)
Note p =900 is an equilbrium solution and the system does not change. If p # 900
dp/dt 1
== 1.15
p—900 2 (1.15)
By Chain Rule we can rewrite as
d 1
— |In|p—900|| = = 1.16
7 { nlp—9 I} > (1.16)
So by integrating both sides we find
t
ln|p—900|:§+C (1.17)
Therefore,
p =900+ Ce'/? (1.18)

Thus we have infinitely many solutions where a different arbitrary constant C produces a
different solution. What if the initial population of mice was 850. How do we account for
this? .
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I Definition 1.3.1 The additional condition, p(0) = 850, that is used to determine C is

an example of an initial condition.

I Definition 1.3.2 The differential equation together with the initial condition form the

initial value problem
Consider the general problem

dy
dt
y(0) = o

= ay—>b

The solution has the form

y=(b/a)+[yo— (b/a)]e”

(1.19)
(1.20)

(1.21)

when a # 0 this contains all possible solutions to the general equation and is thus called
the general solution The geometric representation of the general solution is an infinite

family of curves called integral curves.

= Example 1.7 (Dropping a ball) System under consideration:

dv %

2 - 98— —

dt ? 5
v(0) = 0

From the formula above we have

(32 p-2)

and the general solution is

D~

V=49 Ce '/

with the I.C. C = —49.

Classifications of Differential Equations

(1.22)
(1.23)

(1.24)

(1.25)

Last Time: We solved some basic differential equations, discussed IVPs, and defined the

general solution.

Now we want to classify two main types of differential equations.

Definition 1.4.1 If the unknown function depends on a single independent variable
where only ordinary derivatives appear, it is said to be an ordinary differential equa-

tion. Example

¥ (x) = xy

(1.26)
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Definition 1.4.2 If the unknown function depends on several variables, and the deriva-
tives are partial derivatives it is said to be a partial differential equation.

One can also have a system of differential equations

dx/dt = ax— oxy (1.27)
dy/dt = —cy+yxy (1.28)

Note: Questions from this section are common on exams.

Definition 1.4.3 The order of a differential equation is the order of the highest deriva-
tive that appears in the equation.

Ex 1: y" 4+ 2¢'y” +yy = 0 has order 3.
Ex 2: y¥ 4+ (y/)2 +4y" = 0 has order 4. Look at derivatives not powers.

Another way to classify equations is whether they are linear or nonlinear:

Definition 1.4.4 A differential equation is said to be linear if F(z,y,y’,y",...,y") =0
is a linear function in the variables y,y’,y”, ...,y i.e. none of the terms are raised to a
power or inside a sin or cos.

s Example 1.8 a)y' +y=2
b)y' =4y—6
¢) y® 43y +sin(r)y .

| Definition 1.4.5 An equation which is not linear is nonlinear.

= Example 1.9 a)y' +1*y?* =0
b)Y’ +sin(y) =0
¢) yW —tan(y) + (y")* =0 .

= Example 1.10 ‘57? + £5in(6) =0.
The above equation can be approximated by a linear equation if we let sin(6) = 6. This

process is called linearization. n

Definition 1.4.6 A solution of the ODE on the interval o < ¢ < f3 is a function ¢ that
satisfies

0" (1) = flt,9(),.... 0" V()] (1.29)

Common Questions:
1. (Existence) Does a solution exist? Not all Initial Value Problems (IVP) have solutions.

2. (Uniqueness) If a solution exists how many are there? There can be none, one or
infinitely many solutions to an IVP.

3. How can we find the solution(s) if they exist? This is the key question in this course.
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We will develop many methods for solving differential equations the key will be to identify
which method to use in which situation.
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2.1

Linear Equations; Method of Integrating Factors

Last Time: We classified ODEs and PDEs in terms of Order (the highest derivative taken)
and linearity.

Now we start Chapter 2: First Order Differential Equations
All equations in this chapter will have the form

dy
ar = f(r,y) 2.1

If f depends linearly on y the equation will be a first order linear equation.

Consider the general equation
d
d—f +p(t)y = g(t) (2.2)

We said in Chapter 1 if p(¢) and g(¢) are constants we can solve the equation explicitly.
Unfortunately this is not the case when they are not constants. We need the method of
integrating factor developed by Leibniz, who also invented calculus, where we multiply
(2.2) by a certain function u(z), chosen so the resulting equation is integrable. w(z) is
called the integrating factor. The challenge of this method is finding it.

Summary of Method:
1. Rewrite the equation as (MUST BE IN THIS FORM)

y+ay=f 2.3)
2. Find an integrating factor, which is any function

() = el @4t (2.4)
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3. Multiply both sides of (2.3) by the integrating factor.

w(r)y' +au(t)y = fu(r) (2.5)

4. Rewrite as a derivative

(uy) =uf (2.6)

5. Integrate both sides to obtain

/ w(t)f(t)di +C @.7)
and thus

/ w(t)f(t)de + % (2.8)

Now lets see some examples:

= Example 2.1 Find the general solution of

y=y+e (2.9)
Step 1:

y—y=¢ (2.10)
Step 2

pie)=e 1 = ¢ 2.11)
Step 3

ey —y)=e¥ (2.12)
Step 4:

(ey) =e* (2.13)
Step 5:

ey = / e 2dt = —%ezt +C (2.14)
Solve for y

1
y(t) = —Ee*f +Cé' (2.15)
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= Example 2.2 Find the general solution of

y = ysint +2te” ¢ (2.16)
and y(0) = 1.
Step 1:

y —ysint = 2te” ¢ (2.17)
Step 2:

p(t) = e Jintdl = geost (2.18)
Step 3:

e (y —ysint) = 2t (2.19)
Step 4:

(ey) =2t (2.20)
Step 5:

Sy =12+ C (2.21)
So the general solution is:

(1) = (2 +C)e e (2.22)
With IC

(1) = (2 +e)e (2.23)

.

= Example 2.3 Find General Solution to

y' = ytant +sint (2.24)
with y(0) = 2. Note Integrating factor

p(r) = ¢~ Jandt — gln(cost) — cogy (2.25)
Final Answer

wy =20 2 2:26)

.

= Example 2.4 Solve

2y +ty=2 (2.27)
with y(0) = 1. Integrating Factor

w(r)=e’’* (2.28)
Final Answer

y(t) = e /4 /Ot s+ e, (2.29)
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REVIEW: Integration By Parts

This is the most important integration technique learned in Calculus 2. We will derive the
method. Consider the product rule for two functions of 7.

d dv  d
a {uv] _ v, e (2.30)

Integrate both sides from a to b

b dv [P du
V+/ “ 2.31)

Rearrange the resulting terms

b b du
— y— 2.32
o (2.32)

a dt

Practicing this many times will be helpful on the homework. Consider two examples.

» Example 2.5 Find the integral [ 19 In(z)dt. First define u,du,dv, and v.

u=1In(t) dv—dt (2.33)
|
du=—di  v=i (2.34)
Thus
/ In(r)dt = tIn(r / \dr (2.35)
— 91n(9) —1 (2.36)
1
—9In(9)—9+1 (2.37)
—91n(9) -8 (2.38)

= Example 2.6 Find the integral [ ¢*cos(x)dx. First define u,du,dv, and v.

u = cos(x) dv = e'dx (2.39)
du = —sin(x)dx v=e" (2.40)

Thus
/e)C cos(x)dx = e*cos(x) — /ex sin(x)dx (2.41)

Do Integration By Parts Again

u = sin(x) dv = e'dx (2.42)
du = cos(x)dx v=e" (2.43)
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So
/ ¢ cos(x)dx = ¢ cos(x) — / ¢ sin(x)dx (2.44)
— " cos(x) + ¢ sin(x) — / ¢ cos(x)dx (2.45)
2 / ¢* cos(x)dx = ¢ (cos(x) + sin(x)) (2.46)
/ ¢ cos(x)dx = %ex (cos(x) +sin(x)) +C (2.47)

Notice when we do not have limits of integration we need to include the arbitrary
constant of integration C.

Separable Equations

Last Time: We used integration to solve first order equations of the form

dy

2= a(t)y+b(t) (2.48)

the method of integrating factor only works on an equation of this form, but we want to
handle a more general class of equations

dy

— = f(t 2.49

5 =) (2.49)
We want to solve separable equations which have the form

dy

= 2.50

5= sl (2.50)

The General Solution Method:

Step 1: (Separate) %dy = g(x)dx (2.51)
Step 2: (Integrate) / %y)dy = / g(x)dx (2.52)
Step 2: (Solve fory) F(y) =G(x)+c¢ (2.53)

Note only need a constant of integration of one side, could just combine the constants we
get on each side. Also, we only solve for y if it is possible, if not leave in implicit form.

Definition 2.2.1 An equilibrium solution is the value of y which makes dy/dx =0,y
remains this constant forever.

= Example 2.7 (Newton’s Law of Cooling) Consider the ODE, where E is a constant:

dB
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with initial condition (IC) B(0) = By. This is separable

B
% - / Kdr (2.55)
—In|E—B| = ki+c (2.56)
E—B = ¢ M =A™ (2.57)
B(t) = E—Ae ™ (2.58)
B(0) = E—A (2.59)
A = E-—By (2.60)
E—-B
B(t) = E—— (2.61)
n
= Example 2.8
d 1
= —6x, (=73 (2.62)
Separate and Solve:

;l_;} = /6xdx (2.63)

1
L S (2.64)

y
y(1) = 1/3 (2.65)
3 = 3(1)+c=>c=—6 (2.66)

1
—— = 3’-6 (2.67)

y

1

y(x) = 632 (2.68)

What is the interval of validity for this solution? Problem when 6 — 3x? = 0 or when
x = 4+/2. So possible intervals of validity: (—oo, —v/2),(—v/2,v/2),(v/2,0). We want to
choose the one containing the initial value for x, which is x = 1, so the interval of validity

is (—\/i, \/E) [ ]
= Example 2.9
3x2 +2x—4
== = 1)=3 2.69

y 2 y(1) (2.69)
There are no equilibrium solutions.

/ 2y—2dy = / 3x% +2x — 4dx (2.70)

y2—2y = P42 —dx+tc (2.71)

y(1) = 3=c¢=5 (2.72)

V=2y+1 = X4+x>—4x+6 (Complete the Square) (2.73)

(=17 = £+ —4x+6 (2.74)

y(x) = 1£vV3+x2—4x+6 (2.75)
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There are two solutions we must choose the appropriate one. Use the IC to determine only
the positive solution is correct.

y(x) =14+ V3 +x2—4x+6 (2.76)
We need the terms under the square root to be positive, so the interval of validity is values
of x where x> +x% —4x+ 6 > 0. Note x = 1 is in here so IC is in interval of validity. "

= Example 2.10
dy  xy

dx ~ 1+x2
One equilibrium solution, y(x) = 0, which is not our case (since it does not meet the IC).
So separate:

y(0)=1 (2.77)

d
2 = / = dx (2.78)
y3 1 +X2
1 1 ’
1
y0) = lI=c= ) (2.80)
1
2
= — 2.81
Y 1 —In(1+22) (2.81)
1
x) = (2.82)
y) I—In(112)
Determine the interval of validity. Need
In(l+x) <l=x<e—1 (2.83)
So the interval of validity is —ve—1 <x < e—1. .
= Example 2.11
dy y—1
22 2.84
dx x*+1 2.84)
The equilibrium solution is y(x) = 1 and our IC is y(0) = 1, so in this case the solution is
the constant function y(s) = 1. .
= Example 2.12
d
(Review IBP)d—f =& "sec(y)(1+12), y(0)=0 (2.85)
Separate by rewriting, and using Integration By Parts (IBP)
dy e ! )
— = 141 2.86
dt cos(y) (1+£) (2.86)
/ e Vcos(y)dy = / e ' (141%)dt (2.87)
e . 0 5
7(sm(y) —cos(y)) = —e (t°+2t+3) +§ (2.88)

Won'’t be able to find an explicit solution so leave in implicit form. In the implicit form it
is difficult to find the interval of validity so we will stop here. .
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Modeling With First Order Equations

Last Time: We solved separable ODEs and now we want to look at some applications to
real world situations

There are two key questions to keep in mind throughout this section:
1. How do we write a differential equation to model a given situation?
2. What can the solution tell us about that situation?

= Example 2.13 (Radioactive Decay)

dN
= —ANG), (2.89)

where N(¢) is the number of atoms of a radioactive isotope and A > 0 is the decay constant.
The equation is separable, and if the initial data is N(0) = Ny, the solution is

N(t) = Noe . (2.90)

so we can see that radioactive decay is exponential. .

= Example 2.14 (Newton’s Law of Cooling) If we immerse a body in an environment with
a constant temperature E, then if B(¢) is the temperature of the body we have

dB
— =k(E—B 291
where K > 0 is a constant related to the material of the body and how it conducts heat. This
equation is separable. We solved it before with the initial condition B(0) = By to get
E—B
B(1)=E— 0, (2.92)

eK't

Approaches to writing down a model describing a situation:

1. Remember the derivative is the rate of change. It’s possible that the description of the
problem tells us directly what the rate of change is. Newton’s Law of Cooling tells us the
rate of change of the body’s temperature was proportional to the difference in temperature
between the body and the environment. All we had to do was set the relevant terms equal.

2. There are also cases where we are not explicitly given the formula for the rate of
change. But we may be able to use the physical description to define the rate of change
and then set the derivative equal to that. Note: The derivative = increase - decrease. This
type of thinking is only applicable to first order equations since higher order equations are
not formulated as rate of change equals something.

3. We may just be adapting a known differential equation to a particular situation, i.e.
Newton’s Second Law F = ma. It is either a first or second order equation depending
on if you define it for position for velocity. Combine all forces and plug in value for F
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to yield the differential equation. Used for falling bodies, harmonic motion, and pendulums.

4. The last possibility is to determine two different expressions for the same quantity and set
the equal to derive a differential equation. Useful when discussing PDEs later in the course.

The first thing one must do when approaching a modeling problem is determining which
of the four situations we are in. It is crucial to practice this identification now it will be
useful on exams and later sections. Secondly, your differential equation should not depend
on the initial condition. The IC only tells the starting position and should not effect how a
system evolves.

Type I: (Interest)

Suppose there is a bank account that gives r% interest per year. If I withdraw a con-
stant w dollars per month, what is the differential equation modeling this?

Ans: Let 7 be time in years, and denote the balance after ¢ years as B(r). B'(t) is the
rate of change of my account balance from year to year, so it will be the difference between
the amount added and the amount withdrawn. The amount added is interest and the amount
withdrawn is 12w. Thus

. r
100

This is a linear equation, so we can solve by integrating factor. Note: UNITS ARE
IMPORTANT, w is withdrawn each month, but 12w is withdrawn per year.

B'(1) B(t) — 12w (2.93)

= Example 2.15 Bill wants to take out a 25 year loan to buy a house. He knows that he
can afford maximum monthly payments of $400. If the going interest rate on housing
loans is 4%, what is the largest loan Bill can take out so that he will be able to pay it off in
time?

Ans: Measure time ¢ in years. The amount Bill owes will be B(¢). We want B(25) = 0.
The 4% interest rate will take the form of .04B added. He can make payments of
12 x 400 = 4800 each year. So the IVP will be

B'(1) = .04B(1) — 4800, B(25)=0 (2.94)

This is a linear equation in standard form, use integrating factor

B'(t)—.04B(t) = —4800 (2.95)

[,L(l‘) _ ef—.04dt:e—.04t (2.96)

(e 'B(r)) = —4800e 10’ (2.97)
4 4 4

e T0'B(f) = —4800 / ¢~ 100 dt = 120000¢~ 0" + ¢ (2.98)

B(t) = 120000+ ceT’ (2.99)

B(25) = 0= 120000+ ce = ¢ = —120000¢ " (2.100)

B(t) = 120000 — 120000e 10 (1~25) (2.101)
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We want the size of the loan, which is the amount Bill begins with B(0):
B(0) = 120000 — 120000e ! = 120000(1 — e 1) (2.102)

Type II: (Mixing Problems)

In

l Out

We have a mixing tank containing some liquid inside. Contaminant is being added to the
tank at some constant rate and the mixed solution is drained out at a (possibly different)
rate. We will want to find the amount of contaminant in the tank at a given time.

How do we write the DE to model this process? Let P(z) be the amount of pollutant (Note:
Amount of pollutant, not the concentration) in the tank at time . We know the amount of
pollutant that is entering and leaving the tank each unit of time. So we can use the second
approach

Rate of Change of P(¢) = Rate of entry of contaminant — Rate of exit of contaminant
(2.103)

The rate of entry can be defined in different ways. 1. Directly adding contaminant i.e. pipe
adding food coloring to water. 2. We might be adding solution with a known concentration
of contaminant to the tank (amount = concentration x volume).

What is the rate of exit? Suppose that we are draining the tank at a rate of r,,,. The amount
of contaminant leaving the tank will be the amount contained in the drained solution, that
is given by rate x concentration. We know the rate, and we need the concentration. This
will just be the concentration of the solution in the tank, which is in turn given by the
amount of contaminant in the tank divided by the volume.

Amount of Contaminant

Volume of Tank
(2.104)

Rate of exit of contaminant = Rate of drained solution x

or

P(1)

Rate of exit of contaminant = r,,;; ——. (2.105)

V(1)

What is V(¢)? The Volume is decreasing by r,,, at each z. Is there anything being added to
the volume? That depends if we are adding some solution to the tank at a certain rate r;,,
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that will add to the in-tank volume. If we directly add contaminant not in solution, nothing
is added. So determine which situation by reading the problem. In the first case if the
initial volume is Vp, we’ll get V(1) = Vo +1(rin — rour ), and in the second, V (1) = Vo — trou:.

= Example 2.16 Suppose a 120 gallon well-mixed tank initially contains 90 lbs. of salt
mixed with 90 gal. of water. Salt water (with a concentration of 2 Ib/gal) comes into the
tank at a rate of 4 gal/min. The solution flows out of the tank at a rate of 3 gal/min. How
much salt is in the tank when it is full?

Ans: We can immediately write down the expression for volume V(z). How much lig-
uid is entering each minute? 4 gallons. How much is leaving the tank in the same
minute? 3 gallons. So each minute the Volume increases by 1 gallon, and we have
V(t) =90+ (4 —3)t =90 +1. This tells us the tank will be full at 7 = 30.

We let P(t) be the amount of salt (in pounds) in the tank at time t. Ultimately, we want to
determine P(30), since this is when the tank will be full. We need to determine the rates at
which salt is entering and leaving the tank. How much salt is entering? 4 gallons of salt
water enter the tank each minute, and each of those gallons has 2Ib. of salt dissolved in it.
Hence we are adding 8 Ibs. of salt to the tank each minute. How much is exiting the tank?
3 gallons leave each minute, and the concentration in each of those gallons is P(¢)/V (¢).
Recall

Rate of Change ofP(¢) = Rate of entry of contaminant — Rate of exit of contaminant

(2.106)

) ) ) . Amount of Contaminant
Rate of exit of contaminant = Rate of drained solution x

Volume of Tank

(2.107)

P P(1)ib

= = (4gal /min) 21bgal) — (3gal /m)(%) —8-
(2.108)

This is the ODE for the salt in the tank, what is the IC? P(0) = 90 as given by the problem.
Now we have an IVP so solve (since linear) using integrating factor

P 3
T to P = 8 (2.109)
p(e) = el wad = SO0+ — (904 1)} (2.110)
((90+1)°P(1)) = 8(90+1)* (2.111)
(90+1)P(r) = /8(9O+t)3dt:2(90+t)4—|—c (2.112)
P(t) = 2(90+t)+ﬁ (2.113)

P0) = 90:2(90)+9—83:>c:—(90)4 (2.114)

4
Pl) = 2(90+1)— —2 (2.115)

(90+1)3

3P(t)
90 +1¢
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Remember we wanted P(30) which is the amount of salt when the tank is full. So

04 27
P(30) = 240 — AU 240 —90(%)3 =240 _90(@)'

30 (2.116)

We could ask for amount of salt at anytime before overflow and all would be the same
besides last step where we replace 30 with the time wanted. .

Exercise: What is the concentration of the tank when the tank is full?

= Example 2.17 A full 20 liter tank has 30 grams of yellow food coloring dissolved in it.
If a yellow food coloring solution (with concentration of 2 grams/liter) is piped into the
tank at a rate of 3 liters/minute while the well mixed solution is drained out of the tank at a
rate of 3 liters/minute, what is the limiting concentration of yellow food coloring solution
in the tank?

Ans: The ODE would be

ap ' Pg _ 3P
= OL/min)(28/L) = GLmin) - 5h = 655

2.117)

Note that volume is constant since we are adding and removing the same amount at each
time step. Use the method of integrating factor.

u@) = e = et (2.118)
(eD'P(1)) = 6en' (2.119)
3 3 3

e0'P(t) = /6620tdl‘ =40e2’ +¢ (2.120)
Pt) = 40+% 2.121)

20
P(0) = 20=40+c=c=-20 (2.122)

20

e20

Now what will happen to the concentration in the limit, or as t — co. We know the volume
will always be 20 liters.

3
Pt 40 — 20e
fim D)y 30720707 (2.124)
t=eo V() 1o 20

So the limiting concentration is 2g/L. Why does this make physical sense? After a period
of time the concentration of the mixture will be exactly the same as the concentration of
the incoming solution. It turns out that the same process will work if the concentration of
the incoming solution is variable. n

= Example 2.18 A 150 gallon tank has 60 gallons of water with 5 pounds of salt dissolved
in it. Water with a concentration of 2 + cos() Ibs/gal comes into the tank at a rate of 9
gal/hr. If the well mixed solution leaves the tank at a rate of 6 gal/hour, how much salt is in
the tank when it overflows?
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Ans: The only difference is the incoming concentration is variable. Given the Volume
starts at 600 gal and increases at a rate of 3 gal/min

dP 6P
— =92 — 2.12
= 9(2+cos(1)) 603 (2.125)
Our IC is P(0) = 5 and use the method of integrating factor
w(e) = el wimdt = 2W0+) — (04 4)2, (2.126)
((20+1)?P(1)) = 9(2+4cos(r))(2041)> (2.127)
(20+1)2P(t) — / 9(2+cos(1)) (20 +1)2dt (2.128)
2
= 9(§(zo+t)3 + (20 +1)?sin(t) +2(20 +1) cos(t) — 2 sin(2).129)
2 , 2cos(t)  2sin(r) c
P = =(20 = (2.130
(1) 9(3( +1) +sin(z) + 2041 (20+t)2)+ 20112 )
2 2 c 9 c
PO) = 5=9(5(20)+ =)+ -—=120+ — 4+ — 2.131
(0) (3( )+20) 400 +10+400 ( )
¢ = —46360 (2.132)

We want to know how much salt is in the tank when it overflows. This happens when the
volume hits 150, or at r = 30.

18cos(30)  18sin(30) 46360
50 2500 2500

So P(t) ~ 272.63 pounds. .

We could make the problem more complicated by assuming that there will be a change in
the situation if the solution ever reached a critical concentration. The process would still
be the same, we would just need to solve two different but limited IVPs.

P(30) = 300+9sin(30) + (2.133)

Type I1I: (Falling Bodies)
Lets consider an object falling to the ground. This body will obey Newton’s Second Law
of Motion,

dv

m— = F(t,v) (2.134)

where m is the object’s mass and F' is the net force acting on the body. We will look
at the situation where the only forces are air resistance and gravity. It is crucial to be
careful with the signs. Throughout this course downward displacements and forces are
positive. Hence the force due to gravity is given by Fg = mg, where g ~ 10m/s? is the
gravitational constant.
Air Resistance acts against velocity. If the object is moving up air resistance works
downward, always in opposite direction. We will assume air resistance is linearly dependant
on velocity (ie F4 = av, where Fj is the force due to air resistance). This is not realistic,
but it simplifies the problem. So F(t,v) = Fg+ F4 = 10 — av, and our ODE is

dv

mz =10m— av (2.135)
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= Example 2.19 A 50 kg object is shot from a cannon straight up with an initial velocity
of 10 m/s off the very tip of a bridge. If the air resistance is given by 5v, determine the
velocity of the mass at any time ¢ and compute the rock’s terminal velocity.

Ans: Two parts: 1. When the object is moving upwards and 2. When the object is
moving downwards. If we look at the forces it turns out we get the same DE

50v =500 —5v (2.136)
The IC is v(0) = —10, since we shot the object upwards. Our DE is linear and we can use
integrating factor
1
'+—v = 10 2.137
v+ 10\/ ( )
w(t) = ew (2.138)
(eToy(r)) = 10eTo (2.139)
etoy(r) = /10e1’odz = 100e™ + ¢ (2.140)
W) = 100+ -5 (2.141)
e10
v(0) = —10=100+c=c=—-110 (2.142)
110
v(t) = 100——-. (2.143)
e10

What is the terminal velocity of the rock? The terminal velocity is given by the limit of the
velocity as t — oo, which is 100. We could also have computed the velocity of the rock
when it hit the ground if we knew the height of the bridge (integrate to get position). =

= Example 2.20 A 60kg skydiver jumps out of a plane with no initial velocity. Assuming
the magnitude of air resistance is given by 0.8|v|, what is the appropriate initial value
problem modeling his velocity?

Ans: Air Resistance is an upward force, while gravity is acting downward. So our
force should be

F(t,v) =mg— .8v (2.144)
thus our IVP is
60V = 60g —.8v, v(0)=0 (2.145)

Existence and Uniqueness

Last Time: We developed 1st Order ODE models for physical systems and solved them
using the methods of Integrating Factor and Separable Equations.

In Section 1.3 we noted three common questions we would be concerned with this semester.
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1. (Existence) Given an IVP, does a solution exist?
2. (Uniqueness) If a solution exists, is it unique?
3. If a solution exists, how do we find it?

We have spent a lot of time on developing methods, now we will spend time on the
first two questions. Without Solving an IVP, what information can we derive about the
existence and uniqueness of solutions? Also we will note strong differences between linear
and nonlinear equations.

Linear Equations

While we will focus on first order linear equations, the same basic ideas work for higher
order linear equations.

Theorem 2.4.1 (Fundamental Theorem of Existence and Uniqueness for Linear Equa-
tions) Consider the IVP

Y +p)y=4q(t), y(t0)=yo. (2.146)

If p(t) and ¢(r) are continuous functions on an open interval o < 7y < 3, then there
exists a unique solution to the IVP defined on the interval (a, 8).

REMARK: The same result holds for general IVPs. If we have the IVP

Y ay (YD o ar ()Y +ao(t)y = g(t),  y(to) =0, ...y V() =y Y

(2.147)

then if a;(¢) (for i = 0,...,n — 1) and g(¢) are continuous on an open interval o <ty < 3,
there exists a unique solution to the IVP defined on the interval (o, ).

What does Theorem 1 tell us?

(1) If the given linear differential equation is nice, not only do we know EXACTLY ONE
solution exists. In most applications knowing a solution is unique is more important than
knowing a solution exists.

(2) If the interval (a, B) is the largest interval on which p(¢) and ¢(¢) are continuous, then
(a,B) is the interval of validity to the unique solution guaranteed by the theorem. Thus
given a "nice" IVP there is no need to solve the equation to find the interval of validity. The
interval only depends on #; since the interval must contain it, but does not depend on Yyy.

= Example 2.21 Without solving, determine the interval of validity for the solution to the
following IVP

(> —9)y +2y=1n[20—4t|, y(4)=-3 (2.148)

Ans: If we look at Theorem 1, we need to write our equation in the form given in Theorem
1 (i.e. coefficient of y is 1). So rewrite as

2 In0—4
YT R 9T T 209

(2.149)
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Next we identify where either of the two other coefficients are discontinuous. By removing
those points we find all intervals of validity. Then the last step is to identify which interval
of validity contains #.

Using the notation in Theorem 1, p(¢) is discontinuous when ¢ = £3, since at those
points we are dividing by zero. ¢(t) is discontinuous at r = 5, since the natural log of 0
does not exists (only defined on (0,0)). This yields four intervals of validity where both
p(t) and ¢(t) are continuous

(—o0,—3), (—3,3), (3,5), (5,) (2.150)

Notice the endpoints are where p(t) and ¢(¢) are discontinuous, guaranteeing within each
interval both are continuous. Now all that is left is to identify which interval contains
to = 4. Thus our interval of validity is (3,5). .

REMARK: The other intervals of validity we found are intervals of validity for the
same differential equation, but for different initial conditions. For example, if our IC was
¥(2) =5 then the interval of validity must contain 2, so the answer would be (—3,3).

What happens if our IC is at one of the bad points where p(z) and ¢(¢) are discontin-
uous? Unfortunately we are unable to conclude anything, since the theorem does not apply.
On the other hand we cannot say that a solution does not exist just because the hypothesis
are not met, so the bottom line is that we cannot conclude anything.
= Example 2.22 Without solving, find the interval of validity for the following IVP

3

cos(x)y’ = sin(x)y — vx—1, y(i) =0 (2.151)

First we need to put the equation in the form of Theorem 1

vVx—1

~ cos(x)

y —tan(x)y = (2.152)

Using the notation in Theorem 1, p(z) is discontinuous at x = “* for odd integers n and
q(t) is discontinuous there and for any x < 1. Thus we can list the possible intervals of
validity

T, 7w 3m (2n+1) 2n+3)n

for all positive integers n. Since the IC is y(3) = 0, then the 1.0.V. must contain 3.
Therefore the answer is (1, 75). .

Nonlinear Equations

We saw in the linear case every "nice enough" equation has a unique solution except for if
the initial conditions are ill-posed. But even this seemingly simple nonlinear equation

dt
(@
has no real solutions.

So we have the following revision of Theorem 1 that applies to nonlinear equations
as well. Since this is applied to a broader class the conclusions are expected to be weaker.
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Theorem 2.4.2 Consider the IVP
Yy =f(t,y), ¥(to) =yo. (2.155)

If f and 3_]; are continuous functions on some rectangle @ <ty < 8,y < yo < 4 containing

the point (9, yo), then there is a unique solution to the IVP defined on some interval
(a,b) satisfying ¢ < a <to <b < .

OBSERVATION:

(1) Unlike Theorem 1, Theorem 2 does not tell us the interval of a unique solution guaran-
teed by it. Instead, it tells us the largest possible interval that the solution will exist in, we
would need to actually solve the IVP to get the interval of validity.

(2) For nonlinear differential equations, the value of yp may affect the interval of validity,
as we will see in a later example. We want our IC to NOT lie on the boundary of a region
where f or its partial derivative are discontinuous. Then we find the largest z-interval on
the line y = yg containing #o where everything is continuous.

REMARK: Theorem 2 refers to partial derivative ‘3—}; of the function of two variables

f(t,y). We will talk extensively about this later, but for now we treat # as a constant and
take a normal derivative with respect to y. For example

d
f(t,y) =1>—2y’t, then a—f = —6y°t. (2.156)
Yy
= Example 2.23 Determine the largest possible interval of validity for the IVP
Y =xIn(y), »(2)=e (2.157)

We have f(x,y) = xIn(y), so g—J; = ’y—“ f is discontinuous when y < 0, and f; (partial
derivative with respect to y) is discontinuous when y = 0. Since our IC y(2) = ¢ >0
there is no problem since yg is never in the discontinuous region. Since there are no
discontinuities involving x, then the rectangle is —oo < xp < 00,0 < yg < oo. Thus the
theorem concludes that the unique solution exists somewhere inside (—oo,o0). ]

REMARK: Note that this basically told us nothing, and nonlinear problems are quite
harder to deal with than linear.

= Example 2.24 Determine the largest possible interval of validity for the IVP

y=Vy—12, y0)=1. (2.158)

f(t,y)=+/y—t>and f, = 2\/% The region of discontinuities is given by y < ¢2. Our

IC is y(0) = 1 does not lie in this region, so we can continue. The line y = 1 is continuous
for —1 <t < 1, so our conclusion is that the interval of validity of the guaranteed unique
solution is contained somewhere within (—1,1). .

What can happen if the conditions of Theorem 2 are NOT met?
= Example 2.25 Determine all possible solutions to the IVP

!
y =y3, y(0)=0. (2.159)
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First note this does not satisfy the conditions of the theorem, since f, = 3y%/3 is not

continuous at yg =y = 0. Now solve the equation it is separable. Notice the equilibrium
solution is y = 0. This satisfies the IC, but let’s solve the equation.

/y—1/3dy = /dt (2.160)
%yz/i«& — i (2.161)
y(0) = 0 (2.162)

2 .3
) = =(30° (2.163)
(2.164)

The IC does not rule out either of these possibilities, so we end up with three possible
solutions (these two and the equilibrium solution y(7) = 0). .

In our class we will be mostly dealing with nice equations and unique solutions, but
be aware this is not always the case. Consider the next example which illustrates the
dependence of the interval of validity on yy.

= Example 2.26 Determine the interval of validity for the IVP
Y=y 3(0)=yo (2.165)

First notice its nonlinear so Theorem 1 does not apply. y? is continuous everywhere, so
for every yo there will be a unique solution. It is defined somewhere in (—oo,0). So let’s
solve. Notice first the equilibrium solution if yo = 0 we have y = 0. So assume yg # 0.

1
/ —dy = / dt (2.166)
y
L (2.167)
y
1
¢ = 1 (2.168)
Yo
1 1
oot (2.169)
y Y0
Yo
N = 2.170
() ot (2.170)

What is the interval of validity? The only point of discontinuity is # = y]_o So the two
possible intervals of validity are

1 1
—oo, —),  (—,00 (2.171)
( )’O) (}’O )
The correct choice will be the interval containing 7y = 0. But this will depend on yg. If
yo > 0, 0 will be contained in the interval (—eo, ylo) and so this is the interval of validity.

On the other hand, if yy < 0, 0 is contained inside (yio,oo) and so this is the interval of
validity. Thus we have the following possible intervals of validity, depending on yy.

(1) If yo > 0, (—oo, ylo) is the interval of validity

(2) If yg = 0, (—o0,00) is the interval of validity

(3) If yo <0, (—yio,oo) is the interval of validity .
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Summary

We established conditions for existence and uniqueness of solutions to first order ODEs.
Intervals of validity for linear equations do not depend on the initial choice of yg, while
nonlinear equations may. Secondly, we can find intervals of validity for solutions for linear
equations without having to solve the equation. For a nonlinear equation, we would need
to solve the equation to get the actual interval of validity. But we can still find all places
where the interval of validity definitely will not be defined.

Autonomous Equations with Population Dynamics

Last Time: We focused on the differences between linear and nonlinear equations as well
as identifying intervals of validity without solving any initial value problems (IVP).

Autonomous Equations

First order differential equations relate the slope of a function to the values of the function
and the independent variable. We can visualize this using direction fields. This in principle
can be very complicated and it might be hard to determine which initial values correspond
to which outcomes. However, there is a special class of equations, called autonomous
equations, where this process is simplified. The first thing to note is autonomous equations
do not depend on ¢

Yy =1() (2.172)

REMARK: Notice that all autonomous equations are separable.

What we need to know to study the equation qualitatively is which values of y make
y' zero, positive, or negative. The values of y making y’ = 0 are the equilibrium solutions.
They are constant solutions and are indicated on the ty-plane by horizontal lines.

After we establish the equilibrium solutions we can study the positivity of f(y) on
the intermediate intervals, which will tell us whether the equilibrium solutions attract
nearby initial conditions (in which case they are called asymptotically stable), repel them
(unstable), or some combination of them (semi-stable).

s Example 2.27 Consider
I 2
y=y2—y-2 (2.173)

Start by finding the equilibrium solutions, values of y such that y’ = 0. In this case we
need to solve y> —y—2 = (y—2)(y+ 1) = 0. So the equilibrium solutions are y = —1
and y = 2. There are constant solutions and indicated by horizontal lines. We want to
understand their stability. If we plot y> —y — 2 versus y, we can see that on the interval
(—o0,—1), f(y) > 0. On the interval (—1,2), f(y) < 0 and on (2,), f(y) > 0. Now con-
sider the initial condition.

(1) If the IC y(to) = yo < —1,y' = f(y) > 0 and y(r) will increase towards -1.
(2) If the IC —1 < yg < 2,y = f(y) <0, so the solution will decrease towards -1. Since
the solutions below -1 go to -1 and the solutions above -1 go to -1, we conclude y(z) = —1
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is an asymptotically stable equilibrium.
(3) If yo > 2,y = f(y) > 0, so the solution increases away from 2. So at y(t) = 2 above
and below solutions move away so this is an unstable equilibrium. .

= Example 2.28 Consider
Y=@-4)@+1)> (2.174)

The equilibrium solutions are y = —1 and y = 4. To classify them, we graph f(y) =
=4 +1)%

(1) If y < —1, we can see that f(y) < 0, so solutions starting below -1 will tend towards
) If —1 < yg <4, f(y) <0, so solutions starting here tend downwards to -1. So y(z) = 1
is semistable.

(3) If y > 4, f(y) > 0, solutions starting above 4 will asymptotically increase to oo, so
y(t) = 4 is unstable since no nearby solutions converge to it. .

Populations

The best examples of autonomous equations come from population dynamics. The most
naive model is the "Population Bomb" since it grows without any deaths

P'(t) =rP(t) (2.175)

with r > 0. The solution to this differential equation is P(¢) = Pye’", which indicates that
the population would increase exponentially to co. This is not realistic at all.
A better and more accurate model is the "Logistic Model"

P(t)=rP(1— ]%) = rP— ]LVPZ (2.176)

where N > 0 is some constant. With this model we have a birth rate of rP and a mortality
rate of §P2. The equation is separable so let’s solve it.

dP
o = rdt (2.177)
P(1-%)
1 1/N
— P = 2.1
/(P+1—P/N)d /rdt (2178)
P
In|P|~In[1— | = rt+c (2.179)
P
5 = Ae" (2.180)
-5
1
P = A= AP (2.181)
Ae" AN
P(1) = = 2.182
) 1+4&et Ne+A (2.182)
if P(0) = Py, then A = 2% to yield
PN
P(t) = 0 (2.183)

(N — P())efr[ + Py
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In its present form its hard to analyze what is going on so let’s apply the methods from the
first section to analyze the stability.
Looking at the logistic equation, we can see that our equilibrium solutions are P = 0

and P = N. Graphing f(P) = rP(1— %), we see that
(LIfP<O0,f(P) <0
2Q)IfO<P<N,f(P)>0
B)IfP>N,f(P)<0
Thus 0 is unstable while while N is asymptotically stable, so we can conclude for initial
population Py > 0

lim P(t) =N (2.184)

t—o0
So what is N? It is the carrying capacity for the environment. If the population exists, it
will grow towards N, but the closer it gets to N the slower the population will grow. If
the population starts off greater then the carrying capacity for the environment £y > N,
then the population will die off until it reaches that stable equilibrium position. And if
the population starts off at NV, the births and deaths will balance out perfectly and the
population will remain exactly at Py = N.

Note: It is possible to construct similar models that have unstable equilibria above 0.

EXERCISE: Show that the equilibrium population P(¢) = N is unstable for the autonomous
equation
P

P'(t) = rP(5—1). (2.185)

Exact Equations

Last Time: We solved problems involving population dynamics, plotted phase portraits,
and determined the stability of equilibrium solutions.
The final category of first order differential equations we will consider are Exact
Equations. These nonlinear equations have the form
dy

M(x,y)+N(x,y)a =0 (2.186)

where y = y(x) is a function of x and find the

dM  JN
—_— = 2.187
dy  Ox ( )
where these two derivatives are partial derivatives.

Multivariable Differentiation

If we want a partial derivative of f(x,y) with respect to x we treat y as a constant and
differentiate normally with respect to x. On the other hand, if we want a partial derivative
of f(x,y) with respect to y we treat x as a constant and differentiate normally with respect
to y.
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= Example 2.29 Let f(x,y) =x’y = y2. Then

a—f = 2xy (2.188)
dx
I _ 2y (2.189)
dy

= Example 2.30 Let f(x,y) = ysin(x)

aIf
Frl ycos(y) (2.190)
‘;_J; — sin() (2.191)

We also need the crucial tool of the multivariable chain rule. If we have a function
®(x,y(x)) depending on some variable x and a function y depending on x, then

dd 0P JIddy
— =t =0, + D 2.192
dx  Jdx + dy dx x DY ( )
Exact Equations
Start with an example to illustrate the method.

s Example 2.31 Consider

d
2xy—9x2+(2y+x2—|—1)d—y —0 (2.193)
X
The first step in solving an exact equation is to find a certain function ®(x,y). Finding

d(x,y) is most of the work. For this example it turns out

®(x,y) =y* + (x> +1)y—3x° (2.194)
Notice if we compute the partial derivatives of ®, we obtain
@, (x,y) = 2xy—9x* (2.195)
Dy(x,y) = 2y+x2+1. (2.196)
Looking back at the differential equation, we can rewrite it as
d
D, + 0,2 = 0. (2.197)
dx
Thinking back to the chain rule we can express as
do
— =0 (2.198)
dx

Thus if we integrate, ® = ¢, where c is a constant. So the general solution is
V4P +1Dy—38=¢ (2.199)

for some constant c¢. If we had an initial condition, we could use it to find the particular
solution to the initial value problem. .
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Let’s investigate the last example further. An exact equation has the form

dy

M(x,y)+N(x,y)dx

=0 (2.200)

with M, (x,y) = Nx(x,y). The key is to construct ®(x,y) such that the DE turns into

b
d— =0 (2.201)
dx

by using the multivariable chain rule. Thus we require ®(x,y) satisfy

Dy(x,y) = M(x,y) (2.202)
Dy (x,y) = N(x,y) (2.203)

REMARK: A standard fact from multivariable calculus is that mixed partial derivatives
commute. That is why we want My, = Ny, so My = ®,, and N, = ®,,, and so these should
be equal for ® to exist. Make sure you check the function is exact before wasting time on
the wrong solution process. o

Once we have found @, then = 0, and so

d(x,y)=c (2.204)

yielding an implicit general solution to the differential equation.
So the majority of the work is computing ®(x,y). How can we find this desired
function, let’s retry Example 3, filling in the details.

= Example 2.32 Solve the initial value problem

d
2xy — 9x% + 2y + 22+ 1)% =0, y(0)=2 (2.205)

Let’s begin by checking the equation is in fact exact.

M(x,y) = 2xy—9x° (2.206)
N(x,y) = 2y+x*+1 (2.207)
(2.208)

Then My, = 2x = N,, so the equation is exact.
Now how do we find ®(x,y)? We have ®, = M and &, = N. Thus we could compute
@ in one of two ways

D(x,y) :/de or d(x,y) = /Ndy. (2.209)

In general it does not usually matter which you choose, one may be easier to integrate than
the other. In this case

D(x,y) = /2xy —9x%dx = xzy —3°+ h(y). (2.210)

Notice since we only integrate with respect to x we can have an arbitrary function only
depending on y. If we differentiate i(y) with respect to x we still get O like an arbitrary



44 Chapter 2. Solution Methods For First Order Equations

constant ¢. So in order to have the highest accuracy we take on an arbitrary function of
y. Note if we integrated N with respect to y we would get an arbitrary function of x. DO
NOT FORGET THIS!

Now all we need is to find i(y). We know if we differentiate & with respect to x, then
h(y) will vanish which is unhelpful. So instead differentiate with respect to y, since @, =N
in order to be exact. so any terms in N that aren’t in @, must be /’(y).

So &, = x*+'(y) and N = x* + 2y + 1. Since these are equal we have //'(y) =2y + 1,
an so

h(y) = /h’(y)dy =y 4y (2.211)

REMARK: We will drop the constant of integration we get from integrating 4 since it
will combine with the constant ¢ that we get in the solution process.
Thus, we have

D(x,y) =2y =3+ +y=y>+ (2 + 1)y — 32, 2.212)
which is precisely the ® that we used in Example 3. Observe

do

—=0 (2.213)

dx

and thus ®(x,y) = y? + (x? 4+ 1)y — 3x® = ¢ for some constant c. To compute c, we’ll use
our initial condition y(0) =2

242=c=>c=6 (2.214)
and so we have a particular solution of
Y4+ (2 +1)y—32° =6 (2.215)

This is a quadratic equation in y, so we can complete the square or use quadratic formula
to get an explicit solution, which is the goal when possible.

V+(2+1)y-32° = 6 (2.216)
P2y S e OED 2217)
(y+x22+1)2 _ x4—|—12x32—2x2+25 (2218)

) = —(x2+1):|:\/x4;12x3—|—2x2+25 (2.219)

Now we use the initial condition to figure out whether we want the + or — solution. Since
¥(0) =2 we have

~14£+25 —14+5

Thus we see we want the + so our particular solution is

2 4 3 2
- 1 123 +2x2+ 25
y(x) = @4 Dt v ;L e (2.221)

2,-3 (2.220)
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= Example 2.33 Solve the initial value problem

2xy? +2=2(3—x%)y, y(=1)=1. (2.222)
First we need to put it in the standard form for exact equations

2xy? +2—-2(3—x%y)y =0. (2.223)

Now, M(x,y) = 2xy? +2 and N(x,y) = —2(3 —x%y). So M, = 4xy = N, and the equation
1s exact.
The next step is to compute P (x,y). We choose to integrate N this time

P(x,y) = /Ndy = /2x2y —6dy = x*y* — 6y + h(x). (2.224)

To find h(x), we compute ®, = 2xy? + /'(x) and notice that for this to be equal to M,
h'(x) = 2. Hence h(x) = 2x and we have an implicit solution of

xX*y? —6y+2x =c. (2.225)
Now, we use the IC y(—1) = 1:

1-6-2=c=c=-7 (2.226)
So our implicit solution is

x*y* —6y+2x4+7=0. (2.227)
Again complete the square or use quadratic formula

64 /36 —4x2(2x+7)

Wx) = = (2.228)
341920 — 72
- el (2.229)
X

and using the IC, we see that we want — solution, so the explicit particular solution is

3—v9—2x3 —7x2
y(x) = 2 (2.230)

= Example 2.34 Solve the [VP

2ty
241

—2t—(4—In(>4+1))y =0, y(2)=0 (2.231)

and find the solution’s interval of validity.

This is already in the right form. Check if it is exact, M(t,y) = tzz% —2tand N(t,y) =
In(2+1) — 4, so My = tzzﬁ = N;. Thus the equation is exact. Now compute P(x,y).
Integrate M

+1

2ty
cp:/Mdt = /r2 dt =yln(t? + 1) — 1> + h(y). (2.232)
®, = In(E+1)+H(y)=n(*+1)-4=N (2.233)
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so we conclude #'(y) = —4 and thus i(y) = —4y. So our implicit solution is then
yIn(??+1)—1> —4y=c (2.234)
and using the IC we find ¢ = —4. Thus the particular solution is
yIn(? +1) —1* —4y = —4 (2.235)

Solve explicitly to obtain

12 —4

SRR (2.236)

y(x) =

Now let’s find the interval of validity. We do not have to worry about the natural log
since 12 + 1 > 0 for all 7. Thus we want to avoid division by 0.

In(*+1)—4 = 0 (2.237)
In(?+1) = 4 (2.238)
r o= -1 (2.239)

= £Vt -1 (2.240)

So there are three possible intervals of validity, we want the one containing ¢t = 2, so
(—Vet—1,Ve* —1). .
= Example 2.35 Solve

3% — 14 (2ye™ +30%e™)y' =0, y(1) =2 2.241)
We have
My, = 9y*¢*” + 9xy’ e = N, (2.242)

Thus the equation is exact. Integrate M
D = / Mdx = / 3363 — 1= 263 _ x4 h(y) (2.243)

and
@, = 2ye™ 4 3xy%e Y 11/ (y) (2.244)
Comparing @, to N, we see that they are already identical, so /'(y) = 0 and A(y) = 0. So
Ve —x=c (2.245)
and using the IC gives ¢ = 4¢® — 1. Thus our implicit particular solution is

Ve —x =465 —1, (2.246)

and we are done because we will not be able to solve this explicitly. .
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3.1.1

Second Order Linear Differential Equations

Last Time: We studied exact equations, which were our last type of first order differential
equations and the method for solving them. Now we start Chapter 3: Second Order Linear
Equations.

Basic Concepts

The example of a second order equation which we have seen many times before is Newton’s
Second Law when expressed in terms of position s() is

d’s /
m—— =F(t,s',s) 3.1
One of the most basic 2nd order equations is y” = —y. By inspection, we might notice

that this has two obvious nonzero solutions: y(¢) = cos(t) and y,(¢) = sin(z). But consider
9cos(r) —2sin(¢)? This is also a solution. Anything of the form y(¢) = ¢ cos(t) + ¢z sin(z),
where ¢ and c; are arbitrary constants. Every solution if no conditions are present has this
form.

= Example 3.1 Find all of the solutions to y” = 9y

We need a function whose second derivative is 9 times the original function. What
function comes back to itself without a sign change after two derivatives? Always think
of the exponential function when situations like this arise. Two possible solutions are
y1(t) = €3 and y5(t) = e~ In fact so are any combination of the two. This is the principal
of linear superposition. So y(t) = cje* + cye' are infinitely many solutions.

EXERCISE: Check that y; () = ¢* and y,(t) = e~ are solutions to y’ = 9y. .
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The general form of a second order linear differential equation is

p()y" +q(2)y' +r(t)y =g(t). 3.2)

We call the equation homogeneous if g(¢) = 0 and nonhomogeneous if g(7) # 0.

Theorem 3.1.1 (Principle of Superposition) If y;(¢) and y(¢) are solutions to a second
order linear homogeneous differential equation, then so is any linear combination

y(t) = ciyi(t) +caya(r). (3.3)

This follows from the homogeneity and the fact that a derivative is a linear operator.
So given any two solutions to a homogeneous equation we can find infinitely more by
combining them. The main goal is to be able to write down a general solution to a
differential equation, so that with some initial conditions we could uniquely solve an IVP.
We want to find y; () and y,(¢) so that the general solution to the differential equation is
y(t) = c1y1(t) + c2y2(t). By different we mean solutions which are not constant multiples
of each other.

Now reconsider y” = —y. We found two different solutions y; () = cos(¢) and y(¢) =
sin(¢) and any solution to this equation can be written as a linear combination of these
two solutions, y(f) = ¢ cos(t) + ¢z sin(z). Since we have two constants and a 2nd order
equation we need two initial conditions to find a particular solution. We are generally given
these conditions in the form of y and y’ defined at a particular 7). So a typical problem
might look like

p(e)Y" +q()y +r()y=0, ¥(10) =, (o) =0 (34)
= Example 3.2 Find a particular solution to the initial value problem

Yi+y=0, y(0)=2, Y (0)=-1 (3.5)

We have established the general solution to this equation is

y(t) = c1cos(t) + o sin(z) (3.6)
To apply the initial conditions, we’ll need to know the derivative

¥ (t) = —cysin(t) + ¢ cos(t) (3.7)
Plugging in the initial conditions yields

2 = (3.8)
-1 = (3.9

so the particular solution is
y(t) =2cos(t) —sin(z). (3.10)

Sometimes when applying initial conditions we will have to solve a system of equations,
other times it is as easy as the previous example.
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Homogeneous Equations With Constant Coefficients

We will start with the easiest class of second order linear homogeneous equations, where
the coefficients p(t), q(t), and r(t) are constants. The equation will have the form

ay” +by +c=0. (3.11)

How do we find solutions to this equation? From calculus we can find a function that
is linked to its derivatives by a multiplicative constant, y(z) = ¢”. Now that we have a
candidate plug it into the differential equation. First calculate the derivatives y'(¢) = re'
and y’(t) = r?e".

a(rPe™) +b(re)+ce” = 0 (3.12)
e(ar*+br+c) = 0 (3.13)

What can we conclude? If y(z) = ¢ is a solution to the differential equation, then

e (ar’ +br+c) = 0. Since e'” # 0, then y(t) = " will solve the differential equation as
long as r is a solution to

ar’ +br+c=0. (3.14)

This equation is called the characteristic equation for ay” + by +c = 0.

Thus, to find a solution to a linear second order homogeneous constant coefficient
equation, we begin by writing down the characteristic equation. Then we find the roots r;
and r, (not necessarily distinct or real). So we have the solutions

yi(t) =€, yo(t) = e, (3.15)

Of course, it is also possible these are the same, since we might have a repeated root. We
will see in a future section how to handle these. In fact, we have three cases.

= Example 3.3 Find two solutions to the differential equation y” —9y = 0 (Example 1).
The characteristic equation is r2 —9 =0, and this has roots r = +3. So we have two
solutions y; (1) = €3 and y,(t) = e~ ¥, which agree with what we found earlier. .

The three cases are the same as the three possibilities for types of roots of quadratic
equations:
(1) Real, distinct roots r; # r;.
(2) Complex roots ry,r, = a + Bi.
(3) A repeated real root ri =rp, =r.
We’ll look at each case more closely in the lectures to come.

Solutions of Linear Homogeneous Equations and the Wronskian

Last Time: We studied linear homogeneous equations, the principle of linear superposition,
and the characteristic equation.

Existence and Uniqueness

Given an initial value problem involving a linear second order equation, when does a
solution exist? We had a theroem in the previous chapter for the first order case so the
following theorem will cover second order equations.
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Theorem 3.2.1 Consider the initial value problem

Y+ p@)y +4q(t)y=2g@), y(to)=yo, ¥ (to)=yp- (3.16)

If p(t), q(t), and g(¢) are all continuous on some interval (a,b) such that a <ty < b,
then the initial value problem has a unique solution defined on (a,b).

Wronskian
Let’s suppose we are given the initial value problem

p@)y" +q(t)y +r(t)y=0, y(to) =y0, ¥ (0) =00 (3.17)

and that we know two solutions y; (7) and y,(¢). Since the differential equation is linear
and homogeneous, the Principle of Superposition says that any linear combination

y(t) = ciyi(t) +caya(t) (3.18)

is also a solution. When is this the general solution? For this to be the case it must satisfy
its initial conditions. As long as 7y does not make any of the coefficient discontinuous,
Theorem 1 says y(f) meeting the initial conditions is the general solution. Start by
differentiating our candidate y(¢) and using the initial conditions
yo=y(to) = ciyi(to) +c2y2(to) (3.19)
Yo=Y(t0) = c1¥)(to) +c2y’(t0) (3.20)

Solve this system of equations to get

_Yo— cay2(to)

3.21
c1 o) (3.21)
Thus
W = YOyl(lo)—Czyz(lo)yl(lo)+62y/2(t0) (3.22)
y1(to)
_YoYh(to) — caya(10) (f0) + cay; (0)y1 (fo) (3.23)
yi(to)
and we compute
yoy1(to) — oy (o)
— 3.24
2T i) — a0y 0) (24
yoy2(to) — yoy, (1)
— 3.25
T i) — a0y ) (2
(3.26)

Notice that ¢; and ¢, have the same quantity in their denominators, so the only time we
can solve for c¢; and ¢, is when this quantity is NOT zero.
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Definition 3.2.1 The quantity

W (y1,52)(t0) = y1(t0)y3(t0) — y2(t0)y1 (o) (3.27)
is called the Wronskian of y; and y, at .

REMARK:
(1) When it’s clear what the two functions are, we will often denote the Wronskian by W.
(2) We can think of the Wronskian, W (y;,y2)(t), as a function of ¢ and can be evaluated at
any ¢t where y; and y, are defined. For any two solutions satisfying the initial conditions
we need the Wronskian W (y;,y,) to be nonzero at any value #y where Theorem 1 applies.
(3) We could have solved the system of equations for y(zp) and y'(fy) by Cramer’s Rule
from Linear Algebra and we have the following formula for the Wronskian

W()’h)’z)(to):‘ QOO) 2(lo) ' (3.28)

We will generally represent the Wronskian as a determinant.
Two solutions will form the general solution if they satisfy the general initial conditions.
The above computation showed that this will be the case so long as

WO () =| 100 30 | ) - yaltoh () £ 0 (3.29)

If y; () and y,(¢) are solutions to our second order equation and W (y;,y2) # 0, then
the two solutions are said to be a fundamental set of solutions and the general solution is

y(t) = c1y1(t) +coya(2). (3.30)

In other words, two solutions are "different" enough to form a general solution if they are
a fundamental set of solutions.

» Example 3.4 If | and r;, are distinct real roots of the characteristic equation for ay” +
by’ +cy = 0, check that

yi(t)=e" and y,(t) = (3.31)

form a fundamental set of solutions.
To show this, we compute the Wronskian

erlt er2t

— rze(r1+r2)t _ rle(r2+”) = (rp— rl)e(r2+r1)f (3.32)

r erlt rzerzt

Since the exponentials are never zero and rp # rj, we conclude that W # 0 and so as
claimed y; and y, form a fundamental set of solutions for the differential equation and the
general solution is

y(t) = ciyi(t) +caya(2). (3.33)
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= Example 3.5 Consider
202" +1y =3y =0. (3.34)

given that y| (f) =t~ is a solution. Show y,(r) = 3/? form a fundamental set of solutions.
To do this, we compute the Wronskian

TS (3.35)
T2 PN '

Thus W # 0, so they are a fundamental set of solutions. Notice we cannot plug in t = 0,
but this is OK since we cannot plug # = 0 into the solution anyway since it would make the
coefficients in standard for discontinuous. So the general solution is

~1 3/2
W:‘ t t

-2 3.1)2
t St

y(t) = crt ™+ eot? (3.36)

s Example 3.6 Consider

2" 4+ 2ty — 2y = 0. (3.37)
We are given that y| (1) = ¢ is a solution and want to test y,(¢) = #~2 as our other solution.
Check the Wronskian
too1? -2 -2 -2
W = | 3| = =2t —t " ==-3t""#0. (3.38)

So the solutions are a fundamental set of solutions, and the general solution is
y(t) =cit+cxt 2 (3.39)

The last question is how we know if a fundamental set of solutions will exist for a
given differential equation. The following theorem has the answer.

Theorem 3.2.2 Consider the differential equation

y'+p@)y +4(r)=0 (3.40)

where p(t) and ¢(t) are continuous on some interval (a,b). Suppose a < to < b. If y;(¢)
is a solution satisfying the initial conditions

y(to) =1, ¥ (t)=0 (3.41)

and y,(¢) is a solution satisfying

y(t0> - 07 y/(IO) = 17 (342)

then y; (¢) and y,(7) form a fundamental set of solutions.
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| J

We cannot use this to compute our fundamental set of solutions, but the importance is it
assures us that as long as p(¢) and ¢(¢) are continuous, then a fundamental set of solutions
will exist.

Linear Independence
Consider two functions f(¢) and g(¢) and the equation

c1f(t)+cag(t) =0. (3.43)

Notice that ¢; = 0 and ¢, = 0 always solve this equation, regardless of what f and g are.

Definition 3.2.2 If there are nonzero constants ¢y and ¢, such that the above equation
is satisfied for all 7, then f and g are said to be linearly dependent. On the other hand,
if the only constants for which the equation holds are ¢; = ¢; = 0, then f and g are said
to be linearly independent.

REMARK: Two functions are linearly dependent when they are constant multiples of

each other. So there are nonzero ¢ and ¢, such that
%)

f(1) =——g() (3.44)

C1

= Example 3.7 Determine if the following pairs of functions are linearly dependent or
independent.

(1) f(x) = 9cos(2x), g(x) = 2cos?(x) — 2sin?(x)

@) f(t) =21%g(t) =1*

(1) Consider
9¢; cos(2x) + 2¢(cos?(x) — sin?(x)) = 0. (3.45)

We want to determine if there are nonzero constants ¢ and ¢; so this equation is true. Note
the trig identity cos(2x) = cos?(x) — sin?(x). So our equation becomes

9cycos(2x) +2cpcos(2x) = 0 (3.46)
(9¢c1+2¢p)cos(2x) = 0 (3.47)
This equation is true for c; =2 and ¢; = —9, thus f and g are linearly dependent.

(2) Consider
201> +crt* =0 (3.48)

If this is true differentiate both sides and it will still be true

dert+4ept® =0 (3.49)
Solve for ¢; and c;. The second equation tells us ¢; = —cot?. Plug into the first equation
to get —cot* =0, which is only true when ¢, =0. If ¢ =0, then ¢; =0, so f and g are
linearly independent. .

This can be involved and sometimes it is unclear how to proceed. The Wronskian helps
identify when two functions are linearly independent.
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Theorem 3.2.3 Given two functions f(¢) and g(¢#) which are differentiable on some
interval (a,b),

(D IEW(f,g)(to) # 0 for some a < fy < b, then f(¢) and g(¢) are linearly independent
on (a,b) and

(2)If f(¢) and g(¢) are linearly dependent on (a,b), then W(f,g)(¢t) =0foralla <t < b.

REMARK: BE CAREFUL, this theorem DOES NOT say that if W(f,g)(x) = 0 then
f and g are linearly dependent. It’s possible for two linearly independent functions to have
a zero Wronskian.

Let’s use the theorem to check an earlier example.

= Example 3.8 (1) f(¢) = 9cos(2x), g(x) = 2cos?(x) — 2sin?(x).

200} 9 cinl
Wo— 9cosf(2x) ZCOS‘ (x) —2sin“(x) ‘ (3.50)
—18sin(2x) —4cos(x)sin(x) —4cos(x) sin(x)
B 9cos(2x)  2cos(2x)
N ’ —18sin(2x) —4sin(2x) (-51)
= —36c0s(2x)sin(2x) +36cos(2x)sin(2x) =0 (3.52)
We get zero which we expected since the two functions are linearly dependent.
(2) Now let’s take f(t) = 2¢> and g(t) = t*.
212 ¢t
= 8 —4> =4r (3.54)

The Wronskian will be nonzero so long as ¢t = 0, which is OK, we just do not want it to be
zero for all t. "

More On The Wronskian

We have established when the Wronskian is nonzero the two functions are linearly indepen-
dent. We also have seen when y; and y, are solutions to the linear homogeneous equation

p(@)y" +4q(t)y +r(t)y=0 (3.55)

W (y1,y2)(t) # 0 is precisely the condition for the general solution of the differential
equation to be

y(t) = c1y1(t) +caya(t) (3.56)

where y; and y, form a fundamental set of solutions.

Abel’s Theorem

Through the discussion of the Wronskian we have yet to use the differential equation.
If y; and y, are solutions to a linear homogeneous equation we can say more about the
Wronskian.
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Theorem 3.2.4 Suppose y;(¢) and y,(¢) solve the linear homogeneous equation

Y () +p(t)y +4q(t)y =0, (3.57)

where p(t) and ¢(¢) are continuous on some interval (a,b). Then, for a <t < b, their
Wronskian is given by

W (y1,2)(t) = W(y1,y2)(to)e HoP4, (3.58)

where 1y is in (a,b).

If W(y1,y2)(to) # O at some point 7 in the interval (a,b), then Abel’s Theorem tell us
that the Wronskian can’t be zero for any 7 in (a,b), since exponentials are never zero. We
can thus change our initial data without worry that our general solution will change.

Another advantage to Abel’s Theorem is that it lets us compute the general form of
the Wronskian of any two solutions to the differential equation without knowing them
explicitly. The formulation in the theorem is not computationally useful, but we might not
have a precise #y in mind. But applying the Fundamental Theorem of Calculus

W(y1,y2) () = W(y1,y2) (to)e o P4 = co= TPt (3.59)

What is ¢? We only care that ¢ # 0.

= Example 3.9 Compute, up to a constant, the Wronskian of two solutions y; and y; of
the differential equation

' =263y — ¥y =0. (3.60)
First we put the equation in the form of Abel’s Theorem.

y”—%y’—t“y:O (3.61)
So, Abel’s Theorem tells us

W = ce =7 — (20 — 2 (3.62)

The main reason this is important is it is an alternative way to compute the Wronskian. We
know by Abel’s Theorem

W (y1,y2)(r) = ce~ /P01, (3.63)

On the other hand, by definition

) 230 | =n 00 -ra0mil0 (.64

Setting these equal, if we know one solution y; (¢), we’re left with a first order differential
equation for y, that we can then solve. .
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= Example 3.10 Suppose we want to find a general solution to 2¢2y” 41y — 3y = 0 and
we’re given that y; (1) = ¢! is a solution. We need to find a second solution that will form
a fundamental set of solutions with y;. Let’s compute the Wronskian both ways.

ce 7 = W(r yo)(t) = ot 4yt 2 (3.65)

Vot Tyt = ce —3In() — % (3.66)

. . . I . -1
This is a first order linear equation with integrating factor p(¢) = e/t dt — () — ¢ Thus

(ty2) = et (3.67)
2

tyy = gct%+k (3.68)
2 3 1

n(t) = P (3.69)

Now we can choose constants ¢ and k. Notice that k is the coefficient of !, which is just
y1(t). So we do not have to worry about that term, and we can take k = 0. We can similarly

take ¢ = 3, and so we’ll get y;(t) = £ .

Complex Roots of the Characteristic Equation

Last Time: We considered the Wronskian and used it to determine when we have solutions
to a second order linear equation or if given one solution we can find another which is
linearly independent.

Review Real, Distinct Roots

Recall that a second order linear homogeneous differential equation with constant coeffi-
cients

ay’ +by +cy=0 (3.70)
is solved by y(¢) = €’", where r solves the characteristic equation
ar* +br+c=0 (3.71)

So when there are two distinct roots r; # rp, we get two solutions y(¢) = €' and y, (1) =
e™'. Since they are distinct we can immediately conclude the general solution is

rit

y(t) = cre +cre’ (3.72)

Then given initial conditions we can solve ¢ and c;.
Exercises:

(1) y"+3y' — 18y 0, y(0)=0, »(0)=-1.

ANS: y(t) = g ® ée3t

2)y"'=7y+10y=0, y(0)=3, y(0)=2

ANS: y(l‘) _ 431651 + 13 2t

32" =5'+2y =0, y(0)=-3, »(0)=3

ANS: y(t) = —6e2’ +3e?.
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) y'+5/=0, »(0)=2, y(0)=-5
ANS: y(t) = 147

(5) y”—2y’—8 0, y(2) =1, Y(2)=0
ANS: y(1) = 386 +3e2[

6)y'+y —=3y=0

ANS: y(r) = cleflzmt —|—c2e77172m’_

Complex Roots

Now suppose the characteristic equation has complex roots of the form rj » = ot = if3. This
means we have two solutions to our differential equation

yi(t) = e TPy () = el B (3.73)

This is a problem since y; (¢) and y(¢) are complex-valued. Since our original equation was
both simple and had real coefficients, it would be ideal to find two real-valued "different"
enough solutions so that we can form a real-valued general solution. There is a way to do
this.

Theorem 3.3.1 (Euler’s Formula)

¢ = cos(0) +isin(6) (3.74)

In other words, we can write an imaginary exponential as a sum of sin and cos. How do
we establish this fact? There are two ways:

(1) Differential Equations: First we want to write ¢/ = £(0) +ig(6). We also have

i[e’.e] —ie® =if—g. (3.75)

A
f+lg—d9

Thus f' = —gand g’ = f,so f” = —f and g" = —g. Since €’ = 1, we know that £(0) = 1
and g(0) = 0. We conclude that f(6) = cos(6) and g(6) = sin(60), so
¢ = cos(6) +isin(0) (3.76)
(2) Taylor Series: Recall that the Taylor series for ¢ is

2 3

ooxn
X
e _n;)n 1—|—x+2‘+3'+ (3.77)

while the Taylor series for sin(x) and cos(x) are

) o (. 2n+1 X3 x5
sin(x) = nZ_:O 2n+1 =x—§+§—|—... (3.78)
o0 nx2n P
cos(x) = Z =1-7 +— 1 +.. (3.79)
n—0

(3.80)
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If we set x = i60 in the first series, we get

(3.81)
=0 n!
0% ie> et i6°
6% o4 .03 ifd
= (1—§+Z—...)+l<9—§+?—...) (383)
= (] n92n < (1 n92n+1
= Z —< ) +i Z —< ) (3.84)
= (2n!) = (2n+1)!
= cos(0)+isin(0) (3.85)
So we can write our two complex exponentials as
elOHiB) — g0t BT — o0 (cog(Bt) + isin(Br)) (3.86)
OB — o o mIBE — (O (cos(Br) — isin(Br)) (3.87)

where the minus sign pops out of the sign in the second equation since sin is odd and cos
is even. Notice our new expression is still complex-valued. However, by the Principle of
Superposition, we can obtain the following solutions

D) = 5(e(cos(Br) +isin(B)) + 5 (e (cos(r) — isin(Br)) = e cosih)
ya(t) = (e (cos(Br) +isin(Br))) — 5-(e® (cos(Br) — isin(Br)) = e sH3(B9)

EXERCISE: Check that y; () = e* cos(Br) and y,(r) = e* sin(Bt) are in fact solutions to
the beginning differential equation when the roots are o +if3.

So now we have two real-valued solutions y; (z) and y,(¢). It turns out they are linearly
independent, so if the roots of the characteristic equation are r; » = @ +if3, we have the
general solution

y(t) = c1e™ cos(Bt) + cre™ sin(Bt) (3.90)

Let’s consider some examples:

= Example 3.11 Solve the IVP

Y =4/ +9y=0, y(0)=0, y(0)=-2 (3.91)
The characteristic equation is

P —4r4+9=0 (3.92)
which has roots 1 , =2+ iv/5. Thus the general solution and its derivatives are

y(t) = ci1e® cos(V/51) 4 cre? sin(v/51) (3.93)
V() = 2cie* cos(V/5t) —V5e1e? sin(V/51) + 2cae? sin(vV/51) + V/5¢2e¥ cos((334)
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If we apply the initial conditions, we get

0 = ¢ (3.95)
2 = 2¢c1+V50, (3.96)
which is solved by ¢y =0 and ¢, = —%. So the particular solution is
y(t) = —%eﬁ sin(v/5¢). (3.97)
.
s Example 3.12 Solve the IVP
y' =8y +17y=0, y(0)=2, y'(0)=5. (3.98)
The characteristic equation is
r*—8r+17=0 (3.99)
which has roots rj » = 4 +i. Hence the general solution and its derivatives are
y(t) = cre*cos(t) = cre* sin(r) (3.100)
V(1) = 4dcre¥ cos(t) — cre sin(t) +dcae sin(r) 4 coe¥ cos(t) (3.101)

and plugging in initial conditions yields the system

2 = ¢ (3.102)

5 = 4dci1+p (3.103)
so we conclude ¢y = 2 and ¢, = —3 and the particular solution is

y(t) = 2¢* cos(t) — 3¢* sin(r) (3.104)

= Example 3.13 Solve the IVP

4" +12y +10y =0, »(0)=-1, ' (0)=3 (3.105)
The characteristic equation is
4 +12r+10=0 (3.106)
which has roots ry » = —% + %i. So the general solution and its derivative are
t : t
y(t) = cre? cos(=)+cre? sin(=) (3.107)
2 2
3 t 1 t 3 t 1 t
y(t) = Ecle%tcos(i) - Ecle%tsin(z) + Ecze%t sin(i) + Ecze%’cos(i) (3.108)
Plugging in the initial condition yields
-1 = ¢ (3.109)
3 ) + : (3.110)
= —C — .
2712
which has solution ¢; = —1 and ¢; = 9. The particular solution is

y(t) = —e%’cos(%)—i—%%tsin(%) (3.111)
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s Example 3.14 Solve the IVP

V' 44y =0, y(%) = —10, y’(%) =4. (3.112)
The characteristic equation is

Pid=0 (3.113)

which has roots r| = £2i. The general solution and its derivatives are

y(t) = cpcos(2t)+ cysin(2f) (3.114)
y(t) = —2c;sin(2t)+2ccos(2t). (3.115)

The initial conditions give the system

—-10 = o (3.116)
4 = —2c (3.117)

so we conclude that ¢; = —2 and ¢, = —10 and the particular solution is
y(t) = —2cos(2t) — 10sin(21). (3.118)

Repeated Roots of the Characteristic Equation and Reduction
of Order

Last Time: We considered cases of homogeneous second order equations where the roots
of the characteristic equation were complex.

Repeated Roots
The last case of the characteristic equation to consider is when the characteristic equation

has repeated roots r; = r, = r. This is a problem since our usual solution method produces
the same solution twice

yi(t) = e = e =y, (1) (3.119)

But these are the same and are not linearly independent. So we will need to find a second
solution which is "different" from y; (¢) = e". What should we do?

Start by recalling that if the quadratic equation ar® + br + ¢ = 0 has a repeated root r,
it must be r = —%. Thus our solution is y;(t) = ¢~ 2. We know any constant multiple
of yi(t) is also a solution. These will still be linearly dependent to y;(¢). Can we find a
solution of the form

b

ya(t) = v(t)yi (1) = v(r)e 2 (3.120)

1.e. y7 is the product of a function of 7 and y.
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Differentiate y,(¢):
b
Y(t) = v(t)e %l — 2—v(t)e_7bat (3.121)
a
b b b?
i) = v”(t)e_Z%—Zv’(t)e_%t—zv’(t)e %l e %t (3.122)
b b?
= v”(t)e*That— ;v’(t)e %l —I—@v(t)eﬁ%t. (3.123)
Plug in differential equation:
b b? b
a(v”eiﬁt—ave 2};t—i—@ve 2" +b(Ve —%al _ 25"¢ ~% H+c(ve 2%[) =(3024)
bt b?
e 2(1 (aV +( b—f—b)\//_f_(a—%—f—c)\)) :(3(125)

1
o %l (e — E(b2 —4ac)v) =(3026)

Since we are in the repeated root case, we know the discriminant 5?> — 4ac = 0. Since
exponentials are never zero, we have
a'=0=V"=0 (3.127)

We can drop the a since it cannot be zero, if a were zero it would be a first order equation!
So what does v look like

v(t) =cit+c2 (3.128)

for constants ¢ and c¢. Thus for any such v(z), y»(f) = v(t)e_%’ will be a solution. The
most general possible v(¢) that will work for us is ¢17 4 ¢;. Take ¢; = 1 and ¢; =0 to get a
specific v(¢) and our second solution is

yalt) = e~ (3.129)
and the general solution is
Y(t) = cre %' + cyte” %! (3.130)

REMARK: Here’s another way of looking at the choice of constants. Suppose we do
not make a choice. Then we have the general solution

Y1) = cre % +cx(ct+k)e % (3.131)
= cle_%t—kczcte_%t—f—czke_%t (3.132)
= (c1+cok)e % + cocte %l (3.133)

since they are all constants we just get
Y(t) = cre %! + cote %l (3.134)

To summarize: if the characteristic equation has repeated roots r; = r, = r, the general
solution is

y(t) = cre” +cate” (3.135)

Now for examples:
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s Example 3.15 Solve the IVP
Y'—4y' +4y=0, y(0)=—1, ) (0)=6 (3.136)
The characteristic equation is

P—4r+4 = 0 (3.137)
(r—2)2=0 (3.138)

so we see that we have a repeated root r = 2. The general solution and its derivative are

y(t) = cre” +cyte? (3.139)
V(1) = 2c1e¥ +cre? 4+ 2cote? (3.140)

and plugging in initial conditions yields

-1 = ¢ (3.141)
6 = 2¢14c (3.142)

so we have ¢; = —1 and ¢, = 8. The particular solution is
y(t) = —e* 4 61e? (3.143)

s Example 3.16 Solve the IVP
16y” +40y +-25y =0, y(0)=—1, y(0)=2. (3.144)

The characteristic equation is

16r* +40r+25 = 0 (3.145)
(4r+5) = 0 (3.146)
and so we conclude that we have a repeated root r = —% and the general solution and its
derivative are
We) = cre i foste ¥ (3.147)
5 5
y(t) = —che*%’ + cze*%’ - Zczte*%’ (3.148)

Plugging in the initial conditions yields

-1 = ¢ (3.149)
5
2 = —ch 4+ (3.150)
soci=—land ¢y = %. The particular solution is

y(t) = —e_i’—l—%te_it (3.151)



3.4.2

3.4 Repeated Roots of the Characteristic EQuation and Reduction of Ordss

Reduction of Order

We have spent the last few lectures analyzing second order linear homogeneous equations
with constant coefficients, i.e. equations of the form

ay” +by +cy=0 (3.152)
Let’s now consider the case when the coefficients are not constants

p(@)y" +q()y +r(t)y=0 (3.153)

In general this is not easy, but if we can guess a solution, we can use the techniques
developed in the repeated roots section to find another solution. This method will be called
Reduction Of Order. Consider a few examples

= Example 3.17 Find the general solution to
202" 41y =3y =0 (3.154)

given that y; (t) =t~ is a solution.

ANS: Think back to repeated roots. We know we had a solution y; () and needed to
find a distinct solution. What did we do? We asked which nonconstant function v(¢) make
y2(t) = v(t)yi(¢) is also a solution. The y, derivatives are

yo = v (3.155)
vy = Vil—w? (3.156)
v o= Vi V2w =V - R o (3.157)
The next step is to plug into the original equation so we can solve for v:
202Vt =2V 2w ) 4 (Ve e 3w = 0 (3.158)
W't —4V +ave Y —w =3 = 0 (3.159)
209" =3V = 0 (3.160)

Notice that the only terms left involve v/ and v/, not v. This also happened in the repeated
root case. The v term should always disappear at this point, so we have a check on our
work. If there is a v term left we have done something wrong.

Now we know that if y, is a solution, the function v must satisfy

20" =3V =0 (3.161)

But this is a second order linear homogeneous equation with nonconstant coefficients. Let
w(t) =V/(t). By changing variables our equation becomes

w’—%w:o. (3.162)
So by Integrating Factor
up) = e 3l =i — 43 (3.163)
(t2w) = 0 (3.164)
1w = ¢ (3.165)

w(t) = ct? (3.166)
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So we know what w(z) must solve the equation. But to solve our original differential
equation, we do not need w(r), we need v(z). Since V'(t) = w(t), integrating w will give
our v

W) = / w(t)dr (3.167)
_ / cr¥tdr (3.168)
_ %cti% (3.169)

Now this is the general form of v(z). Pick ¢ =5/2 and k = 0. Then v(t) = £3, so
ya(t) =v(t)yi(t) = t3, and the general solution is

y(t) = et~ +eot? (3.170)

Reduction of Order is a powerful method for finding a second solution to a differential
equation when we do not have any other method, but we need to have a solution to begin
with. Sometimes even finding the first solution is difficult.

We have to be careful with these problems sometimes the algebra is tedious and one can
make sloppy mistakes. Make sure the v terms disappears when we plug in the derivatives
for y, and check the solution we obtain in the end in case there was an algebra mistake
made in the solution process.

= Example 3.18 Find the general solution to

2y +2ty =2y =0 (3.171)
given that
yi(t) =t (3.172)

is a solution.
Start by setting y,(¢) = v(¢)y1(¢). So we have

y2 = ty (3173)
y, = t'4v (3.174)
v = vV =n"+20. (3.175)

Next, we plug in and arrange terms

2 +2v) 2t +v)—2tv = 0 (3.176)
3V 42 24 12y -2ty = 0 (3.177)
Y 4% = 0. (3.178)

Notice the v drops out as desired. We make the change of variables w(t) = V/(¢) to obtain

2w 4+ 42w =0 (3.179)
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which has integrating factor p(¢) = t*.
(t*'w) = 0 (3.180)
tw = (3.181)
w(t) = e (3.182)
So we have
W) = / w(t)dt (3.183)
_ / ettt (3.184)
= —%H +k. (3.185)
A nice choice for the constants is c = —3 and k =0, so v(t) = =3, which gives a second
solution of y5(t) = v(¢)y1(t) = t 2. So our general solution is
y(t) = cit +cxt 2 (3.186)

Nonhomogeneous Equations with Constant Coefficients

Last Time: We considered cases of homogeneous second order equations where the roots
of the characteristic equation were repeated real roots. Then we looked at the method of
reduction of order to produce a second solution to an equation given the first solution.

Nonhomogeneous Equations

A second order nonhomogeneous equation has the form

p(0)y" +q(0)y +r(t)y = g(t) (3.187)

where g() # 0. How do we get the general solution to these?

Suppose we have two solutions Y;(¢) and Y»(¢). The Principle of Superposition no
longer holds for nonhomogeneous equations. We cannot just take a linear combination of
the two to get another solution. Consider the equation

p@)y" +q(t)y +r(t)y=0 (3.188)

which we will call the associated homogeneous equation.

Theorem 3.5.1 Suppose that Y| (¢) and Y,(¢) are two solutions to equation (3.187) and
that y; (¢) and y,(¢) are a fundamental set of solutions to (3.188). Then Y (¢) — Y»(¢) is a
solution to Equation (3.188) and has the form

Yi(t) = Ya(t) = ciy1(t) + coya(t) (3.189)
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Notice the notation used, it will be standard. Uppercase letters are solutions to the
nonhomogeneous equation and lower case letters to denote solutions to the homogeneous
equation.

Let’s verify the theorem by plugging in ¥; — Y> to (3.188)

p() (Y1 —Y2)" +q(t)(Y1 = Y2) +r(1) (Y1 — Y2) 0 (3.190)

(PO +qO)Y] +r(ON) = (p()Yy' +q(O), +r(1)Y2) = 0 (3.191)
g(t)—gt) = 0 (3.192)

0 0 (3.193)

So we have that Y} (z) — Y»(¢) solves equation (3.188). We know that y; (¢) and y,(¢) are a
fundamental set of solutions to equation (3.188) and so any solution can be written as a
linear combination of them. Thus for constants ¢; and ¢»

Yi(t) = Ya(t) = c1y1(t) + cay2(t) (3.194)

So the difference of any two solutions of (3.187) is a solution to (3.188). Suppose we have
a solution to (3.187), which we denote by Y),(¢). Let Y (¢) denote the general solution. We
have seen

Y(t)=Y,(t) = ciy1(t) + coya(t) (3.195)
or

Y(t) = ciyi(t) +caya(t) + Y, (1) (3.196)
where y; and y; are a fundamental set of solutions to Y (¢). We will call

ye(t) = c1y1(t) +caya(t) (3.197)

the complimentary solution and Y),(¢) a particular solution. So, the general solution
can be expressed as

Y(t) =yc(t) +Yp(2). (3.198)

Thus, to find the general solution of (3.187), we’ll need to find the general solution to
(3.188) and then find some solution to (3.187). Adding these two pieces together give the
general solution to (3.187).

If we vary a solution to (3.187) by just adding in some solution to Equation (3.188), it
will still solve Equation (3.187). Now the goal of this section is to find some particular
solution Y),(¢) to Equation (3.187). We have two methods. The first is the method of
Undetermined Coefficients, which reduces the problem to an algebraic problem, but only
works in a few situations. The other called Variation of Parameters is a much more general
method that always works but requires integration which may or may not be tedious.

Undetermined Coefficients

The major disadvantage of this solution method is that it is only useful for constant
coefficient differential equations, so we will focus on

ay” +by +cy=g(t) (3.199)
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for g(¢) # 0. The other disadvantage is it only works for a small class of g(z)’s.

Recall that we are trying to find some particular solution ¥, (¢) to Equation (3.199).
The idea behind the method is that for certain classes of nonhomogeneous terms, we’re
able to make a good educated guess as to how Y, () should look, up to some unknown
coefficients. Then we plug our guess into the differential equation and try to solve for the
coefficients. If we can, our guess was correct and we have determined Y, (). If we cannot
solve for the coefficients, then we guessed incorrectly and we will need to try again.

The Basic Functions

There are three types of basic types of nonhomogeneous terms g(#) that can be used for
this method: exponentials, trig functions (sin and cos), and polynomials. One we know
how they work individually and combination will be similar.

Exponentials
Let’s walk through an example where g(7) is an exponential and see how to proceed.

= Example 3.19 Determine a particular solution to
V' =4y — 12y =2¢. (3.200)

How can we guess the form of Y,(¢)? When we plug Y, (¢) into the equation, we should
get g(t) = 2¢*. We know that exponentials never appear or disappear during differentiation,

SO try
Y,(r) = Ae™ (3.201)
for some coefficient A. Differentiate, plug in, and see if we can determine A. Plugging in
we get
16Ae™ —4(4Ae") — 1246 = 2¢% (3.202)
—124¢" = 2 (3.203)
For these to be equal we need A to satisfy

1
—124=2= A= (3.204)

So with this choice of A, our guess works, and the particular solution is

1
Yy(t) = —8e4’. (3.205)

| |
Consider the following full problem:
= Example 3.20 Solve the IVP

13
Y =4y —12y=2¢", y(0)=-——, y(0)=-. (3.200)

We know the general solution has the form

y(t) =ye(t) +Yp(t) (3.207)
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where the complimentary solution y,(7) is the general solution to the associated homoge-
neous equation

Y —4y — 12y =0 (3.208)

and Y, (¢) is the particular solution to the original differential equation. From the previous
example we know

1
Yy(t) = —ge‘”. (3.209)

What is the complimentary solution? Our associated homogeneous equation has constant
coefficients, so we need to find roots of the characteristic equation.

P—4r—12 = 0 (3.210)
(r—6)(r+2) = 0 (3.211)
So we conclude that r; = 6 and r, = —2. These are distinct roots, so the complimentary

solution will be
ye(t) = c1€% + cpe™ (3.212)

We must be careful to remember the initial conditions are for the non homogeneous
equation, not the associated homogeneous equation. Do not apply them at this stage to y,,
since that is not a solution to the original equation.

So our general solution is the sum of y.(¢) and Y, (¢). We’ll need it and its derivative to
apply the initial conditions

1

y(it) = cre®4cre ¥ — 8e‘“ (3.213)
2

V() = 6c1€% —2cre* — §e4’ (3.214)

Now apply the initial conditions

13 1

% = y(0) = ¢ +CZ_6 (3.215)
7 2
= = y(0)=6c; —2c; — = (3.216)
3 3

This system is solved by ¢; = —% and ¢, = —%, so our solution is
1 15 1
y(t) = —geﬁl — §6_2’ - ge4t. (3.217)

Trig Functions

The second class of nonhomogeneous terms for which we can use this method are trig
functions, specifically sin and cos.
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= Example 3.21 Find a particular solution for the following IVP
y' —4y' — 12y = 6¢cos(4t). (3.218)

In the first example the nonhomogeneous term was exponential, and we know when
we differentiate exponentials they persist. In this case, we’ve got a cosine function. When
we differentiate a cosine, we get sine. So we expect an initial guess to require a sine term
in addition to cosine. Try

Y,(t) = Acos(4t) + Bsin(4t). (3.219)
Now differentiate and plug in

—16Acos(4t) — 16Bsin(4t) — 4(—4Asin(4r) + 4Bcos(41)) — 12(Acos(4t) + Bsin(4t)) = 13 cos(4r)

(3.220)

(—16A — 16B — 12A) cos(4t) + (—16B+ 16A — 12B) sin(4t) = 13 cos(4r)
(3.221)

(—28A — 16B) cos(4t) + (16A — 28B) sin(41) = 13 cos(4t)
(3.222)

To solve for A and B set the coefficients equal. Note that the coefficient for sin(4¢) on the
right hand side is 0. So we get the system of equations

cos(4t) : —28A—-16B =13 (3.223)
sin(4t) 16A —28B = 0. (3.224)
This system is solved by A = —210 and B = —%. So a particular solution is
Y, (t) = — - cos(4r) — L sin(41) (3.225)
= ———cos(4t) — —sin .
P 20 5

L}
Note that the guess would have been the same if g(¢) had been sine instead of cosine.
Polynomials

The third and final class of nonhomogeneous term we can use with this method are
polynomials.

= Example 3.22 Find a particular solution to
Y —4y —12y =33 — 5t +2. (3.226)

In this case, g(¢) is a cubic polynomial. When differentiating polynomials the order
decreases. So if our initial guess is a cubic, we should capture all terms that will arise. Our
guess

Y,(t) = A> + B> +-Ct + D. (3.227)

Note that we have a ¢ term in our equation even though one does not appear in g(t)! Now
differentiate and plug in

6At + 2B — 4(3A1* + 2Bt +C) — 12(A> + Br*> +Ct + D) 3r% 43228
—12A83 4+ (12A — 12B)1* 4 (6A — 8B — 12C)t + (2B—4C — 12D) = 31> (%229
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We obtain a system of equations by setting coefficients equal

P —12A:3;»A:—}1 (3.230)
P —12A—1219:0:>B:}1 (3.231)
o 6A—SB—12C:—5:>C:% (3.232)
1 - ZB—4C—12D:2:>D:—é (3.233)

So a particular solution is

15 1, 1 1
Y,(t) = —Zﬁ + th +3t—¢ (3.234)

Summary
Given each of the basic types, we make the following guess
ae” = Ae™ (3.235)
acos(at) = Acos(ot)+ Bsin(ot) (3.236)
asin(ot) = Acos(at)+ Bsin(atr) (3.237)
ant" +an " daittag = A" +A " LAt +A) (3.238)

3.5.4 Products

The idea for products is to take products of our forms above.
= Example 3.23 Find a particular solution to
Y — 4y — 12y = te¥ (3.239)

Start by writing the guess for the individual pieces. g(7) is the product of a polynomial and
an exponential. Thus guess for the polynomial is Az + B while the guess for the exponential
is Ce*. So the guess for the product should be

Ce* (At +B) (3.240)
We want to minimize the number of constants, so

Ce* (At + B) = ¥ (ACt + BC). (3.241)
Rewrite with two constants

Y,(t) = e* (At +B) (3.242)

Notice this is the guess as if it was just # with the exponential multiplied to it. Differentiate
and plug in

16¢¥ (At + B) + 8Ae" — 4(4e¥ (At + B) + Ae™) — 12¢¥ (A1 +B) = 1t (3.243)

(16A — 16A — 12A)1* 4+ (16B+8A — 16B—4A — 12B)e™ = te¥  (3.244)

—12Ate" 4 (4A — 12B)e" = 1™ (3.245)
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Then we set the coefficients equal

1
e —12A=1 = A = =T (3.246)
1
e (4A—12B)=0 = B = ~3% (3.247)
So, a particular solution for this differential equation is
11 e
Yp(t) =¥ (——t— —) = ——(3t+1). 3.248

Basic Rule: If we have a product with an exponential write down the guess for the
other piece and multiply by an exponential without any leading coefficient.

= Example 3.24 Find a particular solution to

Y — 4y — 12y = 29¢7 sin(31). (3.249)
We try the following guess

Y,(t) = e (Acos(3t) + Bsin(3t)). (3.250)
So differentiate and plug in

25¢> (Acos(3t) 4+ Bsin(3t)) 4+ 30e> (—Asin(3t) + Bcos(3t)+
9¢> (—Acos(3t) — Bsin(3r)) — 4(5¢> (Acos(3r) + Bsin(3t))+ (3.251)
3¢% (—Asin(31) + Bcos(3t))) — 12¢> (A cos(3t) + Bsin(3t)) = 29¢ sin(3¢)

Gather like terms
(—16A + 18B)e™ cos(3t) + (—18A — 16B)e” sin(3t) = 29¢> sin(3r) (3.252)

Set the coefficients equal

elcos(3t): —16A+18B = 0 (3.253)
e sin(3r): —184A—16B = 29 (3.254)
This is solved by A = —% and B = _%' So a particular solution to this differential equation
is
Y,(t) —eSt(—it—é—L) ——e—St(9t—|—8) (3.255)
P 100 57 10 ' ‘

= Example 3.25 Write down the form of the particular solution to
y' —4y — 12y = g(¢) (3.256)

for the following g(¢):
(1) g(t) = (91> — 103¢) cos(¢)



3.5.5

74 Chapter 3. Solutions to Second Order Linear Equations

Here we have a product of a quadratic and a cosine. The guess for the quadratic is
At* +Bt +C (3.257)
and the guess for the cosine is
Dcos(t) + Esin(z). (3.258)
Multiplying the two guesses gives

(Ar*> + Bt +C)(Dcos(1))
(ADt* + BDt 4 CD) cos(t)

(Ar> 4 Bt +C)(Esin(r)) (3.259)

_|_
+ (AEf*+BEt+CE)sin(r). (3.260)

Each of the coefficients is a product of two constants, which is another constant. Simply to
get our final guess
Y,(t) = (At> + Bt +C) cos(t) + (Dt*> + Et + F ) sin(z) (3.261)
This is indicative of the general rule for a product of a polynomial and a trig function.
Write down the guess for the polynomial, multiply by cosine, then add to that the guess for
the polynomial multiplied by a sine.

(2) g(t) = e % (3 —5t)cos(%)

This homogeneous term has all three types of special functions. So combining the two
general rules above, we get

Y,(t) = e % (At + B) cos(9t) +e ¥ (Ct + D) sin(9). (3.262)

Sums

We have the following important fact. If Y; satisfies

p()y" +q(t)y +r(t)y =g (1) (3.263)
and Y, satisfies

p(0)y" +q(t)y +r(t)y = g2(t) (3.264)
then Y| + Y> satisfies

pO)y" +q()y' +r(t)y = g1(t) + g2(1) (3.265)

This means that if our nonhomogeneous term g() is a sum of terms we can write down
the guesses for each of those terms and add them together for our guess.
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= Example 3.26 Find a particular solution to
Y =4y — 12y =" +12. (3.266)

Our nonhomogeneous term g(¢) = e’' + 12 is the sum of an exponential g; () = ¢’ and a
0 degree polynomial g5 () = 12. The guess is

Y,(t) =Ae" +B (3.267)

This cannot be simplified, so this is our guess. Differentiate and plug in

49Ae™ —28Ae™ — 124" —12B = "' +12 (3.268)
94¢"" —12B = €' +12. (3.269)
Setting the coefficients equal gives A = % and B = —1, so our particular solution is
L
Yy(t) = 9¢ 1. (3.270)

= Example 3.27 Write down the form of a particular solution to
Y —4y —12y = g(1) (3.271)

for each of the following g(7):
(1) g(t) =2cos(t) —9sin(3r)

Our guess for the cosine is
Acos(3t) + Bsin(3t) (3.272)
Additionally, our guess for the sine is
Ccos(3t) + Dsin(3t) (3.273)
So if we add the two of them together, we obtain
Acos(3t)+Bsin(3t) +Ccos(3t) + Dsin(3t) = (A+C) cos(3t) + (B+ D) sin(3¢) (3.274)
But A 4 C and B + D are just some constants, so we can replace them with the guess
Y,(t) = Acos(3t) + Bsin(3t). (3.275)
(2) g(r) = sin(t) — 2sin(14¢) — Scos(141)
Start with a guess for the sin(z)
Acos(t) + Bsin(t). (3.276)

Since they have the same argument, the previous example showed we can combine the
guesses for cos(147) and sin(14¢) into

Ccos(14t) + Dsin(141) (3.277)
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So the final guess is
Y, (t) = Acos(t) + Bsin(t) + Ccos(14t) + Dcos(14t) (3.278)

(3) g(t) = 7sin(10t) — 5t + 4¢
Here we have the sum of a trig function and a quadratic so the guess will be

Y,(t) = Acos(10¢) + Bsin(10¢) +Ct?> + Dt +E. (3.279)

(4) g(t) =9¢' +3te > —5¢
This can be rewritten as 9¢’ 4 (3¢ —5)e ™. So our guess will be

Y,(t) = Ae' + (Bt +C)e™ (3.280)

(5) g(t) = t?sin(t) 4+ 4 cos(t)
So our guess will be

Y,(t) = (At> + Bt +C) cos(t) + (Dt* + Et + F) sin(z). (3.281)
(6) g(t) = 3¢ + e~ sin(3t) 4 cos(3t)
Our guess
Yy(t) = Ae ™ + e (Bcos(3t) + Csin(3t)) + Dcos(3t) + E sin(3t). (3.282)
This seems simple, right? There is one problem which can arise you need to be aware
of
= Example 3.28 Find a particular solution to
Y — 4y — 12y =¥ (3.283)
This seems straightforward, so try Y,,(¢) = AeS . If we differentiate and plug in
364 —24Ae% — 124" = ¥ (3.284)
0 = ¢ (3.285)

Exponentials are never zero. So this cannot be possible. Did we make a mistake on our
original guess? Yes, if we went through the normal process and found the complimentary
solution in this case

Ye(t) = c1e% 4 cre™ . (3.286)

So our guess for the particular solution was actually part of the complimentary solution.
So we need to find a different guess. Think back to repeated root solutions and try
Y,(t) = Ate™. Try it

(36A1e% + 12Ae%) — 4(6A1e® + Ae™) — 1241 = € (3.287)
(364 —24A — 12A)1% + (124 —4A)® = & (3.288)
8AeS = ¢ (3.289)

Setting the coefficients equal, we conclude that A = %, SO

1
Yy(t) = gte&. (3.290)
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NOTE: If this situation arises when the complimentary solution has a repeated root and
has the form

ye(t) = cre™ +cate (3.291)
then our guess for the particular solution should be

Y,(t) = Ar*e™. (3.292)

Method of Undetermined Coefficients

Then we want to construct the general solution y(t) = y.(t) +Y,(¢) by following these
steps:

(1) Find the general solution of the corresponding homogeneous equation.

(2) Make sure g(t) belongs to a special set of basic functions we will define shortly.
(3)If g(t) = g1(t) + ... + gn(2) is the sum of n terms, then form n subproblems each of
which contains only one g;(z). Where the ith subproblem is

ay” +by' +cy = gi(t) (3.293)

(4) For the ith subproblem assume a particular solution of the appropriate functions (expo-
nential, sine, cosine, polynomial). If there is a duplication in ¥;(¢) with a solution to the
homogeneous problem then multiply Y;(¢) by 7 (or if necessary 12).

(5) Find the particular solution Y;(¢) for each subproblem. Then the sum of the ¥; is a
particular solution for the full nonhomogeneous problem.

(6) Form the general solution by summing all the complimentary solutions from the homo-
geneous equation and the n particular solutions.

(7) Use the initial conditions to determine the values of the arbitrary constants remaining
in the general solution.

Now for more examples, write down the guess for the particular solution:
(1)y' =3y =28y =6t +e % -2
First we find the complimentary solution using the characteristic equation

ye(t) = cre” + e (3.294)

Now look at the nonhomogeneous term which is a polynomial and exponential, 61 —2 +
e~*. So our initial guess should be

At+B+Ce ™™ (3.295)

The first two terms are fine, but the last term is in the complimentary solution. Since Cte ™

does not show up in the complimentary solution our guess should be
Y,(t) = At +B+Cte ™. (3.296)

(2) y" — 64y = t?e% + cos(t)
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The complimentary solution is
Ye(t) = 1€ +cpe™¥. (3.297)
Our initial guess for a particular solution is
(Ar* + Bt 4 C)e® + Dcos(t) + E sin(t) (3.298)

Again we have a Ce® term which is also in the complimentary solution. So we need to
multiply the entire first term by ¢, so our final guess is

Y,(t) = (AF? + B> +Ct)e® 4 Dcos(t) + E sin(t). (3.299)
(3)y' +4y = e~ cos(2t) +tsin(2¢)
The complimentary solution is
ye(t) = c1cos(2t) + ¢, sin(2r) (3.300)
Our first guess for a particular solution would be
e'(Acos(2t) + Bsin(2t)) + (Ct + D) cos(2t) + (Et + F) sin(2¢) (3.301)

We notice the second and third terms contain parts of the complimentary solution so we
need to multiply by ¢, so we have a our final guess

Y,(t) = e '(Acos(2t) + Bsin(2t)) + (Ct* + Dt) cos(2t) + (Et* + Ft) sin(2t). (3.302)

(4)y" 42y +5=e""cos(2t) +tsin(2t)
Notice the nonhomogeneous term in this example is the same as in the previous one,
but the equation has changed. Now the complimentary solution is

ye(t) = cre " cos(2t) + cre " sin(2t) (3.303)
So our initial guess for the particular solution is the same as the last example
e '(Acos(2t) + Bsin(2t)) + (Ct + D) cos(2t) + (Et + F) sin(2¢) (3.304)

This time the first term causes the problem, so multiply the first term by ¢ to get the final
guess

Y,(r) =te”"(Acos(2t) + Bsin(2t)) + (Ct + D) cos(2t) + (Et + F) sin(2r) ~ (3.305)

So even though the nonhomogeneous parts are the same the guess also depends critically
on the complimentary solution and the differential equation itself.
(5) y// +4y/ +4y — tZe—Zl‘ + 2€_Zt
The complimentary solution is
ye(t) =cre X +cpte™ (3.306)

Notice that we can factor out a e~ from out nonhomogeneous term, which becomes
(> +2)e~?. This is the product of a polynomial and an exponential, so our initial guess is

(Af* + Bt +C)e™* (3.307)

But the Ce? term is in y.(t). Also, Cte ' is in y.(t). So we must multiply by ¢ to get
our final guess

Y,(t) = (At* + B> +C)e ™. (3.308)
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Mechanical and Electrical Vibrations

Last Time: We studied the method of undetermined coefficients thoroughly, focusing
mostly on determining guesses for particular solutions once we have solved for the compli-
mentary solution.

Applications

The first application is mechanical vibrations. Consider an object of a given mass m
hanging from a spring of natural length /, but there are a number of applications in
engineering with the same general setup as this.

We will establish the convention that always the downward displacement and forces
are positive, while upward displacements and forces are negative. BE CONSISTENT. We
also measure all displacements from the equilibrium position. Thus if our displacement is
u(y), u =0 corresponds to the center of gravity as it hangs at rest from a spring.

We need to develop a differential equation to model the displacement u of the object.
Recall Newton’s Second Law

F=ma (3.309)

where m is the mass of the object. We want our equation to be for displacement, so we’ll
replace a by u”, and Newton’s Second Law becomes

F(t,u,u') =mu". (3.310)

What are the various forces acting on the object? We will consider four different forces,
some of which may or may not be present in a given situation.

(1) Gravity, Fy
The gravitational force always acts on an object. It is given by

Fy =mg (3.311)

where g is the acceleration due to gravity. For simpler computations, you may take g = 10
m/s. Notice gravity is always positive since it acts downward.

(2) Spring, F;

We attach an object to a spring, and the spring will exert a force on the object. Hooke’s
Law governs this force. The spring force is proportional to the displacement of the spring
from its natural length. What is the displacement of the spring? When we attach an object
to a spring, the spring gets stretched. The length of the stretched spring is L. Then the
displacement from its natural length is L+ u.

So the spring force is

Fy = —k(L+u) (3.312)

where k > 0 is the spring constant. Why is it negative? It is to make sure the force is
in the correct direction. If u > —L, i.e. the spring has been stretched beyond its natural
length, then u+ L > 0 and so F; < 0, which is what we expect because the spring would
pull upward on the object in this situation. If u < —L, so the spring is compressed, then
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the spring force would push the object back downwards and we expect to find F; > 0.

(3) Damping, Fy
We will consider some situations where the system experiences damping. This will not
always be present, but always notice if damping is involved. Dampers work to counteract
motion (example: shocks on a car), so this will oppose the direction of the object’s velocity.
In other words, if the object has downward velocity u’ > 0, we would want the damping
force to be acting in the upwards direction, so that F; < 0. Similarly, if ' < 0, we want
F; > 0. Assume all damping is linear.

Fy=—yd (3.313)

where ¥ > 0 is the damping constant.
(4) External Force, F(t)

This is encompasses all other forces present in a problem. An example is a spring
hooked up to a piston that exerts an extra force upon it. We call F(¢) the forcing function,
and it is just the sum of any of the external forces we have in a particular problem.

The most important part of any problem is identifying all the forces involved in the
problem. Some may not be present. The forces will change depending on the particular

situation. Let’s consider the general form of our differential equation modeling a spring
system. We have

F(t,u,u’) = Fy+F;+ F;+F(t) (3.314)
so that Newton’s Second Law becomes

mu" =mg—k(L+u)—yu' +F(1), (3.315)
or upon reordering it becomes

mu” +yu' +ku=mg—kL+F(t). (3.316)

What happens when the object is at rest. Equilibrium is u = 0, there are only two forces
acting on the object: gravity and the spring force. Since the object is at rest, these two
forces must balance to 0. So F + F; = 0. In other words,

mg = kL. (3.317)
So our equation simplifies to
mu” +yu' +ku = F(t), (3.318)

and this is the most general form of our equation, with all forces present. We have the
corresponding initial conditions

u(0) = up Initial displacement from equilibrium position (3.319)
u'(0) = up Initial Velocity (3.320)

Before we discuss individual examples, we need to touch on how we might figure out
the constants k and Y if they are not explicitly given. Consider the spring constant k. We
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know if the spring is attached to some object with mass m, the object stretches the spring
by some length L when it is at rest. We know at equilibrium mg = kL. Thus, if we know
how much some object with a known mass stretches the spring when it is at rest, we can
compute
mg
k= I (3.321)
How do we compute y? If we do not know the damping coefficient from the beginning,
we may know how much force a damper exerts to oppose motion of a given speed. Then
set |F;| = y|u'|, where |F| is the magnitude of the damping force and |i/| is the speed of
motion. So we have ¥y = %. We will see how to compute in examples on damped motion.
Let’s consider specific spring mass systems.

Free, Undamped Motion

Start with free systems with no damping or external forces. This is the simplest situation
since Y = 0. Our differential equation is

mu" +ku =0, (3.322)
where m,k > 0. Solve by considering the characteristic equation
mr* +k=0, (3.323)

which has roots

| k
rip = =£iy/ —. (3.324)
m

We’ll write
rip = Liay, (3.325)

where we’ve substituted

o = \/E (3.326)
m

@) is called the natural frequency of the system, for reasons that will be clear shortly.
Since the roots of our characteristic equation are imaginary, the form of our general
solution is

u(t) = cy cos(wpt) + o sin( wpt) (3.327)

This is why we called @y the natural frequency of the system: it is the frequency of motion
when the spring-mass system has no interference from dampers or external forces.

Given initial conditions we can solve for ¢; and ¢,. This is not the ideal form of the
solution though since it is not easy to read off critical information. After we solve for the
constants rewrite as

u(t) = Rcos(mpt — §), (3.328)
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where R > 0 is the amplitude of displacement and 6 is the phase angle of displacement,
sometimes called the phase shift.

Before determining how to rewrite the general solution in this desired form lets compare
the two forms. When we keep it as the general solution is it easier to find the constants
c1 and ¢;. But the new form is easier to work with since we can immediately see the
amplitude making it much easier to graph. So ideally we will find the general solution,
solve for ¢ and c¢3, and then convert to the final form.

Assume we have ¢ and ¢; how do we find R and 6? Consider Equation (3.328) we
can use a trig identity to write it as

u(t) = Rcos(d)cos(ampt) + Rsin(d) sin(wot ). (3.329)

Comparing this to the general solution, we see that

c; = Rcos(d), ¢ =Rsin(9). (3.330)
Notice
¢} 4 c5 = R*(cos*(8) +sin*(§)) = R?, (3.331)

so that, assuming R > 0,

R=\/c}+c3. (3.332)

Also,

c2  sin(6)

o cos(d) tan(3). (3.333)
to find §.

= Example 3.29 A 2kg object is attached to a spring, which it stretches by %m. The object
is given an initial displacement of 1m upwards and given an initial downwards velocity of
4m/sec. Assuming there are no other forces acting on the spring-mass system, find the
displacement of the object at time ¢ and express it as a single cosine.

The first step is to write down the initial value problem for this setup. We’ll need to
find an m and k. m is easy since we know the mass of the object is 2kg. How about k? We
know

=32. (3.334)

So our differential equation is
2u” +32u = 0. (3.335)
The initial conditions are given by

u(0)=—1, u'(0)=4. (3.336)
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The characteristic equation is

2r7+32=0, (3.337)

and this has roots r » = =4i. Hence wy = 4. Check: @y = \/% = /32/2 =4. So our
general solution is

u(t) = cycos(4t) + cpsin(4t). (3.338)
Using our initial conditions, we see

-1 = u(0)=c (3.339)
4 = W(0)=4cr=>cr=1. (3.340)

So the solution is
u(t) = —cos(4t) +sin(4t). (3.341)

We want to write this as a single cosine. Compute R

R=\/A+3=V2 (3.342)
Now consider &

tan(8) = 2 = —1. (3.343)

€1

So § is in Quadrants II or IV. To decide which look at the values of cos(8) and sin(8). We
have

sin(0) = >0 (3.344)
cos(80) = ¢ <0. (3.345)
So & must be in Quadrant II, since there sin > 0 and cos < 0. If we take arctan(—1) = —%,
this has a value in Quadrant I'V. Since tan is 7-periodic, however, —% +rT = % s in
Quadrant II and also has a tangent of —1 Thus our desired phase angle is
) R¥/1
0 = arctan(— ) + 7w = arctan(—1) + 7 = T (3.346)
cl

and our solution has the final form

u(t) = V/2cos(4t — %). (3.347)
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Free, Damped Motion

Now, let’s consider what happens if we add a damper into the system with damping
coefficient y. We still consider free motion so F(¢) = 0, and our differential equation
becomes

mu” +yu' +ku = 0. (3.348)
The characteristic equation is
mr* +yr+k=0, (3.349)

and has solution

— v+ 2 _ 4
_ 7 VZL kim (3.350)

rp

There are three different cases we need to consider, corresponding to the discriminant
being positive, zero, or negative.

(1) Y —4mk =0
This case gives a double root of r = —%n, and so the general solution to our equation
is
i .
u(t) =cren +cote (3.351)

Notice that lim,_,..u(z) = 0, which is good, since this signifies damping. This is called
critical damping and occurs when

Y —4mk = 0 (3.352)
y=\amk = 2/mk (3.353)

This value of ¥ — 2v/mk is denoted by g and is called the critical damping coefficient.
Since this case separates the other two it is generally useful to be able to calculate this
coefficient for a given spring-mass system, which we can do using this formula. Critically
damped systems may cross u = 0 once but will never cross more than that. No oscillation

(2) > —4mk >0
In this case, the discriminant is positive and so we will get two distinct real roots rq
and r,. Hence our general solution is

u(t) = cre" +cre’ (3.354)

But what is the behavior of this solution? The solution should die out since we have
damping. We need to check lim,_,.. u(r) = 0. Rewrite the roots

—v+ 2 _ 4
14 szi mk (3.355)

—yEy( /125
- (3.356)

2m

rp =

_ 7 _ Amk
= 5 (£ /1 y2> (3.357)



3.6 Mechanical and Electrical Vibrations 85

By assumption, we have 7> > 4mk. Hence

dmk
1— ? <1 (3.358)
and so
Admk
1-— 7 < 1. (3.359)

so the quantity in parenthesis above is guaranteed to be positive, which means both of our
roots are negative.

Thus the damping in this case has the desired effect, and the vibration will die out in
the limit. This case, which occurs when ¥ > Ycg, is called overdamping. The solution
won’t oscillate around equilibrium, but settles back into place. The overdamping kills all
oscillation

(3) y> < 4mk
The final case is when ¥ < ycg. In this case, the characteristic equation has complex
roots

_ 2 _
e VZL K _ o ip. (3.360)

rp

The displacement is

ut) = cre® cos(Bt)+ cre™ sin(Bt) (3.361)
= ¥ (cycos(Bt)+cysin(Br)). (3.362)

In analogy to the free undamped case we can rewrite as
u(t) = Re™ cos(Bt — §). (3.363)

We know o < 0. Hence the displacement will settle back to equilibrium. The difference is
that solutions will oscillate even as the oscillations have smaller and smaller amplitude.
This is called overdamped.

Notice that the solution u(¢) is not quite periodic. It has the form of a cosine, but
the amplitude is not constant. A function u(¢) is called quasi-periodic, since it oscillates
with a constant frequency but a varying amplitude. 3 is called the quasi-frequency of the
oscillation.

So when we have free, damped vibrations we have one of these three cases. A good
example to keep in mind when considering damping is car shocks. If the shocks are new
its overdamping, when you hit a bump in the road the car settles back into place. As the
shocks wear there is more of an initial bump but the car still settles does not bounce around.
Eventually when your shocks where and you hit a bump, the car bounces up and down for
a few minutes and then settles like underdamping. The critical point where the car goes
from overdamped to underdamped is the critically damped case.

Another example is a washing machine. A new washing machine does not vibrate
significantly due to the presence of good dampers. Old washing machines vibrate a lot.
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In practice we want to avoid underdamping. We do not want cars to bounce around on
the road or buildings to sway in the wind. With critical damping we have the right behavior,
but its too hard to achieve this. If the dampers wear a little we are then underdamped. In
practice we want to stay overdamped.

= Example 3.30 A 2kg object stretches a spring by %m A damper is attached that exerts a
resistive force of 48N when the speed is 3m/sec. If the initial displacement is 1m upwards
and the initial velocity is 2m/sec downwards, find the displacement u(z) at any time 7.

This is actually the example from the last class with damping added and different
initial conditions. We already know k = 32. What is the damping coefficient y? We know
|Fy| = 48 when the speed is |u’| = 3. So the damping coefficients is given by

[Fa| 48
=—=—=16. 3.364

W 3 ( )
Thus the initial value problem is

2u’ + 160" +32u=0, u(0)=-1, u'(0)=2. (3.365)

Before we solve it, see which case we’re in. To do so, let’s calculate the critical damping
coefficient.

Yer = 2V mk = 2/64 = 16. (3.366)
So we are critically damped, since ¥ = Ycg. This means we will get a double root. Solving
the characteristic equation we get r; = r, = —4 and the general solution is

u(t) =cre ¥ +cpte™™. (3.367)
The initial conditions give coefficients ¢c; = —1 and ¢, = —2. So the solution is

u(t) = —e M —21e™H (3.368)
Notice there is no oscillations in this case. n

= Example 3.31 For the same spring-mass system as in the previous example, attach a
damper that exerts a force of 40N when the speed is 2m/s. Find the displacement at any
time ¢.

the only difference from the previous example is the damping force. Lets compute y

Fyl 40
_ Ikl _ 40, (3.369)
| 2

Since we computed g = 16, this means we are overdamped and the characteristic equation
should give us distinct real roots. The IVP is

2u” +20u +32u=0, u(0)=-1, u(0)=2. (3.370)
The characteristic equation has roots r; = —8 and r, = —2. So the general solution is

u(t) = cre ¥ 4 cre™? (3.371)
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The initial conditions give ¢y = 0 and ¢; = —1, so the displacement is
u(t) = —e (3.372)

Notice here we do not actually have a "vibration" as we normally think of them. The
damper is strong enough to force the vibrations to die out so quickly that we do not notice
much if any of them. .

= Example 3.32 For the same spring-mass system as in the previous two examples, add a
damper that exerts a force of 16N when the speed is 2m/s.
In this case, the damping coefficient is
16

Y= 8, (3.373)

which tells us that this case is underdamped as ¥y < ycg = 16. We should expect complex
roots of the characteristic equation. The IVP is

2u’ + 8 +32u=0, u(0)=-1, u'(0)=3. (3.374)

The characteristic equation has roots

—8++/192
np=—— = —2+iV12. (3.375)
Thus our general solution is
u(t) = cre”? cos(V12t) + cre? sin(v/12t) (3.376)
The initial conditions give the constants ¢c; = 1 and ¢; = ﬁ, so we have
1
—2t 2
u(t) = —e “cos(v12t)+ e~ sin(Vv'12¢). 3.377
(0 (VI20) e sin(V120) (3.377)
Let’s write this as a single cosine
1 13
R = 1)+ (—=)2=1/—= 3.378
\/ 1P+ (=52 =1/ 5 (3378)
1
tan(6) = ——— (3.379)

As in the undamped case, we look at the signs of ¢ and ¢, to figure out what quadrant 0 is
in. By doing so, we see that § has negative cosine and positive sine, so it is in Quadrant II.
Hence we need to take the arctangent and add 7 to it

1
0 = arctan(————=) + 7. 3.380
( \/ﬁ) (3.380)
Thus our displacement is
(1) B3 - cos(v/'12t — arctan( ! ) (3.381)
u(t) =1/ —e = —— 7). .
12 V12

In this case, we actually get a vibration, even though its amplitude steadily decreases until
it is negligible. The vibration has quasi-frequency v/12. .



3.7

3.7.1

88 Chapter 3. Solutions to Second Order Linear Equations

Forced Vibrations

Last Time: We studied non-forced vibrations with and without damping. We studied the
four forces acting on an object gravity, spring force, damping, and external forces.

Forced, Undamped Motion

What happens when the external force F(¢) is allowed to act on our system. The function
F (1) is called the forcing function. We will consider the undamped case

mu” +ku = F(t). (3.382)

This is a nonhomogeneous equation, so we will need to find both the complimentary and
particular solution.

u(t) = ue(t) + Up(t), (3.383)

Recall that u.(t) is the solution to the associated homogeneous equation. We will use
undetermined coefficients to find the particular solution U, (¢) (if F(¢) has an appropriate
form) or variation of parameters.

We restrict our attention to the case which appears frequently in applications

F(t) = Fycos(wt) or F(t)= Fysin(wt) (3.384)

The force we are applying to our spring-mass system is a simple periodic function with
frequency . For now we assume F (1) = Fycos(wt), but everything is analogous if it is a
sine function. So consider

mu’ + ku' = Fycos(mt). (3.385)
Where the complimentary solution to the analogous free undamped equation is

uc(t) = c1 cos(mpt) + ¢z sin( ot ), (3.386)

where @y = \/g is the natural frequency.

We can use the method of undetermined coefficients for this nonhomogeneous term
F (). The initial guess for the particular solution is

Up(t) = Acos(wt) + Bsin(wt). (3.387)

We need to be careful, note that we are okay since wy # o, but if the frequency of the
forcing function is the same as the natural frequency, then this guess is the complimentary
solution u,(t). Thus, if wy = @, we need to multiply by a factor of 7. So there are two cases.

(1) © # o
In this case, our initial guess is not the complimentary solution, so the particular
solution will be

Uy(t) = Acos(wt) + Bsin(wt). (3.388)
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Differentiating and plugging in we get

mw*(—Acos(wr) — Bsin(t)) + k(Acos(wr) + Bsin(wr)) = Fycos(wr) (3.389)
(—m®*A+kA) cos(ot) + (—mo*B+kB)sin(wt) = Fycos(ot).(3.390)

Setting the coefficients equal, we get

K
2 0
t): (- kA = K A=—— 3.391
cos(wt): (—mw”+k) 0o = pap——" (3.391)
sin(wt):  (—-mw*+k)B = 0 = B=0. (3.392)
So our particular solution is
Fy
Up(t) = mCOS((DI) (3.393)
K
= ———cos(or) (3.394)
m(n—1—a)2)
Fy
= — t). 3.395
o o (3395)

Notice that the amplitude of the particular solution is dependent on the amplitude of
the forcing function Fy and the difference between the natural frequency and the forcing
frequency.

We can write our displacement function in two forms, depending on which form we
use for complimentary solution.

u(t) = cycos(wot)+ cosin(wpt) + (@7 — @) cos(wr) (3.396)
_ _ Fo
u(t) = Rcos(wyt—8)+ (@R — o) cos(t) (3.397)

Again, we get an analagous solution if the forcing function were F(t) = Fysin(®t).

The key feature of this case can be seen in the second form. We have two cosine
functions with different frequencies. These will interfere with each other causing the net
oscillation to vary between great and small amplitude. This phenomena has a name "beats"
derived from musical terminology. Thing of hitting a tuning fork after it has already been
struck, the volume will increase and decrease randomly. One hears the waves created here
in the exact form of our solution.

(2) 0 = o

If the frequency of the forcing function is the same as the natural frequency, so the
guess for the particular solution is

U),(t) = At cos(mot ) + Bt sin(wyt) (3.398)
Differentiate and plug in

(—ma§ + k)At cos(wot) + (—mag + k) Bt sin( oot

] (3.399)
+ 2mayB cos(myt) — 2mampA sin( wyt) = Fycos(@pt).
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To begin simplification recall that a)g = %, SO ma)g = k. this means the first two terms will

vanish (expected since no analogous terms on right side), and we get
2mayBcos(wyt) — 2mmpA sin( @yt ) = Fycos(wyt). (3.400)

Now set the coefficients equal

K
cos(mpt): 2mwyB = Ky B= 0 (3.401)
2max
sin(wpt) :  —2ma@pA = 0 A=0 (3.402)
Thus the particular solution is

Fo .
Upy(t) = 2mw0tsm(a)0t) (3.403)

and the displacement is

Fo

u(t) = cycos(@ot) + co sin( wot ) + meot sin(cpt) (3.404)

or

u(t) = Rcos(mpt — 6) + e,

¢ sin( ot ). (3.405)

What stands out most about this equation? Notice that as  — oo, u(t) — oo due to the
form of the particular solution. Thus, in the case where the forcing frequency is the same
as the natural frequency, the oscillation will have an amplitude that continues to increase
for all time since the external force adds energy to the system in a way that reinforces the
natural motion of the system.

This phenomenon is called resonance. Resonance is the phenomenon behind mi-
crowave ovens. The microwave radiation strikes the water molecules in what’s being
heated at their natural frequency, causing them to vibrate faster and faster, which generates
heat. A similar trait is noticed in the Bay of Fundy, where tidal forces cause the ocean
to resonate, yielding larger and larger tides. Resonance in the ear causes us to be able to
distinguish between tones in sound.

A common example is the Tacoma Narrows Bridge. This is incorrect because the oscil-
lation that led to the collapse of the bridge was from a far more complicated phenomenon
than the simple resonance we’re considering now. In general, for engineering purposes,
resonance is something we would like to avoid unless we understand the situation and the
effect on the system.

In summary when we drive our system at a different frequency than the natural fre-
quency, the two frequencies interfere and we observe beats in motion. When the system is
driven at a natural frequency, the natural motion of the system is reinforced, causing the
amplitude of the motion to increase to infinity.

= Example 3.33 A 3kg object is attached to a spring, which it stretches by 40cm. There is
no damping, but the system is forced with the forcing function

F(t) = 10cos(wr) (3.406)
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such that the system will experience resonance. If the object is initially displaced 20cm
downward and given an initial upward velocity of 10cm/s, find the displacement at any
time 7.

We need to be aware of the units, convert all lengths to meters. Find &

_mg _ (3)(10)
k== =5 (3.407)

Next, we are told the system experiences resonance. Thus the forcing frequency @ must
be the natural frequency @y.

| k /75
m 3

Thus our initial value problem is
3u” +75u=10cos(5¢t) u(0)=.2, u'(0)=-.1 (3.409)

The complimentary solution is the general solution of the associated free, undamped case.
Since we have computed the natural frequency already, the complimentary solution is just

uc(t) = c1cos(5t) + cp sin(5¢). (3.410)
The particular solution (using formula derived above) is
1
§t sin(5¢), (3.411)
and so the general solution is
1
u(t) = cycos(5t) +casin(5t) + 3! sin(5¢). (3.412)
The initial conditions give ¢; = % and ¢; = —%, so the displacement can be given as
1 1 1
u(t) = 5 cos(5t) — 50 sin(57) + §t sin(57) (3.413)
Let’s convert the first two terms to a single cosine.
1 1 101
R = R4 (——)2 =4/ — 3.414
\/(5) * 50) 2500 ( )
1
—35 1
an(§) = L =—— (3.415)
% 10

Looking at the signs of ¢; and ¢,, we see that cos(d) > 0 and sin(8) < 0. Thus d is in
Quadrant IV, and so we can just take the arctangent.

0= arctan(—%) (3.416)

The displacement is then

101 1 1
u(t) =4/ 5500 <% (St — arctan(—ﬁ)> + 3! sin(5¢) (3.417)
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General Theory for nth Order Linear Equations

Recall that an nth order linear differential equation is an equation of the form

dny dn—ly
drm Fhlt )dt"—l

d
to P ()2

Pa(t) = 7

+Po(t)y = g(t). (4.1)
We will assume P,(¢) and g(¢) are continuous on some interval o < ¢ < 8 and P,(t) is
nonzero on this interval. We can divide by P,(#) and consider the equation as a linear
operator

dn dn—l d
Lly| = g -l-pn 1t )dtn71y+...+P1( )d)tl-l-po( )y =g(1). 4.2)

where p;(t) = 1%. The theory involved with an nth order equation is analogous to the

theory for second order linear equations. To obtain a unique solution we need » initial
conditions

y(to) =yo, Y(to) =yo, - y("_l)(fo)zy(()n_l) (4.3)

we have the following theorem regarding uniqueness of a solution

Theorem 4.1.1 If po, p1,...pn—1 and g are continuous on the open interval /, then there
exists exactly one solution y = ¢(¢) of the differential equation that also satisfies the
initial conditions. This solution exists on all of /. Note that the leading derivative (nth
order) must have the coefficient 1.

= Example 4.1 Determine the intervals in which a solution is sure to exist

(t 2"+t +3y" +1n(t)y + €'y = sin(t) (4.4)
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Ans: First put the equation in standard form

Vi+3 In(7) e sin(t)
/1! I/ / — 4.5
Y Y T T YT, 4.5

By Theorem 1 we are looking for the intervals where all the coefficients are continuous. The
coefficient for y” is continuous on [—3,2) U (2,e0), The coefficient for y’ is continuous on
(0,2) U (2,00), the coefficient of y is continuous on (—ee,2) U (2,00), and g(7) is continuous
on (—oo0,2)U(2,0). So the intervals where a solution exists are

(0,2) U (2,0) (4.6)

Theorem 4.1.2 If the functions py, p2, ..., p, are continuous on the open interval /, the
functions yi,ys,...,y, are solutions of the homogeneous differential equation, and if
W (y1,y2,...,yn)(t) # O for at least one point in /, then every solution on the differential
equation can be expressed as a linear combination of the solutions yy,y2,...,y, ( Linear
Superposition).

Theorem 4.1.3 If y;(t),y2(t), ..., yn(¢) form a fundamental set of solutions of the homo-
geneous differential equation on an interval I, then y;(¢),...,y,(¢) are linearly indepen-
dent solutions of the equation on /, then they form a fundamental set of solutions for the
inhomogeneous equation on /.

= Example 4.2 Determine whether the given set of functions is linearly dependent or
linearly independent.

?—1,r—1,2t+1 4.7)
Consider
(=D 4c(t—1)+c3(2t+1)=0 (4.8)

So we need to match coefficients

cit = 0 4.9)
c2+2c3 = 0 4.10)
—c+c3 = 0 “4.11)

Rearrange the third equation ¢y = c3 substitute into the second equation 3¢y = 0. Thus
c1 = ¢ = c3 = 0. So the set of functions is linearly independent. "

Homogeneous Equations with Constant Coefficients

Last Time: We studied the general theory of nth order linear equations. Now we want
to find the general solution of an nth order equation using the methods developed for
homogeneous equations with constant coefficients.
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Consider the nth order linear homogeneous equation with constant coefficients
Lly| = ay™ + a1y + Lt ay +any=0 (4.12)
Just like in the second order case we have the characteristic equation
ap"+ ... +air+a,=0 (4.13)
= Example 4.3 (Distinct Real Roots) Find the general solution of
YW 43" =7y =y +6y=0, y(0) =1,5/(0)=0,y"(0) = =2,y (0) = —1 (4.14)

So the characteristic equation is

4 =77 —r+6=0. (4.15)
Thus the roots are 1,—1,2,—3. So the general solution is

y=cie +cre’ +C3€2[ —I—C4€73t 4.16)
Using the initial conditions we find ¢; = %,cz = 15—2,03 = —%,04 = —%. Therefore the

solution to the IVP is
11 5 2 1
y= ge’ + Ee*t — §ezt — ge%’ 4.17)
[ |

= Example 4.4 (Complex Roots) Find the general solution of

YW=y=0, »(0)=7/2,y(0) = —4,y"(0) =5/2,y"(0) = =2 (4.18)
The characteristic equation is

1=+ -1)=0 (4.19)
Therefore the roots are 1,—1,i, —i. Thus the general solution is

y=ci€ +cre”" +c3cos(t) + cqsin(z) (4.20)
By imposing the initial conditions we get

c1=0,c0=3,c3=1/2,c4 =—1 4.21)
Thus the solution of the IVP is

y=3e"+ % cos(t) — sin(¢) (4.22)

= Example 4.5 (Repeated Roots) Find the general solution of

y(4) +2y" +y=0. (4.23)
The characteristic equation is
A2+ 1= (P + 1) (P +1)=0 (4.24)

The roots are i,i, —i, —i. So the general solution is

y = cycos(t) 4 cpsin(r) + c3t cos(t) + cat sin(z) (4.25)
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5.1.1

Definition of the Laplace Transform

Last Time: We studied nth order linear differential equations and used the method of
characteristics to solve them.

We have spent most of the course solving differential equations directly, but sometimes
a transformation of the problem can make it much easier. One such example is the Laplace
Transform.

The Definition
| Definition 5.1.1 A function f is called piecewise continuous on an interval |a, b], if

[a,b] can be broken into a finite number of subintervals [a,, b,| such that f is continuous
on each open subinterval (a,,b,) and has a finite limit at each endpoint a,,, b,,.

So a piecewise continuous function has only finitely many jumps and does not have
any asymptotes where it blows up to infinity or minus infinity.

Definition 5.1.2 (Laplace Transformation) Suppose that f(t) is a piecewise continuous
function. The Laplace Transform of f(¢), denoted by -Z{f(¢)}, is given by

2iwy= | et f (e, 5.1)

REMARK: There is an alternate notation for the Laplace Transform that we will
commonly use. Notice that the definition of .Z’{ f(¢)} introduces a new variable, s, in the
definite integral with respect to z. As a result, computing the transform yields a function
which depends on s. Thus

ZL{f(t)} = F(s) (5.2)

It should also be noted that the integral definition of .£{ f(¢)} is an improper integral.



100 Chapter 5. Laplace Transforms

In our first examples of computing Laplace Transforms, we will review how to handle
them.

» Example 5.1 Compute £ {1}. Plugging f(¢) = 1 into the definition we have

2{1} = / e, (5.3)
0
Recall we need to convert the improper integral into a limit
N O
= lim e dt (5.4)
N—o Jo
. L N
— 1 - st )
lim I e lo (5.5)
1 1
— _ ~,—Ns_ — )
fim (e ) 5

Note the value of s will affect our answer. If s < 0, the exponent of our exponential is
positive, so the limit in question will diverge as the exponential goes to infinity. On the
other hand, if s > 0, the exponential will go to 0 and the limit will converge.

Thus, we restrict our attention to the case where s > 0 and conclude that

f{l}z% for s>0 (5.7

Notice that we had to put a restriction on the domain of our Laplace Transform. This
will always be the case: these integrals will not always converge for any s.

» Example 5.2 Compute .£{e*} for a # 0.

By definition
L") = /e_s’e“’dt (5.8)
0
— / @) gy (5.9)
0
1
_ : (a—s)t 1N
&g[a_se lo (5.10)
1
= 1 (a=s)N _ 5.11
i (e ) G1b
1
= for s>a. (5.12)
s—a

» Example 5.3 Compute £ {sin(ar)}.

L{sin(ar)} = /0 " e sin(at)di (5.13)

N

= lim [ e *sin(at)dt (5.14)
N—oo JO
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Integration By Parts (twice) yields

N
= lim (1(1 —e_SNcos(aN)> . (1e_SN sin(aN) + E/ e sin(at)dt). (5.15)
0

N—oo \ a a\da a

After rewriting, we get

1 s?
P{sin(at)} = F(s) = s2+La2 provided s> 0. (5.17)

= Example 5.4 If f(z) is a piecewise continuous function with piecewise continuous
derivative f'(), express Z{f'(¢)} in terms of Z{f(¢)}.

We plug f” into the definition for the Laplace transform

2N = / e fldt (5.18)
0
N
= lim e ' fdt (5.19)
N—eo J(
The next step is to integrate by parts
N
—  lim (e_“ N +s / e fdt) (5.20)
N—roo 0

= lim e*Nf(N) — £(0) +s/ e Y fdt (5.21)

N—oo 0
= sZ{f(t)}—f(0) provided s>0 (5.22)

Doing this repeatedly one finds
LU D)=L O} =5 F(0) =" f/(0) = —sf "D (0) — f1(0). (5.23)

» Example 5.5 If f(¢) is a piecewise continuous function, express .Z{e% f(¢)} in terms

of L{e”f(1)}
We begin by plugging into the definition
L)) = /O ettt gy (5.24)
_ /0 " e f 1)y (5.25)

This looks like the definition of F(s), but its not the same, since the exponent is a — s.
However, if we substitute u = s —a, we get

— /we‘”tf(t)dt (5.26)
0

= F(u) (5.27)

= F(s—a) (5.28)

Thus if we take the Laplace transform of a function multiplied by ¢*, we’ll get the
Laplace Transform of the original function shifted by a. .
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Laplace Transforms

In general, we won’t be using the definition we will be using a table of Laplace Transforms.
I would make an effort to know all the common transforms above as well as the definition.
From now on we will use a table, but be prepared on an exam to do a basic transform using
the definition.

Note the Laplace Transform is linear

Theorem 5.1.1 Given piecewise continuous functions f(¢) and g(z),

LAaf(t) +bg(t)} = aZ{f(t)} +bL{g(t)} (5.29)

for any constants a, b.

This follows from the linearity of integration. From a practical perspective we will not
have to worry about constants or sums. We can decompose our function into individual
pieces, transform them, and then put everything back together.

= Example 5.6 Find the Laplace Transforms of the following functions
() f(t) =6e ™+ ¥ +5—9

F(s)=2{ft)} = 6ZL{e "} +2{"}+5.2{7} —9.2{1} (5.30)
1 1 3! 1
= 6S_(_5)+s_3+ss3+1 —9- (5.31)
6 , 1 /309

= —_— 5.32
s+5+s—3+s4 s (5.32)

(ii) g(r) = 4cos(4t) — 2sin(4t) — 3 cos(8r)

G(s)=ZL{g(t)} = 4L{cos(4t)} —2.L{sin(4t)} —3.Z{cos(10¢)} (5.33)

s 4 s
4 -2 - 34
52442 2442 3s2+102 (5.34)
4s —8 3s
= - 5.35
s24+16  s24+100 (5-35)
(iii) h(t) = e* +cos(3t) + e cos(3t)
Hit)=Z2{h(1)} = 2L{*}+ L{cos(31)} — L{e* cos(3t)} (5.36)
1 S s—2
= - 5.37
s—2+s2+32 (s—2)2+32 (5:37)
1 2 -2
- + : (5.38)

s—2 249 (s—2)2+49

Initial Value Problems
We study Laplace Transforms to solve Initial Value Problems.

= Example 5.7 Solve the following initial value problem using Laplace Transforms.

y' =6y +5y="17t, y(0)=-1, y(0)=2. (5.39)
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The first step is using the Laplace Transform to solve an IVP is to transform both sides
of the equation.

2H" 62y +52{y) = 1241} (5.40)
P (5) ~ 53(0) ~y'(0) ~6(s¥ (5) ~5(0) +5¥(s) = (5.41)
SPY(s)+5—2—6(sY(s)+1) +5Y(s) = le (5.42)

Now solve for ¥ (s).
(s2—65s+5)Y(s)+5—8 = slz (5.43)
Y(s) ! 8= (5.44)

52(s2 —6s+5) + s2—6s+5
Now we want to solve for y(z), but we have an expression for Y (s) = £ {y(¢)}. Thus to

finish solving this problem, we need the inverse Laplace Transform .

Inverse Laplace Transform

In this section we have F(s) and want to find f(z). f(¢) is an inverse Laplace Transform of
F (s) with notation

f(t)=2"{F(s)}. (5.45)

Our starting point is that the inverse Laplace Transform is linear.

Theorem 5.1.2 Given two Laplace Transforms F(s) and G(s),
L YaF (s) +bG(s)} =a L HF(s)} + b2 HG(s)} (5.46)

for any constants a, b.

So we decompose our original transformed function into pieces, inverse transform, and
then put everything back together. Using the table we want to look at the denominator,
which will tell us what the original function will have to be, but sometimes we have to look
at the numerator to distinguish between two potential inverses (i.e. sin(ar) and cos(at)).

= Example 5.8 Find the inverse transforms of the following
W) F(s)=2—1s+:%

The denominator of the first term is s indicating that this will be the Laplace Transform
of 1. Since Z{1} = % we will factor out the 6 before taking the inverse transform. For
the second term, this is just the Laplace Transform of €%, and there’s nothing else to do
with it. The third term is also an exponential, 3 and we’ll need to factor out the 4 in the
numerator before we take the inverse transform.

So we have
1 _ N NS T |
LHE$)) = 62} -2 gt
f(t) = 6(1)—e +4(e™) (5.48)
6 — e + 4 (5.49)

(5.47)
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(i) G() = 1 — 5k + 3

The first term is just the transform of e~ multiplied by 12, which we will factor out
before applying the inverse transform. The second term looks like it should be exponential,
but it has a 2s instead of an s in the denominator, and transforms of exponentials should
just have s. Fix this by factoring out the 2 in the denominator and then taking the inverse
transform. The third term has s* as its denominator. This indicates that it will be related to

the transform of #3. The numerator is not correct since £ {1} = % = S%. So we would

need the numerator to be 6, and right now is 2. How do we fix this? We’ll multiply by %,
absorb the top 3 into the transform, with these fixes incorporated we have

1 1 32
G = 12 - —— 5.50
(s) s—(=3) 2(5-2) 34 (>-50)
1 1 1 16
= 12 —— —— 5.51
s—(=3) 2(s-2) "3 -51)
Now we can take the inverse transform.
3y Lo 13
g(t) =12 " — 5¢ -+ §t (5.52)
. _ 4 3
(V) H(s) = 7355 + 7376

The denominator of the first term is, sZ + 25, indicates that this should be the transform
of either sin(5¢) or cos(5¢). The numerator is 4s, which tells us that once we factor out the
4, it will be the transform of cos(5¢). The second term’s denominator is s2 416, so it will
be the transform of either sin(4¢) or cos(4¢). The numerator is a constant, 3, so it will be
the transform of sin(4¢). The only problem is that the numerator of . {sin(4¢)} should be
4, while here it is 3. We fix this by multiplying by j—t. Rewrite the transform

H(s) 4s241r52 + %SZ i42 (5.53)
_ 4s241rs2 +§1s2142 (5.54)

Then take the inverse
h(t) =4cos(5t) + % sin(4t7) (5.55)

Let’s do some examples which require more work.

= Example 5.9 Find the inverse Laplace Transforms for each of the following.
: F _ 3s—7
) F(s) = 77
Looking at the denominator, we recognize it will be a sine or cosine, since it has the
form s% + a?. It is not either because it has both s and a constant in the numerator, while a
cosine just has s and the sine just has the constant. This is easy to compensate for, we split

the fraction into the difference of two fractions, then fix them up as we did in the previous
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example, we will be able to then take the Inverse Laplace Transform

F(s) = s32s+—_176 (5.56)
S ism - s24jZ 16 6:37)
- 3s2—i16_4_1s2—216 (5.58)
B 3s2i16_ézls2+16 (59

Now each term is the correct form, and we can take the inverse transform.
f(t) =3cos(4t) — %Sin(m) (5.60)

(H) G(S) - sz—}l—;s%ilo

If we look at the table of Laplace Transforms, we might see that there are no denomi-
nators that look like a quadratic polynomial. Also, this polynomial does not factor nicely
into linear terms. There are, however, some terms in the table with denominator of the
form (s —a)? + b?. Those for e cos(bt) and e sin(bt). Put the denominator in this form

by completing the square.

425410 = $24+2s+1—-1+10 (5.61)
= $2425+1+9 (5.62)
= (s+1)%49 (5.63)
Thus, our transformed function can be written as
1—3s
Gs) = ——5— 5.64
&)= Gx2 10 (5.64)

We will not split this into two pieces yet. First, we need the s in the numerator to be
s+ 1 so we can have the numerator of ¢’ cos(3¢). We do this by adding and subtracting 1
from the s. This will produce some other constant term, which we will combine with the
already present constant and try to have the remaining terms look like the numerator for
e 'sin(3t).

1-3(s+1-1)
G(s) G1I2E0 (5.65)
1-3(s+1)+3
(s+1)2+9 (5.66)
—3(s+1)+4
G249 (5.67)

Now we can break our transform up into two pieces, one of which will correspond to the
cosine and the other to the sine. At that point, fixing the numerators is the same as in the

last few examples.
s+1 4 3

Gs) = SEre T3G040

g(s) = —Be_tcos(3t)+ge_tsin(3t) (5.69)

(5.68)
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(iii) H<S) = Sziizlz
This seems identical to the last example, but there is a difference. We can immediately
factor the denominator. This requires us to deal with the inverse transform differently.

Factoring we see

s+2

BNCEIEE)

(5.70)

We know that if we have a linear denominator, that will correspond to an exponential. In
this case we have two linear factors. This by itself is not the denominator of an particular
Laplace Transform, but we know a method for turning certain rational functions with
factored denominators into a sum of more simple radical functions with those factors in
each denominator. This method is Partial Fractions Decomposition.

We start by writing

s+2 A B
H(s) = = . 5.71
(s) (s+3)(s—4) s—|—3+s—4 .71)
Multiply through by (s+3)(s —4):
s+2=A(s—4)=B(s+3). (5.72)

This must be true for any value of 5. As a result, we have two methods for determining A
and B.

Method 1: Match coefficients on functions of s just like in the method of undetermined
coefficients

s: 1 = A+B (5.73)
1: 2 = —4A+3B (5.74)

Solving the system of two equations in two unknowns we get A = % and B = g.
Method 2: Choose values of s (since it must hold for all s) and solve for A and B.

1
s=-3: -1 = —-T7TA = A:? (5.75)
6
s=4: 6 = TB = B:? (5.76)
Thus, our transform can be written as
1 6

H(s) = —! ! 5.77
(s) s+3 * s—4 .77

and taking the inverse transforms, we get

1 6

h(t) = —e 3 4 —¢* (5.78)

7 7
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Fartor in Denominator Partial Fractions Term
A
ar+ b p——
ar
(ax + biF Ay 4 Ag P Ay
\ax Tl ar+b  f(ax+b)2 T (ax+ )k
Ar
ar? +bxr+e —Q—+ B
Az + B s Bt Az + B
f @ | ok AlT 1 AT 2 AT k
ar +br+ ¢ + ...
! ) ar? +br+e  jart 4+ br+ci® {az? +br + c)F

TapLE 25.1. Translation from factored denominator to partial fractions.

REMARK: We could have done the the last example by completing the square. How-
ever, this would have left us with expressions involving the hyperbolic sine, sinh, and the
hyperbolic cosine, cosh. These are interesting functions which can be written in terms of
exponentials, but it will be much easier for us to work directly with the exponentials. So
we are better off just doing partial fractions even though it’s slightly more work.

Partial Fractions and completing the square are a part of life when it comes to Laplace
Transforms. Being good at this technique helps when solving IVPs, since most answers
have sines, cosines, and exponentials.

Here is a quick review of partial fractions. The first step is to factor the denominator as
much as possible. Then using the table above, we can find each of the terms for our partial
fractions decomposition. This table is not exhaustive, but we will only have these factors
in most if not all cases.

= Example 5.10 Find the inverse transform of each of the following.

: _ 2s+1
® Fls) = Gierae
The form of the decomposition will be
A B C
G(s) =
(s) s—2+s+3 +s—l

(5.79)

since all the factors in our denominator are linear. Putting the right hand side over a
common denominator and setting numerators equal, we have

25s+1=A(s+3)(s—1)+B(s=2)(s—1)+C(s—2)(s+3) (5.80)

We can again use one of the two methods in Partial Fractions, where we choose key values
of s that will isolate the coefficients.

s=2: 5 = A5)(1) = A=1 (5.81)
s=-3: -5 = B(-5)(-4) = B:—;L (5.82)
s=1: 3 = C(=1)(4) = cz—g (5.83)

Thus, the partial fraction decomposition for this transform is

1 1 3

_ _ 4 _ _ 4
F(s)—s_2 3 so1 (5.84)

The inverse transform is

e (5.85)
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e _ 23
A
Now we have a quadratic in the denominator. Looking at the table we see the form of

the partial fractions decomposition will be

A Bs+C
Gs)= —+ ———. 5.86
(s) s—2+s2+3 ( )

If we multiply through by (s —2)(s* 4 3), we get
2-3s=A(s*+3)+ (Bs+C)(s—2) (5.87)

Notice that we cannot use the second method from the previous example, since there are 2
key values of s, but we have 3 constants. Thus we must compare coefficients

2-3s = A(s*+3)+(Bs+C)(s—2) (5.88)
= As’+3A+Bs®>—2Bs+Cs—2C (5.89)
(A+B)s* +(—2B+C)s+ (3A—2C) (5.90)
We have the following system of equations to solve.
s A+B = 0 (5.91)
2B+C 3 = A=-—Sp_S o3 (5.92)
S . — = — = —— = — = —— .
7 7 7
s'=1: 34-2C = 2 (5.93)

Thus the partial fraction decomposition is
8 8 5

7 75 7
= - = 94
G(s) s—2+s2—|—3 s2+3 (5.94)
8 1 8 2 5 3
= + \/_ (5.95)

Ts—2 75243 735243

and the inverse transform is

8, 8 5 .
1) = —=e” + = cos(v/3t) — —=sin(V/31). 5.96
gl1) =~ + S eos(V3H) 2 sin(v/31) (596)
(i) H(s) = 55505
The partial fraction decomposition in this case is
A B C D
Hs)=—45+—=+—. (5.97)

Multiplying through by the denominator of H gives

2 = As*(s—1)+Bs(s—1)+C(s—1)+Ds> (5.98)
= As’ —As*+Bs* —Bs+Cs—C+Ds’ (5.99)
and we have to solve the system of equations
1 A+D = 0 (5.100)
s>: —A+B = 0 (5.101)
s: —-B+C = 0 = A=-2B=-2C=-2D=2 (5.102)

1: —C=2 (5.103)
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Thus our partial fractions decomposition becomes

His) = —=—=— Z 4 (5.104)
- _f_Z_ZZ2, 2 (5.105)

and the inverse transform is
h(t) = =2 —2t —t* 4 2¢' (5.106)

Laplace Transform for Derivatives

Last Time: We thoroughly studied Laplace and Inverse Laplace Transforms
Recall the following formula from a previous lecture

LY =5"F(s) =" F(0) — "2 (0) — ... — sf72(0) — 7D (0). (5.107)

We will be dealing exclusively with second order differential equations, so we will need to
remember

2}y = sY(s) - (0) (5.108)
LY} = $°Y(s)—sy(0) -y (0) (5.109)

You should be familiar with the general formula from lecture 6.1.
REMARK: Notice that we must have our initial conditions at t = 0 to use Laplace
Transforms.

= Example 5.11 Solve the following IVP using Laplace Transforms
y' =5y —6y=5t y(0)=-1 y(0)=2 (5.110)

We begin by transforming both sides of the equation:

2"y =52/} -62{y} = 52{1} (5.111)
PV (5) — 59(0) —y/(0) — 55 (5) + 5y(0) — 6¥ (5) — S% (5.112)
(s —55—6)Y(s)+s5—2—-5 = S% (5.113)

As we have already begun doing, now we solve for Y (s).

5 T—s
Yis) = s2(s2—5s—6)+52—5s—6 5.114)
5 T—s
T 26-661D) GG+ G115
2_ 3
_ 547s°—s (5.116)

s2(s—6)(s+1)
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We now have an expression for Y (s), which is the Laplace Transform of the solution
y(t) to the initial value problem. We have simplified as much as possible now we need
partial fractions decomposition to take the inverse transform

Y() A+B+ C + D
S)=—4+—=+—— )
s s s—6 s+1

(5.117)

Multiplying through by s?(s — 6)(s 4 1) gives
6+7s°+5° =As(s—6)(s+1)+B(s —6)(s+ 1) +Cs*(s+ 1)+ Ds*(s — 6) (5.118)

We can find the constant by choosing key values of s

s=0: 6 = —6B = B=-1 (5.119)
s—6: 42 = 252C = c:é (5.120)
s=—1: 14 = -7D = A:1—12 (5.121)
So
y(it) = 1—12—t+ée6[—%e_t. (5.123)

EXERCISE: Solve the IVP in the previous example using the Method of Undetermined
Coefficients. Do you get the same thing? Which method took less work?

= Example 5.12 Solve the following initial value problem
Y/ 4+2y +5y =cos(t) —10t, y(0)=0, Yy (0)=1 (5.124)
We begin by transforming the entire equation and solving for Y (s).

LN 422452y} = L{cos(t)} — 10L{1(5.125)

10
$2Y (5) — sy(0) — ' (0) +2(s¥ (s) — y(0)) +5¥ (s) = ﬁ -5 (5.126)
(P+25+5)Y(s)—1 = ﬁ - g (5.127)
So we have
5 10 1
Y(s) = (s2+1)(s2+25+5) B s2(s2+2s+5) + §24+25+5 (5-128)
= Yi(s)+Ya(s) + Y3(s). (5.129)

Now we will have to take inverse transforms. This will require doing partial fractions on
the first two pieces.
Let’s start with the first one
s _ As+B Cs+D

Yi(s) = = 5.130
1) (s2+1)(s2+25+5) 52+1+s2+2s+5 ( )
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Multiply through by (s? 4 1)(s? +2s +5)

2 = As(s®+25+5)+B(s*+25+5)+Cs(s*> + 1)+ D(s* + 1)
= (A+C)s’ +(2A+B+D)s* + (5A+2B+C)s+ (5B+D)

This gives us the following system of equations, which we solve

A+C = 0
2A+B+D = 0
5A+2B+C =1 = A—lB—1 C= 1D— !
N 57 100 57 2
5SB+D = 0
Thus our first term becomes
1 s 1 1 1 s 1 1

Yl(s)

T 5241 +1_0s2+1 C582425+5 252+425+5
We will hold off on taking the inverse transform until we solve for Y,.

10 A B Cs+D

Yo(s) = —— 2 Rt
2(s) s2(s2+25+5) s +sz +s2—|—2s+5

We multiply through by s?(s® + 25 +5)

—10 = As(s*+2s+5)+B(s*+2s+5) +Cs’ + Ds*
(A+C)s® + (2A+B+D)s* + (5A+2B)s+ 5B

This gives the following system of equations

A+C = 0
2A+B+D = 0
4 2
5SA+2B = 0 = Azg B=-2 C:——ng
5B = —10
Thus we have
41 2 4 s 2 1
Y =___ - __ il ‘
2(s) 55 s? 5s2+2s+5+5s2+2s+5

Let’s return to our original function

Y(s) = Yi(s)+Ya(s) +¥3(s)

1 s +1 1 +41 2+( 1 4) s o
58241 108241 55 2 5 5/s242s+5
1 s 1 1 41 2 s 9 1

| =

5241 10211 755 82 (L1244 10(s+1)2+4

(5.131)
(5.132)

(5.133)
(5.134)

(5.135)
(5.136)

(5.137)

(5.138)

(5.139)
(5.140)

(5.141)
(5.142)

(5.143)
(5.144)

(5.145)

(5.146)

+2+1)*%—1-47§>
5 §2 25+

(5.148)
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Now we have to adjust the last two terms to make them suitable for the inverse transform.
Namely, we need to have s+ 1 in the numerator of the second to last term, and 2 in the
numerator of the last term.

I s 1 1 41 2 s+1-1 9 1

_ 2 T S L (5149
5s2+1+10s2+1+5s 2 (S+1)2+4+10(s—1—1)2—}—4 ( )
1 = 1 1 41 2 s+1 19 1
-z T T T AT T T TR 5.150
SP+1 105241 55 82 r12td 10eriEea 10
1 s 1 1 41 2 s+1 19 2
-z T T T R T T s T AT 5.151
5S2+1+10s2+1+5s 52 (s—|—1)2—|—4+2()(s—|—1)2-|—4 ( )
(5.152)
So our solution is
(1) 1cos(t)+ ! s'n(t)—l—4 2t —e ' cos(2t) + 1 “sin(2t) (5.153)
= — —S1 PR _ _- . )
NW=35 10 5 ¢ 20°

We could have done both the preceding examples using the method of Undetermined
Coefficients. In fact, it would have been a lot less work.

The following examples are to be done after learning Section 6.3. Let’s do some
involving step functions, which is where Laplace Transforms work great.

= Example 5.13 Solve the following initial value problem.
Y =y +6y=2—u(t)e** y(0)=0 ' (0)=0 (5.154)

As before, we begin by transforming everything. Before we do that, however, we need
to write the coefficient function u,(¢) as a function evaluated at t — 2.

Y =5y 46y =2—uy(t)e? =2 (5.155)
NOW WweE can transform

LN 52Uy r62{) = 22{1) - L{u(1)(5356)
2

szY(s) —59(0) —y'(0) — 5sY (s5) +5y(0) —6Y (s) = o e_zs.i”{e%} (5.157)
(s =55+ 6)Y(s) = %—e%si (5.158)
So we end up with
_ 2 25 1
Yo) = Go36-2 ¢ Goano2p (5.159)
= Yi(s)+e *N(s). (5.160)

Since one of the terms has an exponential, we will need to deal with each term separately.
I’ll leave it to you to check the partial fractions.

11 2 1 1
Y = —— 4= — 5.161
1(s) 3s+3s—3 s—2 ( )
1 1 1

s—3 s—2 (s—2)?

(5.162)
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Thus we have

11 2 1 1, 1 1 1
Y(s)==-+2——— s(— 1
() =5 t5 5 5t ( —tt ) (5.163)

and taking the inverse transforms

1 2
yit) = 5 + §e3t —e? (1) (—e3(t2) +e272) 4 (1 — 2)62(’2)) (5.164)
1 2 3t 2t 3t—6 2t—4 2t—4
= §+§e —e“tup(t)| —e' " —e? T+ te (5.165)
once we observe that % {ﬁ} =te". .

= Example 5.14 Solve the following initial value problem
V' 4+ 4y =8+rtuy(t), y(0)=0, y(0)=0 (5.166)

We need to first write the coefficient function of u4(¢) in the form /(r —4) for some function
h(t). So we write h(t —4) =t =t — 4 +4 and conclude h(t) =t +4. So our equation is

Y +4y =8+ ((t—4)+4)us(2). (5.167)

Now, we want to Laplace Transform everything.

LYY +H4L{y) = 8L{1}+L{(t—4)+duy(t)} (5.168)
s?Y (s) —sy(0) =Y/ (0) +4Y (s) = §+e—4s,§,ﬂ{r+4} (5.169)
2 _ § —4s l f
(s“+4)Y(s) = S+e <s2+s> (5.170)
So we have
B 8 oy 1 4
Y(s) = —S<S2+4)+e (S2(52+4)+s<52+4)) (5.171)
. —4s 1+4S
— —s(82+4)+e 2671 d) (5.172)
= Yi(s)+e M(s). (5.173)

where we have consolidated the two fractions being multiplied by the exponential to reduce
the number of partial fraction decompositions we need to compute. After doing partial
fractions (leaving the details for you), we have

2 2s
Yis) = s 244

(5.174)

and

1 11 s 1 1
Ns)=—-—+—-=5— —— . 5.175
2(s) s—’—4s2 s2+4 45244 ( )
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SO
2 2s a1 11 s 1 1
Y = —— N—-4+-5— —— 5.176
(s) s s2—|—4+e <s+4s2 s2+4 4s2—|—4> ( )
2 s a1 11 s I 2
= ——2 1-4+-5-— — = 5.177
s s2-|—4+e (s+4s2 s2+4 8s2+4) ( )

(5.178)

and the solution is
1 1 .
y(t) = 2—2cos(2t) 4 us(t) (1 - Z(t —4) —cos(2(t—4)) — 3 sin(2(t — 4()5)79)

= 2—2co0s(2t) +uy(t) (%t —cos(2r—8) — %sin(2t — 8)) : (5.180)

Step Functions

Last Time: We thoroughly studied the solution process for IVPs using Laplace Transform
Methods.

When we originally defined the Laplace Transform we said we could use it for piecewise
continuous functions, but so far we have only used it for continuous functions. We would
like to solve differential equations with forcing functions that were not continuous, but
had isolated points of discontinuity where the forcing function jumped from one value to
another abruptly. An example is a mechanical vibration where we add some extra force
later on in the process. Without Laplace Transforms we would have to split these IVPs
into several different problems, with initial conditions derived from previous solutions.

Step Functions
Consider the following function

0 ift<c

u(t—c) =u(t) = { (5.181)

1 ift>c

This function is called the step or Heavyside function at c. It represents a jump at ¢ = ¢
from zero to one at = ¢. One can think of a step function as a switch that turns on its
coefficient at a specific time. The step function takes only values of O or 1, but is easy
enough to give it any value desired by changing its coefficient. 4u.(¢) has the value 4 at
t = c¢ and beyond. We can produce a switch that turns off at r = c,

1 —uc(t) =

1-0=1 if
{ 0 ifr<c (5.182)

1-1=0 ift>c
it will exhibit the desired behavior. This function will get any contribution we want prior

to t = c. This is the key to writing a piecewise continuous function as a single expression
instead of a system of cases.
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= Example 5.15 Write the following function in terms of step functions.

9 ifr<?2
—6 if2<tr<6
t) = - 5.183
1) 25 if6<tr<9 ( )
7 if9<t

There are three jumps in this function att =2, ¢ = 6, and r = 9. So we will need a total
of three step functions, each of which will correspond to one of these jumps. In terms of
step functions,

F(6) =9—15u(t —2) +31u(t — 6) — 18u(r — 9) (5.184)

How did we come up with this?

When r < 2, all of the step functions have the value 0. So the only contributing term in
our expression for f(¢) is 9, and on this region f(z) = 9.

On the next interval, 2 <t < 6, we want f(¢) = —6. The first step function u(t —2) is
on, while the others are off. Notice that 9 is still present and as a result, the coefficient of
u(t —2) will need to cause the sum of it and 9 to equal -6. So the coefficient must be -15.

On the third interval, 6 < < 9, we now have two functions turned on while the last
one is off. The first two terms contribute 9 — 15u(r — 2). Thus the coefficient of u(r — 6)
will need to combine with these to give our desired value of f(z) = 25. So it must be 31.

The last term, we have the interval 9 <¢. Now all the switches are turned on and the
coefficient of u(r —9), the step function corresponding to the final jump, should move us
from our previous value of 25 to our new value, f() = 7. As aresult, it must be -18. =

We are not just interested in situations where our forcing function takes constant values
on intervals. In the case of mechanical vibrations of the sort we considered earlier, we
might want to add in a new external force which is sinusoidal.

So consider the following piecewise continuous function: g(t) = u(t —c)f(t —¢),
where f(¢) is some function. We shift it by ¢, the starting point of the step function, to
indicate that we want it to start working at # = ¢ instead of r = 0, which it would normally.
Think of this graphically, to get the graph of g(¢), what we want to do is take the graph
of f(t), starting at t = 0, and push it to start at = ¢ with the value of O prior to this time.
This requires shifting the argument of f by c.

Laplace Transform
What is the Laplace Transform .Z{g(¢)}?

Z{g(t)} = fiu(r—c)f(t—c)} (5.185)
_ /O w(t — c)e™" f(t — ¢)di (5.186)

= / e ' f(t—c) using the definition of the step function (5.187)

Now this looks almost like a Laplace Transform, except that the integral starts at t = ¢
instead of # = 0. So we introduce a new variable y = ¢ — ¢ to shift the integral back to
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starting at 0.

G(s) = /O ") £ du (5.188)
— e / " e f () du (5.189)

0
= e *“F(s) using the notationF(s) = Z{f(u)}. (5.190)

Notice that the Laplace Transform we end up with is the Laplace Transform of the original

function f(¢) multiplied by an exponential related to the step function’s "on" time, even
though we had shifted the function by c to begin with. Summarizing, we have the formula

Ll f(t—c)} = e F(s) = e L{f(1)}. (5.191)

It is critical that we write the function to be transformed in the correct form, as a
different function shifted by c¢, before we transform it using the above equation. We
compute the transform of f(¢) NOT the shifted function f (¢ —¢). This is the most common
mistake initially.

We can get a formula for a step function by itself. To do so, we consider a step function
multiplied by the constant function f(z) = 1. In this case f(t —c) = 1. So

Lluc()} = L{uclt) 1} = e S 2{1} = %e (5.192)

= Example 5.16 Find the Laplace Transforms of each of the following

(3) £(1) = 10ug(r) +3(t — 4)2u(t) — (1 + €12 )us (1)

Recall that we must write each piece in the form u.(r)h(t — ¢) before we take the
transform. If it is not in that form, we have to put it in that form first. There are three terms
in f(¢). We will use the linearity of the Laplace Transform to treat them separately, then
add them together in the end. Write

f(t) = fi(t) + fat) + f3(2) (5.193)

f1(t) = 10ug(2), so it is just a constant multiplied by a step function. We can thus us
Equation (5.192) to determine its Laplace Transform

10e~%
s

L{fi(1)} =10L{ug(t)} = (5.194)

fo(t) = 3(t —4)%u4(t), so we have to do two things: 1. Write it as a function shifted by
4 (if not in that form already) and 2. Isolate the function that was shifted and transform it.
In this case, we are good: we can write f>(¢) = h(t — 4)uy(t), with h(t) = 3¢>. Thus

—4s 2 42 G
LA} = 2B} =305 = T (5.195)
Finally, we have f3(¢) = — (1 +¢'97%)us(). Again, we have to express it as a function

shifted by 5 and then identify the unshifted function so that we may transform it. This can
be accomplished by rewriting

f(1) = —(14+e20)us(r), (5.196)
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so, writing g3(t) = h(t — 5)us(t), we have h(t) = —(1 +e~?') as the unshifted coefficient
function. Thus

1 1
L)} = L{-(1+e )} =—e( = : 5.197
(0} =S Z{~(1+e )} = = —+— (5.197)
Putting it all together,
10e7%  6e=* /1 1
F(s)= —e ' = . 5.198
(s) s g (s+s+2> ( )

(ii) g(1) = t?up(t) — cos(t)u7 (1)

In the last example, it turned out that all of the coefficient functions were pre-shifted
(the most we had to do was pull out a constant to see that). In this example, that is definitely
not the case. So what we want to do is to write each of our coefficient functions as the
shift (by whichever constant is appropriate for that step function) of a different function.
The idea is that we add and subtract the desired quantity, then simplify, keeping the correct
shifted term.

So, let’s write g(t) = g1 (¢) + g2(¢) where

gi(t) = tu(t) (5.199)
gi(t) = (1—2+2)%u(t) (5.200)

This is not quite there yet, use the Associative Property of Addition

git) = ((1—=2)+2)ua(r) (5.201)
((t—=2)> +4(t = 2) +Dua(1). (5.202)

Now we can see that g1 (¢) = h(t —2)ua(t), where h(t) = 1> + 4t +4.

L{g1()} = e BL2{* + 41 + 4} :ezs(s%—i—;iz—i—é) (5.203)
The second term is similar. We start with
g2(t) = —cos(t)uz(t) = —cos((t —7)+7)uz (1) (5.204)
Here we need to use the trig identity
cos(a+b) = cos(a)cos(b) —sin(a) sin(b). (5.205)
This yields
g2(t) = —(cos(t —7)cos(7) —sin(t — 7) sin(7) )u7 (t) (5.206)

Since cos(7) and sin(7) are just constants we get (after using the linearity of the Laplace
Transform)

Lo} = —e (cos(7).L{cos(t)} —sin(7).Z{sin(t)}) (5.207)
scos(7) sin(7)

. —s
¢ (52+1 s2+1

)- (5.208)
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Piecing back together we get

G(S) = e_zs(z + i + i) _ e_7s(SCOS(7) - Sin(7)

352 5 5241
3 .
t ifr <4
G FO)=< 5 ., .
t°+2sin(y; —5) if4 <t
The first step is to write f(¢) as a single equation using step functions.

). (5.209)

t 1
£t :t3—|—25in(ﬁ—§)u4(t) (5.210)
Next, we want to write the coefficients of us(r) as another function shifted by 4.
1
£ :t3+2sin(ﬁ(t—4))u4(t). (5.211)
Since everything is shifted, we have
1
F(s) = 2{}+ 26_4“${sin(ﬁt)} (5.212)
- 3y 2e—4si (5.213)
st 2+ (15)?
6 e
= S+ (5.214)
st 12(s2 4 1}14)
6 e—4s
= D4+ —--. 5.215
RN 5 21
. t ifr<?2
iv) g(t) =
) (1) {3+(z—2)2 if2<1

First, we need to write g(¢) using step functions.
g(t) =1+ (=1 +3+ (1 =2)*)ua(1). (5.216)

Notice that we had to subtract ¢ from the coefficient of u;(¢) in order to make g(¢) have the
correct value when r > 2. However, this means that the coefficient function of u;(f) is no
longer properly shifted. As a result, we need to add and subtract 2 from that 7 to make it
have the proper form.

gt) = t4+(—(t=2+42)+3+(—2)")ur(r) (5.217)

= 4+ (—(t—2)=2+3+(t=2))ur(t) (5.218)

= 14+ (—(=2)+1+(—2)")ur(t) (5.219)
So, we have

G(s) = ZL{t}+e ¥ (L{—1}+2{1}+2{*}) (5.220)

= Slz+623(—sl2+%+%)- (5.221)

As you can see, taking the Laplace Transforms of the functions involving step functions
can be a bit more complicated than taking Laplace Transforms of original functions. It still
is not too bad, we have to make sure our coefficient functions are appropriately shifted.
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Differential Equations With Discontinuous Forcing Functions

Last Time: We considered the Laplace Transforms of Step Functions.
L{u(t—c)ft—c)} = 2{f(1)} (5.222)

where f(t — c) is the coefficient function of u(z —c).

Inverse Step Functions

Now let’s look at some inverse transforms. The previous formula’s associated inverse
transform is

L Ye ™ SF(s)} =u(t —c)f(t—c), (5.223)

where f(t) = .2 '{F(s)}. So we need to be careful about the shifting. This time we shift
at the end of the calculation, after finding the inverse transform of the coefficient of the
exponential.

» Example 5.17 Find the inverse Laplace Transform of the following.
. —2s

) F(s) = =053

Whenever we do this, it is a good idea to ignore the exponential and determine the
inverse transform of what is left over first. In this case we cannot split anything up, since
there is only one exponential and no terms without an exponential. So we pull out the
exponential and ignore it for the time being

s
F(s)=e »———  _ — ¢ 2H(s). 5.224

We want to determine 4(t) = .2~ {H(s)}. Once we have that, the definition of the inverse
transform tells us that the inverse will be

F(6) =h(t—2)u(t—2). (5.225)

Now we need to use partial fractions on H(s) so that we can take its inverse transform.
The form of the decomposition is

A B
H(s) = 5.226
(s) s—4  s+3 ( )
So
s=A(s+3)+B(s—4) (5.227)
We can use the quick method of picking key values of s
4
s=4: 4 = T7A = A=§ (5.228)
3
s=-3: -3 = 7B = B= 7 (5.229)
So the partial fraction decomposition is
4 1 31
H = = = 5.230
) = 7355377553 6230
4 1 1
_ L3 1 (5.231)

7s—4 7s+3
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So we have

4, 3
h(t) = 7e4f + 7e—3f. (5.232)

Thus, since f(¢t) = h(t —2)u(t —2),

£ = u(i— 2)(‘7‘@402) N %ewz)) (5.233)
= u(r— 2)(‘;64’—8 + 36—3“6). (5.234)
.. 6735 6775
(i) G(s) = (=555)
We write
Gls) = (2e 3 43¢ ) (263 13 ) s). (5.235)

(s—3) (s2 +9)
We want to find the inverse transform of

1

H(s)=———5—. 5.236
=319 (:236)
The partial fraction decomposition is
A Bs+C A(s®>+9)+(Bs+C)(s—3)
H(s) = = 5.237
) =3 50 (5—3)(2+9) (5-237)
So we have the following
1 = A +0)+(Bs+C)(s—3) (5.238)
= (A+B)s>+ (—3B+C)s+ (94 —3C) (5.239)
Setting the coefficients equal and solving gives
1 1 3
: —3B = A=— B=—— C=—— 241
s 3B+C 0 = T T C T (5.241)
90 9A-3C = 1 (5.242)
Substituting back into the transform, we get
1,1 —s—3
H = —(—— 5.243
) = 53 e (5.243)
1,1 s 3
- — — ) 5.244
18(5—3 s2+9 s2+9> ( )
Now, if we take the inverse transform, we get
1
h(t) = — (¥ — cos(3t) — sin(31)). (5.245)

18
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Returning to the original problem, we had

G(s) = (2¢*+3¢ )H(s) (5.246)
= 2¢ H(s)+3e *H(s). (5.247)

We had to distribute H(s) through the parenthesis and use the definition, since we must
end up with each term containing one step function and one coefficient function. So

g(t) = 2h(t—3)u(t—3)+3h(t—Tu(t—17)) (5.248)
= @(Q(’%)—cos(3(t—3))—sin(3(t—3))) (5.249)
b 2T (0D cos(30-7)) — sin(3(0-7))) (5.250)

4s

(i) P(s) = 5

We write
1
F(s) = e®——  —¢%H 5.251
(s) TR (s) ( )
A B C

H(s) = S+-— 5.252
(s) s2+s+s+1 ( )
1 = A(s+1)+Bs(s+1)+Cs? (5.253)
(B+C)s> +(A+B)s+A (5.254)

So we have
B+C = 0 (5.255)
A+B = 0 = A=1B=-1C=1 (5.256)
A =1 (5.257)

Thus H(s) and its inverse transform are

I 1 1

H(s)=——— 5.258
(5) 2 s + s+1 ( )
h(t)=t—1+e™’ (5.259)
Our original transform function was
F(s)=e ™H(s). (5.260)
By the definition of the inverse transform, it will be
f(t) = h(t—4)u(r—4) (5.261)
= (t—4) =1+ u(r—4) (5.262)
(t—5+e*u(r—4) (5.263)

. _ 25
() G(s) = 355575
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In this case, we won’t have to do partial fractions, since the denominator does not
factor. Instead, we will have to complete the square and we get

S—efzs 5 2s 1 2s
= —e T = —e” 5.264
GH12+4 (s+12+4 © Gri2+4 Gi(s) —e 7Ga(s) ( )

G(s) =

We need to treat Gi(s) and Gy(s) separately. Gi(t) is almost fine, but we need the
numerator to contain s + 1 instead of s. We do this by adding and subtracting 1 from the
numerator

s+1-1
G — 5.265
1(s) (s+1)2+4 (5.265)
s+1 1
= — 5.266
G112+4 (+17214 (5:266)
s+1 1 2
— __ 5.267
(s+1)2+4 2(s+1)2+4 ( )
1
g1(t) = e 'cos(2t)— Ee*’ sin(2t). (5.268)
For G;(t), all we have to of is to make the numerator 2 instead of 1.
1
G — 5.269
) = GrieTa (5:269)
1 2
= o — 5.270
2(s+1)2+4 ( )
1
() = Ee_t sin(2t) (5.271)
Our original transform was
G(s) = Gi(s) — e Gy (s) (5.272)
By the definition of the inverse transform
g(t) = gi(t)—g(t—2)u(r—2) (5.273)
1 1
= e 'cos(2r) — je " sin(2r) Ee—<’-2> sin(2(t —2))u(t —2) (5.274)
1 1
= ¢ cos(2r) — Je'sin(2) §e2—f> sin(2t —4))u(t —2) (5.275)

HW 6.3 #19,21

5.4.2 Solving IVPs with Discontinuous Forcing Functions

We want to now actually solve IVPs by using the Laplace Transform and our experience
with step functions.
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= Example 5.18 Find the solution to the initial value problem
Yi'ty=g(t), »0)=0, Y(0)=1 (5.276)
where
2t if0<r<l1
1) = - 5.277
80 {2 if1<r< oo 6277
The Laplace Transform of the left side and using ICs we get
LYy} =57V (s) =s9(0) =Y (0) + Y (5) = (s> + )Y (5) — 1 (5.278)
From techniques in the previous section we know
2—2e"
(g} = () = 22 (5279
So combining these two
2—2eF
(P41 (s)— 1= = (5.280)
s
Solving for Y (s) we get
2—-2e° 1
Y(s)= 5.281
(s) s2(52+1)+s2+1 ( )
Note that if we use partial fractions decomposition
1 1 1
- =5 — 5.282
s2(s24+1)  s2 5241 ( )
So the equation becomes
2—2e % 2-2e° 1
% _ _ 5.283
(s) ( 52 s2+1 )+s2+1 ( )
2 2% 2e° 1
= - ¢ ¢ (5.284)
S

52 +s2—|—1_s2—|—1

From our table we know the inverse of 1/s? is the function 7, and the inverse transform of

1/(s®>+1) is sin(¢). Thus
y(t) =2t —2(t — Du(t — 1)+ 2u(t — 1) sin(r — 1) — sin(¢)
The function y(¢) can also be written as

(1) = 2t —sin(t) ifo<r<1
| 242sin(r—1) —sin(r) if 1 <1 <eo

(5.285)

(5.286)
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= Example 5.19 Actually #6 in Homework Section of book. Solve the following IVP

Y'+3y +2y=u(r), ¥(0)=0, »(0)=1
Take the Laplace Transform of both sides of the ODE

e—2s

s7Y (s) — sy(0) —3(0) +3[sY (s) — y(0)] +-2Y (s) =

Applying the initial conditions,

s2Y (5) 4+ 3sY (5)4+2Y (s) — 1 =
Solving for the transform

1 e—ZS

Y(s)= .
(s) 52+3s—|—2+s(s2—|—3s+2)

Using Partial Fractions Decomposition

T B
$24+354+2 s+1 s+2

and

1 11 L 1 2
s(s24+3s+2) 2|s s+2 s+1
Taking the inverse transform term by term the solution is

1 1
y(it)=e'—e 2+ {5 —e 2 4 Ee—%—z)} up(1).

(5.287)

(5.288)

(5.289)

(5.290)

(5.291)

(5.292)

(5.293)

= Example 5.20 #5 in the Homework Section of the book. Solve the following IVP

Y43y +2y=f(t), y(0)=0, Y (0)=0

where

ft) =

1 if0<r<10
0 if10<t <o

Finding the Laplace Transform of both sides of the ODE we have
52 (5) = 53(0) —¥'(0) +3[s¥ (s) —y(0)] +2¥ (s) = Z{f (1)}
Applying the Initial Conditions

s2Y () +3sY (s) +2Y (s) = Z{f (1)}

(5.294)

(5.295)

(5.296)

(5.297)
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The transform of the forcing function is

1 e—l()s
2{f}=--= (5.298)
Solving for the transform gives
1 e—l()s
Y(s)= — . 5.299
(s) s(s2+3s+2)  s(s2+3s+2) ( )
Using Partial Fractions Decomposition
1 1[1 1 2
— === — . 5.300
s(s2+3s+2) 2{s+s—|—2 s—f—l] ( )
Thus
1 1 e
L MNog—m——| =2 —e . 5.301
L(s2+3s+2)] 2t (5.301)
So using the inverse theorem for Step Functions
~10s —2t
_ e 1 e _
S Ee= el R PR 0 .
Hence the solution to the IVP is
1 e 1 —(21-20) —(t—10)
y(t) = E[l —upo(t)] + 5 e 5[6 —2e |uio(t). (5.303)

Dirac Delta and the Laplace Transform

Last Time: We studied differential equations with discontinuous forcing functions. Now
we want to look at when that forcing function is a Dirac Delta. When we considered
step functions we considered these to be like switches which get turned on after a given
amount of time. In applications this represented a new external force applied at a certain
time. What if instead we wanted to apply a large force over a short period of time? In
applications this represents a hammer striking an object once or a force applied only at one
instant. We want to introduce the Dirac Delta "function" to accomplish this goal.

The Dirac Delta

Paul Dirac (1902 - 1984) was a British Physicist who studied quantum Mechanics. Famous
Quote on Poetry: "In Science one tries to tell people, in such a way as to be understood by
everyone, something that no one ever knew before. But in poetry, it’s exactly the opposite."

There are several ways to define the Dirac delta, but we will define it so it satisfies the
following properties:
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Definition 5.5.1 (Dirac Delta) The Dirac delta at t = ¢, denoted O (7 — ¢), satisfies the
following:

(1) d(t—c)=0,whent#c

Q) [TE8(t—c)dt =1, forany € > 0

3) [FEF()8(t —c)dt = f(c), for any € > 0.

C

We can think of (7 — ¢) as having an "infinite" value at t = ¢, so that its total energy
is 1, all concentrated at a single point. So think of the Dirac delta as an instantaneous
impulse at time ¢ = ¢. The second and third properties will not work when the limits
are the endpoints of any interval including ¢ = ¢. This function is zero everywhere but
one point, and yet the integral is 1. This is why it is a "function", the Dirac delta is not
really a function, but in higher mathematics it is referred to as a generalized function or a
distribution.

Laplace Transform of the Dirac Delta

Before we try solving IVPs with Dirac Deltas, we will need to know its Laplace Transform.
By definition

LLS(1—c)) = /O T et (t—c)dt = e (5.304)

by the third property of the Dirac delta. Notice that this requires ¢ > 0 or the integral
would just vanish. Now let’s try solving some IVPs involving Dirac deltas

= Example 5.21 Solve the following initial value problem
V' 43y —10y=48(t—2), y(0)=2, ¥(0)=-3 (5.305)

We begin by taking the Laplace Transform of both sides of the equation.

s?Y () — sy(0) =y (0) 4+ 3(sY (s) —y(0)) —10Y (s) = 4e (5.306)
(s24+35—10)Y(s) —25—3 = 4de > (5.307)
So
4e% 25+3
YO = 55962 T 61962 (-39
= Yi(s)e > +Ya(s) (5.309)

By partial fractions decomposition we have

4 41 41

Y, — = _ - 5.310
) = E56-2) " 7s-2 Tst5 (5-310)
25+3 1 1
Y = = 5.311
2(s) (s+5)(s—2) s—2+s+5 ( )
Take inverse Laplace Transforms to get
4 4
nit) = e —ze (5.312)

7 7
wt) = ¥4 (5.313)
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and the solution is then

y(t) = yi(t—2)ux(t) +y2(t) (5.314)
= uz(t)(%lez(t_z)—ge_S(I_z))+e2t+e_5t (5.315)

4 2t—4 4 —5t—10 2t —5t
= w(t) Je e +e te (5.316)

Notice that even though the exponential in the transform Y (s) came originally from the
delta, once we inverse the transform the corresponding term becomes a step function. This
is generally the case, because there is a relationship between the step function u.(¢) and
the delta 6 (¢ — ¢).

We begin with the integral

/Z Su—c)du = {0’ e (5.317)
oo I, t>c
— u(t) (5.318)

The Fundamental Theorem of Calculus says

() = %(/_’j@-@w) —S(t—c) (5319)

Thus the Dirac delta at t = c is the derivative of the step function at t = ¢, which we can
think of geometrically by remembering that the graph of u.(¢) is horizonatal at every ¢ # c,
hence at those points u..(#) = 0 and it has a jump of one at 7 = c.

= Example 5.22 Solve the following initial value problem.
Y44y +9y=25(t—1)+¢, y0)=0, y(0)=-1 (5.320)

First we Laplace Transform both sides and solve for Y (s).

s?Y (s) —sy(0) —y' (0) +4(sY (s) —y(0)) +9Y (s) = 2¢ 5+ — (5.321)
(2 +4s+9)Y(s)+1 = 2e—S+Si1 (5.322)
Thus
2e* 1 1
Yis) = s2+4s+9+(s—1)(s2+4s+9)_s2+4s+9 (5.323)
= Yi(s)e *+Ya(s) =Y3(s) (5.324)

Next, we have to prepare Y (s) for the inverse transform. This will require completing
the square for Y (s) and Yz (s), while we will need to first use partial fractions decomposition
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on Y5(s). I leave the details to you to verify, so we now have everything in the correct form

for the inverse transform

Yi(s) = 2 B 2
T 244519 (s+2)2+5
_ 2 V5
V5 (s+2)2+5
v, — 1 L1 s+5
2T 5—1)(2+45+9) 14\s—1 (s+2)2+5
1 1 (s+2-2)+5
o 14\s—1  (s+2)2+5
1 1 s+2 3
o l4\s—1 (s+2)2+5 (s+2)24+5
_A( L st2 3 V5
 14\s—1 (s+2)24+5 /5(s+2)24+5
Ya(s) = 1 B 1
W= (s24+4s+9)  (s+2)2+5
_ L V5
V5 (s+2)245
So their inverse transforms are
2
yi(t) = %3_2tsin(\/§t) (5.325)
1 2 —2t 3 =2t .:
= —(— 5t) — — 5 5.326
y2(t) 14(6 e 2 cos(v/51) \/ge sin(v/5¢)) ( )
1
yi(t) = %eﬂfsm(\@t}. (5.327)
Thus, since our original transformed function was
Y(s)=Yi(s)e " +TYa(s) — Y3(s) (5.328)
we obtain
y(0) = wr(@)yi(t—=1)+y2(r) = y3(t) (5.329)
2 o2
= ul(t)(—e sin(v/5¢ — V/5) (5.330)
V5
1 ! —2t 3 =2t .:
— |- 5t)— — 5t 5.331
+ 14<e e~ cos(V/5t) \/ge sin(v/5¢) ( )
L o
— —e Zsin(V/51). (5.332)
V5
|
= Example 5.23 Solve the following initial value problem.
y 16y =2u3(t) +58(t—1), »(0)=1, y(0)=2 (5.333)
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Again, we begin by taking the Laplace Transform of the entire equation and applying our
initial conditions, we get

2 —3s
$2Y (s) — sy(0) —y/'(0) + 16Y (s) = es +5e78 (5.334)
26—3s
(Z+16)Y(s)—s—2 = —+5¢ (5.335)
Solving for Y (s)
e 3 S5¢~* s+2
Y(s) = 5.336
O PN T R T IT: (5.336)
= Yi(s)e ¥ +T(s)e  +13(s) (5.337)

The only one of these we need to use partial fractions on is the first one. The rest can be
dealt with directly, all they need is a little modification.

2 IT 1 =

M6 = (@1 "85 8116 (5-338)

hls) = s2j16 - §s2i16 -39

Bls) = s;ji-—i6 gEaT: +%s2i16 (340
and so the associated inverse transforms are

yi(r) = % - %cos(4t) (5.341)

() = %sin(4t) (5.342)

y3(t) = cos(4t)+ % sin(41). (5.343)
Our solution is the inverse transform of

Y(s) =Yi(s)e > +Ya(s)e™ +Y3(s) (5.34)
and this will be

y(t) = uz()yi(t—3)+ur(t)y2(t —1) +y3(t) (5.345)

- (% - %cos(4(t - 3))) + Zul () sin(4(z — 1)) + cos(4¢) + %{ﬁq%ﬁ)

= u3(t) (é - %cos(4t - 12)> + gm (t)sin(4t —4) +cos(4t) + % sin(8347)
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6.1

Systems of Differential Equations

To this point we have focused on solving a single equation, but may real world systems are
given as a system of differential equations. An example is Population Dynamics, Normally
the death rate of a species is not a constant but depends on the population of predators. An
example of a system of first order linear equations is

xll = 3x1+x 6.1)
x’z = 2x1—4x (6.2)
We call a system like this coupled because we need to know what x; is to know what x; is
and vice versa. It is important to note that there will be a lot of similarities between our
discussion and the previous sections on second and higher order linear equations. This is

because any higher order linear equation can be written as a system of first order linear
differential equations.

= Example 6.1 Write the following second order differential equation as a system of first
order linear differential equations

Y44y —y=0, y(0)=2, y(0)=-2 (6.3)

All that is required to rewrite this equation as a first order system is a very simple
change of variables. In fact, this is ALWAYS the change of variables to use for a problem
like this. We set

xi(t) = () (6.4)

() = () (6.5)
Then we have

x’l = y=x (6.6)

xy = Y =y—4y=x—4xn (6.7)



6.2
6.2.1

134 Chapter 6. Systems of Linear Differential Equations

Notice how we used the original differential equation to obtain the second equation. The
first equation, x| = xy, is always something you should expect to see when doing this. All
we have left to do is to convert the initial conditions.

x1(0) = y(0)
x2(0) = ¥(0)

Thus our original initial value problem has been transformed into the system

_5 (6.8)
-2 (6.9)

X] = x, x(0)=2 (6.10)
xh = x1—4x, x(0)=-2 (6.11)

Let’s do an example for higher order linear equations.

= Example 6.2
Y iy — 2y 3y —y=0 (6.12)

as a system of first order differential equations.

We want to use a similar change of variables as the previous example. The only
difference is that since our equation in this example is fourth order we will need four new
variables instead of two.

X =y (6.13)
xn =y (6.14)
X3 y! (6.15)
xg = Yy’ (6.16)
Then we have
x’l = y=x (6.17)
x’z = y'=x3 (6.18)
x'3 = y'=x4 (6.19)
Xy, = y(4) =y+3V +2y" =ty =x1 +3x0 +2x3 —tx4 (6.20)

as our system of equations. To be able to solve these, we need to review some facts about
systems of equations and linear algebra. .

Review of Matrices

Systems of Equations

In this section we will restrict our attention only to the linear algebra that might come up
when studying systems of differential equations. This is far from a complete treatment, so
if you’re curious, taking a linear algebra course is either mandatory for your major or a
good idea to be more well-rounded.
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Suppose we start with a system of n equations with n unknowns x1,x3, ..., Xp.

aynxitapxo+...+agpux, = by (6.21)
arix1+apxo+...+ayx, = by (6.22)
.o (6.23)

an X1 +apxo+ ...+ awx, = by (6.24)
(6.25)

Here’s the basic fact about linear systems of equations with the same number of
unknowns as equations.

Theorem 6.2.1 Given a system of n equations with n unknowns, there are three possi-
bilities for the number of solutions:

(1) No Solutions

(2) Exactly One Solution

(3) Infinitely Many Solutions

Definition 6.2.1 A system of equations is called nonhomogeneous if at least one b; # 0.
If every b; = 0, the system is called homogeneous. A homogeneous system has the
following form:

aypxi+apxo+...+agx, = 0 (6.26)
arixy+apx+...+ayx, = 0 (6.27)
.o (6.28)
anxi+apxo+...+amx, = 0 (6.29)
(6.30)

Notice that there is always at least one solution given by
X1=x=..=x,=0 (6.31)

This solution is called the trivial solution. This means that it is impossible for a
homogeneous system to have zero solutions, and Theorem 1 can be modified as follows

Theorem 6.2.2 Given a homogeneous system of n equations with n unknowns, there
are two possibilities for the number of solutions:

(1) Exactly one solution, the trivial solution

(2) Infinitely many non-zero Solutions in addition to the trivial solution.

6.2.2 Linear Algebra

While we could solve the homogeneous and nonhomogeneous systems directly, we have
very powerful tools available to us. The main objects of study in linear algebra are
Matrices and Vectors.

An n x n matrix (referred to as an n-dimensional matrix) is an array of numbers with n
rows and n columns. It is possible to consider matrices with different numbers of rows and
columns, but this is more general than we need for this course. An n X n matrix has the
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form
ayl ai2 - Aip
=
ap,1 Adpn2 - dan

There is one special matrix we will need to be familiar with. This is the n-dimensional
Identity Matrix.

10 --- 0
01 --- 0

L=|{. . . . (6.33)
0 o0 - 1

We will focus on 2 x 2 matrices in this class. The principles we discuss extend to higher
dimensions, but computationally 2 x 2 matrices are much easier.

Matrix addition and subtraction are fairly straightforward. Do everything component-
wise. If we multiply by a constant, Scalar Multiplication, we multiply each component
by a constant.

= Example 6.3 Given the matrices

3 1 -2 0
(30 s (70 .

compute A —2B.
The first thing to do is compute 2B

-2 0 —4 0
23—2( | 4)—< ) 8> (6.35)
Then we have

3 1 —4 0
o= (1) (50) 630

7 1
= (_4 _3). (6.37)

Notice that these operations require the dimensions of the matrices to be equal. A
vector is a one-dimensional array of numbers. For example

X
X
x=| 7 (6.38)

Xn

is a vector of n unknowns. We can think of a vector as a 1 x n or an n X 1 dimensional
matrix with regards to matrix operations.
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We can multiply two matrices A and B together by "multiplying" each row in A by each
column of B. That is, to find the element in the ith row and the jth column, we multiply
the corresponding elements in the ith row of the first matrix and jth column of the second
matrix and add these products together.

= Example 6.4 Compute AB, where

A:<_11 §> and B:<(2) _13) (6.39)

So
A= (—11 )( 13) (6.40)

( —11((()3)”(? 2) 11(8) 23((—3:2) ) (6.41)

- (2 —_150) (6.42)

Notice that AB # BA in general. Matrix Multiplication is NOT commutative. We must
pay special attention to the dimensions of the matrices being multiplied. If the number
of columns of A do not match the number of rows of B, we cannot compute AB. Also,
the identity matrix /, is the identity for matrix multiplication, i.e. [,A = Al,, = A for any
matrix A.

In particular, we can multiply an n-dimensional matrix over a vector with n-components
together as in the following example

= Example 6.5 Compute
2 -1 —1
(333 (6.43)
We proceed by "multiplying" each row in the matrix by the vector.
2 —1 —1 B 2(-1)+—1(4)
(3 2 )( 4 ) = ( 3(—1)+2(4) ©44)

—6
= ( 5 > (6.45)

p) Multiplication of a matrix with a vector yields another vector. We then have an
interpretation of a matrix A as a linear function on vectors.

Definition 6.2.2 (Determinants) Every square (n X n) matrix has a number associated
to it, called the determinant. We will not learn how to compute determinants for n > 2,
as the process gets more and more complicated as n increases. The standard notation
for the determinant of a matrix is

det(A) = |A| (6.46)
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For a 2 x 2 matrix, the determinant is computed using the following formula

a b
c d

’ =ad — bc. (6.47)

that is, the determinant is the product of the main diagonal minus the product of the off
diagonal.

= Example 6.6 Compute the determinants of

AZ(?%) and B:(;i) (6.48)
There is not much to do here but us the definition.

det(A) = 2(2)-3(1)=4-3=1 (6.49)

det(B) = 1(4)—2(2)=4—-4=0 (6.50)

We call a matrix A singular if det(A) = 0 and nonsingular otherwise. In the previous
example, the first matrix was nonsingular while the second was singular.

Determinants give us important information about the existence of an inverse for a
given matrix. The inverse of a matrix A, denoted A1, satisfies

AAT' =A"A=1, (6.51)

Inverses do not necessarily exist for a given matrix.

Theorem 6.2.3 Given a matrix A,
(1) If A is nonsingular an inverse, A1, will exist.
(2) If A is singular, no inverse, AL, will exist.

1 d —b
Al = 6.52
ad — bc ( —Cc a ) (652)
Definition 6.2.3 The Transpose of a matrix is switching the rows and columns so that
T

(12 r (13
A_(3 4), A _<2 4) (6.53)

6.3 Linear Independence, Eigenvalues and Eigenvectors

We return our attention now to the system of equations

aynxitapx+...+agux, = by (6.54)
arixy+axpxo+...+ayx, = by (6.55)

: (6.56)
anx1+apxo+...+amx, = by, (6.57)

(6.58)
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To express this system of equations in matrix form, we start by writing both sides as vectors.

axy+apxy+...+aiux,
ax1x1 +axnxy + ...+ axyux,

. (6.59)
an1 X1+ apxz + ... + appXxy

Notice that the left side of the equation can be rewritten as a matrix-vector product.

ap, app ain x| by
02.71 az‘,z a x| b:2 6.60)
dp,1  Gn2 dnn Xn by
We can simplify this notation by writing
Ax=b (6.61)

where X is the vector whose entries are variables in the system, A is the matrix of coefficients
of the system (called the coefficient matrix), and b is the vector whose entries are the
right-hand side of the equations. We call Equation (6.61) the matrix form of the system
of equations.

We know that the system of equations has zero one or infinitely many solutions.

Suppose det(A) # 0, i.e. A is nonsingular. Then Equation (6.61) has only one solution
x=A""b. (6.62)

So we can rewrite our earlier Theorem from last lecture as

Theorem 6.3.1 Given the system of equations (6.61),
(1) If det(A) # 0, there is exactly one solution,
(2) If det(A) = 0, there are either zero or infinitely many solutions.

Recall that if the system were homogeneous, each b; = 0, we always have the trivial so-
lution x; = 0. Denoting the vector with entries all O by 0, the matrix form of a homogeneous

system is
Ax =10 (6.63)

Thus we can express the earlier Theorem 2 from last lecture as

Theorem 6.3.2 Given the homogeneous system of equations,
(1) If det(A) # 0, there is exactly one solution x = 0,
(2) If det(A) = 0, there will be infinitely many nonzero solutions.

Eigenvalues and Eigenvectors

The following is probably the most important aspect of linear algebra. We have already
observed if we multiply a vector by a matrix, we get another vector, i.e.,

An =y (6.64)
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A natural question to ask is when y is just a scalar multiple of 1. In other words, for what
vectors 7 is multiplication by A equivalent to scaling 1), or

An =An (6.65)

If (6.65) is satisfied for some constant A and some vector 1, we call 1 an eigenvector
of A with eigenvalue A. We first notice if 1 = 0, (6.65) will be satisfied for any A. We are
not interested in that case, so in general we will assume 17 # 0.

So how can we find solutions to (6.65)? Start by rewriting it, recalling that / is the
2 x 2 identity matrix.

An = A7 (6.66)
An—AIn = 0 (6.67)
(A=A = 0 (6.68)

We had to multiply A by the identity I before we could factor it out. This is because
we cannot subtract a constant from a matrix. The last equation is the matrix form for a
homogeneous system of equations. By Theorem 3 form last lecture, if A — A1 is nonsingular
(det(A) # 0), the only solution is the trivial solution = 0, which we have already said
we are not interested in. On the other hand, if A — A[ is singular, we will have infinitely
many nonzero solutions. Thus the condition that we will need to find any eigenvalues and
eigenvectors that may exist for A is for

det(A —AI) =0 (6.69)

It is a basic fact that this equation is an nth degree polynomial if A is an n X n matrix. This
is called the characteristic equation of the matrix A.

As a result, the Fundamental Theorem of Algebra tells us that an n X n matrix A has n
eigenvalues, counting multiplicities. To find them, all we have to do is to find the roots of
an nth degree polynomial, which is no problem for small n. Suppose we have found these
eigenvalues. What can we conclude about their associated eigenvectors?

Definition 6.3.1 We call k vectors X1,X», ..., Xk linearly independent if the only con-
stants cq,ca, ..., cg satisfying

C1X1+cXa+...+cpxg =0 (6.70)

are ¢y = ¢y = ... = ¢ = 0. This definition should look familiar. This is an identical
definition to our earlier definition of linear independence for functions.

Theorem 6.3.3 If A1, Ay, ..., A, is the complete list of eigenvalues of A, including multi-
plicities, then

(1) If A occurs only once in the list it is called simple

(2) If A occurs k > 1 times it has multiplicity &

(3) If A1, A, ..., 4 (k < n) are the simple eigenvalues of A with corresponding eigenvec-
tors n(l),n(z), v n(k), then these eigenvectors n(i) are linearly independent.

(4) If A is an eigenvalue with multiplicity k, then A will have anywhere from 1 to k
linearly independent eigenvectors.
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This fact should look familiar from our discussion of second and higher order equations.
This theorem tells us when we have linearly independent eigenvectors, which is useful
when trying to solve systems of differential equations. Now once we have the eigenvalues,
how do we find the associated eigenvectors?

= Example 6.7 Find the eigenvalues and eigenvectors of

3 4
A:(2 1). 6.71)

The first thing we need to do is to find the roots of the characteristic equation of the
matrix

3 4 10 3—A4 4
= (2 (1) (5,4 o)
This is

0=detA—AN=0B—-A)(1-A)—8=22—41—-5=(A=5)(A+1). (6.73)

This the two eigenvalues of A are 4| =5 and A, = —1. Now to find the eigenvectors we
need to plug each eigenvalue into (A — A1) = 0 and solve for 7.
(HA =5

In this case, we have the following system

2 4
(2 _4)17:0 (6.74)

Next, we will write out components of the two vectors and multiply through
-2 4 ™ . 0
(2 23)(%) = () 679
—2m +4m 0
= 6.76
(o) = (6) 679

For this vector equation to hold, the components must match up. So we have got to find a
solution to the system

o +4m = 0 (6.77)
2 —4n, = 0. (6.78)

Notice that these are the same equation, but differ by a constant, in this case —1. This will
always be the case if we have found our eigenvalues correctly, since we know that A — A1
is singular and so our system should have infinitely many solutions.

Since the equations are basically the same we need to choose one and obtain a relation
between eigenvector components 11 and 1,. Let’s choose the first. This gives

20 =4n,. (6.79)
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and so we have 1] = 21,. As a result, any eigenvector corresponding to A; = 5 has the

form
_(m\_ (2
n_(nz)_(nz>' (6.50)

There are infinitely many vectors of this form, we need only one. We can select one by
choosing a value for 1. The only restriction is we do not want to pick 1, = 0, since then
n =0, which we want to avoid. We may choose, for example, 1, = 1, and then we have

n = ( % ) - 6.81)

) A =-1
In the previous case we went into more detail than we will in future examples. The
process is the same. Plugging A, into (A — A1) = 0 gives the system

4 4 m . 0
(90 - ()
dm+4n \ _ (0
G ) = (0) 6
The two equations corresponding to this vector equation are

4ni+4n, = 0 (6.84)
2m+2n, = 0. (6.85)

Once again, these differ by a constant factor. Solving the first equation we find

m=-m (6.86)

and so any eigenvector has the form

MmN\ _ (M
=(2)-()

We can choose 17, = 1, giving us a second eigenvector of

n® = ( —11 ) (6.88)
Summarizing the eigenvalue/eigenvector pairs of A are

Mo o=5 nW= ( f) (6.89)

h = -1 n¥= ( _11 ) (6.90)

REMARK: We could have ended up with any number of different values for our
eigenvectors 7 (1) and n (2), depending on the choices we made at the end. However, they
would have only differed by a multiplicative constant.
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= Example 6.8 Find the eigenvalues and eigenvectors of

2 -1
A:<5 4 > (6.91)

The characteristic equation for this matrix is

0=det(A—AI) = ‘2gx 4__1/1‘ (6.92)
= 2-AM)(@-1)+5 (6.93)
= A?—6A+13 (6.94)

By completing the square (or quadratic formula), we see that the roots are ry » = 3 £2i. If
we get complex eigenvalues, to find the eigenvectors we proceed as we did in the previous

example.
(DA =3+2i
Here the matrix equation
(A-AI)n=0 (6.95)
becomes
—1-2i -1 m _ 0
() () - () 699
(—I—Zi)nl—nz o 0
( sm+(1-20m ) — Lo (637)
So the pair of equations we get are
(-1-2)m-m = 0 (6.98)
5+ (1-2i)m, = 0. (6.99)

It is not as obvious as the last example, but these two equations are scalar multiples. If
we multiply the first equation by —1 + 2i, we recover the second. Now we choose one of
these equations to work with. Let’s use the first. This gives us that 1, = (—1 — 2i)ny, so
any vector has the form

- ( m ) N ( 1220, ) (€100
Choosing n; = 1 gives a first eigenvector of
n = ( —11—21' ) (6.101)
Q) A =3-2i

Here the matrix equation

(A=ADN =0 (6.102)
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becomes
—1+2i -1 m o 0
() (R) - () 6109
(=1+20m-m\ _ (O
( S+ (1420)m N 0 (6.104)
So the pair of equations we get are
(—1+2)m—-m = 0 (6.105)
Sm+(1+2i)p, = 0 (6.106)

Let’s use the first equation again. This gives us that 7, = (—1+ 2i)1n;, so any eigenvector
has the form

m m
= = . ) 6.107
1 ( m ) ( (=1+2i)m ) ( )
Choosing 111 = 1 gives a second eigenvector of
@ = ! 6.108
=142 ) (6.108)

To summarize, A has the following eigenvalue/eigenvector pairs

. 1

M o= 3-2i (—1—25) (6.109)
. 1

b = 342 (—1+2i> (6.110)

p) Notice that the eigenvalues came in complex conjugate pairs, i.e. in the form a + bi.
This is always the case for complex roots, as we can easily see from the quadratic
formula. Moreover, the complex entries in the eigenvectors were also complex
conjugates, and the real entries were the same up to multiplication by a constant. This
is always the case as long as A does not have any complex entries.

Homogeneous Linear Systems with Constant Coefficients

Last Time: We studied linear independence, eigenvalues, and eigenvectors.

Solutions to Systems of Differential Equations
A two-dimensional equation has the form

/

y = cx+dy (6.112)
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Suppose we have got our system written in matrix form
X =Ax (6.113)

How do we solve this equation? If A were a 1 x 1 matrix, i.e. a constant, and x were a
vector with 1 component, the differential equation would be the separable equation

X =ax (6.114)
We know this is solved by
x(t) = ce™. (6.115)

One might guess, then, that in the n X n case, instead of @ we have some other constant in
the exponential, and instead of the constant of integration ¢ we have some constant vector
1. So our guess for the solution will be

x(t) = ne". (6.116)

Plugging the guess into the differential equation gives

me" = Ane” (6.117)
(An—rm)e” = 0 (6.118)
(A—rl)ne" = 0. 6.119)

Since e’ # 0, we end up with the requirement that
(A—=rl)n =0 (6.120)

This should seem familiar, it is the condition for 1) to be an eigenvector of A with eigenvalue
r. Thus, we conclude that for (6.116) to be a solution of the original differential equation,
we must have 7 an eigenvalue of A with eigenvalue r.

That tells us how to get some solutions to systems of differential equations, we find the
eigenvalues and vectors of the coefficient matrix A, then form solutions using (6.116). But
how will we form the general solution?

Thinking back to the second/higher order linear case, we need enough linearly indepen-
dent solutions to form a fundamental set. As we noticed last lecture, if we have all simple
eigenvalues, then all the eigenvectors are linearly independent, and so the solutions formed
will be as well. We will handle the case of repeated eigenvalues later.

So we will find the fundamental solutions of the form (6.116), then take their linear
combinations to get our general solution.

The Phase Plane

We are going to rely on qualitatively understanding what solutions to a linear system
of differential equations look like, this will be important when considering nonlinear
equations. We know the trivial solution x = 0 is always a solution to our homogeneous
system X' = Ax. x = 0 is an example of an equilibrium solution, i.e. it satisfies
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and is a constant solution. We will assume our coefficient matrix A is nonsingular (det(A) #
0), thus x = 0 is the only equilibrium solution.

The question we want to ask is whether other solutions move towards or away from
this constant solution as ¢t — +oo, so that we can understand the long term behavior of the
system. This is no different than what we did when we classified equilibrium solutions for
first order autonomous equations, we will generalize the ideas to systems of equations.

When we drew solution spaces then, we did so on the fy-plane. To do something
analogous we would require three dimensions, since we would have to sketch both x; and
x> vs. t. Instead, what we do is ignore ¢ and think of our solutions as trajectories on the
x1x2-plane. Then our equilibrium solution is the origin. The x;x,-plane is called the phase
plane. We will see examples where we sketch solutions, called phase portraits.

Real, Distinct Eigenvalues

Lets get back to the equation x’ = Ax. We know if A and A, are real and distinct eigenvalues
of the 2 x 2 coefficient matrix A associated with eigenvectors n(l) and n (2), respectively.
We know from above 1 (1) and n(z) are linearly independent, as A; and A, are simple. Thus
the solutions obtained from them using (6.116) will also be linearly independent, and in
fact will form a fundamental set of solutions. The general solution is

x(t) = etV 4 cpe™'n@ (6.122)

So if we have real, distinct eigenvalues, all that we have to do is find the eigenvectors,
form the general solution as above, and use any initial conditions that may exist.

= Example 6.9 Solve the following initial value problem

x’:<_22 ?)x x(()):(g) (6.123)

The first thing we need to do is to find the eigenvalues of the coefficient matrix.

—2-1 2
O0=det(A—AI) = ‘ ) 1—2 ' (6.124)
= A*4+1-6 (6.125)
(A=2)(A+3) (6.126)
So the eigenvalues are A} = 2 and A, = —3. Next we need the eigenvectors.
(DA =2
(A=2n=0 (6.127)

(_24 31)(3;) B (8) (6.128)

So we will want to find solutions to the system

—4m42m = 0 (6.129)
2T]1—T]2 = 0. (6130)
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Using either equation we find 1, = 211, and so any eigenvector has the form

(MmN _( ™
= (M) =( 1) 613

Choosing 17 = 1 we obtain the first eigenvector

nt) = ( ; ) (6.132)
2) A = -3
(A+30)N =0 (6.133)

() - (5

So we will want to find solutions to the system

m+2n = 0 (6.135)
2n+4n, = 0. (6.136)
Using either equation we find 171 = —21);, and so any eigenvector has the form

S m Y\ [ —2m
n_(nz)_( " ) (6.137)

Choosing 12 = 1 we obtain the second eigenvector

n® = ( _12 ) (6.138)
Thus our general solution is
x(t) = c1e* ( ; ) + e ( _12 ) . (6.139)

Now let’s use the initial condition to solve for ¢; and ¢;. The condition says

(g):x(O):cl(;)-i—cz(_lz). (6.140)

All that’s left is to write out is the matrix equation as a system of equations and then solve.

61—262 =5 (6.141)
2ci4+c; = 0 =c=1l,cp=-2 (6.142)

Thus the particular solution is

x(t) =¥ ( ; ) —2¢ ¥ ( _12 ) . (6.143)
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= Example 6.10 Sketch the phase portrait of the system from Example 1.
In the last example we saw that the eigenvalue/eigenvector pairs for the coefficient
matrix were

o= 2 nh= < é) (6.144)

A = -3 n@¥= ( _12) (6.145)

The starting point for the phase portrait involves sketching solutions corresponding to the
eigenvectors (i.e. with ¢; or ¢; = 0). We know that if x(¢) is one of these solutions

X (1) = Acie’ ) = cidiet ). (6.146)

This is just, for any ¢, a constant times the eigenvector, which indicates that lines in the di-
rection of the eigenvector are these solutions to the system. There are called eigensolutions
of the system.

Next, we need to consider the direction that these solutions move in. Let’s start with
the first eigensolution, which corresponds to the solution with ¢; = 0. The first eigenvalue
is A1 =2 > 0. This indicates that this eigensolution will grow exponentially, as the
exponential in the solution has a positive exponent. The second eigensolution corresponds
to A, = —3 < 0, so the exponential in the appropriate solution is negative. Hence this
solution will decay and move towards the origin.

What does the typical trajectory do (i.e. a trajectory where both cj,cy # 0)? The
general solution is

x(t) = c1® NV + 0732, (6.147)

Thus as t — oo, this solution will approach the positive eigensolution, as the component
corresponding to the negative eigensolution will decay away. On the other hand, as
t — —oo, the trajectory will asymptotically reach the negative eigensolution, as the positive
eigensolution component will be tiny. The end result is the phase portrait as in Figure 1.
When the phase portrait looks like this (which happens in all cases with eigenvalues of
mixed signs), the equilibrium solution at the origin is classified as a saddle point and is
unstable.

= Example 6.11 Solve the following initial value problem.

X = 4dx;+x x(0)=6 (6.148)
xh = 3x1+2x x(0)=2 (6.149)

Before we can solve anything, we need to convert this system into matrix form. Doing so
converts the initial value problem to

x’:<‘3‘ é)x x(O):(g). (6.150)
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-2 -15 -1 -05 0 05 1 15 2

Figure 6.1: Phase Portrait of the saddle point in Example 1

To solve, the first thing we need to do is to find the eigenvalues of the coefficient matrix.

4— A 1
0=det(A—AI) = ‘ 2, ‘ (6.151)
= A?—61+5 (6.152)
A—1)(A=5) (6.153)
So the eigenvalues are A; = 1 and A, = 5. Next, we find the eigenvectors.
MHa=1
(A—DI)n =0 (6.154)

G(m) - (5)

So we will want to find solutions to the system

3m+mn = 0 (6.156)
3m+n, = 0. (6.157)
Using either equation we find 1, = —31, and so any eigenvector has the form

(MmN _ N
n= ( . ) = < _3n, ) (6.158)

Choosing 11 = 1 we obtain the first eigenvector

' = ( . ) (6.159)
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(A=5n=0 (6.160)
—1 1 m . 0
(20 - ()
So we will want to find solutions to the system

—m+m = 0 (6.162)
3N —3m = 0. (6.163)

Using either equation we find 1; = 12, and so any eigenvector has the form

(MY _ (M
~(3)-(%)

Choosing 12 = 1 we obtain the second eigenvector

n® = ( i ) (6.165)
Thus our general solution is
t 1 St 1
x(t) =cye _q | Teoe e (6.166)

Now using our initial conditions we solve for ¢ and c¢;. The condition gives

(g):x(O):cl(_g)%—cz(i). (6.167)

All that is left is to write out this matrix equation as a system of equations and then solve

ci+c = 6 (6.168)
—3ci1+c = 2=c1=1,cp=5 (6.169)

Thus the particular solution is

x(1) :e’< _13 >+5e5f( i ) (6.170)

= Example 6.12 Sketch the phase portrait of the system from Example 3.
In the last example, we saw that the eigenvalue/eigenvector pairs for the coefficient
matrix were

Moo= 1 n<1>=(_13 ) (6.171)

M = 5 n<2>=( i ) (6.172)
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-2 -1.5 -1 -05 0 0.5 1 15 2

Figure 6.2: Phase Portrait of the unstable node in Example 2

We begin by sketching the eigensolutions (these are straight lines in the directions of
the eigenvectors). Both of these trajectories move away from the origin, though, as the
eigenvalues are both positive.

Since |A2| > |A1], we call the second eigensolution the fast eigensolution and the
first one the slow eigensolution. The term comes from the fact that the eigensolution
corresponds to the eigenvalue with larger magnitude will either grow or decay more quickly
than the other one.

As both grow in forward time, asymptotically, as ¢t — oo, the fast eigensolution will
dominate the typical trajectory, as it gets larger much more quickly than the slow eigen-
solution does. So in forward time, other trajectories will get closer and closer to the
eigensolution corresponding to n(z). On the other hand, as t — —oo, the fast eigensolution
will decay more quickly than the slow one, and so the eigensolution corresponding to 1) (1)
will dominate in backwards time.

Thus the phase portrait will look like Figure 2. Whenever we have two positive
eigenvalues, every solution moves away from the origin. We call the equilibrium solution
at the origin, in this case, a node and classify it as being unstable.

= Example 6.13 Solve the following initial value problem.

X = —5x1+x x(0)=2 (6.173)
xh = 2x1—4xy x(0)=-—1 (6.174)

We convert this system into matrix form.

x’=<_25 _14)x x(0)=<_21). (6.175)
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To solve, the first thing we need to do is to find the eigenvalues of the coefficient matrix.

—5—-1 1
O0=det(A—AI) = ) 42
= A*4+91+18
(A+3)(A+6)
So the eigenvalues are A} = —3 and A; = —6. Next, we find the eigenvectors.
(HA =-3
(A+3)n =0

-2 1 m . 0
2 -1 up N 0
So we will want to find solutions to the system

—2m+m = 0
2 —n = 0.

Using either equation we find 17, = 27y, and so any eigenvector has the form

1=(n)=(a)

Choosing 17 = 1 we obtain the first eigenvector

(A+6)n =0
(D3 - ()

So we will want to find solutions to the system

m+mn = 0
2m+2n, = 0.
Using either equation we find 11 = —1;, and so any eigenvector has the form

()=

Choosing 1, = 1 we obtain the second eigenvector

@_( 1
=),

(6.176)

6.177)
(6.178)

(6.179)
(6.180)

(6.181)
(6.182)

(6.183)

(6.184)

(6.185)
(6.186)

(6.187)
(6.188)

(6.189)

(6.190)
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Thus our general solution is

x(t) = cre™ ( ; ) +c2e6’( _11 ) (6.191)

Now using our initial conditions we solve for ¢ and c¢;. The condition gives

(_21):x(0)201<;>+62<_11)- (6.192)

All that is left is to write out this matrix equation as a system of equations and then solve

c1—c = 2 (6.193)

0y = 3 (6.194)

2c1+c = —1=c = 3

W =

Thus the particular solution is
L a1 S e —1

= Example 6.14 Sketch the phase portrait of the system from Example 5.
In the last example, we saw that the eigenvalue/eigenvector pairs for the coefficient
matrix were

Mm o= =3 nl= ( ;) (6.196)

B = -6 n¥= ( _11 ) (6.197)

We begin by sketching the eigensolutions. Both of these trajectories decay towards the
origin, since both eigenvalues are negative. Since || > |4], the second eigensolution
is the fast eigensolution and the first one the slow eigensolution. In the general solution,
both exponentials are negative and so every solution will decay and move towards the
origin. Asymptotically, as t — oo the trajectory gets closer and closer to the origin, the
slow eigensolution will dominate the typical trajectory, as it dies out less quickly than the
fast eigensolution. So in forward time, other trajectories will get closer and closer to the
eigensolution corresponding to n(l). On the other hand, as t — —oo, the fast solution will
grow more quickly than the slow one, and so the eigensolution corresponding to 17(2) will
dominate in backwards time.

Thus the phase portrait will look like Figure 3. Whenever we have two negative
eigenvalues, every solution moves toward the origin. We call the equilibrium solution at
the origin, in this case, a node and classify it as being asymptotically stable.

Complex Eigenvalues

Last Time: We studied phase portraits and systems of differential equations with real
eigenvalues.
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Figure 6.3: Phase Portrait of the Stable Node in Example 3

We are looking for solutions to the equation x’ = Ax. What happens when the eigenval-
ues are complex?
We still have solutions of the form

x=neM (6.198)

where 1) is an eigenvector of A with eigenvalue A. However, we want real-valued solutions,
which we will not have if they remain in this form.
Our strategy will be similar in this case: we’ll use Euler’s formula to rewrite

TN — % cos(bt) + e isin(bt) (6.199)

then we will write out one of our solutions fully into real and imaginary parts. It will turn
out that each of these parts gives us a solution, and in fact they will also form a fundamental
set of solutions.

= Example 6.15 Solve the following initial value problem.

X = ( _32 _63 >x x(0) = < Z > (6.200)

The first thing we need to do is to find the eigenvalues of the coefficient matrix.

0=det(A— A1) = |° __21 _36_ A (6.201)
= A2+3 (6.202)
(6.203)

So the eigenvalues are A; = v/3i and A, = —/3i. Next we need the eigenvectors. It turns
out we will only need one. Consider A; = V/3i.

(A—3in*=0 (6.204)
3—/3i 6 ull (0
() () - (8)
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The system of equations to solve is

B-V3)m+6m = 0 (6.206)
—2m+(=3—-V3i)n, = 0. (6.207)

We can use either equation to find solutions, but lets solve the second one. This gives
n = %(—3 —+/3i)n,. Thus any eigenvector has the form

1 .
0= ( z(—3—n\@l)nz ) (6.208)
2

and choosing 1, = 2 yields the first eigenvector

n() = ( —3—2\5" ) (6.209)

Thus we have a solution
x1(1) = eV ( -3 _2\@’ ) (6.210)

Unfortunately, this is complex-valued, and we would like a real-valued solution. We he
had a similar problem in the chapter on second order equations. What did we do then? We
use Euler’s formula to expand this imaginary exponential into sine and cosine terms, then
split the solution into real and imaginary parts. This gave two fundamental solutions we
needed.

We will do the same thing here. Using Euler’s Formula to expand

V3t — cos(v/3t) +isin(v/3t). (6.211)

then multiply it through the eigenvector. After separating into real and complex parts using
the basic matrix arithmetic operations, it will turn out that each of these parts is a solution.
They are linearly independent and give us a fundamental set of solutions.

xi1(t) = (cos(v/3r)+isin(V/3r)) ( -3 _zﬁi ) (6.212)
B ( (—3cos(v/3t) — 3isin(v/3t) — v/3icos(v/3t) ++/3sin(v/31) ) 6.213)
N 2cos(v/3t) + 2isin(+/3t) '

<( —SCos(ﬁg)s—(k\/\g?)sin(\/gt) >+i( —3sin(\/2‘szl)n(ﬁ)cos(\/‘z 2)4)
= u(t) +iv(t) (6.215)

Both u(t) and v(z) are real-valued solutions to the differential equation. Moreover, they
are linearly independent. Our general solution is then

x(t) = cru(t)+cov(r) (6.216)

[ I S | (3 e
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Figure 6.4: Phase Portrait of the center point in Example 1

Finally, we need to use the initial condition to get ¢ and c;. It says

( _42 ) :x(O):q( _23 )+c2( _(‘)/5 ) (6.218)

This translates into the system

—3c1—V3c = -2 (6.219)

2c1 = 4 =c=2 c=- (6.220)

s+

Hence our particular solution is

x(r) = z( ~3c0s(v/31) +3sin(V3) ) 4 ( ~3sin(v/31) — v3cos(v/31) )
2cos(V31) V3 2sin(v/31)
(6.221)

= Example 6.16 Sketch the phase portrait of the system in Example 1.
The general solution to the system in Example 1 is

oma(( L A
(6.222)

Every term in this solution is periodic, we have cos(v/3t) and sin(v/3t). Thus both x
and x; are periodic functions for any initial conditions. On the phase plane, this translates
to trajectories which are closed, that is they form circles or ellipses. As a result, the phase
portrait looks like Figure 1.
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This is always the case when we have purely imaginary eigenvalues, as the exponentials
turn into a combination of sines and cosines. In this case, the equilibrium solution is called
a center and is neutrally stable or just stable, note that it is not asymptotically stable.

The only work left to do in these cases is to figure out the eccentricity and direction
that the trajectory traveled. The eccentricity is difficult, and we usually do not care that
much about it. The direction traveled is easier to find. We can determine whether the
trajectories orbit the origin in a clockwise or counterclockwise direction by calculating the
tangent vector X’ at a single point. For example, at the point (1,0) in the previous example,
we have

(5 5)(H)-(2)

Thus at (1,0), the tangent vector points down and to the right. This can only happen is the
trajectories circle to origin in a clockwise direction. .

= Example 6.17 Solve the following initial value problem.

X = ( g :3 )x x(0) = ( ; ) (6.224)

The first thing we need to do is to find the eigenvalues of the coefficient matrix.

0=det(A—Al) = ‘ 6;1 _;‘A ' (6.225)
= A7—41+20 (6.226)
(6.227)

So the eigenvalues, using the Quadratic Formula are A;, = 2 +4i. Next we need the
eigenvectors. It turns out we will only need one. Consider A; = 2+ 4i.

(A—(244)D)N* =0 (6.228)

4—4i 4 mY [0
( 8 —4—4i)(n2) B (0) (6.229)

The system of equations to solve is

(4—4)n—4n; = 0 (6.230)
8N+ (—4—4i)n, = 0. (6.231)

We can use either equation to find solutions, but lets solve the first one. This gives
M2 = (1 —i)7n;. Thus any eigenvector has the form

n= ( 0 _n})m ) (6.232)

and choosing 1y = 1 yields the first eigenvector

' = ( L ) (6.233)
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Thus we have a solution

x1(t) = e+ ( ll—i ) 6230
Using Euler’s Formula to expand
= e ( s ) (6.235)
= ¢ (cos(dr) +isin(d) ( L ) (6.236)
2 cos(4t) +isin(4r)

¢ ( cos(4t) +isin(4t) — icos(4t) + sin(4t) ) (6.237)

_ cos(41) O sing)
B (< cos(4t) + sin(4t) ) t < sin(4t) — cos(41) )) (6.238)
= u(t)+iv(z) (6.239)

Our general solution is then

x(t) = cu(t)+cov(t) (6.240)

2 cos(4t) 5 sin(41)
cre” ( cos(4t) +sin(4r) ) + cpe” ( sin(4f) — cos(41) ) (6.241)

Finally, we need to use the initial condition to get ¢ and c;. It says

(;):x(o):cl(i)—f—CZ(_ol). (6.242)

This translates into the system

cg = 1 (6.243)
cir—cpy = 3 =c=1 cp=-2. (6.244)

Hence our particular solution is
o cos(4t) A sin(4t)
x(t) =e ( cos(4t) + sin(4r) > 2 ( sin(4t) — cos(4r) (6.245)

= Example 6.18 Sketch the phase portrait of the system in Example 3.
The only difference between the general solution to this example

; cos(4t) p sin(4t)
x(1) = cie’ ( cos(4t) + sin(4z) ) + e’ ( sin(4t) — cos(4t) ) (6.246)

and the one in Example 1 is the exponential sitting out front of the periodic terms. This will
make the solution quasi-periodic, rather than actually periodic. The exponential, having
a positive exponent, will cause the solution to grow as t — oo away from the origin. The
solution will still rotate, however, as the trig terms will cause the oscillation. Thus, rather
than forming closed circles or ellipses, the trajectories will spiral out of the origin.
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Figure 6.5: Phase Portrait of the unstable spiral in Example 3

As a result, when we have complex eigenvalues 11_‘2 — a =+ bi, we call the solution
spiral. In this case, as the real part a (which affects the exponent) is positive, and the
solution grows, the equilibrium at the center is unstable. If a is negative, then spiral would
decay into the origin, and the equilibrium would have been asymptotically stable.

So what is there to calculate if we recognize we have a stable/unstable spiral? We still
need to know the direction of rotation. This requires, as with the center, that we calculate
the tangent vector at a point or two. In this case, the tangent vector at the point (1,0) is

(502

Thus the tangent vector at (1,0) points up and to the right. Combined with the knowledge
that the solution is leaving the origin, this can only happen if the direction of rotation of
the spiral is counterclockwise. We obtain a picture as in Figure 2.

Repeated Eigenvalues

Last Time: We studied phase portraits and systems of differential equations with complex
eigenvalues.

In the previous cases we had distinct eigenvalues which led to linearly independent
solutions. Thus, all we had to do was calculate those eigenvectors and write down solutions
of the form

xi(t) = nWe, (6.248)

When we have an eigenvalue of multiplicity 2, however, Theorem 3 from a previous
lecture tells us that we could have either one or two eigenvectors up to linear independence.
If we have two, we are ok, if not then we have more work to do.
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A Complete Eigenvalue

We call a repeated eigenvalue complete if it has two distinct (linearly independent) eigen-
vectors. Suppose our repeated eigenvalue A has two linearly independent eigenvectors 1 (V)
and (2). Then we can proceed as before and our general solution is

K1) = 1) 4 eretin® (6.249)
Mern™ +en@). (6.250)

It is a basic fact from linear algebra that given two linearly independent vectors such as
n) and n®, we can form any other two-dimensional vector out of a linear combination
of these two. So any vector function of the form x(z) = ¢ is a solution. As discussed
earlier, this can only happen if 1] is an eigenvector of the coefficient matrix with eigenvalue
A. The conclusion, is that if A has two linearly independent eigenvectors, every vector is
an eigenvector.

This only happens if the coefficient matrix A is a scalar multiple of the identity matrix,
since we need

An =An=Aln (6.251)

for every vector 1. Thus, this case only arises when

A0
A= ( 0 A ) (6.252)

or when the original system is

X1 = Ax (6.253)
X2 = AXQ (6.254)

What does the phase portrait look like in this case? Since every vector is an eigenvector,
every trajectory that is not a constant solution at the origin is an eigensolution and hence a
straight line. We call such the equilibrium solution, in this case a star node and its stability
is determined by the sign of A.

(1) If A > 0 all the eigensolutions grow away from the origin and the origin is unstable.
(2) If A < 0 every eigensolution decays to the origin and the origin is asymptotically stable.
We get Figure 8.5.1.

This is a fairly degenerate situation that will not come up in any further discussion, but

is important to keep in mind when it happens.

A Defective Eigenvalue

The other possibility is that A only has a single eigenvector 1 up to linear independence.
In this case, to form the general solution we need two linearly independent solutions, but
we only have one.

xi(f) = eMn (6.255)

In this case, we say that A is defective or incomplete. What should we do in this case?
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Figure 6.6: Phase Portrait of a star node

We had a similar problem in the second order linear case. When we ran into this
situation there, we were able to work around it by multiplying the solution be . What if
we try that here?

x(t) = 1en (6.256)
is a solution

X = Ax (6.257)
net + Antet = Ante (6.258)

Matching coefficients, in order for this guess to be a solution we require

n =0 = n=0 (6.259)

anet = Anet = (A-ADn=0 (6.260)

Thus we need 7 to be an eigenvector of A, which we knew it was, but we also need n =0,
which cannot be since an eigenvector by definition is nonzero. We need another approach.
The problem with the last attempt is we ended up with a term that did not have a ¢, but
rather just an exponential in it, and this term caused us to require 11 = 0. A possible fix

might be to add in another term in our guess that only involves an exponential and some
other vector p. Let’s guess that the form of the solution is

x(t) =teMn+p (6.261)
and see what conditions on p we can derive.

X = Ax (6.262)
Antet +net + Apet = At +pet) (6.263)
(M+Ap+Ant)e™ = Ante* +Ape (6.264)
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Thus, setting the coefficients equal and we have

An = An = (A-An=0 (6.265)
n+iAp = Ap = (A—-ADp=n (6.266)

The first condition only tells us that 1} is an eigenvector of A, which we knew. But the
second condition is more useful. It tells us that (A — AI)p = n, then

x(t) = nee + pet (6.267)

will be a solution to the differential equation.
A vector p satisfying

(A—ADp =1 (6.268)
is called a generalized eigenvector, while (A — A)p # 0, it is not hard to verify
(A—AD)*p =0 (6.269)

So as long as we can reproduce a generalized eigenvector p, this formula will give a second
solution and we can form a general solution.

= Example 6.19 Find the general solution to the following problem.

;[ —6 =5
X = < s 4 > X (6.270)
The first thing we need to do is to find the eigenvalues of the coefficient matrix.
—-6—-A =5

0=det(A—AI) = ‘ 5 42 ' (6.271)

= A*+21+1 (6.272)

= (A+1)? (6.273)

So we have a repeated eigenvalue of A = —1. Due to the form of the matrix, we can also

figure out from our previous discussion that A will only have one eigenvector up to linear
independence. Let’s calculate it by solving (A+1)n = 0.

(3 37)(m)-=(0)

So the system of equations we want to solve is

—5n;—5m = 0 (6.275)
Sni+5n, = 0. (6.276)
This is solved by anything of the form 1 = —n,. So if we choose 17, = 1, we get the

eigenvector of

n= ( _11 ) : (6.277)
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This isn’t enough. We also need to find a generalized eigenvector p. So we need to solve
(A+I)p=n,or

-5 5\ (p\_ (-1 1
)G - abn e

So our generalized eigenvector has the form

1
_( 57 P2
) ( p ) . (6.279)

Choose p; = 0 gives

1
p:<8). (6.280)

Thus our general solution is

x(1) = cretn+ea(tetn +etp) (6.281)
_ _ 1
= cie’'n ( 11 >+cz {tet< 11 )—l—et( (5) )] (6.282)

= Example 6.20 Sketch the Phase Portrait for the system in Example 1.
We begin by drawing our eigensolution. Note that in this case, we only have one,
unlike the case where we had a (nondegenerate) node. The eigensolution is the straight

1
the solution will decay towards the origin.
But what happens to the other trajectories? First, let’s just consider the general solution

x(t) =cre'n ( _11 >+CQ {te_t( _11 )+e—f< é )} (6.283)

with ¢, # 0. All three terms have the same exponential, but as ¢ — oo the te™" term will
have a larger magnitude than the other two. Thus in both the forward and backward time,
we would get that the trajectories will become parallel to the single eigensolution.

Now, since A < 0 and exponentials decay faster than polynomials grow, we can see
that as ¢ — oo, every solution will decay to the origin. So the origin will be asymptotically
stable. We also call the origin a degenerate node in this case, since it behaves like the a
node, but has a single eigensolution.

Consider a node with two close eigenvalues. Then try to imagine what happens to the
general solution as we bring the eigenvalues together. The eigensolutions will collapse
together, but the non-eigensolution trajectories would keep their asymptotic behavior with
regard to this collapsed eigensolution.

Notice that, as illustrated in Figure 8.5.1 we end up with a large degree of rotation of
the solution. The solution has to turn around to be able to be asymptotic to the solution in

line in the direction ( -1 ) , as indicated in Figure 8.5.1. As the eigenvalue is negative,
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Figure 6.7: Phase Portrait for the asymptotically stable degenerate node in Example 1

both forward and backward time. This is because degenerate nodes are the borderline case
between nodes and spirals. Suppose our characteristic equation is

0=A2+bA +c. (6.284)

The eigenvalues are then, by the quadratic formula

j = —bEVE—de (6.285)
2a
The discriminant of this equation is positive in the node case and negative in the spi-
ral/center cases. We get degenerate nodes when the solutions transition between these two
cases and the discriminant becomes zero. So for degenerate nodes the solutions are trying
to wind around in a spiral, but they do not quite make it due to the lack of complexity of
the eigenvalue.
But how do we know the direction of rotation? We do the same thing we did in the
spiral case, compute the tangent vector at a point. Combined with our knowledge of the
stability of the origin, will tell us how the non-eigensolutions must turn.

Let’s start by considering the point (1,0). At this point,

(_56 :15)((1)):(_56) (6.286)

Since we know our solution is asymptotically stable, the tangent vector can only point up
and to the left if the solution rotates counterclockwise as they start to approach the origin.

= Example 6.21 Find the general solution to the following system.

;o 12 4
x—(_16 _4)x (6.287)
The first thing we need to do is to find the eigenvalues of the coefficient matrix.
12—-2 4
0=det(A—AI) = 16 —4-2 (6.288)
= A*—81+16 (6.289)

(A —4)? (6.290)



6.6 Repeated Eigenvalues 165

So we have a repeated eigenvalue of A = 4. Let’s calculate it by solving (A —41)n =0.

(—816 —48)(?1;):<8> (6.291)

So the system of equations we want to solve is

8 +4m, = 0 (6.292)
—16m; —81m, = O. (6.293)

This is solved by anything of the form 1, = —2n;. So if we choose 11 = 1, we get the
eigenvector of

n= ( _12 ) . (6.294)

We also need to find a generalized eigenvector p. So we need to solve (A —4I)p = n, or

8§ 4 \(p ) [ 1 1
(—16 —8)(p2>_(—2> = Pz—Z—Zpl (6.295)

So our generalize eigenvector has the form

p1
= . 6.296
P ( 1-2p1 ) (6236)
Choose p; = 0 gives
b < 0 ) (6.297)
7

Thus our general solution is

x(t) = cietn+erten+eMp) (6.298)

= cle’'p= ( _12 ) —l—cz(tet( _12 ) —1—6’( 2 > (6.299)

= Example 6.22 Sketch the Phase Portrait of the system in Example 3.

Everything is completely analogous to the previous example’s phase portrait. We
sketch the eigensolution, and note that it will grow away from the origin as t — oo, so the
origin will in this case be an unstable degenerate node.

Typical trajectories will once again come out of the origin parallel to the eigensolution
and rotate around to be parallel to them again, and all we would need to do is to calculate
the direction of rotation by computing the tangent vector at a point or two. At (1,0), we
would get

¥ = ( ig > . (6.300)

which can only happen given that the solutions are growing if the direction of rotation is
clockwise. Thus we get Figure 3.
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Figure 6.8: Phase Portrait of the unstable degenerate node in Example 3.



7.1

Phase Portrait Review

Last Time: We studied phase portraits and systems of differential equations with repeated
eigenvalues.

Note in the last 3 sections 7.5, 7.6, 7.8 we have covered the information in Section
9.1, which is sketching phase portraits, and identifying the three distinct cases for 1. Real
Distinct Eigenvalues, 2. Complex Eigenvalues, and 3. Repeated Eigenvalues. Think of this
section as a good review.

In Chapter 1 and Section 2.5 we considered the autonomous equations

dy
=10 (7.1

Consider the simplest system, a second order linear homogeneous system with constant
coefficients. Such a system has the form

dx
—=A 7.2
I X (7.2)

where A is a 2 X 2 matrix. We spent three sections solving these types of systems. Recall
we seek solutions of the form x = ne’, then if we substitute this into the equation we
found

(A—rDn =0 (7.3)

Thus r is an eigenvalue and 1) the corresponding eigenvector.

Definition 7.1.1 Points where Ax = 0 correspond to equilibrium or constant solutions,
and are called critical points. Note if A is nonsingular, then the only critical point is
x=0.

We must consider the five possible situations we could be in.
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Figure 7.2: Phase Portrait of the Nodal Source

Case I: Real Unequal Eigenvalues of the Same Sign

The general solution of x’ = Ax is
xX= cm(l)e’llt—f—czn(z)e’b’ (7.4)

where A; and A, are either both positive or both negative. Suppose first that A; < A, < 0.
Both exponentials decay, so as t — oo, then x(z) — 0 regardless of the values of ¢ and c;.
Note the eigenvalue with the bigger magnitude, |A;|, will determine where the trajectories
are directed to. So the trajectories will tend towards 1 (),

Definition 7.1.2 The type of critical point where all solutions decay to the origin is a
node or nodal sink.

If A; and A, are both positive and 0 < A < Ay, then the trajectories have the same
pattern as the previous case but as ¢t — oo the solutions blow up so all arrows change
direction and move away from the origin. The critical point is still called a node or nodal
source. Notice it is a source because trajectories come from it and leave, whereas the
nodal sink before sucked all trajectories towards itself.
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Figure 7.3: Phase Portrait of the saddle point

Case lI: Real Eigenvalues of Opposite Signs
The general solution of x’ = Ax is

x=cinWeM’ @t (7.5)

where A; > 0 and A, < 0. Notice as t — oo the second term decays to zero and the first
eigenvector becomes dominant. So as time goes to infinity all trajectories asymptotically
approach n (D). The only solutions that approach 0 are the ones which start on n (2). This is
because ¢; = 0 and all terms would decay as time increases.

Definition 7.1.3 The origin where some solutions tend towards it and some tend away
is called a saddle point.

Case lll: Repeated Eigenvalues
Here A; = A, = A. We have two subcases.

Case llla: Two Independent Eigenvectors
The general solution of X' = Ax is

x=cnWeM 4@t (7.6)

where the eigenvectors are linearly independent. Every trajectory lies on a straight line
through the origin. If A < 0 all solutions decay to the origin, if A > 0 then all solutions
move away from the origin.

I Definition 7.1.4 In either case, the critical point is called a proper node or a star
point.

Case llIb: One Independent Eigenvector
The general solution in this case is
x=cine +cr(nte + pet). (1.7)

where 1 is the eigenvector and p is the generalized eigenvector. For ¢ large, cznteh
dominates. Thus as t — oo every trajectory approaches the origin tangent to the line
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Figure 7.4: Phase Portrait of a star node

Figure 7.5: Phase Portrait for the asymptotically stable degenerate node

through the eigenvector. If the A > 0 the trajectories move away from the origin, and if
A < 0 the trajectories moved towards the origin.

Definition 7.1.5 When a repeated eigenvalue has only a single independent eigenvector,
the critical point is called an improper or degenerate node.

Case IV: Complex Eigenvalues

Suppose the eigenvalues are o +if3, where o and 8 are real. In this case critical points are
called spiral point. Depending on if the trajectories move toward or away from the origin
it could be characterized as a spiral sink or source.

In the phase portrait we either spiral towards or away from the origin. If the real
part o > 0, then trajectories spiral away from the origin. If the real part o < 0, then the
trajectories spiral towards the origin.

Case V: Pure Imaginary Eigenvalues

Here oo = 0 and A = +fi. In this case the critical point is called a center, because the
trajectories are concentric circles around the origin. We can determine the direction of the
circle by finding the tangent vector at a point like (1,0).
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Figure 7.8: Phase Portrait of the center point
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Eigenvalues Type of Critical Point Stability
M>A>0 Node Source Unstable
A <A <0 Node Sink Asymptotically Stable
<0<y Saddle Point Unstable
A=A, >0 | Proper or Improper Node Unstable
A =242 <0 | Proper or Improper Node | Asymptotically Stable
M, =a+if
a>0 Spiral Source Unstable
<0 Spiral Sink Asymptotically Stable
A ==iB Center Stable

Table 7.1: Stability Properties of Linear Systems x’ = Ax with det(A —rI) = 0 and det(A) #
0.

Summary and Observations

1. After a long time, each trajectory exhibits one of only three types of behavior. As ¢t — oo,
each trajectory approaches the critical point x = 0, repeatedly traverses a closed curve
around the critical point, or becomes unbounded.

2. For each point there is only one trajectory. The trajectories do not cross each other.
The only solutions passing through the critical point are x = 0, all other solutions only
approach the origin as t — oo or —oo,

3. In each of the five cases we have one of three situations:

(1) All trajectories approach the critical point x = 0 as t — oo. This is the case if the
eigenvalues are real and negative or complex with negative real part. The origin is nodal or
a spiral sink.

(2) All trajectories remain bounded but do not approach the origin as t — oo. This is
the case if the eigenvalues are pure imaginary. The origin is a center.

(3) Some trajectories, and possibly all trajectories except x = 0, become unbounded as
t — oo. This is the case if at least one of the eigenvalues is positive or if the eigenvalues
have positive real part. The origin is a nodal source, a spiral source, or a saddle point.

Autonomous Systems and Stability

What is an Autonomous System?

Definition 7.2.1 A system of two simultaneous differential equations of the form

d
F(x,y), d_f = G(x,y) (7.8)

dx
dt
where F' and G are continuous and have continuous partial derivatives in some domain
D. From Theorem 7.1 we know there exists a unique solution x = ¢(¢),y = y/(t) of the
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system satisfying the initial conditions

x(to) =x0, y(to) = o (7.9)

The property that makes the system autonomous is that F and G only depend on x and
yand not 7.

7.2.1 Stability and Instability

Consider the autonomous system of the form

x = f(x) (7.10)

Definition 7.2.2 The points where f(x) = 0 are the critical points, which correspond to
constant or equilibrium solutions of the autonomous system.

Definition 7.2.3 A critical point x¥ is said to be stable if, given any € > 0, there is a
0 > 0 such that every solution x = @ (), which at ¢ = 0 satisfies

19(0) 2"l < & (7.11)
exists for all positive ¢ and satisfies
l9(r) —x%|| <& (7.12)

for all # > 0. It’s asymptotically stable if

19(0) —x°|| < & (7.13)
then
lim ¢ (1) = x° (7.14)

Finally, it is unstable if a solution does not approach a critical point as t — oo.

= Example 7.1 Find the critical points of

dx dy

_— = — — 1 — X — - = 2 . -1
5 = e —x—y), o =x(24y) (7.15)
We find the critical points by solving the algebraic equations

(x=y)(I-=x-y) = 0 (7.16)
x(2+y) = 0 (7.17)

One way to satisfy the second equation is to choose x = 0. Then the first equation becomes
y(I—y)=0,s0y=0o0ry= 1. Now let’s choose y = —2, then the first equation becomes
(x+2)(3—x) =0sox= —2orx=3. So the four critical points are (0,0), (0,1),(—2,—2),
and (3,-2). .
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Locally Linear Systems

We start with a few key theorem in this section. Consider the linear system

x = Ax (7.18)

Theorem 7.3.1 The critical point x = 0 of the linear system above is asymptotically
stable if the eigenvalues 7y, r, are real and negative or have negative real part; stable, but
not asymptotically stable if ; and r, are pure imaginary; unstable if r| and r, are real
and either positive or if they have positive real part.

Introduction to Nonlinear Systems
The general form of the two dimensional system of differential equations is

xXp = fi(x1,x) (7.19)
x’z = fz(X],Xz) (7.20)

For systems like this it is hard to find trajectories analytically, as we did for linear systems.
Thus we need to discuss the behavior of these solutions.
There are some features of nonlinear phase portraits that we should be aware of:

(1) The fixed or critical points which are the equilibrium or steady-state solutions. These
correspond to points x satisfying f(x) = 0. So x; and x; are zeroes for both f] and f5.

(2) The closed orbits, which correspond to solutions that are periodic for both x; and x;.
(3) How trajectories are arranged, new fixed points and closed orbits.

(4) The stability or instability of fixed points and closed orbits, which of these attract
nearby trajectories and which repel them?

Theorem 7.3.2 (Existence and Uniqueness) Consider the initial value problem
X =f(x) x(0)=xo (7.21)

If f 1s continuous and its partial derivatives on some region containing xo, then the initial
value problem has a unique solution x(¢) on some interval near ¢ = 0.

Note: The theorem asserts that no two trajectories can intersect.

Linearization around Critical Points

To begin we always start by finding the critical points, which correspond to the equilibrium
solutions of the system. If the system is linear the only critical point is the origin, (0,0).
Nonlinear systems can have many fixed points and we want to determine the behavior of
the trajectories near these points. Consider,

X o= flx,y) (7.22)
o= gxy) (7.23)

The goal of linearization is to use our knowledge of linear systems to conclude what
we can about the phase portrait near (xg,yo). We will try to approximate our nonlinear
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system by a linear system, which we can then classify. Since (xg,yp) is a fixed point, and
the only fixed point of a linear system is the origin, we will want to change variables so
that (xo,yo) becomes the origin of the new coordinate system. Thus, let

U = X—Xxg (7.24)
Vo= y—o. (7.25)

We need to rewrite our differential equation in terms of u and v.

u = ¥ (7.26)
= flxy) (7.27)
= f(xo+u,yo+v) (7.28)

The natural thing to do is a Taylor Expansion of f near (xq,y)-

= f(x0,y0) + ug—i:(xo,yo) + v% (x0,y0) + higher order terms (7.29)
d 0
= u&—{c‘(x(),yo) +V8—§ ()C(),y()) +H.O.T. (7.30)

recall that f(xp,yo) = O (since it is a fixed point). To simplify notation we will sometimes
write % and %—f which are evaluated at (xg,yo), but it is important to keep this in mind.
The partial derivatives are numbers not functions. Also, recall we are considering what
happens very close to our fixed point, # and v are both small, and hence the higher order
terms are smaller still and will be disregarded in computations. By a similar computation

we have

vlzu%—i—v%%—H.O.T. (7.31)
dx dy

Ignoring the small higher order terms, we can write this system of rewritten differential
equations in matrix form. The linearized system near (xg,y) is

/ af af
( 4 ) _ §(xo,yo) §(x07y0) ( u ) | (7.32)
v 5 (x0,30) 53 (x0,0) v

We will use, from this point on, the notation f, = g—ﬁ. The matrix

_ fx(-x()vyO) fy(X(),yo))
A= ( gx(xo,yo) gy(XOJ’O) (7.33)

is called the Jacobian Matrix at (xg, yo) of the vector-valued function f(x) = (

f (x 1 7x2) )
8 (x 1,X2 ) .
In multivariable calculus, the Jacobian matrix is appropriate analogue of the single variable

calculus derivative. We then study this linear system with standard techniques.
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Predator-Prey Equations

Recall from Chapter 1 we discussed equations representing populations of animals which
grow without predators. Now we want to consider a system where one species (predator)
preys on the other species (prey), while the prey lives on another food source.

An example is a closed forest where foxes prey on rabbits and rabbits eat vegetation.
At a lake, ladybugs are predators and aphids are prey.

We denote by x and y the populations of prey and predators respectively, at time . We
need the following assumptions to construct our model.

(1) In the absence of a predator, the prey grows at a rate proportional to the current
population. So % =ax, wheny =0.

(2) In the absence of the prey, the predator dies out. Thus fl—t = —cy where ¢ > 0 when x = 0.

(3) Then number of encounters between predator and prey is proportional to the product of
their populations. Each such encounter tends to promote the growth of the predator and to
inhibit the growth of the prey. Thus the growth rate of the predator is increased by a term
of the form 7yxy, while the growth rate of the prey is decreased by a term —oxy, where y
and o are positive constants.

From these assumptions we can form the following equations

dx

= ax — oxy = x(a — ay), (7.34)
d
= = —otpy=y-ct) (7.35)

The constants a,c, o, and y are all positive constants. a and c¢ are the growth rate of
the prey and the death rate of the predators respectively. o and 7y are measures of the
effect of interaction between the two species. Equations (7.34)-(7.35) are known as the
Lotka-Volterra equations.

The goal is to determine the qualitative behavior of the solutions (trajectories) of the
system (7.34)-(7.35) for arbitrary positive initial values of x and y.

= Example 7.2 Describe the solutions to the system

d
d—f = x—0.5xy=F(x,y) (7.36)
dy
o = —0.75y +0.25xy = G(x,y) (7.37)

for x and y positive.
First we begin with techniques learned in 9.2 and find the critical points. The critical
points of the system are the solutions of the equations

x—0.5xy=0, —0.75y+0.25xy=0 (7.38)

So the critical points are (0,0) and (3,2).
Next using 9.3, we want to consider the local behavior of the solutions near each critical
point. At (0,0) consider the Jacobian

= ( Gx Gy ) B ( 0.25y  —0.75+0.25x ) (7.39)
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For (0,0) the Jacobian is

10
/= ( 0 —0.75 ) (7.40)

The eigenvalues are A = 1 and A, = —0.75, since they are real of opposite signs Theorem
5 from Section 9.3 says we have a saddle point and thus (0,0) is unstable.
At (3,2) the Jacobian is

0 —1.5
J= < 05 0 ) (7.41)
The eigenvalues A; = @ and A, = —@. Since the eigenvalues are pure imaginary, (3,2)
is a center and thus a stable critical point. Besides solutions starting on coordinate axes, all
solutions will circle around (3,2). .

Using this example consider the general system (7.34)-(7.35). First find the critical
points of the system which are solutions to

x(a—oy)=0, y(—c+7yx)=0 (7.42)

so the critical points are (0,0) and (
point. The Jacobian is

, ). We first examine the solutions near each critical

IS

F Fy a—aoy —0x
pu— = 7.4
/ <Gx Gy) ( Yy —c+yx) (7.43)
Consider (0,0), which has Jacobian
a 0
( 0 —¢ > (7.44)

The eigenvalues are a and —c. Recall a and ¢ are both positive real constants. So the
eigenvalues are real values of opposite signs, thus (0,0) is a saddle point and unstable.
This makes sense since if we move slightly away from zero and introduce predators and
prey, then the system would take off and the prey population would grow away from 0,
while if we introduced a predator and no prey it would decay to zero.

Next consider (79,, 2). The Jacobian is

0o &
(ﬂ o ) (7.45)

o

which has eigenvalues A; » = *iy/ac. So the eigenvalues are pure imaginary and the
critical point is a stable center. The direction field for all predator prey equations will have
those components and the direction fields will look like Figure 1 and Figure 2.

If we use the fact they are separable equations and solve for the trajectories we find
that the solutions are ellipses, so (%,, £) is a center.

This is what we expect, because a predator-prey system should be cyclic. When the
predator population gets to high there is not enough prey and predators die out. When the
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Figure 7.9: Direction Field for the critical point (0,0)

Figure 7.10: Direction Field for the critical point (%, )
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prey population is high the system can support more predators. These systems are always
cyclic. The solutions to this system are

x = §+§Kcos(\/a_cr+cb) (7.46)
y = g+gz<sm(@t+q>) (7.47)

where K and @ are determined by the initial conditions.
From these solutions we get four main conclusions about predator prey models:

2
a

(1) The sizes of the predator and prey populations vary sinusoidally with period Jac
This period of oscillation is independent of initial conditions.

(2) The predator and prey populations are out of phase by one quarter of a cycle. The prey
leads and the predator lags as can be seen by plotting these due to sin and cos.
av/cK

(3) The amplitudes of the oscillations are % for the prey and N for the predator

and hence depend on the initial conditions as well as the parameters of the problem.
(4) The average populations of predator and prey over one complete cycle are 79/ and
- respectively. These are the same as the equilibrium populations.

One criticism of this model is in the absence of a predator the prey grows without
bound, which is not realistic due to a finite amount of food available for the prey. This is a
basic model which is decently accurate and a building block for many advanced models.
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8.1
8.1.1

Two-Point Boundary Value Problems and Eigenfunctions

Boundary Conditions

Up until now, we have studied ordinary differential equations and initial value problems.
Now we shift to partial differential equations and boundary value problems. Partial
differential equations are much more complicated, but are essential in modeling many
complex systems found in nature. We need to specify how the solution should behave
on the boundary of the region our equation is defined on. The data we prescribe are the
boundary values or boundary conditions, and a combination of a differential equation
and boundary conditions is called a boundary value problem.

Boundary Conditions depend on the domain of the problem. For an ordinary differential
equation our domain was usually some interval on the real line. With a partial differential
equation our domain might be an interval or it might be a square in the two-dimensional
plane. To see how boundary conditions effect an equation let’s examine how they affect
the solution of an ordinary differential equation.

= Example 8.1 Let’s consider the second order differential equation y” +y = 0. Specifying
boundary conditions for this equation involves specifying the values of the solution (or its
derivatives) at two points, recall this is because the equation is second order. Consider the
interval (0,27) and specify the boundary conditions y(0) = 0 and y(27) = 0. We know
the solutions to the equation have the form

y(x) = Acos(x) + Bsin(x). (8.1)
by the method of characteristics. Applying the first boundary condition we see 0 = y(0) = A.

Applying the second condition gives 0 = y(27) = Bsin(2x), but sin(27) is already zero
so B can be any number. So the solutions to this boundary value problem are any functions
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of the form
y(x) = Bsin(x). (8.2)

= Example 8.2 Consider y” +y = 0 with boundary conditions y(0) = y(6) = 0. this seems
similar to the previous problem, the solutions still have the general form

y(x) = Acos(x) + Bsin(x) (8.3)

and the first condition still tells us A = 0. The second condition tells us that 0 = y(6) =
Bsin(6). Now since sin(6) # 0, so we must have B = 0 and the entire solution is y(x) = 0.

Boundary value problems occur in nature all the time. Examine the examples physically.
We know from previous chapters y” 4y = 0 models an oscillator such as a rock hanging
from a spring. The rock will oscillate with frequency ﬁ The condition y(0) = 0 just
means that when we start observing, we want the rock to be at the equilibrium spot. If we
specify y(2m) = 0, this will automatically happen, since the motion is 27 periodic. On the
other hand, it is impossible for the rock to return to the equilibrium point after 6 seconds.
It will come back in 27 seconds, which is more than 6. So the only possible way the rock
can be at equilibrium after 6 seconds is if it does not leave, which is why the only solution
is the zero solution.

The previous examples are homogeneous boundary value problems. We say that a
boundary problem is homogeneous if the equation is homogeneous and the two boundary
conditions involve zero. That is, homogeneous boundary conditions might be one of these

types

ya) = 0 ylx)=0 (8.4)
Y(x1) = 0 yx)=0 (8.5)
yx1) = 0 Y(x)=0 (8.6)
Yix;) = 0 y(x)=0. (8.7)

On the other hand, if the equation is nonhomogeneous or any of the boundary conditions do
not equal zero, then the boundary value problem is nonhomogenous or inhomogeneous.
Let’s look at some examples of nonhomogeneous boundary value problems.

= Example 8.3 Take y” + 9y = 0 with boundary conditions y(0) =2 and y(%) = 1. The
general solution to the differential equation is

y(x) = Acos(3x) + Bsin(3x). (8.8)
The two conditions give

2 = y(0)=4 (8.9)

1 = y(g):B (8.10)

so that the solution is
y(x) = 2cos(3x) + sin(3x) (8.11)
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» Example 8.4 Take y” 4+ 9y = 0 with boundary conditions y(0) =2 and y(2x) = 2. The
general solution to the differential equation is

y(x) = Acos(3x) + Bsin(3x). (8.12)
The two conditions give

2 = y(0)=A (8.13)
2 = y(2m)=A. (8.14)
This time the second condition did not give and new information, like in Example 1 and B

does not affect whether or not the solution satisfies the boundary conditions or not. We
then have infinitely many solutions of the form

y(x) = 2cos(3x) + Bsin(3x) (8.15)

» Example 8.5 Take y” + 9y = 0 with boundary conditions y(0) = 2 and y(27) = 4. The
general solution to the differential equation is

y(x) = Acos(3x) + Bsin(3x). (8.16)
The two conditions give

2 = y(0)=A (8.17)
4 = y@2m) =A. (8.18)

On one hand, A = 2 and by the second equation A = 4. This is impossible and this boundary
value problem has no solutions. .

These examples illustrate that a small change to the boundary conditions can dra-
matically change the problem, unlike small changes in the initial data for initial value
problems.

Eigenvalue Problems

Recall the system studied extensively in previous chapters
Ax=Ax (8.19)

where for certain values of A, called eigenvalues, there are nonzero solutions called
eigenvectors. We have a similar situation with boundary value problems.
Consider the problem

y'+Ay=0 (8.20)

with boundary conditions y(0) = 0 and y(7) = 0. The values of A where we get nontrivial
(nonzero) solutions will be eigenvalues. The nontrivial solutions themselves are called
eigenfunctions.

We need to consider three cases separately.
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(1) If A > 0, then it is convenient to let A = u? and rewrite the equation as
Y Py =0 (8.21)

The characteristic polynomial is 7> + p? = 0 with roots = %ip. So the general solution
is

y(x) = Acos(ux) + Bsin(ux) (8.22)

Note that pt # 0 since A > 0. Recall the boundary conditions are y(0) = 0 and y(7) = 0.
So the first boundary condition gives A = 0. The second boundary condition reduces to

Bsin(um) =0 (8.23)

For nontrivial solutions B # 0. So sin(ux) = 0. Thus 4 = 1,2,3, ... and thus the eigenval-
ues A, are 1,4,9,...,n>. The eigenfunctions are only determined up to arbitrary constant,
so convention is to choose the arbitrary constant to be 1. Thus the eigenfunctions are

yi(x) =sin(x) y2(x) = sin(2x),...,yn(x) = sin(nx) (8.24)
(2)If A <0, let A = —u?. So the above equation becomes
Y =Py =0 (8.25)

The characteristic equation is 7> — u? = 0 with roots » = £, so its general solution can
be written as

y(x) = Acosh(tx) + Bsinh(ux) = Cet* + De™** (8.26)

The first boundary condition, if considering the first form, gives A = 0. The second
boundary condition gives Bsinh(um) = 0. Since u # 0, then sinh(um) # 0, and therefore
B =0. So for A < 0 the only solution is y = 0, there are no nontrivial solutions and thus
no eigenvalues.

(3) If A =0, then the equation above becomes

y'=0 (8.27)
and the general solution if we integrate twice is
y(x) =Ax+B (8.28)

The boundary conditions are only satisfied when A = 0 and B = 0. So there is only the
trivial solution y =0 and A = 0 is not an eigenvalue.

To summarize we only get real eigenvalues and eigenvectors when A > 0. There may
be complex eigenvalues. A basic problem studied later in the chapter is

Y'+Ay=0, y(0)=0, y(L)=0 (8.29)
Hence the eigenvalues and eigenvectors are
n’m? . nmx
An = 2 yu(x) = sm(T) for n=1,2,3,... (8.30)

This is the classical Euler Buckling Problem.
Review Euler’s Equations:
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= Example 8.6 Consider equation of the form

2y 1y +y=0 (8.31)

and let x = In(z). Then

dy dydx 1dy

= 2= = 8.32
dt dxdt tdx ( )
d?y d dy 1 dy 1.dy
— = —(=)-+—=(-)— 8.33
dx? dt<dx)t dx(t)dx ( )
d’y1 dy 1
S A Ry G 8.34
dx2t2+dx( tz) ( )
(8.35)
Plug these back into the original equation
d’y dy d
2.0 y y Y
t t = = —-——4+—= =0 8.36
y tiy+y 2 e T Y (8.36)
= y'+y=0 (8.37)

Thus the characteristic equation is r2 +1 = 0, which has roots r = +i. So the general
solution is

$(x) = ¢y cos(x) 4 ca sin(x) (8.38)
Recalling that x = In(#) our final solution is

y(x) = cicos(In(z)) + ¢ sin(In(z)) (8.39)

8.2 Fourier Series

Last lecture, we identified solutions of the heat equation having the form
Uy = Uyy (8.40)

0 <x <1, t> 0, with homogeneous Dirichlet conditions at u(0,7) = u(l,t) = 0, had the
form

nmwx

- (8.41)

u(x,r) =Y, Ane™UT)M gin
n=1

while the heat equation with homogeneous Neumann conditions u,(0,¢) = u,(l,#) = 0 had
solutions of the form

1 > nmw
u(x,t) = 5Ao + ZAne_(T)zkt cos(T). (8.42)
n=1
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For this to make sense given an initial condition u(x,0) = f(x), for the Dirichlet case we
need to be able to write f(x) as

> niwx
xX) = A, sin(—— 8.43
f3) = Y Ansin(=) (8.43)
for some coefficients A,,, while in the Neumann case it must have the form
1 > nmx
flx) = EAO+ Y A, cos(T) (8.44)
n=1

for appropriate coefficients. Equation (8.348) is called a Fourier Sine Series of f(x) and
an expression like Equation (8.363) is called a Fourier Cosine Series of f(x).
There are two key things to keep in mind:

(1) Is it possible to find appropriate coefficients for the Fourier Sine and Cosine series for a
given f(x)?

(2) For which f(x) will the Fourier series converge, if any? What will the Fourier Series
converge to?

The Euler-Fourier Formula
We have a famous formula for the Fourier Coefficients, called the Euler-Fourier Formula.

Fourier Sine Series
Start by considering the Fourier Sine Series

fx) = i An sin(nTm). (8.45)
n=1

How can we find the coefficients A,? Observe that sine functions have the following
property

/l sin(——) sin(——)dx =0 (8.46)
0

if m # n are both positive integers. This can be seen by direct integration. Recall the trig
identity

sin(a) sin(b) = % cos(a—b) — % cos(a+b). (8.47)

Then the integral in Equation (8.253) equals

l (m—n)mx

. [ (m+n)mx
2(m—n)m sin(

l . I
7 )Mo — 2(m+n)7tsm( 7 o (8.48)

so long as m # n. But these terms are just linear combinations of sin((m+n)7) and sin(0),
and thus everything is zero.
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Now, fix m and multiply Equation (8.348) (Fourier Sine Series) by sm( *). Integrating
term by term we get

1
/0 F)sin("F )dx - = / ZAnsm P sin("ax (8.49)
-y /O sin(nTm)sin(me)dx. (8.50)
n=1

Due to the above work the only term that remains is when m = n. So all we have left is

1
/f sin( Y dx = A, /sm m;rx):im 8.51)
and so
2 rl
An=7 / f(x)sin(me)dx. (8.52)
0

In summary. If f(x) has a Fourier sine expansion, the coefficients must be given by
Equation (8.313). These are the only possible coefficients for such a series, but we have
not shown that the Fourier Sine Series is a valid expression for f(x).

= Example 8.7 Compute a Fourier Sine Series for f(x) =1on0 <x <.
By Equation (8.313), the coefficients must be given by

2 (b mmx
An = 7 /0 sin(" ). (8.53)
_ 2 oM
= mncos( 7 )o (8.54)
2 2 .

So we have A,, = % if m is odd and A,,, = 0 if m is even. Thus, on (0,/)

4 . omx. 1 . 3nx. 1 . Snx
1 = E(sm(T)—k§sm(T)—|—§sm(T)+...) (8.56)
4 1 . (2n—1)nx
= — . 8.57
n,l;zn—lsm( ) (857

= Example 8.8 Compute the Fourier Sine Series for f(x) =xon0 <x <.
In this case Equation (8.313) yields a formula for the coefficients

2 rl
An = ; / xsin(me)dx (8.58)
0
B 2x mux. 2l . mmx
= %cos( ) )]()—I—mZﬂzsm( ; )o (8.59)
21 .
= —%cos(mﬂ)+msm(mn’) (8.60)
21
= (=1t = (8.61)

mm
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So on (0,1), we have

20 . mx, 1 . 2nx. 1 . 37x
x = E(sm(T)—ism(T)—kgsm(T)—...) (8.62)
20 S 1 ((2n—1)mx 1 . (2n7x
= Er;zn_lsm( ] )—%sm< ; > (8.63)

Fourier Cosine Series
Now let’s consider the Fourier Cosine Series

1 nwx

flx )25A0+ ZA cos(==). (8.64)

We can use the following property of cosine

!
/ cos(?) Cos(me)dx =0. (8.65)
0

Verify this for an exercise.
By the exact same computation as before for sines, we replace sines with cosines, if
m # (0 we get
/4 1
/f cos( )dx—A /cos (" )ax = S1An. (8.66)
If m =0, we have

l Lo,
/f(x)-ldx: —Ao/ 12 = ZA,. (8.67)
0 2 0 2

Thus, for all m > 0, we have

1
A = % /O £(x) cos(me)dx. (8.68)

This is why we have the % in front of A (so it has the same form as A,, for m # 0).

= Example 8.9 Compute the Fourier Cosine Series for f(x) =1on0 < x <.
By Equation (8.103), the coefficients when m # 0 are

An = / cos(Ta (8.69)
minx
= 8.70
mﬂsm( ; )!o (8.70)
2
- =0. 8.71
o sin(mm) (8.71)

So the only coefficient we have occurs are Ag, and this Fourier Cosine Series is then trivial

27X

)t (8.72)

1= l—i—Ocos(ﬂl )+ 0cos(—
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= Example 8.10 Compute the Fourier Cosine Series for f(x) = x.

For m #£ 0,
2 ! mamx
Am = T/XCOS(T)CZX (873)
0
2x . mnx 21 mnx.
= %sm( 7 )+m27r2 cos( 7 o (8.74)
2L Gin(ma) + —2L (cos(mm) — 1) (8.75)
= —S1 - .
mro m2m? "
21
= (=D -1) (8.76)
— 3L m odd
_ o) _ (8.77)
0 m even
If m =0, we have
2 rl
Ao=7 [ adx=1. (8.78)
I'Jo
So on (0,/), we have the Fourier Cosine Series
[ 4l 1 3 1 5
x = 5—E(cos(?)—kgcos(gﬂ—gcos($)—l—...) (8.79)
Io4aE 1 (2n—1)7mx
= —+— . 8.80
2+n2,;(2n—1)2005< I ) (8.80)

Full Fourier Series
The full Fourier Series of f(x) on the interval —/ < x < [, is defined as

1 - N nITx
=-A A — )+ By sin(—). 8.81
REMARK: Be careful, now the interval we are working with is twice as long — < x < [.
The computation of the coefficients for the formulas is analogous to the Fourier Sine

and Cosine series. We need the following set of identities:

/llcos(”lﬂ)sin(me)dx — 0 for mm (8.82)
/_llcos(nTm)cos(me)dx = 0 forn#m (8.83)
/llsin(”lﬂ)sin(mT”)dx — 0 forn#m (8.84)

_lll-cos(nTm)a’x - O:/_lll-sin(nTm)dx. (8.85)

Thus, using the same procedure as above for sine and cosine, we can get the coefficients.

We fix m and multiply by cos(”#%), and do the same for sin(™%). So we need to calculate

the integrals of the squares

[ l [
/lcosz(”lﬂ)dx: | :/lsinz(nTﬂx)dx and /llzdxzzl (8.86)
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EXERCISE: Verity the above integrals.
So we get the following formulas

An = %/llf(x)cos(
1 /! .
B, = 7/_lf(x) sm(m—m

for the coefficients of the full Fourier Series. Notice that the first equation is exactly the
same as we got when considering the Fourier Cosine Series and the second equation is the
same as the solution for the Fourier Sine Series. NOTE: The intervals of integration are
different!

mmnx

ydx (n=1,2,3,...) (8.87)

ydx (n=1,2,3,...) (8.88)

= Example 8.11 Compute the Fourier Series of f(x) = 1+ x.
Using the above formulas we have

1 r!
Ay = 7/ (1+x)dx =2 (8.89)
1
1 r!
Ay = 7/ (1+x)cos("7)dx (8.90)
—1
l+x . mnax 1 mux.
= sin( ; )+m2n2cos( ; ), (8.91)
1
= mz—nz(cos(mn)—cos(—mn)):o m# 0 (8.92)
1 r!
B, = 7/ (1~|—x)sin(anx)dx (8.93)
1
I+x mux I . mnx
= - cos( l )+m27rzsm( ; N, (8.94)
21 21
= ——cos(mﬂ):(—l)mH—. (8.95)
mn mn
So the full Fourier series of f(x) is
2 1 2 1
l+x = 1+El(sin(”%)_ism($)+§sm(3$)—...) (8.96)
20 s 1 . (2n—1Dnx, 1 . 2nmx
= 1+— - — . 97
+nn§2n—1sm( ) TS 8.97)

Convergence of Fourier Series

Last class we derived the Euler-Fourier formulas for the coefficients of the Fourier Series
of a given function f(x). For the Fourier Sine Series of f(x) on the interval (0,/)

nmwx

Fx) = ;Ansﬁm ), (8.98)

we have

l
Ay = % /0 £0) sin(nTm)dx, (8.99)
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where n = 1,2, 3, ... For the Fourier Cosine Series of f(x) on (0,/),

1 nnx

flx )=§Ao+nZ1A cos(==), (8.100)

with the coefficients given by
2 rl
A, = 7/ f(x)cos(nTm)dx, (8.101)
0

where n = 1,2,3,... Finally, for the full Fourier Series of f(x), which is valid on the
interval (—1,1) (Note: Not the same interval as the previous two cases!),

1 - nwx . NTX
flx) = §A0+;Ancos(7) + B, sm(T), (8.102)
the coefficients are given by
A, = z/ () cos( )dx n=1,273,.. (8.103)
B, = l/ ) sin(—— dx n=1,23,.. (8.104)

2 —2<x<-1
= Example 8.12 Compute the Fourier Series for f(x) = =% on the
Il—x —1<x<2
interval (—2,2).
We start by using the Euler-Fourier Formulas. For the Cosine terms we find

1 2
Ay = = | flx)dx

2)-2
1 -1 2

= —(/ 2dx+ 1—xdx>
2\J=2 -1
1 3 7

= — 2 — ) = —
2( +2) 4

and
1 12
Ay = = / £ cos(PEY)dx

2)2
1/ 71 2 n

= —(/ 2cos(——)dx+ (1—x)cos(—)dx>
2\J2 —1
1/ 4 nax, _;  2(1—x) . nmx , 4 nmx. 5

= (o sn"TI sin("Z 2, - 2 (eos(TN) 2,
1/ 4 4 4

= 5 (_E sm(;) + Esm(%) = (cos(nm) —cos(%)))

—— n odd
= 0 n=4m
_n;:rz l’l=4m—|—2
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Also, for the sine terms

1 /2 . WX
B, = 5/, (x)sm(T)dx
1/ ! 2
= —( 2sin(——)dx+ (1_x)sm(ﬂ)dx)
2\J2 -1 2
1 4 nmx,,_;  2(1—x) nwx » 4 nmx. 5
= 5(——ﬂ:cos(7)|_2— o os( > )2 2—7;2<Sln(7>|_]
1/ 6 U
= 3 Ecos(mr) " ZSiH(%)>
3
= neven
= —%—n227[2 n:4m+1
n37r+n22ﬂ2 n=4m+3
So we have
7 oo 2 (4m+ 1)mx 3 2 .
f0=5 + L <4—m+1>2_nzc°s( 2 >+<_<4m+1>n‘<4m+1>2ﬂ2>sm(
4 (4m+2)mx N 3 . [ (4m+2)7x
- cos sin
(4m+2)2n2 2 (4m+2)m 2

N 2 COS((4m+3)7rx) N <_( 3 N 2 ) Sin((4m+3)7rx

dm+3)wr  (4m+3)>m?

This example represents a worst case scenario. There are a lot of Fourier coefficients
to keep track of. Notice that for each value of m, the summand specifies four different
Fourier terms (for 4m,4m+ 1,4m+ 2,4m+ 3). This can often happen and depending on [,
even more terms maybe required.

Convergence of Fourier Series

So we know that if a function f(x) is to have a Fourier Series on an appropriate interval,
the coefficients have to be in the form of a Fourier Sine series (8.348) on (0,7), a Fourier
Cosine Series (8.363) on (0,/), or the full Fourier Series (8.253) on (—/,1). What do these
series converge to? First consider the full Fourier Series.

We require that f(x) is piecewise smooth. This is even stronger than the piecewise
continuity we saw with Laplace Transforms. We want to divide (—/,1) into a finite number

of subintervals so that both f(x) and its derivative f’(x) are continuous on each interval.

We also require that the only discontinuities at the boundary points of the subintervals are
jump discontinuities (not asymptotically approaching infinity).

= Example 8.13 Any continuous function with continuous derivative on the desired
interval is automatically piecewise smooth. This is proven later in an advanced analysis
class. .

2

2

(4m+1)mx

)

)
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= Example 8.14 Consider the function from Example 1

f(X>:{2 crsxsolo (8.105)

l—x —1<x<2

f(x) is continuous for all x in (—2,2), but the derivative f’(x) has a discontinuity at x = —1.
This is a jump discontinuity, with lim,_, ;- f’(x) = 0 and lim,_,_;+ f/(x) = —1. Thus,
f(x) is piecewise smooth. .

The next thing to note is that even though we only need f(x) to be defined on (—1,1)
to compute the Fourier Series, the Fourier Series itself is defined for all x. Also, all of
the terms in a Fourier Series are 2/-periodic. They are either constants of have the form
sin(") or cos(“f*). So we can regard the Fourier Series either as the expansion of a
function on (—/,1) or as the expansion of a 2/-periodic function on —co < x < oo,

What will this 2/-periodic function be? It will have to coincide on (—/,) with f(x)
(since it is also the expansion of f(x) on that interval) and still be 2/-periodic. Define the

periodic extension of f(x) to be
fper(x) = f(x—=2Im) for —I1+4+2lm<x<I+2lm (8.106)

for all integers m.

REMARK: The definition (8.106) does not specify what the periodic extension is at
the endpoints x = / +2/m. This is because the extension will, in general, have jumps at
these points. This happens when f(—I17) # f(I7).

No what does the Fourier Series of f(x) converge to?

Theorem 8.3.1 (Fourier Convergence Theorem) Suppose f(x) is piecewise smooth on
(—1,1). Then at x = xo, the Fourier Series of f(x) will converge to

(1) fper(x0) if fper is continuous at xo or

(2) The average of the one sided limits 5[ fper(xg) + fper(¥g )] is fper has a jump discon-
tinuity at x = xo.

Theorem 1 tells us that on the interval (—/,1) the Fourier Series will almost converge
to the original function f(x), with the only problems occurring at the discontinuities.
1 —3<x<0

= Example 8.15 What does the Fourier Series of f(x) = {2 0<r<3 will con-
X <x <

verge to at x = —2,0,3,5,6?

The first two points are inside the original interval of definition of f(x), so we can just
directly consider fp.-(x). The only discontinuity of f(x) occurs at x = 0. So at x = —2,
f(x) is nice and continuous. The Fourier Series will converge to f(—2) = 1. On the other
hand, at x = 0 we have a jump discontinuity, so the Fourier Series will converge to the
average of the one-sided limits. f(07) =lim,_,o+ f(x) =0and f(07) =lim,_,o- f(x) =1,
so the Fourier Series will converge to 3[f(0") + £(07)] = 3.

What happens at the other points? Here we consider f,.-(x) and where it has jump
discontinuities. These can only occur either at x = xo 4+ 2/m where —[ < xo < [ is a jump
discontinuity of f(x) or at endpoints x = £/ + 2Im, since the periodic extension might not

"sync up" at these points, producing a jump discontinuity.
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At x = 3, we are at one of these "boundary points" and the left-sided limit is 6 while the
right-sided limit is 1. Thus the Fourier Series will converge here to % = % x=>51s apoint
of continuity for fp.-(x) and so the Fourier Series will converge to fj.-(5) = f(—1) = 1.
x = 6, is a jump discontinuity (corresponding to x = 0), so the Fourier Series will converge
to % L]
= Example 8.16 Where does the Fourier Series for f(x) = {2 —2sx<-l con-

1—x —1<x<2
verge at x = —7,—1,6?

None of the points are inside (—2,2) where f(x) is discontinuous. The only points
where the periodic extension might be discontinuous are the "boundary points" x = £2 4 4k.
In fact, since f(—2) # f(2), these will be points of discontinuity. So f,,(x) is continuous
at x = —7, since it is not a boundary point and we have f,.(—7) = f(1) = 0, which is
what the Fourier Series will converge to. The same for x = —1, the Fourier Series will
converge to f(—1) = 2_452 =2.

For x = 6 we are at an endpoint. The left-sided limit is -1, while the right-sided limit is
2, so the Fourier Series will converge to their average % .

Even and Odd Functions

Before we can apply the discussion from Section 10.3 to the Fourier Sine and Cosine
Series, we need to review some facts about Even and Odd Functions.
Recall that an even function is a function satisfying

g(—x) = g(x). (8.107)

This means that the graph y = g(x) is symmetric with respect to the y-axis. An odd function
satisfies

g(—x) = —g(x) (8.108)

meaning that its graph y = g(x) is symmetric with respect to the origin.

» Example 8.17 A monomial x" is even if n is even and odd if n is odd. cos(x) is even
and sin(x) is odd. Note tan(x) is odd. .

There are some general rules for how products and sums behave:
(1) If g(x) is odd and A(x) is even, their product g(x)h(x) is odd.
(2) If g(x) and h(x) are either both even or both odd, g(x)h(x) is even.
(3) The sum of two even functions or two odd functions is even or odd, respectively.
To remember the rules consider how many negative signs come out of the arguments.
EXERCISE: Verify these rules.
(4) The sum of an even and an odd function can be anything. In fact, any function on (—1,1)
can be written as a sum of an even function, called the even part, and an odd function,
called the odd part.
(5) Differentiation and Integration can change the parity of a function. If f(x) is even, %
and [; f(s)ds are both odd, and vice versa.

The graph of an odd function g(x) must pass through the origin by definition. This also
tells us that if g(x) is even, as long as g’(0) exists, then g’(0) = 0.
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Definite Integrals on symmetric intervals of odd and even functions have useful proper-
ties

l [ l
/ (odd)dx=0 and / (even)dx = 2/ (even)dx (8.109)
1 —1 0

Given a function f(x) defined on (0,/), there is only one way to extend it to (—I,/) to
an even or odd function. The even extension of f(x) is

f(x) for 0<x<l

f(—=x) for —1<x<0O. (8.110)

feven(x) = {

This is just its reflection across the y-axis. Notice that the even extension is not necessarily
defined at the origin.
The odd extension of f(x) is

flx) for 0<x<1
fodd(x) =4 —f(=x) for —1<x<0 . (8.111)
0 for x=0

This is just its reflection through the origin.

Fourier Sine Series
nmwx

Each of terms in the Fourier Sine Series for f(x), sin(“7*), is odd. As with the full Fourier
Series, each of these terms also has period 2/. So we can think of the Fourier Sine Series as
the expansion of an odd function with period 2/ defined on the entire line which coincides
with f(x) on (0,7).

One can show that the full Fourier Series of f,;; is the same as the Fourier Sine Series
of f(x). Let

1 - nmx . NTX
EAO+;AHCOS(T)+BHSIH(T) (8.112)

be the Fourier Series for f,;,(x), with coefficients given in Section 10.3

1 r!
A,,ZT/ fodd(x)cos(”lﬂc)dxzo (8.113)
1

But f,44 1s 0dd and cos is even, so their product is again odd.

nmwx

1 r!
By= 7 /_ Joda)sin(“T)dx 8.114)

But both f,;; and sin are odd, so their product is even.

2 rl
B = 7 /0 fodd(x)sin(nTm)dx 8.115)

nmwx

2 gl )
= 7/()f(x)s1n( l )dx, (8.116)
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which are just the Fourier Sine coefficients of f(x). Thus, as the Fourier Sine Series of
f(x) is the full Fourier Series of f,;4(x), the 2/-periodic odd function that the Fourier Sine
Series expands is just the periodic extension f,4.

This goes both ways. If we want to compute a Fourier Series for an odd function on
(—1,1) we can just compute the Fourier Sine Series of the function restricted to (0,1). It
will almost converge to the original function on (—/,1) with the only issues occurring at
any jump discontinuities. The only works for odd functions. Do not use the formula for
the coefficients of the Sine Series, unless you are working with an odd function.

= Example 8.18 Write down the odd extension of f(x) =1 —x on (0,/) and compute its
Fourier Series.

To get the odd extension of f(x) we will need to see how to reflect f across the origin.
What we end up with is the function

[—x O0<x<l
0 — . 8.117
Joaa () {—l—x _1<x<0 (A1)

Now. what is the Fourier Series of f,;(x)? By the previous discussion, we know that
is will be identical to the Fourier Sine Series of f(x), as this will converge on (—/,0) to
Jfoda- S0 we have

o5}

. NTX
foda(x) =Y Ay sin(—-), (8.118)
n=1
where
2 rl
A, = 7/(Z—X)sin("lﬂ)dx (8.119)
0
2. I(l—x) nmx > . nmx,
= 2 () L in (5.120
2
= _l (8.121)
nw

Thus the desired Fourier Series is

20 & 1
Joaa(x) = — Y —sin(nlﬂ). (8.122)

n=1 n
[ ]

You might wonder how we were able a few lectures ago to compute the Fourier Sine
Series of a constant function like f(x) = 1 which is even. It is important to remember that
if we are computing the Fourier Sine Series for f(x), it only needs to converge to f(x) on
(0,1), where issues of evenness and oddness do not occur. The Fourier Sine Series will
converge to the odd extension of f(x) on (—1,1).

s Example 8.19 Find the Fourier Series for the odd extension of

3
2 (8.123)
x < 3.
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on (—3,3).
The Fourier Series for f,;4(x) on (—3,3) will just be the Fourier Sine Series for f(x)
on (0,3). The Fourier Sine coefficients for f(x) are

7 3
Ay = = / £ sin( ) ax (8.124)
3o [
2/ 33 3.3
= g(/Ozisin(r%m)dx—k %(x—z)sin(%m)) (8.125)
2 9 nwx., 3 3(x—%) nmx. 3 9 . nmx ;3
= 5(_2 p- os( 3 g + e cos( 3 )’%+WSIH(T)|% (8.126)
2 9 nmw 9 9 | nnx
= g(—%<COS<7)—1>—%C08(nﬂ)—m51n(7)> (8.127)
= 22— cos(™Ey g (— 1y — 2 sin(™F) (8.128)
- 32nm 2 n2m? 2 '
2
— %(l—cos(%)—k(—l)"ﬂ—Esin(%)) (8.129)
and the Fourier Series is
3 a1 nmw 2 . nmw_. . NAX
foaa(x) = — Y - —cos(—)+ (—1) - —sin(=-)]sin(=37). (8.130)

n=1 n

EXERCISE: Sketch the Odd Extension of f(x) given in the previous Example and
write down the formula for it.

Fourier Cosine Series

Now consider what happens for the Fourier Cosine Series of f(x) on (0,/). This is
analogous to the Sine Series case. Every term in the Cosine Series has the form
nmx
Ancos(T) (8.131)
and hence is even, so the entire Cosine Series is even. So the Cosine Series must converge
on (—1,1) to an even function which coincides on (0,/) with f(x). this must be the even

extension
flx) 0<x<lI

Jevenl) = {f(—x) —l<x<0

Notice that this definition does not specify the value of the function at zero, the only
restriction on an even function at zero is that, if it exists, the derivative should be zero.

It is straight forward enough to show that the Fourier coefficients of fey.,(x) coincide
with the Fourier Cosine coefficients of f(x). The Euler-Fourier formulas give

(8.132)

nmwx

1 l
Av = 5 / Fevenlx) cos(=~ )l (8.133)

2 rl
= 3 / feven(x)cos(nTm)dx since feven(x)cos(nTm) is even (8.134)
0

[
= 2 [ Feentorcos( (8.135)
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which are the Fourier Cosine coefficients of f(x) on (0,/)

l
_ % / Joren®) sin("7)dx = 0 (8.136)

since feyen(x)sin(“7*) is odd. Thus the Fourier Cosine Series of f(x) on (0,/) can be
considered as the Fourier expansion of feye,(x) on (—1,1), and therefore also as expansion
of the periodic extension of f.,(x). It will converge as in the Fourier Convergence
Theorem to this periodic extension.

This also means that if we want to compute the Fourier Series of an even function, we
can just compute the Fourier Cosine Series of its restriction to (0,1). It is very important
that this only be attempted if the function we are starting with is even.

= Example 8.20 Write down the even extension of f(x) =/ —x on (0,/) and compute its
Fourier Series.
The even extension will be

[l—x O<x<xl
even - . 8.137
Feven(x) {l—l—x —1<x<0 ( )

Its Fourier Series is the same as the Fourier Cosine Series of f(x), by the previous
discussion. So we can just compute the coefficients. Thus we have

1 oo
Jeven(x) = 5A0+H§Ancos($), (8.138)
where
2 gl 2 7l
Ay = —/ f(x)dx:—/ (1—x)dx =1 (8.139)
[ Jo [ Jo
2 1l
Ay = 5 / f(x)cos(nTm)dx (8.140)
= l/ (I —x) cos( )dx (8.141)
2(I—x) . nmx I nwx .
_2r (—cos(nm)+cos(0)) (8.143)
1\ n?n? " :
20 ,
= (=D, (8.144)
So we have
_ - n+1
Jeven(x 5 ; +1). (8.145)

s Example 8.21 Write down the even extension of

3 3
2 O<x<_
S 2 8.146
f(x) {x_ %§x§3 ( )

[\S1[O%})



8.5

8.5 The Heat Equation 201

and compute its Fourier Series.
Using Equation (8.132) we see that the even extension is

x—3 3<x<3
3 3
s 0<x<s
Seven (X) = % 3 2 0 (8.147)
5 —573<x<
—x—% —3§x§—%

We just need to compute the Fourier Cosine coefficients of the original f(x) on (0,3).

2 3
Ag = 3 /0 £(x)dx (8.148)
2( 323 3 3
_ 5( [ S 3/2x—§dx) (8.149)
29 9 9
= §(4_1 g):Z (8.150)
3
A, = %/0 f(x)cos(%m)dx 8.151)
2/ (323 nmx 3 3 nmx
= g(/o ECOS(T)dX+/3/2(X—E)COS(T>d)C> (8152)
2/ 9 . nm 3(x—3) T 9 T
29 | nm 9 nw
- 5(%sm(T)—f—m<cos(n7r)—cos(7)>) (8.154)
6 (1 nmw 1 " nmw
- n—<§ (7)—{—%((—1) —COS(—))) (8.155)
6 (1 " nm 1 . nm
= E(E((_l) —COS(T))-I-ESIH(?)). (8.156)

So the Fourier Series is

9 6 1/1 n nmw 1 . nm niwx
Jeven = 3 + %Y; - <ﬁ((_l) —005(7)) + Esm(j)) COS(T). (8.157)

The Heat Equation

We will soon see that partial differential equations can be far more complicated than
ordinary differential equations. For PDEs, there is no general theory, the methods need
to be adapted for smaller groups of equations. This course will only do an introduction,
you can find out much more in advanced courses. We will be focusing on a single
solution method called Separation of Variables, which is pervasive in engineering and
mathematics.

The first partial differential equation to consider is the famous heat equation which
models the temperature distribution in some object. We will focus on the one-dimensional
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=

r 4+ Az

Figure 8.1: Heat Flux across the boundary of a small slab with length Ax. The graph is the
graph of temperature at a given time 7. In accordance with Fourier’s Law, the heat leaves
or enters the boundary by flowing from hot to cold; hence at x the flux is opposing the sign
of uy, while at x 4 Ax it is agreeing.

heat equation, where we want to find the temperature distributions in a one-dimensional
bar of length /. In particular we will assume that our bar corresponds to the interval (0,/)
on the real line.

The assumption is made purely for simplicity. If we assume we have a real bar, the
one-dimensional assumption is equivalent to assuming at every lateral cross-section and
every instant of time, the temperature is constant. While this is unrealistic it is not a terrible
assumption. Also, if the length is much larger than the width in advanced mathematics
one can assume the width is O since it is such a small fraction of the length. We are also
assuming the bar is perfectly insulated, so the only way heat can enter or leave the bar is
through the ends x = 0 and x = [. So any heat transfer will be one-dimensional.

Derivation of the Heat Equation

Many PDEs come from basic physical laws. Let u(x,#) denote the temperature at a point
x at time 7. ¢ will be the specific heat of the material the bar is made from (which is the
amount of heat needed to raise one unit of mass of this material by one temperature unit)
and p is the density of the rod. Note that in general, the specific heat and density of the
rods do not have to be constants, they may vary with x. We greatly simplify the problem
by allowing them to be constant.

Let’s consider a small slab of length Ax. We will let H(¢) be the amount of heat
contained in this slab. The mass of the slab is pAx and the heat energy contained in this
small region is given by

H(t) = cupAx (8.158)

On the other hand, within the slab, heat will flow from hot to cold (this is Fourier’s Law).
The only way heat can leave is by leaving through the boundaries, which are at x and
X+ Ax (This is the Law of Conservation of Energy). So the change of heat energy of
the slab is equal to the heat flux across the boundary. If k is the conductivity of the bar’s
material

dH

ke Ky (x4 Ax, 1) — Kuy(x, 1) (8.159)
This is illustrated in Figure 8.5.1. Setting the derivative of H(¢) from above equal to the
previous equations we find

(cu(x,t)pAx); = Kuy(x+ Ax,t) — Kuy(x,1) (8.160)
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Figure 8.2: Temperature versus position on a bar. The arrows show time dependence in
accordance with the heat equation. The temperature graph is concave up, so the left side of
the bar is warming up. While on the right the temperature is concave down and so th right
side is cooling down..

or

Kty (X + Ax, 1) — Kuy(x,1)

A (8.161)

cpuy(x,t) =
If we take the limit as Ax — 0, the right hand side is just the x-derivative of ku,(x,t) or

cpuy(x,1) = Kty (x,1). (8.162)
Setting k = % > 0, we have the heat equation

U = Kty (8.163)

Notice that the heat equation is a linear PDE, since all of the derivatives of u are only
multiplied by constants. What is the constant k£? It is called the Thermal Diffusivity of
the bar and is a measure of how quickly heat spreads through a given material.

How do we interpret the heat equation? Graph the temperature of the bar at a fixed
time. Suppose it looks like Figure 2. On the left side the bar is concave up. If the graph
is concave up, that means that the second derivative of the temperature (with respect to
position x) is positive. The heat equation tells us that the time derivative of the temperature
at any of the points on the left side of the bar will be increasing. The left side of the bar will
be warming up. Similarly, on the right side of the bar, the graph is concave down. Thus the
second x-derivative of the temperature is negative, and so will be the first 7-derivative, and
we can conclude that the right side of the bar is cooling down.

Separation of Variables and Heat Equation IVPs
Initial Value Problems

Partial Differential Equations generally have a lot of solutions. To specify a unique one,
we will need additional conditions. These conditions are motivated by physics and are
initial or boundary conditions. An IVP for a PDE consists for the heat equation, initial
conditions, and boundary conditions.

An initial condition specifies the physical state at a given time #y. For example, and
initial condition for the heat equation would be the starting temperature distribution

u(x,0) = f(x) (8.164)
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This is the only condition required because the heat equation is first order with respect to
time. The wave equation, considered in a future section is second order in time and needs
two initial conditions.

PDEs are only valid on a given domain. Boundary conditions specify how the solution
behaves on the boundaries of the given domain. These need to be specified, because
the solution does not exist on one side of the boundary, we might have problems with
differentiability there.

Our heat equation was derived for a one-dimensional bar of length /, so the relevant
domain in question can be taken to be the interval 0 < x < [/ and the boundary consists of
the two points x = 0 and x = /. We could have derived a two-dimensional heat equation,
for example, in which case the domain would be some region in the xy-plane with the
boundary being some closed curve.

It will be clear from the physical description of the problem what the appropriate
boundary conditions are. We might know at the endpoints x = 0 and x = [, the temperature
u(0,¢) and u(l,t) are fixed. Boundary conditions that give the value of the solution are
called Dirichlet Boundary Conditions. Or we might insulate the ends of the bar, meaning
there should be no heat flow out of the boundary. This would yield the boundary conditions
ux(0,1) = uy(1,¢) = 0. If the boundary conditions specify the derivative at the boundary,
they are called Neumann Conditions. If the boundary conditions specify that we have
one insulated end and at the other we control the temperature. This is an example of a
Mixed Boundary Condition.

As we have seen, changing boundary conditions can significantly change the solution.
Initially, we will work with homogeneous Dirichlet conditions u(0,7) = u(l,t) = 0, giving
us the following initial value problem

(DE): uw, = kuwx (8.165)
(BC): u(0,t) = wu(l,t)=0 (8.166)
(IC) : u(x,0) = f(x) (8.167)

After we have seen the general method, we will see what happens with homogeneous
Neumann conditions. We will discuss nonhomogeneous equations later.

Separation of Variables

Above we have derived the heat equation for the bar of length L. Suppose we have an
initial value problem such as Equation (8.165)-(8.167). How should we proceed? We want
to try to build a general solution out of smaller solutions which are easier to find.

We start by assuming we have a separated solution, where

u(x,t) = X ()T (1) (8.168)

Our solution is the product of a function that depends only on x and a function that depends
only on . We can then try to write down an equation depending only on x and another
solution depending only on ¢ before using our knowledge of ODEs to try and solve them.
It should be noted that this is a very special situation and will not occur in general.
Even when we can use it sometimes it is hard to move beyond the first step. However, it
works for all equations we will be considering in this class, and is a good starting point.
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How does this method work? Plug the separated solution into the heat equation.
O XWTO)] = kX T .169)

ot BRI '
X(x)T'(t) = kX"(x)T(¢) (8.170)

Now notice that we can move everything depending on x to one side and everything
depending on ¢ to the other.

() _X"(x)

kKT(t)  X(x) @.171)

This equation should says that both sides are equal for any x or t we choose. Thus they
both must be equal to a constant. Since if what they equal depended on x or ¢ both sides
would not be equal for all x and 7. So

') X"(x)
KT() ~ X(x)

=-2 (8.172)

We have written the minus sign for convenience. It will turn out that A > 0.
The equation above contains a pair of separate ordinary differential equations

X' +AX = 0 (8.173)
T'+AkT = 0. (8.174)
Notice that our boundary conditions becomes X (0) = 0 and X (/) = 0. Now the second
equation can easily be solved, since we have T’ = —AKkT, so that
T(t) = Ae ™M (8.175)

The first equation gives a boundary value problem
X"+2AX=0 X(0)=0 X(I)=0 (8.176)

This should look familiar. The is the basic eigenfunction problem studied in section 10.1.
As in that example, it turns out our eigenvalues have to be positive. Let A = p? for u > 0,
our general solution is

X(x) = Bcos(ux) 4 Csin(px). (8.177)

The first boundary condition says B = 0. The second condition says that X (/) = Csin(ul) =
0. To avoid only having the trivial solution, we must have u/ = n7. In other words,

T T
Ja= ()" and X,(x) = sin(*") (8.178)
forn=1,2,3,...
So we end up having found infinitely many solutions to our boundary value problem,
one for each positive integer n. They are

#)Zkt . nmwx

Un(x,1) = Ape ™ sin(—-). (8.179)
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The heat equation is linear and homogeneous. As such, the Principle of Superposition still
holds. So a linear combination of solutions is again a solution. So any function of the form

N
u(x,t) = Y Aye (7K sin(”lﬂ) (8.180)

n=0

is also a solution to our problem.
Notice we have not used our initial condition yet. We have

N
F) =u(x,0)= Y 4, sin(@). (8.181)
n=0

So if our initial condition has this form, the result of superposition Equation (8.180) is in a
good form to use the IC. The coefficients A, just being the associated coefficients from
f(x).

= Example 8.22 Find the solutions to the following heat equation problem on a rod of
length 2.

Uy = Uxx (8.182)

w(0,1) = u(2,1)=0 (8.183)
. 37mx ,

u(x,0) = sm(T)—Ssm(37tx) (8.184)

In this problem, we have k = 1. Now we know that our solution will have the form like
Equation (8.180), since our initial condition is just the difference of two sine functions.
We just need to figure out which terms are represented and what the coefficients A,, are.

Our initial condition is

flx)= sin(%{) — 5sin(37x) (8.185)

Looking at (8.180) with / = 2, we can see that the first term corresponds to n = 3 and the
second n = 6, and there are no other terms. Thus we have A3 = 1 and Ag = —5, and all
other A,, = 0. Our solution is then

”2
u(x,t) = e CFN sin(?) — 59 gin(37x). (8.186)

There is no reason to suppose that our initial distribution is a finite sum of sine functions.
Physically, such situations are special. What do we do if we have a more general initial
temperature distribution?

Let’s consider what happens if we take an infinite sum of our separated solutions. Then
our solution is

u(x,t) = Y Aye (VK sin(nTm). (8.187)
n=0
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Now the initial condition gives

nmwx

) (8.188)

flx) = i)An sin(

This idea is due to the French Mathematician Joseph Fourier and is called the Fourier
Sine Series for f(x).

There are several important questions that arise. Why should we believe that our initial
condition f(x) ought to be able to be written as an infinite sum of sines? why should we
believe that such a sum would converge to anything?

Neumann Boundary Conditions
Now let’s consider a heat equation problem with homogeneous Neumann conditions

(DE): u; = ux (8.189)
(BC):  ue(0,t) = uy(l,t)=0 (8.190)
(IC): u(x,0) = f(x) (8.191)

We will start by again supposing that our solution to Equation (8.189) is separable, so we
have u(x,t) = X (x)T (t) and we obtain a pair of ODEs, which are the same as before

X +AX = 0 (8.192)
T'+AkT = 0. (8.193)

The solution to the first equation is still
T (1) =Ae M (8.194)

Now we need to determine the boundary conditions for the second equation. Our boundary
conditions are uy(0,7) and uy(l,#). Thus they are conditions for X’(0) and X’(/), since the
t-derivative is not controlled at all. So we have the boundary value problem

X"+AX =0 X' (0)=0 X'(I)=0. (8.195)

Along the lines of the analogous computation last lecture, this has eigenvalues and eigen-
functions

_ (T2
An = (l) (8.196)
yalx) = COS(nTm) (8.197)

forn=0,1,2,... So the individual solutions to Equation (8.189) have the form

(%)2]( nﬂ:x)

fcos(——).
&

Taking finite linear combinations of these work similarly to the Dirichlet case (and is the
solution to Equation (8.189) when f(x) is a finite linear combination of constants and

cosines, but in general we are interested in knowing when we can take infinite sums, i.e.

u(x,t) =Aye (8.198)

1 > nmw
u(x,) = SAo+ Y Ao UFVH cos(—-) (8.199)
n=1
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Notice how we wrote the n = O case, as %AO. The reason will be clear when talking about
Fourier Series. The initial conditions means we need

1 nmx

F) =540+ iAn cos(—7-)- (8.200)
n=1

An expression of the form above is called the Fourier Cosine Series of f(x).

Other Boundary Conditions
It is also possible for certain boundary conditions to require the "full" Fourier Series of the
initial data, this is an expression of the form

1 [ee]

@) =340+ Y. (Ancos(”lﬂ) +B, sin(nTm)). (8.201)
n=1

but in most cases we will work with Dirichlet or Neumann conditions. However, in the
process of learning about Fourier sine and cosine series, we will also learn how to compute
the full Fourier series of a function.

Heat Equation Problems

In the previous lecture on the Heat Equation we saw that the product solutions to the heat
equation with homogeneous Dirichlet boundary conditions problem

u = Kitg (8.202)
w(0,0) = u(l,)=0 (8.203)
u(x,0) = f(x) (8.204)

had the form

nw

n(x,1) = Bpe~ T sin(nTM) n=1,23,.. (8.205)

Taking linear combinations of these (over each n) gives a general solution to the above
problem.

u(x,t) = ¥ Bue (P sin () (8.206)
n=1 !
Setting ¢ = 0, this implies that we must have
@)= X Basin(“7) (8.207)
n=1

In other words, the coefficients in the general solution for the given initial condition are
the Fourier Sine coefficients of f(x) on (0,/), which are given by

2 ! . (NT
Bi=7 /0 £)sin(“7)dx. (8.208)
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We also, saw that if we instead have a problem with homogeneous Neumann boundary
conditions

w = kuy O0<x<I, t>0 (8.209)
ue(0,1) = ue(l,1) =0 (8.210)
u(0,1) = f(x) (8.211)

the product solutions had the form
un (1) = AP W cos(5) n=1,2.3,... (8.212)

and the general solution has the form

1 o nx
(1) = SA0+ nZlAne—(z)z’“ cos("7) (8.213)
With ¢ = 0 this means that the initial condition must satisfy
1 - nwx
f) =540+ ZAncos(T). (8.214)
n=1

and so the coefficients for a particular initial condition are the Fourier Cosine coefficients
of f(x), given by

2 [t s
An=T /0 F)cos (=) dx. (8.215)

One way to think about this difference is that given the initial data u(x,0) = f(x), the
Dirichlet conditions specify the odd extension of f(x) as the desired periodic solution,
while the Neumann conditions specify the even extension. This should make sense since
odd functions must have f(0) = 0, while even functions must have f'(0) = 0.

So to solve a homogeneous heat equation problem, we begin by identifying the type
of boundary conditions we have. If we have Dirichlet conditions, we know our solution
will have the form of Equation (8.348). All we then have to do is compute the Fourier Sine
coefficients of f(x). Similarly, if we have Neumann conditions, we know the solution has
the form of Equation (8.363) and we have to compute the Fourier Cosine coefficients of
£ ().

REMARK: Observe that for any homogeneous Dirichlet problem, the temperature
distribution (8.348) will go to 0 as t — oo. This should make sense because these boundary
conditions have a physical interpretation where we keep the ends of our rod at freezing
temperature without regulating the heat flow in and out of the endpoints. As a result, if the
interior of the rod is initially above freezing, that heat will radiate towards the endpoints
and into our reservoirs at the endpoints. On the other hand, if the interior of the rod is
below freezing, heat will come from the reservoirs at the endpoints and warm it up until
the temperature is uniform.

For the Neumann problem, the temperature distribution (8.363) will converge to %Ao.
Again, this should make sense because these boundary conditions correspond to a situation
where we have insulated ends, since we are preventing any heat from escaping the bar.
Thus all heat energy will move around inside the rod until the temperature is uniform.
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Examples

= Example 8.23 Solve the initial value problem

u = 3Buy 0<x<2, t>0 (8.216)
u(0,7) = u(2,t)=0 (8.217)
u(x,0) = 20. (8.218)

This problem has homogeneous Dirichlet conditions, so by (8.348) our general solution
is
nmwx

"sin(~-). (8.219)

P

u(x,t) = Z Bye 3
n=1

The coefficients for the particular solution are the Fourier Sine coefficients of u(x,0) = 20,
so we have

B, = % /OZZOSin(L;M)dx (8.220)
= [—%COS(%M)]% (8.221)
- —%(cos(nﬂ:)—cos(O)) (8.222)
_ %(H(_l)nﬂ) (8.223)

and the solution to the problem is

40 & 14+ (=11 _a222, | nmx
M(X,t)zzzl%e 4 ISIH(T). (8224)
n—=

= Example 8.24 Solve the initial value problem

w = Buy 0<x<2, >0 (8.225)
ue(0,1) = ue(2,6)=0 (8.226)
u(x,0) = 3x. (8.227)

This problem has homogeneous Neumann conditions, so by (8.363) our general solu-
tion is

1 > nmw
u(x,t) = S0+ Y Age cos(%). (8.228)
n=1

The coefficients for the particular solution are the Fourier Cosine coefficients of u(x,0) =
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3x, so we have

2 (2
Ay = —/ 3xdx =6 (8.229)
2Jo
7 2
Ay = = / 3xcos(FEVdx (8.230)
2 Jo 2
nmx 12 . nzmx
— [—n—cos( 5)+ g sin(= 13 (8.231)
12
= ——cos(nn) (8.232)
nmw
12
= —(=1)"H! 8.233
m( ) ( )
and the solution to the problem is
3 12 ()" s nmx
M(X,I) = E + ;néll Te 4 COS(T). (8.234)

= Example 8.25 Solve the initial value problem

w = 4uy O0<x<2m, >0 (8.235)
u(0,¢) = u(m,t)=0 (8.236)
I O<x<m
u(x,0) = { * . (8.237)
X mw<x<2mw
This problem has homogeneous Dirichlet conditions, so our general solution is
nx
Z Bue™ n? "sin( 5 —). (8.238)

The coefficients for the particular solution are the Fourier Sine coefficients of u(x,0), so
we have

B, = %(/Onsin(@)dm/stin("—;)dx) (8.239)
= —% cos( )|0 — j—;cos(nzx) 2m 4 %sin(%) 27 (8.240)
= —%(cos(%)—cos(O))—gcos(mr)%—%cos(%)—%sm( ) (8.241)
= o) - )41 2eos(T) - i) 824)
— %(—%(cos(n;) —1)+2(=1)"! COS(%) - % sin(%)) (8.243)

and the solution to the problem is

2
2’;1n( (cos nzﬂ)—1)—1—2(—1)”“cos(n;)—n—nsm(n;))e nt sm(nzx)

(8.244)
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Other Boundary Conditions

So far, we have used the technique of separation of variables to produce solutions to the
heat equation

Uy = kit (8.245)

on 0 < x < [ with either homogeneous Dirichlet boundary conditions [u(0,t) = u(l,t) = 0]
or homogeneous Neumann boundary conditions [u,(0,7) = u,(l,¢) = 0]. What about for
some other physically relevant boundary conditions?

Mixed Homogeneous Boundary Conditions

We could have the following boundary conditions
u(0,t) = uy(l,6) =0 (8.246)

Physically, this might correspond to keeping the end of the rod where x = 0 in a bowl] of
ice water, while the other end is insulated.
Use Separation of Variables. Let u(x,t) = X (x)T (¢), and we get the pair of ODEs

T' = —kAT (8.247)

X" — _)X. (8.248)
Thus

T(t) = Be . (8.249)

We now have a boundary value problem for X to deal with, where the boundary conditions
are X(0) = X’(I) = 0. There are only positive eigenvalues, which are given by

2n—1)1\>
A, = —= 8.250
( = (8.250)
and their associated eigenfunctions are
2n—1
X, (x) = sin(%). (8.251)

The separated solutions are then given by

(27171)71:)216 . ((2n—1)7'cx)

Un(x,) = Bpe sin 5 (8.252)
and the general solution is
- _(enbmy - (2n—1)7x
1) =Y Bue o )M gin(F 270, 8.253
u(x,t) ’; ne sin( T ) ( )

with an initial condition u(x,0) = f(x), we have that

o . (2n—1)mx
flx) = ZIB,, 51n(2—l). (8.254)

n=
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This is an example of a specialized sort of Fourier Series, the coefficients are given by

200 (2n—D)z
By= /O f(x)sm(%c)dx. (8.255)

REMARK: The convergence for a series like the one above is different than that of our
standard Fourier Sine or Cosine series, which converge to the periodic extension of the
odd or even extensions of the original function, respectively. Notice that the terms in the
sum above are periodic with period 4/ (as opposed to the 2/-periodic series we have seen
before). In this case, we need to first extend our function f(x), given on (0,/), to a function
on (0,27) symmetric around x = /. Then, as our terms are all sines, the convergence on
(—21,21) will be to the odd extension of this extended function, and the periodic extension
of this will be what the series converges to on the entire real line.

= Example 8.26 Solve the following heat equation problem

Uy = 25U,y (8.256)
u(0,¢) = 0 u(10,1)=0 (8.257)
u(x,0) = 5. (8.258)

By (8.253) our general solution is
(2n—1)mx

> n—1)m
u(nt) = Y Bue 35w P gin (LT (8.259)
- 20
The coefficients for the particular solution are given by
2 10 (2n—1)mx
By = = /0 5s1n(%)dx (8.260)
10 (2]’[ — 1>7r.x 10
= — 8.261
(2n—1)n°°S( 20 b (8.261)
10 (2n—1)rm
= - —_—) — 0 8.262
CE (cos( 3 ) —cos(0)) ( )
10
_ ‘ 8.263
(2n—1)rm ( )
and the solution to the problem is
10 & 1 _en-p??  (2n—1)7x
t)=— To —). 8.264
u(x,t) 7 & (ane 1)e sin 20 ) ( )

Nonhomogeneous Dirichlet Conditions

The next type of boundary conditions we will look at are Dirichlet conditions, which fix the
value of u at the endpoints x = 0 and x = /. For the heat equation, this corresponds to fixing
the temperature at the ends of the rod. We have already looked at homogeneous conditions
where the ends of the rod had fixed temperature 0. Now consider the nonhomogeneous
Dirichlet conditions

u(0,6) =", u(l,t)=" (8.265)
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This problem is slightly more difficult than the homogeneous Dirichlet condition
problem we have studied. Recall that for separation of variables to work, the differential
equations and the boundary conditions must be homogeneous. When we have nonhomo-
geneous conditions we need to try to split the problem into one involving homogeneous
conditions, which we know how to solve, and another dealing with the nonhomogeneity.

REMARK: We used a similar approach when we applied the method of Undetermined
Coefficients to nonhomogeneous linear ordinary differential equations.

How can we separate the “core” homogeneous problem from what is causing the
nonhomogeneity? Consider what happens as t — . We should expect that, since we fix
the temperatures at the endpoints and allow free heat flux at the boundary, at some point the
temperature will stabilize and we will be at equilibrium. Such a temperature distribution
would clearly not depend on time, and we can write

}Lrilou(x,t) = v(x) (8.266)

Notice that v(x) must still satisfy the boundary conditions and the heat equation, but we
should not expect it to satisfy the initial conditions (since for large ¢ we are far from
where we initially started). A solution such as v(x) which does not depend on 7 is called a
steady-state or equilibrium solution.

For a steady-state solution the boundary value problem becomes

0=k'" v0)=T1 v(l)="T. (8.267)
It is easy to see that solutions to this second order differential equation are

v(x) =cix+cp (8.268)
and applying the boundary conditions, we have

v(x) =Ty + 2 ; h (8.269)

Now, let

w(x,t) = u(x,t) —v(x) (8.270)
so that

u(x,t) = wix, 1) +v(x). (8.271)

This function w(x,?) represents the transient part of u(x,7) (since v(x) is the equilibrium
part). Taking derivatives we have

Uy =wr+v,=w; and Uy = Wyx + Vix = Wiy (8.272)

Here we use the fact that v(x) is independent of 7 and must satisfy the differential equation.
Also, using the equilibrium equation v/’ = v, = 0.

Thus w(x,7) must satisfy the heat equation, as the relevant derivatives of it are identical
to those of u(x,), which is known to satisfy the equation. What are the boundary and
initial conditions?

w(0,¢) = u(0,t)—v(0)=T1—-T1 =0 (8.273)
w(l,t) ull,t)—v()=T,—-T, =0 (8.274)
w(x,0) = u(x,0)—v(x) = f(x) —v(x) (8.275)
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where f(x) = u(x,0) is the given initial condition for the nonhomogeneous problem. Now,
even though our initial condition is slightly messier, we now have homogeneous boundary
conditions, since w(x,7) must solve the problem

wr = kwyy (8.276)
w(0,6) = w(l,t)=0 (8.277)
w(x,0) = f(x)—v(x) (8.278)

This is just a homogeneous Dirichlet problem. We know the general solution is

2k[ . nmwx

w(x,t) =Y Bye (T) sin(=). (8.279)
n=1

where the coefficients are given by

nmwx

2 ! .
Bi=7 /O (£(6) () sin(“T ). (8.280)

Notice that lim,_.. w(x,7) = 0, so that w(x,?) is transient.
Thus, the solution to the nonhomogeneous Dirichlet problem

Uy = kuyy (8.281)
u(0,0) = T, u(l,t)="7 (8.282)
u(x,0) = f(x) (8.283)

is u(x,t) = w(x,t) +v(x), or

= . Th—T
u(e,r) = X Bue” P sin (M) 4 1y 2 (8.284)
n=1
with coefficients
2 ! T
anj/ (F0)— T — = lx)sin(nTm)dx. (8.285)
0

REMARK: Do not memorize the formulas but remember what problem w(x,7) has to
solve and that the final solution is u(x,?) = v(x) +w(x, 7). For v(x), it is not a hard formula,
but if one is not sure of it, remember v,, = 0 and it has the same boundary conditions as
u(x,t). This will recover it.

= Example 8.27 Solve the following heat equation problem

U = By (8.286)
u(0,1) = 20, u(40,t) =100 (8.287)
u(x,0) = 40—3x (8.288)

We start by writing

u(x,t) =v(x) +w(x,1) (8.289)
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where v(x) = 204 2x. Then w(x,¢) must satisfy the problem

Wr = 3Wxx (8.290)
w(0,7) = w(40,t) =0 (8.291)
w(x,0) = 40—3x—(20+2x) =20—x (8.292)

This is a homogeneous Dirichlet problem, so the general solution for w(x,7) will be

wixn) = F e sin(%0). (8.293)
The coefficients are given by
2 (40 . NTX
B = /O (20— )sin (" )dx (8.294)
1, 40(20—x) nwx 1600 .  nmx.\-40
= —|- — 8.295
0 (Gg) (e ) (8.293)
1 (/800 800
= E HCOS(I’ITC)—FHCOS((D) (8.296)
40
= —((=1)"+1). 8.297
(=D D) (8.297)
So the solution is
40 & (—1)"+1 _32a2, . ,nmx
1) =204+2x+—) ~—F——¢ 600’ —). 8.298
u(x,t) +2x+ - ) p— sin ( 40) ( )

n=1

Other Boundary Conditions

There are many other boundary conditions one could use, most of which have a physical
interpretation. For example the boundary conditions

u(0,1) +u(0,6) =0 u(l,t)+uc(l,t) =0 (8.299)

say that the heat flux at the end points should be proportional to the temperature. We could
also have had nonhomogeneous Neumann conditions

ue(0,6) =F,  uc(l,t) = F (8.300)

which would specify allowing a certain heat flux at the boundaries. These conditions are
not necessarily well suited for the method of separation of variables though and are left for
future classes.

The Wave Equation
Derivation of the Wave Equation

Consider a completely flexible string of length / and constant density p. We will assume
that the string will only undergo relatively small vertical vibrations, so that points do
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not move from side to side. An example might be a plucked guitar string. Thus we can
let u(x,t) be its displacement from equilibrium at time 7. The assumption of complete
flexibility means that the tension force is tangent to the string, and the string itself provides
no resistance to bending. This means the tension force only depends on the slope of the
string.

Take a small piece of string going from x to x + Ax. Let @(x,7) be the angle from the
horizontal of the string. Our goal is to use Newton’s Second Law F' = ma to describe the
motion. What forces are acting on this piece of string?

(a) Tension pulling to the right, which has magnitude 7' (x 4+ Ax,7) and acts at an angle of
O(x+ Ax,t) from the horizontal.

(b) Tension pulling to the left, which has magnitude 7 (x,#) and acts at an angle of ®(x,¢)
from the horizontal.

(c) Any external forces, which we denote by F (x,?).

Initially, we will assume that F (x,#) = 0. The length of the string is essentially 1/ (Ax)% + (Au)2,
so the vertical component of Newton’s Law says that

P/ (Ax)2 + (Au)?ug (x,t) = T (x+ Ax, 1) sin(@(x+Ax, 1)) — T (x,¢) sin(O(x,1)). (8.301)

Dividing by Ax and taking the limit as Ax — 0, we get

i[T(x,t)sin(@)(x,t))]. (8.302)

p 1+<ux)2utt(x7t) = ax

We assumed our vibrations were relatively small. This means that ®(x,¢) is very close to
zero. As a result, sin(®(x,7)) = tan(®(x,)). Moreover, tan(®(x,?)) is just the slope of
the string u,(x,1). We conclude, since @(x,) is small, that u,(x,7) is also very small. The
above equation becomes

pug (x,1) = (T (x,1)ux(x,1))x- (8.303)

We have not used the horizontal component of Newton’s Law yet. Since we assume there
are only vertical vibrations, our tiny piece of string can only move vertically. Thus the net
horizontal force is zero.

T (x+ Ax,t)cos(®(x+Ax,t)) — T (x,t) cos(®(x,7)) = 0. (8.304)

Dividing by Ax and taking the limit as Ax — oo yields
d
a—[T(x,t)cos(@(x,t))] =0. (8.305)
X

Since @(x,1) is very close to zero, cos(®(x,7)) is close to one. thus we have that %—g(x,t)
is close to zero. So T'(x,t) is constant along the string, and independent of x. We will also
assume that 7 is independent of . Then Equation (8.363) becomes the one-dimensional
wave equation

Uy = ity (8.306)

where ¢ = L,

©
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The Homogeneous Dirichlet Problem

Now that we have derived the wave equation, we can use Separation of Variables to
obtain basic solutions. We will consider homogeneous Dirichlet conditions, but if we had
homogeneous Neumann conditions the same techniques would give us a solution. The
wave equation is second order in ¢, unlike the heat equation which was first order in . We
will need to initial conditions in order to obtain a solution, one for the initial displacement
and the other for the initial speed.

The relevant wave equation problem we will study is

= iy (8.307)
u(0,61) = u(l,t)=0 (8.308)
u(x,0) = f(x), u(x,0)=g(x) (8.309)

The physical interpretation of the boundary conditions is that the ends of the string are
fixed in place. They might be attached to guitar pegs.
We start by assuming our solution has the form

u(x,t) =X(x)T(t). (8.310)
Plugging this into the equation gives

T"(0)X (x) = AT (1)X" (x). (8.311)
Separating variables, we have

X// T//

< :CZ_T:_A (8.312)

where A is a constant. This gives a pair of ODEs

T"+*AT = 0 (8.313)
X"+AX = 0. (8.314)

The boundary conditions transform into
u(0,¢/) = X0)T(t)=0 = X(0)=0 (8.315)
u(ll,t) = X(OT(@)=0 = X(I)=0. (8.316)

This is the same boundary value problem that we saw for the heat equation and thus the
eigenvalues and eigenfunctions are

niw.»
A = (7) (8.317)
X,(x) = sin(“7) (8.318)
forn =1,2,... The first ODE (8.313) is then
"+ (L5 =0, (8.319)

l
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and since the coefficient of T is clearly positive this has a general solution

niwct

niwct
)-

T,(t) = Apcos(——) + By sin( (8.320)

There is no reason to think either of these are zero, so we end up with separated solutions

1
Uy (x,t) = {A cos(mr )+ B, 1n(m;C )} sin(m;x) (8.321)
and the general solution is
- t
u(x,r) =Y, [A cos(mj )+ Bys n(nyrc )] sin(nTm). (8.322)
n=1

We can directly apply our first initial condition, but to apply the second we will need to
differentiate with respect to ¢. This gives us

> nmwe nrct nmce nwet | . nmx
M;(X,l) = Z |:_TA (T) + TBn COS(T):| SIH(T) (8323)

n=1

Plugging in the initial condition then yields the pair of equations

u(x,0) = f(x):n;lAnsin(nTm) (8.324)
w(x,0) = g(x):Z”Z“anin(”?x). (8.325)

These are both Fourier Sine series. The first is directly the Fourier Since series for f(x)
on (0,/). The second equation is the Fourier Sine series for g(x) on (0,/) with a slightly
messy coefficient. The Euler-Fourier formulas then tell us that

A, — / ) sin(2)dx (8.326)
”T”CB,, _ / ysin(")dx (8.327)
A = / F(x) sin( (8.328)

. nmwx
B, = n_n'c A g( )sin(—— ; )dx. (8.329)

8.9.3 Examples

= Example 8.28 Find the solution (displacement u(x,7)) for the problem of an elastic
string of length L whose ends are held fixed. The string has no initial velocity (¢ (x,0) = 0)
from an initial position

T 0<x<j
u(x,0)=f(x)=¢1 L<x<3L (8.330)
4

(L—x) 3L
1 #F=x=L
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By the formulas above we see if we separate variables we have the following equation

for T
"+ (%)ZT —0 (8.331)

with the general solution

T,(1) = A, cos(mza )+ B, sin(%a). (8.332)

since the initial speed is zero, we find 7’(0) = 0 and thus B,, = 0. Therefore the general
solution is

urt) = Y A, cos(mza)sin(?). (8.333)

n=1

where the coefficients are the Fourier Sine coefficients of f(x). So
Ay = = / F(x)sin( ) (8.334)
L/4 4 3L/4 L 4], —4
= 7 [/0 szin(nzx)dx—k sm(nzx)dx—k/ t sin( Aggfdiﬁ})

L/4 3L/4

= 8 (8.336)

sin("%) + sin( 2% nct 0
il (%% )cos(nLc )sin(an

). (8.337)

= Example 8.29 Find the solution (displacement u(x,7)) for the problem of an elastic
string of length L whose ends are held fixed. The string has no initial velocity (i (x,0) = 0)
from an initial position

8x(L —x)?
L3

By the formulas above we see if we separate variables we have the following equation
for T

u(x,0) = f(x) = (8.338)

cnmi
7" (S
+( 7

with the general solution

)’T =0 (8.339)

t 1
T, (1) = A, cos(mzc )+ By sin(%). (8.340)

since the initial speed is zero, we find 77(0) = 0 and thus B,, = 0. Therefore the general
solution is

niwct nmwx

u(x,t):r;Ancos( 7 )sm(T

). (8.341)
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where the coefficients are the Fourier Sine coefficients of f(x). So

A, = / ) sin( dx (8.342)
Ly L
- / HL—x) sm(”m)dx (8.343)
L L
2 /4
= 32—1—c+gn) Integrate By Parts (8.344)
n3n

Thus the displacement of the string will be

2+cos (nm) nmwct, . NRX
x,t n3 Z os( i ) sin( i ). (8.345)
| |
= Example 8.30 Problem 12 is a great exercise. .

Laplace’s Equation

We will consider the two-dimensional and three-dimensional Laplace Equations

(2D):  ug+uy = O, (8.346)
(3D):  uy+uytu; = 0. (8.347)

Dirichlet Problem for a Rectangle

We want to find the function u satisfying Laplace’s Equation
Uy + Uy =0 (8.348)
in the rectangle 0 < x < a,0 <y < b, and satisfying the boundary conditions
u(x,0) = 0, u(x,b)=0, 0<x<a, (8.349)
u0,y) = 0, u(a,y)=f(y), 0<y<b. (8.350)

We need four boundary conditions for the four spatial derivatives.
Start by using Separation of Variables and assume u(x,y) = X (x)Y (y). Substitute u
into Equation (8.348). This yields

X// Y//
S = =), (8.351)
X Y
where A is a constant. We obtain the following system of ODEs
—AX =0 (8.352)
Y'+AY = 0. (8.353)
From the boundary conditions we find
X0) =0 (8.354)
Y(0) = 0,Y(b)=0. (8.355)
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We first solve the ODE for Y, which we have seen numerous times before. Using the BCs
we find there are nontrivial solutions if and only if A is an eigenvalue
T
A= (%)2, n=1,273, .. (8.356)
and Y, (y) = sm("”y ), the corresponding eigenfunction. Now substituting in for A we want
to solve the ODE for X. This is another problem we have seen regularly and the solution is

X, (x) =cy cosh(nzx) +cp smh(mrx) (8.357)
The BC implies that ¢; = 0. So the fundamental solution to the problem is
n(,3) = sinh () sin (7). (8.358)
By linear superposition the general solution is
) =Y cuttn(.) Z casinh () sin (). (8.359)
n=1
Using the last boundary condition u(a,y) = f(y) solve for the coefficients c;,.
i cpsinh (20 in(?) = f(y) (8.360)
Using the Fourier Since Series coefficients we find
m/ f(y)sin nby)dy (8.361)

Dirichlet Problem For A Circle

Consider solving Laplace’s Equation in a circular region r < a subject to the boundary
condition

u(a,0) = f(0) (8.362)

where f is a given function on 0 < 6 < 27. In polar coordinates Laplace’s Equation
becomes

1 1
Upp+ — ur —|— SUge = 0. (8.363)
Try Separation of Variables in Polar Coordinates

u(r,0) =R(r)0(0), (8.364)

plug into the differential equation, Equation (8.363). This yields

1 1
R'®@+-R'®+5RO" =0 (8.365)
r T
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or

R// R/ @//
rzf tre =g = A (8.366)

where A is a constant. We obtain the following system of ODEs

PR'"+rR —AR = 0, (8.367)
@"+16 = 0. (8.368)

Since we have no homogeneous boundary conditions we must use instead the fact that the
solutions must be bounded and also periodic in ® with period 27. It can be shown that we
need A to be real. Consider the three cases when A < 0,4 =0,A1 > 0.

If L <0,let A = —pu?, where u > 0. So we find the equation for ® becomes " —
u?® =0. So

O(0) = c1eM? + cpe MO (8.369)

O can only be periodic if ¢; = ¢; =0, so A cannot be negative (Since we do not get any
nontrivial solutions.
If A = 0, then the equation for ® becomes ®” = 0 and thus

O(0)=c|+c20 (8.370)
For © to be periodic ¢; = 0. Then the equation for R becomes

r*R" +rR' =0. (8.371)
This equation is an Euler equation and has solution

R(r) = ki +kyIn(r) (8.372)

Since we also need the solution bounded as r — oo, then kp = 0. So u(r, 0) is a constant,
and thus proportional to the solution ug(r,0) = 1.
If 2 >0, we let A = u?, where > 0. Then the system of equations becomes

PR'+rR —u’R = 0 (8.373)
Q" +u’0=0 (8.374)

The equation for R is an Euler equation and has the solution

R(r) =kir* +kor ™ (8.375)
and the equation for ® has the solution

O(0) =cysin(uB)+crcos(ub). (8.376)

For O to be periodic we need u to be a positive integer n, so t = n. Thus the solution
r~His unbounded as r — 0. So k; = 0. So the solutions to the original problem are

un(r,0) =r"cos(nB), v,(r,0)=r"sin(n6), n=1,2,3,... (8.377)
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Together with ug(r,0) = 1, by linear superposition we find

u(r,0) = % + Y (cacos(nB) + kysin(n6)). (8.378)
n=1
Using the boundary condition from the beginning
u(a,8) = %0 + Y d"(cacos(nB) +kysin(nf)) = £(6) (8.379)
n=1
for 0 < 6 < 2m. We compute to coefficients by using our previous Fourier Series equations
1 21
- / £(68)cos(n8)dB, n=1,2,3,... (8.380)
ma Jo
1 2 )
k, = na"/o f(0)sin(n6)dd, n=1,2,3, ... (8.381)

Note we need both terms since sine and cosine terms remain throughout the general
solution.

Example 1
Find the solution u(x,y) of Laplace’s Equation in the rectangle 0 < x < a, 0 <y < b, that
satisfies the boundary conditions
u(0,y) = 0, u(a,y)=0, 0<y<b (8.382)
u(x,0) = h(x), ulxb)=0, 0<x<a (8.383)
Answer: Using the method of Separation of Variables, write u(x,y) = X (x)Y (y). We
get the following system of ODEs
X"+AX = 0, X(0)=X(a)=0 (8.384)
Y/ —AY = 0, Y(b)=0 (8.385)
It follows that A, = (“£)? and X,,(x) = sin(“£*). The solution of the second ODE gives

a

Y(y) =dicosh(A(b—y))+dasinh(A(b—y)). (8.386)
Using y(b) = 0, we find that d; = 0. Therefore the fundamental solutions are

(6, ) = sin(25) sinh(Aa(b — ), (8.387)

a
and the general solution is
(o] b o

u(x,y) = n; cn sin(nzx) sinh("™ : ). (8.388)

Using another boundary condition
- nIx nwh
h(x) = nsin(—— ) sinh(—). 8.389
(x) Zc sin( - ) sinh( ; ) ( )

n=1
The coefficients are calculated using the equation from the Fourier Sine Series

2 a nmwx
cn=——— [ h(x)sin(—)dx. 8.390
" asinh(”aib)/o () sin a ) ( )
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Example 2

Consider the problem of finding a solution u(x,y) of Laplace’s Equation in the rectangle
0 <x<a,0<y<b, that satisfies the boundary conditions

ur(0,y) = 0, u(a,y)=rf(~), 0<y<b, (8.391)
1y (x,0) = 0, wuy(x,b)=0, 0<x<a (8.392)

This is an example of a Neumann Problem. We want to find the fundamental set of
solutions.

X"—2AX=0, X'(0)=0 (8.393)
Y/ +AY =0, Y'(0)=Y'(b)=0. (8.394)

The solution to the equation for Y is

Y(y) = c1cos(A/%y) +casin(A1/2y), (8.395)
with Y'(y) = —c1 A"/ 2sin(A1/2y) + ¢,4'/2 cos(A!/2y). Using the boundary conditions
we find ¢; = 0 and the eigenvalues are A, = ”Z—’f, forn=1,2,3,.... The corresponding

Eigenfunctions are Y (y) = cos(“2) for n = 1,2,3, ... The solution of the equation for X
becomes X (x) = dj cosh(%F*) 4 d, sinh (%), with

X'(x) = dl%smh(%) +d2% cosh(nTm). (8.396)

Using the boundary conditions, X (x) = d; cosh("}*).So the fundamental set of solutions

1S
n(x,y) = cosh(nTm)cos(nTny), n=12,3,.. (8.397)

The general solution is given by

(nnx nwy

a (oo}
u(x,y)=70+ Zlancosh 5 ) cos( 5 ) (8.398)
n=
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