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1.1 Integrals as solutions

A first order ODE is an equation of the form

or just

y = f(z,y)

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

y' = f(z) (1)

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

/y’(a:)dw:/f(a:)da:-i-C

that is

y(x) = / f(z)dz +C

This y(z) is actually the general solution. So to solve Equation 1, we find some antiderivative of f(z) and then we add an arbitrary
constant to get the general solution.

Now is a good time to discuss a point about calculus notation and terminology. Calculus textbooks muddy the waters by talking
about the integral as primarily the so-called indefinite integral. The indefinite integral is really the antiderivative (in fact the
whole one-parameter family of antiderivatives). There really exists only one integral and that is the definite integral. The only
reason for the indefinite integral notation is that we can always write an antiderivative as a (definite) integral. That is, by the
fundamental theorem of calculus we can always write [ f(z)dz +C as

/I j fe)dt+C

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

v/ Example 1

Find the general solution of 3’ = 3z2.
Solution

Elementary calculus tells us that the general solution must be y = 2® +C' . Let us check: y' = 3z2. We have gotten precisely
our equation back.

Normally, we also have an initial condition such as y(zy) =y for some two numbersz and yo xo is usually 0, but not
always). We can then write the solution as a definite integral in a nice way. Suppose our problem is y' = f(z), y(zo) = yo -
Then the solution is

o) = [ e, 2)

Let us check! We compute y' = f(z), via the fundamental theorem of calculus, and by Jupiter, y is a solution. Is it the one
satisfying the initial condition? Well, y(zo) = [, szo f(z)dz +yo =yo - Itis!

a https://math.libretexts.org/@go/page/32169
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Do note that the definite integral and the indefinite integral (antidifferentiation) are completely different beasts. The definite
integral always evaluates to a number. Therefore, Equation 2 is a formula we can plug into the calculator or a computer, and it
will be happy to calculate specific values for us. We will easily be able to plot the solution and work with it just like with any
other function. It is not so crucial to always find a closed form for the antiderivative.

v/ Example 2

Solve

By the preceding discussion, the solution must be

y(z) :/ e ds+1.
0

Solution

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

Using this method, we can also solve equations of the form

¥ =f(y)
Let us write the equation in Leibniz notation.
g%=ﬂw
Now we use the inverse function theorem from calculus to switch the roles of « and y to obtain
dy 1
dz f(y)

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

1
z(y) = mdy—i—C

Finally, we try to solve for y.

v/ Example 3

Previously, we guessed 3’ = ky (for some k > 0) has the solution y = C'¢**. We can now find the solution without guessing.
First we note that y = 0 is a solution. Henceforth, we assume y # 0. We write

dz 1

dy ky
We integrate to obtain
1
z(y) =z = Llfy|+D
where D is an arbitrary constant. Now we solve fory (actually for |y| ).

|y| — ekw—kD _ e—kDekav
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If we replace e * with an arbitrary constant C' we can get rid of the absolute value bars (which we can do as D was

arbitrary). In this way, we also incorporate the solution y =0. We get the same general solution as we guessed before,
kx

y=Ce".

v/ Example 4

Find the general solution of 3 =32 .

k

Solution
First we note that y = 0 is a solution. We can now assume that y ## 0. Write
do_ 1
dy g2
We integrate to get
-1
zr=—+C
Y
1 -
We solve for y = . So the general solution is
—z
1
y=—=——ory=0
—z

Note the singularities of the solution. If for example C' = 1, then the solution as we approach z = 1. See Figure 1. Generally,
it is hard to tell from just looking at the equation itself how the solution is going to behave. The equation 3’ = 3? is very nice

and defined everywhere, but the solution is only defined on some interval (—oo, C) or (C, 00). Usually when this happens we
only consider one of these the solution. For example if we impose a condition y(0) = 1, then the solution is y = ﬁ , and we

would consider this solution only for  on the interval (—oo, 1). In the figure, it is the left side of the graph.

Figure 1: Plot of y = ﬁ

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

v/ Example 5

Suppose a car drives at a speed e'/? meters per second, where ¢ is time in seconds. How far did the car get in 2 seconds
(starting at £ = 0)? How far in 10 seconds?

Solution

Let « denote the distance the car traveled. The equation is

We can just integrate this equation to get that

z(t) =2e"2 4+ C
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We still need to figure out C. We know that when ¢ = 0, then = 0. That is, (0) = 0. So
0=x(0)=2e"24+C=2+C
Thus C' = —2 and
x(t) =262 —2
Now we just plug in to get where the car is at 2 and at 10 seconds. We obtain

z(2) = 2¢¥? — 2 ~ 3.44-meters, z(10) = 2¢'"/2 —2 ~ 294-meters

v/ Example 6

Suppose that the car accelerates at a rate of sﬂ2 At time t = 0 the car is at the 1 meter mark and is traveling at 10 ™/s. Where

is the car at time ¢ = 10.

Solution
Well this is actually a second order problem. If z is the distance traveled, then z' is the velocity, and " is the acceleration. The
equation with initial conditions is

" =t, z(0)=1, 2/(0)=10
What if we say £’ = v. Then we have the problem
v =t2, v(0)=10

Once we solve for v, we can integrate and find z.

This page titled 1.1 Integrals as solutions is shared under a not declared license and was authored, remixed, and/or curated by Jiri Lebl.
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1.2: Slope fields

The general first order equation we are studying looks like

Y = f(z,y)

In general, we cannot simply solve these kinds of equations explicitly. It would be nice if we could at least figure out the shape and
behavior of the solutions, or if we could find approximate solutions. At this point it may be good to first try the Lab I and/or Project
I from the IODE website.

Slope fields

The equation y' = f(z,y) gives you a slope at each point in the (z, y)-plane. And this is the slope a solution y(x) would have at =
if its value was y. In other words, f(z,y)is the slope of a solution whose graph runs through the point (z, y). At a point (z, y), we
plot a short line with the slope f(z,y). For example, if f(x,y) ==y, then at point (2,1.5) we draw a short line of slope
zy =2x1.5=3.So, if y(z) is a solution and y(2) = 1.5, then the equation mandates that y’'(2) = 3. See Figure 1.2.1.

Figure 1.2.1: The slope y' = zy at (2, 1.5).

To get an idea of how solutions behave, we draw such lines at lots of points in the plane, not just the point (2,1.5). We would
ideally want to see the slope at every point, but that is just not possible. Usually we pick a grid of points fine enough so that it
shows the behavior, but not too fine so that we can still recognize the individual lines. We call this picture the of the equation. See
Figure 1.2.2 for the slope field of the equation 3y’ = zy. Usually in practice, one does not do this by hand, but has a computer do
the drawing.

Suppose we are given a specific initial condition y(z¢) = yo . A solution, that is, the graph of the solution, would be a curve that
follows the slopes we drew. For a few sample solutions, see Figure 1.2.3. It is easy to roughly sketch (or at least imagine) possible
solutions in the slope field, just from looking at the slope field itself. You simply sketch a line that roughly fits the little line
segments and goes through your initial condition.
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Figure 1.2.3: Slope field of y' = zy.
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Figure 1.2.3: Slope field of ¥’ = zy with a graph of solutions satisfying y(0) = 0.2, y(0) = 0, and y(0) = —0.2.

By looking at the slope field we get a lot of information about the behavior of solutions without having to solve the equation. For
example, in Figure 1.2.3 we see what the solutions do when the initial conditions are y(0) > 0, y(0) =0 and y(0) < 0. A small
change in the initial condition causes quite different behavior. We see this behavior just from the slope field and imagining what
solutions ought to do.

We see a different behavior for the equation 3’ = —y. The slope field and a few solutions is in see Figure 1.2.4 If we think of
moving from left to right (perhaps z is time and time is usually increasing), then we see that no matter what y(0) is, all solutions
tend to zero as z tends to infinity. Again that behavior is clear from simply looking at the slope field itself.
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Figure 1.2.4: Slope field of 4’ = —y with a graph of a few solutions.

Existence and uniqueness

We wish to ask two fundamental questions about the problem

y,::f(x7y)a y(mo)::yo
i. Does a solution exist?
ii. Is the solution unique (if it exists)?
What do you think is the answer? The answer seems to be yes to both does it not? Well, pretty much. But there are cases when the
answer to either question can be no.

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

v/ Example 1.2.1

Attempt to solve

y =—, y(0)=0.

Solution
Integrate to find the general solution y = In|x|+ C. Note that the solution does not exist at = 0. See Figure 1.2.5 on the
following page. The equation may have been written as the seemingly harmless zy’ = 1.
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Figure 1.2.5: Slope field of 3y’ = —.

x
v/ Example 1.2.2
Solve:
!
y =24/lyl, y(0)=0.
Solution
‘ffr‘r!(!'r’f?'f!f(.f.-‘" D
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Figure 1.2.6: Slope field of y' = 2,/|y| with two solutions satisfying (0) = 0.
Note that y = 0 is a solution. But another solution is the function
() 2 ifz>0
ylz)= .
—z2 ifz<0

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

& Theorem 1.2.1

Picard’s theorem on existence and uniqueness

0
If f(z,y)is continuous (as a function of two variables) and —f exists and is continuous near some (g, yo ), then a solution to

Oy
y' =f(z,y), y(®o) =10

exists (at least for x in some small interval) and is unique.

1
Note that the problems ¢y’ = —, y(0) =0 and 3’ = 2+/|y|, y(0) = 0 do not satisfy the hypothesis of the theorem. Even if we can
z

use the theorem, we ought to be careful about this existence business. It is quite possible that the solution only exists for a short
while.
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For some constant A, solve:

A

¥y =y y(0)

Solution
1
We know how to solve this equation. First assume that A # 0, so ¥ is not equal to zero at least for some x near 0. So =’ = —
y
so 1+C so ! Ify(0)=A, then C L o
B === 9 = . = 5 =—
y y=c—z Y A
1
Y=
— —z
A

If A=0, then y =0 is a solution.

For example, when A =1 the solution “blows up” at z = 1. Hence, the solution does not exist for all = even if the equation is nice
everywhere. The equation 3’ = y? certainly looks nice.

For most of this course we will be interested in equations where existence and uniqueness holds, and in fact holds “globally” unlike
for the equation 3’ = y2 .

Footnotes
[1] Named after the French mathematician Charles Emile Picard (1856 — 1941)

This page titled 1.2: Slope fields is shared under a not declared license and was authored, remixed, and/or curated by Jiri Lebl.
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1.3 Separable Equations

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

y=/f@wﬂ$+0

Notice the dependence on y in the integral.

Separable equations

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

y' = f(z)g(y),

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

&~ faaly)

Then we rewrite the equation as

ﬂ:wx
9(y) fz)d

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

/%z/f(z)dw-i-c

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

v/ Example 1

Take the equation
Yy =zy

. . . . . . d
First note that y = 0 is a solution, so assume y # 0 from now on, so that we can divide by y. Write the equation as d—y =2y,
Xr

then
/@ z/zdm—i—C’.
Y

We compute the antiderivatives to get

1'2
In|y| =— +C
vl ==
Or
12 12 12
|y| :eT+C :eTeC = De™2

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

2

y = De%
for any number D (including zero or negative).

We check:
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Yay!

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

B f)o)

dz
We rewrite the equation as follows. Note that y = y(z) is a function of z and so is %!
1 dy
— 2L f(2)
g(y) dz

We integrate both sides with respect to .

/le)%dz:/f(m)dm—i-C

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

/ﬁdy:/f(w)daﬂ—C

And we are done.

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

f_ Ty

We separate variables,

We integrate to get

2 2
¥ _r
> +linly| = 2 +C
or perhaps the easier looking expression (where D = 2C")
y* +2in|y| =2 +D

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

2
y' (2y+—> =2z
Y

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

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

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

Figure 1: The implicit solution y? +21In |y| = 2% toy’' = yﬁl )

The equation above also has the solution y = 0. So the general solution is
v’ +2In|y| =2® +C, and y=0.

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

v/ Example 2

Solve 2y’ =1 —z? +y% —z2y? ,y(1) =0.

Solution
First factor the right hand side to obtain

Separate variables, integrate, and solve for y

Y 11—z
1492 T g2
! 1
v _1

1+y% 22

1
arctan(y) = —— —z+C,
7

1
Y ztan(—— —z—i—C’)
T

Solve for the initial condition, 0 = tan(—2+ C') to get C =2 (or C =2+, or C =2+ 2m, etc.). The particular solution

we seek is, therefore,
-1
y=tan| — —x+2).
x

v/ Example 3

Bob made a cup of coffee, and Bob likes to drink coffee only once reaches 60 degrees Celsius and will not burn him. Initially
at time ¢ = 0 minutes, Bob measured the temperature and the coffee was 89 degrees Celsius. One minute later, Bob measured

the coffee again and it had 85 degrees. The temperature of the room (the ambient temperature) is 22 degrees. When should Bob
start drinking?

Solution

Let T be the temperature of the coffee in degrees Celsius, and let A be the ambient (room) temperature, also in degrees
Celsius. states that the rate at which the temperature of the coffee is changing is proportional to the difference between the
ambient temperature and the temperature of the coffee. That is,
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dT
Pl

for some constant k. For our setup A =22, T(0) =89, T'(1) = 85. We separate variables and integrate (let C and D denote
arbitrary constants)

(A_T)1

1 dT
T—Aa - "
In(T— A) =—kt+C, (notethatT —A >0) (2)
T—A =De*,
T =A+De™

That is, T = 22 + D e . We plug in the first condition: 89 =T'(0) =22+ D, and hence D =67. So T =22 467 e .
The second condition says 85 =T'(1) = 22 + 67 e * . Solving for k we get k= —1In 8522 ~0.0616 . Now we solve for the

67
time ¢ that gives us a temperature of 60 degrees. Namely, we solve
60 =22+67e %%
60—22
togett = _Tg;ﬁ =~ 9.21 minutes. So Bob can begin to drink the coffee at just over 9 minutes from the time Bob made it.

That is probably about the amount of time it took us to calculate how long it would take. See Figure 2.

25 s 75 180 125
wF T T T T

= a8 &

£ 3

EE
) m [ "

Figure 2: Graphs of the coffee temperature function T'(¢). On the left, horizontal lines are drawn at temperatures 60, 85, and
89. Vertical lines are drawn at ¢ =1 and ¢ = 9.21. Notice that the temperature of the coffee hits 85 at ¢t =1, and 60 at
t ~ 9.21. On the right, the graph is over a longer period of time, with a horizontal line at the ambient temperature 22.

v/ Example 4

Find the general solution to y’ = %yz (including singular solutions).
Solution
First note that y = 0 is a solution (a singular solution). Now assume that y # 0.
3,
_?y =,

3 x?

- =—4 C,

= )

3 6
J= % +C 22420

So the general solution is,

6

$2_’_—20, and y:O

y:
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1.4 Linear equations and the integrating factor

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

Y +p(z)y = f(z). (1)

Here the word “linear” means linear in y and y’; no higher powers nor functions of y or y’ appear. The dependence on x can be
more complicated.

Solutions of linear equations have nice properties. For example, the solution exists wherever p(z) and f(z) are defined, and has
the same regularity (read: it is just as nice). But most importantly for us right now, there is a method for solving linear first order
equations. The trick is to rewrite the left hand side of (1) as a derivative of a product of y with another function. To this end we
find a function r(z) such that

@l +r(@)p@)y = = (@]

This is the left hand side of (1) multiplied by (). So if we multiply (1) by 7(x), we obtain

L r@)y) = (@) (2)

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

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

r(z) = elP(@d
We compute:

y +p(fv)y ( )
)

Pyl e IP(@d )y — “ f(z),
5 ] oy,

e/P(@dz, z/efp(m)dxf(a:)da: +C,
y =e Jp()dz (/efp(z)dzf(w)dm +C) .

Of course, to get a closed form formula for ¢, we need to be able to find a closed form formula for the integrals appearing above.

v/ Example 1

Solve
Y +2zy =", y(0)=—1

Solution
First note that p(z) = 2z and f(z) = e***. The integrating factor is 7(z) = e/P(*% = ¢** We multiply both sides of the
equation by r(z) to get

2 2 2 2
ey +2ze” y =¥ " e,

di [e y} @

We integrate
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ewzy =e*+C,
z—a’ —z? (4)
y=e +Ce™™ .

Next, we solve for the initial condition —1 =y(0) =14 C', so C = —2. The solution is

—m2 _mp2
y=e" " —2e 7.

Note that we do not care which antiderivative we take when computing el/P@)dz you can always add a constant of integration,

but those constants will not matter in the end.

Try it! Add a constant of integration to the integral in the integrating factor and show that the solution you get in the end is the
same as what we got above. An advice: Do not try to remember the formula itself, that is way too hard. It is easier to remember
the process and repeat it.

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

Y +p()y=f(z), y(®o)=1w0

. Look at the solution and write the integrals as definite integrals.
T ot
y(z) = el Ep()ds ( / 2P0 £y y0> 5)
o

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

Check that y(zg) = yo in formula (5).

? Exercise 3

Il

Write the solution of the following problem as a definite integral, but try to simplify as far as you can. You will not be able to
find the solution in closed form.

y+y=e""", y(0)=10

X Note

Before we move on, we should note some interesting properties of linear equations. First, for the linear initial value problem
Yy +p(z)y = f(z), y(zo) = yo, there is always an explicit formula (5) for the solution. Second, it follows from the formula
(5) that if p(z) and f(z) are continuous on some interval (a, b), then the solution y(z) exists and is differentiable on (a, b).
Compare with the simple nonlinear example we have seen previously, y' = y?, and compare to Theorem 1.2.1.

v/ Example 2

Let us discuss a common simple application of linear equations. This type of problem is used often in real life. For example,
linear equations are used in figuring out the concentration of chemicals in bodies of water (rivers and lakes).
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N 5 Ymin, 0.1 kg

3 1|rrmin
Figure 1

A 100 liter tank contains 10 kilograms of salt dissolved in 60 liters of water. Solution of water and salt (brine) with
concentration of 0.1 kilograms per liter is flowing in at the rate of 5 liters a minute. The solution in the tank is well stirred and
flows out at a rate of 3 liters a minute. How much salt is in the tank when the tank is full?

Solution
Let us come up with the equation. Let 2 denote the kilograms of salt in the tank, let ¢ denote the time in minutes. For a small
change At in time, the change in x (denoted Ax) is approximately

Az = (rate in x concentration in) At — (rate out x concentration out)At.

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

dz . - .
i (rate in x concentration in) — (rate out x concentration out)
In our example, we have
rate in =5,
concentrationin =0.1,
rate out = 3, (6)
. x T
concentration out = =

volume 60+ (5 —3)t°

Our equation is, therefore,

dz T

Or in the form (1)

dr 3

— z=0.5
dt 60+ 2¢

Let us solve. The integrating factor is

_ 3 gt —exp (2 _ 3/2
r(t) = exp (/ 00121 dt) = exp (2 In(60 +2t)) = (60 +2t)

We multiply both sides of the equation to get

d
(60 +2¢)%/2°= 1 (60 +2t)/ z =0.5(60+2¢)%2,

dt 60 +2t

d
= [(60 + 2t)3/2:1:] = 0.5(60 +2¢t)%/,

(60 +2t)%/ %z = /0.5(60 +2t)%/2dt +C,

7)
9 3/2 (
e :(60+2t)*3/2/—(60 +2 ) dt+C(60+2t) /2,
1
T = (60+2t)’3/21—0(60+2t)5/2+0(60+2t)’3/2,
60 + 2t
T :(1—0)+C(60+2t)’3/2.
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We need to find C. We know that at ¢t =0, x = 10. So

10 =2(0) = ?—8 +C(60)** =6+C(60)2

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

60 +40
10
~10+41859.03(100) /2 ~ 11.86.

z(20) = +C (60 +40) %/

See Figure 2 for the graph of = over ¢.

=

Figure 2: Graph of the solution « kilograms of salt in the tank at time ¢.

The concentration at the end is approximately 0.11861‘*5”/1“er and we started with % or 0.167kg/1iter.

This page titled 1.4 Linear equations and the integrating factor is shared under a not declared license and was authored, remixed, and/or curated
by Jifi Lebl.
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1.5: Substitution

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

Substitution
The equation
Yy =(x—y+1)>° (1.5.1)

is neither separable nor linear. What can we do? How about trying to change variables, so that in the new variables the equation is
simpler. We use another variable v, which we treat as a function of z. Let us try

v=r—y+1. (1.5.2)

We need to figure out 3’ in terms of v, v and . We differentiate (in ) to obtainv' =1 —y' . Soy' =1 —v' . We plug this into the
equation to get

11— =27 (1.5.3)
In other words, v’ = 1 —v? . Such an equation we know how to solve by separating variables:
! dv—d (1.5.4)
v=dx 5.
1—o?
So
1 1 1 1
Zln v+ ’ — +C, or i‘ — e2z+207 or i — De2z,
2 |v—1 v—1 v—1
for some constant 1. Note that v=1 and v = —1 are also solutions.
Now we need to “unsubstitute” to obtain
— 2
ZYEE _ pere (1.5.5)
Ty

and also the two solutionsz —y+1=1 ory==z,andz —y+1=—1 ory =z + 2. We solve the first equation for y.

z—y+2 =(z—y)De*,
z—y+2 = Dze’® —yDe’®,
—y+yDe?® = Dze®® —x —2,
y(—1+ De*) = Dze* —z —2,
Dze®® —x —2

De?® —1

(1.5.6)

y:

Note that D = 0 gives y = x + 2, but no value of D gives the solution y = x.

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

When you see Try substituting
v/ v=y’
vy v=y’
(cosy)y’ v =siny
(siny)y’ v =cosy
y'e¥ v=¢Y
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Usually you try to substitute in the “most complicated” part of the equation with the hopes of simplifying it. The above table is just
a rule of thumb. You might have to modify your guesses. If a substitution does not work (it does not make the equation any
simpler), try a different one.

Bernoulli Equations

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

Y +p(z)y=q(z)y" (1.5.7)

This equation looks a lot like a linear equation except for the y™. If n =0 or n =1, then the equation is linear and we can solve it.
Otherwise, the substitution v = y' ™ transforms the Bernoulli equation into a linear equation. Note that n need not be an integer.

v/ Example 1.5.1: Bernoulli Equation

Solve
zy +y(z+1)+zy® =0, y(1)=1
Solution
. L . z+1 .
First, the equation is Bernoulli p(z) = —— (and g(z) = —1 ). We substitute
7
v=y =y, o =4yt

-1
In other words, (T) ¥ =y'. So

zy +y(z+1)+xy® =0,
5

—x
4y v 4yl +1)+zy® =0,
e, (1.5.8)
27 +y (z+1)+z =0,
_va/—i—v(m—l—l)—i—m =0,
and finally
4 1
U’_Mv:él

T

Now the equation is linear. We can use the integrating factor method. In particular, we use formula (1.4.17). Let us assume that

x > 0 so |z| = . This assumption is OK, as our initial condition is « = 1. Let us compute the integrating factor. Here p(s) from

—4(s+1
formula (1.4.17) is #

3 — v —4(s+1) o—data
J7 p(s)ds _ 7 _ —4z—4ln(z)+4 444 —4
e exp <£ 5 ds) =e =e 7=, (159)
e f1z p(s)ds __ e4w+4ln(z)—4 e4w—4m4

We now plug in to (1.4.17)

o(z) = e I P9 ( / effp<s>d84dt+1) ,
1

T o—dt+d
=etrigt (/ 4 m dt + 1)
1

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

(1.5.10)
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T —dt+d
yt =eltipt 4/ dt+1],
1 tt

e ™t (1.5.11)

, e—itHd 1/4

y:

Homogeneous Equations

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

y/:F(E) (1.5.12)
x
Here we try the substitutions
v="Y  and therefore Yy =v+av (1.5.13)
x
We note that the equation is transformed into
, , v 1
vtzv'=F(@) or zv=F@w)—-v or ——— =— (1.5.14)
Flv)—v =z
Hence an implicit solution is
1
————dv=1In|z|+C 1.5.15
/ F(v)—v =l ( )

v/ Example 1.5.2

Solve
2y =y’ +zy, y(1)=1
Solution

¥
T

We put the equation into the form y' = ( )2 + % . We substitute v = £ to get the separable equation
T

/
v zvz—i—v—v:v2
1
v 2dv==dz
T

which has a solution

1
/—Zdv =inl|z|+C,
v

-1
-1
= —
Injz|+C
‘We unsubstitute
y__ -1
z In|z|+C’ (1.5.17)
- o .5.
Y= |z| +C

We want y(1) =1, so
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-1 -1
1 = 1 =
vO=mmyc =~ C
Thus C' = —1 and the solution we are looking for is
-z
" |lz| —1

Footnotes
[1] There are several things called Bernoulli equations, this is just one of them. The Bernoullis were a prominent Swiss family of

mathematicians. These particular equations are named for Jacob Bernoulli (1654—1705).

o Jiif Lebl (Oklahoma State University).These pages were supported by NSF grants DMS-0900885 and DMS-1362337.
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1.6 Autonomous equations
Let us consider general differential equation problems of the form

dz
= = @)

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

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

dz

— =—k(z—A

7 ( )

where z is the temperature, ¢ is time, k is some constant, and A is the ambient temperature. See Figure 1 for an example with
k=03and A=5.

Note the solution z = A (in the figure = 5). We call these constant solutions the equilibrium solutions. The points on the z axis
where f(X)=0 are called critical points. The point = A is a critical point. In fact, each critical point corresponds to an
equilibrium solution. Note also, by looking at the graph, that the solution £ = A is “stable” in that small perturbations in  do not
lead to substantially different solutions as ¢ grows. If we change the initial condition a little bit, then as ¢t — co we get x — A. We
call such critical points stable. In this simple example it turns out that all solutions in fact go to A as t — oco. If a critical point is
not stable we would say it is unstable.
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Figure 1: The slope field and some solutions of ' = 0.3(5 — z) .

Let us consider the logistic equation

dz _ kx(M —z)

dt
for some positive k£ and M. This equation is commonly used to model population if we know the limiting population M, that is the
maximum sustainable population. The logistic equation leads to less catastrophic predictions on world population than z’ = kz . In
the real world there is no such thing as negative population, but we will still consider negative x for the purposes of the math (see
Figure 2 for an example).

A
Y
A\
A
DAY
VAN
LR \'lll
AAVVR
LRI

cogld

Figure 2: The slope field and some solutions of ' = 0.1z(5 — ) .

Note two critical points, =0 and = 5. The critical point at £ = 5. is stable. On the other hand the critical point at z = 0. is
unstable.
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It is not really necessary to find the exact solutions to talk about the long term behavior of the solutions. For example, from the
above slope field plot, we can easily see that

5 ifz(0) >0,
tlim z(t)=1<0 ifz(0) =0,
o DNEor—oco ifz(0) <0.

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

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

Figure 3

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

Try sketching a few solutions simply from looking at the phase diagram. Check with the preceding graphs if you are getting the
type of curves.

Once we draw the phase diagram, we can easily classify critical points as stable or unstable."
|

" #

Figure 4

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

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

d
d—f —ke(M —2)—h
We expand the right hand side and solve for critical points
d
& kx> +kMz—h
dt
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Solving for the critical points A and B from the quadratic equations:

o EMo M —dRE kM /(RM)?— 4Tk
B 2k ’ 2k

Sketch a phase diagram for different possibilities. Note that these possibilities are A > B, or A= B, or A and B both
complex (i.e. no real solutions). Hint: Fix some simple k and M and then vary h.

For example, let M =8 and k=0.1. When h =1, then A and B are distinct and positive. The slope field we get is in Figure 5.
As long as the population starts above B, which is approximately 1.55 million, then the population will not die out. It will in fact
tend towards A = 6.45 million. If ever some catastrophe happens and the population drops below B, humans will die out, and the
fast food restaurant serving them will go out of business.
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Figure 5: Slope field and some solutions of 2’ = 0.1z(8 —z) — 1.

When h = 1.6, then A = B=4 and there is only one critical point and it is unstable. When the population starts above 4 million
it will tend towards 4 million. If it ever drops below 4 million, humans will die out on the planet. This scenario is not one that we
(as the human fast food proprietor) want to be in. A small perturbation of the equilibrium state and we are out of business; there is
no room for error (see Figure 6).
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Figure 6: The slope field and some solutions of ' = 0.1z(8 —z) — 1.6 .

Finally if we are harvesting at 2 million humans per year, there are no critical points. The population will always plummet towards
zero, no matter how well stocked the planet starts (see Figure 7).
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Figure 7: Slope field and some solutions of z' = 0.1z(8 —z) — 2.
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Footnotes

[1] Unstable points with one of the arrows pointing towards the critical point are sometimes called semistable.
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1.7: Numerical methods: Euler’'s method

At this point it may be good to first try the Lab II and/or Project II from the IODE website: www.math.uiuc.edu/iode/. As we said
before, unless f(z,y) is of a special form, it is generally very hard if not impossible to get a nice formula for the solution of the
problem

Y =f(z,y), y(zo)=wo

If the equation can be solved in closed form, we should do that. But what if we have an equation that cannot be solved in closed
form? What if we want to find the value of the solution at some particular ? Or perhaps we want to produce a graph of the
solution to inspect the behavior. In this section we will learn about the basics of numerical approximation of solutions.

The simplest method for approximating a solution is Euler's Method." It works as follows: Take xo and compute the slope
k = f(zo,yo). The slope is the change in y per unit change in z. Follow the line for an interval of length k on the z-axis. Hence if
Yy = yp at xg, then we say that y; (the approximate value of y at z; =z +h ) is y1 = yo + hk . Rinse, repeat! Let k = f(z1,¥1),

2
and then compute 3 = x; +h , and y» = y; + hk . Now compute x3 and y3 using x2 and y», etc. Consider the equation 3’ = y? ,
y(0)=1,and h = 1. Then zy =0 and yo = 1. We compute

1 4
ry=xg+h=0+1=1, Y1 :yo—i-hf(a?o,yo):l—i-l'g:E ~1.333,
. (4)2 5 (1.7.1)
To=z1+h=1+1=2, y2=y1+hf(s:1,y1):§—|—1- 33 =5 ~1.926.

We then draw an approximate graph of the solution by connecting the points (2o, yo), (21, 1), (Z2,¥2),.... For the first two steps
of the method see Figure 1.7.1.
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Figure 1.7.1 First two steps of Euler's method with A = 1 for the equation y’ = Y with initial conditions y(0)=1.
More abstractly, for any ¢ =0, 1,2, 3, .., we compute
Tit1 =x; +h, Yir1 = Yi +h f(zi, )

The line segments we get are an approximate graph of the solution. Generally it is not exactly the solution. See Figure 1.7.2 for the
plot of the real solution and the approximation.
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Figure 1.7.2: Two steps of Euler’s method (step size 1) and the exact solution for the equation 3’ = % with initial conditions
y(0) =1
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We continue with the equation y' = %2 ,y(0) = 1. Let us try to approximate y(2) using Euler’s method. In Figures 1.7.1 and 1.7.2
we have graphically approximated y(2) with step size 1. With step size 1, we have y(2) ~ 1.926. The real answer is 3. We are
approximately 1.074 off. Let us halve the step size. Computing y4 with h = 0.5, we find that y(2) ~ 2.209, so an error of about
0.791 Table 1.7.1 gives the values computed for various parameters.

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

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

h Approximate y(2) Error Prev?;j;’zrm
1 1.92593 1.07407

0.5 2.20861 0.79139 0.73681
0.25 2.47250 0.52751 0.66656
0.125 2.68034 0.31966 0.60599
0.0625 2.82040 0.17960 0.56184
0.03125 2.90412 0.09588 0.53385
0.015625 2.95035 0.04965 0.51779
0.0078125 2.97472 0.02528 0.50913

2
Table 1.7.1: Euler’s method approximation of y(2) where of y' = y? ,y(0)=1.

We notice that except for the first few times, every time we halved the interval the error approximately halved. This halving of the

error is a general feature of Euler’s method as it is a first order method. In the IODE Project II you are asked to implement a second

order method. A second order method reduces the error to approximately one quarter every time we halve the interval (second
1

1.1
order as ; = X35 ).

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

2
substantially more difficult to compute than %). Then the difference is 32 seconds versus about 17 minutes. Note: We are not

being altogether fair, a second order method would probably double the time to do each step. Even so, it is 1 minute versus 17
minutes. Next, suppose that we have to repeat such a calculation for different parameters a thousand times. You get the idea.

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

In the table above, suppose you do not know the error. Take the approximate values of the function in the last two lines, assume
that the error goes down by a factor of 2. Can you estimate the error in the last time from this? Does it (approximately) agree
with the table? Now do it for the first two rows. Does this agree with the table?
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Let us talk a little bit more about the example y' = ‘1/3—2 ,y(0) = 1. Suppose that instead of the value y(2) we wish to find y(3). The
results of this effort are listed in Table 1.7.2 for successive halvings of h. What is going on here? Well, you should solve the

equation exactly and you will notice that the solution does not exist at « = 3. In fact, the solution goes to infinity when you
approach x = 3.

h Approximate y(3)
1 3.16232

0.5 4.54329

0.25 6.86079

0.125 10.80321

0.0625 17.59893

0.03125 29.46004
0.015625 50.40121
0.0078125 87.75769

Table 1.7.2: Attempts to use Euler’s to approximate y(3) where of ' = y—; ,y(0) =1.

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

In real applications we would not use a simple method such as Euler’s. The simplest method that would probably be used in a real
application is the standard Runge-Kutta method (see exercises). That is a fourth order method, meaning that if we halve the
1 1.1 1.1
).

interval, the error generally goes down by a factor of 16 (it is fourth order as 75 = 5x5x5%x5

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

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

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

o Stability: Certain equations may be numerically unstable. What may happen is that the numbers never seem to stabilize no
matter how many times we halve the interval. We may need a ridiculously small interval size, which may not be practical due to
roundoff errors or computational time considerations. Such problems are sometimes called stiff. In the worst case, the numerical

computations might be giving us bogus numbers that look like a correct answer. Just because the numbers have stabilized after
successive halving, does not mean that we must have the right answer.

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

Footnotes

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

This page titled is shared under a not declared license and was authored, remixed, and/or curated by Jiri
Lebl.

e 1.7: Numerical methods: Euler’s method by Jifi Lebl is licensed CC BY-SA 4.0. Original source: https://www.jirka.org/diffyqs.
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1.E: First order ODEs (Exercises)

These are homework exercises to accompany Libl's "Differential Equations for Engineering" Textmap. This is a textbook targeted
for a one semester first course on differential equations, aimed at engineering students. Prerequisite for the course is the basic
calculus sequence.

1.1: Integrals as solutions

Solve for v, and then solve for z. Find z(10) to answer the question.

d
Solve ﬁ =22 +z fory(l) =3.

d
Solve % =sin(5z) for y(0) = 2.

? Exercise 1.E.1.1.4

der z2-1

Solve y' =y* fory(0) = 1.

? Exercise 1.E. 1.1.6: (little harder)

Solvey' = (y—1)(y+1) fory(0)=3.

Solve — =
olve —~ P

for y(0) = 0.

? Exercise 1.E. 1.1.8: (harder)

Solve y"" =sinz fory(0) =0, y'(0) = 2.

? Exercise 1.E.1.1.9

A spaceship is traveling at the speed 2¢2 +1 X/ (¢ is time in seconds). It is pointing directly away from earth and at time
t = 0 it is 1000 kilometers from earth. How far from earth is it at one minute from time ¢ = 07?

? Exercise 1.E.1.1.10

d
Solve d_f =sin(t?) +t, z(0) = 20. It is OK to leave your answer as a definite integral.
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A dropped ball accelerates downwards at a constant rate 9.8 meters per second squared. Set up the differential equation for the
height above ground h in meters. Then supposing & (0) = 100 meters, how long does it take for the ball to hit the ground.

Find the general solution of y' = e”, and then y’ = €Y.

? Exercise 1.E.1.1.13

d
Solve % =¢€” +z and y(0) = 10.

Answer

yze””+””2—2+9

? Exercise 1.E.1.1.14

HI

Solve z/ = = z(1)=1.
Answer
x = (3t—2)/3

? Exercise 1.E.1.1.15

Solve 2’ = Cosl(m) ,2(0) = 5.

Answer

Az =sin (¢t +1)

? Exercise 1.E.1.1.16

Sid is in a car traveling at speed 10t 4+ 70 miles per hour away from Las Vegas, where ¢ is in hours. At ¢ =0 the Sid is 10
miles away from Vegas. How far from Vegas is Sid 2 hours later?

Answer
170

? Exercise 1.E.1.1.17

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

Answer

Ifn#1,theny = ((1-n)z+1)"/0" Ifn=1,theny=e.
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The rate of change of the volume of a snowball that is melting is proportional to the surface area of the snowball. Suppose the

snowball is perfectly spherical. The volume (in centimeters cubed) of a ball of radius r centimeters is %)TI'T'?'. The surface area

is 4772, Set up the differential equation for how the radius r is changing. Then, suppose that at time ¢ = 0 minutes, the radius
is 10 centimeters. After 5 minutes, the radius is 8 centimeters. At what time ¢ will the snowball be completely melted?

Answer

The equation is 7’ = —C' for some constant C'. The snowball will be completely melted in 25 minutes from time ¢ = 0.

? Exercise 1.E.1.1.19
nr __

Find the general solution to ¥y = 0. How many distinct constants do you need?

Answer

y=Az®+ Bx? +Cz + D , so 4 constants.

1.2: Slope fields

Sketch slope field for y' = e* ¥ . How do the solutions behave as = grows? Can you guess a particular solution by looking at
the slope field?

Sketch slope field for ' = 2.

Sketch slope field for ¢’ = 2.

? Exercise 1.E.1.2.4

Is it possible to solve the equation 3y’ = —~ for y(0) = 1? Justify.

cos T

Is it possible to solve the equation y’ = y/|z| for y(0) = 0? Is the solution unique? Justify.

? Exercise 1.E.1.2.6

Match equations y’' =1—=z,y' =z — 2y, y' =z(1 —y) to slope fields. Justify.
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? Exercise 1.E.1.2.7: (challenging)

Take y' = f(z,y), y(0) =0, where f(z,y) > 1 for all z and y. If the solution exists for all z, can you say what happens to
y(x) as x goes to positive infinity? Explain.

? Exercise 1.E. 1.2.8: (challenging)

Take (y —z)y’ =0, z(0) =0.

a. Find two distinct solutions.
b. Explain why this does not violate Picard’s theorem.

? Exercise 1.E.1.2.9

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

a. f does not depend on y.

b. f does not depend on z.

c f, (t,t) =0 for any number ¢.
d. f(z,0)=0and f(z,1) =1 forall z.

? Exercise 1.E.1.2.10

Find a solution to y’ = |y|, y(0) = 0. Does Picard’s theorem apply?

Take an equation y' = (y —2z)g(z,y) +2 for some function g(x,y). Can you solve the problem for the initial condition
y(0) =0, and if so what is the solution?

? Exercise 1.E. 1.2.12: (challenging)

Suppose y' = f(z, y) is such that f(z, 1) = 0 for every z, fis continuous and g—i; exists and is continuous for every x and y.

a. Guess a solution given the initial condition y(0) = 1.

b. Can graphs of two solutions of the equation for different initial conditions ever intersect?

c. Given y(0) = 0, what can you say about the solution. In particular, can y(z) > 1 for any ? Can y(z) = 1 for any z? Why
or why not?
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Sketch the slope field of 3’ = y® . Can you visually find the solution that satisfies y(0) = 0?

Answer

y =0 is a solution such that y(0) =0

? Exercise 1.E.1.2.14

Is it possible to solve y' = zy for y(0) = 07 Is the solution unique?

Answer

Yes a solution exists. The equation is y' = f(z,y) where f(z,y) = zy. The function f(z,y) is continuous and % =z,

which is also continuous near (0, 0). So a solution exists and is unique. (In fact, y = 0 is the solution.)

? Exercise 1.E.1.2.15

Is it possible to solve y' = —£— for y(1) =07

z2—-1

Answer

No, the equation is not defined at (z, y) = (1, 0).

? Exercise 1.E.1.2.16

Match equations y' =sinz, y’' = cosy, y’ =y cos(z) to slope fields. Justify.
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Answer

a.y' =cosy
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b. ¢’ =y cos(z)
cy =sinz

Justification left to reader.

? Exercise 1.E.1.2.17: (tricky)

Suppose

0 ify>0,

f(y)={1 ify<0.

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

Answer

Picard does not apply as f is not continuous at y = 0. The equation does not have a continuously differentiable solution.
Suppose it did. Notice that '(0) = 1. By the first derivative test, y(z) > 0 for small positive z. But then for those z we
would have y'(z) = 0, so clearly the derivative cannot be continuous.

? Exercise 1.E.1.2.18

Consider an equation of the form y' = f(z) for some continuous function f, and an initial condition y(zo) = yo. Does a
solution exist for all z? Why or why not?

Answer

The solution is y(z) = f;; f(s)ds+yo , and this does indeed exist for every x.

1.3: Separable Equations

Solve 3/ = z,

Solve y' = z%y.

Solve 42 — (z2 —1) , for (0) = 0.

? Exercise 1.E.1.3.4

Solve % = zsin(t), for z(0) =1.

Solve % =2y+x+y+1 . Hint: Factor the right hand side.
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? Exercise 1.E.1.3.6

Solve zy’ =y +2x2y, where y(1) = 1.

dy y2+1
Solve - = ", fory(0) =1.

? Exercise 1.E.1.3.8

Find an implicit solution for % = zzH fory(0) =1.

? Exercise 1.E.1.3.9

Find an explicit solution for y' = ze ¥, y(0) = 1.

? Exercise 1.E.1.3.10

Find an explicit solution for zy’ =e ¥, for y(1) = 1.

Find an explicit solution for 3’ = ye’z2 ,y(0) = 1. It is alright to leave a definite integral in your answer.

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

? Exercise 1.F.1.3.13
Solve 3’ = 2zy.

Answer

y=Ce”

? Exercise 1.E.1.3.14
Solve ' = 3zt*> — 3t*, z(0) = 2.
Answer

yzet3+1

? Exercise 1.E.1.3.15

q q 3,-q q /I 1 _
Find an implicit solution for ' = -—— z(0)=1.
Answer

d+r=t+2
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? Exercise 1.E.1.3.16

Find an explicit solution to zy’ = y?, y(1) =1.

Answer
1

y= l1-lnz

sin(z)

cos(y) *

Find an implicit solution to 3’ =

Answer

sin(y) = —cos(z) + C

? Exercise 1.E.1.3.18

Take Example 1.3.3 with the same numbers: 89 degrees at t = 0, 85 degrees at ¢ = 1, and ambient temperature of 22 degrees.
Suppose these temperatures were measured with precision of 0.5 degrees. Given this imprecision, the time it takes the coffee
to cool to (exactly) 60 degrees is also only known in a certain range. Find this range. Hint: Think about what kind of error
makes the cooling time longer and what shorter.

Answer

The range is approximately 7.45to 12.15minutes.

? Exercise 1.E.1.3.19

A population z of rabbits on an island is modeled by 2’ =z — (ﬁ)x2 , where the independent variable is time in months. At

time ¢ = 0, there are 40 rabbits on the island.

a. Find the solution to the equation with the initial condition.
b. How many rabbits are on the island in 1 month, 5 months, 10 months, 15 months (round to the nearest integer)

Answer
_1000€!

et424
b. 102rabbits after one month, 861 after 5 months, 999 after 10 months, 1000after 15 months.

1.4: Linear equations and the integrating factor

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

? Exercise 1.E.1.4.1

Solvey +zy==.

? Exercise 1.E.1.4.2

Solve y’ +6y =e” .
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? Exercise 1.E.1.4.3

Solve y' + 3z%y =sin(z) e with y(0) = 1.

? Exercise 1.E.1.4.4

Solve y' + cos(z) y = cos(z).

? Exercise 1.E.1.4.5

Solve z2—1+1y' +zy =3 with y(0) =0.

? Exercise 1.E.1.4.6

Suppose there are two lakes located on a stream. Clean water flows into the first lake, then the water from the first lake flows
into the second lake, and then water from the second lake flows further downstream. The in and out flow from each lake is 500
liters per hour. The first lake contains 100 thousand liters of water and the second lake contains 200 thousand liters of water. A
truck with 500 kg of toxic substance crashes into the first lake. Assume that the water is being continually mixed perfectly by
the stream.

a. Find the concentration of toxic substance as a function of time in both lakes.
b. When will the concentration in the first lake be below 0.001 kg per liter?
c. When will the concentration in the second lake be maximal?

? Exercise 1.E.1.4.7

Newton’s law of cooling states that Zf = —k(xz — A) where z is the temperature, ¢ is time, A is the ambient temperature, and
k>0 is a constant. Suppose that A = A cos(wt) for some constants Ay and w. That is, the ambient temperature oscillates
(for example night and day temperatures).

a. Find the general solution.
b. In the long term, will the initial conditions make much of a difference? Why or why not?

? Exercise 1.E.1.4.8

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

? Exercise 1.E.1.4.9

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

? Exercise 1.E.1.4.10

Solve 3’ + 3z2y + 22 .

Answer

Y =Ce @ —|—§
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? Exercise 1.E.1.4.11

Solve y' +2sin(2z)y = 2 sin(2z) with y(7/2) = 3.

Answer

Y= 2ec0s(2z)+1 4

? Exercise 1.E.1.4.12

Suppose a water tank is being pumped out at 3 ﬁ The water tank starts at 10 L of clean water. Water with toxic substance is
flowing into the tank at 2 #, with concentration 20t % at time ¢. When the tank is half empty, how many grams of toxic

substance are in the tank (assuming perfect mixing)?

Answer

250 grams

? Exercise 1.E.1.4.13
Suppose we have bacteria on a plate and suppose that we are slowly adding a toxic substance such that the rate of growth is

slowing down. That is, suppose that % =(2—-0.1¢)P.1If P(0) =1000, find the population att =5.

Answer

P(5) = 10002570055 — 100037 ~ 6.31 x 10°

? Exercise 1.E.1.4.14

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

units for your constants.

Answer

2
AR/ =T —kh , where k is a constant with units -.

1.5: Substitution

Hint: Answers need not always be in closed form.

Solve y’ +y(z* —1) +zy® =0 , withy(1) =1.

Solve 2yy' +1 =y2 +z , with y(0) = 1.

Solve ¢ +zy = y*, with y(0) = 1.
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? Exercise 1.E.1.5.4

Solve yy' +x = /22 +42 .

Solvey' = (z +y—1) 7.

? Exercise 1.E.1.5.6

2 _ .2

Solve y' = = , with y(1) = 2.

? Exercise 1.E.1.5.7

Solve zy’ +y+y2=0,y(1) =2.

Answer

)
y= 3z—2

? Exercise 1.E.1.5.8

Solve zy’' +y+z =0, y(1) =1.

Answer

3—z2

y= 2z

? Exercise 1.E.1.5.9

Solve y%y' = y* — 3z, y(0) = 2.
Answer

y= (7(—33z +3x + 1) 1/3

? Exercise 1.E.1.5.10

Solve 2yy’ = e¥" %" + 2.

Answer

y=+/2*—1In(C —z)

1.6: Autonomous equations

? Exercise 1.E.1.6.1

Consider ' = 2?2 .

a. Draw the phase diagram, find the critical points and mark them stable or unstable.
b. Sketch typical solutions of the equation.
c. Find tlim z(t) for the solution with the initial condition z(0) = —1.

—00
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? Exercise 1.E.1.6.2

Let 2’ =sinz.

a. Draw the phase diagram for —47 < z < 4. On this interval mark the critical points stable or unstable.
b. Sketch typical solutions of the equation.
c. Find tlim z(t) for the solution with the initial condition z(0) = 1.

—00

? Exercise 1.E.1.6.3

Suppose f(z) is positive for 0 < z < 1, it is zero when £ = 0 and z = 1, and it is negative for all other z.

a. Draw the phase diagram for ' = f(z), find the critical points and mark them stable or unstable.
b. Sketch typical solutions of the equation.
c. Find tlim z(t) for the solution with the initial condition z(0) = 0.5.

—00

? Exercise 1.E.1.6.4
dz

Start with the logistic equation %+ = kz (M —z). Suppose that we modify our harvesting. That is we will only harvest an
amount proportional to current population. In other words we harvest hz per unit of time for some A > 0 (Similar to earlier
example with h replaced with hz).

a. Construct the differential equation.
b. Show that if kM > h , then the equation is still logistic.
c. What happens when kM < h ?

? Exercise 1.E.1.6.5

A disease is spreading through the country. Let  be the number of people infected. Let the constant S be the number of people
susceptible to infection. The infection rate % is proportional to the product of already infected people, x, and the number of
susceptible but uninfected people, S — .

a. Write down the differential equation.

b. Supposing z(0) > 0, that is, some people are infected at time ¢ = 0, what is lim z(¢).

t—00
c. Does the solution to part b) agree with your intuition? Why or why not?

? Exercise 1.E.1.6.6
Letz = (z—1)(z —2)z2 .

a. Sketch the phase diagram and find critical points.
b. Classify the critical points.
c. If z(0) = 0.5 then find tlim z(t).

—00

Answer

a. 0, 1, 2are critical points.
b. £ = 0 is unstable (semistable), z =1 is stable, and = 2 is unstable.
cl

? Exercise 1.E.1.6.7

Letx' =e®.

a. Find and classify all critical points.
b. Find tlim z(t) given any initial condition.
—00
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Answer

a. There are no critical points.
b. 0o

? Exercise 1.E.1.6.8

Assume that a population of fish in a lake satisfiesc[ll—’t” = kxz(M — ). Now suppose that fish are continually added at A fish

per unit of time.

a. Find the differential equation for x.
b. What is the new limiting population?

Answer
a. Z—”t” =kz(M—z)+A
kM+\/ (kM) +4Ak

2k

? Exercise 1.E.1.6.9

Suppose ‘fi—”t” = (z —a)(z —B) for two numbers a < S.
a. Find the critical points, and classify them.

For b), c), d), find tlim z(t) based on the phase diagram.
—00

b. z(0) < a,
ca<z(0)<pg,
d. 8 < z(0).

Answer

1. « is a stable critical point, 5 is an unstable one.
2. a

3. a

4. oo or DNE.

1.7: Numerical methods: Euler’'s method

Consider % = (2t —z)?, z(0) = 2. Use Euler’s method with step size h = 0.5 to approximate z(1).

? Exercise 1.E.1.7.2

Consider % =t—=z,z(0)=1.

a. Use Euler’s method with step sizes h =1, £, 1 % to approximate z(1).

19 40
b. Solve the equation exactly.
c¢. Describe what happens to the errors for each h you used. That is, find the factor by which the error changed each time you

halved the interval.

Approximate the value of e by looking at the initial value problem y’ =y with y(0) = 1 and approximating y(1) using Euler’s
method with a step size of 0.2.
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Example of numerical instability: Take y’ = —5y, y(0) = 1. We know that the solution should decay to zero as x grows.
Using Euler’s method, start with h =1 and compute ¥, y2, Y3, Y4 to try to approximate y(4). What happened? Now halve the
interval. Keep halving the interval and approximating y(4) until the numbers you are getting start to stabilize (that is, until they
start going towards zero). Note: You might want to use a calculator.

The simplest method used in practice is the Runge-Kutta method. Consider % = f(z,y), y(xzo) =yo and a step size h.

Everything is the same as in Euler’s method, except the computation of y;.; and ;1.

k1 :f(mi,yi),

h h
ks :f($1+_7y1+k1_) Tit1 :.’131+h,

’21 ]27, ki 4 2ky +2ks + k (1.E.1)
ks =f($i+5»yi+k25) Yit1 =Y + ! 26 s h,

ky = f(x; +h,y; +ksh).

? Exercise 1.E.1.7.5
Consider % =yz?,y(0) =1.

a. Use Runge-Kutta (see above) with step sizes h =1 and h = % to approximate y(1).
b. Use Euler’s method with h =1 and h = % .
c. Solve exactly, find the exact value of y(1), and compare.

? Exercise 1.E.1.7.6

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

Answer

Approximately: 1.0000, 1.2397, 1.382

? Exercise 1.E.1.7.7
Let ' =2t, and z(0) = 0.

a. Approximate z(4) using Euler’s method with step sizes 4, 2, and 1.
b. Solve exactly, and compute the errors.
c. Compute the factor by which the errors changed.

Answer
a. 0, 8, 12
b. z(4) = 16, so errors are: 16, 8, 4
c. Factors are 0.5, 0.5, 0.5

? Exercise 1.E.1.7.8

Letz' = ze®™ , and z(0) = 0.

a. Approximate z(4) using Euler’s method with step sizes 4, 2, and 1.
b. Guess an exact solution based on part a) and compute the errors.

Answer
a.0,0,0
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| b. £ =0 is a solution so errors are: 0, 0, 0.

There is a simple way to improve Euler’s method to make it a second order method by doing just one extra step. Consider

Z_Z = f(z,y), y(zo) = yo, and a step size h. What we do is to pretend we compute the next step as in Euler, that is, we start with
(zi,y;), we compute a slope k1 = f(z;,¥:), and then look at the point (z; +h,y; + ki h) . Instead of letting our new point be
(z;+h,y; +ki1h) , we compute the slope at that point, call it k2, and then take the average of k; and ks, hoping that the average is
going to be closer to the actual slope on the interval from z; to ; + k. And we are correct, if we halve the step, the error should go
down by a factor of 22 = 4. To summarize, the setup is the same as for regular Euler, except the computation of ;1 and z;, .

k1 :f(mlvyl)7 Tit1 :xi+h7

k1 + ko (1.E.2)
5 h-

ky = f(z; +h,y; +ki1h), Yirl =Y +
? Exercise 1.E.1.7.9

dy
Consider — = ,y(0)=1.
onsider —~ z+y,y(0)

a. Use the improved Euler’s method (see above) with step sizes h = % and h = % to approximate y(1).
b. Use Euler’s method with h = % and h = %.

c. Solve exactly, find the exact value of y(1).

d. Compute the errors, and the factors by which the errors changed.

Answer

a. Improved Euler: y(1) ~ 3.3897for h =1/4, y(1) =~ 3.4237for h = 1/8,

b. Standard Euler: y(1) ~ 2.8828for h =1/4, y(1) ~ 3.1316for h =1/8,

cy=2e”"—x—1,so0y(2)is approximately 3.4366

d. Approximate errors for improved Euler: 0.04685%or h = 1/4, and 0.012881for h = 1/8. For standard Euler: 0.55375
for h =1/4, and 0.30499%or h = 1/8. Factor is approximately 0.27 for improved Euler, and 0.55for standard Euler.

1.8 Exact Equations

? Exercise 1.E.1.8.1

Solve the following exact equations, implicit general solutions will suffice:
a (2zy+z?)dz+ (22 +y>+1)dy=0
b.a® +4P L =0
c et +y3 +3my2% =0
d. (z +y) cos(z) +sin(z) +sin(z)y’ =0

? Exercise 1.F.1.8.2

Find the integrating factor for the following equations making them into exact equations:
a. e dx + %e”y dy=0
b. ez;;ys dr+3zdy=0
c 4(y? 4—:1U)dnc+2ﬂc+—y2y2 dy=0
d. 2sin(y) dz +z cos(y)dy =0
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? Exercise 1.E.1.8.3

Suppose you have an equation of the form: f(z) + g(y) g—z =0.

a. Show it is exact.
b. Find the form of the potential function in terms of f and g.

? Exercise 1.E.1.8.4

Suppose that we have the equation f(z)dz —dy =0.

a. Is this equation exact?
b. Find the general solution using a definite integral.

? Exercise 1.E.1.8.5

Find the potential function F'(x, y) of the exact equation 1J;zy dx +

(% o :1:) dy =0 in two different ways.

a. Integrate M in terms of = and then differentiate in y and set to V.
b. Integrate IV in terms of y and then differentiate in = and set to M.

? Exercise 1.E.1.8.6

A function u(z, y)is said to be a if Uy, + 1y, =0 .
a. Show if  is harmonic, —u, dx +u, dy =0 is an exact equation. So there exists (at least locally) the so-called function
v(z, y) such that v, = —u, and vy =u, .
Verify that the following v are harmonic and find the corresponding harmonic conjugates v:
au=2zy

b.u =€* cosy
c u=z®—3zy?

? Exercise 1.E.1.8.7

Solve the following exact equations, implicit general solutions will suffice:
a. cos(z) +ye™ +zey' =0
b. (22 +y)dz + (z —4y)dy =0
ce’+ ey% =0
d. (322 +3y)dz + (3y* +3z)dy =0

Answer
a. " +sin(z) =C
b. 2’ +zy—2y>=C
cet+e¥=C
d z3+3zy+y3=C

? Exercise 1.E.1.8.8

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

a. %dac+3ydy:0
b.dex —e*Ydy=0
© (M—I—%)dw—l—;—zdyzo

y2
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d. (2y+y72) dz+(2y+z)dy=0

Answer

a. Integrating factor is y, equation becomes dz + 3y?dy =0 .

b. Integrating factor is e, equation becomes e*dz —e Ydy =0 .

c. Integrating factor is 32, equation becomes (cos(z) +y)dz +zdy =0 .

d. Integrating factor is z, equation becomes (2zy +y2)dz + (2% +2zy)dy =0 .

? Exercise 1.E.1.8.9

a. Show that every separable equation y' = f(z)g(y) can be written as an exact equation, and verify that it is indeed exact.
b. Using this rewrite ' = xy as an exact equation, solve it and verify that the solution is the same as it was in Example 1.3.1.

Answer
a. The equation is — f(z)dz + g(l—y)dy , and this is exact because M = —f(z), N = g(l—y) ,soMy,=0=N, .

b. —zdz + idy =0, leads to potential function F'(z,y) = —%2 +1n|y| , solving F(z,y) = C leads to the same
solution as the example.

1.9: First Order Linear PDE

? Exercise 1.E.1.9.1

Solve
a. u +9u, =0, u(z,0) = sin(z),
b. uy —8u, =0, u(z,0) = sin(z),
c u+mu, =0, u(z,0) =sin(z),

d w+mu, +u =0, u(z,0) =sin(z).

? Exercise 1.E.1.9.2

Solve u; +3u, =1, u(z,0) = z2.

? Exercise 1.E.1.9.3

Solve u; +3u; =z, u(z,0) = €.

? Exercise 1.E.1.9.4

Solve uy +u; +2u =0, u(z,0) = cos(x).

? Exercise 1.E.1.9.5

a. Find the characteristic coordinates for the following equations:
uy +ur +u=1,u(z,0)=cos(z),) 2u; +2us +2u =2, u(z,0) = cos(z).
b. Solve the two equations using the coordinates.
c. Explain why you got the same solution, although the characteristic coordinates you found were different.

? Exercise 1.E.1.9.6

Solve (1 +2?)u; +z?u, +e®u =0 , u(z,0) = 0. Hint: Think a little out of the box.
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Solve

—_1_
1+a2’

b. us +2u, =0, u(z,0) = cos(z).

a. us —b5u, =0, u(z,0)

Answer

au=—3>—
1+(z+5t)

b. u = cos(z — 2t)

? Exercise 1.E.1.9.8
Solve uy +u; +tu =0, u(z, 0) = cos(z).

Answer

u = cos(z —t)et"/2

? Exercise 1.E.1.9.9

Solve u; +u; =5, u(z,0) = z.

Answer

u=ux+4t

This page titled 1.E: First order ODEs (Exercises) is shared under a not declared license and was authored, remixed, and/or curated by Jiri Lebl.

o 1.E: First order ODEs (Exercises) has no license indicated.
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CHAPTER OVERVIEW

2: Higher order linear ODEs

We have already studied the basics of differential equations, including separable first-order equations. In this chapter, we go a little
further and look at second-order equations, which are equations containing second derivatives of the dependent variable. The
solution methods we examine are different from those discussed earlier, and the solutions tend to involve trigonometric functions as
well as exponential functions. Here we concentrate primarily on second-order equations with constant coefficients.

2.1: Second order linear ODEs

2.2: Constant coefficient second order linear ODEs

2.3: Higher order linear ODEs

2.4: Mechanical Vibrations

2.5: Nonhomogeneous Equations

2.6: Forced Oscillations and Resonance

2.E: Higher order linear ODEs (Exercises)
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2.1: Second order linear ODEs
Let us consider the general second order linear differential equation

A(z)y" + B(z)y' +C(z)y = F(z).
We usually divide through by A(z) to get

y' +p(x)y +q(z)y = f(z),

where p(z) = igg ,q(z) = % ,and f(z) = Zig . The word linear means that the equation contains no powers nor functions of
y,y',and y".
In the special case when f(z) = 0 we have a so-called homogeneous equation

y' +p(x)y +q(z)y =0, (2.1.1)
We have already seen some second order linear homogeneous equations:

y"+k*y =0 Two solutionsare: y; =cos(kz), y, =sin(kz).

y"—ky=0 Twosolutionsare: y; =e"®, yp=e"",

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

& Theorem 2.1.1: Superposition

Suppose y; and y, are two solutions of the homogeneous equation (2.1.1). Then
y(z) = Ciy(z) + Caye (),
also solves (2.1.1) for arbitrary constants C; and Cs.
That is, we can add solutions together and multiply them by constants to obtain new and different solutions. We call the expression

C1y1 + Cayy a linear combination of y; and yo. Let us prove this theorem; the proof is very enlightening and illustrates how
linear equations work.

Proof
Lety = Cyy; +Coys . Then

Y +py' +qy = (Criy1 +Coya)" +p(Cry1 + Coye)' +q(Crys + Coya)
= C1y} + Cayy + Cipy; + Capyy + Crqyr + Caqy

= C1(y! +py; +ay1) + Ca(yy +pys +qy2)
=C1.0+C5.0=0

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

Ly=y"+py +qy.

The differential equation now becomes Ly =0. The operator (and the equation) L being linear means that
L(C1y1 + Csy2) = C1 Ly; + C3 Lys . The proof above becomes

Ly = L(Clyl +ng2) = ClLyl +02Ly2 = 010 +CQO =0

Two different solutions to the second equation y” — k*y =0 are y; = cosh(kz) and y, = sinh(kz). Let us remind ourselves of

the definition, coshx = % and sinhz = £ 7267 . Therefore, these are solutions by superposition as they are linear

combinations of the two exponential solutions.

The functions sinh and cosh are sometimes more convenient to use than the exponential. Let us review some of their properties.
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cosh0 =1 sinh0 =0,
d g d rg; _
——[coshz] =sinhz, < [sinhz] = coshz,

cosh? z —sinh?z = 1.

Derive these properties using the definitions of sinh and cosh in terms of exponentials.

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

& Theorem 2.1.2: Existence and Uniqueness

Suppose p(z), g(z), and f(x) are continuous functions on some interval I containing @ with a, by and b; constants. The
equation

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

y(a) =by, y'(a)=0b;.

For example, the equation y” + k*y = 0 with y(0) = by and 3’ (0) = b; has the solution
b
y(z) = by cos(kz) + ?lsin(kx)
The equation y" — k?y = 0 with y(0) = by and y’(0) = b; has the solution

y(x) = by cosh(kz) + %sinh(kw)

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

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

? Exercise 2.1.2

Suppose we find two different solutions y; and y, to the homogeneous equation (2.1.1). Can every solution be written (using
superposition) in the form y = Ciy; + Cays ?

Answer

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

& Theorem 2.1.3

Let p(z) and g(x) be continuous functions and let y; and y» be two linearly independent solutions to the homogeneous
equation (2.1.1). Then every other solution is of the form

y=Ciy1 +Coyp.
That is, y = C1y; + Cay2 is the general solution.

For example, we found the solutions y; = sinz and ys = cosx for the equation ¢’ +y = 0. It is not hard to see that sine and
cosine are not constant multiples of each other. If sinx = A cos for some constant A, we let z = 0 and this would imply A =0.
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But then sinz = 0 for all z, which is preposterous. So y; and y» are linearly independent. Hence,
y=Cicosz+Cysinz

is the general solutionto y” +y =0 .

For two functions, checking linear independence is rather simple. Let us see another example. Consider 3" — 2z 2y = 0. Then
y1 =2% andyp = % are solutions. To see that they are linearly independent, suppose one is a multiple of the other: y; = Ay, , we
just have to find out that A cannot be a constant. In this case we have A = Z—; =2? , this most decidedly not a constant. So

y=Crz?+ C2% is the general solution.

If you have one solution to a second order linear homogeneous equation, then you can find another one. This is the reduction of
order method. The idea is that if we somehow found y; as a solution of y” 4+ p(z)y’ +g(x)y =0 we try a second solution of the
form y5 () = 31 (x)v(x). We just need to find v. We plug y» into the equation:

0=y +p(x)ys +a(z)y: =yjv+2yv +y1v" +p(z)(yjv+y1v') +a(2)y1v
0 (2.1.2)
=y + 2y} +p@)y)v + () +p(z)y) + v.

In other words, 310"+ (2y] +p(z)y1)v’ =0. Using w=v" we have the first order linear equation
1w + (2y; +p(z)y1)w = 0 . After solving this equation for w (integrating factor), we find v by antidifferentiating w. We then

form 1, by computing y;v. For example, suppose we somehow know y; =z is a solution to 3" +z 'y’ —2 2y =0 . The
=

o Hence

equation for w is then zw'+3w =0. We find a solution, w =Cz™ 3, and we find an antiderivative v=

Yo =YV = % . Any C works and so C' = —2 makes y, = % . Thus, the general solution is y = Ciz + 02% .
Since we have a formula for the solution to the first order linear equation, we can write a formula for ys:

— [p(z) dz
(@) =) [ W dz
Yy (\x

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

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

This page titled 2.1: Second order linear ODEs is shared under a not declared license and was authored, remixed, and/or curated by Jifi Lebl.
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2.2: Constant coefficient second order linear ODESs

Solving Constant Coefficient Equations
Suppose we have the problem
y" —6y' +8y=0,y(0) = —2,3'(0) =6

This is a second order linear homogeneous equation with constant coefficients. Constant coefficients means that the functions in
front of 3"/, y', and y are constants and do not depend on x.

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

Letus try" a solution of the form y = €™ . Then ¢/ = re’® and y" = r?e’® . Plug in to get

y"' —6y' +8y =0,
r’e™ —6re™ +8e™ =0,
— =~
v v (2.2.1)
r?—6r+8 =0 (divide through by "),
(r—2)(r—4) —0.

"

Y

Hence, if » = 2 or r = 4, then €'? is a solution. So let y; = €>* and y, = €**.

? Exercise 2.2.1

Check that y; and y, are solutions.
Solution

The functions e?* and e*® are linearly independent. If they were not linearly independent we could write €** = C'e?® for some
constant C, implying that e2* = C for all z, which is clearly not possible. Hence, we can write the general solution as

y= Cle% + 026490

We need to solve for C; and C,. To apply the initial conditions we first find 3’ = 2C€*® +4Cse*® . We plug in £ =0 and
solve.

-2 =y(0)=C1+Cs

2.2.2
6 —y'(0) = 2C; +4C; (2.2.2)

Either apply some matrix algebra, or just solve these by high school math. For example, divide the second equation by 2 to
obtain 3 = C +2C, , and subtract the two equations to get 5 = C5. Then C; = —7 as —2 = C} + 5 . Hence, the solution we
are looking for is

y=—Te"" +5e'”
Let us generalize this example into a method. Suppose that we have an equation
ay’ +by' +cy=0, (2.2.3)
where a, b, c are constants. Try the solution y = €’* to obtain
ar’e™ +bre™ +ce™ =0

Divide by e" to obtain the so-called characteristic equation of the ODE:

ar’+br+c¢=0
Solve for the 7 by using the quadratic formula.
—b+ /b2 —4ac
T1,T2 = T
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l Therefore, we have €"* and e"* as solutions. There is still a difficulty if 1 = ro, but it is not hard to overcome.

& Theorem 2.2.1

Suppose that 1 and 75 are the roots of the characteristic equation.

If r; and 7o are distinct and real (when b2 —4ac >0 ), then (2.2.3) has the general solution
y = C1e™* + Coe™”

If 71 = ro (happens when b2 —4ac =0 ), then (2.2.3)has the general solution

Y= (C]_ + CQ.’B)@TIZ

For another example of the first case, take the equation 3" —k?y = 0. Here the characteristic equation is > —k*> =0 or
(r—k)(r+k) =0 . Consequently, e ** and e** are the two linearly independent solutions.

v/ Example 2.2.1

Solve
yll o k2y —0.
Solution

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

“k and e are the two linearly

Y= C’lelm +Cse g

eS+e* q eS—e~*
and sinh s =

7 5— , we can also write the general solution as

Since cosh s =

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

v/ Example 2.2.2:

Find the general solution of
y' —8y' +16y =0
Solution

The characteristic equation is 72 —87+16 = (r —4) 2=0 . The equation has a double root ry =r9 =4 . The general
solution is, therefore,

y = (C1 + Coz)e™™ = C1e** + Chze™

? Exercise 2.2.2: Linear Independence

Check that ** and ze*? are linearly independent.

Answer

That e*® solves the equation is clear. If ze® solves the equation, then we know we are done. Let us compute
y =e*® +4ze*® andy’ = 8e'® +16ze** . Plug in

y" — 8y +16y = 8e’® +16ze'” — 8(64”” +4me4z) +16ze'* =0

We should note that in practice, doubled root rarely happens. If coefficients are picked truly randomly we are very unlikely
to get a doubled root.
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Let us give a short proof for why the solution we * works when the root is doubled. This case is really a limiting case of when the
—e®1®

two roots are distinct and very close. Note that = o, isa solution when the roots are distinct. When we take the limit as 71 goes
to ry, we are really taking the derivative of e™ using r as the variable. Therefore, the limit is ze"*, and hence this is a solution in

the doubled root case.

2.2.2 Complex numbers and Euler’s formula

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

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

(a,b) x (c,d) df (ac —bd, ad +bc).

It turns out that with this multiplication rule, all the standard properties of arithmetic hold. Further, and most importantly
(O, 1) x (Oa 1) = (_17 O)

Generally we just write (a, b) as (a+1b), and we treat ¢ as if it were an unknown. We do arithmetic with complex numbers just as
we would with polynomials. The property we just mentioned becomes i> = —1. So whenever we see i?, we replace it by —1. The

numbers  and —i are the two roots of 72 +1 =0

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

? Exercise 2.2.3

Make sure you understand (that you can justify) the following identities:
ait=—1,3=-1,i*=1,
b. % =—1,
¢ (3-Ti)(-2-9i)=---=—-69—-13i,
d (3—2i)(3+ ) —(21')2 =32 122=13 ,
1 _ 13+2_3+2'_3 2
Tl i o e RIS TL

We can also define the exponential e2™® of a complex number. We do this by writing down the Taylor series and plugging in the

complex number. Because most properties of the exponential can be proved by looking at the Taylor series, these properties still
hold for the complex exponential. For example the very important property: e**¥ = e®e¥ . This means that e = e%e™ . Hence if
we can compute €, we can compute e**® . For e we use the so-called Euler’s formula.

& Theorem 2.2.2
Euler's Formula
e =cosf@+isin® and e =cosf—isind

In other words, e**® = e®(cos(b) + i sin(b)) = e® cos(b) +ie? sin(b) .

? Exercise 2.2.4

Using Euler’s formula, check the identities:

e 4 eif e _ =it
cosf=—— and sinf=—"—7——+
2 21
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Double angle identities: Start with e*(20) = (e"e)2 . Use Euler on each side and deduce:

Answer
cos(20) = cos’0—sin’0 and  sin(260) = 2sinfcosf

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

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

2.2.3 Complex roots

Suppose that the equation ay” 4+ by’ +cy =0 has the characteristic equation ar? 4+br+c =0 that has complex roots. By the

—b+Vb% —4ac

quadratic formula, the roots are — These roots are complex if b> —4ac < 0 . In this case the roots are
a
-b  Vdac—b
ry,1ry = — Fi——-
2a 2a

As you can see, we always get a pair of roots of the form a £ ¢/3. In this case we can still write the solution as
y= Cle(aJriﬁ)a: 4 Cze(afiﬂ)z

However, the exponential is now complex valued. We would need to allow C; and C5 to be complex numbers to obtain a real-
valued solution (which is what we are after). While there is nothing particularly wrong with this approach, it can make calculations
harder and it is generally preferred to find two real-valued solutions.

Here we can use FEuler’s formula. Let

_ e(a+iﬂ)w (a—if)z

Y1 and Yy, =e
Then note that

y1 = e cos(Bz) +ie®” sin(fz)

2.2.4
y2 = e cos(Bz) —ie” sin(fx) ( )
Linear combinations of solutions are also solutions. Hence,
v — s o (2.2.5)
Y=g =e sin(Bz)
7

are also solutions. Furthermore, they are real-valued. It is not hard to see that they are linearly independent (not multiples of each
other). Therefore, we have the following theorem.

& Theorem 2.2.3

For the homegneous second order ODE
ay” +by +cy=0
If the characteristic equation has the roots o 433 (when b? — 4ac < 0 ), then the general solution is

y = C1e* cos(Bz) + Cre sin(Bz)
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Find the general solution of " + k?y =0, for a constant k > 0.

Solution
The characteristic equation is 72 + k? = 0 . Therefore, the roots are r = +ik and by the theorem we have the general solution

y = C; cos(kz) 4 Cy sin(kz)

v/ Example 2.2.4

Find the solution of y”" — 6y’ +13y = 0,y(0) =0,3'(0) = 10.

Solution
The characteristic equation is 7> — 67+ 13 = 0 . By completing the square we get (r —3) 2 +22 =0 and hence the roots are
r = 3 £ 2¢. By the theorem we have the general solution

y = C1€3% cos(2z) + Cre3% sin(2z)
To find the solution satisfying the initial conditions, we first plug in zero to get
0=y(0)= C1e’ cos0 + Cre’ sin0 = C;
Hence C; =0 and y = C»€3? sin(2z). We differentiate
y' = 3C2e3%sin(2z) +2C»€37 cos(2z)
We again plug in the initial condition and obtain 10 = ' (0) = 2C5, or C> = 5. Hence the solution we are seeking is

y = 5€* sin(2)

Footnotes

[1] Making an educated guess with some parameters to solve for is such a central technique in differential equations, that people
sometimes use a fancy name for such a guess: ansatz, German for “initial placement of a tool at a work piece.” Yes, the Germans

have a word for that.

This page titled 2.2: Constant coefficient second order linear ODEs is shared under a not declared license and was authored, remixed, and/or

curated by Jifi Lebl.
« 2.2: Constant coefficient second order linear ODEs by Jifi Lebl is licensed CC BY-SA 4.0. Original source: https://www.jirka.org/diffygs.
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2.3: Higher order linear ODEs

Equations that appear in applications tend to be second order, although higher order equations do appear from time to time. Hence,
it is a generally assumed that the world is “second order” from a modern physics perspective. The basic results about linear ODEs
of higher order are essentially the same as for second order equations, with 2 replaced by n. The important concept of linear
independence is somewhat more complicated when more than two functions are involved.

For higher order constant coefficient ODEs, the methods are also somewhat harder to apply, but we will not dwell on these
complications. We can always use the methods for systems of linear equations to solve higher order constant coefficient equations.
So let us start with a general homogeneous linear equation:

& Theorem 2.3.1

Superposition

Y™ +pp1(z)y" D+ 4pr(2)y +po(z)y = f(z) (2.3.1)

Suppose y1, Y2, - - - , Y are solutions of the homogeneous equation (Equation 2.3.1). Then
y(:c) = Clyl (ZU) + C2y2 (:13)+ .. +Cnyn (CL’)

also solves Equation 2.3.1 for arbitrary constants C1, . . . . Cy,.

In other words, a linear combination of solutions to Equation 2.3.1 is also a solution to Equation 2.3.1. We also have the existence
and uniqueness theorem for nonhomogeneous linear equations.

& Theorem 2.3.2

Existence and Uniqueness

Suppose p, through p,_1, and f are continuous functions on some interval I, a is a number in I, and by, by,...,b, 1 are
constants. The equation

Y™ +pp1(2)y "V pi ()Y +po(z)y = f(z)
has exactly one solution y(z) defined on the same interval I satisfying the initial conditions

y(a) = by, y/(a) =b, ..., y(nil)(a) =bp

Linear Independence

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

cyr+eys+- - +cry, =0

has only the trivial solution ¢; =c2 =+ =c¢, =0 , where the equation must hold for all z. If we can solve equation with some
constants where for example ¢; # 0, then we can solve for y; as a linear combination of the others. If the functions are not linearly
independent, they are linearly dependent.

v/ Example 2.3.1

Show that €*, %%, and €3 are linearly independent functions.

Solution

Let us give several ways to show this fact. Many textbooks introduce Wronskians, but that is really not necessary to solve this
example. Let us write down

c1€” +coe®® + ¢33 =0

We use rules of exponentials and write z = €% . Then we have
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clz+02z2 +03z3 =0

The left hand side is a third degree polynomial in z. It can either be identically zero, or it can have at most 3 zeros. Therefore,
it is identically zero, ¢; = c2 = c3 =0 , and the functions are linearly independent.

Let us try another way. As before we write
c1€® +coe®® +c3€3 =0
This equation has to hold for all 2. What we could do is divide through by 3 to get
cie 4+ P43 =0
As the equation is true for all z, let z — oo. After taking the limit we see that c3 = 0. Hence our equation becomes
cr1e” +ce?® =0
Rinse, repeat!
How about yet another way. We again write
c1€® +cpe®® +c3e3 =0

We can evaluate the equation and its derivatives at different values of = to obtain equations for c¢;, ¢z, and c3. Let us first
divide by e® for simplicity.

c1 +cpe” +e3e? =0
We set = 0 to get the equation ¢; +c3 +c3 =0 . Now differentiate both sides
2" +2¢3€** =0

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

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

v/ Example 2.3.2

On the other hand, the functions e”, e~ and cosh z are linearly dependent. Simply apply definition of the hyperbolic cosine:

xZ —T
e’ +e _
coshm:T or 2coshz—e®—e™® =0

Constant Coefficient Higher Order ODEs

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

v Example 2.3.3: Third order ODE with Constant Coefficients

Find the general solution to
ylll_3l/_yl+3y:0 (2‘3.2)

Solution
Try: y = €™ . We plug in and get
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We divide through by €. Then
r—3r2—r+3=0

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

A good place to start is to plot the polynomial and check where it is zero. We can also simply try plugging in. We just start
plugging in numbers » = —2, —1,0,1, 2, ... and see if we get a hit (we can also try complex numbers). Even if we do not get
a hit, we may get an indication of where the root is. For example, we plug 7 = —2 into our polynomial and get -15; we plug in
7 =0 and get 3. That means there is a root between » = —2 and r = 0, because the sign changed. If we find one root, say 71,
then we know (r — ) is a factor of our polynomial. Polynomial long division can then be used.

A good strategy is to begin with » = —1, 1, or 0. These are easy to compute. Our polynomial happens to have two such roots,
71 = —1 and 5 =1 and. There should be three roots and the last root is reasonably easy to find. The constant term in a monic
' polynomial such as this is the multiple of the negations of all the roots because
r—3r —r+3=(r—r)(r—m2)(r—7r3) .So

3=(-r1)(=r2)(-73) = (1)(-1)(-73) =73

You should check that r3 = 3 really is a root. Hence we know that e =%, €%, and €37 are solutions to (2.3.2). They are linearly

independent as can easily be checked, and there are three of them, which happens to be exactly the number we need. Hence the
general solution is

y=Cre ® +Che® + Cze®
Suppose we were given some initial conditions y(0) = 1,%'(0) =2, and y"(0) = 3. Then

1 :y(O) =C1+Cy+C4
2 =y'(0)=-C1+C>+3Cs (2.3.3)
8 = y"(O) =C1+Cy+9C;

It is possible to find the solution by high school algebra, but it would be a pain. The sensible way to solve a system of
equations such as this is to use matrix algebra, see Section 3.2 or Appendix A. For now we note that the solution is C; = —
Cy=1,and C3 = i . The specific solution to the ODE is

1
1

1 1
y= —Ze_’” +e” + Ze3’”

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

era:,wem:,a:2em:’ . .’wk—lem

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

v/ Example 2.3.4

Solve
y(4) o 3y/// + 3y// _ y/ -0

Solution
We note that the characteristic equation is

r—3rt+3r2—r=0

By inspection we note that 7* — 373 4372 —r = r(r—1) 3 . Hence the roots given with multiplicity are » =0, 1,1, 1. Thus
the general solution is
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y= (CL+Cy+Cs2%)e™ + C4
~~

terms coming fromr =1 fromr =0

The case of complex roots is similar to second order equations. Complex roots always come in pairs 7 = a + 43 . Suppose we
have two such complex roots, each repeated k times. The corresponding solution is

(Co+Crz+- -+ Cr_12")e™ cos(Bx) + (Do + D1z +- - - + Dy_12")e™ sin(Bax)

where Cy, ...,Ck_1, Dy, ..., Dy_; are arbitrary constants.

v/ Example 2.3.5

Solve
yW — 4y +8y" —8y' +4y =0

Solution
The characteristic equation is

r—ar® 487 —8r+4 =0

P —2r+2)> =0 (2.3.4)
(r—1)’+1)° =0
Hence the roots are 1 + ¢, both with multiplicity 2. Hence the general solution to the ODE is
y = (C1 +Caz)e” cosz + (Cs5 + Cyx)e” sinz

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

Footnotes

d 3

[1] The word monic means that the coefficient of the top degree %, in our case r°, is 1.

Outside Links
o After reading this lecture, it may be good to try Project III from the IODE website: www.math.uiuc.edu/iode/.
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2.4: Mechanical Vibrations

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

Some examples
k E(t)

m

damping ¢
Figure 2.4.1

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

Let x be the displacement of the mass ( = 0 is the rest position), with 2 growing to the right (away from the wall). The force
exerted by the spring is proportional to the compression of the spring by Hooke’s law. Therefore, it is kz in the negative direction.
Similarly the amount of force exerted by friction is proportional to the velocity of the mass. By Newton’s second law we know that
force equals mass times acceleration and hence mz" = F(t) —cz’ —kz or

mz" +cz' +kx = F(t)
This is a linear second order constant coefficient ODE. We set up some terminology about this equation. We say the motion is

i. forced, if F' # 0 (if F is not identically zero),

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

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

Here is an example for electrical engineers. Consider the pictured RLC circuit. There is a resistor with a resistance of R ohms, an
inductor with an inductance of L henries, and a capacitor with a capacitance of C farads. There is also an electric source (such as a
battery) giving a voltage of E(t) volts at time ¢ (measured in seconds). Let Q(t) be the charge in coulombs on the capacitor and
I(t) be the current in the circuit. The relation between the two is @' = I. By elementary principles we find LI’ + RI +% =FE.
We differentiate to get

LI"(t)+ RI'(t) + %I(t) 0]

c
R

Figure 2.4.2

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

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

o'+ %sin@ =0.
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mgsin@ |mg

Figure 2.4.3
Let us derive this equation using Newton's second law: force equals mass times acceleration. The acceleration is L#" and mass is
m. So mL#" has to be equal to the tangential component of the force given by the gravity, which is mgsin@ in the opposite
direction. So mL8"' = —mgsin@. The m curiously cancels from the equation.

Now we make our approximation. For small § we have that approximately sin# = 6 . This can be seen by looking at the graph. In
Figure 2.4.4 we can see that for approximately —0.5 < # < 0.5 (in radians) the graphs of sin @ and 8 are almost the same.

Figure 2.4.4: The graphs of sin 6 and @ (in radians).
Therefore, when the swings are small, § is small and we can model the behavior by the simpler linear equation

0" + %0:0.

The errors from this approximation build up. So after a long time, the state of the real-world system might be substantially different
from our solution. Also we will see that in a mass-spring system, the amplitude is independent of the period. This is not true for a
pendulum. Nevertheless, for reasonably short periods of time and small swings (that is, only small angles 6), the approximation is
reasonably good.

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

Free Undamped Motion

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

ma’' +kx=0
If we divide by m and let wy = 4/ —, then we can write the equation as
m

" +wdzr =0
The general solution to this equation is
z(t) = A cos(wot) + Bsin(wot)

By a trigonometric identity, we have that for two different constants C' and -y, we have

A cos(wpt) + Bsin(wgt) = C cos(wot —7)
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B
It is not hard to compute that C = v A2+ B2? and tan~y = T Therefore, we let C' and -y be our arbitrary constants and write
z(t) = C cos(wot —7) .

? Exercise 2.4.1

Justify the above identity and verify the equations for C' and . Hint: Start with cos(a — 8) = cos(a) cos(8) +sin(a) sin(3)
and multiply by C. Then think what should & and 3 be.

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

z(t) = C cos(wpt —7)
We can see that the amplitude is C, wy is the (angular) frequency, and =y is the so-called phase shift. The phase shift just shifts the
graph left or right. We call w the natural (angular) frequency. This entire setup is usually called simple harmonic motion.

Let us pause to explain the word angular before the word frequency. The units of wy are radians per unit time, not cycles per unit
w
time as is the usual measure of frequency. Because we know one cycle is 27 radians, the usual frequency is given by 2—0. It is
T

simply a matter of where we put the constant 27, and that is a matter of taste.

27

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

complete one full oscillation.

v/ Example 2.4.1

N
Suppose that m = 2kg and k = 8 — . The whole mass and spring setup is sitting on a truck that was traveling at 1 ﬁ. The
m s

truck crashes and hence stops. The mass was held in place 0.5 meters forward from the rest position. During the crash the mass
m

gets loose. That is, the mass is now moving forward at 1 —, while the other end of the spring is held in place. The mass
s

therefore starts oscillating. What is the frequency of the resulting oscillation and what is the amplitude. The units are the mks
units (meters-kilograms-seconds).

The setup means that the mass was at half a meter in the positive direction during the crash and relative to the wall the spring is

mounted to, the mass was moving forward (in the positive direction) at 1 —. This gives us the initial conditions.
s

So the equation with initial conditions is
2z" +8x =0, z(0)=0.5, z'(0)=1

We can directly compute wy = = v/4 =2 . Hence the angular frequency is 2. The usual frequency in Hertz (cycles per

2 1
second) is — = — ~0.318.

2r 0w
The general solution is

z(t) = Acos(2t) + Bsin(2t)

Letting #(0) =0.5 means A =0.5. Then z'(t) =—2(0.5)sin(2t) +2Bcos(2t). Letting z'(0)=1 we get B=0.5.
Therefore, the amplitude is C = v/ A? + B? = 4/0.25+0.25 = /0.5~ 0.707 . The solution is

z(t) = 0.5 cos(2t) + 0.5 sin(2¢)

A plot of z(t) is shown in Figure 2.4.5.
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1]

Figure 2.4.5: Simple undamped oscillation.

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

z(t) = A cos(wot) + Bsin(wot)

corresponds to the initial conditions z(0) = A and z'(0) = wyB. Therefore, it is easy to figure out A and B from the initial
conditions. The amplitude and the phase shift can then be computed from A and B. In the example, we have already found the

B
amplitude C. Let us compute the phase shift. We know that tany = i 1. We take the arctangent of 1 and get approximately

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

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

Free Damped Motion

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

mzx' +cz' +kr =0
as

2" +2px’ +wiz =0

where

The characteristic equation is

r? +2pr+w? =0

r=—p+,/p* —w?

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

Using the quadratic formula we get that the roots are

c .2 k cz —4km

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

other words if ¢2 > 4km.
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Overdamping

When c2 —4km > 0, we say the system is overdamped. In this case, there are two distinct real roots r; and ry. Notice that both

roots are negative. As 4 /p? — wg is always less than P, then —P + ,/ P2 — wg is negative.

The solution is
z(t) = Cre™t + Coe™

Since ry, 7y are negative, z(t) — 0 as t — oco. Thus the mass will tend towards the rest position as time goes to infinity. For a few
sample plots for different initial conditions (Figure 2.4.6).

5 o
T T T

Figure 2.4.6: Overdamped motion for several different initial conditions.

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

0 = Cie"t 4+ Cqe™t . Therefore, C1 et = —Cqe™! and using laws of exponents we obtain
_Cl — e(r2_r1)t
Oy

This equation has at most one solution ¢ > 0. For some initial conditions the graph will never cross the x axis, as is evident from
the sample graphs.

v/ Example 2.4.2

Suppose the mass is released from rest. That is (0) = ¢ and z’(0) = 0. Then
z(t) = S (r1e™t —rye™t)
T1—T2

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

Critical damping

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

z(t) = Cre P + Cyte ?

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

Underdamping
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L
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Figure 2.4.7: Underdamped motion with the envelope curves shown.

When c2 — 4km < 0, we say the system is underdamped. In this case, the roots are complex.

r=-pt,/p’—w
Z—p:t\/—_l /wg_p2 (2.4.1)

=—ptiw

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

or

z(t) = e P"(A cos(w; t) + Bsin(w t)

z(t) = Ce P cos(wit —7)
An example plot is given in Figure 2.4.7. Note that we still have that z(¢) — 0 as t — co.

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

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

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

On the other hand when ¢ becomes smaller, w; approaches wy (w; is always smaller than wy ), and the solution looks more and
more like the steady periodic motion of the undamped case. The envelope curves become flatter and flatter as ¢ (and hence P )
goes to 0.

Footnotes

[1] We do not call w; a frequency since the solution is not really a periodic function.
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2.5: Nonhomogeneous Equations

Solving Nonhomogeneous Equations

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

y'+5y +6y=2z+1 (2.5.1)

We will write Ly = 2z +1 when the exact form of the operator is not important. We solve (Equation 2.5.1) in the following
manner. First, we find the general solution y. to the associated homogeneous equation

y"+5y +6y=0 (2.5.2)
We call y, the complementary solution. Next, we find a single particular solution g, to (2.5.1)in some way. Then
Y=Y+ Yp

is the general solution to (2.5.1). We have Ly, =0 and Ly, =2z +1. As L is a linear operator we verify that y is a solution,
Ly =L(y.+yp) = Ly. + Ly, =0+ (22 +1) . Letus see why we obtain the general solution.

Let y, and g, be two different particular solutions to (2.5.1). Write the difference as w = y, —9,, . Then plug w into the left hand
side of the equation to get

w" + 5w’ + 6w = (y5 + 5y, +6y,) — (§, +59,+67,) =2z +1)— (22 +1) =0
Using the operator notation the calculation becomes simpler. As L is a linear operator we write
Lw :L(yp—gjp) =Ly, — Ly, = (2z+1)—(2z+1)=0

So w =y, — ¢, is a solution to (2.5.2), that is Lw = 0. Any two solutions of (2.5.1) differ by a solution to the homogeneous
equation (2.5.2). The solution y =y, +y, includes all solutions to (2.5.1), since y, is the general solution to the associated
homogeneous equation.

& Theorem 2.5.1

Let Ly = f(z) be a linear ODE (not necessarily constant coefficient). Let y. be the complementary solution (the general
solution to the associated homogeneous equation Ly = 0) andlet y,, be any particular solution to Ly = f(z). Then the general
solution to Ly = f(z) is

Y=Y+ Yp.

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

Undetermined Coefficients
The trick is to somehow, in a smart way, guess one particular solution to (2.5.1). Note that 22 41 is a polynomial, and the left
hand side of the equation will be a polynomial if we let y be a polynomial of the same degree. Let us try
yp=Axz+ B
We plug in to obtain

Yy +5yp+6y, =(Az+B)"+5(Az +B)' +6(Az + B)

2.5.3
—0+5A4+6Az+6B=6Az+(5A+6B) 253)

3z —1
9

1 1 1 1
So 6Az+ (5A+6B) =2z +1 . Therefore, A= 3 and B= -3 That means y, =—x — 9= . Solving the

3
complementary problem (exercise!) we get
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Hence the general solution to (2.5.1)is

Yo = 01872z + 02673:5

3z —1

y=Cre 2 +Che 3 + 9

First find

[SCR

Now suppose we are further given some initial conditions. For example, y(0)=0 and %'(0)=

1
y = —2C1e 2 —3Che 3% + 3 Then

11 1
0 :y(O) =C1+Cy— 5, 5 =y/(0) =-2C; —3Cy + g
1 2 . . .
We solve to get C; = 3 and Cy = -3 The particular solution we want is
1y, 2 3, 3z—1 3e?-2e¥43z-—1
ye)=ge " -ge g = 9

? Exercise 2.5.1

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

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

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

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

yp = Acos(2z) + Bsin(2z)
We plug y, into the equation and we get

—4A cos(2z) —4Bsin(2z) 42 (—2Asin(2z) +2Bcos(2z))

v Y

+2 (Acos(2z) +2Bsin(2z)) = cos(2z),

Yp
The left hand side must equal to right hand side. We group terms and we get that —4A+4B+2A=1 and
-1 1
—4B—-4A+2B=0.S0o-2A+4B=1 and2A+ B =0 and hence A = T and B = 5
—cos(2z) 4 2 sin(2z)
10

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

So

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

Ly=e¢%
we will try y = Ae®® as our guess and try to solve for A.

When the right hand side is a multiple of sines, cosines, exponentials, and polynomials, we can use the product rule for
differentiation to come up with a guess. We need to guess a form for y,, such that Ly, is of the same form, and has all the terms
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needed to for the right hand side. For example,
Ly = (1+322)e ® cos(mx)
For this equation, we will guess
yp = (A+ Bz +Cz?)e  cos(rz) + (D + Ex + Fx*)e " sin(rz)

We will plug in and then hopefully get equations that we can solve for A, B,C, D, Eand F'. As you can see this can make for a
very long and tedious calculation very quickly.

There is one hiccup in all this. It could be that our guess actually solves the associated homogeneous equation. That is, suppose we
have

y// _ 9y _ e3ac
We would love to guess y = Ae®?, but if we plug this into the left hand side of the equation we get
y" —9y =9A4e3® —9A4e3* =0 #£e3?

There is no way we can choose A to make the left hand side be €32. The trick in this case is to multiply our guess by z to get rid of
duplication with the complementary solution. That is first we compute . (solution to Ly = 0)

Yo = Cre " + Cye®

and we note that the e3* term is a duplicate with our desired guess. We modify our guess to y = Aze3* and notice there is no
duplication anymore. Let us try. Note that ' = Ae3% +3Aze3® and y" = 6Ae3* +9Aze®? . So

Y —9y =64 +9Aze®® —9Aze®® = 64

1
Thus 6 Ae®® is supposed to equal €**. Hence, 64 =1 and so A = 5 We can now write the general solution as

1
Y=1Yc +yp = 01673z +02€3x + gme?’z
It is possible that multiplying by « does not get rid of all duplication. For example,
y// - 6y' + 9y _ e3w

The complementary solution is y, = C1€3% + Coze3® . Guessing y = Aze3® would not get us anywhere. In this case we want to
guess y, = Az?e3? . Basically, we want to multiply our guess by z until all duplication is gone. But no more! Multiplying too
many times will not work.

Finally, what if the right hand side has several terms, such as
Ly =¢€** +cosx

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

Variation of Parameters

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

y" +y=tanz
Note that each new derivative of tanz looks completely different and cannot be written as a linear combination of the previous

derivatives. If we start differentiating tan z, we get

secz, 2sec’z tanz, 4sec’z tan?z+2sectz,

8sec? z tan®z +16sect z tanz, 16sec’z tan* z +88sec z tan® z +16sec’ z,
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This equation calls for a different method. We present the method of variation of parameters, which will handle any equation of the
form Ly = f(z), provided we can solve certain integrals. For simplicity, we restrict ourselves to second order constant coefficient
equations, but the method works for higher order equations just as well (the computations become more tedious). The method also
works for equations with nonconstant coefficients, provided we can solve the associated homogeneous equation.

Perhaps it is best to explain this method by example. Let us try to solve the equation
Ly=9y"+y=tanz

First we find the complementary solution (solution to Ly, = 0). We get y. = C1y1 + Cays , where y; = cosz and ys = sinz. To
find a particular solution to the nonhomogeneous equation we try

Yp =Y =U1Y1 + U2Y2

where u; and ugy are functions and not constants. We are trying to satisfy Ly = tanx. That gives us one condition on the functions
u; and uy. Compute (note the product rule!)

Y = Uy +ubye) + (WY +uayh)

We can still impose one more condition at our discretion to simplify computations (we have two unknown functions, so we should
be allowed two conditions). We require that (u}y; +uby2) =0 . This makes computing the second derivative easier.

Y =wy +wy

' = (] +uhuh) + (g + ) (254
Since y; and y; are solutions to y” +y =0, we know that y}’ = —y; and y§ = —y. (Note: If the equation was instead
y" +p(z)y’ +q(z)y =0 we would have y' = —p(z)y! —q(z)y; .) So

y" = (uly] +uhyh) — (uryr +uzys)
We have (u1y1 +u2y2) =y and so
y' = (uiy) +upys) —y
and hence
y"+y =Ly =ujy] +ujys
For y to satisfy Ly = f(x) we must have f(z) = u}y] +uby) .
So what we need to solve are the two equations (conditions) we imposed on u; and us
uiy upyr =0 (2.5.5)

uiyp +upyy = f(z)

We can now solve for «} and w), in terms of f(z),y; and y». We will always get these formulas for any Ly = f(z), where
Ly=1y"+p(z)y' +q(z)y . There is a general formula for the solution we can just plug into, but it is better to just repeat what we
do below. In our case the two equations become

u) cos(x) +ubsin(z) =0

—u} sin(z) +ul, cos(z) =tan(z) (2.5.6)
Hence
u! cos(z) sin(z) +ulsin®(z) =0
—u! sin(z) cos(z) +uhcos®(z) = tan(z) cos(z) = sin(z) (2.5.7)
And thus
ul (sin?(z) + cos?(z)) =sin(z)
ubh = s1n(‘:v2 2.5
1= —sin (2) = —tan(z) sin(z)
cos(x)
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Now we need to integrate «) and v}, to get u; and us.

1 i -1
uy :/u’ldw :/—tan(m)sin(a:)dz = §ln| % | 4 sin(z)
sin(z) + (2.5.9)
up = /u’zdm = /sin(a:)dw = —cos(z)
So our particular solution is
1 i -1
Yp =UrY +U2Ys = §cos(m)1n| % | +cos(z) sin(z) — cos(z) sin(z)
. i (2.5.10)
1 (2)In| s1n(:1:)—1|
= —cos(z)Iln| ————
2 sin(z) +1

The general solution to ¢/ +y = tanx is, therefore,
sin(z) —1

y = C cos(z) + Cy sin(z) + lcos(x) In | sin(z) +1

2 |
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2.6: Forced Oscillations and Resonance

Let us consider to the example of a mass on a spring. We now examine the case of forced oscillations, which we did not yet handle.
That is, we consider the equation

ma' +cx’' +kx = F(t)

for some nonzero F'(t). The setup is again: m is mass, c is friction, k is the spring constant, and F'(¢) is an external force acting on
the mass.

k F(t)
m —»

damping ¢
Figure 2.6.1

What we are interested in is periodic forcing, such as noncentered rotating parts, or perhaps loud sounds, or other sources of
periodic force. Once we learn about Fourier series in Chapter 4, we will see that we cover all periodic functions by simply
considering F(¢t) = Fy cos(wt) (or sine instead of cosine, the calculations are essentially the same).
Undamped Forced Motion and Resonance
First let us consider undamped ¢ = 0 motion for simplicity. We have the equation

mz" + kzx = Fy cos(wt)
This equation has the complementary solution (solution to the associated homogeneous equation)

Te = Cl COS(w()t) + 02 Sin(th)

where wy = 4/ % is the natural frequency (angular), which is the frequency at which the system “wants to oscillate” without

external interference.

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

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

o — ) cos(wt)

.sz

We leave it as an exercise to do the algebra required.

The general solution is

z = C1 cos(wpt) + Cy sin(wpt) + cos(wt)
m(wi —w?)
or written another way
F
z = C cos(wot —y) + 5 cos(wt)
m(wy —w?)

Hence it is a superposition of two cosine waves at different frequencies.
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Take
0.5z" +8z =10cos(nt), z(0)=0, z'(0)=0

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

2
z = C cos(4t) + C, sin(4t) + T 0 cos(mt)

— 2

20 and C5 = 0. Hence

Solve for C; and C5 using the initial conditions. It is easy to see that C; = T

_20 (cos(wt) — cos(4t))

xr =
16 — w2
0 5 10 15 20
16— —— T ——7 10
5 | 5
o f oL
s | 1
g —— bbbl el 10
0 5 10 15 20
. 20
Figure 2.6.2: Graph of == (cos(7t) —cos(4t))

Notice the “beating” behavior in Figure 2.6.2. First use the trigonometric identity

2sin(A;B)sin(A;B):cosB—cosA

to get that

20 47T . 44T
—16_7r2(2sm( 5 t) sin( 5 t))

Z

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

Now suppose that wg = w. Obviously, we cannot try the solution A cos(wt) and then use the method of undetermined coefficients.
We notice that cos(wt) solves the associated homogeneous equation. Therefore, we need to try x, = At cos(wt) + Bt sin(wt) .
This time we do need the sine term since the second derivative of ¢ cos(wt) does contain sines. We write the equation

F
2" +wre = —Lcos(wt)
m
Plugging x,, into the left hand side we get

F
2Bwcos(wt) — 2 Awsin(wt) = Eocos(wt)

Fo
21w

F

s——tsin(wt) and our general solution is
mw

Hence A =0 and B=

. Our particular solution is
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F
z = C cos(wt) + Cy sin(wt) + 21730}

t sin(wt)

The important term is the last one (the particular solution we found). We can see that this term grows without bound as ¢ — co. In

fact it oscillates between 213’; and ;ﬁj . The first two terms only oscillate between 4, /C? + C2 , which becomes smaller and

smaller in proportion to the oscillations of the last term as ¢t gets larger. In Figure 2.6.3 we see the graph with
Cl =C'2=0,F0:2,m:1,w=7r.

Figure 2.6.3: Graph of +¢sin(t).

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

On the other hand resonance can be destructive. In an earthquake some buildings collapse while others may be relatively
undamaged. This is due to different buildings having different resonance frequencies. So figuring out the resonance frequency can
be very important.

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

Damped Forced Motion and Practical Resonance
In real life things are not as simple as they were above. There is, of course, some damping. Our equation becomes
mz" +cz' +kx = Fy cos(wt), (2.6.1)

for some ¢ > 0. We have solved the homogeneous problem before. We let
c k
= —_— wn = —
P 2m 0 m

F
z" +2pz’ +wir = 2 cos(wt)
m

We replace equation (2.6.1)with

The roots of the characteristic equation of the associated homogeneous problem are ry,7 = —p %+ 4 /p? —w% . The form of the

general solution of the associated homogeneous equation depends on the sign of p* — wg , or equivalently on the sign of c? — 4km,

as we have seen before. That is,

Cie™t + Czerzt, if 2 > 4km,
z.=1{ CrePt 4+ Cyte P, if & =4km,
e P (Cy cos(wit) + Casin(wyt)), ifc? < 4km,

where w; = wg —p? . In any case, we can see that z.(t) — 0 as ¢ — oo. Furthermore, there can be no conflicts when trying to

solve for the undetermined coefficients by trying x, = A cos(wt) + Bssin(wt) . Let us plug in and solve for A and B. We get (the
tedious details are left to reader)
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(W —w*)B—2wpA) sin(wt) + ((wp — w?) A+ 2wpB) cos(wt) = %cos(wt)

We get that
Ao (W2 —w?)Fy
m(2wp)? +m (w2 —w?) ?
2wpF
B— wplio _
m(2wp)® +m (w} —w?)
We also compute C' =+/ A2 + B? to be
Fi
C= s
my/ @un)? + (6f )’
Thus our particular solution is
w? —w?)F 2wpF
rp = (4 o 5 cos(wt) + ol il 5-sin(wt)
m(2wp)? +m (w2 —w?) m(2wp)? +m (w2 —w?)

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

B 2wp
tany = 1 —wf)—oﬂ

Hence we have

Fy

2 2 9 2
ma/ (2wp)” + (wg —w?)

If w=wy weseethatA:O,B:C:fWOp, andy=73 .

T, = cos(wt —)

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

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

T=X.+Tp =Ty +Tgp

We note that z. = x4 goes to zero as t — 0o, as all the terms involve an exponential with a negative exponent. Hence for large ¢,
the effect of ;. is negligible and we will essentially only see x,,. Hence the name transient. Notice that z,, involves no arbitrary
constants, and the initial conditions will only affect .. This means that the effect of the initial conditions will be negligible after
some period of time. Because of this behavior, we might as well focus on the steady periodic solution and ignore the transient
solution. See Figure 2.6.4 for a graph of different initial conditions.
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] 1 I
a 5 10 15 20

Figure 2.6.4: Solutions with different initial conditions for parameters k =1,m =1, Fy =1,¢ =0.7, and w=1.1.

Notice that the speed at which x4 goes to zero depends on P (and hence c). The bigger P is (the bigger c is), the “faster” x;,
becomes negligible. So the smaller the damping, the longer the “transient region.” This agrees with the observation that when
¢ =0, the initial conditions affect the behavior for all time (i.e. an infinite “transient region”).

Let us describe what we mean by resonance when damping is present. Since there were no conflicts when solving with
undetermined coefficient, there is no term that goes to infinity. What we will look at however is the maximum value of the
amplitude of the steady periodic solution. Let C' be the amplitude of x,. If we plot C' as a function of w (with all other parameters
fixed) we can find its maximum. We call the w that achieves this maximum the practical resonance frequency. We call the maximal
amplitude C'(w) the practical resonance amplitude. Thus when damping is present we talk of practical resonance rather than pure
resonance. A sample plot for three different values of c¢ is given in Figure 2.6.5. As you can see the practical resonance amplitude
grows as damping gets smaller, and any practical resonance can disappear when damping is large.

25 F

20 F

05 F

00 F

Figure 2.6.5: Graph of C'(w) showing practical resonance with parameters k = 1,m =1, Fy = 1 . The top line is with ¢ = 0.4, the
middle line with ¢ = 0.8, and the bottom line with ¢ = 1.6.

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

—4w(2p* +w? —wi)Fy
3/2

C'(w)=
m ((20p)” + (W] —w?))

This is zero either when w =0 or when 2p? +w? —w? = 0 . In other words, C’(w) = 0 when
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w=4/wZ—2p* orw=0

It can be shown that if w% —2p? is positive, then A /wg —2p? is the practical resonance frequency (that is the point where C(w) is

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

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

Another interesting observation to make is that when w — 0o, then w — 0. This means that if the forcing frequency gets too high it
does not manage to get the mass moving in the mass-spring system. This is quite reasonable intuitively. If we wiggle back and forth
really fast while sitting on a swing, we will not get it moving at all, no matter how forceful. Fast vibrations just cancel each other
out before the mass has any chance of responding by moving one way or the other.

The behavior is more complicated if the forcing function is not an exact cosine wave, but for example a square wave. A general
periodic function will be the sum (superposition) of many cosine waves of different frequencies. The reader is encouraged to come
back to this section once we have learned about the Fourier series.

Footnotes
'K. Billah and R. Scanlan, Resonance, Tacoma Narrows Bridge Failure, and Undergraduate Physics Textbooks, American Journal

of Physics, 59(2), 1991, 118-124, http://www.ketchum.org/billah/Billah-Scanlan.pdf

This page titled 2.6: Forced Oscillations and Resonance is shared under a not declared license and was authored, remixed, and/or curated by Jiii
Lebl.
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2.E: Higher order linear ODEs (Exercises)

These are homework exercises to accompany Libl's "Differential Equations for Engineering" Textmap. This is a textbook targeted
for a one semester first course on differential equations, aimed at engineering students. Prerequisite for the course is the basic
calculus sequence.

2.1: Second order linear ODEs

Show that y = e* and y = 2% are linearly independent.

Take y'' + 5y = 10z + 5 . Find (guess!) a solution.

Prove the superposition principle for nonhomogeneous equations. Suppose that y; is a solution to Ly; = f(z) and y, is a
solution to Lys = g(z) (same linear operator L). Show that y = y; +y» solves Ly = f(z) + g(z) .

? Exercise 2.E.2.1.4

For the equation z%y" — 2y’ =0, find two solutions, show that they are linearly independent and find the general solution.
Hint: Try y = 2’

Equations of the form az?y” +bzy’ +cy =0 are called Euler’s equations or Cauchy-Euler equations. They are solved by trying
y =" and solving for r (we can assume that > 0 for simplicity).

? Exercise 2.E.2.1.5

Suppose that (b—a) > —4ac > 0.

a. Find a formula for the general solution of az?y" 4 bzy’ +cy = 0 . Hint: Try y = 2" and find a formula for 7.
b. What happens when (b —a)? —4ac =0 or (b—a)? —4ac < 0?

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

? Exercise 2.E.2.1.6

Same equation as in Exercise 2.FE.2.1.5 Suppose (b—a)2—4ac:0. Find a formula for the general solution of

az?y" +bxy +cy =0 . Hint: Try y = " Inz for the second solution.

? Exercise 2.E.2.1.7: reduction of order

Suppose y; is a solution to y” +p(x)y’ + g(x)y =0 . Show that

e—fp(z)dz
yz(w)Zyl(w)/de (2.E.1)

is also a solution.

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

https://math.libretexts.org/@go/page/32190



https://libretexts.org/
https://math.libretexts.org/@go/page/32190?pdf
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/2%3A_Higher_order_linear_ODEs/2.E%3A_Higher_order_linear_ODEs_(Exercises)
https://math.libretexts.org/Bookshelves/Differential_Equations/Differential_Equations_for_Engineers_(Lebl)
https://math.libretexts.org/Bookshelves/Differential_Equations/Differential_Equations_for_Engineers_(Lebl)/2%3A_Higher_order_linear_ODEs/2.1%3A_Second_order_linear_ODEs

LibreTexts*

? Exercise 2.E.2.1.8: Chebyshev’s equation of order 1

Take (1 —z2)y" —zy' +y =0 .

a. Show that y = z is a solution.
b. Use reduction of order to find a second linearly independent solution.
c. Write down the general solution.

? Exercise 2.E.2.1.9: Hermite’s equation of order 2

Take y" —2zy’' +4y =0.

a. Show that y =1 — 222 is a solution.
b. Use reduction of order to find a second linearly independent solution.
c. Write down the general solution.

? Exercise 2.E.2.1.10

Are sin(z) and e® linearly independent? Justify.

Answer

Yes. To justify try to find a constant A such that sin(z) = Ae” for all z.

? Exercise 2.E.2.1.11

T+2

Are e” and e linearly independent? Justify.

Answer

No. e*t2 = e2e” .

? Exercise 2.E.2.1.12

Guess a solutionto gy’ +y' +y =5 .

Answer

y=>5

? Exercise 2.E.2.1.13
Find the general solution to "+’ = 0 . Hint: Notice that it is a first order ODE in y'.

Answer

y=C1In(z)+C,

? Exercise 2.E.2.1.14

Write down an equation (guess) for which we have the solutions e* and e2*. Hint: Try an equation of the form
y"+ Ay’ + By =0 for constants A and B, plug in both e* and €2 and solve for A and B.

Answer

y"' =3y +2y=0
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2.2: Constant coefficient second order linear ODEs

Find the general solution of 2y” +2y' —4y =0 .

Find the general solution of y” +9y' — 10y =0 .

Solve y"" —8y' +16y =0 for y(0) =2,3'(0) =0.

? Exercise 2.E.2.2.4
Solve y"" +9y' =0 fory(0) =1,y'(0) =1.

Find the general solution of 2y + 50y =0.

? Exercise 2.E.2.2.6

Find the general solution of y" + 6y’ +13y =0 .

Find the general solution of 3" = 0 using the methods of this section.

? Exercise 2.E.2.2.8

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

? Exercise 2.E.2.2.9

Let us revisit Euler’s equations of Exercise 2.E. 1. Suppose now that (b — a) > _4ac < 0. Find a formula for the general
solution of az?y" +bay’ +cy =0 . Hint: Note that 2" = e" 7

? Exercise 2.E.2.2.10

Find the solution to " — (2a)y’ +a’y =0 , y(0) = a, y'(0) = b, where , a, and b are real numbers.

Construct an equation such that y = C1e 2% cos(3z) + Cae 2% sin(3z) is the general solution.

Find the general solution to 3" +4y’ +2y =0 .

Answer

y= Cle(—2+\/§)x + 026(—2—\/§)z
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? Exercise 2.E.2.2.13

Find the general solution to "' — 6y’ +9y =0 .

Answer

y = C1e3% + Cyzed®

? Exercise 2.E.2.2.14
Find the solution to 2y” +3y' +y =0,y(0) =1,y (0) = -2 .

Answer

y = e /4 cos((\/T?)z) — /Te=/4 sin((‘/Ti)w)

? Exercise 2.E.2.2.15
Find the solution to 2y” + 3y’ —3y =0,y(0) =a,y’(0) =b .
Answer

2(a—b) _ 3a+2b
= (5 ) e 3¢/2 | a; et

? Exercise 2.E.2.2.16

Find the solution to 2" (t) = —22'(t) — 22(t), 2(0) = 2,2/ (0) = -2 .

Answer

2(t) = 2e "t cos(t)

? Exercise 2.E.2.2.17

Find the solution t0 y" — (@ +8)y' +aBy =0, y(0) =a, y'(0) =b, where o, (\beta\), a, and b are real numbers, and

a # B.
Answer
y= O‘ﬂ_ab e | 1;3_‘1:" Bz

? Exercise 2.E.2.2.18

Construct an equation such that y = C1e3” + Cye 2 is the general solution.

Answer

y' —y —6y=0

2.3: Higher order linear ODEs
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Find the general solution for y""’ —y" +y' —y =0 .

Find the general solution for y® —5y" +6y" =0 .

Find the general solution for y'"’ +2y" + 2y’ =0 .

? Exercise 2.E.2.3.4

Suppose the characteristic equation for a differential equation is (r — 1) *(r —2) 2 =0.

a. Find such a differential equation.
b. Find its general solution.

Suppose that a fourth order equation has a solution y = 2e**z cos z.

a. Find such an equation.
b. Find the initial conditions that the given solution satisfies.

? Exercise 2.E.2.3.6

Find the general solution for the equation of Exercise 2.E. 2.3.5

Let f(z) =e” —cosz, g(z) =€e® +cosz and h(z) =cosz. Are f(z), g(z),and h(z) and linearly independent? If so, show
it, if not, find a linear combination that works.

? Exercise 2.E.2.3.8

Let f(z) =0, g(z) = cosz, and h(z) =sinz. Are f(z), g(z), and h(z) and linearly independent? If so, show it, if not, find
a linear combination that works.

? Exercise 2.E.2.3.9

Are z, ac2, andz* linearly independent? If so, show it, if not, find a linear combination that works.

? Exercise 2.E.2.3.10

Are €%, ze®, andz?e® linearly independent? If so, show it, if not, find a linear combination that works.

Find an equation such that y = ze 2% sin(3z) is a solution.
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Find the general solution of y(®) —y(*) =0 .

Answer

y = C1e® 4+ Cyx3 + Cs2? + Cyz + Cs

? Exercise 2.EF.2.3.13

Suppose that the characteristic equation of a third order differential equation has roots 3 £ 23.

a. What is the characteristic equation?
b. Find the corresponding differential equation.
c. Find the general solution.

Answer
ard—3rt44r—12=0
b.y" —3y" +4y' — 12y =0
c. y = C1€3® + Oy sin(2z) + Cs cos(2x)

? Exercise 2.E.2.3.14

Solve 1001y"" +3.2y" +my’ — /4y =0,y(0) =0,%'(0) = 0,%"(0) =0 .
Answer

y=0

? Exercise 2.E.2.3.15
Are €%, e €%* sin(z) linearly independent? If so, show it, if not find a linear combination that works.

Answer

No. eler —eztl =0 .

? Exercise 2.E.2.3.16

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

Answer

Yes. (Hint: First note that sin(z) is bounded. Then note that  and z sin(x) cannot be multiples of each other.)

Find an equation such that y = cos(z), y = sin(z), y = e® are solutions.

Answer

y///_y//+y/_y20

2.4: Mechanical Vibrations
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? Exercise 2.E.2.4.1

Consider a mass and spring system with a mass m = 2, spring constant £ = 3, and damping constant ¢ =1.

a. Set up and find the general solution of the system.
b. Is the system underdamped, overdamped or critically damped?
c. If the system is not critically damped, find a ¢ that makes the system critically damped.

? Exercise 2.E.2.4.2

Do Exercise 2.E.2.4.1form =3,k =12,andc =12.

? Exercise 2.E.2.4.3

N

Using the mks units (meters-kilograms-seconds), suppose you have a spring with spring constant 4 —. You want to use it to
m

weigh items. Assume no friction. You place the mass on the spring and put it in motion.

a. You count and find that the frequency is 0.8 Hz (cycles per second). What is the mass?
b. Find a formula for the mass m given the frequency w in Hz.

? Exercise 2.E.2.4.4

Suppose we add possible friction to Exercise 2. E. 2.4.3 Further, suppose you do not know the spring constant, but you have
two reference weights 1 kg and 2 kg to calibrate your setup. You put each in motion on your spring and measure the
frequency. For the 1 kg weight you measured 1.1 Hz, for the 2 kg weight you measured 0.8 Hz.

a. Find k (spring constant) and ¢ (damping constant).

b. Find a formula for the mass in terms of the frequency in Hz. Note that there may be more than one possible mass for a
given frequency.

c. For an unknown object you measured \(0.2\text{ Hz}\), what is the mass of the object? Suppose that you know that the
mass of the unknown object is more than a kilogram.

? Exercise 2.E.2.4.5

Suppose you wish to measure the friction a mass of 0.1 kg experiences as it slides along a floor (you wish to find ¢). You have

N
a spring with spring constant K = 5— . You take the spring, you attach it to the mass and fix it to a wall. Then you pull on the
m

spring and let the mass go. You find that the mass oscillates with frequency 1 Hz. What is the friction?

? Exercise 2.E.2.4.6

A mass of 2 kilograms is on a spring with spring constant £ newtons per meter with no damping. Suppose the system is at rest
and at time ¢ =0 the mass is kicked and starts traveling at 2 meters per second. How large does & have to be to so that the
mass does not go further than 3 meters from the rest position?

Answer

k= % (and larger)

? Exercise 2.E.2.4.7

Suppose we have an RLC circuit with a resistor of 100 miliohms (0.1 ohms), inductor of inductance of 50 millihenries (0.05
henries), and a capacitor of 5 farads, with constant voltage.

a. Set up the ODE equation for the current I.
b. Find the general solution.
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c. Solve for I(0) =10 and I'(0) =0.

Answer
2. 0.051"+0.11"' + () 1 =0

b. I =Ce ™ cos(v/3t —7)
c. I =10e~ cos(v/3t) + %e‘t sin(+/3t)

? Exercise 2.E.2.4.8

A 5000 kg railcar hits a bumper (a spring) at 1ﬂ, and the spring compresses by 0.1 m. Assume no damping.
s

a. Find k.
b. Find out how far does the spring compress when a 10000 kg railcar hits the spring at the same speed.

m
c. If the spring would break if it compresses further than 0.3 m, what is the maximum mass of a railcar that can hit it at 1 —?
s

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

Answer
a. k=1500000

1~
b. 52 ~0.141

c. 45000 kg
d. 11250 kg

? Exercise 2.E.2.4.9

A mass of m kg is on a spring with k = 32X and ¢ =225 . Find the mass mq for which there is critical damping. If m < my,

does the system oscillate or not, that is, is it underdamped or overdamped?

Answer

my = % . If m < my, then the system is overdamped and will not oscillate.

2.5: Nonhomogeneous Equations

Find a particular solution of 3" — gy’ — 6y = e2* .

Find a particular solution of ¢/ — 4y’ 4+ 4y = €%* .

Solve the initial value problem y" 4+ 9y = cos(3z) +sin(3z) for y(0) =2,¢'(0) =1.

? Exercise 2.E.2.5.4

Setup the form of the particular solution but do not solve for the coefficients for y(*) —2y"" +y"" = e* .
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Setup the form of the particular solution but do not solve for the coefficients for y(*) — 2y"' +y" = * + & +sinz .

? Exercise 2.E.2.5.6

a. Using variation of parameters find a particular solution of 3"/ — 2y’ +y =€® .
b. Find a particular solution using undetermined coefficients.
c. Are the two solutions you found the same? What is going on? See also Exercise 2.E.2.5.9

Find a particular solution of y” — 2y’ +y = sin(z?) . It is OK to leave the answer as a definite integral.

? Exercise 2.E.2.5.8

For an arbitrary constant c find a particular solution to " —y = € . Hint: Make sure to handle every possible real c.

? Exercise 2.E.2.5.9

a. Using variation of parameters find a particular solution of 3"/ —y = €®
b. Find a particular solution using undetermined coefficients.
c. Are the two solutions you found the same? What is going on?

? Exercise 2.E.2.5.10

Find a polynomial P(z), so that y = 2z% +3z +4 solves y" + 5y +y = P(x) .

? Exercise 2.E.2.5.11
Find a particular solution to y” —y’ +y = 2 sin(3z)

Answer

_ —16sin(32)+6 cos(3z)
B 73

? Exercise 2.E.2.5.12

a. Find a particular solution to 3" 4 2y = e* + 3 .
b. Find the general solution.

Answer

_ 2" 43239z
ay="—fF—

b. y = Cy cos(v/2z) + Cy sin(y/2z) + RE e

6
? Exercise 2.E.2.5.13

Solve y"" +2y' +y =22,y(0) = 1,4/ (0) =2 .

Answer

y(z) =22 —4z+6+e*(z—5)
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? Exercise 2.E.2.5.14

1

Use variation of parameters to find a particular solution of y"” —y = pranperal
e’ +e

Answer

2ze”—(e®+e %) log(e?®+1)

y: 4

? Exercise 2.E.2.5.15

For an arbitrary constant ¢ find the general solution to y" — 2y = sin(z +c¢) .

Answer

— sin(z+c)

y=—>+0C ev2e + C’ge_‘/§z

? Exercise 2.E.2.5.16
Undetermined coefficients can sometimes be used to guess a particular solution to other equations than constant coefficients.
Find a polynomial y(z) that solves 3’ +zy = 2°® +222 + 5z +2 .

Note: Not every right hand side will allow a polynomial solution, for example, ¥’ +zy = 1 does not, but a technique based on
undetermined coefficients does work, see Chapter 7.

Answer

y=x2+2z+3

2.6: Forced Oscillations and Resonance

? Exercise 2.E.2.6.1

Derive a formula for z, if the equation is ma' + ca’ + kx = Fj sin(wt) . Assume ¢ > 0.

? Exercise 2.F.2.6.2

Derive a formula for z, if the equation is ma" + ca’ + kz = F; cos(wt) + F; cos(3wt) . Assume ¢ > 0.

? Exercise 2.E.2.6.3

Take mz" + cz’ 4+ kx = Fy cos(wt) . Fix m > 0 and k > 0. Now think of the function C'(w). For what values of ¢ (solve in
terms of m, k, and F} ) will there be no practical resonance (that is, for what values of ¢ is there no maximum of C(w) for
w>0)?

? Exercise 2.E.2.6.4

Take maz" + ca’ + kx = Fj cos(wt) . Fix ¢ > 0 and k& > 0. Now think of the function C(w). For what values of m (solve in
terms of ¢, k, and Fp) will there be no practical resonance (that is, for what values of m is there no maximum of C(w) for
w>0)?

? Exercise 2.E.2.6.5

Suppose a water tower in an earthquake acts as a mass-spring system. Assume that the container on top is full and the water
does not move around. The container then acts as a mass and the support acts as the spring, where the induced vibrations are

https://math.libretexts.org/@go/page/32190



https://libretexts.org/
https://math.libretexts.org/@go/page/32190?pdf
https://math.libretexts.org/Bookshelves/Differential_Equations/Differential_Equations_for_Engineers_(Lebl)/7%3A_Power_series_methods
https://math.libretexts.org/Bookshelves/Differential_Equations/Differential_Equations_for_Engineers_(Lebl)/2%3A_Higher_order_linear_ODEs/2.6%3A_Forced_Oscillations_and_Resonance

LibreTexts"

horizontal. Suppose that the container with water has a mass of m = 10, 000kg. It takes a force of 1000 newtons to displace
the container 1 meter. For simplicity assume no friction. When the earthquake hits the water tower is at rest (it is not moving).

Suppose that an earthquake induces an external force F'(t) = m Aw? cos(wt).

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

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

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

? Exercise 2.E.2.6.6

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

Answer

_ V3 _ 16
w= 17 ~0.984 Clw) = S ~2.016

? Exercise 2.E.2.6.7
Derive a formula for x, for ma” + ca’ + kx = Fj cos(wt) + A where A is some constant. Assume ¢ > 0.

Answer

2 g
(wg—w®) Fo 2c0s(wt)—|— 2wpF,

q A c k
Ty = ———— 1 sin(wt) + % , wherep == andwy = y/ =
@ m(2wp)? +m(wd—w?) 2 2 ( ) k p=19n 0 m

m(2wp)? +m(wi—w?)

? Exercise 2.E.2.6.8
Suppose there is no damping in a mass and spring system with m =5,k =20, and Fy = 5. Suppose that w is chosen to be
precisely the resonance frequency.

a. Find w.
b. Find the amplitude of the oscillations at time ¢ = 100.

Answer

aw=2
b. 25

This page titled 2.E: Higher order linear ODEs (Exercises) is shared under a not declared license and was authored, remixed, and/or curated by
Jiti Lebl.

o 2.E: Higher order linear ODEs (Exercises) has no license indicated.

https://math.libretexts.org/@go/page/32190



https://libretexts.org/
https://math.libretexts.org/@go/page/32190?pdf
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/2%3A_Higher_order_linear_ODEs/2.E%3A_Higher_order_linear_ODEs_(Exercises)
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/2%3A_Higher_order_linear_ODEs/2.E%3A_Higher_order_linear_ODEs_(Exercises)?no-cache
https://math.okstate.edu/people/lebl/
https://math.libretexts.org/@go/page/3385

Li brelexts"
CHAPTER OVERVIEW

3: Systems of ODEs

3.1: Introduction to Systems of ODEs

3.2: Matrices and linear systems

3.3: Linear systems of ODEs

3.4: Eigenvalue Method

3.5: Two dimensional systems and their vector fields
3.6: Second order systems and applications

3.7: Multiple Eigenvalues

3.8: Matrix exponentials

3.9: Nonhomogeneous systems

3.E: Systems of ODEs (Exercises)

Contributors
e Jifi Lebl (Oklahoma State University).These pages were supported by NSF grants DMS-0900885 and DMS-1362337.

This page titled 3: Systems of ODEs is shared under a not declared license and was authored, remixed, and/or curated by Jifi Lebl.



https://libretexts.org/
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/3%3A_Systems_of_ODEs/3.1%3A_Introduction_to_Systems_of_ODEs
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/3%3A_Systems_of_ODEs/3.2%3A_Matrices_and_linear_systems
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/3%3A_Systems_of_ODEs/3.3%3A_Linear_systems_of_ODEs
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/3%3A_Systems_of_ODEs/3.4%3A_Eigenvalue_Method
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/3%3A_Systems_of_ODEs/3.5%3A_Two_dimensional_systems_and_their_vector_fields
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/3%3A_Systems_of_ODEs/3.6%3A_Second_order_systems_and_applications
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/3%3A_Systems_of_ODEs/3.7%3A_Multiple_Eigenvalues
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/3%3A_Systems_of_ODEs/3.8%3A_Matrix_exponentials
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/3%3A_Systems_of_ODEs/3.9%3A_Nonhomogeneous_systems
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/3%3A_Systems_of_ODEs/3.E%3A_Systems_of_ODEs_(Exercises)
http://www.jirka.org/diffyqs/
http://www.math.okstate.edu/
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/3%3A_Systems_of_ODEs
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/3%3A_Systems_of_ODEs?no-cache
https://math.okstate.edu/people/lebl/

LibreTexts"

3.1: Introduction to Systems of ODEs

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

If we have several dependent variables, suppose y1, y2, ..., Y, then we can have a differential equation involving all of them and
their derivatives. For example, ;' = f(y}, ¥}, y1, Y2, ¢). Usually, when we have two dependent variables we have two equations
such as

yi/ = fl(yivyévylvy%m)

(3.1.1)
yél = fZ(yi7yévyl7y2am)

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

zh = g1 (@1, 2, x3,1),
T = ga2(z1, 22, T3, 1), (3.1.2)
zy = g3(x1, 2, T3, 1),

is a first order system, where x1, x5, €3 are the dependent variables, and ¢ is the independent variable.

The terminology for systems is essentially the same as for single equations. For the system above, a solution is a set of three
functions z1 (t), z2(t), x3(t), such that

‘Tl2(t) =92 ($1(t)’$2(t)7$3(t)at)’ (3.1.3)

We usually also have an initial condition. Just like for single equations we specify x;, x5, and z3 for some fixed ¢. For example,
21(0) = a1, 22(0) = ag, x3(0) = a3 . For some constants aj, ag, and as. For the second order system we would also specify the
first derivatives at a point. And if we find a solution with constants in it, where by solving for the constants we find a solution for
any initial condition, we call this solution the general solution. Best to look at a simple example.

v/ Example 3.1.1

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

[l —
o= (3.1.4)
Yo = Y1 — Y2,

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

Solution
We note that y; = C1€” is the general solution of the first equation. We then plug this y; into the second equation and get the
equation y5 = Cye” —y, , which is a linear first order equation that is easily solved for y,. By the method of integrating factor
we obtain

xr C T
Yo = =™ +Cy
2
or
C
Yo = ?1624-6(2679”.

The general solution to the system is, therefore,

C
y1 =Cref, and 1y, = 716:” + Che™™.
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We now solve for C; and Cy given the initial conditions. We substitute £ = 0 and find that C; =1 and C; = % . Thus the

1 3
solution is: y; = €%, and Yy, = Eeﬂ” + Ee’z .
Generally, we will not be so lucky to be able to solve for each variable separately as in the example above, and we will have to
solve for all variables at once. While we won’t generally be able to solve for one variable and then the next, we will try to salvage
as much as possible from this technique. It will turn out that in a certain sense we will still (try to) solve a bunch of single equations
and put their solutions together. Let’s not worry right now about how to solve systems yet.

We will mostly consider the linear systems. The example above is a so-called linear first order system. It is linear as none of the
dependent variables or their derivatives appear in nonlinear functions or with powers higher than one (z, y, ' and ¥, constants,
and functions of ¢ can appear, but not zy or (y’ )2 or z3). Another, more complicated, example of a linear system is

y) = e'y| +t2y; +5ys +sin(t),

3.1.5
Yy =ty; —ys + 2y +cos(t). ( )

Applications

Let us consider some simple applications of systems and how to set up the equations.

v/ Example 3.1.2

First, we consider salt and brine tanks, but this time water flows from one to the other and back. We again consider that the
tanks are evenly mixed.

Figure 3.1.1: A closed system of two brine tanks.

Suppose we have two tanks, each containing volume V' liters of salt brine. The amount of salt in the first tank is z; grams, and
the amount of salt in the second tank is x5 grams. The liquid is perfectly mixed and flows at the rate r liters per second out of
each tank into the other. See Figure 3.1.1.

The rate of change of 1, that is &}, is the rate of salt coming in minus the rate going out. The rate coming in is the density of
the salt in tank 2, that is a”—VQ, times the rate r. The rate coming out is the density of the salt in tank 1, that is z—Vl, times the rate r.
In other words it is

I9 Iy T r T ( )
= ——=x1 = —(x3 —x1).
v v v PyvitTyem
Similarly we find the rate w’2, where the roles of 27 and x4 are reversed. All in all, the system of ODEs for this problem is

r
) = —=(z2 —21),

7 (3.1.6)
zh = —(x1 —x2).

%

In this system we cannot solve for z; or zs separately. We must solve for both ; and s at once, which is intuitively clear
since the amount of salt in one tank affects the amount in the other. We can’t know x; before we know x5, and vice versa.

We don’t yet know how to find all the solutions, but intuitively we can at least find some solutions. Suppose we know that
initially the tanks have the same amount of salt. That is, we have an initial condition such as 1 (0) = z3(0) = C'. Then clearly
the amount of salt coming and out of each tank is the same, so the amounts are not changing. In other words, z; = C' and
x9 = C' (the constant functions) is a solution: £}, =}, =0, and 3 —x; =1 — 22 =0 , so the equations are satisfied.
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Let us think about the setup a little bit more without solving it. Suppose the initial conditions are #1(0) = A and z3(0) = B,
for two different constants A and B. Since no salt is coming in or out of this closed system, the total amount of salt is constant.
That is, 1 + x5 is constant, and so it equals A + B Intuitively if A is bigger than B, then more salt will flow out of tank one
than into it. Eventually, after a long time we would then expect the amount of salt in each tank to equalize. In other words, the

solutions of both z; and x5 should tend towards A—;B. Once you know how to solve systems you will find out that this really
is so.

v/ Example 3.1.3

As an example application, let us think of mass and spring systems again.

k
my .""fmfv—( my
= =
X X2

Figure 3.1.2

As an example application, let us think of mass and spring systems again. Suppose we have one spring with constant &, but
two masses m; and my. We can think of the masses as carts, and we will suppose that they ride along a straight track with no
friction. Let 1 be the displacement of the first cart and z2» be the displacement of the second cart. That is, we put the two carts
somewhere with no tension on the spring, and we mark the position of the first and second cart and call those the zero
positions. Then x; measures how far the first cart is from its zero position, and x5 measures how far the second cart is from its
zero position. The force exerted by the spring on the first cart is k(z2 — 1) , since £3 —x; is how far the string is stretched
(or compressed) from the rest position. The force exerted on the second cart is the opposite, thus the same thing with a negative
sign.

Newton’s second law states that force equals mass times acceleration. So the system of equations governing the setup is

miz! = k(zy — 21
,1, ( ) (3.1.7)
mozy = —k(xa — 1)
In this system we cannot solve for the z; or z» variable separately. That we must solve for both x; and 2 at once is intuitively
clear, since where the first cart goes depends exactly on where the second cart goes and vice-versa.

Changing to First Order

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

y™W =F" Yy, ).

We define new variables uy, . . ., u, and write the system
u) = uy
uy =ug
(3.1.8)
! —
Up_1 = Un
Up = F(unaun—la cee au2au17$)
We solve this system for uj, u2, . . . , u,. Once we have solved for the u’s, we can discard us through u,, and let y = u; . We note

that this y solves the original equation.

v/ Example 3.1.4

Take ' = 2x" +8z' +x +t . Letting u; =z, us = ', uz3 = ", we find the system:

uj = uy, uh = ug, uf = 2uz +8uy +uy +t.
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A similar process can be followed for a system of higher order differential equations. For example, a system of k differential
equations in k unknowns, all of order n, can be transformed into a first order system of n x k equations and n X k unknowns.

v/ Example 3.1.5

Consider the system from the carts example,
myz =k(zy —x1), moxl = —k(za —x1).
Letu; =1, up =, u3 = 2, u4 = x4 . The second order system becomes the first order system

u) = uy, myuy = k(us —u1), Uy = Uy, mou)y = —k(uz —uq).

v/ Example 3.1.6

Sometimes we can use this idea in reverse as well. Let us take the system
=2y—z, y ==,
where the independent variable is ¢. We wish to solve for the initial conditions z(0) = 1 and y(0) = 0.
If we differentiate the second equation we get 3" = x’ . We know what z’ is in terms of z and y, and we know that z = y’.
y' =2 =2y—z=2y—9.
We now have the equation y”’ 41’ — 2y = 0 . We know how to solve this equation and we find that y = Cye~2! + Cqe’ . Once
we have y we use the equation 3y’ = z to get .

r=1y =-2Ce % +Cye

We solve for the initial conditions 1 =z(0) = —2C; +C> and 0 =y(0) = C; +C5 . Hence, C; = —C5 and 1 =3C,. So
Cy = —% and Cy = % . Our solution is
2e~2t 4 ¢t 2 gt

N

Plug in and confirm that this really is the solution.

It is useful to go back and forth between systems and higher order equations for other reasons. For example, software for solving
ODE numerically (approximation) is generally for first order systems. To use it, you take whatever ODE you want to solve and
convert it to a first order system. It is not very hard to adapt computer code for the Euler or Runge—Kutta method for first order
equations to handle first order systems. We simply treat the dependent variable not as a number but as a vector. In many
mathematical computer languages there is almost no distinction in syntax.

Autonomous Systems and Vector Fields

A system where the equations do not depend on the independent variable is called an autonomous system. For example the system
z' =2y —z,y =z is autonomous as ¢ is the independent variable but does not appear in the equations.

For autonomous systems we can draw the so-called direction field or vector field, a plot similar to a slope field, but instead of
giving a slope at each point, we give a direction (and a magnitude). The previous example, 2’ =2y —z , ' = x, says that at the
point (z, y) the direction in which we should travel to satisfy the equations should be the direction of the vector (2y —z, z) with
the speed equal to the magnitude of this vector. So we draw the vector (2y —z, z) at the point (z,y) and we do this for many
points on the zy-plane. For example, at the point (1,2) we draw the vector (2(2) -1, 1) =(3,1), a vector pointing to the right
and a little bit up, while at the point (2,1) we draw the vector (2(1) —2,2) =(0,2) a vector that points straight up. When
drawing the vectors, we will scale down their size to fit many of them on the same direction field. If we drew the arrows at the
actual size, the diagram would be a jumbled mess once you would draw more than a couple of arrows. So we scale them all so that
not even the longest one interferes with the others. We are mostly interested in their direction and relative size. See Figure 3.1.3.
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We can draw a path of the solution in the plane. Suppose the solution is given by z = f(t), y = g(t) . We pick an interval of ¢ (say
0 <t <2 for our example) and plot all the points ( (@), g(t)) for t in the selected range. The resulting picture is called the phase
portrait (or phase plane portrait). The particular curve obtained is called the trajectory or solution curve. See an example plot in
Figure 3.1.4. In the figure the solution starts at (1, 0) and travels along the vector field for a distance of 2 units of ¢. We solved this

system precisely, so we compute z(2) and y(2) to find (2) ~ 2.475and y(2) ~ 2.457. This point corresponds to the top right end
of the plotted solution curve in the figure.

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

We can draw phase portraits and trajectories in the zy-plane even if the system is not autonomous. In this case, however, we cannot
draw the direction field, since the field changes as ¢ changes. For each ¢ we would get a different direction field.

3y : : -

3

Figure 3.1.3: The direction field for 2’ =2y —z,y' =z .

a [ 1 H

T T T 3

e R
o = = o+ = =+ =+ & & o

Figure 3.1.4: The direction field for ' =2y — 2,y =z

with the trajectory of the solution starting at (1,0) for 0 <¢ <2.

Picard’s theorem

Perhaps before going further, let us mention that Picard’s theorem on existence and uniqueness still holds for systems of ODE. Let
us restate this theorem in the setting of systems. A general first order system is of the form

1'/1 :Fl(mhm% cee ,wn,t),
zh = Fy(x1,2,...,%n,t), (3.1.9)
zn = Fp(x1, T2, ..., T, t).
& Theorem 3.1.1
Picard's Theorem on Existence and Uniqueness for Systems
. . . oo OF . .
If for every j=1,2,...,n and every k=1,2,...,n each F} is continuous and the derivative % exists and is continuous
near some (z¥,z,...,z),t%), then a solution to (3.1.21) subject to the initial condition z;(t°) =9, 25(t°) =23, ...,

z, (%) =z exists (at least for ¢ in some small interval) and is unique.

That is, a unique solution exists for any initial condition given that the system is reasonable (F} and its partial derivatives in the =

variables are continuous). As for single equations we may not have a solution for all time ¢, but at least for some short period of
time.
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As we can change any nth order ODE into a first order system, then we notice that this theorem provides also the existence and
uniqueness of solutions for higher order equations that we have until now not stated explicitly.

This page titled 3.1: Introduction to Systems of ODEs is shared under a not declared license and was authored, remixed, and/or curated by Jifi
Lebl.

o 3.1: Introduction to Systems of ODEs by Jifi Lebl is licensed CC BY-SA 4.0. Original source: https://www.jirka.org/diffyqs.
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3.2: Matrices and linear systems

Matrices and vectors
Before we can start talking about linear systems of ODEs, we will need to talk about matrices, so let us review these briefly. A
matrix is an m X n array of numbers (m rows and n columns). For example, we denote a 3 X 5 matrix as follows
a1 a2 @13 Q14 G35
A= lay ap az3 (24 Q25
a31 a3z Q33 Q34 a3s
The numbers a;; are called elements or entries.

By a vector we will usually mean a column vector, that is an m x 1 matrix. If we mean a row vector we will explicitly say so (a
row vector is a 1 X n matrix). We will usually denote matrices by upper case letters and vectors by lower case letters with an arrow

such as X or b. By 0 we will mean the vector of all zeros.

It is easy to define some operations on matrices. Note that we will want 1 X 1 matrices to really act like numbers, so our operations
will have to be compatible with this viewpoint.

First, we can multiply by a scalar (a number). This means just multiplying each entry by the same number. For example,
9 1 2 3] (2 4 6
4 5 6] [8 10 12
Matrix addition is also easy. We add matrices element by element. For example,
123+11—1_232
4 5 6] [0 2 4] [4 7 10
If the sizes do not match, then addition is not defined.

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

A+0 =A=0+4A
A+B=B+A
(A+B)+C =A+(B+0) (3.2.1)
¢(A+B) =cA+cB
(c+d)A =cA+dA

Another useful operation for matrices is the so-called transpose. This operation just swaps rows and columns of a matrix. The
transpose of A is denoted by AT. Example:

1 4

[123]T_25

4 5 6]
3 6

Matrix Multiplication

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

by
[a1 az az]-|ba| =[aibi +azby +azbs |
b3
And similarly for larger (or smaller) vectors.

Armed with the dot product we can define the product of matrices. First let us denote by row;(A) the i row of A and by
column;(A) the 5 column of A. For an m x n matrix A and an n x p matrix B we can define the product AB. We let AB be
an m x p matrix whose 7% entry is
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Do note how the sizes match up. Example:

row; (A) - column;(B)

12 3 1 0 -1
11 1 ]=
[4 5 6]
10 0
| 1-142-143-1 1-0+2-1+3-0 1-(—1)+2-1+3-0][6 2 1]
[ 4-1+45-1+6-1 4-0+5-14+6-0 4.(-1)+5-1+6-0] [15 5 1
For multiplication we want an analog of a 1. This analog is the so-called identity matrix. The identity matrix is a square matrix with

1s on the main diagonal and zeros everywhere else. It is usually denoted by I. For each size we have a different identity matrix and
so sometimes we may denote the size as a subscript. For example, the I3 would be the 3 x 3 identity matrix

1 0 0
I=I=]0 1 0
0 0 1

We have the following rules for matrix multiplication. Suppose that A, B, C' are matrices of the correct sizes so that the following
make sense. Let o denote a scalar (number).

A(BC) = (AB)C
A(B+C) = AB+ AC

(B+C)A =BA+CA (3.2.2)
a(AB) =(aA)B=A(aB)
TA=A=AI

A few warnings are in order.

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

1
andB[1 0].
0 2

ii. AB = AC does not necessarily imply B = C, even if A is not 0.

0 0

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

iii. AB =0 does not necessarily mean that A =0 or B = 0. For example take A = B = [0 1] .

AB=I1=BA

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

If A is invertible, then AB = AC' does imply that B = C' (in particular the inverse of A is unique). We just multiply both sides by
A~'toget ATAB= A1 AC or IB=1IC or B=C. Itis also not hard to see that (A™1) " = A.

3.2.3Determinant

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

For a 2 x 2 matrix we define
det([a b])d:dad—bc
c d

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

A[—ll ﬂ

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

T L LR -

So the image of the square is another square. The image square has a side of length v/2 and is therefore of area 2.

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

()]

A . |a b . . .
The vertical lines above mean absolute value. The matrix [ d] carries the unit square to the given parallelogram.
c

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

n

det(A4) =Y (—1)"aydet(4;;)

j=1
For the first row we get

+ay,det(A;, ifnisodd

det(A) = andet(Au) — alzdet(Alg) +a13det(A13) —... { —ay det(A1 ifn even

We alternately add and subtract the determinants of the submatrices A;; for a fixed ¢ and all j. For a 3 x 3 matrix, picking the first
row, we would get det(A) = ay;det(A;1) —ajadet(As2) +ajsdet(Ay3) . For example,

s (2 8]) ([ ] ) ([ 2)) s

=1(5-9-6-8)—2(4-9—-6-7)+3(4-8—5-7)=0

The numbers (—1)**7det(A;;) are called cofactors of the matrix and this way of computing the determinant is called the cofactor
expansion. It is also possible to compute the determinant by expanding along columns (picking a column instead of a row above).

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

AR ()

I personally find this notation confusing as vertical lines usually mean a positive quantity, while determinants can be negative. I
will not use this notation in this book. One of the most important properties of determinants (in the context of this course) is the
following theorem.

Think of the determinants telling you the scaling of a mapping. If B doubles the sizes of geometric objects and A triples them, then
AB (which applies B to an object and then A) should make size go up by a factor of 6. This is true in general:

det(AB) = det(A) det(B).

This property is one of the most useful, and it is employed often to actually compute determinants. A particularly interesting
consequence is to note what it means for existence of inverses. Take A and B to be inverses of each other, that is AB = I . Then

det(A) det(B) = det(AB) = det(I) =1.
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Neither det(A) nor det(B) can be zero. Let us state this as a theorem as it will be very important in the context of this course.

& Theorem 3.2.1

Ann X n matrix A is invertible if and only if det(A) #0.

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

a b1 1 [d b
c d] ad—bc|—c a
Notice the determinant of the matrix in the denominator of the fraction. The formula only works if the determinant is nonzero,
otherwise we are dividing by zero.
Solving Linear Systems
One application of matrices we will need is to solve systems of linear equations. This is best shown by example. Suppose that we

have the following system of linear equations

221 +2x9 +2x3 =2
1 +x2+3x3 =5 (3.2.4)
x1 +4zs +2x3 =10

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

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

2 2 2] [ 2
11 3| |z|=]|5
1 4 1] |3 10

To solve the system we put the coefficient matrix (the matrix on the left hand side of the equation) together with the vector on the
right and side and get the so-called augmented matrix

2 2 2|2
1 1 3|5
1 4 1/(10

We apply the following three elementary operations.

i. Swap two rows.
ii. Add a multiple of one row to another row.
iii. Multiply a row by a nonzero number.

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

Let us work through the example. First multiply the first row by % to obtain

1 1 1|1

1 1 3|5

1 4 1(10
Now subtract the first row from the second and third row.

1 1 1|1

0 0 214

0 3 019

https://math.libretexts.org/@go/page/32193


https://libretexts.org/
https://math.libretexts.org/@go/page/32193?pdf

1§5meﬂém3“

Multiply the last row by % and the second row by .

11 1(1
0 0 1|2
01 013
Swap rows 2 and 3.
1
01 013
0 0 1|2

Subtract the last row from the first, then subtract the second row from the first.

1 0 0|4
01 0] 3
0 0 1] 2
If we think about what equations this augmented matrix represents, we see that z; = —4, 29 =3 and z3 = 2. We try this solution

in the original system and, voila, it works!

Check that the solution above really solves the given equations.

We write this equation in matrix notation as
AZ =D,

. . [222 > 2 . . .
where A is the matrix {1 1 3] and b is the vector [ 5 ] . The solution can also be computed via the inverse,
141 10

ZT=A1AZ = Ab.

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

You generally try to use row operations until the following conditions are satisfied. The first (from the left) nonzero entry in each
row is called the leading entry.

i. The leading entry in any row is strictly to the right of the leading entry of the row above.
ii. Any zero rows are below all the nonzero rows.
iii. All leading entries are 1.
iv. All the entries above and below a leading entry are zero.

Such a matrix is said to be in reduced row echelon form. The variables corresponding to columns with no leading entries are said to
be free variables. Free variables mean that we can pick those variables to be anything we want and then solve for the rest of the
unknowns.

v/ Example 3.2.1

The following augmented matrix is in reduced row echelon form.

oS O =
S O N
S = O
S = W
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Suppose the variables are z1, zo and x3. Then x5 is the free variable, z; =3 — 2z ,and 3 = 1.

On the other hand if during the row reduction process you come up with the matrix

[uy

1 3
0
0

S O N
w = w

1
0
there is no need to go further. The last row corresponds to the equation 0z; +0xz2 +0x3 = 3 , which is preposterous. Hence,
no solution exists.

Computing the Inverse

If the coefficient matrix is square and there exists a unique solution Z to A% =b for any Z, then A is invertible. In fact by
multiplying both sides by A~ you can see that Z = A’lg. So it is useful to compute the inverse if you want to solve the equation
for many different right hand sides b.

The 2 x 2 inverse can be given by a formula, but it is also not hard to compute inverses of larger matrices. While we will not have
too much occasion to compute inverses for larger matrices than 2 x 2 by hand, let us touch on how to do it. Finding the inverse of
A is actually just solving a bunch of linear equations. If we can solve AZj = €, where €}, is the vector with all zeros except a 1 at
the k" position, then the inverse is the matrix with the columns Zj for k=1,...,n (exercise: why?). Therefore, to find the
inverse we can write a larger n x 2n augmented matrix [A | I], where I is the identity. We then perform row reduction. The
reduced row echelon form of [A | I] will be of the form [I | A~!] if and only if A is invertible. We can then just read off the
inverse A1,
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3.3: Linear systems of ODEs

First let us talk about matrix or vector valued functions. Such a function is just a matrix whose entries depend on some variable. If ¢
is the independent variable, we write a vector valued function Z(t) as

Iy (t)

#(t) = m:(t)

zn(t)

Similarly a matrix valued function A(%) is
all(t) alg(t) aln(t)
a1 (t) (122(t) a2n(t)
At) =

an1(t) an2(t) -+ ana(t)

We can talk about the derivative A’(¢) or %. This is just the matrix valued function whose i 5" entry is aj;(t).

Rules of differentiation of matrix valued functions are similar to rules for normal functions. Let A(t) and B(t) be matrix valued
functions. Let ¢ be a scalar and let C' be a constant matrix. Then

(A(t)+B(t)" =A'(t)+B'(t)
(A@®)B(t))" = A'()B(t) + A(t)B'(t)
(cA(t)) =cA'(t) (3.3.1)
(CA(t)) =CA'(t)
(A@®)C) = A'(t)C

Note the order of the multiplication in the last two expressions.

A first order linear system of ODE:s is a system that can be written as the vector equation

(t) = P(t)2(t) + f (t)
where P(t) is a matrix valued function, and Z(¢) and f (t) are vector valued functions. We will often suppress the dependence on ¢
and only write Z = PZ + f . A solution of the system is a vector valued function Z satisfying the vector equation.

For example, the equations
x) =2tz +elz, +¢

3.3.2
zh = % —zo+€ ( )

= 2t e [t
= z' +
pa— et
We will mostly concentrate on equations that are not just linear, but are in fact constant coefficient equations. That is, the matrix P
will be constant; it will not depend on ¢.

can be written as

When f =0 (the zero vector), then we say the system is homogeneous. For homogeneous linear systems we have the principle of
superposition, just like for single homogeneous equations.

& Theorem 3.3.1

Superposition
— — ) = > : g
Let ' = Pz’ be a linear homogeneous system of ODEs. Suppose that z1, . . . , &, are n solutions of the equation, then
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is also a solution. Furthermore, if this is a system of n equations (P isn x n) , and Z1,...,T, are linearly independent, then
every solution can be written as (3.3.3).

r=cixy+cyxs+---+cpxy,

Linear independence for vector valued functions is the same idea as for normal functions. The vector valued functions
Z1,%s, ..., T, are linearly independent when

1Ty +CaFa+ -+l =0 (3.3.3)

has only the solution ¢; =¢y =- -+ = ¢, =0 , where the equation must hold for all ¢.

v/ Example 3.3.1

2 0 _ 42
1= [tt } , Ty = [1—1—1&] , T3 = [ 1t ] are linearly depdendent because Z; +Z3 =Z5, and this holds for all ¢. So

c1 =1,co = —1 and c3 =1 above will work.

2 42
On the other hand if we change the example just slightly Z; = [tt ] , Lo = [g] , T3 = [ 1t } , then the functions are

linearly independent. First write ¢1Z1 + co Ty + c3T3 = 0 and note that it has to hold for all £. We get that
= + = + - C1 t2 - 03t3 0
C1%1 +CoTy +C323 = =
1Z1 +CoTa + 373 ert 4 eat 43 0

In other words ¢;t% —c3t® =0 and ¢t +cat +c5 =0 . If we set £ = 0, then the second equation becomes c3 = 0. However,
the first equation becomes ¢; t2 =0 for all ¢ and so ¢; = 0. Thus the second equation is just cot = 0, which means c; = 0. So
c1 =cg =c3 =0 is the only solution and Z;, Z5 and Z3 are linearly independent.

The linear combination ¢y Z1 +c2Z3 +- - - +¢, %, could always be written as
X(t)c

where X (t) is the matrix with columns Z1, ..., Z,, and ¢ is the column vector with entries ¢, . . ., ¢,. The matrix valued function
X (t) is called the fundamental matrix, or the fundamental matrix solution.

To solve nonhomogeneous first order linear systems, we use the same technique as we applied to solve single linear
nonhomogeneous equations.

& Theorem 3.3.2

LetZ = PZ + f be alinear system of ODEs. Suppose Z, is one particular solution. Then every solution can be written as

—

B =G,

So the procedure will be the same as for single equations. We find a particular solution to the nonhomogeneous equation, then we
find the general solution to the associated homogeneous equation, and finally we add the two together.

Alright, suppose you have found the general solution # = PZ + f . Now you are given an initial condition of the form
Tty =b

for some constant vector b. Suppose that X (¢) is the fundamental matrix solution of the associated homogeneous equation (i.e.
columns of X (¢) are solutions). The general solution can be written as

Z(t) = X(¢)¢ +Zp(t)

We are seeking a vector ¢ such that
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b= Z(to) = X(to)E+Z,(to)

In other words, we are solving for ¢ the nonhomogeneous system of linear equations

v/ Example 3.3.2

In Section 3.1 we solved the system

[
.’1,'1—1'1

3.4
Th =3 — T2 (3.3.4)
with initial conditions 1 (0) =1, z2(0) = 2.

Solution

This is a homogeneous system, so f (t) = 0 . We write the system and the initial conditions as

[t 5 o[}

We found the general solution was z; = C1e’ and 23 = 5-€’ +cye " . Letting C; =1 and C; =0, we obtain the solution

t

€ 0

[ 1 t]. Letting C; =0 and Cy =1, we obtain [ t] . These two solutions are linearly independent, as can be seen by
e e

2
setting ¢ = 0, and noting that the resulting constant vectors are linearly independent. In matrix notation, the fundamental

matrix solution is, therefore,

or in other words,

a0 - x0e=[ [, ]

This agrees with our previous solution from Section 3.1.
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3.4: Eigenvalue Method

In this section we will learn how to solve linear homogeneous constant coefficient systems of ODEs by the eigenvalue method.
Suppose we have such a system

-/ -
z = Pz,

where P is a constant square matrix. We wish to adapt the method for the single constant coefficient equation by trying the
function e . However, Z is a vector. So we try & = ve™ , where o is an arbitrary constant vector. We plug this Z into the equation
to get

oeM = PreM.
S~ =
7 Pz
We divide by e* and notice that we are looking for a scalar A and a vector Z that satisfy the equation
AU = Po.

To solve this equation we need a little bit more linear algebra, which we now review.

Eigenvalues and Eigenvectors of a Matrix
Let A be a constant square matrix. Suppose there is a scalar A and a nonzero vector v such that
AY = \7.

We then call A an eigenvalue of A and Z is said to be a corresponding eigenvector.

v/ Example 3.4.1

The matrix [(2) 1] has an eigenvalue of A = 2 with a corresponding eigenvector [(1)]

o 1) Lol =Le] =2Lo):

Let us see how to compute the eigenvalues for any matrix. We rewrite the equation for an eigenvalue as

because

(A= )3 =0.

We notice that this equation has a nonzero solution ¥ only if A —AI is not invertible. Were it invertible, we could write
(A—XI)"Y(A—XI)o=(A—XI)"'0, which implies 4 = 0. Therefore, A has the eigenvalue ) if and only if A solves the
equation

det(A—AI) =0.

Consequently, we will be able to find an eigenvalue of A without finding a corresponding eigenvector. An eigenvector will
have to be found later, once \ is known.

v/ Example 3.4.2

2 11
Find all eigenvaluesof [1 2 0
0 0 2
Solution
We write
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2 11 1 0 2-1 1 1

det{ |1 2 of-A 0f | =det 1 2-x 0
(3.4.1)

00 2 00 1 0 0 2-)

=2-M(E-2)?-1)=-A-1)(A-2)(A-3).

So the eigenvalues are A =1, A =2, and A = 3.

Note that for an n X n matrix, the polynomial we get by computing det(A — A\I) will be of degree n, and hence we will in general
have n eigenvalues. Some may be repeated, some may be complex.

To find an eigenvector corresponding to an eigenvalue A\, we write
(A— )5 =0,

and solve for a nontrivial (nonzero) vector . If ) is an eigenvalue, there will be at least one free variable, and so for each distinct
eigenvalue A, we can always find an eigenvector

v/ Example 3.4.3

2 11
Find an eigenvectorof | 1 2 0| corresponding to the eigenvalue A = 3.
0 0 2
Solution
We write
2 11 1 0 0 vy -1 0 0 vy
(A=XD)v=||1 2 0|—-3]|0 1 0 vp|l=|1 -1 0 vy | =0.
0 0 2 0 0 1 U3 0 0 -1 U3

It is easy to solve this system of linear equations. We write down the augmented matrix

-1 0 o0 |o
1 -1 o0 |o],
0 0 -1]0

and perform row operations (exercise: which ones?) until we get:

1 -1 0(0
0 0 1]0
0 0 O0]0
The entries of ¥ have to satisfy the equations v; —vy = 0,v3 =0 and v, is a free variable. We can pick v to be arbitrary (but
1
nonzero), let v; = v, and of course v3 = 0. For example, if we pick vo =1, then¥ = | 1 | . Let us verify that v really is an
0
eigenvector corresponding to A = 3:
2 11 1 3 1
1 20 1[=[3]|=3]|1
0 0 2 0 0 0

Yay! It worked.

https://math.libretexts.org/@go/page/32195


https://libretexts.org/
https://math.libretexts.org/@go/page/32195?pdf

LibreTexts"

? Exercise 3.4.1: (easy)

Are eigenvectors unique? Can you find a different eigenvector for A = 3 in the example above? How are the two eigenvectors
related?

? Exercise 3.4.2

Note that when the matrix is 2 X2 you do not need to write down the augmented matrix and do row operations when
computing eigenvectors (if you have computed the eigenvalues correctly). Can you see why? Try it for the matrix vo.

3.4.2Eigenvalue Method with Distinct Real Eigenvalues

We have the system of equations

- —

z = Pz.
We find the eigenvalues A;, Mg, ..., A\, of the matrix P, and corresponding eigenvectors Z1, Zs, . . . , . Now we notice that the
functions v,eM?, ToeMt, ... U,eMt are solutions of the system of equations and hence Z = ¢, V1€ + covpe™t +- - - + ¢, UMt

is a solution.

& Theorem 3.4.1

Take Z' = PZ.1f P is an n x n constant matrix that has n distinct real eigenvalues A1, Ag, . .., Ay, then there exist n linearly
independent corresponding eigenvectorsuy , vs, . . . , Un, and the general solution to ' = PZ can be written as

7 =c101e™M +cotne™ 4+ -+, TpeMt.

The corresponding fundamental matrix solution is
X(t) = [treMt Byt . M.

That is, X (¢) is the matrix whose 5t column is ¥;e*?.

v/ Example 3.4.4

Consider the system
2 11
z = 2 0%
0 2
Find the general solution.
Solution
1
Earlier, we found the eigenvalues are 1,2,3. We found the eigenvector | 1| for the eigenvalue 3. Similarly we find the
0
1 0
eigenvector | —1 | for the eigenvalue 1,and | 1 | for the eigenvalue 2 (exercise: check). Hence our general solution is
0 -1
1 0 1 cirel +czed
T=c |-1|el+eca| 1 |e¥+e3|1]|e¥=]| —crel +cre +cset
0 =il 0 —coet
In terms of a fundamental matrix solution
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et 0 et cy
E=X(t)= |- €e* | |c
0 —€* 0 c3

? Exercise 3.4.3

Check that this Z really solves the system.

Note: If we write a homogeneous linear constant coefficient n'" order equation as a first order system (as we did in Section
3.1), then the eigenvalue equation

det(P — M) =0

is essentially the same as the characteristic equation we got in Section 2.2 and Section 2.3,

Complex Eigenvalues

A matrix might very well have complex eigenvalues even if all the entries are real. For example, suppose that we have the system

Lo [1 17-
r = xI.
-1 1

1 1
Let us compute the eigenvalues of the matrix P = [ 1] .

-1
1-X 1

det(P —\I) =det ([
-1 1-X

D =(1-XA2+1=X-2)+2=0.
Thus A =1 +£1¢. The corresponding eigenvectors are also complex. First take A =1 —1,

(P—(1—i)I)3 =0,

N

The equations ¢v; +v2 =0 and —v; +4ve =0 are multiples of each other. So we only need to consider one of them. After

(3.4.2)

Sh
Il
ol

I . - { - . . —i| . .
picking v9 =1, for example, we have an eigenvector v = [1] . In similar fashion we find that [ 1 ] is an eigenvector

corresponding to the eigenvalue 1 44.

We could write the solution as

. . - (1 - (144
Z=cy | ] et ey | 71| e+t = criel ,)t—cﬂe(f)t .
1 1 cre1=0t 4 cpe(1+i)t

We would then need to look for complex values c¢; and ¢y to solve any initial conditions. It is perhaps not completely clear that we
get a real solution. We could use Euler’s formula and do the whole song and dance we did before, but we will not. We will do
something a bit smarter first.

We claim that we did not have to look for a second eigenvector (nor for the second eigenvalue). All complex eigenvalues come in
pairs (because the matrix P is real).

2tz
2
a-+1tb =a—1b. This operation is called the complex conjugate. If a is a real number, then @ = @ . Similarly we can bar whole

vectors or matrices by taking the complex conjugate of every entry. If a matrix P is real, then P = P. We note that

First a small side note. The real part of a complex number z can be computed as , where the bar above z means

Pz = P% = Pz.. Also the complex conjugate of 0 is still 0, therefore,
6=0=(P_A)s=(P—XI)3.

So if ¥ is an eigenvector corresponding to the eigenvalue A = a +ib , then ¥ is an eigenvector corresponding to the eigenvalue
A=a—ib.
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Suppose that a +ib is a complex eigenvalue of P, and v is a corresponding eigenvector. Then

551 _ ,l—)’e(a+ib)t
. . -/ — B o
is a solution (complex valued) of Z = PZ . Euler’s formula shows that e¢*% = ¢*~®  and so
T = e
Ty=1x7 = Ue(a+zb)t
is also a solution. As x1 and x» are solutions, the function
z +;_; Gtz 1o 1o
- - = (ati 1+ 1+
3 =Rez; =Re gelatidt — 5 = 5 = 53;1 + Emz

is also a solution. And Zj is real-valued! Similarly as Im z = ZZ

5;- is the imaginary part, we find that

— S =
- o 1— 71 T1— T2
Zy=Imz; = — = -
21 21
is also a real-valued solution. It turns out that Z3 and Z, are linearly independent. We will use Euler’s formula to separate out the
real and imaginary part.

8l

Returning to our problem,

3 = [z] St [;] (€ cost i sint) — [ietcost—i—et sint} _ [et sint] +i [ el cost } .

1 e’ cost —iel sint e’ cost —elsint
Then
. el sint - el cost
Rex, = ] , and Imx, = ‘. ,
et cost —etsint

are the two real-valued linearly independent solutions we seek.

? Exercise 3.4.4

Check that these really are solutions.
The general solution is

t o ¢ t ¢

Zoc {e s1nt] e [ et cost ] _ [cle sint + co€f cost

el cost —elsint c1€! cost — cael sint

This solution is real-valued for real ¢; and c,. At this point, we would solve for any initial conditions we may have to find ¢; and
Cy.

Let us summarize the discussion as a theorem.

& Theorem 3.4.2

Let P be a real-valued constant matrix. If P has a complex eigenvalue a +ib and a corresponding eigenvector v, then P also
has a complex eigenvalue a —ib with a corresponding eigenvector v. Furthermore, ' = PZ has two linearly independent
real-valued solutions

(a+ib)t ) (a+ib)t

71 = Re Ye and Zo =Im ve
For each pair of complex eigenvalues a +¢b and a —ib, we get two real-valued linearly independent solutions. We then go on to
the next eigenvalue, which is either a real eigenvalue or another complex eigenvalue pair. If we have n distinct eigenvalues (real or
complex), then we end up with n linearly independent solutions. If we had only two equations (n =2) as in the example above,
then once we found two solutions we are finished, and our general solution is
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I=c1Z+cd =0 (Re Be(“”b)t) +co (Im ;,e(a+ib)t) ‘

We can now find a real-valued general solution to any homogeneous system where the matrix has distinct eigenvalues. When we
have repeated eigenvalues, matters get a bit more complicated and we will look at that situation in Section 3.7.
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3.5: Two dimensional systems and their vector fields
Let us take a moment to talk about constant coefficient linear homogeneous systems in the plane. Much intuition can be obtained

b
by studying this simple case. Suppose we use coordinates (z,y) for the plane as usual, and suppose P = [a d] isa2x2
c

M I ] 05

The system is autonomous (compare this section to Section 1.6) and so we can draw a vector field (see end of Section 3.1). We
will be able to visually tell what the vector field looks like and how the solutions behave, once we find the eigenvalues and
eigenvectors of the matrix P. For this section, we assume that P has two eigenvalues and two corresponding eigenvectors.

matrix . Consider the system

1

Suppose that the eigenvalues of P are real and positive. We find two corresponding eigenvectors and plot them in the plane. For
11 1 1
example, take the matrix [0 2} . The eigenvalues are 1 and 2 and corresponding eigenvectors are [0] and [1] . See Figure

3.5.1

.', A 11

3 I T ] | ] ]

Figure 3.5.1: Eigenvectors of P.

- . K R
Now suppose that z and y are on the line determined by an eigenvector v for an eigenvalue A. That is, [ } =av for some scalar

Y
a. Then

!
T T o " o
[ } =P [ ] = P(av) = a(Pv) = a\v
Y Y

The derivative is a multiple of ¥ and hence points along the line determined by ¥. As A > 0, the derivative points in the direction
of vecv when « is positive and in the opposite direction when « is negative. Let us draw the lines determined by the eigenvectors,
and let us draw arrows on the lines to indicate the directions. See Figure 3.5.2.

We fill in the rest of the arrows for the vector field and we also draw a few solutions. See Figure 3.5.3. Notice that the picture looks
like a source with arrows coming out from the origin. Hence we call this type of picture a source or sometimes an unstable node.
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Figure 3.5.2: Eigenvectors of P with directions.
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We reverse the arrows on one line (corresponding to the negative eigenvalue) and we obtain the picture in Figure 3.5.5. We call this

picture a saddle point.

Figure 3.5.4: Example sink vector field with eigenvectors and solutions.

1

Figure 3.5.3: Example source vector field with eigenvectors and solutions.
0

Figure 3.5.5: Example saddle vector field with eigenvectors and solutions.
For the next three cases we will assume the eigenvalues are complex. In this case the eigenvectors are also complex and we cannot

only difference is that the eigenvalues are negative and hence all arrows are reversed. We get the picture in Figure 3.5.4. We call
just plot them in the plane.

this kind of picture a sink or sometimes a stable node.
Suppose one eigenvalue is positive and one is negative. For example the matrix [

Suppose both eigenvalues were negative. For example
-1 and -2 and corresponding eigenvectors are the same

corresponding eigenvectors are [
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1
Suppose the eigenvalues are purely imaginary. That is, suppose the eigenvalues are +ib. For example, let P = [ 4 0] . The

(3

—21

eigenvalues turn out to be 27 and eigenvectors are [21] and [ ] . Consider the eigenvalue 2¢ and its eigenvector [ ! ] . The
i

real and imaginary parts of ve®? are

Re 1. o2t _ cos.(2t) Im 1' o2t _ sin(2t)

24 —2sin(2t) 2i 2cos(2t)
We can take any linear combination of them to get other solutions, which one we take depends on the initial conditions. Now note
that the real part is a parametric equation for an ellipse. Same with the imaginary part and in fact any linear combination of the two.

This is what happens in general when the eigenvalues are purely imaginary. So when the eigenvalues are purely imaginary, we get
ellipses for the solutions. This type of picture is sometimes called a center. See Figure 3.5.6.
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Figure 3.5.6: Example center vector field.

5

Now suppose the complex eigenvalues have a positive real part. That is, suppose the eigenvalues are a +4b for some a > 0. For

] . We take 1427 and

1 1
1] . The eigenvalues turn out to be 1 +2¢ and eigenvectors are [2 ] and [ 5
i —2i

example, let P = [ 4

1 . .
its eigenvector [2 ] and find the real and imaginary of ve(+2)* are
i
Re [ 1 ] (1420t _ ot [ cos(2t) ] Im [ 1 } (14200t _ ot [ sin(2t) ]
2¢ —2sin(2t) 2t 2cos(2t)

Note the e in front of the solutions. This means that the solutions grow in magnitude while spinning around the origin. Hence we
get a spiral source. See Figure 3.5.7.

P z
' i TYTYTN’
T4 NNy
25 L TR O T
EEE bt W owow N
i A L T N
L BT B ] = LI T Y
s FEAa 2 L T &
L 3 . « LY
i 4 L3R I
AN LN} 44 b AU I
TRUYTRO R e e BEELAEERRE
(e e v ¥ ' oyl
LB ] > vow * IR
L T . B B e uvjt}t—&#}"
LN S T « o v oul e b b
TR EE R e + o ¥}
P 5T T T T S T LA R I = I
L S I R
\xn--c‘-.‘o--:lﬂbi
NN N R omow om s s s, s Wp b H bk

] 3
1 [] 2

Figure 3.5.7: Example spiral source vector field.

6

Finally suppose the complex eigenvalues have a negative real part. That is, suppose the eigenvalues are —a +4b for some a > 0.

For example, let P = [_41 _ﬂ . The eigenvalues turn out to be —1 + 2% and eigenvectors are [ 12] and [ ll . We take
— —23 [

(—1-2i)t

1 -
—1 — 24 and its eigenvector [2 } and find the real and imaginary of ve are
1
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e [ 1 ] 2 _ [ cos(2t) ] . [ 1 ] R [—sin(2t)}

21 2sin(2t) 21 2cos(2t)

Note the e~* in front of the solutions. This means that the solutions shrink in magnitude while spinning around the origin. Hence
we get a spiral sink. See Figure 3.5.8.
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Figure 3.5.8: Example spiral sink vector field.

We summarize the behavior of linear homogeneous two dimensional systems given by a nonsingular matrix in Table 3.5.1
Systems where one of the eigenvalues is zero (the matrix is singular) come up in practice from time to time, see Example 3.1.2, and
the pictures are somewhat different (simpler in a way). See the exercises.

Table 3.5.1: Summary of behavior of linear homogeneous two dimensional systems.

Eigenvalues Behavior
real and both positive source / unstable node
real and both negative sink / stable node
real and opposite signs saddle
purely imaginary center point / ellipses
complex with positive real part spiral source
complex with negative real part spiral sink

This page titled 3.5: Two dimensional systems and their vector fields is shared under a not declared license and was authored, remixed, and/or
curated by Jiri Lebl.

« 3.5: Two dimensional systems and their vector fields by Jiii Lebl is licensed CC BY-SA 4.0. Original source: https://www.jirka.org/diffyqs.
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3.6: Second order systems and applications

Undamped Mass-Spring Systems

While we did say that we will usually only look at first order systems, it is sometimes more convenient to study the system in the
way it arises naturally. For example, suppose we have 3 masses connected by springs between two walls. We could pick any higher
number, and the math would be essentially the same, but for simplicity we pick 3 right now. Let us also assume no friction, that is,
the system is undamped. The masses are mj,ms, and m3 and the spring constants are ki, ks, k3, and k4. Let z; be the
displacement from rest position of the first mass, and z» and x5 the displacement of the second and third mass. We will make, as
usual, positive values go right (as x; grows, the first mass is moving right). See Figure 3.6.1

Figure 3.6.1 System of masses and springs.

This simple system turns up in unexpected places. For example, our world really consists of many small particles of matter
interacting together. When we try the above system with many more masses, we obtain a good approximation to how an elastic
material behaves. By somehow taking a limit of the number of masses going to infinity, we obtain the continuous one dimensional
wave equation (that we study in Section 4.7). But we digress.

Let us set up the equations for the three mass system. By Hooke’s law we have that the force acting on the mass equals the spring
compression times the spring constant. By Newton’s second law we have that force is mass times acceleration. So if we sum the
forces acting on each mass and put the right sign in front of each term, depending on the direction in which it is acting, we end up
with the desired system of equations.

miz = —kiz1 +ka(z2 — 1) = —(k1 + ko)1 + koo,
moxh = —ko(xa — 1) + k3 (x3 —x2) = ko1 — (ko +k3)x2 +k3xs,
mgxg’ = —ks (1‘3 — .’112) —kyxs = kyxo — (kg + k4).’E3.
We define the matrices
mp 0 0 —(kl +k2) k2 0
M = 0 mao 0 and K= kz —(k2 +k3) kg
0 0 mg 0 ks — (k3 + k)

We write the equation simply as

U

Mz =Kz.

At this point we could introduce 3 new variables and write out a system of 6 first order equations. We claim this simple setup is
easier to handle as a second order system. We call Z the displacement vector, M the mass matrix, and K the stiffness matrix.

? Exercise 3.6.1

Repeat this setup for 4 masses (find the matrices M and K'). Do it for 5 masses. Can you find a prescription to do it for n
masses?

As with a single equation we want to “divide by M.” This means computing the inverse of M. The masses are all nonzero and Mis
a diagonal matrix, so comping the inverse is easy:

™ 0

_ 1
M1'=|0 4+ 0
o o

m3

This fact follows readily by how we multiply diagonal matrices. As an exercise, you should verify that MM ' = M ~'M =1.

Let A= M 'K . Welook at the system ' = M ' KZ , or

https://math.libretexts.org/@go/page/32197
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N7 N
Tz = Az.

Many real world systems can be modeled by this equation. For simplicity, we will only talk about the given masses-and-springs
problem. We try a solution of the form

T =ve™.
We compute that for this guess, Z" = a2ve®. We plug our guess into the equation and get
Ve = Ave®.
We divide by e to arrive at a>v = Av. Hence if o is an eigenvalue of A and ¥ is a corresponding eigenvector, we have found a

solution.

In our example, and in other common applications, A has only real negative eigenvalues (and possibly a zero eigenvalue). So we
study only this case. When an eigenvalue ) is negative, it means that o> = X is negative. Hence there is some real number w such
that —w? = X. Then o = +iw. The solution we guessed was

Z = v(cos(wt) +1 sin(wt)).
By taking the real and imaginary parts (note that ¥ is real), we find that ¥ cos(wt) and v sin(wt) are linearly independent solutions.

If an eigenvalue is zero, it turns out that both ¥ and vt are solutions, where v is an eigenvector corresponding to the eigenvalue 0.

? Exercise 3.6.2

Show that if A has a zero eigenvalue and % is a corresponding eigenvector, then Z = ¥(a + bt) is a solution of 2 = AZ for
arbitrary constants a and b.

< Theorem 3.6.1

Let A be an nxn matrix with n distinct real negative eigenvalues we denote by —w? > —w?>---> —w? , and
corresponding eigenvectors by v1, Us, . . . , Up. If A is invertible (that is, if w; > 0), then

n
.%(t) = Z 61 (ai cos(wit) I bz sin(wit)),
i=1
is the general solution of
7' = Az,

for some arbitrary constants a; and b;. If A has a zero eigenvalue, that is w; =0, and all other eigenvalues are distinct and
negative, then the general solution can be written as

81

(t) =v1(a1 +bit) + Z v;(a; cos(w;t) + b; sin(w;t)).
=2

We use this solution and the setup from the introduction of this section even when some of the masses and springs are missing. For
example, when there are only 2 masses and only 2 springs, simply take only the equations for the two masses and set all the spring
constants for the springs that are missing to zero.

v/ Example 3.6.1:

Suppose we have the system in Figure 3.6.2, withm; =2, my =1,k; =4, and ks = 2.

ky k>

Figure 3.6.2: System of masses and springs.
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The equations we write down are

[5 (1)] we [_(4;2) —22] “

" [—3 1 } -
T = Z.
2 =2

We find the eigenvalues of A to be A =—1,—4 (exercise). We find corresponding eigenvectors to be [;] and [ 1 ]

or

-1
respectively (exercise).

We check the theorem and note that w; =1 and ws = 2. Hence the general solution is

G [;] (a1 cos(t) +by sin(t)) + [ 11] (az cos(2t) + by sin(2t)).

The two terms in the solution represent the two so-called natural or normal modes of oscillation. And the two (angular)
frequencies are the natural frequencies. The first natural frequency is 1, and second natural frequency is 2. The two modes are
plotted in Figure 3.6.3.

Figure 3.6.3: The two modes of the mass-spring system. In the left plot the masses are moving in unison and in the right plot
are masses moving in the opposite direction.

Let us write the solution as

81

_ |1 cicos(t—aq)+
2

11 ] o cos(2t — az).

The first term,
1 ¢ cos(t —a
cicos(t—ag) = 1 cos( 1) ,
2 2¢; cos(t —aq)
corresponds to the mode where the masses move synchronously in the same direction.
The second term,

[_11] c3 cos(2t — az) = [

¢y cos(2t —az)
—cycos(2t —a) |’

corresponds to the mode where the masses move synchronously but in opposite directions.

The general solution is a combination of the two modes. That is, the initial conditions determine the amplitude and phase shift of
each mode. As an example, suppose we have initial conditions

3(0) = [_11] #(0) = [2]

We use the a;, b; constants to solve for initial conditions. First

https://math.libretexts.org/@go/page/32197
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We solve (exercise) to find a; =0, as = 1. To find the b; and by, we differentiate first:

1

4 [;] (—ax sin(t) + by cos(t)) + [_1

H R HES e L g

Again solve (exercise) to find by =2, b, = —1. So our solution is

} (—2ay sin(2t) + 2b; cos(2t)).

Now we solve:

2sin(t) + cos(2t) —sin(2t) ]

7= [ﬂ 2sin(t) + [_11 ] (cos(2t) —sin(2t)) = { 4sin(t) — cos(2t) +sin(2t)

The graphs of the two displacements, x; and x2 of the two carts is in Figure 3.6.4.

50 15
T T

Figure 3.6.4: Superposition of the two modes given the initial conditions.

v/ Example 3.6.2

We have two toy rail cars. Car 1 of mass 2 kg is traveling at 3 Z* towards the second rail car of mass 1 kg. There is a bumper
on the second rail car that engages at the moment the cars hit (it connects to two cars) and does not let go. The bumper acts like
a spring of spring constant k = 2 % . The second car is 10 meters from a wall. See Figure 3.6.5.

—_—
K
A,
10 meters

Figure 3.6.5: The crash of two rail cars.

We want to ask several questions. At what time after the cars link does impact with the wall happen? What is the speed of car 2
when it hits the wall?

OK, let us first set the system up. Let ¢ = 0 be the time when the two cars link up. Let 1 be the displacement of the first car from
the position at ¢ = 0, and let x5 be the displacement of the second car from its original location. Then the time when z2(¢) = 10 is
exactly the time when impact with wall occurs. For this ¢, 4 (t) is the speed at impact. This system acts just like the system of the
previous example but without k;. Hence the equation is

[2 0]4,, [—2 2]4
r = Z.
0 1 2 -2

or

https://math.libretexts.org/@go/page/32197
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We compute the eigenvalues of A. It is not hard to see that the eigenvalues are 0 and —3 (exercise). Furthermore, eigenvectors are

1 1
[1] and [ 2] respectively (exercise). Then wy = 4/3 and by the second part of the theorem we find our general solution to be

Z = m (a1 +bit) + [_12] (as cos(~/3t) + by sin(v/3t))

B [ ay + b1t +ay cos(v/3t) + by sin(+/3t) }
| a1 +bit — 2as cos(v/3t) — 2b, sin(v/3t)

We now apply the initial conditions. First the cars start at position 0 so 21 (0) = 0 and z2(0) = 0. The first car is traveling at 3 2,

(3.6.1)

so ) (0) = 3 and the second car starts at rest, so 25 (0) = 0. The first conditions says

a +as
aiq —2a2 ’

0=2(0) = [
It is not hard to see thata; =ay; =0.Weseta; =0 anday =0 in (t) and differentiate to get

#(t) = [ by +/3by cos(v/3t) ]
N by —2+/3by cos(\f3t) '

So
|:3:| :51(0) _ |: bl+\/§b2 :| .
0 by —2+/3by
Solving these two equations we find b =2 and by = ﬁ . Hence the position of our cars is (until the impact with the wall)
1
L [27&4— \/gsm(\/gt) ]
— 2 )
2t % sin(4/3t)

Note how the presence of the zero eigenvalue resulted in a term containing ¢. This means that the carts will be traveling in the
positive direction as time grows, which is what we expect.

What we are really interested in is the second expression, the one for 2. We have x5 (t) = 2t — %sin(\/gt) . See Figure 3.6.6 for

the plot of x5 versus time.

Figure 3.6.6: Position of the second car in time (ignoring the wall).

Just from the graph we can see that time of impact will be a little more than 5 seconds from
time zero. For this we have to solve the equation 10 = z5(t) = 2t — %Sin(\/gt). Using a

computer (or even a graphing calculator) we find that ¢;y,pact = 5.22 seconds.
As for the speed we note that zj, = 2 — 2 cos(+/3t) . At time of impact (5.22 seconds from ¢ = 0) we get that @ (timpact) ~ 3.85.

The maximum speed is the maximum of 2 — 2 cos(v/3t), which is 4. We are traveling at almost the maximum speed when we hit
the wall.

Suppose that Bob is a tiny person sitting on car 2. Bob has a Martini in his hand and would like not to spill it. Let us suppose Bob
would not spill his Martini when the first car links up with car 2, but if car 2 hits the wall at any speed greater than zero, Bob will

https://math.libretexts.org/@go/page/32197
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spill his drink. Suppose Bob can move car 2 a few meters towards or away from the wall (he cannot go all the way to the wall, nor
can he get out of the way of the first car). Is there a “safe” distance for him to be at? A distance such that the impact with the wall is
at zero speed?

The answer is yes. Looking at Figure 3.6.6, we note the “plateau” between ¢ =3 and ¢ = 4. There is a point where the speed is

zero. To find it we need to solve z4(t) = 0. This is when cos(y/3t) =1 or in other words when ¢ = %, %, ... and so on. We
plug in the first value to obtain z (%) = % /2 7.26. So a “safe” distance is about 7 and a quarter meters from the wall.
Alternatively Bob could move away from the wall towards the incoming car 2 where another safe distance is % ~ 14.51 and so

on, using all the different ¢ such that 2, (¢) = 0. Of course ¢t = 0 is always a solution here, corresponding to x5 = 0, but that means
standing right at the wall.

Forced Oscillations

Finally we move to forced oscillations. Suppose that now our system is
7" = AZ + F cos(wt). (3.6.2)
That is, we are adding periodic forcing to the system in the direction of the vector F.

As before, this system just requires us to find one particular solution Z,, add it to the general solution of the associated
homogeneous system Z., and we will have the general solution to (3.6.2). Let us suppose that w is not one of the natural
frequencies of " = AZ , then we can guess

Z, = ¢ cos(wt),
where ¢ is an unknown constant vector. Note that we do not need to use sine since there are only second derivatives. We solve for ¢

to find Z,. This is really just the method of undetermined coefficients for systems. Let us differentiate Z,, twice to get

z, = —w’c cos(wt).

Plug Z,, and :'r';' into the equation (3.6.2);

. o
Tp Az,

—w?é cos(wt) = A€ cos(wt) + F cos(wt).
We cancel out the cosine and rearrange the equation to obtain
(A+w?I)é =—F.
So
¢=(A+w' )" (-F).

Of course this is possible only if (A +w?I) = (A —(—w?)I) is invertible. That matrix is invertible if and only if —w? is not an
eigenvalue of A. That is true if and only if w is not a natural frequency of the system.

We simplified things a little bit. If we wish to have the forcing term to be in the units of force, say Newtons, then we must write
M3 =Ki+G cos(wt).

If we then write things in terms of A = M 1 K, we have

=/

Z' =M 'KZ+M 'Geos(wt) or &' =AZ+Fcos(wt),

where F = M-1G.

https://math.libretexts.org/@go/page/32197
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Let us take the example in Figure 3.6.2 with the same parameters as before: m; =2,my =1,k; =4, and ks =2. Now
suppose that there is a force 2 cos(3t) acting on the second cart.

[3 2]5": [_24 _22]5—1—{(2)] cos(3t) or I = [_23 _12]54—[2]005(%).

We solved the associated homogeneous equation before and found the complementary solution to be

The equation is

Zo— | - | (arcos(t) +brsin@®)+ | | (acos(2t) + bysin(2t)).
2 1

The natural frequencies are 1 and 2. Hence as 3 is not a natural frequency, we can try ¢ cos(3t). We invert (4 + 3°I ):

- _ 7 =

3 1], ) _[6 1] _[wm =

2 -2 2 7 -1 3|

20 20

z = L
10 40][0]_[20]
=il 3 _ - ;3 .
o w0l L2 T
Combining with what we know the general solution of the associated homogeneous problem to be, we get that the general
solution to ' = AZ + F cos(wt) is

Hence,

¢=(A+u'T) M (-F) =

1

E=F,+T, = [;] (a1 cos(t) +by sin(t)) + [ 11 ] (ag cos(2t) + by sin(2t)) + Eg ] cos(3t).

10

The constants a;, ag, by, and by must then be solved for given any initial conditions.

Note that given force f , we write the equation as Mz = KZ+ f to get the units right. Then we write ' = M 'KZ+ M1 f .
Thetermg =M 'f inZ' = AZ+g is in units of force per unit mass.

If w is a natural frequency of the system resonance occurs because we will have to try a particular solution of the form
T, = ctsin(wt) + dtcos(wt).

That is assuming that the eigenvalues of the coefficient matrix are distinct. Next, note that the amplitude of this solution grows
without bound as ¢ grows.

This page titled 3.6: Second order systems and applications is shared under a not declared license and was authored, remixed, and/or curated by
Jiti Lebl.
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3.7: Multiple Eigenvalues

It may very well happen that a matrix has some “repeated” eigenvalues. That is, the characteristic equation det(4A —AI) =0 may
have repeated roots. As we have said before, this is actually unlikely to happen for a random matrix. If we take a small perturbation
of A (we change the entries of A slightly), then we will get a matrix with distinct eigenvalues. As any system we will want to solve
in practice is an approximation to reality anyway, it is not indispensable to know how to solve these corner cases. On the other
hand, these cases do come up in applications from time to time. Furthermore, if we have distinct but very close eigenvalues, the
behavior is similar to that of repeated eigenvalues, and so understanding that case will give us insight into what is going on.

Geometric Multiplicity

Take the diagonal matrix
A= [3 0}
0 3
A has an eigenvalue 3 of multiplicity 2. We call the multiplicity of the eigenvalue in the characteristic equation the algebraic
multiplicity. In this case, there also exist 2 linearly independent eigenvectors, [[ﬂ and [ﬂ corresponding to the eigenvalue 3.

This means that the so-called geometric multiplicity of this eigenvalue is also 2.

In all the theorems where we required a matrix to have n distinct eigenvalues, we only really needed to have n linearly
independent eigenvectors. For example, Z = AZ has the general solution

= 1 3t 0 3t
Tr=c e +c e’
1[0] ’ [1]

Let us restate the theorem about real eigenvalues. In the following theorem we will repeat eigenvalues according to (algebraic)
multiplicity. So for the above matrix A, we would say that it has eigenvalues 3 and 3.

& Theorem 3.7.1

Take Z = PZ. Suppose the matrix P is n X n, has n real eigenvalues (not necessarily distinct), A1, ---, A\yand there are n
. . . . — — . - - q
linearly independent corresponding eigenvectors vy, - - - , v,. Then the general solution to Z = PZ can be written as:

= — — —
T =civ eMt +covg et +-+ cnvne)‘"t

The geometric multiplicity of an eigenvalue of algebraic multiplicity n is equal to the number of corresponding linearly independent
eigenvectors. The geometric multiplicity is always less than or equal to the algebraic multiplicity. We have handled the case when
these two multiplicities are equal. If the geometric multiplicity is equal to the algebraic multiplicity, then we say the eigenvalue is
complete.

In other words, the hypothesis of the theorem could be stated as saying that if all the eigenvalues of P are complete, then there are
n linearly independent eigenvectors and thus we have the given general solution.

If the geometric multiplicity of an eigenvalue is 2 or greater, then the set of linearly independent eigenvectors is not unique up to

3 0 1 1
multiples as it was before. For example, for the diagonal matrix A = [0 3] we could also pick eigenvectors [1] and [ 1 } ,
or in fact any pair of two linearly independent vectors. The number of linearly independent eigenvectors corresponding to A is the
number of free variables we obtain when solving Av = A\ . We pick specific values for those free variables to obtain eigenvectors.

If you pick different values, you may get different eigenvectors.

Defective Eigenvalues

If an n X n matrix has less than n linearly independent eigenvectors, it is said to be deficient. Then there is at least one eigenvalue
with an algebraic multiplicity that is higher than its geometric multiplicity. We call this eigenvalue defective and the difference
between the two multiplicities we call the defect.
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The matrix

o s

has an eigenvalue 3 of algebraic multiplicity 2. Let us try to compute eigenvectors.
o ol [a]-?
0 0 ()

v
We must have that v = 0. Hence any eigenvector is of the form [ 01 ] . Any two such vectors are linearly dependent, and

Solution

hence the geometric multiplicity of the eigenvalue is 1. Therefore, the defect is 1, and we can no longer apply the eigenvalue
method directly to a system of ODEs with such a coefficient matrix.

Roughly, the key observation is that if A is an eigenvalue of A of algebraic multiplicity m, then we can find certain m linearly

independent vectors solving (A — AT )kﬁ =0 for various powers k. We will call these generalized eigenvectors.

3 1 = =
Let us continue with the example A = [0 3] and the equation £ = Az. We have an eigenvalue A =3 of (algebraic)

1
multiplicity 2 and defect 1. We have found one eigenvector z = [0] . We have the solution

5 1
H:ve% _ [0] &3t

We are now stuck, we get no other solutions from standard eigenvectors. But we need two linearly independent solutions to
find the general solution of the equation.

In this case, let us try (in the spirit of repeated roots of the characteristic equation for a single equation) another solution of the
form

= =

%
zy = (v2 + vlt)e3t

We differentiate to get
Ty =016 +3(Vy +U1t) €3 = (3T +01) €% + 3, te™.
As we are assuming that Z is a solution, Z,' must equal AZ5. So let’s compute AZs:
AZy = A(Vy +91t) €% = ATy + Avte™.

By looking at the coefficients of > and te3* we see 30, +v; = AUy and 3v; = Av; . This means that

—

(A—3I)’l72 :’61, and (A—?)I)El =0.

Therefore, Z is a solution if these two equations are satisfied. The second equation is satisfied if ¥; is an eigenvector, and we
found the eigenvector above, so let ¥, = [ } ] . So, if we can find a ¥, that solves (A —31)v; = , then we are done. This is
just a bunch of linear equations to solve and we are by now very good at that. Let us solve (A — 3I)vy = ¥; . Write

o -

By inspection we see that letting a = 0 (a could be anything in fact) and b = 1 does the job. Hence we can take U5 = [(1)] .
Our general solution to Z' = AZ is

S 1] 5 0 1 5 | cre® +catedt
i 01[0]6 +02<[1]+[0] )e cre
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Let us check that we really do have the solution. First @} =c;3e3 +cae® +3cate® =321 +25 . Good. Now
z}, = 3cze3 = 3z, . Good.

Note that the system ' = AZ has a simpler solution since A is a so-called upper triangular matrix, that is every entry below the
diagonal is zero. In particular, the equation for 2 does not depend on ;. Mind you, not every defective matrix is triangular.

Solve ' = [(3) :1))] Z by first solving for z5 and then for z; independently. Check that you got the same solution as we did

above.

Let us describe the general algorithm. Suppose that A is an eigenvalue of multiplicity 2, defect 1. First find an eigenvector z of A.
Then, find a vector v_2> such that

— —
Vg =

(A -l ) (%
This gives us two linearly independent solutions
$—1> _ v_1> oM

N (3.7.1)

— =
zy = (v2 +v1 t)e’\t

v/ Example 3.7.2

Consider the system

2 -5 0
=10 2 o0|%
-1 4 1

Compute the eigenvalues,

Solution

0 =det(A — ) = det 0 2-X2 0 =(2-N)2(1-N).

The eigenvalues are 1 and 2, where 2 has multiplicity 2. We leave it to the reader to find that [8} is an eigenvector for the
1

eigenvalue A =1.
Let’s focus on A = 2. We compute eigenvectors:

0 -5 0 vy

0=(A-2v=| 0 0 0 Uy

-1 4 -1 U3
The first equation says that vo =0, so the last equation is —v; —wv3 = 0. Let v be the free variable to find that v; = —v3 .
Perhaps let v3 = —1 to find an eigenvector [ (1] ] . Problem is that setting v to anything else just gets multiples of this vector

-1
and so we have a defect of 1. Let ¥; be the eigenvector and let’s look for a generalized eigenvector vs:

(A—21)vy =y,

or
0 -5 07Ta 1
o o of]|sl=]0o],
-1 4 -1] e -1
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where we used a, b, c as components of v for simplicity. The first equation says —5b =1 so b = %1 The second equation
says nothing. The last equation is —a+4b—c=—1 ,ora +% +c=1,0ora+c= % . We let c be the free variable and we

5

1
choose ¢ = 0. We find vy = li] .
0

The general solution is therefore,

0 1 : 1
F=c [0]|e+cy| 0 | e +es %1 +1 0 |¢t]ex
1 -1 - -1

This machinery can also be generalized to higher multiplicities and higher defects. We will not go over this method in detail, but let
us just sketch the ideas. Suppose that A has an eigenvalue A of multiplicity m. We find vectors such that

(A—XD)k(v) =(0), but (A—AI)*15£0

. . — 1= . . . - .
Such vectors are called generalized eigenvectors (then vi = (A — AI)*71% is an eigenvector). For every eigenvector v; we find a
chain of generalized eigenvectors v5 through vy, such that:

("4_)‘I)’U_1> = 67
(A=AD)v; =y,

(3.7.2)

(A=), =vi 1.
Really once you find the v, such that (4 — AI) "%k = 0 but (A—AI) L % 0, you find the entire chain since you can compute
the rest, U1 = (A —AI)Ug , U9 = (A —AI)Vy_1 , etc. We form the linearly independent solutions

- =

Iy :vle)‘t
5 = (vs +vit)e™
: (3.7.3)
- o L L k2 L gkl N
T = | v +V_ 1t +Vpo—+---+v +v et
k (k k—1 k22 2(k—2)! l(k—l)!)

Recall that k! =1-2-3---(k—1)-k is the factorial. If you have an eigenvalue of geometric multiplicity £, you will have to find
£ such chains (some of them might be short: just the single eigenvector equation). We go until we form m linearly independent
solutions where m is the algebraic multiplicity. We don’t quite know which specific eigenvectors go with which chain, so start by
finding vy, first for the longest possible chain and go from there.

For example, if A is an eigenvalue of A of algebraic multiplicity 3 and defect 2, then solve

(A=ADo; =0, (A—A)oy =0y, (A—XI)Us =71y
That is, find U3 such that (A—AI)3%;3=0, but (A—AI)%¥3#0. Then you are done as vy =(A—AI)vs and
v1 = (A — AI)vy . The 3 linearly independent solutions are

= A

2
- - - At - B Lt At
1 =v1e”, Ty = (Vg +v1t) €™, T3 = (’Ug —i—vzt—i—vl?) ev.

If on the other hand A has an eigenvalue A of algebraic multiplicity 3 and defect 1, then solve

(A=AI)3, =0, (A—AD, =0, (A—AI)vs="70s.
Here v; and v are actual honest eigenvectors, and v3 is a generalized eigenvector. So there are two chains. To solve, first find a v3
such that (A—AI)%%5 =0, but (A—A\I)d3 #0 . Then ¥y = (A—AI)Us is going to be an eigenvector. Then solve for an
eigenvector vy that is linearly independent from . You get 3 linearly independent solutions

https://math.libretexts.org/@go/page/32198



https://libretexts.org/
https://math.libretexts.org/@go/page/32198?pdf

Li breTexts*

- - X - S M
1 =ve”, Ty = Vg€, z3 = (V3 +vat)e™.
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3.8: Matrix exponentials

Definition
In this section we present a different way of finding the fundamental matrix solution of a system. Suppose that we have the
constant coefficient equation
—/ —
z =Pz
as usual. Now suppose that this was one equation (P is a number or a 1 x 1 matrix). Then the solution to this would be
z=e.

That doesn’t make sense if P is a larger matrix, but essentially the same computation that led to the above works for matrices when
we define e properly. First let us write down the Taylor series for e*for some number a.
(at)® | (at)*  (at)!

at — 1 1+ at R
e =1tat+ b >

Recall k! =1-2-3-- -k is the factorial, and 0! = 1. We differentiate this series term by term
32 aid at)?  (at)?
P a (at) | (at) o) et

d (eat)—a+a2t+—+—+"‘—a(1+at

dt

2+6

2 6
Maybe we can try the same trick with matrices. Suppose that for an n x n matrix A we define the matrix exponential as

A def Lo, 1.3 Lok
ST+ A+ A2+ A3 oAb
e +A+ 5 + 5 +et ol +
Let us not worry about convergence. The series really does always converge. We usually write Ptas t P by convention when P is a

matrix. With this small change and by the exact same calculation as above we have that
d
dt
Now P and hence e'” is an n x n matrix. What we are looking for is a vector. We note that in the 1 x 1 case we would at this
point multiply by an arbitrary constant to get the general solution. In the matrix case we multiply by a column vector ¢.

(etP) :PetP.

P

& Theorem 3.8.1

Let P be an n x n matrix. Then the general solution to ' = PZ is

7 =¢e,
where ¢ is an arbitrary constant vector. In fact Z(0) =¢.
Let us check.
d d
—z=—(e""c)=Pe" c=Pz
@@

Hence e'P’is the fundamental matrix solution of the homogeneous system. If we find a way to compute the matrix exponential, we
will have another method of solving constant coefficient homogeneous systems. It also makes it easy to solve for initial conditions.
To solve Z = AZ, Z(0) = b we take the solution

7 =et4p

This equation follows because €94 = I, so #(0) = 045 = b .

We mention a drawback of matrix exponentials. In general eA*5 = e4e® . The trouble is that matrices do not commute, that is, in
general AB # BA . If you try to prove e4t5 £ e4eB using the Taylor series, you will see why the lack of commutativity becomes
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a problem. However, it is still true that if AB = BA, that is, if A and B commute, then eA*5 = e4eB . We will find this fact
useful. Let us restate this as a theorem to make a point.

& Theorem 3.8.2

If AB= BA, then eA+B = e4eB . Otherwise eAt5 £ e4eB in general.

Simple cases

. . . . . L o a 0
In some instances it may work to just plug into the series definition. Suppose the matrix is diagonal. For example, D = [ ] .

0 b
Then
k_[ak 0:|
0 bk
and
D 1 o5 1 34
e? =I+D+=D*+=D*+...
2 ¢ (3.8.1
_[1 0]+[a 0]+1[a2 0]+1[a3 o]+ _[e“ 0} 8.1)
“lo 1 0 b] 2[0 ®] 6|0 1o e

So by this rationale we have that
ef=|°¢ 0 and e =|° 0
0 e 0 e

This makes exponentials of certain other matrices easy to compute. Notice for example that the matrix A = [

2 4
1 2] . Notice that B® = [8 g} .So B¥ =0 for all k> 2. Therefore, e = I+ B . Suppose

we actually want to compute e4. The matrices 3¢/ and tB commute (exercise: check this) and e'® =I+tB, since
(tB)> =t?B* =0 . We write

4
] can be
1

written as 31 + B where B = [

el — gStIHtB _ 3tItB _ [egt 0 ] (I+tB)
0 e3t

_[e3t 0H1+2t 4t ]_[(1+2t)e3t 4te’t
Lo et —t  1-2t] | —te (1—2t)e®

(3.8.2)

So we have found the fundamental matrix solution for the system Z' = AZ . Note that this matrix has a repeated eigenvalue with a
defect; there is only one eigenvector for the eigenvalue 3. So we have found a perhaps easier way to handle this case. In fact, if a
matrix A is 2 x 2 and has an eigenvalue A of multiplicity 2, then either A is diagonal, or A = AI+ B where B> =0. This is a
good exercise.

? Exercise 3.8.1

Suppose that A is 2 x 2 and X is the only eigenvalue. Then show that (A — A1) ? = 0. Then we can write A = AI+ B , where
B? = 0. Hint: First write down what does it mean for the eigenvalue to be of multiplicity 2. You will get an equation for the
entries. Now compute the square of B.

Matrices B such that B¥ = 0 for some k are called nilpotent. Computation of the matrix exponential for nilpotent matrices is easy
by just writing down the first k& terms of the Taylor series.
General Matrices

In general, the exponential is not as easy to compute as above. We usually cannot write a matrix as a sum of commuting matrices
where the exponential is simple for each one. But fear not, it is still not too difficult provided we can find enough eigenvectors.
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First we need the following interesting result about matrix exponentials. For two square matrices A and B, with B invertible, we
have

ePAB" = BeAB1.
This can be seen by writing down the Taylor series. First note that
(BAB™')’ =BAB'BAB™' = BAIAB™' = BA’B™
And hence by the same reasoning (BAB‘1 ) * — BA*B~! . Now write down the Taylor series for eBAB™
BAB™' -1 l —1y\2 l —1\3
e =I+BAB " + 3 (BAB ) + ¢ (BAB )" +---
1 1
=BB ' +BAB ' +-BA’B ' + ~BA*B' +- -
2 6 (3.8.3)
1 1
:B(HA+5M+Eﬁ+~)34
=Be’B .

Given a square matrix A, we can sometimes write A = EDE~! , where D is diagonal and E invertible. This procedure is called
diagonalization. If we can do that, the computation of the exponential becomes easy. Adding ¢ into the mix we see that we can then
easily compute the exponential

To diagonalize A we will need n linearly independent eigenvectors of A. Otherwise this method of computing the exponential
does not work and we need to be trickier, but we will not get into such details. We let E be the matrix with the eigenvectors as
columns. Let A1, Ag,- -, A, be the eigenvalues and let vy, z, -+, Uy be the eigenvectors, then E =[v; ¥y --- 0, |.Let D be
the diagonal matrix with the eigenvalues on the main diagonal. That is

M 0 - 0
0 X --- 0
D =
0 0 - A\
We compute
AE =A[v Uy -+ U]
=[Av, Av, --- Aibs]
=[ AU AUy -+ ATy ] (3.8.4)
=[v; ¥y -+ ,]D
=ED.

The columns of E are linearly independent as these are linearly independent eigenvectors of A. Hence E is invertible. Since
AE = ED, we right multiply by E~! and we get

A=EDE™*.

This means that . e4 = Ee” E~' Multiplying the matrix by ¢ we obtain

e’\lt 0 “ e 0
0 ettt ... 0
et =g’E=E| | ET (3.8.5)
0 0 ... et

The formula (3.8.5), therefore, gives the formula for computing the fundamental matrix solution e*4 for the system Z =AZ,in
the case where we have n linearly independent eigenvectors.
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Notice that this computation still works when the eigenvalues and eigenvectors are complex, though then you will have to compute
with complex numbers. It is clear from the definition that if A is real, then e is real. So you will only need complex numbers in
the computation and you may need to apply Euler’s formula to simplify the result. If simplified properly the final matrix will not
have any complex numbers in it.

v/ Example 3.8.1

Compute the fundamental matrix solution using the matrix exponentials for the system

z]’ |1 2| (=
vyl 12 1]yl
Then compute the particular solution for the initial conditions z(0) = 4 and y(0) = 2.

1 2
Let A be the coefficient matrix [2 1] . We first compute (exercise) that the eigenvalues are 3 and -1 and corresponding

] . Hence the diagonalization of A is

A E D E!

1 1
eigenvectors are [1] and [

We write

-1
A _ EiD g1 [1 1 ] [e3t 0 ] [1 1 ]
0 et][1 -1

5

_1 [est et } [_1 _1] (3.8.6)

2 |le¥ —e -1 1
. B est+e—t et _e—t
1 —e¥t—et Bt et == ==
T2 | et et @Bt et || et et |
2 2

The initial conditions are 2(0) = 4 and y(0) = 2. Hence, by the property that €’4 = I we find that the particular solution we

- - 4
are looking for is e*4b where b is o Then the particular solution we are looking for is

&3 et ot
z| | T2 3 4] [2e%+2e T+ —et | [3ed e
y| | Pt it 2] | 263 —2etfedttet | |33 _et

2 2

Fundamental Matrix Solutions

We note that if you can compute the fundamental matrix solution in a different way, you can use this to find the matrix exponential
€. The fundamental matrix solution of a system of ODEs is not unique. The exponential is the fundamental matrix solution with
the property that for t =0 we get the identity matrix. So we must find the right fundamental matrix solution. Let X be any
fundamental matrix solution to Z = AZ . Then we claim

et = X ()[X(0)] .

Clearly, if we plug ¢t = 0 into X (#)[X(0)]~* we get the identity. We can multiply a fundamental matrix solution on the right by any
constant invertible matrix and we still get a fundamental matrix solution. All we are doing is changing what the arbitrary constants
are in the general solution Z(t) = X (¢)c .

https://math.libretexts.org/@go/page/32199



https://libretexts.org/
https://math.libretexts.org/@go/page/32199?pdf
http://www.jirka.org/diffyqs/htmlver/diffyqsse11.html#x16-36005r2

LibreTexts"

Approximations

If you think about it, the computation of any fundamental matrix solution X using the eigenvalue method is just as difficult as the
computation of e*4. So perhaps we did not gain much by this new tool. However, the Taylor series expansion actually gives us a
very easy way to approximate solutions, which the eigenvalue method did not.

The simplest thing we can do is to just compute the series up to a certain number of terms. There are better ways to approximate the
exponential . In many cases however, few terms of the Taylor series give a reasonable approximation for the exponential and may

1 2
suffice for the application. For example, let us compute the first 4 terms of the series for the matrix A = [2 J .

etA~I+tA+ﬁA2+ﬁA3—I+t 12 +¢2 3
= 2 6 2 1 2 2

T+t+32+ 848 2142824148

2t+282+2688  14+t4+224+ 248

Just like the scalar version of the Taylor series approximation, the approximation will be better for small ¢ and worse for larger .
For larger ¢, we will generally have to compute more terms. Let us see how we stack up against the real solution with ¢ = 0.1. The
approximate solution is approximately (rounded to 8 decimal places)

12013
140 14014+ 2 O s [

2 6

1.12716667 0.22233333]
0.22233333 1.12716667

And plugging ¢ = 0.1 into the real solution (rounded to 8 decimal places) we get

14 _ [1.12734811 0.22251069]
0.22251069 1.12734811

Not bad at all! Although if we take the same approximation for ¢t =1 we get

[6.66666667 6.33333333}

1., 1 4
T+ A+ -A?+ 2 4% =
taAtg AT 6.33333333 6.66666667

6
while the real value is (again rounded to 8 decimal places)

oA 10.22670818 9.85882874
1 9.85882874 10.22670818

So the approximation is not very good once we get up to ¢ = 1. To get a good approximation at ¢ =1 (say up to 2 decimal places)
we would need to go up to the 11%* power (exercise).

Footnotes

[1] C. Moler and C.F. Van Loan, Nineteen Dubious Ways to Compute the Exponential of a Matrix, Twenty-Five Years Later, SIAM
Review 45 (1), 2003, 3-49
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3.9: Nonhomogeneous systems

First Order Constant Coefficient

Integrating factor

Let us first focus on the nonhomogeneous first order equation
#(t) = AZ(1) + £ (1),

where A is a constant matrix. The first method we will look at is the integrating factor method. For simplicity we rewrite the
equation as

# (1) + PE(t) = £ (¢),

where P = —A. We multiply both sides of the equation by e'f’ (being mindful that we are dealing with matrices that may not
commute) to obtain

ePE(t) + P PE(t) = e f ().
We notice that Petf = etf’ P This fact follows by writing down the series definition of et?,
1 1
Petf! =p (I+I+tP+ E(tP)2 +-- ) =P+tP? +5t2P3 4+

. (3.9.1)
= <I+I+tP+§(tP)2 +-- ) P = Pet?

We have already seen that - (/') = Pe'” = ¢'F P . The product rule says,

% (¢P3(1)) = 77 (1) + P PE(t),

and so

d . - _tPf
a(e Z(t)) =€ f(¢).

We can now integrate. That is, we integrate each component of the vector separately
i) = [ ft)dt+c.
Recall from Exercise 3.8.6 that (etP ) o e P Therefore, we obtain
it)=e " [P f(t)dt+ePE

Perhaps it is better understood as a definite integral. In this case it will be easy to also solve for the initial conditions as well.
Suppose we have the equation with initial conditions

#(t)+Pit)=f(t), #0)=b.

The solution can then be written as
t
Z(t)=e P / e’f f (s)ds +e *Tb. (3.9.2)
0

Again, the integration means that each component of the vector e*” f (s) is integrated separately. It is not hard to see that (3.9.2)
really does satisfy the initial condition Z(0) = b

-

0 — — —
Z(0) :e—op/ ePfds+ePb=m=0b
0
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Suppose that we have the system
z! +5x1 —3xy =¢,
1
o 4331 2y —0 (3.9.3)
2 1— 22 s
with initial conditions #1(0) =1, z(0) =0.
Let us write the system as
1 5 -3 = et = 1
= 5 0 = .
i +[3 —1]96 [0] =L [0]
5 —
We have previously computed e'f’ for P = [3 ] . We immediately have e ¥, simply by negating ¢.
P [ (1+3t)e*  —3te* ] p _ [ (1-3t)e 3te 2t ] .
3te?t (1—3t)e —3te®  (1+3t)e
Instead of computing the whole formula at once. Let us do it in stages. First
t o t 143 2s -3 2s s
/ espf(S)ds=/ [( ) 5 ] [e ]ds
0 0 3se* (1-3s)e** ] |0
t 1 3s
:/ [( +3s)e ]ds
0 3se3s
B fot(1+3s)e3sd5 (39.4)
[ 3s€**ds
tedt
= [ (3t-1)e% 11 ] . (used integration by parts).
3
Then
t — —
i) =e / ePf(s)ds+e b
0
[(@-3t)e®  3te2 ] te’ N [ (1-3t)e2  3te2 ] [1]
| Bte®  (143t)e || B ~3te?  (1+3t)e 2] [0
- 3.9.5
B te~% ] N [ (1-3t)e2 ] s
B e 1 -2t -2t
| —S+(5+t) e —3te
(1—-2t)e 2 ]
= et 1 = :
—3+(z-2t)
Phew!
Let us confirm that this really works.
x) +5x1 —3zy = (4tei2t = 467275) +5(1—2t)e el —(1-6t)e 2 =¢.
Similarly (exercise) =/, +3x; —x3 = 0 . The initial conditions are also satisfied as well (exercise).

For systems, the integrating factor method only works if P does not depend on ¢, that is, P is constant. The problem is that in
general
4

= [efP(t)dt] 7& P(t)efp(t)dt,

because matrix multiplication is not commutative.
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Eigenvector Decomposition

For the next method, we note that eigenvectors of a matrix give the directions in which the matrix acts like a scalar. If we solve our
system along these directions these solutions would be simpler as we can treat the matrix as a scalar. We can put those solutions
together to get the general solution.

Take the equation

#(t) = AZ(t)+ f (t) (3.9.6)
Assume that A has n linearly independent eigenvectors Z1, . . . , Z,. Let us write
- — — —

Z(t) =vi&i(t) +tv2lot + - +va&n(t) (3.9.7)

That is, we wish to write our solution as a linear combination of eigenvectors of A. If we can solve for the scalar functions
&1 through &, we have our solution Z. Let us decompose f in terms of the eigenvectors as well. We wish to write

£ (&) = v1g1(t) + vs gt + -+ vnga(t) (3.9.8)
That is, we wish to find g; through g, that satisfy (3.9.8). We note that since all the eigenvectors are independent, the matrix
E= [ 71 g . ?n ] is invertible. We see that (3.9.8) can be written as f = Eg, where the components of gare the functions
g1 through g,,. Then g = E~! f . Hence it is always possible to find g when there are n linearly independent eigenvectors.
We plug (3.9.7)into (3.9.6), and note that A%y, = Ay .

7 A% f
018 +U2bh+- -+ 06 = A(Vi€ + 028+ -+ ) + V1g1 V2924 +Ungn
— — — — = —
= Avi€ + Avply ++ -+ Avgby + 0191+ 0302 T+ 000 (3.9.9)

— — — — — —
=v1 A1 Fv2 Ao+ - H v A& H V191 H V292 - +HUnGn
— — —
="l ()‘151 +91) + V2 ()‘252 +g2) +F U, ()‘ngn +gn) .
If we identify the coefficients of the vectors v; through v,, we get the equations
& =M +g1,

D= Xobs +go,
52. 262+ 92 (3.9.10)

61’1 = )\nfn +gn.
Each one of these equations is independent of the others. They are all linear first order equations and can easily be solved by the
standard integrating factor method for single equations. That is, for example for the k" equation we write

&L (t) — M&r(t) = gr(2).

We use the integrating factor e *** to find that

Now we integrate and solve for £, to get
E(t) =Mt /e’A’Ctgk (t)dt + CreMt.

If we are looking for just any particular solution, we can set C}, to be zero. If we leave these constants in, we get the general solution.
Write Z(t) = 91 &1 (¢) +U2&2(t) +- - - + U0 (t) , and we are done.

Again, as always, it is perhaps better to write these integrals as definite integrals. Suppose that we have an initial condition
Z2(0) = b. We take ¢ = E~'b and note b = Hal 4o —HTZan , just like before. Then if we write

t
ult) =M [ g +ae,
0
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we will actually get the particular solution Z(¢) = 91£; +Za€a +- - - + 9, satisfying Z(0) = b, because & (0) =a.

Let us remark that the technique we just outlined is the eigenvalue method applied to nonhomogeneous systems. If a system is

homogeneous, that is, if f = 0, then the equations we get are §; = A&, and so & = CreMt are the solutions and that’s precisely
what we got in Section 3.4.

v/ Example 3.9.2

13 - . 2¢! i
LetAz[3 1].Solve:_i':AE+f wheref(t)z[%] forfé(O)zliﬁ].

16
. o 1 1 . . I
The eigenvalues of A are —2 and 4 and corresponding eigenvectors are and respectively. This calculation is left as

an exercise. We write down the matrix E of the eigenvectors and compute its inverse (using the inverse formula for 2 x 2

matrices)
1 1 11 -1
E = E_l = = .
211 1
We are looking for a solution of the form # [ ] &+ [ } . We also wish to write f in terms of the eigenvectors. That
: . - 1
is we wish to write f = [ ] [ ] [1] . Thus

P PR S [ R bl

3
We further want to write Z(0) in terms of the eigenvectors. That is, we wish to write Z(0) = l 16 ] = [ 11] a + [1] a

3
-+ (3]
a2 T 16

Soa; = % and ay = I—é . We plug our Z into the equation and get that

Sogi =e' —t andgy =€t +t.

16
Hence

—_

& Az i

B R e L R R EH coamy

[ e+ [Hae+[ 1] @0+ [t ]ero

g =26+ —t, where & (0) = a; =

We get the two equations

1
Z7
/ t -1

& =48 +e' +t, Where§2(0)=a2=1—6.
We solve with integrating factor. Computation of the integral is left as an exercise to the student. Note that we will need
integration by parts.

(3.9.12)

A |
& :e‘2t/e2t (et—t) dt +Cre 2t = %—5 +Z+01€_2t

() is the constant of integration. As &;(0) = i, then i iy % +C; and hence C; = —-. Similarly

w
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B 1
& =¢e* /e_4t (et —I—t) dt + Chet = —% — i — 1_6 +Chet.

As &(0) = % we have that I—é = %1 - % +C5 and hence Cy = % . The solution is

1] [e—e? 1-2t\ [1][e—e 4at+1 o R L
$(t):|:_1:|( 3 ol 4 >+|:1:|( 3 - 16 ): e—2t+e4t+2€t+ﬁ
3

16

e 2 tett+2¢t 4t-5

. At 2t .
That is, z; = £—=¢—  3=12¢ 3 —

3 16

and z9 =

? Exercise 3.9.1

Check that 2 and x5 solve the problem. Check both that they satisfy the differential equation and that they satisfy the initial
conditions.

Undetermined Coefficients

We also have the method of undetermined coefficients for systems. The only difference here is that we will have to take unknown
vectors rather than just numbers. Same caveats apply to undetermined coefficients for systems as for single equations. This method
does not always work. Furthermore if the right hand side is complicated, we will have to solve for lots of variables. Each element of
an unknown vector is an unknown number. So in system of 3 equations if we have say 4 unknown vectors (this would not be
uncommon), then we already have 12 unknown numbers that we need to solve for. The method can turn into a lot of tedious work.
As this method is essentially the same as it is for single equations, let us just do an example.

v/ Example 3.9.3

-1

0 . . 5 5 t
Let A = [ 1] . Find a particular solution of Z' = AZ+ f where f = [i ] .

Note that we can solve this system in an easier way (can you see how?), but for the purposes of the example, let us use the
eigenvalue method plus undetermined coefficients.

1 0
The eigenvalues of A are —1 and 1 and corresponding eigenvectors are [1] and [1] respectively. Hence our complementary

. 1] 0] .,
T = e+« e,
1[1] 2[1]

solution is

for some arbitrary constants o; and aa.

We would want to guess a particular solution of

Z =de' + bt +¢.
However, something of the form ae’ appears in the complementary solution. Because we do not yet know if the vector @ is a
multiple of [(1)] , we do not know if a conflict arises. It is possible that there is no conflict, but to be safe we should also try

btet. Here we find the crux of the difference for systems. We try both terms ae’ and bte! in the solution, not just the term btet.
Therefore, we try

Z—ge +bte' +&t+d.

= > b o > |d =
Thus we have 8 unknowns. We write @ = [al] ,b= [ 1] NCE [Cl} , andd = [ dl] . We plug z into the equation. First
Qas C2 2

let us compute Z .

! > 7

T =(a+b)e bt +¢=
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Now Z' must equal AZ + f , which is

AZ+f = AGet + Abte! + Act+Ad + f

S
—2a; +as

e e R A
—2B; + b —261 + —2d;+d, 0 17 (3.9.13)
:[ —atl ]et—f—[ b }tet—i—[ A ]t—l—[ ~ ]

—2a;1 +ay —2b1 + by —2c1+c+1 —2dy +ds

We identify the coefficients of ef, te?, ¢ and any constant vectors in Z and in AZ + f to find the equations:

a1 +b; =—a;+1, 0=—c,
az +by = —2a; +az, 0 =-2c;+c2+1,
3.9.14
by = —by, ¢ = —dy, ( )
by = —2b; + by, co = —2dy +ds.

We could write the 8 X 9 augmented matrix and start row reduction, but it is easier to just solve the equations in an ad hoc
manner. Immediately we see that by =0,c; =0,d; =0. Plugging these back in, we get that ¢ = —1 and dy = —1. The
remaining equations that tell us something are

a3 =—a;+1,

(3.9.15)
as —|—b2 = —2a1 “+as.

Soa; = % and by = —1. Finally, ay can be arbitrary and still satisfy the equations. We are looking for just a single solution so
presumably the simplest one is when as = 0. Therefore,

1 1 ¢
> o > = - = 0 0 0 1
st ana- (o[ e[S 4] [

0 -1 -1 -1 |

That is, 1 = %et, xo = —te! —t —1 . We would add this to the complementary solution to get the general solution of the

problem. Notice also that both e’ and btet were really needed.

? Exercise 3.9.2

Check that z; and z2 solve the problem. Also try setting as = 1 and again check these solutions. What is the difference between
the two solutions we obtained (one with as = 0 and one with a; =1)?

As you can see, other than the handling of conflicts, undetermined coefficients works exactly the same as it did for single equations.
However, the computations can get out of hand pretty quickly for systems. The equation we had done was very simple.

First Order Variable Coefficient

Variation of Parameters

Just as for a single equation, there is the method of variation of parameters. In fact for constant coefficient systems, this is essentially
the same thing as the integrating factor method we discussed earlier. However, this method will work for any linear system, even if it
is not constant coefficient, provided we can somehow solve the associated homogeneous problem.

Suppose we have the equation
=AMz +f(t). (3.9.16)

Further, suppose we have solved the associated homogeneous equation Z' = A(t)Z and found the fundamental matrix solution
X(t). The general solution to the associated homogeneous equation is X (¢)¢ for a constant vector é. Just like for variation of
parameters for single equation we try the solution to the nonhomogeneous equation of the form

zp = X(t)u(t),

where 1(t) is a vector valued function instead of a constant. Now we substitute into (3.9.16) to obtain

https://math.libretexts.org/@go/page/32200
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—

Zy (t) = X'(t)a(t) + X () u'(t) = A(t) X(8) d(t) + f (0).

@' (¢) A()Zp(t)

But X(t) is a fundamental matrix solution to the homogeneous problem. So X'(t) = A(¢)X(t), and

X' (t)sikeyr + X(t X' (t) ey + £ (¢
Hence X (¢ ( ) (t) = (t) . If we compute [X(¢)], then @' (t) = [X(¢)] f (t) . We integrate to obtain 4 and we have the particular
solution Z, = X (¢)u(t) . Let us write this as a formula

= X(0) [ X)) F O

Note that if A is constant and we let X (£) = ™ , then [X(¢)] > = e 4 and hence we get a solution Z, = 4 [ A  (t)dt , which
is precisely what we got using the integrating factor method.

v/ Example 3.9.4

Find a particular solution to

o 1 [t —11. [t],.
= t?41). 3.9.17
* t2+1[1 t}w—‘_[l]( +1) ( )

t -1 t -1
Here A = ﬁ [1 ; ] is most definitely not constant. Perhaps by a lucky guess, we find that X = [1 ; ] solves

X'(t) = A(t)X(t) . Once we know the complementary solution we can easily find a solution to (3.9.17). First we find

X = tzj—l [—115 i]

Next we know a particular solution to (3.9.17)is

%—mexm LF (1)t
1

[ lt

L

][t](tz—i—l)dt

iz !
B —t
1 t2+1 (3.9.18)

1 -t
|t 1t3+t

B 144
_ Et
T 243

| 2t% 4t

Adding the complementary solution we have that the general solution to (3.9.17).

. 1 —t ¢y %t‘i cy —cot + %t‘l
= 1 + 2,43 - 2.3
3 2 sttt e t(a+1)t+5t°+
? Exercise 3.9.3:
Check that z; = t* and z, = 2> +¢ really solve (3.9.17).

In the variation of parameters, just like in the integrating factor method we can obtain the general solution by adding in constants of
integration. That is, we will add X (¢)¢ for a vector of arbitrary constants. But that is precisely the complementary solution.
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Second Order Constant Coefficients

Undetermined Coefficients

We have already seen a simple example of the method of undetermined coefficients for second order systems in Section 3.6. This
method is essentially the same as undetermined coefficients for first order systems. There are some simplifications that we can make,
as we did in Section 3.6. Let the equation be

7= i+ (1),
where A is a constant matrix. If F(¢) is of the form Fy cos(wt), then as two derivatives of cosine is again cosine we can try a
solution of the form

%, = ¢ cos(wt),
and we do not need to introduce sines.

If the F is a sum of cosines, note that we still have the superposition principle. If ﬁ(t) = Fy cos(wot) +Fy cos(wst) , then we

-,

would try Gcos(wot) for the problem #' = A%+ Fgcos(wot), and we would try bcos(wit) for the problem

Z" = AZ 4 F cos(wit) . Then we sum the solutions.

However, if there is duplication with the complementary solution, or the equation is of the form " = A%’ + BZ + F(t) , then we
need to do the same thing as we do for first order systems.

You will never go wrong with putting in more terms than needed into your guess. You will find that the extra coefficients will turn
out to be zero. But it is useful to save some time and effort.

Eigenvector Decomposition

If we have the system
' = AZ+F(t,)
we can do eigenvector decomposition, just like for first order systems.
Let A1, ..., A, be the eigenvalues and vy, . . . , U, be eigenvectors. Again form the matrix E = [v; - - - ¥,,] . We write
Z(t) = 1€ (t) +V2&a(t) + - - - +Unbn(t)-
We decompose F in terms of the eigenvectors
F () =B191(8) + 292 (t) + - +ngn(t)
And again g = E'F.

Now we plug in and doing the same thing as before we obtain

z" AZ f
1€ + 02y +- - V&l = A(D1&1 +02ba + - Un&n) + V191 +02g2 + - +Tngn
= Av1&1 + Aoy + - - - AUp&y +U191 +02g2 + - +Ungn (3.9.19)

=01 A& + 02X+ Up A + V191 + 0292+ - - +Un g
=01( A& +91) +Ua(Aeba +g2) ++ - +Un(Anén +n)-

We identify the coefficients of the eigenvectors to get the equations

L =XM&+g1,

y = A& +go,
’ (3.9.20)

7= Mén +gn.

Each one of these equations is independent of the others. We solve each equation using the methods of Chapter 2. We write
Z(t) =v1&(E) + - - +U,&,(t) , and we are done; we have a particular solution. If we have found the general solution for &;
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through &, then again Z(t) = v1£1(t) +- - - + V&, (¢) is the general solution (and not just a particular solution).

v/ Example 3.9.5

Let us do the example from Section 3.6 using this method. The equation is

5 -3 1| 0

' = [ 5 _2] z+ [2] cos(3t).
. . 1 1 1 4 |11

The eigenvalues were —1 and —4, with eigenvectors 9 and e Therefore E = 5 1 and £~ = 5 9 1l

Therefore,
R 171 1 <cos(3t
o]-s 02t 4] - [152)]
9 312 —1] [2cos(3t) —-cos(3t)
So after the whole song and dance of plugging in, the equations we get are
1" 2 " 2
==&+ gcos(3t), g =—4& — Ecos(3t).
For each equation we use the method of undetermined coefficients. We try C; cos(3t) for the first equation and C cos(3t) for
the second equation. We plug in to get
2
—9C cos(3t) = —C} cos(3t) + gcos(3t),
9 (3.9.21)
—9C5 cos(3t) = —4C4 cos(3t) — gcos(?)t).
We solve each of these equations separately. We get —9C; = —C} +§ and —9Cy = —4Cy — % . And hence C; = I—; and

Cy = % . So our particular solution is
= 1 _]- 1 2 o 20
z= [2] ( = cos(3t)) + [_1] (15cos(3t)) = lrg] cos(3t).

This solution matches what we got previously in Section 3.6.

This page titled 3.9: Nonhomogeneous systems is shared under a not declared license and was authored, remixed, and/or curated by Jiri Lebl.

o 3.9: Nonhomogeneous systems by Jifi Lebl is licensed CC BY-SA 4.0. Original source: https://www.jirka.org/diffyqs.
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3.E: Systems of ODEs (Exercises)

These are homework exercises to accompany Libl's "Differential Equations for Engineering" Textmap. This is a textbook targeted for a one
semester first course on differential equations, aimed at engineering students. Prerequisite for the course is the basic calculus sequence.

3.1 Introduction to Systems of ODEs

? Exercise 3.E.3.1.1

Find the general solution of 2} =z — 1 +¢, 2, =2 .

? Exercise 3.E.3.1.2

Find the general solution of | = 3z1 —zs + €', 2, =z .

? Exercise 3.E.3.1.3

Write ay” + by’ +cy = f(z) as a first order system of ODEs.

? Exercise 3.E.3.1.4

Write 2/ +y2y' — 23 =sin(t),y” + (¢’ +y') > —2 =0 as a first order system of ODEs.

? Exercise 3.E.3.1.5

Suppose two masses on carts on frictionless surface are at displacements x; and x5 as in Example 3.1.3. Suppose that a rocket applies
force F' in the positive direction on cart ;. Set up the system of equations.

v Example 3.E.3.1.6

Suppose the tanks are as in Example 3.1.2, starting both at volume V, but now the rate of flow from tank 1 to tank 2 is 71, and rate of
flow from tank 2 to tank one is r2. Notice that the volumes are now not constant. Set up the system of equations.

? Exercise 3.E.3.1.7

Find the general solution to y; = 3y1, ¥, =v1 +¥2,¥5 =1 +¥y3 .

Answer

y = C1e% gy = y(z) = Che® + %631 Y3 =y(x) =Cse” + %631

? Exercise 3.E.3.1.8

Solve y' =2z,z' =z +y,z(0) =1,y(0) =3.

? Exercise 3.E.3.1.9

Write 2’/ =z +t as a first order system.

Answer

Ty =T2,Th =23,Th =T +1
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? Exercise 3.E.3.1.10

Write yi +y1 +y2 =tyy +y1 —y» =t>  as a first order system.

Answer

Yityitye =t Yty —v =t Y =y, Y=

? Exercise 3.E.3.1.11

Suppose two masses on carts on frictionless surface are at displacements z; and x5 as in Example 3.1.3. Suppose initial displacement is
x1(0) = 22(0) =0, and initial velocity is ) (0) = 4 (0) = a for some number a. Use your intuition to solve the system, explain your
reasoning.

Answer

1 = x2 = at . Explanation of the intuition is left to reader.

? Exercise 3.E.3.1.12

Suppose the tanks are as in Example 3.1.2 except that clean water flows in at the rate s liters per second into tank 1, and brine flows out
of tank 2 and into the sewer also at the rate of s liters per second.

a. Draw the picture.
b. Set up the system of equations.
c. Intuitively, what happens as ¢ goes to infinity, explain.

Answer

a. Left to reader

r _ R S Y
V(x2 z1) STy =T — T2

c¢. As t goes to infinity, both ; and x5 go to zero, explanation is left to reader.

A
b. z} =

3.2: Matrices and linear systems

? Exercise 3.E.3.2.1

1 2] 5 . S
Solve [ ] T = [ ] by using matrix inverse.
3 4 6

? Exercise 3.E.3.2.2

9 -2 —6
Compute determinant of | —8 3 6
10 -2 -6
? Exercise 3.E.3.2.3
1 2 3 1
. 4 0 5 0 . . .
Compute determinant of 60 7 ol Hint: Expand along the proper row or column to make the calculations simpler.
8§ 0 10 1

? Exercise 3.E.3.2.

=~

1 2
Compute inverseof |1 1
01

(=
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? Exercise 3.E.3.2.5

1 2 3
Forwhichhis | 4 5 6 | notinvertible? Is there only one such h? Are there several? Infinitely many?
7 8 h
? Exercise 3.E.3.2.6
h 1 1
Forwhichhis | 0 h 0 | notinvertible? Find all such h.
1 1 h

? Exercise 3.E.3.2.7

9 -2 -6 1
Solve | -8 3 6 |2=]2
10 -2 -6 3

? Exercise 3.E.3.2.8

5 3 7 2
Solve |8 4 4|Z=1|0
6 3 3 0

? Exercise 3.E.3.2.9

32 3 0 2
Solve 3333 z= 0
0 2 4 2 4
2 3 4 3 1

? Exercise 3.E.3.2.10

Find 3 nonzero 2 x 2 matrices A, B, and C such that AB= AC but B#C.

? Exercise 3.F.3.2.11

1 1 1
Compute determinantof |2 3 —5
1 -1 0
Answer
—15

? Exercise 3.E.3.2.12

1

Find ¢ such that [ 1

] is not invertible.

N o

Answer

—2
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? Exercise 3.E.3.2.12

Solve [1 g ]i:':[
1 -1

Answer
. [ 15}
xTr=
-5

? Exercise 3.E.3.2.12

[

o)

0
Suppose a, b, ¢ are nonzero numbers. Let M = [g b] ,N =

oS O @
o o O
o O O

a. Compute M1,
b. Compute N !,

Answer
_%0]

1
: 1
0
100
1
2. 10 5 0
[0 0 ¢

3.3: Linear systems of ODEs

? Exercise 3.E.3.3.1

Write the system ] = 2z —3tzy +sint and 2, = et £1 —3xy +cost in the form ' = Pt)z+ f(t) .

? Exercise 3.E.3.3.2

= 1 3| 1 1
a. Verify that the system ' = {3 1] Z has the two solutions [1} e** and { 1] e 2t

b. Write down the general solution.
c. Write down the general solution in the form zy =7,25 =7 (i.e. write down a formula for each element of the solution).

? Exercise 3.E.3.3.3

1

1
Verify that el and
1 -1

—

] €' are linearly independent. Hint: Just plug int = 0.

? Exercise 3.F.3.3.4

1 1 1
Verify that | 1| e’ and | —1 | €’ and | —1 | e? are linearly independent. Hint: You must be a bit more tricky than in the previous
0 1 1

exercise.

? Exercise 3.E.3.3.5

w

Verify that[ ¢ ] and [t

2 : ] are linearly independent.

'S
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? Exercise 3.E.3.3.6

Take the system z} + 2, =z , 2] — ) =3 .

a. Write it in the form AZ' = BZ for matrices A and B.
b. Compute A~! and use that to write the system in the form 2’ = Pz .

? Exercise 3.E.3.3.7

t
Are [e ] and [:u] linearly independent? Justify.

Answer

Yes.

? Exercise 3.E.3.3.8

h(t : -t
. [cosl( )} i [61 ] and [61 ]hnearly independent? Justify.

Answer

No. 2 [ cosh(f)1] — [et} _ [e_t] —0

? Exercise 3.E.3.3.9

Write 2’ =3z —y +e' and ¢’ =tz in matrix notation.

? Exercise 3.E.3.3.10

a. Write x| = 2t z3 and , = 2t x5 in matrix notation.
b. Solve and write the solution in matrix notation.Add exercises text here.

Answer
- {0 2t] -
ax = a
0 2t
o Cz€t2 +C
b.x= )
C2et

3.4: Eigenvalue Method

? Exercise 3.E. 3.4.1: (easy)

1
Let A be a 3 x 3 matrix with an eigenvalue of 3 and a corresponding eigenvector v = | —1 | . Find Av.
3

? Exercise 3.E.3.4.2

a. Find the general solution of z} = 2z, 2, = 3z using the eigenvalue method (first write the system in the form ¥ =Az).
b. Solve the system by solving each equation separately and verify you get the same general solution.
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? Exercise 3.E.3.4.3

Find the general solution of &} = 31 + 2, z, = 2z, +4x, using the eigenvalue method.
? Exercise 3.E.3.4.4
Find the general solution of z} =z; —2z,, ) = 2z12, using the eigenvalue method. Do not use complex exponentials in your
solution.
? Exercise 3.E.3.4.5
9 -2 —6
a. Compute eigenvalues and eigenvectorsof A= | —8 3 6
10 -2 —6
b. Find the general solution of ' = AZ .
? Exercise 3.E.3.4.6
-2 -1 -1
Compute eigenvalues and eigenvectors of | 3 2 1
-3 -1
? Exercise 3.E.3.4.7
a b c
Let a, b, c,d, e, f be numbers. Find the eigenvaluesof |0 d e
0 0 f
? Exercise 3.E.3.4.8
1
a. Compute eigenvalues and eigenvectorsof A= [ —1 0
2
b. Solve the system Z = AZ.
Answer
1 3
a. Eigenvalues: 4, 0, —1Eigenvectors: [0 |, |1]|, | 5
1 -2
1 0 3
b.Z2=Ci|0|e"+Co |1]|+Cs| 5
1 0 -2
? Exercise 3.E.3.4.9
. . 1 1
a. Compute eigenvalues and eigenvectors of A = 1ol
b. Solve the system &’ = Az .
Answer
a. Eigenvalues: EAVEL Eigenvectors: [ —2 ] [ —2 ]
22 13 ] [1+4/36
y —2cos(@> y —2sin(g)
b. 5=Clet 2 - - —|—Oget 2 _ _
cos(%) —l—\/gsin(%) sin(%) —ﬁcos(%)
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? Exercise 3.E.3.4.10

Solve z{ = x5, z}, = x; using the eigenvalue method.

1
|
=il

Answer

z=C; [i:| el +Cy

—

? Exercise 3.E.3.4.11

Solve i = 3, ), = —x; using the eigenvalue method.
Answer
i-C [ co.s(t) } ‘O [sin(t)]
—sin(t) cos(t)

3.5: Two dimensional systems and their vector fields

? Exercise 3.E.3.5.1

Take the equation mz" +cz’ +kx =0 , withm > 0,¢ >0,k > 0 for the mass-spring system.

a. Convert this to a system of first order equations.
b. Classify for what m, ¢, k do you get which behavior.
c. Can you explain from physical intuition why you do not get all the different kinds of behavior here?

? Exercise 3.E.3.5.2

11
Can you find what happens in the case when P = [0 1] ? In this case the eigenvalue is repeated and there is only one eigenvector.

What picture does this look like?

? Exercise 3.E.3.5.3

Can you find what happens in the case when P = { i i] ? Does this look like any of the pictures we have drawn?

? Exercise 3.E.3.5.4

0
Which behaviors are possible if P is diagonal, that is P = {g b] ? You can assume that @ and b are not zero.

? Exercise 3.E.3.5.5

Take the system from Example 3.1.2, z} = %(mz —z1), Th = %(wl —z2) . As we said, one of the eigenvalues is zero. What is the

other eigenvalue, how does the picture look like and what happens when ¢ goes to infinity.

? Exercise 3.E.3.5.6

Describe the behavior of the following systems without solving:

ar =z+y, Yy =z—y
b.zf =z +x3, =z, =2z
c ) =2z, xzh=2x

!

dz'=z+3y, 3y =-2z—-4y
er =z—4y, y =—-4dz+y

Answer
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a. Two eigenvalues: £+/2 so the behavior is a saddle.

b. Two eigenvalues: 1 and 2, so the behavior is a source.

c. Two eigenvalues: £21, so the behavior is a center (ellipses).
d. Two eigenvalues: —1 and —2, so the behavior is a sink.

e. Two eigenvalues: 5 and —3, so the behavior is a saddle.

? Exercise 3.E.3.5.7

Suppose that = AZ where A is a 2 x 2 matrix with eigenvalues 2 47 . Describe the behavior.

Answer

Spiral source.

? Exercise 3.E.3.5.8

!

1

Take [m} = [g 0] [m} . Draw the vector field and describe the behavior. Is it one of the behaviours that we have seen before?
Y Y

Answer

..........

The solution does not move anywhere if y =0. When y is positive, the solution moves (with constant speed) in the positive z
direction. When y is negative, the solution moves (with constant speed) in the negative = direction. It is not one of the behaviors we
saw. Note that the matrix has a double eigenvalue 0 and the general solution is x = C1t +C5 and y = C;, which agrees with the
description

3.6: Second order systems and applications

? Exercise 3.E.3.6.1

Find a particular solution to

] Z+ B] cos(2t). (3.E.1)

? Exercise 3.E. 3.6.2: challenging

Let us take the example in Figure 3.6.3 with the same parameters as before: m; =2,k; =4, and ky = 2, except for ms, which is
unknown. Suppose that there is a force cos(5¢) acting on the first mass. Find an m, such that there exists a particular solution where the
first mass does not move.

This idea is called dynamic damping. In practice there will be a small amount of damping and so any transient solution will
disappear and after long enough time, the first mass will always come to a stop.

v/ Example 3.E.3.6.3

Let us take the Example 3.6.2, but that at time of impact, cart 2 is moving to the left at the speed of 3 .

a. Find the behavior of the system after linkup.
b. Will the second car hit the wall, or will it be moving away from the wall as time goes on?
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I c. At what speed would the first car have to be traveling for the system to essentially stay in place after linkup?

? Exercise 3.F.3.6.4

Let us take the example in Figure 3.6.2 with parameters m; =msy =1,k; = ko =1 . Does there exist a set of initial conditions for
which the first cart moves but the second cart does not? If so, find those conditions. If not, argue why not.

? Exercise 3.E.3.6.5

Find the general solution to

100 -3 0 O cos(2t)
02 0|2'=2 -4 o|z+| 0o |. (3.E.2)
0 0 3 0 6 -3 0
Answer
1 0 0 =il
Z=|—1] (acos(v/3t)+bysin(v3t)) + | 1 | (azcos(v/2t)+bysin(v2t)) + | 0| (ascos(t)+bssin(t)) + | 1/2 | cos(2t)
1 2 1 2/3

? Exercise 3.E.3.6.6

Suppose there are three carts of equal mass m and connected by two springs of constant k (and no connections to walls). Set up the
system and find its general solution.

Answer
m 0 0 —k k 0
0 m o|z'=|k —2& k|Z.
0 0 m 0 k —k
Solution:
1 1 1
Z= | -2 | (a1 cos(y/3k/mt)+bysin(,/3k/mt)) + | 0 | (azcos(y/k/mt)+bysin(y/k/mt))+ | 1| (ast+bs)
1 -1 1

? Exercise 3.E.3.6.7

Suppose a cart of mass 2 kg is attached by a spring of constant k£ =1 to a cart of mass 3 kg, which is attached to the wall by a spring
also of constant k = 1. Suppose that the initial position of the first cart is 1 meter in the positive direction from the rest position, and the
second mass starts at the rest position. The masses are not moving and are let go. Find the position of the second mass as a function of
time.

Answer
Ty = (%) cos(\/%t) — (%) cos(t)

3.7: Multiple Eigenvalues

? Exercise 3.E.3.7.1

Let A= E _i’ } . Find the general solution of ' = A% .
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5 —4 4
LetA=| 0 3 0
-2 4 -1

a. What are the eigenvalues?
b. What is/are the defect(s) of the eigenvalue(s)?
c. Find the general solution of Z' = AZ .

? Exercise 3.E.3.7.3

2 10
LetA=(0 2 0
0 0 2
a. What are the eigenvalues?
b. What is/are the defect(s) of the eigenvalue(s)?
c. Find the general solution of 7' = AZ in two different ways and verify you get the same answer.

? Exercise 3.E.3.7.4

0 1 2
LeteA=| -1 —2 -—-2
-4 4 7

a. What are the eigenvalues?
b. What is/are the defect(s) of the eigenvalue(s)?
c. Find the general solution of Z' = AZ .

? Exercise 3.E.3.7.5

0 4 -2
LetA=|-1 —4 1
0 0 -2

a. What are the eigenvalues?
b. What is/are the defect(s) of the eigenvalue(s)?
c. Find the general solution of #' = AZ .

? Exercise 3.E.3.7.6

2 1 -1
Let | -1 O 2
-1 -2 4

a. What are the eigenvalues?
b. What is/are the defect(s) of the eigenvalue(s)?
c. Find the general solution of Z' = AZ .

? Exercise 3.E.3.7.7

Suppose that A is a 2 x 2 matrix with a repeated eigenvalue A. Suppose that there are two linearly independent eigenvectors. Show that
A=)I.

? Exercise 3.E.3.7.8

1 11
LetA=|1 1 1
1 11

https://math.libretexts.org/@go/page/32201


https://libretexts.org/
https://math.libretexts.org/@go/page/32201?pdf

LibreTexts"

a. What are the eigenvalues?
b. What is/are the defect(s) of the eigenvalue(s)?
c. Find the general solution of Z' = AZ .

Answer
a.3,0,0
b. No defects.
1 1 0
cz=C |1 e3t+02 0 |+Cs5] 1
1 -1 -1

? Exercise 3.E.3.7.9

1 3 3
LetA={(1 1 0
-1 1 2

a. What are the eigenvalues?
b. What is/are the defect(s) of the eigenvalue(s)?
c. Find the general solution of #' = AZ.

Answer
al, 1,2
b. Eigenvalue 1 has a defect of 1
0 1 0 3
cz=C | 1 [e+Co||0]|+t] 1 et+Cs | 3 |e*
-1 0 -1 -2

? Exercise 3.E.3.7.10

2 0 0
LetA=|-1 -1 9
0 -1 5

a. What are the eigenvalues?
b. What is/are the defect(s) of the eigenvalue(s)?
c. Find the general solution of Z' = AZ .

Answer
a.2,2,2
b. Eigenvalue 2 has a defect of 2
0 0 0 1 0 0
ci=C|3|+C | |-1|+t|3]|e+Cs||of+e|-1|+L]3]]e*
1 0 1 0 0 1

? Exercise 3.E.3.7.11

Let A= {: ﬂ , where a, b, and ¢ are unknowns. Suppose that 5 is a doubled eigenvalue of defect 1, and suppose that Ll)] is the
eigenvector. Find A and show that there is only one solution.
Answer

=[5 3
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3.8: Matrix Exponentials

? Exercise 3.E.3.8.1

Using the matrix exponential, find a fundamental matrix solution for the system , 2’ =3z +y,y' =z + 3y .

? Exercise 3.E.3.8.2

2
Find e*4 for the matrix A = [ 3] .

0 2
? Exercise 3.E.3.8.3

Find a fundamental matrix solution for the system , m’l ="Tx1 +4xzs + 1223, a:’2 =1 + 229 + 23, :vg =—-3x1 —2x9 —5x3 .Then
0
find the solution that satisfies = | 1
-2

? Exercise 3.E. 3.8.4

1 2
Compute the matrix exponential e? for A = [0 2} .

? Exercise 3.E. 3.8.5: (challenging)

+B A_B

Suppose AB = BA . Show that under this assumption, eAt? = e4ef .

? Exercise 3.E.3.8.6

Use Exercise 3.E. 3.8.5to0 show that (e4) ™! = e~ In particular this means that e is invertible even if A is not.

? Exercise 3.E.3.8.7

Suppose A is a matrix with eigenvalues —1, 1, and corresponding eigenvectors [ i] s [(1)] .

a. Find matrix A with these properties.
b. Find the fundamental matrix solution to Z = AZ .

o 2
c. Solve the system in with initial conditions Z(0) = [3] .

? Exercise 3.E.3.8.8

Suppose that A is an n X n matrix with a repeated eigenvalue A of multiplicity n. Suppose that there are n linearly independent
eigenvectors. Show that the matrix is diagonal, in particular A = AI. Hint: Use diagonalization and the fact that the identity matrix
commutes with every other matrix.

? Exercise 3.E.3.8.9
Let A = {_1 _1} .
1 -3
a. Find e*4,

- o o 1
b.Solvewlew,a:(O):{ 2].
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? Exercise 3.F.3.8.11

o o
a.
:0 9:
b, 5 2
:4 7:
0 1
C.
[0 0]
SO
d.
[0 2]

? Exercise 3.E.3.8.12

Compute e*4 where A = [ 1

—2
Answer
e3t+eft e —e
tA 2 2

== e—t—_glt e3tpet
2 2

? Exercise 3.E.3.8.13
1

Compute e*4 where A= | —2
-1

Answer

23t — 4e% + 3¢t
et = 2¢e! — 2%

23t —5e? + 3¢t

? Exercise 3.E.3.8.14

Answer

n3=[ e

a. Compute e where A = [3

Let A= E i] . Approximate et4 by expanding the power series up to the third order.

For any positive integer n, find a formula (or a recipe) for A™ for the following matrices:

7]

-3 2
1 2
-3 4
32it = %3! —e3t +4e% — 3¢t
et 2% — 2¢t
‘o’zit = 3%“ —et 4 5% — 3¢t

it

= = = 1
b. Solve 7' = AZ for Z(0) = [2} .

o ot — [(t—i—l)e” —te? ]
te2t (1—¢t)e?t
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? Exercise 3.E.3.8.15

Compute the first 3 terms (up to the second degree) of the Taylor expansion of ¢4 where A = [2 g} (Write as a single matrix). Then

use it to approximate €4,
Answer

[1+2t+5t2 3t + 6t ]eo.mN[

1.25 0.36]
2t +4¢2 1+ 2t +5¢2

0.24 1.25

? Exercise 3.E.3.8.16

For any positive integer n, find a formula (or a recipe) for A™ for the following matrices:

e
a.

-5 -2
b'[—?) 4]
-6 -7
2 ol

C
1 0
Answer

5(3n) _ 2n+2 4(3n) _ 2n+2
[5(2")—5(3”) 5(2")—4(3")]
3-2(3") 2(3%)—2

‘|:3_3n+1 3n+1_2:|

C Lo if n is even, and 01 if n is odd.
01 1 0

3.9: Nonhomogeneous Systems

? Exercise 3.E.3.9.1

Find a particular solution to ' =z +2y +2t, y' =3z +2y—4 ,

a. using integrating factor method,
b. using eigenvector decomposition,
c. using undetermined coefficients.

? Exercise 3.E.3.9.2

Find the general solution to ' =4z +y—1, ¢ =z +4y —é' ,

a. using integrating factor method,
b. using eigenvector decomposition,
c. using undetermined coefficients.

? Exercise 3.E.3.9.3
' = —6x1 +3x9 +cos(t), = =2z —Tzy+3cos(t) ,

Find the general solution to =} =

a. using eigenvector decomposition,
b. using undetermined coefficients.

? Exercise 3.F.3.9.4

Find the general solution to =/ = —6x; + 3z +cos(2t), z§ =2z, — Ty +cos(2t) ,

a. using eigenvector decomposition,
b. using undetermined coefficients.
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? Exercise 3.E.3.9.5

Take the equation

4 [ t ] . (3.E3)

a. Check that

= tsint tcost
T.=cC +c 3.EA4
¢ ' {—tcost} 2[tsint] ( )
is the complementary solution.

b. Use variation of parameters to find a particular solution.

? Exercise 3.E.3.9.6

Find a particular solution to ' =5z +4y+t, y' =« +8y—t ,

a. using integrating factor method,
b. using eigenvector decomposition,
c. using undetermined coefficients.

Answer

54
7
y(t) = Clegt — (:2e4t + % + 316

? Exercise 3.E.3.9.7

Find a particular solution to =’ =y +e€!, y' =z + et ,

The general solution is (particular solutions should agree with one of these): x(¢) =Ce” +4Chett — L 2

a. using integrating factor method,
b. using eigenvector decomposition,
c. using undetermined coefficients.

Answer

The general solution is (particular solutions should agree with one of these): z(t) =Cjet+Coe™ +tet ,
y(t) = Cret —Core ™t +tet

? Exercise 3.E.3.9.8

Solve &} =3 +t,x) =1 +t with initial conditions z;(0) = 1, z2(0) = 2, using eigenvector decomposition.

Answer

? Exercise 3.E.3.9.9

Solve z = —3x1 +xy +t,2) =91 + 52y +cos(t) with initial conditions z;(0) =0,z2(0)=0,2}(0) =0,z,(0) =0, using
eigenvector decomposition.

Answer

= 1 1 1 1 1 _ t  cos(t) 1 -9 . 1 9t cos(t)
T = [9] ((m +—120\/g) eﬁt+(m+120\/6)e \/ﬁ_t_%_ = >+ . (%sm(2t)+%cos(2t)+ﬁ——30 )
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4.10: Dirichlet problem in the circle and the Poisson kernel

Laplace in Polar Coordinates

A more natural setting for the Laplace equation Au = 0 is the circle rather than the square. On the other hand, what makes the
problem somewhat more difficult is that we need polar coordinates.

(r.0)

Figure 4.10.1
Recall that the polar coordinates for the (x, y)-plane are (r, 8):

x=rcosf, y=rsind,

where r >0 and —7 < 6 < 7. So (z, y) is distance r from the origin at angle € from the positive z-axis.

u(1,6) = g(6)

Au=10

radius 1

Figure 4.10.2

Now that we know our coordinates, let us give the problem we wish to solve. We have a circular region of radius 1, and we are
interested in the Dirichlet problem for the Laplace equation for this region. Let u(r, §) denote the temperature at the point (r, 8) in
polar coordinates. We have the problem:

Au =0, forr <1, (4.10.1)
u(1,0) = g(9), form <0 <m. (4.10.2)

The first issue we face is that we do not know what the Laplacian is in polar coordinates. Normally we would find u,, and u, in
terms of the derivatives in r and #. We would need to solve for r and # in terms of z and y. While this is certainly possible, it
happens to be more convenient to work in reverse. Let us instead compute derivatives in r and € in terms of derivatives in z and y
and then solve. The computations are easier this way. First

x, = cosb, L9 = —rsinb,

4.10.
yr =siné, yp = rcosf. (4.10.3)

Next by chain rule we obtain

Up = Uy Xy +UyYr = c0s(0)u, +sin(O)uy,
Upr = COS(0) (Ugg Ty + UgyYr) +8I0(0) (wyr Tr + Uyyyr) (4.10.4)
= cos? (0)uzy + 2 cos(6) sin(B)ugy + sin? () uy,.
Similarly for the 6 derivative. Note that we have to use product rule for the second derivative.
Uy = Uy Ty + UyYs = —7sin(0)u, + 7 cos(f)uy,
ugg = —1cos(0)(uy) — 7 8in(6) (uze To + sy yp) — rsin(6) (uy) +7 cos(8) (uye o + Uyyys) (4.10.5)
= —rcos(f)u, —rsin(f)u, +r° sin’ (), —r>2sin(6) cos(f)ug, +1° cos® (0)uy,.

4.10.1 https://math.libretexts.org/@go/page/32212
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Let us now try to solve for g, +uy,. We start with r%'LLge to get rid of those pesky r2. If we add u,. and use the fact that
cos?(0) +sin®(0) =1 , we get

1 1 1
UG+ Upr = Ugg + Uyy — —cos(0)uy — —sin(f)u,.
T T r

We’re not quite there yet, but all we are lacking is %ur. Adding it we obtain the Laplacian in polar coordinates:

1
—Ugp + —Up + Upp = Ugy +Uyy = Au.
r2 T

Notice that the Laplacian in polar coordinates no longer has constant coefficients.

Series Solution
Let us separate variables as usual. That is let us try u(r, ) = R(r)©(6) . Then

1 1
0=Au= —2R®” +=-RO+R'6.
r 'S

Let us put R on one side and © on the other and conclude that both sides must be constant.

1 1
~RO" = <—R’ +R”) 0.
T T

©" _ rR+r'R’ (4106
- T & M
We get two equations:
" o
©'+16 =0, (4.10.7)

rR'+rR — AR =0.

Let us first focus on ©. We know that u(r, ) ought to be 27-periodic in 0, that is, u(r, §) = u(r, § + 27) . Therefore, the solution
to ©” + O = 0 must be 27-periodic. We have seen such a problem in Example 4.1.5. We conclude that A = n? for a nonnegative
integer n =0, 1,2, 3, .. .. The equation becomes ©” +n2© =0 . When n = 0 the equation is just ©” = 0, so we have the general
solution A6+ B . As O is periodic, A = 0. For convenience let us write this solution as

ag
9y = =2
07"

for some constant ag. For positive 7, the solution to ©" + n?0 =0 is
©,, = a, cos(nb) + b, sin(nb),
for some constants a,, and b,,.
Next, we consider the equation for R,
rR"+rR —n’R=0.

This equation has appeared in exercises before—we solved it in Exercise 2.E.2.1.6 and Exercise 2.E.1.7. The idea is to try a
solution r° and if that does not work out try a solution of the form r° Inr. When n = 0 we obtain

Ry=Ar"+Br’lnr= A+ Blnr,
and if n > 0, we get
R,=Ar"+Br".

The function u(r, #) must be finite at the origin, that is, when r = 0. Therefore, B =0 in both cases. Let us set A =1 in both
cases as well, the constants in ©,, will pick up the slack so we do not lose anything. Therefore let

Ry=1, and R,=1r".

Hence our building block solutions are

4.10.2 https://math.libretexts.org/@go/page/32212
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ag

Ug (T‘, 0) 2 )

Un (7, 0) = a,r" cos(nb) + b, r" sin(nb).

Putting everything together our solution is:
% N~ on n
u(r, 0) = - + ; a,r" cos(n) 4 b,r" sin(nf).
We look at the boundary condition in (4.10.1),
o0
9(0) =u(1,0) = % + Z ay, cos(nh) + by, sin(nh).
n=1

Therefore, the solution (4.10.1)is to expand g(6), which is a 2m-periodic function as a Fourier series, and then the n'® coordinate
is multiplied by 7. In other words, to compute a™ and b™ from the formula we can, as usual, compute

an = 1 / g(0) cos(nf)dd, and b, = 1 / g(0) sin(nb)dé.
m ™ ™ ™
v/ Example 4.10.1
Suppose we wish to solve
Au=0 0<r<l, —-w<0<m
’ = ’ = 4.10.
u(l,0) =cos(106), —m<f<m. (4.10.8)

The solution is
u(r, 0) = r'% cos(100).

See the plot in Figure 4.10.3 The thing to notice in this example is that the effect of a high frequency is mostly felt at the
boundary. In the middle of the disc, the solution is very close to zero. That is because ° rather small when 7 is close to 0.

Figure 4.10.3: The solution of the Dirichlet problem in the disc with cos(108) as boundary data.

v/ Example 4.10.2

Let us solve a more difficult problem. Suppose we have a long rod with circular cross section of radius 1 and we wish to solve
the steady state heat problem. If the rod is long enough we simply need to solve the Laplace equation in two dimensions. Let us
put the center of the rod at the origin and we have exactly the region we are currently studying—a circle of radius 1. For the
boundary conditions, suppose in Cartesian coordinates x and y, the temperature is fixed at 0 when y < 0 and at 2y when
y>0.

We set the problem up. As y = rsin(#), then on the circle of radius 1 we have 2y = 2 sin(). So

https://math.libretexts.org/@go/page/32212



https://libretexts.org/
https://math.libretexts.org/@go/page/32212?pdf

@%meﬂn&*

Au =0, 0<r<1, —w<0<m,
_ [2sin() if 0<O<m, (4.10.9)
“(1’0)_{0 if —m<6<0.

We must now compute the Fourier series for the boundary condition. By now the reader has plentiful experience in computing
Fourier series and so we simply state that

u(1,0) = 2 +sin(6) +

s

cos(2nb).

NE

4
m(dn? —1)

I
-

n

? Exercise 4.10.1

Compute the series for u(1, §) and verify that it really is what we have just claimed. Hint: Be careful, make sure not to divide
by zero.

We now simply write the solution (see Figure 4.10.4) by multiplying by 7" in the right places.

2 S
’LL(T', 0) = ; —|— rsin(0) + Z 7r(4Tr_1)COS(2n9)'
n=1

os

[ i hera

20

20

05

a0

Figure 4.10.4: The solution of the Dirichlet problem with boundary data 0 for y < 0 and 2y for y > 0.

Poisson Kernel

There is another way to solve the Dirichlet problem with the help of an integral kernel. That is, we will find a function P(r, 6, o)
called the Poisson kernel' such that

u(r,0) = %/j P(r,0,a)g(a)da.

While the integral will generally not be solvable analytically, it can be evaluated numerically. In fact, unless the boundary data is
given as a Fourier series already, it will be much easier to numerically evaluate this formula as there is only one integral to
evaluate.

The formula also has theoretical applications. For instance, as P(r,6,«) will have infinitely many derivatives, then via
differentiating under the integral we find that the solution u(r, #) has infinitely many derivatives, at least when inside the circle,
r < 1. By infinitely many derivatives what you should think of is that u(r, §) has “no corners” and all of its partial derivatives exist
too and also have “no corners”.

We will compute the formula for P(r, 6, ) from the series solution, and this idea can be applied anytime you have a convenient
series solution where the coefficients are obtained via integration. Hence you can apply this reasoning to obtain such integral

https://math.libretexts.org/@go/page/32212
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kernels for other equations, such as the heat equation. The computation is long and tedious, but not overly difficult. Since the ideas
are often applied in similar contexts, it is good to understand how this computation works.

What we do is start with the series solution and replace the coefficients with the integrals that compute them. Then we try to write
everything as a single integral. We must use a different dummy variable for the integration and hence we use « instead of 6.

u(r,0) = % + Z a, 7" cos(n) + b, r" sin(nb)
n=1

_ (2—17r / ' g(a)da) +n§; (% [ : g(a)cos(na)da)r" cos(nb)

-7

ag an

2

T (l K ’ g(e) sin(na)da) r" sin(n#)

T (4.10.10)
b
- 217r W (g(a) +2Z®0 g(a) cos(na))r” cos(nb) + g(a) sin(na)r" sin(n0)> da
- n=1

= 21—7‘_ /: <1 +2 nio; " (cos(na) cos(nb) + sin(na) sin(n@))) gla)da

P(r,0,a)

OK, so we have what we wanted, the expression in the parentheses is the Poisson kernel, P(r, 6, a). However, we can do a lot
better. It is still given as a series, and we would really like to have a nice simple expression for it. We must work a little harder. The
trick is to rewrite everything in terms of complex exponentials. Let us work just on the kernel.

P(r,0,a) =142 Z r"(cos(na) cos(nb) + sin(na) sin(nf))
n=1
=142 Z r" cos(n(6 — a))
! (4.10.11)
=142 Z e (ein(ﬁfa) _’_efin(efa) )
n=1

—14 (,rei(Ofa) )n + Z(Tefi(efa) )n

n=1 n=1

In the above expression we recognize the geometric series. That is, recall from calculus that as long as |z| < 1, then

Zzn: 1iz'

n=1

Note that n starts at 1 and that is why we have the z in the numerator. It is the standard geometric series multiplied by z. Let us
continue with the computation.

o0 o0
P(r,0,a) =1 —I—Z(reiw—a) )" —I—Z(re_iw—a) )"
n=1 n=1
,,,ei(Ofa) ,r.efi(ﬁfoc)

=1+ 1 —rei(6—a) + 1 —re—il6-a)

— pet(0—2) (1 —_ pe—i(0—a) — pe~U0-a) \peil6—a) — pet(0—2) ype—i(6—a)
_ (1—re'™ )1 —re )+ (1 —re ¥ )pel¥ 4 (1 —pre'l? ¥ )pe 110 (4.10.12)

(1 — reilt-0)) (1 — re—it0-a) )
_ 1—7r?
1 —reilt-a) — pe—i(b—a) 4 p2
1—7?

~ 1-2rcos(@—a)+r2 "’
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Now that’s a formula we can live with. The solution to the Dirichlet problem using the Poisson kernel is

u(r,0) = ! /1T 1 (a)da
2w ) 1—2rcos(f—a)+12 g '

Sometimes the formula for the Poisson kernel is given together with the constant 21—”, in which case we should of course not leave it
in front of the integral. Also, often the limits of the integral are given as 0 to 27; everything inside is 27-periodic in e, so this does
not change the integral.

Let us not leave the Poisson kernel without explaining its geometric meaning. Let s be the distance from (7, 0) to (1, ). You may
recall from calculus that this distance s in polar coordinates is given precisely by the square root of 1 — 27 cos(6 — ) +r? . That
is, the Poisson kernel is really the formula

Figure 4.10.5

One final note we make about the formula is to note that it is really a weighted average of the boundary values. First let us look at
what happens at the origin, that is when » =0.

1 [ 1-02
u(0,0) = _/ g(a)da
2w J_x 1—-2(0)cos(—a)+0? (4.10.13)
[ e -
= o _ﬂ_g a)ac.

So u(0, 0) is precisely the average value of g(f) and therefore the average value of u on the boundary. This is a general feature of
harmonic functions, the value at some point p is equal to the average of the values on a circle centered at p.

What the formula says is that the value of the solution at any point in the circle is a weighted average of the boundary data g(6).
The kernel is bigger when (r, ) is closer to (1, ). Therefore when computing u(r, §) we give more weight to the values g(c)
when (1, ) is closer to (r, #) and less weight to the values g(f) when (1, &) far from (r, ).

Footnotes

[1] Named for the French mathematician Siméon Denis Poisson (1781 — 1840).

This page titled 4.10: Dirichlet problem in the circle and the Poisson kernel is shared under a not declared license and was authored, remixed,
and/or curated by Jifi Lebl.
e 4.10: Dirichlet Problem in the Circle and the Poisson Kernel by Jiii Lebl is licensed CC BY-SA 4.0. Original source:
https://www.jirka.org/diffyqgs.
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4.1: Boundary value problems

Before we tackle the Fourier series, we need to study the so-called boundary value problems (or endpoint problems). For
example, suppose we have

" +Xz =0, z(a)=0, z(b)=0,

for some constant A, where z(¢) is defined for ¢ in the interval [a, b]. Unlike before, when we specified the value of the solution
and its derivative at a single point, we now specify the value of the solution at two different points. Note that x = 0 is a solution to
this equation, so existence of solutions is not an issue here. Uniqueness of solutions is another issue. The general solution to
z' + Az =0 has two arbitrary constants present.' It is, therefore, natural (but wrong) to believe that requiring two conditions
guarantees a unique solution.

v/ Example 4.1.1

Take A =1,a=0,b=m. That s,
z'+2z=0, z(0)=0, =z(r)=0.

Then x =sint is another solution (besides = 0) satisfying both boundary conditions. There are more. Write down the
general solution of the differential equation, which is © = A cost + Bsint . The condition z(0) = 0 forces A =0. Letting
z(m) =0 does not give us any more information as x = Bsint already satisfies both boundary conditions. Hence, there are
infinitely many solutions of the form x = Bsint, where B is an arbitrary constant.

v/ Example 4.1.2

On the other hand, change to A = 2.
z'+2x=0, x(0)=0, z(m)=0.

Then the general solution is = A cos(1/2t) + Bsin(y/2t) . Letting z(0) =0 still forces A =0. We apply the second
condition to find 0 = z(7) = Bsin(,/2t) . As sin(y/2t) # 0 we obtain B = 0. Therefore z = 0 is the unique solution to this
problem.

What is going on? We will be interested in finding which constants A allow a nonzero solution, and we will be interested in finding
those solutions. This problem is an analogue of finding eigenvalues and eigenvectors of matrices.

Eigenvalue Problems
For basic Fourier series theory we will need the following three eigenvalue problems. We will consider more general equations, but
we will postpone this until Chapter 5.
$II+>\x:07 x(a):
" + Az =0, 7' (a) =

o o
8 8
=~~~
—

>
Sv
TR
o L
N
N—

and
"+ XAz =0, z(a)=2z(), 2'(a)=2'(b), (4.1.3)

A number A\ is called an eigenvalue of (4.1.1)(resp. (4.1.2)or (4.1.3)) if and only if there exists a nonzero (not identically zero)
solution to (4.1.1) (resp. (4.1.2) or (4.1.3)) given that specific A\. The nonzero solution we found is called the corresponding
eigenfunction.

Note the similarity to eigenvalues and eigenvectors of matrices. The similarity is not just coincidental. If we think of the equations
as differential operators, then we are doing the same exact thing. Think of a function z(¢) as a vector with infinitely many
components (one for each t). Let L = —C‘l’l—; be the linear operator. Then the eigenvalue/eigenfunction pair should be A and nonzero
z such that Lz = Az. In other words, we are looking for nonzero functions « satisfying certain endpoint conditions that solve

(L—MX)x =0. Alot of the formalism from linear algebra still applies here, though we will not pursue this line of reasoning too far.
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Let us find the eigenvalues and eigenfunctions of
' +Xz=0, z(0)=0, z(m)=0.

For reasons that will be clear from the computations, we will have to handle the cases A >0,A =0, A <0 separately. First
suppose that A > 0, then the general solution to £/ + Az =0 is

z = Acos(v/At) + Bsin(v/At).
The condition (0) = 0 implies immediately A. Next
0 = z(m) = Bsin(y/An).

If B is zero, then z is not a nonzero solution. So to get a nonzero solution we must have that sin(\/Xﬂ) =0. Hence, y/A7
must be an integer multiple of 7. In other words, v/A = k for a positive integer k. Hence the positive eigenvalues are k2 for all
integers k > 1. The corresponding eigenfunctions can be taken as x =sin(kt). Just like for eigenvectors, we get all the
multiples of an eigenfunction, so we only need to pick one.

Now suppose that A = 0. In this case the equation is "’ = 0 and the general solution is x = At + B . The condition z(0) =0
implies that B =0, and z(7) = 0 implies that A = 0. This means that A = 0 is not an eigenvalue.

Finally, suppose that A < 0. In this case we have the general solution’
z = Acosh(v/ —At) 4+ Bsinh(v/ —At).

Letting (0) = 0 implies that A =0 (recall cosh0 =1 and sinh0 = 0). So our solution must be = Bsinh(y/—At) and
satisfy z(m) = 0. This is only possible if B is zero. Why? Because sinh ¢ is only zero when £ = 0. You should plot sinh to see

t

this fact. We can also see this from the definition of sinh. We get 0 =sinht = et*—;% . Hence e! = e~ which implies t = —t

and that is only true if £ = 0. So there are no negative eigenvalues.

In summary, the eigenvalues and corresponding eigenfunctions are

A =k? withan eigenfucntion z =sin(kt) for all integers k > 1.

v/ Example 4.1.4

Let us compute the eigenvalues and eigenfunctions of
z'+Xz =0, 2/(0)=0, z'(x)=0.

Again we will have to handle the cases A >0,A =0, A <0 separately. First suppose that A > 0. The general solution to
"+ Az =0 is z = Acos(y/At) + Bsin(y/At) . So

x' = —Ay/Asin(v/At) + By/A cos(v/At).
The condition ' (0) = 0 implies immediately B = 0. Next
0 =2'(7) = —Av/Asin(y/Ar).

Again A cannot be zero if A is to be an eigenvalue, and sin( \/Xﬂ') is only zero if /A = k for a positive integer k. Hence the
positive eigenvalues are again & for all integers k > 1. And the corresponding eigenfunctions can be taken as x = cos(kt).

Now suppose that A = 0. In this case the equation is " = 0 and the general solution is z = At + B so ' = A. The condition
z'(0) = 0 implies that A = 0. Now ' (7) = 0 also simply implies A = 0. This means that B could be anything (let us take it
to be 1). So A =0 is an eigenvalue and z =1 is a corresponding eigenfunction.

Finally, let A < 0. In this case we have the general solution z = A cosh(y/—At) + Bsinh(y/—At) and hence
2’ = Av/=Xsinh(v/—At) + By/— X cosh(v/—At).
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We have already seen (with roles of A and B switched) that for this to be zero at ¢t =0 and ¢ = 7 it implies that A= B =0.
Hence there are no negative eigenvalues.

In summary, the eigenvalues and corresponding eigenfunctions are
M\, =k* with an eigenfunction z; = cos(kt) for all integers k > 1,
and there is another eigenvalue

Ao =0 with an eigenfunction zy=1.

The following problem is the one that leads to the general Fourier series.

v/ Example 4.1.5

Let us compute the eigenvalues and eigenfunctions of
" +Az =0, z(-m)==z(x), z'(-7m)=2(r).
Notice that we have not specified the values or the derivatives at the endpoints, but rather that they are the same at the
beginning and at the end of the interval.
Let us skip A < 0. The computations are the same as before, and again we find that there are no negative eigenvalues.

For A =0, the general solution is # = A¢+ B . The condition z(—7) = z(7) implies that A=0 (Ar+B=—An+B
implies A =0). The second condition &'(—m) = 2/(7) says nothing about B and hence A =0 is an eigenvalue with a
corresponding eigenfunction x = 1.

For A > 0 we get that z = A cos(v/At) + Bsin(v/At) . Now

Acos(—y/Am)+ Bsin(—y/A7) = Acos(v/Am)+ Bsin(v/A ).
z(—m) z(m)

We remember that cos(—6) = cos(f) and sin(—6) = —sin(6) . Therefore,
Acos(v/Ar) — Bsin(v/ A1) = A cos(v/Ar) 4 Bsin(v/Ar).

Hence either B=0 or sin(\/Xﬂ*) = 0. Similarly (exercise) if we differentiate  and plug in the second condition we find that
A=0 or sin(v/Ar)=0. Therefore, unless we want A and B to both be zero (which we do not) we must have
SiIl(\/Xﬂ') =0. Hence, /X is an integer and the eigenvalues are yet again A\ = k> for an integer k£ > 1. In this case, however,
x = Acos(kt) + Bsin(kt) is an eigenfunction for any A and any B. So we have two linearly independent eigenfunctions
sin(kt) and cos(kt). Remember that for a matrix we could also have had two eigenvectors corresponding to a single
eigenvalue if the eigenvalue was repeated.

In summary, the eigenvalues and corresponding eigenfunctions are

A = k2 with eigenfunctions cos(kt) and sin(kt) for all integers k > 1,

. . . (4.1.4)
Ao =0 with an eigenfunction zo=1.

Orthogonality of Eigenfunctions

Something that will be very useful in the next section is the orthogonality property of the eigenfunctions. This is an analogue of the
following fact about eigenvectors of a matrix. A matrix is called symmetric if A = AT . Eigenvectors for two distinct eigenvalues of
a symmetric matrix are orthogonal. That symmetry is required. We will not prove this fact here. The differential operators we are
dealing with act much like a symmetric matrix. We, therefore, get the following theorem.

& Theorem 4.1.1: Orthogonal

Suppose that z; (t) and z2(t) are two eigenfunctions of the problem (4.1.1), (4.1.2)or (4.1.3) for two different eigenvalues
A1 and Ag. Then they are orthogonal in the sense that
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b
/ 21 (£)22 (£)dt = 0.

Note that the terminology comes from the fact that the integral is a type of inner product. We will expand on this in the next
section. The theorem has a very short, elegant, and illuminating proof so let us give it here. First note that we have the following
two equations.

zf +Mz1 =0 and x5 +dxo =
Multiply the first by x5 and the second by z; and subtract to get
(/\1 - /\2).’1311122 = :13l2l.111 — :EQ.’BI{.

Now integrate both sides of the equation.
b b
()\1 —)\2)/ mlxzdt Z/ $I2’$1 —Izwllldt
a a

bd
:/a dt(z2m1 zox!)dt
]g:a =0.

(4.1.5)

T1 — Tox!

= [z! |

2

The last equality holds because of the boundary conditions. For example, if we consider (4.1.1) we have
z1(a) =z1(b) =x2(a) =z2(b) =0 and so zhx; — x| is zero at both @ and b. As A\; # Az, the theorem follows.

? Exercise 4.1.1: (easy)

Finish the theorem (check the last equality in the proof) for the cases (4.1.2)and (4.1.3).

We have seen previously that sin(nt) was an eigenfunction for the problem z” + Az =0, z(0) =0, z(7) = 0. Hence we have
the integral

/ sin(mt)sin(nt)dt =0, whenm #n.
0

Similarly,

c\

cos(mt) cos(nt)dt =0, whenm #n, and / cos(nt) dt =0.
0
And finally we also get

/ sin(mt)sin(nt)dt =0, whenm #n, and / sin(nt) dt =0,

™

/ cos(mt) cos(nt)dt =0, whenm #n, and / cos(nt)dt =0,
and
/ cos(mt)sin(nt)dt =0 (evenifm =n).
Fredholm Alternative

We now touch on a very useful theorem in the theory of differential equations. The theorem holds in a more general setting than we
are going to state it, but for our purposes the following statement is sufficient. We will give a slightly more general version in
Chapter 5.
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Fredholm alternative’
Exactly one of the following statements holds. Either
" +Az =0, z(a)=0, z(b)=0
has a nonzero solution, or
'+ Az =f(t), z(a)=0, z(b)=0 (4.1.6)

has a unique solution for every function f continuous on [a, b].

The theorem is also true for the other types of boundary conditions we considered. The theorem means that if A is not an
eigenvalue, the nonhomogeneous equation (4.1.6) has a unique solution for every right hand side. On the other hand if A is an
eigenvalue, then (4.1.6)need not have a solution for every f, and furthermore, even if it happens to have a solution, the solution is
not unique.

We also want to reinforce the idea here that linear differential operators have much in common with matrices. So it is no surprise
that there is a finite dimensional version of Fredholm alternative for matrices as well. Let A be an n X n matrix. The Fredholm

alternative then states that either (A —AI)Z =0 has a nontrivial solution, or (A —AI)Z = b has a solution for every b.

A lot of intuition from linear algebra can be applied to linear differential operators, but one must be careful of course. For example,
one difference we have already seen is that in general a differential operator will have infinitely many eigenvalues, while a matrix
has only finitely many.

Application

Let us consider a physical application of an endpoint problem. Suppose we have a tightly stretched quickly spinning elastic string
or rope of uniform linear density p. Let us put this problem into the xy—plane. The x axis represents the position on the string. The
string rotates at angular velocity w, so we will assume that the whole zy—plane rotates at angular velocity w. We will assume that
the string stays in this zy—plane and y will measure its deflection from the equilibrium position, y = 0, on the z axis. Hence, we
will find a graph giving the shape of the string. We will idealize the string to have no volume to just be a mathematical curve. If we
take a small segment and we look at the tension at the endpoints, we see that this force is tangential and we will assume that the
magnitude is the same at both end points. Hence the magnitude is constant everywhere and we will call its magnitude 7T'. If we
assume that the deflection is small, then we can use Newton’s second law to get an equation

Ty" + pw’y = 0.

Let L be the length of the string and the string is fixed at the beginning and end points. Hence, y(0) = 0 and y(L) = 0. See Figure
4.1.1

0 X

Q
N/
Figure 4.1.1: Whirling string.

2
We rewrite the equation as ' + p%y =0 . The setup is similar to Example 4.1.3, except for the interval length being L instead of

2
m. We are looking for eigenvalues of y” + Ay =0,y(0) =0,y(L) =0 where A = %. As before there are no nonpositive
eigenvalues. With A > 0, the general solution to the equation is y = A cos(y/Az) + Bsin(y/Az) . The condition y(0) = 0 implies
that A = 0 as before. The condition y(L) = 0 implies that sin(1/AL) = 0 and hence v/AL = kr for some integer k > 0, so

pw? _ k22

T 2
What does this say about the shape of the string? It says that for all parameters p, w, T not satisfying the equation above, the string
2 2_9o
is in the equilibrium position, y = 0. When p% = kL’; , then the string will some distance B. We cannot compute B with the

https://math.libretexts.org/@go/page/32203



https://libretexts.org/
https://math.libretexts.org/@go/page/32203?pdf

LibreTexts"

information we have.
Let us assume that p and 7" are fixed and we are changing w. For most values of w the string is in the equilibrium state. When the
angular velocity w hits a value w = % , then the string pops out and has the shape of a sin wave crossing the z-axis k —1 times

between the end points. For example, at k = 1, the string does not cross the x-axis and the shape looks like in Figure 4.1.1. On the
other hand, when k =3 the string crosses the x-axis 2 times, see Figure 4.1.2. When w changes again, the string returns to the
equilibrium position. The higher the angular velocity, the more times it crosses the z-axis when it is popped out.

yT /\/\
D‘ e L /x

Figure 4.1.2: Whirling string at the third eigenvalue (k = 3).

For another example, if you have a spinning jump rope (then £ =1 as it is completely ) and you pull on the ends to increase the
tension, then the velocity also increases for the rope to stay "popped out".

Footnotes

[1] See Example 2.2.1 and Example 2.2.3.

[2] Recall that coshs = %(es +e7%) and sinhs= %(es —e™*) . As an exercise try the computation with the general solution
written as = AeV At + Be=V-At (for different A and B of course).

[3] Named after the Swedish mathematician Erik Ivar Fredholm (1866-1927).
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4.2: The Trigonometric Series

Periodic Functions and Motivation
As motivation for studying Fourier series, suppose we have the problem
" +wiz = f(t), (4.2.1)
for some periodic function f(t). We have already solved
2" +wiz = Fy cos(wt). (4.2.2)
One way to solve (4.2.1)is to decompose f(t) as a sum of cosines (and sines) and then solve many problems of the form (4.2.2).
We then use the principle of superposition, to sum up all the solutions we got to get a solution to (4.2.1).

Before we proceed, let us talk a little bit more in detail about periodic functions. A function is said to be periodic with period P if
f(¢) for all ¢. For brevity we will say f(t) is P—periodic. Note that a P—periodic function is also 2 P—periodic, 3P —periodic and
so on. For example, cos(t) and sin(t) are 27 —periodic. So are cos(kt) and sin(kt) for all integers k. The constant functions are an
extreme example. They are periodic for any period (exercise).

Normally we will start with a function f(¢) defined on some interval [—L, L] and we will want to extend f(t) periodically to make
it a 2L —periodic function. We do this extension by defining a new function F'(¢) such that for ¢ in[—L, L], F'(t) = f(¢). For t in
[L, 3L], we define F(t) = f(t —2L), for t in [-3L,—L], F(t)= f(t+2L), and so on. We assumed that f(—L) = f(L). We
could have also started with f defined only on the half-open interval (—L, L] and then define f(—L) = f(L).

v/ Example 4.2.1

Define f(t) =1 —¢? on[—1,1]. Now extend f(t) periodically to a 2-periodic function. See Figure 4.2.1 on the facing page.

W

Figure 4.2.1: Periodic extension of the function 1 —¢2 .

You should be careful to distinguish between f(¢) and its extension. A common mistake is to assume that a formula for f(¢) holds
for its extension. It can be confusing when the formula for f(¢) is periodic, but with perhaps a different period.

? Exercise 4.2.1

Define f(t) = cost on [_Tﬂ, |. Take the w—periodic extension and sketch its graph. How does it compare to the graph of

|

cost?

Inner Product and Eigenvector Decomposition

Suppose we have a symmetric matrix, that is AT = A. We have said before that the eigenvectors of A are then orthogonal. Here
the word orthogonal means that if © and w are two distinct (and not multiples of each other) eigenvectors of A, then (7, w) = 0. In

this case the inner product (v, ) is the dot product, which can be computed as o w.

To decompose a vector v in terms of mutually orthogonal vectors w; and W we write
U= alﬂ')l -I—ang)Q.

Let us find the formula for a; and ay. First let us compute
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o = _, L= L= L= L =
(U, w1) = (@a1W1 + axWs, w1) = a1 (W1, wi) +az (B2, w1) = a1 (W1, w1).
=0
Therefore,
a <’T)a 11;1>
1=75 S
<w17 wl>
Similarly
<"_;’ '&32>
ay=-——-—- ..
<’U)2, ’11)2>
You probably remember this formula from vector calculus.
v/ Example 4.2.2
_ 2 . A » 1 . 1
Write ¥ = 3 as a linear combination of w; = | and wy = s
First note that w; and ws are orthogonal as (w7, ws) =1(1)+(—1)1 =0 . Then

(

L) 23y -1

YT @) 1)+ (-D(-1) 2
_ (@w) 243 5

A TS

(4.2.3)

Hence

Trigonometric Series

Instead of decomposing a vector in terms of eigenvectors of a matrix, we will decompose a function in terms of eigenfunctions of a
certain eigenvalue problem. The eigenvalue problem we will use for the Fourier series is

'+ Az =0, z(-7)==z(7) z'(-7)=2'(7).

We have previously computed that the eigenfunctions are 1, cos(kt), sin(kt). That is, we will want to find a representation of a
2w —periodic function f(t) as

a o0
) ==+ Z a, cos(nt) + by, sin(nt).
2 n=1
This series is called the Fourier series' or the trigonometric series for f(t). We write the coefficient of the eigenfunction 1 as 2
for convenience. We could also think of 1 = cos(0t), so that we only need to look at cos(kt) and sin(kt).

As for matrices we want to find a projection of f(t) onto the subspace generated by the eigenfunctions. So we will want to define
an inner product of functions. For example, to find a,, we want to compute (f(¢), cos(nt)). We define the inner product as

(£(t),9(t)) :/_ﬂ F(t)g(t)dt.

With this definition of the inner product, we have seen in the previous section that the eigenfunctions cos(kt)(including the
constant eigenfunction), and sin(kt) are orthogonal in the sense that

(cos(mt), cos(nt)) =0 for m #n,
(sin(mt), sin(nt) ) =0 form #n, (4.2.4)
(sin(mt), cos(nt)) =0 for all m and n.

https://math.libretexts.org/@go/page/32204


https://libretexts.org/
https://math.libretexts.org/@go/page/32204?pdf

LibreTexts"

By elementary calculus forn =1,2,3,....we have (cos(nt), cos(nt)) = m and (sin(nt), sin(nt)) = 7. For the constant we get
/ 1-1dt=2m.
The coefficients are given by
t t))
ap = (f(t), cos(nt) / f(t) cos(nt)dt
(cos(nt), cos(nt)) (4.2.5)
(f(t),sin(nt)) -
= f sin(nt)d
(sin(nt), sin(nt))
Compare these expressions with the finite-dimensional example. For ag we get a similar formula
(f),1) 1 / T
ay =2——""— t)dt
o=2mrnt | S0
Let us check the formulas using the orthogonality properties. Suppose for a moment that
a o0
Fit)= =+ Z a, cos(nt) + by, sin(nt).
2 n=1

Then for m > 1 we have

(f(t),cos(mt)) = < % + Z a, cos(nt) + by, sin(nt), cos(mt)>

n=1
(4.2.6)

= %(1, cos(mt)) + i ay, (cos(nt), cos(mt)) + b, (sin(nt), sin(mt))
n=1
= a,, (cos(mt), cos(mt)) .
(f(t),cos(mt))

And hence a,, = (cos(mt),cos(mt)) "

? Exercise 4.2.2

Carry out the calculation for ay and by, .

v/ Example 4.2.3

Take the function
flt)=t
for t in (—m, 7]. Extend f(¢) periodically and write it as a Fourier series. This function is called the sawtooth.

The plot of the extended periodic function is given in Figure 4.2.2. Let us compute the coefficients.

50 25 00 25 50
T T

Figure 4.2.2: The graph of the sawtooth function.

Solution
We start with ag,
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We will often use the result from calculus that says that the integral of an odd function over a symmetric interval is zero. Recall
that an odd function is a function ¢(t) such that ¢(—t) = —¢(t) . For example the functions ¢, sin¢, or (importantly for us)
t cos(nt) are all odd functions. Thus

1 ™
ap = —/ t cos(nt)dt = 0.
m -
Let us move to b,. Another useful fact from calculus is that the integral of an even function over a symmetric interval is twice

the integral of the same function over half the interval. Recall an even function is a function ¢(t) such that ¢(—t) = (¢). For
example ¢ sin(nt) is even.

b, = / tsin(nt)dt
:—/ tsin(nt)dt
0

- % ( [_t%s(nt)] ;0 + % /Oﬂ cos(nt)dt) (4.2.7)
_ % ( —7rC(:Ls(mr) —|—O)

—2cos(nm)  2(—1)**!

n n

‘We have used the fact that

n 1 if neven,
cos(nm) = (=1)" = { 1 Wpadk

The series, therefore, is
© 9(_1 n+1
1) sin(nt).

n=1

Let us write out the first 3 harmonics of the series for f(¢).
2
25sin(t) —sin(2t) + gsin(3t) qrooc

The plot of these first three terms of the series, along with a plot of the first 20 terms is given in Figure 4.2.3.

50 25 0 25 50 50 25 a0 28 58
T T T

A a8 r 80 a0

Figure 4.2.3: First 3 (left graph) and 20 (right graph) harmonics of the sawtooth function.

v/ Example 4.2.4

Take the function

0 if —m<t<0
t) = =
1) {71' ifo<t<m.
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Extend f(t) periodically and write it as a Fourier series. This function or its variants appear often in applications and the
function is called the square wave.

50
T

Figure 4.2.4: The graph of the square wave function.

The plot of the extended periodic function is given in Figure 4.2.4. Now we compute the coefficients. Let us start with a
1 [~ 1 [7
aoz—/ f(t)dt:—/ wdt = .
™ J_x m™Jo
Next,
1 /7 1 /"
ap = — / f(t) cos(nt)dt = — / mcos(nt)dt = 0.
™ J_n ™ Jo

And finally
1 [T .
b, = — / f(t)sin(nt)dt
m™J-n
1 ™

_1 / 7 sin(nt)dt

™
—gos(nt) N (€219

- [ Z :|t=

~ l-—cos(mn) 1—(-1)" % if n is odd,

B n a e a { 0 ifniseven.

The Fourier series is

™ o~ 2 — 2
5+ Z ;sm(nt)—i—kg1 2k_ls1n((2k—1)t).

n=1nodd
Let us write out the first 3 harmonics of the series for f(t).
2
3 +2sin(t) + Tsin(38) + -

The plot of these first three and also of the first 20 terms of the series is given in Figure 4.2.5.

50 25 oo 25 0 50 25 a9 25 50
T T

A AA Al L
i vif w

1

L
a a5 5 r &0 a5 ] 5 58

Figure 4.2.5: First 3 (left graph) and 20 (right graph) harmonics of the square wave function.
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We have so far skirted the issue of convergence. For example, if f(¢) is the square wave function, the equation

T & 2
t)=—+ sin((2k —1)t).
10 =5 +35 g ysnl(2k—10)
is only an equality for such ¢ where f(t) is continuous. That is, we do not get an equality for ¢ = —m, 0,7 and all the other

discontinuities of f(¢). It is not hard to see that when ¢ is an integer multiple of 7 (which includes all the discontinuities), then

TS 2 . s
3 —I—Z 2% 1 sin((2k —1)t) = 3

k=1
We redefine f(¢) on [—m, 7] as
0 if —m<t<0,
f)=q = ifo<t<m,
w/2 ift=—mt=0, ort=m,

and extend periodically. The series equals this extended f(¢) everywhere, including the discontinuities. We will generally not
worry about changing the function values at several (finitely many) points.

We will say more about convergence in the next section. Let us however mention briefly an effect of the discontinuity. Let us zoom
in near the discontinuity in the square wave. Further, let us plot the first 100 harmonics, see Figure 4.2.6. You will notice that while
the series is a very good approximation away from the discontinuities, the error (the overshoot) near the discontinuity at ¢ = = does
not seem to be getting any smaller. This behavior is known as the Gibbs phenomenon. The region where the error is large does get
smaller, however, the more terms in the series we take.

Anﬂhnﬂ
S uvvuuuuuvuu

zm 250 Iy T T

Figure 4.2.6: Gibbs phenomenon in action.

We can think of a periodic function as a “signal” being a superposition of many signals of pure frequency. For example, we could
think of the square wave as a tone of certain base frequency. This base frequency is called the fundamental frequency. The square
wave will be a superposition of many different pure tones of frequencies that are multiples of the fundamental frequency. In music,
the higher frequencies are called the overtones. All the frequencies that appear are called the spectrum of the signal. On the other
hand a simple sine wave is only the pure tone (no overtones). The simplest way to make sound using a computer is the square
wave, and the sound is very different from a pure tone. If you ever played video games from the 1980s or so, then you heard what
square waves sound like.

Footnotes
[1] Named after the French mathematician Jean Baptiste Joseph Fourier (1768 — 1830).

This page titled 4.2: The Trigonometric Series is shared under a not declared license and was authored, remixed, and/or curated by Jifi Lebl.

o 4.2: The Trigonometric Series by Jiii Lebl is licensed CC BY-SA 4.0. Original source: https://www.jirka.org/diffygs.
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4.3: More on the Fourier Series

Before reading the lecture, it may be good to first try Project IV (Fourier series) from the IODE website:
https://conf.math.illinois.edu/iode/fsgui.html. After reading the lecture it may be good to continue with Project V (Fourier series
again).

2L-Periodic Functions

We have computed the Fourier series for a 27-periodic function, but what about functions of different periods. Well, fear not, the
computation is a simple case of change of variables. We can just rescale the independent axis. Suppose that we have a 2 L-periodic

function f(t) (L is called the half period). Let S = %t . Then the function

is 2m-periodic. We want to also rescale all our sines and cosines. We want to write
ay = nmw nmw
ft)= > + nz:; an cos(ft> +b, sin(ft) .

If we change variables to s we see that

o0
ag .
9(s) = > + E ay,, cos(ns) + by, sin(ns).

n=1

We compute a,, and b,, as before. After we write down the integrals we change variables from s back to .

w=1[ois=1 [ s
a, = 1 /Wg(s) cos(ns)ds = % /L f(@®) cos(%t) dt,
- -L

™ T

U

b, = — /_7' g(s) sin(ns)ds = % /_z f(@®) sin(%t)dt.

The two most common half periods that show up in examples are 7 and 1 because of the simplicity. We should stress that we have
done no new mathematics, we have only changed variables. If you understand the Fourier series for 27-periodic functions, you
understand it for 2 L-periodic functions. All that we are doing is moving some constants around, but all the mathematics is the
same.

v/ Example 4.3.1

Let
f@®)=|t| for —1<t<1,

extended periodically. The plot of the periodic extension is given in Figure 4.3.1. Compute the Fourier series of f(t).

Figure 4.3.1: Periodic extension of the function f(t).
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Solution
We want to write f(t) = 5 + > | a, cos(nmt) + by, sin(nnt). For n > 1 we note that
|t| cos(nmt) is even and hence

ap = [1 f(t) cos(nwt)dt

1
= 2/ t cos(nmt)dt
0
¢ 1 1 g 4.3.1
=% [—sin(mrt)} - 2/ —sin(nt)dt ( )
nm =0 o nm
2((~1)" — 1) 0 if nis even,
=0+ cos(nmt)]y_y = —————>= =1 —4
272 [cos(nmt)l n?m? -— ifnisodd.
n’m

Next we find ag

1
a()z/ |t|dt:1.
=il

You should be able to find this integral by thinking about the integral as the area under the graph without doing any
computation at all. Finally we can find b,,. Here, we notice that |¢| sin(nnt) is odd and, therefore,

1
b, = /_1 f(t) sin(nwt)dt = 0.

Hence, the series is

L Eoo 4 (nrt)
= cos\nm

2 — n2m?
odd

33

Let us explicitly write down the first few terms of the series up to the 3" harmonic.

1 4 4

3 gcos(ﬂ't) - mcos(&rt) —e

The plot of these few terms and also a plot up to the 20" harmonic is given in Figure 4.3.2. You should notice how close the
graph is to the real function. You should also notice that there is no “Gibbs phenomenon” present as there are no
discontinuities.

Figure 4.3.2: Fourier series of f(¢) up to the 3™ harmonic (left graph) and up to the 20™ harmonic (right graph).

Convergence

We will need the one sided limits of functions. We will use the following notation

fle)=lmf(e),  and  fler)=lmf()
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If you are unfamiliar with this notation, limy. f(¢) means we are taking a limit of f(¢) as ¢ approaches ¢ from below (i.e. £ < ¢)
and limy . f(t) means we are taking a limit of f(¢) as ¢ approaches ¢ from above (i.e. ¢ > ¢). For example, for the square wave
function

i — <
{0 if T <t<0, (4.3.2)

w if 0<t<m,

ft) =

we have f(0—) =0 and f(0+) = .

Let f(¢) be a function defined on an interval [a, b]. Suppose that we find finitely many points a = tg,t1,t2,...,t =b in the
interval, such that f(¢) is continuous on the intervals (¢, t1), (t1,%2), .., (fx-1,t%). Also suppose that all the one sided limits
exist, that is, all of f(to+), f(t1—), f(t1+), f(ta—), f(ta+), ..., f(tx—) exist and are finite. Then we say f(¢) is piecewise
continuous.

If moreover, f(t) is differentiable at all but finitely many points, and f’(t) is piecewise continuous, then f(t) is said to be
piecewise smooth.

v/ Example 4.3.2

The square wave function (4.3.2) is piecewise smooth on [—, 7] or any other interval. In such a case we simply say that the
function is piecewise smooth.

v/ Example 4.3.3

The function f(¢) = |¢| is piecewise smooth.

v/ Example 4.3.4

1
The function f(t) = " is not piecewise smooth on [—1,1] (or any other interval containing zero). In fact, it is not even

piecewise continuous.

v/ Example 4.3.5

The function f(t) = v/t is not piecewise smooth on [—1, 1] (or any other interval containing zero). f(t) is continuous, but the
derivative of f(t) is unbounded near zero and hence not piecewise continuous.

Piecewise smooth functions have an easy answer on the convergence of the Fourier series.

& Theorem 4.3.1

Suppose f(t) is a 2 L-periodic piecewise smooth function. Let
a - nw nw
70 + ; a, COS(Tt) +b, Sin(ft)
be the Fourier series for f(t). Then the series converges for all ¢. If f(¢) is continuous near ¢, then
a4 nw nw
ft) = > I nz:; an cos(ft) +by sin(ft) .
Otherwise

w = % +gan cos(%t) +b, sin(nL—Wt).
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If we happen to have that f(t) = w

at all the discontinuities, the Fourier series converges to f(t) everywhere. We

can always just redefine f(t) by changing the value at each discontinuity appropriately. Then we can write an equals sign between
f(¢) and the series without any worry. We mentioned this fact briefly at the end last section.

Note that the theorem does not say how fast the series converges. Think back to the discussion of the Gibbs phenomenon in the last

section. The closer you get to the discontinuity, the more terms you need to take to get an accurate approximation to the function.

Differentiation and Integration of Fourier Series

Not only does Fourier series converge nicely, but it is easy to differentiate and integrate the series. We can do this just by
differentiating or integrating term by term.

& Theorem 4.3.2

Suppose
ay = nmw nmw
ft)= 5> + 7;:1 a, cos(ft) + b, sin(Tt)

is a piecewise smooth continuous function and the derivative f'(t) is piecewise smooth. Then the derivative can be obtained
by differentiating term by term,

f'(t)= i": —azmr Sin(%t) + anT/m cos(n—;t).

n=1

It is important that the function is continuous. It can have corners, but no jumps. Otherwise the differentiated series will fail to
converge. For an exercise, take the series obtained for the square wave and try to differentiate the series. Similarly, we can also
integrate a Fourier series.

& Theorem 4.3.3

Suppose

f(t) = % —l—ni:;an cos(nL—Wt) +b, sin(%t)

is a piecewise smooth function. Then the antiderivative is obtained by antidifferentiating term by term and so

. /nm -b, L nmw
sm(—t) + cos(—t),
L nmw L

aot >, an,L
Fit)=+C+
®) 2 ; nmw

where F'(t) = f(t) and C is an arbitrary constant.

aot
Note that the series for F'(¢) is no longer a Fourier series as it contains the % term. The antiderivative of a periodic function need

no longer be periodic and so we should not expect a Fourier series.

Rates of Convergence and Smoothness

Let us do an example of a periodic function with one derivative everywhere.

v/ Example 4.3.6

Take the function

t+1)t if —1<t<0,
f(t>={( b
1-t)t if 0<t<l,

and extend to a 2-periodic function. The plot is given in Figure 4.3.3.
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Figure 4.3.3: Smooth 2-periodic function.

Note that this function has one derivative everywhere, but it does not have a second derivative whenever ¢ is an integer.

? Exercise 4.3.1

Compute f”(0+) and f"(0-).
Let us compute the Fourier series coefficients. The actual computation involves several integration by parts and is left to student.

ag :/_i f(t)dt:/_0(t+1)tdt+/01(1—t)tdt:0,

1

an, :/I f(t) cos(nmt)dt z/j(t—i-l)t COS(ml't)dt‘i‘/Ol(l —t)t cos(nmt)dt =0

by = /_ i f(t)sin(nmt)dt = /_ 1 (t-+ 1)t sin(nmt)dt + /0 1(1_ )t sin(rrt)dt (4.3.3)

4(1—(-1)") 55 ifnisodd,
=————>==< 7n
m3nd e
0 if nis even.
That is, the series is
o0
8

Z 53 sin(nmt)
~ mn
n odd

This series converges very fast. If you plot up to the third harmonic, that is the function

%sin(ﬂ't) + 2787T3 sin(37t),

8
is already just 0.0096
3

(approximately). The reason for this behavior is the n® term in the denominator. The coefficients b,, in this case go to zero as fast

it is almost indistinguishable from the plot of f(¢) in Figure 4.3.3. In fact, the coefficient

as — goes to zero.
n3

For functions constructed piecewise from polynomials as above, it is generally true that if you have one derivative, the Fourier

1
coefficients will go to zero approximately like —- If you have only a continuous function, then the Fourier coefficients will go to
n

1 1

zero as —-. If you have discontinuities, then the Fourier coefficients will go to zero approximately as —. For more general
n n

functions the story is somewhat more complicated but the same idea holds, the more derivatives you have, the faster the

1
coefficients go to zero. Similar reasoning works in reverse. If the coefficients go to zero like — you always obtain a continuous
n
1
function. If they go to zero like — you obtain an everywhere differentiable function.
n

To justify this behavior, take for example the function defined by the Fourier series

https://math.libretexts.org/@go/page/32205


https://libretexts.org/
https://math.libretexts.org/@go/page/32205?pdf

LibreTexts"

When we differentiate term by term we notice

Therefore, the coefficients now go down like —, which means that we have a continuous function. The derivative of f'(t) is

2 b
n
defined at most points, but there are points where f/(¢) is not differentiable. It has corners, but no jumps. If we differentiate again

(where we can) we find that the function f”/(¢), now fails to be continuous (has jumps)

—_

()=

sin(nt).

NgE

n

Il
—

n
This function is similar to the sawtooth. If we tried to differentiate the series again we would obtain
o0
Z —cos(nt),
n=1

which does not converge!

? Exercise 4.3.2

Use a computer to plot the series we obtained for f(¢), f/(t) and f”/(t). That is, plot say the first 5 harmonics of the functions.
At what points does f''(¢) have the discontinuities?
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4.4: Sine and cosine series

4.4 .1:Even Periodic Functions

You may have noticed by now that an odd function has no cosine terms in the Fourier series and an even function has no sine terms
in the Fourier series. This observation is not a coincidence. Let us look at even and odd periodic function in more detail.

Recall that a function f(t) is odd if f(—t) = —f(¢). A function f(t) is even if f(—t) = f(¢). For example, cos (nt) is even and
sin (nt) is odd. Similarly the function ¢ is even if k is even and odd when k is odd.

? Exercise 4.4.1

Take two functions f(¢) and g(¢) and define their product k(t) = f(t) g(t) .

a. Suppose both f(¢) and g(t) are odd, is h(¢) odd or even?
b. Suppose one is even and one is odd, is h(t) odd or even?
c. Suppose both are even, is h(t) odd or even?

If f(¢) and g(¢) are both odd, then f(¢)+g(t) is odd. Similarly for even functions. On the other hand, if f(¢) is odd and g¢(¢)
even, then we cannot say anything about the sum f(¢) + g(¢) . In fact, the Fourier series of any function is a sum of an odd (the sine
terms) and an even (the cosine terms) function.

In this section we consider odd and even periodic functions. We have previously defined the 2 L-periodic extension of a function
defined on the interval [—L, L]. Sometimes we are only interested in the function on the range [0, L] and it would be convenient to

have an odd (resp. even) function. If the function is odd (resp. even), all the cosine (resp. sine) terms will disappear. What we will
do is take the odd (resp. even) extension of the function to [—L, L] and then extend periodically to a 2 L-periodic function.

Take a function f(t) defined on [0, L]. On (—L, L] define the functions
Fdd(t)d:ef{ ft) if 0<t<L,
? —f(=t) if —L<t<0,

- aw [ f(t) if 0<t<L,
even()_{f(—t) if —L<t<O0.

(4.4.1)

Extend Fp44(t) and Feyer, (t) to be 2 L-periodic. Then F,q4(t) is called the odd periodic extension of f(t), and Feye, (t) is called
the even periodic extension of f(t). For the odd extension we generally assume that f(0) = f(L) =0.

? Exercise 4.4.2

Check that Fy,44(t) is odd and that F,e;, (t) is even. For F,qq4, assume f(0) = f(L) =0.

v/ Example 4.4.1

Take the function f(¢) =¢(1 —¢) defined on [0, 1]. Figure 4.4.1 shows the plots of the odd and even extensions of f ().

Figure 4.4.1: Odd and even 2-periodic extension of f(t) =#(1—¢),0<t<1.
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Sine and Cosine Series

Let f(t) be an odd 2L-periodic function. We write the Fourier series for f(t). First, we compute the coefficients a,, (including
n =0) and get

a, = % /i f(t)cos (%t) dt =0.

That is, there are no cosine terms in the Fourier series of an odd function. The integral is zero because f(t)cos (#¥t) is an odd
function (product of an odd and an even function is odd) and the integral of an odd function over a symmetric interval is always
zero. The integral of an even function over a symmetric interval [—L, L] is twice the integral of the function over the interval
[0, L]. The function f(t)sin (%%¢) is the product of two odd functions and hence is even.

1 L . /nm 2 k . /nmw
We now write the Fourier series of f(t) as
> nmw
Z b, sin (—t) .
— L
n=1
Similarly, if f(¢) is an even 2 L-periodic function. For the same exact reasons as above, we find that b, = 0 and
2t nmw
an =+ /0 f(t) cos (Tt) dt.
The formula still works for n = 0, in which case it becomes
2 L
=— t)dt.
w-7 [ 0
The Fourier series is then
ag d nm
7 +;an cos (Tt)
An interesting consequence is that the coefficients of the Fourier series of an odd (or even) function can be computed by just

integrating over the half interval [0, L]. Therefore, we can compute the Fourier series of the odd (or even) extension of a function
by computing certain integrals over the interval where the original function is defined.

& Theorem 4.4.1

Let f(t) be a piecewise smooth function defined on [0, L]. Then the odd periodic extension of f(t) has the Fourier series

Foaalt) =3 bysin (T4,
n=1

where

b, = %/OL F(¢)sin (%t) dt.

The even periodic extension of f(t) has the Fourier series
[
ap nmw
Fopen (t) = 7 + nE:1 a, CoS (Tt)’

where

a, = % /(;L f(t) cos (%t) dt.
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The series Y>> ; b, sin (%t) is called the sine series of f(t) and the series % +> 07, an cos (nL—Wt) is called the cosine
series of f(t). We often do not actually care what happens outside of [0, L]. In this case, we pick whichever series fits our problem

better.

It is not necessary to start with the full Fourier series to obtain the sine and cosine series. The sine series is really the eigenfunction
expansion of f(¢) using eigenfunctions of the eigenvalue problem z” +Az =0 z(0) =0, (L) = L. The cosine series is the
eigenfunction expansion of f(t) using eigenfunctions of the eigenvalue problem "’ + Az =0, z'(0) =0, z'(L) = L. We could
have, therefore, gotten the same formulas by defining the inner produ

(F(t), o)) = /0 F(t)g(t) dt,

and following the procedure of Section 4.2. This point of view is useful, as we commonly use a specific series that arose because
our underlying question led to a certain eigenvalue problem. If the eigenvalue problem is not one of the three we covered so far,
you can still do an eigenfunction expansion, generalizing the results of this chapter. We will deal with such a generalization in
Chapter 5.

v/ Example 4.4.2

Find the Fourier series of the even periodic extension of the function f(¢) =¢2 for0 <t <.

Solution
‘We want to write

f@) = % + i a,, cos(nt),
n=1

where
2 [ 22
ap == / t2dt = —,
™ Jo
and
2 [T 2[,1 T 4 [T
a, =— / t? cos(nt)dt = — [tZ—sin(nt)] -— / tsin(nt)dt
™ Jo 7T n 0 nm Jo (4‘4.2)
4 . 4 4 4(-1)"
= ——[tcos(nt)|; + —— cos(nt)dt = .
n?m n2mw Jo n?

Note that we have “detected” the continuity of the extension since the coefficients decay as # That is, the even extension of
t? has no jump discontinuities. It does have corners, since the derivative, which is an odd function and a sine series, has jumps;
it has a Fourier series whose coefficients decay only as %
Explicitly, the first few terms of the series are

2

4
% —4 cos (t) +cos (2t) — g eos (3t)+---

? Exercise 4.4.3

a. Compute the derivative of the even extension of f(¢) above and verify it has jump discontinuities. Use the actual definition
of f(t), not its cosine series!
b. Why is it that the derivative of the even extension of f(¢) is the odd extension of f'(¢)?

Application
Fourier series ties in to the boundary value problems we studied earlier. Let us see this connection in more detail.

Suppose we have the boundary value problem for 0 < ¢ < L.
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2" (t) + Az (t) = f(2),

for the Dirichlet boundary conditions z(0) = 0, z(L) = 0. By using the Fredholm alternative (Theorem 4.1.2) we note that as long
as A is not an eigenvalue of the underlying homogeneous problem, there exists a unique solution. Note that the eigenfunctions of
this eigenvalue problem are the functions sin (%t) Therefore, to find the solution, we first find the Fourier sine series for f(t).
We write z also as a sine series, but with unknown coefficients. We substitute the series for  into the equation and solve for the
unknown coefficients. If we have the Neumann boundary conditions '(0) =0 and z'(L) =0, we do the same procedure using
the cosine series.

Let us see how this method works on examples.

v/ Example 4.4.3

Take the boundary value problem for 0 <t <1,
" (t) +22(t) = f (1),

where f(t) =t on 0 <t <1, and satisfying the Dirichlet boundary conditions (0) =0 and (1) = 0. We write f(¢) as a
sine series

f®) = Z cp sin (nrt).
n=1

Compute
2 (_ 1 )n+1

1
@ = 2/ t sin (n7t) dt =
0 nm

We write z(t) as
z(t) = Z by, sin (nt).
n=1

We plug in to obtain

z"(t) +2z(t) = Z —b,n’n? sin(nwt) + 22 by, sin(nt)
n=1 n=1
w” T
= 4.4.3
= Z b, (2 — n’n?) sin(nt) ( )
n=1
00 2(—1 n+1
=f(t) = ; ( mz sin(nt).
Therefore,
2(—1 n+1
bu2—nPr?) = 2
nmw
or
2(_1)n+1

(2 —n2a?)’

That 2 —n2x? is not zero for any n, and that we can solve for b, is precisely because 2 is not an eigenvale of the problem.
We have thus obtained a Fourier series for the solution

z(t) = i 2(;)nﬂsin (nmt).

nm(2 —n?n?)
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See Figure 4.4.2 for a graph of the solution. Notice that because the eigenfunctions satisfy the boundary conditions, and x is
written in terms of the boundary conditions, then « satisfies the boundary conditions.

am

2]

a0

) ) an 0

Figure 4.4.2: Plot of the solution of " 4+ 2z =t , £(0) =0, (1) = 0.

v/ Example 4.4.4

Similarly we handle the Neumann conditions. Take the boundary value problem for 0 <¢ <1,

2"(t) +2x(t) = £(2),

where again f(t) =¢ on 0 < ¢ < 1, but now satisfying the Neumann boundary conditions ’(0) =0 and z’(1) = 0. We write
f(t) as a cosine series

f@®) = 6—20 + i cp cos (nrt),
n=1

where

1
0022/ tdt =1
0

2((-1)"—1) _{ —% if nodd,

and

1
@p = 2/ t cos(nmt)dt = W)
0 T™n 0 if neven.

We also write z(t) as a cosine series

oo
z(t) = % + Z ay cos (nt).
n=1

We plug in to obtain

oo o0
t)+2z(t Z —apn’n cos(mrt)] +ag+2 Z a, cos(nmt)]
=1 =1
n - n
=ay —I—Zan(Z —n’n?) cos(nmt) (4.4.4)
n=1
1 &K 4
=f(t)= 5 2 772 cos(nmt).
n odd

Therefore, a = % and a,, = 0 for n even (n > 2) and for n odd we have

—4

2

an(z —n27r2) = 202

or
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The Fourier series for the solution z(t) is

z(t) = +i _—4ncos(mrt).

< n2n%(2 —n2r?)

N

3
Il

This page titled 4.4: Sine and cosine series is shared under a not declared license and was authored, remixed, and/or curated by Jiri Lebl.

e 4.4: Sine and Cosine Series by Jifi Lebl is licensed CC BY-SA 4.0. Original source: https://www.jirka.org/diffyqs.
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4.5: Applications of Fourier series

Periodically Forced Oscillation

Let us return to the forced oscillations. Consider a mass-spring system as before, where we have a mass m on a spring with spring
constant k, with damping ¢, and a force F'(t) applied to the mass. Suppose the forcing function F'(¢) is 2L-periodic for some
L > 0. We have already seen this problem in chapter 2 with a simple F'(t).

k F
}/W\;N/L[T;—‘?

damping ¢

Figure 4.5.1

The equation that governs this particular setup is
ma" (t) +cx' (t) + kz(t) = F(t). (4.5.1)

The general solution consists of (4.5.1) consists of the complementary solution x., which solves the associated homogeneous
equation mz” + cz’ + kx =0 , and a particular solution of Equation (4.5.1)we call z,. For ¢ > 0, the complementary solution .
will decay as time goes by. Therefore, we are mostly interested in a particular solution z,, that does not decay and is periodic with
the same period as F'(¢). We call this particular solution the steady periodic solution and we write it as x, as before. What will be
new in this section is that we consider an arbitrary forcing function F'(¢) instead of a simple cosine.

For simplicity, let us suppose that ¢ = 0. The problem with ¢ > 0 is very similar. The equation
mz” +kzx =0
has the general solution

z(t) = A cos(wot) + Bsin(wpt),

where wy = \/g . Any solution to mz' (t) + kz(t) = F(t) is of the form A cos(wot)+ Bsin(wpt) + x5, . The steady periodic
solution x4, has the same period as F'(t).
In the spirit of the last section and the idea of undetermined coefficients we first write

F(t):c—;—{—icncos(L )—i—dnsin(L )
n=1

Then we write a proposed steady periodic solution x as
ay = nw nw
z(t) = 5 + "EZI an cos(ft) +b, sin(ft) ,

where a,, and b,, are unknowns. We plug x into the differential equation and solve for a, and b,, in terms of ¢, and d,. This
process is perhaps best understood by example.

v/ Example 4.5.1

Suppose that k =2, and m = 1. The units are again the mks units (meters-kilograms-seconds). There is a jetpack strapped to
the mass, which fires with a force of 1 newton for 1 second and then is off for 1 second, and so on. We want to find the steady
periodic solution.

Solution
The equation is, therefore,

z' +2z =F(t),

where F(t) is the step function
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0 if -1<t<0
F(t)z{ i -1<t<0,
1 if 0<t<1,

extended periodically. We write

o0
F(t)= %0 + Z cn cos(nmt) + dy, sin(nt).
n=1

We compute
1 1
Cn =/ F(t) cos(mrt)dt:/ cos(nmt)dt =0 forn>1,
-1 0
1 1
co :/ F(t)dt:/ dt =1,
-1 0
1
d, = / F(t) sin(nrt)dt
-1
1 (4.5.2)
= / sin(nmt)dt
0
_ [ —cos(nt) !
a teus =0
1—(=1)" — ifnodd,
= = 7'('
m 0 ifneven
So
F(t) 1—1—50: 2 sin(nmt)
== —sin .
2 <~ mn .
n odd

We want to try

z(t) = (12—0 + Z a, cos(nmt) + by, sin(nmt).

n=1

Once we plug .. into the differential equation ="’ + 2z = F(¢), it is clear that a, =0 for n > 1 as there are no corresponding
terms in the series for F'(¢). Similarly b, = 0 for n even. Hence we try

z(t) = a_20 + Z by, sin(nmt).

e
We plug into the differential equation and obtain
o0 o0
' +2z = Z [—byn?m? sin(nt)| +ap +2 Z [b,, sin(nrt)]
n=1 n=1
n odd n odd
o0
=a +an(2 —n?n?)sin(nnt) (4.5.3)
e
F(t) =3+ sin(rrt)
= == —sin(nmnt).
2 ™
n=1
n odd
1
Soay = 5 , b, =0 for even n, and for odd n we get
2
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The steady periodic solution has the Fourier series
1 o0
== sin(nmnt).
4 g n(2— n27r2) (nmt)
n od

We know this is the steady periodic solution as it contains no terms of the complementary solution and it is periodic with the
same period as F'(t) itself. See Figure 4.5.1 for the plot of this solution.

08 25 50 75 a0
05 ~ T - (T}

IVAVAVAVAVA)

Figure 4.5.1: Plot of the steady periodic solution z, of Example 4.5.1.

Resonance

Just like when the forcing function was a simple cosine, resonance could still happen. Let us assume ¢ =0 and we will discuss
only pure resonance. Again, take the equation

z"(t) + kz(t) = F(t).

When we expand F'(t) and find that some of its terms coincide with the complementary solution to mz" + kxz = 0, we cannot use
those terms in the guess. Just like before, they will disappear when we plug into the left hand side and we will get a contradictory
equation (such as 0 = 1). That is, suppose

z. = Acos(wpt) + Bsin(wyt),

Nm
where wyg = —— for some positive integer V. In this case we have to modify our guess and try

L
z(t) = % +t <aN cos(%t) +by sin(%t)) +§an cos(%t) +b, sin(%t).
AN
In other words, we multiply the offending term by ¢. From then on, we proceed as before.
Of course, the solution will not be a Fourier series (it will not even be periodic) since it contains these terms multiplied by ¢.
Further, the terms ¢ (aN cos (%t) +bn sin(%t)) will eventually dominate and lead to wild oscillations. As before, this
behavior is called pure resonance or just resonance.

Note that there now may be infinitely many resonance frequencies to hit. That is, as we change the frequency of F' (we change L),
different terms from the Fourier series of F' may interfere with the complementary solution and will cause resonance. However, we
should note that since everything is an approximation and in particular ¢ is never actually zero but something very close to zero,
only the first few resonance frequencies will matter.

v/ Example 4.5.2

Find the steady periodic solution to the equation
22" + 187z = F(t), (4.5.4)

where

—1 if -1<t<0,
1 if 0<t<l,
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extended periodically. We note that

? Exercise 4.5.1

Compute the Fourier series of F' to verify the above equation.

As y/ % = %’TZ = 37, the solution to (4.5.4)is

x(t) = ¢ cos(3mt) + ¢y sin(3t) 4, (t)
for some particular solution x,,.

If we just try an x,, given as a Fourier series with sin(nnt) as usual, the complementary equation, 2z" + 1872z =0, eats our 3™
harmonic. That is, the term with sin(3#t) is already in in our complementary solution. Therefore, we pull that term out and
multiply it by ¢. We also add a cosine term to get everything right. That is, we try

o0
xp(t) = agt cos(3nt) + bst sin(3mt) + Z by, sin(nnt).

n=1
n odd
n#3

Let us compute the second derivative.

o0
2y (t) = —6azmsin(3mt) —9n’azt cos(3mt) -+ 6bsm cos(3nt) — 9m>bst sin(3mt) + Z(—n27r2bn) sin(nwt).

n=1
n odd
n#3

We now plug into the left hand side of the differential equation.

22! + 18722, = —12as7sin(37t) — 1872ast cos(3mt) + 12bs7 cos(3mt) — 187 2bst sin(3mt
i P

+ 187 agt cos(3t) + 187 bst sin(37t)
. 2 2 2\ (4.5.5)
+ Z (—2n"7°b, +187°b,) sin(nwt).
nodd
n#3
If we simplify we obtain
27y +187%z = —12a3msin(3nt) + 12bym cos(3t) + Z(—2n27r2bn +187%b,,) sin(nnt. )
el
n#3
This series has to equal to the series for F'(t). We equate the coefficients and solve for ag and by,.
GO
5T 12 92’
bs =0, (4.5.6)
b, = 4 = 2 for n odd and n # 3
" nn(1872 —2n27w2)  wn(9 —n2) '
That is,
zp(t) - tcos(3mt) + i sin(nwt.)
=— ™ —_ nt.
b 972 “~ m3n(9 —n?)

n odd
n#3
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When ¢ > 0, you will not have to worry about pure resonance. That is, there will never be any conflicts and you do not need to
multiply any terms by ¢. There is a corresponding concept of practical resonance and it is very similar to the ideas we already
explored in Chapter 2. Basically what happens in practical resonance is that one of the coefficients in the series for z, can get very
big. We will not go into details here.

e o Jiii Lebl (Oklahoma State University).These pages were supported by NSF grants DMS-0900885 and DMS-1362337.
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4.6: PDEs, separation of variables, and the heat equation

Let us recall that a partial differential equation or PDE is an equation containing the partial derivatives with respect to several
independent variables. Solving PDEs will be our main application of Fourier series.

A PDE is said to be linear if the dependent variable and its derivatives appear at most to the first power and in no functions. We
will only talk about linear PDEs. Together with a PDE, we usually have specified some boundary conditions, where the value of
the solution or its derivatives is specified along the boundary of a region, and/or some initial conditions where the value of the
solution or its derivatives is specified for some initial time. Sometimes such conditions are mixed together and we will refer to
them simply as side conditions.

We will study three specific partial differential equations, each one representing a more general class of equations. First, we will
study the heat equation, which is an example of a parabolic PDE. Next, we will study the wave equation, which is an example of a
hyperbolic PDE. Finally, we will study the Laplace equation, which is an example of an elliptic PDE. Each of our examples will
illustrate behavior that is typical for the whole class.

Heat on an Insulated Wire

Let us first study the heat equation. Suppose that we have a wire (or a thin metal rod) of length L that is insulated except at the
endpoints. Let = denote the position along the wire and let ¢ denote time. See Figure 4.6.1.

temperature u

o o

L x

insulation

Figure 4.6.1: Insulated wire.

Let u(z,t) denote the temperature at point z at time ¢. The equation governing this setup is the so-called one-dimensional heat
equation:

ou 0%u

ot oz?’
where k > 0 is a constant (the thermal conductivity of the material). That is, the change in heat at a specific point is proportional to

the second derivative of the heat along the wire. This makes sense; if at a fixed ¢ the graph of the heat distribution has a maximum
(the graph is concave down), then heat flows away from the maximum. And vice-versa.

We will generally use a more convenient notation for partial derivatives. We will write u; instead of %, and we will write ug,

. %y
instead of el

- With this notation the heat equation becomes
U = kg .

For the heat equation, we must also have some boundary conditions. We assume that the ends of the wire are either exposed and
touching some body of constant heat, or the ends are insulated. For example, if the ends of the wire are kept at temperature 0, then
we must have the conditions

u(0,t)=0 and wu(L,t)=0.
If, on the other hand, the ends are also insulated we get the conditions
uz(0,8) =0 and w,(L,t)=0.

Let us see why that is so. If u,, is positive at some point x, then at a particular time, « is smaller to the left of x, and higher to the
right of . Heat is flowing from high heat to low heat, that is to the left. On the other hand if u, is negative then heat is again
flowing from high heat to low heat, that is to the right. So when u, is zero, that is a point through which heat is not flowing. In
other words, u, (0, t) = 0 means no heat is flowing in or out of the wire at the point = 0.
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We have two conditions along the z-axis as there are two derivatives in the z direction. These side conditions are said to be
homogeneous (i.e., u or a derivative of  is set to zero).

We also need an initial condition—the temperature distribution at time ¢ = 0. That is,

u(z,0) = f(=),

for some known function f(z). This initial condition is not a homogeneous side condition.

Separation of Variables

The heat equation is linear as u and its derivatives do not appear to any powers or in any functions. Thus the principle of
superposition still applies for the heat equation (without side conditions). If u; and us are solutions and ¢y, ¢y are constants, then
u = c1u1 + cous is also a solution.

? Exercise 4.6.1

Verify the principle of superposition for the heat equation.

Superposition also preserves some of the side conditions. In particular, if u; and ug are solutions that satisfy «(0,¢) =0 and
u(L, t) =0, and ¢y, co are constants, then u = ¢;ug + cous is still a solution that satisfies u(0,¢) =0 andu(L, t) = 0. Similarly
for the side conditions u,(0,t) =0 and u, (L, t) = 0. In general, superposition preserves all homogeneous side conditions.

The method of separation of variables is to try to find solutions that are sums or products of functions of one variable. For
example, for the heat equation, we try to find solutions of the form

u(z,t) = X (2)T'(t).

That the desired solution we are looking for is of this form is too much to hope for. What is perfectly reasonable to ask, however, is
to find enough “building-block” solutions of the form u(z,t) = X (z)T'(¢) using this procedure so that the desired solution to the
PDE is somehow constructed from these building blocks by the use of superposition.

Let us try to solve the heat equation
up = kug, with u(0,t)=0, wu(L,t)=0, and wu(z,0)=f(x).

Let us guess u(z,t) = X(x)T(t). We will try to make this guess satisfy the differential equation, u; = ku,,, and the
homogeneous side conditions, «(0,t) =0 and u(L,t) =0. Then, as superposition preserves the differential equation and the
homogeneous side conditions, we will try to build up a solution from these building blocks to solve the nonhomogeneous initial
condition u(z,0) = f(z).
First we plug u(z,t) = X(z)T(t) into the heat equation to obtain

X(2)T'(t) = kX" (z)T(t).
We rewrite as

') _ X"(=)

ET(t) X(z)

This equation must hold for all  and all ¢. But the left hand side does not depend on « and the right hand side does not depend on
t. Hence, each side must be a constant. Let us call this constant —\ (the minus sign is for convenience later). We obtain the two
equations

XI/ (w)

KT(t) A= X(z)

In other words

X'(2) +AX(z) =0,
0

T'(t)+ AT (t) =0. (4.6.1)
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The boundary condition (0, t) =0 implies X (0)T'(¢) = 0. We are looking for a nontrivial solution and so we can assume that
T(¢) is not identically zero. Hence X (0) = 0. Similarly, (L, t) = 0 implies X (L) = 0. We are looking for nontrivial solutions X
of the eigenvalue problem X" +AX =0,X(0)=0,X(L)=0. We have previously found that the only eigenvalues are

2_2 . . .
A = "LZ; , for integers n > 1, where eigenfunctions are sm(%ac). Hence, let us pick the solutions

Xn(z) = sin(%:v).

The corresponding T, must satisfy the equation

n2m?

L2

By the method of integrating factor, the solution of this problem is

T (t) + KT, (t) = 0.

—n21r2k
T,(t)=e = *.

It will be useful to note that 7;,(0) = 1. Our building-block solutions are

tn(@,8) = X (@)To (1) =sin( w7,

We note that uy, (2, 0) = sin(22z). Let us write f(z) as the sine series

flz)= ilbn sin(%m).

That is, we find the Fourier series of the odd periodic extension of f(z). We used the sine series as it corresponds to the eigenvalue
problem for X (z) above. Finally, we use superposition to write the solution as

—n2x2

u(z,t) =anun(m,t) =ansin(%x)e 2 M
n=1 n=1

Why does this solution work? First note that it is a solution to the heat equation by superposition. It satisfies u(0,¢) =0 and
u(L,t) =0, because z = 0 or z = L makes all the sines vanish. Finally, plugging in ¢ = 0, we notice that 7,,(0) = 1 and so

u(z,0) = ibnun(w, 0)= ibn sin(ni—ﬂ-s:) = f(x).

v/ Example 4.6.1

Suppose that we have an insulated wire of length 1, such that the ends of the wire are embedded in ice (temperature 0). Let
k = 0.003. Then suppose that initial heat distribution is u(z, 0) = 50z (1 — ). See Figure 4.6.2.

[ ars 1

o

Figure 4.6.2: Initial distribution of temperature in the wire.

We want to find the temperature function u(z,t). Let us suppose we also want to find when
(at what t) does the maximum temperature in the wire drop to one half of the initial
maximum of 12.5.
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We are solving the following PDE problem:

w; = 0.003uyy,
u(0,t) =u(l,t) =0, (4.6.2)
u(z,0) =50z(l —z) for0<z <1.

We write f(z) =50z(1 —x) for 0 <z <1 as asine series. That is, f(z) =Y - ; b, sin(nzwz), where

1
=2 1—2x)si =
by /0 50z(1 — z)sin(nnz)dz 400 if p odd.

m3nd

200 200(—1)" 0 ifneven,
ond  mn®

L
oo L] uixy

125 | Tt R 125 11.700
i £, 10.400

9.100
7.800
6.500
5.200
3.900
2.600
1.300
0.000

25

0.0 | - 00

Figure 4.6.3: Plot of the temperature of the wire at position  at time .

The solution u(z, t), plotted in Figure 4.6.3 for \( 0 \leq t \leq 100\), is given by the series:

u(z,t) = i 400 sin(nww)e’"2"20'003t
T L 33 '

n=1
n odd

Finally, let us answer the question about the maximum temperature. It is relatively easy to see that the maximum temperature
will always be at = 0.5, in the middle of the wire. The plot of u(z, t) confirms this intuition.

If we plug in z = 0.5 we get

—n2m20.003t

. 400
u(0.5,t) = Z 3 sin(nm0.5)e

=i

odd

— mn
For n = 3 and higher (remember 7 is only odd), the terms of the series are insignificant compared to the first term. The first

term in the series is already a very good approximation of the function. Hence

400
u(0.5,t) ~ —36_"20'003t.
T

The approximation gets better and better as ¢ gets larger as the other terms decay much faster. Let us plot the function 0.5, ¢,
the temperature at the midpoint of the wire at time ¢, in Figure 4.6.4. The figure also plots the approximation by the first term.
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Figure 4.6.4: Temperature at the midpoint of the wire (the bottom curve), and the approximation of this temperature by using
only the first term in the series (top curve).

After t = 5 or so it would be hard to tell the difference between the first term of the series
for u(z,t) and the real solution u(x,t). This behavior is a general feature of solving the
heat equation. If you are interested in behavior for large enough ¢, only the first one or two
terms may be necessary.

Let us get back to the question of when is the maximum temperature one half of the initial maximum temperature. That is,
when is the temperature at the midpoint 12.5/2 = 6.25 We notice on the graph that if we use the approximation by the first
term we will be close enough. We solve

6.25 = @677r20.003t.
3

That is,

6.25m3
400

~ T220.003

So the maximum temperature drops to half at about ¢ = 24.5.

~24.5.

We mention an interesting behavior of the solution to the heat equation. The heat equation “smoothes” out the function f(x) as ¢
2,2
k

—neT

grows. For a fixed ¢, the solution is a Fourier series with coefficients b,e 12 LIt > 0, then these coefficients go to zero faster

than any n%, for any power p. In other words, the Fourier series has infinitely many derivatives everywhere. Thus even if the
function f(z) has jumps and corners, then for a fixed ¢ > 0, the solution u(z, t) as a function of z is as smooth as we want it to be.

v/ Example 4.6.2

When the initial condition is already a sine series, then there is no need to compute anything, you just need to plug in. Consider
ur = 0.3 ugy, u(0,t) =u(1,t) =0, u(z,0) = 0.1sin(wt) +sin(27t).
The solution is then

u(z,t) = 0.1sin(mrt)e 037"t 4 gin(2mt)e 1271,

Insulated Ends
Now suppose the ends of the wire are insulated. In this case, we are solving the equation
up = kug, with u.(0,t) =0, wu,(L,t)=0, and wu(z,0)=f(z).

Yet again we try a solution of the form u(z,t) = X(z)T'(¢). By the same procedure as before we plug into the heat equation and
arrive at the following two equations

X"(z) +AX(z) =0,
o (4.6.3)

T' () + AKT ()
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At this point the story changes slightly. The boundary condition u,(0,¢) =0 implies X'(0)T(¢)=0. Hence X'(0)=0.
Similarly, u, (L, t) = 0 implies X'(L) = 0. We are looking for nontrivial solutions X of the eigenvalue problem X" + X =0,
X'(0)=0, X'(L)=0,. We have previously found that the only eigenvalues are A, = %, for integers m >0, where

eigenfunctions are cos( 7)X (we include the constant eigenfunction). Hence, let us pick solutions
X, (z) = cos(%a:) and Xp(z)=

The corresponding T;, must satisfy the equation

n?r?
T.(t)+ 2 kT, (t)=0.
Forn > 1, as before,
ﬂkt
T.(t)=e 2 .

Forn =0, we have T}/ (t) = 0 and hence Tp(t) = 1. Our building-block solutions will be

2

—n27

n (2, ) = X ()T (£) :cos(%w>e s
and
uo(z,t) =1.

We note that u, (z,0) = cos(%z). Let us write f using the cosine series
o0
agp nm
=—+ a; Cos ( —ac) .
y + 2 oneos( ]

That is, we find the Fourier series of the even periodic extension of f(z).

We use superposition to write the solution as

00 Cn2r2

T kt
:70 Z unwt —+Zancos(7x)e 2

n=1

v/ Example 4.6.3

Let us try the same equation as before, but for insulated ends. We are solving the following PDE problem

u; = 0.003uy,,
uz(0,t) =wu,(1,t) =0, (4.6.4)
u(z,0) =50z(1—=z) forO<z<1.

For this problem, we must find the cosine series of u(z,0). For 0 < z <1 we have

25 = ( —200
50z(l—z)=—+ ( ) cos(nmz).
3 g\ min?

The calculation is left to the reader. Hence, the solution to the PDE problem, plotted in Figure 4.6.5, is given by the series

25 &/ —200
u(z,t) = = —I—Z (71-2712 ) cos(nmz)e T 0008,

n=2

n even
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Figure 4.6.5: Plot of the temperature of the insulated wire at position z at time ¢.

Note in the graph that the temperature evens out across the wire. Eventually, all the terms
except the constant die out, and you will be left with a uniform temperature of \(\frac{25} {3}
\approx{8.33}\) along the entire length of the wire.

Let us expand on the last point. The constant term in the series is

ao

L
5 = %/0 f(z)de.

In other words, < is the average value of f(z), that is, the average of the initial temperature. As the wire is insulated everywhere,
no heat can get out, no heat can get in. So the temperature tries to distribute evenly over time, and the average temperature must
always be the same, in particular it is always a—2° As time goes to infinity, the temperature goes to the constant %" everywhere.

This page titled 4.6: PDEs, separation of variables, and the heat equation is shared under a not declared license and was authored, remixed, and/or
curated by Jifi Lebl.

o 4.6: PDEs, Separation of Variables, and The Heat Equation by Jifi Lebl is licensed CC BY-SA 4.0. Original source:
https://www.jirka.org/diffygs.
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4.7: One dimensional wave equation

Imagine we have a tensioned guitar string of length L. Suppose we only consider vibrations in one direction. That is, let 2 denote
the position along the string, let ¢ denote time, and let y denote the displacement of the string from the rest position. See Figure
4.7.1

Figure 4.7.1: Vibrating string of length L, x is position, y is displacement.

The equation that governs this setup is the so-called one-dimensional wave equation:
_ 2
Yt = A" Yzzs

for some constant a@ > 0. The intuition is similar to the heat equation, replacing velocity with acceleration: the acceleration at a
specific point is proportional to the second derivative of the shape of the string. In other words when the string is concave down
then u,, is negative and the string wants to accelerate downwards, so u;; should be negative. And vice versa. The wave equation is
an example of a hyperbolic PDE.

Assume that the ends of the string are fixed in place:
y(0,t)=0 and y(L,t)=0.
Note that we have two conditions along the z axis as there are two derivatives in the z direction.

There are also two derivatives along the ¢ direction and hence we need two further conditions here. We need to know the initial
position and the initial velocity of the string. That is, for some known functions f(x) and g(z), we impose

y(w,O) = f(:l:) and yt(iZ:,O) :g(.’E).

As the equation is again linear, superposition works just as it did for the heat equation. And again we will use separation of
variables to find enough building-block solutions to get the overall solution. There is one change however. It will be easier to solve
two separate problems and add their solutions.

The two problems we will solve are

52
Wit = A" Wy

w(0,t) =w(L,t) =0,

4.7.1
w(z,0)=0 for 0 <z <L, ( )
wi(z,0) = g(x) for 0 <z <L,

and
2t :a2zzwa
0,t) =2(L,t)=0
20,t) = 2(L,t) =0, (4.7.2)
2(z,0) = f(x) for 0<z <L,
zt(2,0) =0 for 0 <z < L.

The principle of superposition implies that y=w+2z solves the wave equation and furthermore
y(z,0) =w(z,0)+2(z,0) = f(z) and y¢(z,0) = wi(x,0) + 2 (x,0) = g(z) . Hence, y is a solution to

Yt :azyz.m
t)=vy(L,t) =
y(0,t) =y(L,t) =0, (473)
y(z,0) = f(z) for 0 <z <L,
y(z,0) = g(z) for 0<z < L.
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The reason for all this complexity is that superposition only works for homogeneous conditions such as y(0,t) =y(L,t) =0,
y(z,0) =0, or y¢(x,0) = 0. Therefore, we will be able to use the idea of separation of variables to find many building-block
solutions solving all the homogeneous conditions. We can then use them to construct a solution solving the remaining
nonhomogeneous condition.

Let us start with (4.7.1). We try a solution of the form w(z, t) = X(z)T'(t) again. We plug into the wave equation to obtain
X(z)T"(t) = a* X" (x)T(t).
Rewriting we get

T”(t) B X”(CIJ)

a?T(t) X(z) '

Again, left hand side depends only on ¢ and the right hand side depends only on x. Therefore, both equal a constant, which we will
denote by —A\.

T”(t) o X”(z) .
a’T(t) X(z)

We solve to get two ordinary differential equations

X"(z)+XX(z) =0,

T"(t)+Xa’T(t) =0. (4.7.4)

The conditions 0 =w(0,¢) = X(0)T'(¢) implies X(0) =0 and w(L,t) =0 implies that X(L)=0. Therefore, the only
2,2

nontrivial solutions for the first equation are when A = A,, = and they are

Xn(z) = sin(%:v).

The general solution for T for this particular A, is
T.(t) = Acos(%t) —l—Bsin(?t) .
We also have the condition that w(z,0) =0 or X(z)T'(0) =0. This implies that 7'(0) = 0, which in turn forces A =0. It is

convenient to pick B= —— (you will see why in a moment) and hence
nwa
L
T.(t) = —sin(%t) .

Our building-block solutions are

We differentiate in ¢, that is

nmwa )

. /nm
ot (x,t)—sm( T x) cos( T t
Hence,

ow,

W(w, 0) = sin(%x).

We expand g(z) in terms of these sines as

g(z) = g by sin(rz—ﬂ-:c) .

Using superposition we can just write down the solution to (4.7.1)as a series
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w(z,t) = g bywy,(z,t) = ibnﬁsin(%m) sin(%t).

n=1

? Exercise 4.7.1

Check that w(z, 0) = 0 and w¢(z, 0) = g(z).

Similarly we proceed to solve (4.7.2). We again try z(z,y) = X (z)T'(t). The procedure works exactly the same at first. We obtain
X"(z)+AX(z) =0,

4.7.5
T"(t) 4+ Aa*T(t) = 0. (4.7.5)
n2m?
and the conditions X(0) =0, X(L) =0. So again A = \,, = T and
. (N7
Xn(z) = s1n(T;v).
This time the condition on 7" is 7" (0) = 0. Thus we get that B =0 and we take
T.(t) = cos(?t) .
Our building-block solution will be
(2,t) = si (nﬂ' ) (mrat)
zn(z,t) =sin( —z ) cos( —t ).
’ L L
As 2z, (z,0) = sin(%* ), we expand f () in terms of these sines as
X . /nm
flz)= ;cn sm(Tm) .
And we write down the solution to (4.7.2)as a series
> = nw nwa
z(z,t) = cnzn(x,t) = c s'n(—:c) cos(—t).
? Exercise 4.7.2
Fill in the details in the derivation of the solution of (4.7.2). Check that the solution satisfies all the side conditions.
Putting these two solutions together, let us state the result as a theorem.
& Theorem 4.7.1
Take the equation
Yo = azyma
0,t)=y(L,t)=0
y(0,t) =y(L,t) =0, (4.7.6)
y(z,0) = f(z) for 0<z <L,
yi(z,0) =g(z) for 0<z <L,
where
f(z)= Z Cn sin(%a:),
n=1
and
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g(z) = Z b, Sin(nL—Tr:c) .
n=1
Then the solution y(z, t) can be written as a sum of the solutions of (4.7.4) and (4.7.5). In other words,
-, L
y(z,t) = ; bn%sin(rz—ﬂm) sin(%t) +cn sin(%m) cos( nza t)

= gsin(%m) [bn %sin(%t) +c, cos(%t)] .

Let us try a simple example of a plucked string. Suppose that a string of length 2 is plucked in the middle such that it has the
initial shape given in Figure 4.7.2. That is

0.1z if0<z <1,
0.1(2—z) ifl<z<2’

) ={

Figure 4.7.2: Initial shape of a plucked string from Example 4.7.1.

The string starts at rest (g(z) = 0). Suppose that a =1 in the wave equation for simplicity. In other words, we wish to solve
the problem:

Ytt = Yaz,
y(0,t) =y(2,t) =0, (4.7.8)
y(z,0)=f(z) and y(z,0)=0.

We leave it to the reader to compute the sine series of f(x). The series will be
f(z) = i 0.8 sin(%) sin(n2—7ra:).
1

n2m?

n=

Note that sin(%) is the sequence 1,0,—1,0,1,0, —1,.. forn =1, 2, 3,4, ... Therefore,

f(x)—%sin(fm)—ﬁsin 3—7rac + 0.8 sin ﬂx =
o2 2 972 2 2572 2

(4.7.9)

See Figure 4.7.3 for a plot for 0 <t < 3. Notice that unlike the heat equation, the solution does not become "smoother," the
"sharp edges" remain. We will see the reason for this behavior in the next section where we derive the solution to the wave
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equation in a different way.

20
0.0

0.08

0.00

-0.05

Figure 4.7.3: Shape of the plucked string for 0 < ¢ < 3.

Make sure you understand what the plot, such as the one in the figure, is telling you. For each fixed ¢, you can think of the
function y(z, t) as just a function of z. This function gives you the shape of the string at time ¢. See Figure 4.7.4 for plots of at
y as a function of z at several different values of £. On this plot you can see the sharp edges remaining much better.

sn os 1 58 2 as 55 is 15 2

ww [0 s LU

i 0 I [ 20 0 T} ] 8 =8

Figure 4.7.4: Plucked string fort =0,t=0.4,¢t=0.8,and t = 1.2.

One thing to take away from all this is how a guitar sounds. Notice that the (angular) frequencies that come up in the solution are
nat. That is, there is a certain base fundamental frequency 7, and then we also get all the multiples of this frequency, which in
music are called the overtones. Which overtones appear and with what amplitude is what musicians call the timbre of the note.
Mathematicians usually call this the spectrum. Because all the frequencies are multiples of one frequency (the fundamental) we get
a nice pleasing sound.

The fundamental frequency 72—“ increases as we decrease length L. That is, if we place a finger on the fingerboard and then pluck a
string we get a higher note. The constant a is given by

a =

|
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where T is tension and p is the linear density of the string. Tightening the string (turning the tuning peg on a guitar) increases a and
hence produces a higher fundamental frequency (a higher note). On the other hand using a heavier string reduces a and produces a
lower fundamental frequency (a lower note). A bass guitar has longer thicker strings, while a ukulele has short strings made of
lighter material.

Something rather interesting is the almost symmetry between space and time. In its simplest form we see this symmetry in the
solutions
. (nm . (nTa
sm(—z) sm(— )
L L

In general, the solution for a fixed x is a Fourier series in ¢, for a fixed ¢ it is a Fourier series in , and the coefficients are related.
If the shape f(z) or the initial velocity have lots of corners, then the sound wave will have lots of corners. That is because the
Fourier coefficients of the initial shape decay to zero (as n — o) at the same rate as the Fourier coefficients of the wave in time
(for some fixed z). So if you use a sharp object to pick the string, you get a sharper sound with lots of high frequency components,
while if you use your thumb, you get a softer sound without so many high overtones. Similarly if you pluck close to the bridge, you
are getting a pluck that looks more like the sawtooth, and you get an even sharper sound.

Except for the a, time and space are just the same.

In fact, if you look at the formula for the solution, you see that for any fixed £ we get an almost arbitrary Fourier series in ¢,
everything except the constant term. You can essentially obtain any sound you want by plucking the string in just the right way. Of
course we are considering an ideal string of no stiffness and no air resistance. Those variables clearly impact the sound as well.

This page titled 4.7: One dimensional wave equation is shared under a not declared license and was authored, remixed, and/or curated by Jifi
Lebl.
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4.8: D’Alembert solution of the wave equation

We have solved the wave equation by using Fourier series. But it is often more convenient to use the so-called d’Alembert solution
to the wave equation." While this solution can be derived using Fourier series as well, it is really an awkward use of those
concepts. It is easier and more instructive to derive this solution by making a correct change of variables to get an equation that can
be solved by simple integration.

Suppose we have the wave equation

Yt = 0 Yaz - (4.8.1)
We wish to solve the equation (4.8.1) given the conditions
y(0,t) =y(L,t)=0 forall ¢,

y(x,0) = f(z) 0<z<L, (4.8.2)
%(z,0) =g(z) 0<z<L. (4.8.3)

Change of Variables

We will transform the equation into a simpler form where it can be solved by simple integration. We change variables to
&=z —at,n =z +at. The chain rule says:

0 060 Mo _o 0

oz 0z 0t oz op 0 op

o e 0o (4.8.4)
ot otoc otom ok on
We compute
52 8 0 oy O 9?2 02 9?
oz2  \0t on)\o¢ on) o “ogm  on? (4.8.5)
Y _a—zy_(aiJraa)(a@Jra@)—azﬂ 228y+26y B
tt 92 o¢ ot T on o¢? 0&on on?

In the above computations, we used the fact from calculus that —— We plug what we got into the wave equation,

a 2
56571 — nae -

2
0= a’zyzz —Yu = 4a 366 40’ Yen-

Therefore, the wave equation (4.8.1) transforms into yg, = 0. It is easy to find the general solution to this equation by integrating
twice. Keeping & constant, we integrate with respect to 7 first” and notice that the constant of integration depends on &; for each &
we might get a different constant of integration. We get y = C'(§). Next, we integrate with respect to £ and notice that the constant
of integration must depend on 7. Thus, y = [ C(§)d€ + B(n) . The solution must, therefore, be of the following form for some
functions A(§) and B(n) :

y=A(€)+ B(n) = A(z — at) + B(z +at).

The solution is a superposition of two functions (waves) traveling at speed a in opposite directions. The coordinates £ and 7 are
called the characteristic coordinates, and a similar technique can be applied to more complicated hyperbolic PDE. And in fact, in
Section 1.9 it is used to solve first order linear PDE. Basically, to solve the wave equation (or more general hyperbolic equations)
we find certain characteristic curves along which the equation is really just an ODE, or a pair of ODEs. In this case these are the
curves where £ and 7 are constant.

D’Alembert’'s Formula

We know what any solution must look like, but we need to solve for the given side conditions. We will just give the formula and
see that it works. First let F'(z) denote the odd extension of f(z), and let G(z) denote the odd extension of g(z). Define

A@)=2F@)— = [ Gs)ds, Bl)=Lr(a)+— /0 " G(s)ds.
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We claim this A(z) and B(z) give the solution. Explicitly, the solution is y(z,t) = A(z — at) + B(z +at) or in other words:

(z,1) —lF( - t)—i/HtG( )d +1F( + t)+i/th( )d (4.8.6)
ylx, = 2 r—a 2% A s)as 2 T a % A S)as 0.
F(zx—at)+F t wrat
_ (z —at)+ F(z +at) +i/ G(s)ds. (4.8.7)
2 2a z—at

Let us check that the d’ Alembert formula really works.
(2,0) = 1F(Z’)— ! wG(s)ds—}- 1F(:B)+ ! zG(s)ds—F(m)
vt =y 2a J, 2 2a J, =)

So far so good. Assume for simplicity F is differentiable. And we use the first form of (4.8.6)as it is easier to differentiate. By the
fundamental theorem of calculus we have

— 1 1
y(z,t) = TaF'(w —at)+ EG(JS —at)+ %F'(m +at)+ EG’(a: +at).

So
y(@,0) = SLF'(z) + 3 Ce) + 2F' (@) + 5 C(x) = Gla).

Yay! We’re smoking now. OK, now the boundary conditions. Note that F(z) and G(z) are odd. Also [ G(s)ds is an even
function of z because G(x) is odd (to see this fact, do the substitution s = —v ). So

1 1 —at 1 1 at
y(0,t) = EF(—at) ~ % /0 G(s)ds + §F(at) +3a /0 G(s)ds

" Lt . L e (4.8.8)
- ——F(at)— — —F — —0.
5 (at) % J, G(s)ds+ 5 (at) + 2 J, G(s)ds=0
Note that F'(z) and G(z) are 2L periodic. We compute
1 1 L—at 1 L+at
y(L,t) = EF(L—at)— %/o G(s)ds+§F(L+at)+2—a/O‘ G(s)ds
1 1 L 1 —at
=—F(—L—at)— — G(s)ds — — G(s)ds+
2 2a 0 2a 0
(4.8.9)
1 1 L 1 at
= EF(L +at) + % / G(s)ds+ % /0 G(s)ds

0

-1 1o 1 1o
—TF(L—i—at)—%/o G(s)ds+§F(L+at)+£/0 G(s)ds=0.

And voila, it works.

v/ Example 4.8.1

D’Alembert says that the solution is a superposition of two functions (waves) moving in the opposite direction at “speed” a. To
get an idea of how it works, let us work out an example. Consider the simpler setup

y(0,t) =y zl,t) =0,
y(z,0) = f(z), (4.8.10)
yt(mv 0) =0

0 if  0<x<0.45,
20(z —0.45) if 0.45 <z <0.5,
20(0.55 —z) if 0.5<z<0.55

0 if 0.55<z<1.
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The graph of this impulse is the top left plot in Figure 4.8.1.

Let F(z) be the odd periodic extension of f(x). Then from (4.8.6)we know that the solution is given as

F(z—t)+F(x+t)

t) =

y(z,1) 3

It is not hard to compute specific values of y(z,t). For example, to compute y(0.1,0.6) we notice z —¢t =—0.5 and
z+t=0.7. Now F(-0.5)=—f(0.5)=-20(0.55-0.5)=—1 and F(0.7)= f(0.7)=0. Hence
y(0.1,0.6) = # = —0.5. As you can see the d’Alembert solution is much easier to actually compute and to plot than the

Fourier series solution. See Figure 4.8.1 for plots of the solution y for several different £.

s 050 07 1 oo 25 as0 0rs
T T T T T

A

0% 078 " rm [T5] a%0

Figure 4.8.1: Plot of the d'Alembert solution fort =0,¢t=0.2,¢{ =0.4,and ¢t = 0.6.

Another Way to Solve for the Side Conditions

It is perhaps easier and more useful to memorize the procedure rather than the formula itself. The important thing to remember is
that a solution to the wave equation is a superposition of two waves traveling in opposite directions. That is,

y(z,t) = A(z —at) + B(z +at).

If you think about it, the exact formulas for A and B are not hard to guess once you realize what kind of side conditions y(z, t) is
supposed to satisfy. Let us give the formula again, but slightly differently. Best approach is to do this in stages. When g(z) =
(and hence G(z) = 0) we have the solution

F(z—at)+ F(z+at)
5 .
On the other hand, when f(z) = 0 (and hence F(z) = 0), we let

xr
H(z) :/ G(s)ds.
0
The solution in this case is

1 [ote —H(xz —at)+ H(z +at)
- ds = .
2a [, o Gs)ds 2a

By superposition we get a solution for the general side conditions (4.8.2) (when neither f(z) nor g(z) are identically zero).

F(x —at)+ F(z +at) N —H(xz —at)+ H(z +at)

y(z,t) = (4.8.11)

2 2a
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Do note the minus sign before the H, and the a in the second denominator.

? Exercise 4.8.1

Check that the new formula (4.8.11)satisfies the side conditions (4.8.2).

Warning: Make sure you use the odd extensions F'(z) and G(z), when you have formulas for f(z) and g(z). The thing is, those
formulas in general hold only for 0 < z < L, and are not usually equal to F(z) and G(z) for other .

Remarks

Let us remark that the formula y(z,t) = A(x —at) + B(x +at) is the reason why the solution of the wave equation doesn’t get
as time goes on, that is, why in the examples where the initial conditions had corners, the solution also has corners at every time ¢.

The corners bring us to another interesting remark. Nobody ever notices at first that our example solutions are not even
differentiable (they have corners): In Example 4.8.1 above, the solution is not differentiable whenever z =¢t+0.5 or
z = —t+0.5 for example. Really to be able to compute u,, or us, you need not one, but two derivatives. Fear not, we could

think of a shape that is very nearly F'(x) but does have two derivatives by rounding the corners a little bit, and then the solution

(z—t)+F(x+t)

would be very nearly L 5 and nobody would notice the switch.

One final remark is what the d’ Alembert solution tells us about what part of the initial conditions influence the solution at a certain
point. We can figure this out by Let us suppose that the string is very long (perhaps infinite) for simplicity. Since the solution at
time ¢ is

y(z,t) = Fl@—at)+ Fz+at) 1 /z+at

2 % z—at

we notice that we have only used the initial conditions in the interval [z —at,z +at] . These two endpoints are called the
wavefronts, as that is where the wave front is given an initial (¢ = 0) disturbance at x. So if a = 1, an observer sitting at z = 0 at
time ¢ = 1 has only seen the initial conditions for z in the range [—1, 1] and is blissfully unaware of anything else. This is why for
example we do not know that a supernova has occurred in the universe until we see its light, millions of years from the time when it
did in fact happen.

Footnotes
[1] Named after the French mathematician Jean le Rond d’Alembert (1717 — 1783).
[2] There is nothing special about 7, you can integrate with & first, if you wish.
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4.9: Steady state temperature and the Laplacian

Suppose we have an insulated wire, a plate, or a 3-dimensional object. We apply certain fixed temperatures on the ends of the wire,
the edges of the plate, or on all sides of the 3-dimensional object. We wish to find out what is the steady state temperature
distribution. That is, we wish to know what will be the temperature after long enough period of time.

We are really looking for a solution to the heat equation that is not dependent on time. Let us first solve the problem in one space
variable. We are looking for a function u that satisfies

U = kg,

but such that u; =0 for all = and ¢. Hence, we are looking for a function of x alone that satisfies u,, = 0. It is easy to solve this
equation by integration and we see that u = Az + B for some constants A and B.

Suppose we have an insulated wire, and we apply constant temperature 7T} at one end (say where z = 0) and 75 on the other end
(at x = L where L is the length of the wire). Then our steady state solution is

Ty —T;

This solution agrees with our common sense intuition with how the heat should be distributed in the wire. So in one dimension, the
steady state solutions are basically just straight lines.

Things are more complicated in two or more space dimensions. Let us restrict to two space dimensions for simplicity. The heat
equation in two space variables is

U = k(Ugg +Uyy), (4.9.1)

2 2

or more commonly written as u; = kAwu or u; = kV>?u. Here the A and V2 symbols mean ) + rwh We will use A from
T Y

now on. The reason for using such a notation is that you can define A to be the right thing for any number of space dimensions and

then the heat equation is always u; = kAw. The operator A is called the Laplacian.

OK, now that we have notation out of the way, let us see what does an equation for the steady state solution look like. We are
looking for a solution to Equation (4.9.1)that does not depend on ¢, or in other words u; = 0. Hence we are looking for a function
u(z, y) such that

AU = Ugy Uy, = 0.

This equation is called the Laplace equation'. Solutions to the Laplace equation are called harmonic functions and have many
nice properties and applications far beyond the steady state heat problem.

Harmonic functions in two variables are no longer just linear (plane graphs). For example, you can check that the functions
z? —y? and zy are harmonic. However, if you remember your multi-variable calculus we note that if u,, is positive, u is concave
up in the z direction, then u,, must be negative and u must be concave down in the y direction. Therefore, a harmonic function can
never have any “hilltop” or “valley” on the graph. This observation is consistent with our intuitive idea of steady state heat
distribution; the hottest or coldest spot will not be inside.

Commonly the Laplace equation is part of a so-called Dirichlet problem”. That is, we have a region in the zy-plane and we specify
certain values along the boundaries of the region. We then try to find a solution u defined on this region such that u agrees with the
values we specified on the boundary.

For simplicity, we consider a rectangular region. Also for simplicity we specify boundary values to be zero at 3 of the four edges
and only specify an arbitrary function at one edge. As we still have the principle of superposition, we can use this simpler solution
to derive the general solution for arbitrary boundary values by solving 4 different problems, one for each edge, and adding those
solutions together. This setup is left as an exercise.

We wish to solve the following problem. Let h and w be the height and width of our rectangle, with one corner at the origin and
lying in the first quadrant.
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Au=0, (4.9.2)
u(0,y)=0 for0 <y <h, (4.9.3)
u(z,h)=0 for0 <z <w, (4.9.4)
u(w,y) =0 for0 <y < h, (4.9.5)
u(z,0) = f(z) for0 <z <w. (4.9.6)
(0, h) u=0 (w, h)
u=>0 Au=0 u=0
0,0) = f(x) (w,0)
Figure 4.9.1

The method we apply is separation of variables. Again, we will come up with enough building-block solutions satisfying all the
homogeneous boundary conditions (all conditions except (4.9.6)). We notice that superposition still works for the equation and all
the homogeneous conditions. Therefore, we can use the Fourier series for f(z) to solve the problem as before.

We try u(z,y) = X(z)Y (y). We plug u into the equation to get
XY +XY" =0.

We put the X's on one side and the Y's on the other to get

XII YII
X Y
The left hand side only depends on z and the right hand side only depends on y. Therefore, there is some constant A such that
_ XII YII
A= X — v - And we get two equations
X"+ AX =0,
Y"-\Y =0.
Furthermore, the homogeneous boundary conditions imply that X(0) = X(w) =0 and Y (h) = 0. Taking the equation for X we
2.2
have already seen that we have a nontrivial solution if and only if A =\, = >— and the solution is a multiple of
w
X, (z)= sin(mm).
w
For these given ), the general solution for Y (one for each n) is
Y. (y) =4, cosh(ﬂy) +B, sinh(ﬂy). (4.9.7)
w w

We only have one condition on Y,, and hence we can pick one of A,, or B, to be something convenient. It will be useful to have
Y,(0)=1,sowelet A, =1. Setting Y;,(h) = 0 and solving for B,, we get that

—cosh ( nih >
N
sinh(—mrh>

w

After we plug the A,, and B,, we into (4.9.7)and simplify, we find

B, =
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s (2700

w

sinh (_mrh )
w

We define u,(z,y) = X, (z)Y; (y). And note that w,, satisfies (4.9.2)- (4.9.5).

Ya(y) =

Observe that
. (nT
Un(@,0) = X, ()Y, (0) = s1n(7w).
Suppose
> nrT
flz)= Z b, sin(— .
n=1 w )

Then we get a solution of (4.9.2)- (4.9.6) of the following form.

nw(h—y) )

sinh(
) w
sinh(ﬂh)
w
=

As u, satisfies Equation (4.9.2)- (4.9.5) and any linear combination (finite or infinite) of u,, must also satisfy (4.9.2)- (4.9.5),
we see that u must satisfy Equations (4.9.2)- (4.9.5). By plugging in y = 0 it is easy to see that u satisfies (4.9.6)as well.

v/ Example 4.9.1

Suppose that we take w = h = and we let f(z) = 7. We compute the sine series for the function m(we will get the square
wave). We find that for 0 < z < 7™ we have

u(z,y) = Z bpun(z,y) = Z b, sin(%m
n=1 n=1

o0

flz)= Z %sin(nm).

n=1
n odd

Therefore the solution u(z, y), see Figure 4.9.2, to the corresponding Dirichlet problem is given as

w(z,y) = i %Sin(nm) <%) .

7 odd
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By

3o

3.142
2828
2514
2199
1.885
1.5
1.257
0.943
0.628
D314
0.000

Figure 4.9.2: Steady state temperature of a square plate, three sides held at zero and one side held at 7.

This scenario corresponds to the steady state temperature on a square plate of width 7 with 3
sides held at O degrees and one side held at 7 degrees. If we have arbitrary initial data on all
sides, then we solve four problems, each using one piece of nonhomogeneous data. Then we
use the principle of superposition to add up all four solutions to have a solution to the
original problem.

A different way to visualize solutions of the Laplace equation is to take a wire and bend it so that it corresponds to the graph of
the temperature above the boundary of your region. Cut a rubber sheet in the shape of your region—a square in our case—and
stretch it fixing the edges of the sheet to the wire. The rubber sheet is a good approximation of the graph of the solution to the
Laplace equation with the given boundary data.

Footnotes

[1] Named after the French mathematician Pierre-Simon, marquis de Laplace (1749-1827).

[2] Named after the German mathematician Johann Peter Gustav Lejeune Dirichlet (1805-1859).

This page titled 4.9: Steady state temperature and the Laplacian is shared under a not declared license and was authored, remixed, and/or curated
by Jiri Lebl.

« 4.9: Steady State Temperature and the Laplacian by Jifi Lebl is licensed CC BY-SA 4.0. Original source: https://www.jirka.org/diffyqs.
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4.E: Fourier series and PDEs (Exercises)

These are homework exercises to accompany Libl's "Differential Equations for Engineering" Textmap. This is a textbook targeted
for a one semester first course on differential equations, aimed at engineering students. Prerequisite for the course is the basic
calculus sequence.

4.1: Boundary value problems

Hint for the following exercises: Note that when A >0, then cos(vA(t —a)) and sin(v/A(t —a)) are also solutions of the
homogeneous equation.

? Exercise 4.E.4.1.1

Compute all eigenvalues and eigenfunctions of "’ + Az =0,z (a) =0, z(b) =0 (assume a < b).

? Exercise 4.E.4.1.2

Compute all eigenvalues and eigenfunctions of " + Az = 0,2’ (a) =0, z'(b) =0 (assume a < b).

? Exercise 4.FE.4.1.3

Compute all eigenvalues and eigenfunctions of "’ + Az = 0,2’ (a) =0,z (b) =0 (assume a < b).

? Exercise 4.E.4.1.4

Compute all eigenvalues and eigenfunctions of " + Az =0, z(a) = z(b), 2’ (a) = 2'(b) (assume a < b).

? Exercise 4.E.4.1.5

We have skipped the case of A < 0 for the boundary value problem '’ + Az =0, z(—7) = z(x), 2/ (—7) = 2’ () . Finish the
calculation and show that there are no negative eigenvalues.

? Exercise 4.E.4.1.6

Consider a spinning string of length 2 and linear density 0.1 and tension 3. Find smallest angular velocity when the string pops
out.

Answer

w=T

? Exercise 4.F.4.1.7

Suppose z"+Az =0 and £(0) =1,2z(1) =1. Find all A for which there is more than one solution. Also find the
corresponding solutions (only for the eigenvalues).

"
o=

Answer

i = 4k*n? fork =1, 2, 3,...z} = cos(2knt) + Bsin(2knt) (for any B)

? Exercise 4.E.4.1.8

Suppose 2/ +z =0 and (0) =0, z'(w) = 1. Find all the solution(s) if any exist.

Answer
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l z(t) = —sin(t)

? Exercise 4.E.4.1.9

Consider ' + Az =0 and z(0) =0,z (1) =0. Why does it not have any eigenvalues? Why does any first order equation
with two endpoint conditions such as above have no eigenvalues?

Answer

General solution is z = Ce ™ . Since 2(0) = 0 then C =0, and so z(t) = 0. Therefore, the solution is always identically
zero. One condition is always enough to guarantee a unique solution for a first order equation.

? Exercise 4.E. 4.1.10: (challenging)

Suppose '’ + Az =0 and z(0) =0, 2'(0) =0, z(1) = 0. Suppose that A > 0. Find an equation that all such eigenvalues
must satisfy. Hint: Note that —v/X is a root of 7 +X =0 .

Answer

7 -3 3~ 73 3
?e?‘%‘ = gcos<—\/32ﬁ> —|—sin<\/§‘/x> =0

4.2: The Trigonometric Series

? Exercise 4.E.4.2.1

Suppose f(t) is defined on [—, 7] as sin(5t) + cos(3¢). Extend periodically and compute the Fourier series of f(¢).

? Exercise 4.FE.4.2.2

Suppose f(t) is defined on [—, 7] as |¢|. Extend periodically and compute the Fourier series of f(t).

? Exercise 4.FE.4.2.3

Suppose f(t) is defined on [—, 7] as |¢|*. Extend periodically and compute the Fourier series of f(t).

? Exercise 4.F.4.2.4

Suppose f(t) is defined on (—, 7] as

1 if—m<t<0,
f(t) = / (4.E.1)
1 if0 <t <m.
Extend periodically and compute the Fourier series of f(t).
? Exercise 4.E.4.2.5
Suppose f(t) is defined on (—, 7] as t*. Extend periodically and compute the Fourier series of f(¢).
? Exercise 4.E.4.2.6
Suppose f(t) is defined on [—, 7] as t2. Extend periodically and compute the Fourier series of f(t).
There is another form of the Fourier series using complex exponentials €™ forn =...,—2, —1, 0, 1, 2,... instead of cos(nt)

and sin(nt) for positive n. This form may be easier to work with sometimes. It is certainly more compact to write, and there is
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only one formula for the coefficients. On the downside, the coefficients are complex numbers.

? Exercise 4.E.4.2.7

Let

F(t) = % + f: an cos(nt) + b, sin(nt). (4.E.2)

n=1
Use Euler’s formula e = cos(#) +isin(f) to show that there exist complex numbers c,, such that
€9 .
ft)= Z cme™. (4.E.3)
m=—00

Note that the sum now ranges over all the integers including negative ones. Do not worry about convergence in this
calculation. Hint: It may be better to start from the complex exponential form and write the series as

co+ Z cme™ +c_e”tmt, (4.E.4)

m=1

? Exercise 4.E.4.2.8

Suppose f(t) is defined on [—, w]as f(t) = sin(¢). Extend periodically and compute the Fourier series.

Answer

sin(t)

? Exercise 4.E.4.2.9

Suppose f(t) is defined on (—, 7| as f(¢) = sin(wt). Extend periodically and compute the Fourier series.

Answer

(m—n) sin(mn+n2)+(r+n) sin(mn—=2) |
> net R sin(nt)

—T

? Exercise 4.E.4.2.10

Suppose f(t) is defined on (—, 7] as f(t) = sin®(t) . Extend periodically and compute the Fourier series.

Answer

% = %cos(2t)

? Exercise 4.E.4.2.11
Suppose f(t) is defined on (—, 7] as f(t) = t*. Extend periodically and compute the Fourier series.
Answer

fi 0o (=1)"(87%n2—48)
=+ n—4cos(nt)

4.3: More on the Fourier series
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Let
0 i —-1<t<0
W= = 4.E.5
Uy {t if 0<t<l1, ( )
extended periodically.
a. Compute the Fourier series for f(t).
b. Write out the series explicitly up to the 3*% harmonic.
? Exercise 4.E.4.3.2
Let
—t if —-1<t<0
f(®) ={ 5 . ’ (4.E.6)
t* if 0<t<1,
extended periodically.
a. Compute the Fourier series for f(t).
b. Write out the series explicitly up to the 3*% harmonic.
? Exercise 4.E.4.3.3
Let
—t ]
1—0 Zf —-10<t <0,
&) =9 % (4.E.7)
— if 0<t<L10,
10

extended periodically (period is 20).

a. Compute the Fourier series for f(t).
b. Write out the series explicitly up to the 3¢ harmonic.

? Exercise 4.E.4.3.4

1
Let f(t)=> ", —cos(nt). Is f(t) continuous and differentiable everywhere? Find the derivative (if it exists everywhere)
n

or justify why f(t) is not differentiable everywhere.

? Exercise 4.E.4.3.5

(="

Let f(t) =", ~ sin(nt) . Is f(t) differentiable everywhere? Find the derivative (if it exists everywhere) or justify

why f(t) is not differentiable everywhere.

? Exercise 4.E.4.3.6

Let

0 if —2<t<0,
ft)= t ifO<t<1, (4.E.8)
G if1<t<2,

extended periodically.
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a. Compute the Fourier series for f(t).
b. Write out the series explicitly up to the 3'% harmonic.

? Exercise 4.E.4.3.7

Let
f(t)=¢€" for —1<t<1 (4.E.9)
extended periodically.

a. Compute the Fourier series for f(t).
b. Write out the series explicitly up to the 3' harmonic.
c. What does the series converge toatt =1.

? Exercise 4.F.4.3.8

Let

f@t)=t* for —1<t<1 (4.E.10)

extended periodically.

a. Compute the Fourier series for f(t).
00 (_l)n _ 1 1
n=1 9 1-—

n 4 9
1 1

1
. N Juat B A
c. Now evaluate >, ; s —1—4+9—|—

b. By plugging in t = 0, evaluate >

? Exercise 4.E.4.3.9

Let

0 if —3<t<0
t) = = 4E.11
@) {t if 0<t<3, ( )

extended periodically. Suppose F'(t) is the function given by the Fourier series of f. Without computing the Fourier series
evaluate.

? Exercise 4.E.4.3.10

Let
fit)=t® for —2<t<2 (4.E.12)
extended periodically.

a. Compute the Fourier series for f ().
b. Write out the series explicitly up to the 34 harmonic.

Answer

8 16(-1)"
a g+ Yy —amcos(5t)
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8 16 = 4 16 3
| b. & — ?cos(gt) + Fcos(mf) - mcos(;t) +---
? Exercise 4.F.4.3.11
Let

f@®)=t forA<t< A (for some]) (4.E.13)
extended periodically.

a. Compute the Fourier series for f(t).
b. Write out the series explicitly up to the 3' harmonic.

Answer
n+1
o (FD)"2X . (i
a Zn:l nmw sin Tt
2

b. %sin(ft) = %sin(ft) + %sin(%"t) —

? Exercise 4.F.4.3.12

Let
1 sin(nt). (4.E.14)

Compute f'(t).

Answer

)=, —cos(nmt)

? Exercise 4.F.4.3.13

Let
1
f@) ==+ —=cos(nt). (4.E.15)
a. Find the antiderivative.

b. Is the antiderivative periodic?

Answer
a F(t)=5+C+X0, —rsin(nt)
b. no

? Exercise 4.E.4.3.14
Let
t
f(t)zE for —m<t<mw (4.E.16)

extended periodically.

a. Compute the Fourier series for f(t).

b.Plugint = g to find a series representation for %
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c. Using the first 4 terms of the result from part b) approximate %

Answer
a Y., (_l)n+1sin(nt)
b. f is continuous at t = % so the Fourier series converges to f (%) = 7 . Obtain
_qyntl
1= L (2711)—1 :1_%+%_%+"'

c. Using the first 4 terms get 76 /105 ~ 0.72quite a bad approximation, you would have to take about 50 terms to start to
get to within 0.01of %).

? Exercise 4.E.4.3.15

Let

0 if -2<t<0
t) = - 4.E.17
f() {2 if 0<t<2, ( )

extended periodically. Suppose F'(¢) is the function given by the Fourier series of f. Without computing the Fourier series
evaluate.

4 .4: Sine and Cosine Series

? Exercise 4.E.4.4.1

Take f(t) = (t —1)? definedon0 <t <1.

a. Sketch the plot of the even periodic extension of f.
b. Sketch the plot of the odd periodic extension of f.

? Exercise 4.E.4.4.2

Find the Fourier series of both the odd and even periodic extension of the function f(¢) = (¢ —1)2 for0 <t < 1. Can you tell
which extension is continuous from the Fourier series coefficients?

? Exercise 4.E.4.4.3

Find the Fourier series of both the odd and even periodic extension of the function f(¢) =¢ for0 <¢ <.
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? Exercise 4.E.4.4.4

Find the Fourier series of the even periodic extension of the function f(t) =sint for0 <t <.

? Exercise 4.E.4.4.5

Consider
z''(t) +4z(t) = f(¢), (4.E.18)
where f(¢£)=1on0<¢<1.
a. Solve for the Dirichlet conditions z(0) = ( )=
b. Solve for the Neumann conditions z'(0 ) ,z'(1 )

Exercise 4.E.4.4.6

I

Consider
z(t)+9z(t) = f(¢), (4.E.19)
for f(t) =sin(27t) on 0 <t <1.

a. Solve for the Dirichlet conditions z(0) =0, z(1) =0.
b. b) Solve for the Neumann conditions z'(0) =0, z'(1) =0.

? Exercise 4.E.4.4.7

Consider
2" (t)+3z(t) = f(t), =(0)=0, =z(1)=0, (4.E.20)

where f(t) =Y .7, b, sin(nt). Write the solution z(t) as a Fourier series, where the coefficients are given in terms of b, .

? Exercise 4.E.4.4.8

Let f(t)=t*(2—t) for 0<t<2. ©Let F(t) be the odd periodic extension. Compute
F(1), F(2), F(3), F(-1), F(%), F(101), F(103)Note: Do not compute using the sine series.

? Exercise 4.E.4.4.9

Let f(t)=£ on0<t<3.

a. Find the Fourier series of the even periodic extension.
b. Find the Fourier series of the odd periodic extension.

Answer

? Exercise 4.E.4.4.10

Let f(t) =cos(2t) on 0 <t <.

a. Find the Fourier series of the even periodic extension.
b. Find the Fourier series of the odd periodic extension.
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Answer
a. cos(2t)

b. Z sm(nt)

n odd

? Exercise 4.E. 4.4.11
Fodd (t)+Feven(t)

Let f(t) be defined on 0 <t < 1. Now take the average of the two extensions g(t) = 5
a. What is g(¢) if 0 <t <1 (Justify!)
b. What is g(t) if —1 <t < 0 (Justify!)

Answer

a. f(t)
b. 0

? Exercise 4.F.4.4.12

Let f(t) =>.>° —sm(nt) Solve " —x = f(t) for the Dirichlet conditions z(0) = 0 and z(m) = 0.

n=1
Answer
2
t
nZ::1 T )sm(n)

Let f(t) =t+> o, 2—nsm(nt) Solve " +mx = f(t) for the Dirichlet conditions 2(0) = 0 and z(7) = 1. Hint: Note that
L satisfies the given Dirichlet conditions.

Answer

= —|— Z P s1n(nt)

4.5: Applications of Fourier series

? Exercise 4.E.4.5.1

Let Fit)=1+3%>, #cos(mrt) . Find the steady periodic solution to &”’ 4+ 2z = F'(t) . Express your solution as a Fourier

series.

? Exercise 4.E.4.5.2

Let F(t) =), %sin(mrt). Find the steady periodic solution to "’ +z' +x = F(t) . Express your solution as a Fourier

series.

? Exercise 4.E.4.5.3

Let F(t)=> 7, Lcos(mz't‘) Find the steady periodic solution to z” 4+ 4z = F(t). Express your solution as a Fourier

series.
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? Exercise 4.E.4.5.4

Let F(t)=t for —1 <t <1 and extended periodically. Find the steady periodic solution to z'" +x = F(t) . Express your
solution as a series.

? Exercise 4.E.4.5.5

Let F(t) =t for —1 <t <1 and extended periodically. Find the steady periodic solution to z” + w22 = F(t) . Express your
solution as a series.
? Exercise 4.E.4.5.6

Let F(t) =sin(2mt)+0.1 cos(107t). Find the steady periodic solution to " ++/2x = F(t) . Express your solution as a
Fourier series.

Answer

1 0.1
T= s sin(27t) + To-10072 cos(107t)

? Exercise 4.E.4.5.7

Let F((t) =Y 2, e " cos(2nt). Find the steady periodic solution to z'' 43z = F'(t) . Express your solution as a Fourier
series.

Answer

3] —-n
T = £ cos(2nt
ngl 3—(2n)” (2nt)

? Exercise 4.FE.4.5.8

Let F(t) = |t| for —1 <t <1 extended periodically. Find the steady periodic solution to " + /3z = F(t) . Express your
solution as a series.

Answer

00
1 —4
i = —= —_—
2/3 ™ ; n2m2(y/3—n2n?)
n odd

cos(nmt)

? Exercise 4.E.4.5.9

Let F(t) = |t| for —1 <t <1 extended periodically. Find the steady periodic solution to z' + 7%z = F(t) . Express your
solution as a series.

Answer
1 2 . & —4
xr = m — .,,_3t s1n(7rt) + ;3 mcos(mrt)
n odd

4.6: PDEs, Separation of Variables, and the Heat Equation
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? Exercise 4.E.4.6.1

Imagine you have a wire of length 2, with £ =0.001 and an initial temperature distribution of u(z,0) = 502. Suppose that

both the ends are embedded in ice (temperature 0). Find the solution as a series.

? Exercise 4.E.4.6.2

Find a series solution of

Ut = Ugz,
u(0,t) =u(l,¢) =0,
u(z,0) =100 for0<z <1.

? Exercise 4.E.4.6.3

Find a series solution of

Ut = Ugg,
uz(0,t) =uy(m,t) =0,

? Exercise 4.E.4.6.4

Find a series solution of
1

Ut = Uz,

3
’u,z(O, t) = uz(ﬂ'a t) =0,

u(z,0) _ 10z forO0 <z <.
m

? Exercise 4.E.4.6.5

Find a series solution of

Ut = Ugz,
u(0,t) =0, wu(1,t)=100,
u(z,0) =sin(rz) for0 <z <1.

? Exercise 4.E.4.6.6

u(z,0) =3cos(z)+cos(3z) for0 <z <m.

(4.E.21)

(4.E.22)

(4.E.23)

(4.E.24)

Hint: Use the fact that u(z, t) = 100z is a solution satisfying u; = uz,, u(0,t) =0, u(1,t) = 100. Then usesuperposition.

Find the steady state temperature solution as a function of x alone, by letting ¢ — oo in the solution from exercises 4.E. 4 and

4.E. 5. Verify that it satisfies the equation u,, = 0.

? Exercise 4.E.4.6.7

Use separation variables to find a nontrivial solution to g + 1y, =0, where u(z,0) =0 and »(0,y) =0. Hint: Try

u(z,y) = X(z)Y (y).

? Exercise 4.E. 4.6.8: (challenging)

Suppose that one end of the wire is insulated (say at z = 0) and the other end is kept at zero temperature. That is, find a series

solution of
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up = kg,
uz(0,t) =u(L,t) =0, (4.E.25)
u(z,0) = f(z) for0<z<L.

Express any coefficients in the series by integrals of f(z).

? Exercise 4.E. 4.6.9: (challenging)

Suppose that the wire is circular and insulated, so there are no ends. You can think of this as simply connecting the two ends
and making sure the solution matches up at the ends. That is, find a series solution of

up = kg,
u(0,t) =u(L,t), u,(0,t)=u,(L,t) (4.E.26)
u(z,0) = f(z) for0<z<L.

Express any coefficients in the series by integrals of f(z).

? Exercise 4.E.4.6.10

Consider a wire insulated on both ends, L =1, k =1, and u(z, 0) = cos?(7z).

a. Find the solution u(z, t). Hint: a trig identity.
b. Find the average temperature.
1

c. Initially the temperature variation is 1 (maximum minus the minimum). Find the time when the variation is 5.

? Exercise 4.E.4.6.11

Find a series solution of
Uy = 3’U/(w,
u(0,t) =u(m,t) =0, (4.E.27)
u(z,0) =5sin(z)+2sin(5z) for0 <z <.
Answer

u(z,t) = 5sin(z)e® +2sin(5z)e "

? Exercise 4.E.4.6.12

Find a series solution of

up = 0.1ug,,
uz(0,) =uy(m,t) =0, (4.E.28)
u(z,0) =1+2cos(z) for0 <z <.

Answer

u(z,t) =1+2cos(z)e 01

? Exercise 4.E.4.6.13
Use separation of variables to find a nontrivial solution to u,; = uz; .

Answer

u(z,t) =eMe? for some A
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Use separation of variables to find a nontrivial solution to u, +u; = . (Hint: try u(z,t) = X(z) +T(¢)).

Answer
u(z,t) = Ae® + Be'

Exercise 4.FE.4.6.15

I

Suppose that the temperature on the wire is fixed at O at the ends, L =1, k=1, and u(z, 0) = 100 sin(27z)

a. What is the temperature at * = % at any time.
b. What is the maximum and the minimum temperature on the wire at £ =0.
c. At what time is the maximum temperature on the wire exactly one half of the initial maximum at¢ =0.

Answer
a0
b. minimum — 100, maximum 100
In2
ct= o

4.7: One dimensional wave equation

Exercise 4.FE.4.7.1

I

Solve
=910,
y(0, ) =y(1,t) =
1 4.E.29
y(z,0) = sm(37ra:) + Zsin(67m:) for0<z <1, ( )
yi(z,0) = for0<z <1.
? Exercise 4.E.4.7.2
Solve
Yt = 4Yza,
( 7t) _y(17t) =
1 4.E.30
y(z,0) =sin(37z) + Zsin(ﬁﬂ'x) for0<z <1, ( )
yt(z,0) =sin(97z) for0 <z <1.

? Exercise 4.E.4.7.3

Derive the solution for a general plucked string of length L, where we raise the string some distance b at the midpoint and let
go, and for any constant a (in the equation ¥ = a®y,, ).

? Exercise 4.E.4.7.4

Imagine that a stringed musical instrument falls on the floor. Suppose that the length of the string is 1 and @ = 1. When the
musical instrument hits the ground the string was in rest position and hence y(z,0) = 0. However, the string was moving at
some velocity at impact (¢ = 0)), say y;(z,0) = —1. Find the solution y(z, t) for the shape of the string at time ¢.
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?

? Exercise 4.E.4.7.5: (challenging)

Suppose that you have a vibrating string and that there is air resistance proportional to the velocity. That is, you have

Yit :a2yzz kyt,
y(0,t) =y(1,t) =0,
4.E.31
y(z,0) = f(z) forO<z <1, ( )
y(,0) =0 for0<z <1.

Suppose that 0 < k < 27a . Derive a series solution to the problem. Any coefficients in the series should be expressed as
integrals of f(z).

? Exercise 4.E.4.7.6

Suppose you touch the guitar string exactly in the middle to ensure another condition u (%,t) =0 for all time. Which
multiples of the fundamental frequency show up in the solution?

? Exercise 4.E.4.7.7

Solve
Yt = Yzz,
y(()?t) =y(m,t) =0,
4.E.32
y(z,0) =sin(z) for0 <z <m, ( )
yt(z,0) =sin(z) for0<z <.
Answer
y(z,t) =sin(z) (sin(t) + cos(t))
? Exercise 4.E.4.7.8
Solve
Yit = 25Yuz,
(0 t)—y(2,t):0, (4E33)
y(x,0) = for0 <z <2, h
y(z,0) = sm(ﬂ':c) +0.1sin(27¢) for0 <z <2.
Answer

y(z,t) = %sin(ww) sin(57t) +

? Exercise 4.E.4.7.9

100 ——sin(27z) sin(107t)

Solve
Yt = 2Yaa,
;((:f,,;; ; z(ﬂ, o0 for0 <z <m, (4I858)
Y¢(z,0) =0 for0 <z <.
Answer
y(z,t) = i% )Ml sin(nz) cos(n+/2t)

n=1
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? Exercise 4.E.4.7.10

Let’s see what happens when a = 0. Find a solution to y =0, y(0,t) =y(=,t) =0, y(z,0) =sin(2z), y:(z,0) =sin(z).

Answer

y(z,t) =sin(2z) +tsin(z)

4.8: D’Alembert solution of the wave equation

? Exercise 4.E.4.8.1

Using the d’Alembert solution solve yy =4y, 0<z <m,t>0,y(0,¢) =y(r,t)=0,y(z,0) =sinz, and
yt(z,0) = sinz. Hint: Note that sinz is the odd extension of y(z, 0) and y;(z, 0).

? Exercise 4.F.4.8.2

Using the d’Alembert solution solve Yy =2y, 0 <z <1,t>0,y(0,t)=y(1,t)=0,y(z,0) =sin’(rz), and
yi(x,0) = sin®(7z).

? Exercise 4.E.4.8.3

Take yy = 4Ypz, 0 <z <m,t>0,y(0,t) =y(m,t) =0,y(z,0) =z(7r —z) , and y;(x,0) = 0.

a. Solve using the d’Alembert formula. Hint: You can use the sine series for y(z, 0).
b. Find the solution as a function of z for a fixed ¢ = 0.5, ¢ =1, and ¢ = 2. Do not use the sine series here.

? Exercise 4.E.4.8.4

Derive the d’Alembert solution for ¥y = a®y,, , 0 <z <m,t >0,y(0,t) =y(m,t) =0,y(z,0) = f(z), and y;(x,0) =0,
using the Fourier series solution of the wave equation, by applying an appropriate trigonometric identity. Hint: Do it first for a
single term of the Fourier series solution, in particular do it when y is sin(%*z) sin(*#¢).

? Exercise 4.E.4.8.5

The d’Alembert solution still works if there are no boundary conditions and the initial condition is defined on the whole real
line. Suppose that ¢4 = Yz, (for all  on the real line and ¢ > 0), y(z,0) = f(z), and y;(z, 0), where
0 if < -1,
z+1 if —-1<z<0,
—z+1 if 0<z<l1
0 if x> 1.

Solve using the d’Alembert solution. That is, write down a piecewise definition for the solution. Then sketch the solution for
t=0,t=1/2,t=1,and ¢t =2.

? Exercise 4.E.4.8.6

Using the d’Alembert solution solve yy =9y, 0<z <1,t>0,y(0,t)=y(1,t) =0,y(z,0) =sin(27z), and
yt(z,0) = sin(37z).

flz)=

Answer

y(m, t) _ sin(27r(z—3t));sin(27r(3t+z)) + cos(37r(ac—3t)I;;os(37r(3t+z))
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Take Yy =4Yze, 0<z <1,t>0, y(0,t) =y(1,¢t) =0, y(z,0) =z —z? , and y(z,0)=0. Using the D’Alembert
solution find the solution at

a.t=0.1,
b.t=1/2,
ct=1.

You may have to split your answer up by cases.

Answer
r—2—-0.04 if 02<x<0.8
a y(z,t)= 0.6z if z<0.2
0.6 —0.6z if z>0.8
b. y(z, %) = —z +x?
cylz,1)=z—22

? Exercise 4.F.4.8.8

Take yy =100y, 0<z<4,t>0, y(0,t) =y(4,t)=0, y(z,0) =F(z), and i (z,0)=0. Suppose that
F(0)=0, F(1) =2, F(2) =3, F(3) = 1. Using the D’ Alembert solution find

a y(1,1),

b.y(4,3),

c y(3,9)

Answer
a y(1,1)
b. y(4,3)
c y(3,9)

1

2
0
1
2

4.9: Steady state temperature and the Laplacian

? Exercise 4.E.4.9.1

Let R be the region described by 0 < < 7 and 0 < y < 7. Solve the problem

Au=0, u(z,0)=sinz, u(z,7r)=0, u(0,y)=0, wu(my)=0.

? Exercise 4.E.4.9.2

Let R be the region described by 0 < < 1 and 0 < y < 1. Solve the problem

Uy +Uyy =0,
u(z,0) =sin(mz) —sin(27z), u(z,1)=0, (4.E.35)
u(0,y) =0, u(l,y)=0.

? Exercise 4.E.4.9.3

Let R be the region described by 0 < <1 and 0 <y < 1. Solve the problem

Ugg +Uyy =0,

u(z,0) =u(z,1) =u(0,y) =u(l,y) =C. (4.E.36)

for some constant C. Hint: Guess, then check your intuition.
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? Exercise 4.E.4.9.4

Let R be the region described by 0 < z <7 and 0 < y < 7. Solve
Au =0, u(:z:,O) =0, u(:l:,ﬂ') =, u(O,y) =Y u(ﬂ'v y) =Y.

Hint: Try a solution of the form u(z, y) = X (z) + Y (y) (different separation of variables).

? Exercise 4.E.4.9.5
Use the solution of Exercise 4. F. 4 to solve
Au=0, u(z,0)=sinz, u(z,7)=m, u(0,y)=y, u(my)=y.

Hint: Use superposition.

? Exercise 4.E.4.9.6

Let R be the region described by 0 < x < w and 0 < y < h. Solve the problem

Ugg + Uyy =0,
u(z,0) =0, u(z,h) = f(z), (4.E.37)
U(an) =0, u(way) =0.

The solution should be in series form using the Fourier series coefficients of f(z).

? Exercise 4.E.4.9.7

Let R be the region described by 0 < x < w and 0 <y < h. Solve the problem
Uzgy + Uy = 0,

u(z,0) =0, u(z,h) =0, (4.E.38)

u(0,y) =f(y), ulwy)=

The solution should be in series form using the Fourier series coefficients of f(y)

? Exercise 4.E.4.9.8

Let R be the region described by 0 <z < w and 0 <y < h. Solve the problem
Ugg + Uyy =0,

u(z,0) =0, u(z,h) =0, (4.E.39)

w(0,9) =0,  uw(w,y)=f(y

The solution should be in series form using the Fourier series coefficients of f(y

).
)

? Exercise 4.E.4.9.9

Let R be the region described by 0 <z <1 and 0 <y < 1. Solve the problem

Ugg + Uyy = 0,
u(z,0) =sin(97z), u(z, 1) =sin(27z), (4.E.40)
u(0,y) =0, u(l,y) =0.

Hint: Use superposition.
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Let R be the region described by 0 < z <1 and 0 <y < 1. Solve the problem
Ugg +Uyy =0,
u(z,0) =sin(rz), u(z, 1) =sin(7z), (4.E.41)
u(0,y) =sin(my),  u(l,y) =sin(mry).
Hint: Use superposition.

? Exercise 4.E. 4.9.11: (challenging)

Using only your intuition find «(1/2,1/2) for the problem Aw =0, where u(0,y) =u(1,y) =100 for 0 <y <1, and
u(z,0) =u(z,1) =0for 0 <z < 1. Explain.

? Exercise 4.E.4.9.12
Let R be the region described by 0 <z <1 and 0 <y < 1. Solve the problem
Au=0, u(z,0) Zsm nmz), u(@,1)=0, u(0,y)=0, u(l,y)=0.

Answer

90 . sinh(nm(1—
ula,y) = 3 Lsin(orr) (Lol

n=1

? Exercise 4.E.4.9.13

Let R be the region described by 0 <z < 1 and 0 < y < 2. Solve the problem

Au=0, u(z,0)=0.1sin(rz), u(z,2)=0, u(0,y)=0, u(l,y)=0.
Answer

. sinh(m(2—
u(z,y) =0.1sin(rz) (ﬁ)

4.10: Dirichlet problem in the circle and the Poisson kernel

? Exercise 4.E.4.10.1

Using series solve Au =0, u(1,0) = 0| for —m <0 <.

? Exercise 4.E.4.10.2

Using series solve Au =0, u(1,60) = g(6) for the following data. Hint: trig identities.

a. g(0) =1/2 +3sin(6) + cos(36)
9(0) = cos(30) + 3 sin(36) +sin(96)
g(0)=2 cos(0+ 1)

9(6) = sin* (6)

? Exercise 4.F.4.10.3

Using the Poisson kernel, give the solution to Au = 0, where u(1, ) is zero for € outside the interval [—7 /4, 7 /4]and u(1, §)
is 1 for @ on the interval [—m /4, 7 /4]
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? Exercise 4.E.4.10.4

a. Draw a graph for the Poisson kernel as a function of & whenr=1/2 and§=0.

b. Describe what happens to the graph when you make r bigger (as it approaches 1).

c. Knowing that the solution u(r, ) is the weighted average of g(f) with Poisson kernel as the weight, explain what your
answer to part b means.

? Exercise 4.E.4.10.5

Take the function g(6) to be the function zy = cos(6) sin(f) on the boundary. Use the series solution to find a solution to the
Dirichlet problem Awu =0,u(1,60) =g(f). Now convert the solution to Cartesian coordinates = and y. Is this solution
surprising? Hint: use your trig identities.

? Exercise 4.F.4.10.6

Carry out the computation we needed in the separation of variables and solve r?R" +rR' —n?R=0 ,forn=0,1,2,3,...

? Exercise 4.E. 4.10.7: (challenging)

Derive the series solution to the Dirichlet problem if the region is a circle of radius p rather than 1. That is, solve
Au=0,u(p,6) =g(6) .

? Exercise 4.E. 4.10.8: (challenging)

1. Find the solution for Au = 0, u(1, ) = z%y® + 522 . Write the answer in Cartesian coordinates.

2. Now solve Au =0, u(1, ) = z*y'. Write the solution in Cartesian coordinates.

3. Suppose you have a polynomial P(z,y) = > 7" > 5 cjkriyk, solve Au =0, u(1,0) = P(z,y) (that is, write down
the formula for the answer). Write the answer in Cartesian coordinates.

Notice the answer is again a polynomial in z and y. See also Exercise 4. E. 5.

? Exercise 4.E.4.10.9

Using series solve Au =0, u(1,0) =1+ 04 #sin(n@) :
Answer

o0
u=1Y Lr"sin(nf)
n=1"

? Exercise 4.E.4.10.10

Using the series solution find the solution to Au =0, u(1,60) =1 —cos(f) . Express the solution in Cartesian coordinates
(that is, using = and y).

Answer

u=1—=x

? Exercise 4.F. 4.10.11

a. Try and guess a solution to Au = —1, u(1,0) = 0. Hint: try a solution that only depends on r. Also first, don’t worry
about the boundary condition.
b. Now solve Au = —1, u(1, ) = sin(26) using superposition.

Answer
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_ =12 1
::Lu—47'+4

b.u= _717'2 + % +72 5in(20)

? Exercise 4.E. 4.10.12: (challenging)

Derive the Poisson kernel solution if the region is a circle of radius p rather than 1. That is, solve Au =0, u(p, 6) = g(6) .

Answer

0 _ 1 ™ P2_7'2 d
w(r,0) = 5 [ s e 9(@)da

This page titled 4.E: Fourier series and PDEs (Exercises) is shared under a not declared license and was authored, remixed, and/or curated by Jifi
Lebl.

e 4.E: Fourier series and PDEs (Exercises) has no license indicated.
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5.1: Sturm-Liouville problems

Boundary Value Problems

In Chapter 4 we have encountered several different eigenvalue problems such as:
X"(z)+AX(z) =0

with different boundary conditions

X(0)=0 X(L)=0 (Dirichlet), or
X'(0)=0 X'(L)=0 (Neumann), or
X'(0)=0 X(L)=0 (Mixed), or

X(0)= X'(L)=0 (Mixed),...

For example for the insulated wire, Dirichlet conditions correspond to applying a zero temperature at the ends, Neumann means
insulating the ends, etc.... Other types of endpoint conditions also arise naturally, such as the Robin boundary conditions

hX(0)-X'(0)=0 hAX(L)+X'(L)=0,
for some constant k. These conditions come up when the ends are immersed in some medium.

Boundary problems came up in the study of the heat equation u; = ku,, when we were trying to solve the equation by the method
of separation of variables in Section 4.6. In the computation we encountered a certain eigenvalue problem and found the
eigenfunctions X, (z). We then found the eigenfunction decomposition of the initial temperature f(z)=wu(z,0) in terms of the
eigenfunctions

Once we had this decomposition and found suitable T}, (¢) such that 7;,(0) = 1 and T, (¢) X (z) were solutions, the solution to the
original problem including the initial condition could be written as

[o.¢]

u(z,t) = Z cn T (8) X (2).

n=1

We will try to solve more general problems using this method. First, we will study second order linear equations of the form

% (p(-ﬂ%) —q(x)y + Mr(z)y =0. (5.1.1)

Essentially any second order linear equation of the form a(z)y” 4+ b(x)y’' + ¢(x)y + Ad(z)y =0 can be written as (5.1.1) after
multiplying by a proper factor.

v Example 5.1.1: Sturm-Liouville Problem

Put the following equation into the form (5.1.1);
z2y" +zy' + (Az? —n?)y =0.

Multiply both sides by to obtain

1 2 2
(m2y”—|—;1;y —|—(,\;1:2—n2)y) :;py”—i—yl—F /\.’E—n— Yy :i .’Eﬂ —n—y+/\$y:0 (512)
T T dx \ dz T

The Bessel equation turns up for example in the solution of the two-dimensional wave equation. If you want to see how one
solves the equation, you can look at subsection 7.3.3.

The so-called Sturm-Liouville problem' is to seek nontrivial solutions to

https://math.libretexts.org/@go/page/32215
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d
(P ~ a3 =0, a<a<
a1y(a) —azy'(a) =0,
Bry(b) + Bay' (b) = 0.
In particular, we seek As that allow for nontrivial solutions. The As that admit nontrivial solutions are called the eigenvalues
and the corresponding nontrivial solutions are called eigenfunctions. The constants a; and ay should not be both zero, same

for 81 and S3,.

& Theorem 5.1.1

Suppose p(z), p'(z), g(z)and r(x) are continuous on [a, b] and suppose p(z) > 0 and r(z) > 0 for all z in [a, b]. Then the
Sturm-Liouville problem (5.1.8) has an increasing sequence of eigenvalues

(5.1.3)

AL <A <Az < -ee
such that

lim A\, = +o0
n—oo

and such that to each \,, there is (up to a constant multiple) a single eigenfunction yy, (z).

Moreover, if g(z) > 0 and a1, a, 81, B2 > 0, then A, > 0 for all n.

Problems satisfying the hypothesis of the theorem (including the "Moreover") are called regular Sturm-Liouville problems, and we
will only consider such problems here. That is, a regular problem is one where p(z), p'(z), g(z) and r(z) are continuous,
p(z) >0,7(x) >0, qg(z) >0, and a1, g, B1, B2 > 0. Note: Be careful about the signs. Also be careful about the inequalities for
r and p, they must be strict for all z in the interval [a, b], including the endpoints!

When zero is an eigenvalue, we usually start labeling the eigenvalues at 0 rather than at 1 for convenience. That is we label the
eigenvalues \g < Ay < g <---.

v/ Example 5.1.2

The problem gy"+MAy,0<z<L,y(0)=0, and y(L)=0 is a regular Sturm-Liouville  problem:
p(z) =1, ¢(z)=0, r(z) =1, and we have p(z)1 >0 and 7(z)1 >0. We also have a=0, b=L, oy =01 =1,

. 252 . . . . .
as = ff5 = 0. The eigenvalues are \,, = ”LZ and eigenfunctions are yy (z) = sin(-* ). All eigenvalues are nonnegative as

predicted by the theorem.

? Exercise 5.1.1

Find eigenvalues and eigenfunctions for
y'+Ay=0, ¢(0)=0, y'(1)=0.

Identify the p, g, r, a;, B;. Can you use the theorem to make the search for eigenvalues easier? (Hint: Consider the condition
/
—y'(0)=0)

v/ Example 5.1.3

Find eigenvalues and eigenfunctions of the problem

y'+Ay =0, 0<z<1,

hy(0)—y'(0) =0,  y'(1)=0, h>0. (5.1.4)

These equations give a regular Sturm-Liouville problem.

https://math.libretexts.org/@go/page/32215
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Identify p, g, v, a;, B;in the example above.

First note that A > 0 by Theorem 5.1.1. Therefore, the general solution (without boundary conditions) is

y(z) = Acos(v/Az) + Bsin(vAz) if A>0,

5.1.5
y(z)=Az+B if A=0. ( )

Let us see if A =0 is an eigenvalue: We must satisfy 0 =hB— A and A =0, hence B=0 (as h > 0), therefore, 0 is not an
eigenvalue (no nonzero solution, so no eigenfunction).

Now let us try h > 0. We plug in the boundary conditions.

0 =hA—+/AB,
0 = —AvAsin(vA) + Bv/ A cos(V).

If A=0, then B=0 and vice-versa, hence both are nonzero. So B= 24  and 0 = —A,/Asin(y/)) +'\‘/—§\/Xcos(\/X) . As

(5.1.6)

VA’
A #0 we get
0 = —y/Xsin(y/X) + hcos(v/X),
or
h
— =ta A.
A

Now use a computer to find A,,. There are tables available, though using a computer or a graphing calculator is far more convenient
nowadays. Easiest method is to plot the functions % and tan(z) and see for which x they intersect. There is an infinite number of
intersections. Denote the first intersection by 4/A; the first intersection, by 1/)s the second intersection, etc.... For example, when
h =1, we get that v A\; ~0.86, v/ Ay ~3.43,... Thatis \; = 0.74, Ay ~11.73,..., .... A plot for h =1 is given in Figure
5.1.1. The appropriate eigenfunction (let A =1 for convenience, then B = % ) is

sin(/An ).

h

o

Yn(T) :cos(\/rna:)+

When h =1 we get (approximately)

y1(x) ~ cos(0.86zx) + sin(0.86x), y2(z) ~ cos(3.43z) + sin(3.43z),

0.86 3.43

Figure 5.1.1: Plot of% and tan z.

Orthogonality

We have seen the notion of orthogonality before. For example, we have shown that sin(nz) are orthogonal for distinct n on [0, 7].
For general Sturm-Liouville problems we will need a more general setup. Let r(z) be a weight function (any function, though
generally we will assume it is positive) on [a, b]. Two functions f(z), g(x) are said to be orthogonal with respect to the weight
function 7(x) when

https://math.libretexts.org/@go/page/32215
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b
[ f@ster @ =o.

In this setting, we define the inner product as

b
def
1,9 [ 1@gle)r(e)da,
and then say f and g are orthogonal whenever (f, g) = 0. The results and concepts are again analogous to finite dimensional linear

algebra.

The idea of the given inner product is that those z where r(z) is greater have more weight. Nontrivial (nonconstant) 7(x) arise
naturally, for example from a change of variables. Hence, you could think of a change of variables such that d¢ = r(z)dz.

Eigenfunctions of a regular Sturm-Liouville problem satisfy an orthogonality property, just like the eigenfunctions in Section 4.1.
Its proof is very similar to the analogous Theorem 4.1.1.

& Theorem 5.1.2

Suppose we have a regular Sturm-Liouville problem

2= (r@ ) - ah-+artaly =0,

a1y(a) —agy'(a) =0,
Bry(b) + B2y’ (b) = 0.

Let y; and y; be two distinct eigenfunctions for two distinct eigenvalues \; and Az. Then

(5.1.7)

b
/ yj(@)yk(z)r(z)de =0,

that is, y; and y;, are orthogonal with respect to the weight function 7.

Fredholm Alternative

We also have the Fredholm alternative theorem we talked about before (Theorem 4.1.2) for all regular Sturm-Liouville problems.
We state it here for completeness.

& Theorem 5.1.3

Fredholm Alternative

Suppose that we have a regular Sturm-Liouville problem. Then either

% (P(w‘)%) —q(z)y +Ar(z)y =0,
a1y(a) —ay'(a) =0, (5.1.8)
Bry(b) + B2y’ (b) =0,
has a nonzero solution, or
% (p(w)j—z) —q(z)y+Mr(z)y = f(z),
aly(a)—agy/(a) =0, (5.1.9)
Bry(b) + B2y’ (b) =0,

has a unique solution for any f(z) continuous on [a, b].

This theorem is used in much the same way as we did before in Section 4.4, Tt is used when solving more general nonhomogeneous
boundary value problems. The theorem does not help us solve the problem, but it tells us when a unique solution exists, so that we
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know when to spend time looking for it. To solve the problem we decompose f(z) and y(x) in terms of the eigenfunctions of the
homogeneous problem, and then solve for the coefficients of the series for y(z).

Eigenfunction Series

What we want to do with the eigenfunctions once we have them is to compute the eigenfunction decomposition of an arbitrary
function f(x). That is, we wish to write

z) :icnyn(w), (5.1.10)
n=1

where y,, () the eigenfunctions. We wish to find out if we can represent any function f(z) in this way, and if so, we wish to
calculate c. (and of course we would want to know if the sum converges). OK, so imagine we could write f(z) as (5.1.10). We will
assume convergence and the ability to integrate the series term by term. Because of orthogonality we have

b
(frym) = [ f(@)ym(z)r(z)dz

a

00 b
= ch/ Yn (2)ym (z)r(z)dz (5.1.11)

n=1

Hence,

_ <fyym> f f ()d.’l:
(Ymr Um) I (ym( )) r(z)de

Note that y,, are known up to a constant multiple, so we could have picked a scalar multiple of an eigenfunction such that
(Ym»> Ym) =1 (if we had an arbitrary eigenfunction §,,, divide it by 1/(7,,, 7,,))- When (Y, ym) = 1 we have the simpler form
em = (f,ym) as we did for the Fourier series. The following theorem holds more generally, but the statement given is enough for
our purposes.

(5.1.12)

& Theorem 5.1.4

Suppose f is a piecewise smooth continuous function on la. 1. If 41, 2, . . . are the eigenfunctions of a regular Sturm-Liouville
problem, then there exist real constants ¢, ¢z, . . . given by (5.1.12)such that (5.1.10) converges and holds fora < x < b.

v/ Example 5.1.4

Take the simple Sturm-Liouville problem
y'+Ay=0, 0<z< g,

y(0)=0, %'(=)=0. (5.1.13)

The above is a regular problem and furthermore we know by Theorem 5.1.1that A > 0.

Suppose A =0, then the general solution is y(z)Axz + B, we plug in the initial conditions to get 0 =y(0) = B, and
0 =1y'(m/2) = A, hence A =0 is not an eigenvalue. The general solution, therefore, is

y(z) = Acos(y/Az) + Bsin(y/Az).

Plugging in the boundary conditions we get 0 = y(0) = A and 0 = y'(7/2) = \/_ ABcos

VA %) B cannot be zero and hence
cos(v/A% =0). This means that v/A % must be an odd integral multiple of Z, i =

(
—1) \/‘ . Hence

I
2

A= (2n—1)%

We can take B = 1. Hence our eigenfunctions are
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Finally we compute

yn(z) =sin((2n —1)z).

/ ? (sin((2n — 1)2))2dz =
0

So any piecewise smooth function on [0, 7/2]can be written as

o1

(z) = i ¢ sin((2n —1)z),
n=1
where

n — =

(Y, y”> fo (sin((2n —1)z))%dx

(fiyn) f02 st — L —/f 0231n (2n—1)z)dz.

Note that the series converges to an odd 27-periodic (not 7r-periodic!) extension of f(z).

In the above example, the function is defined on 0 < < 7/2, yet the series with respect to the eigenfunctions sin((2n — 1)z)
converges to an odd 27-periodic extension of f(z). Find out how is the extension defined for 7/2 < z < .

Let us compute an example. Consider f(z) =z for 0 <z < 7 . Some calculus later we find

4 1 n+1
:—/ f(z) sin((2n—1)z) dx = A
m(2n— 1)
and so for z in [0, 5],
o) 4(_1 )n+1
flz)=)» —————=sin((2n—1)z).
; m(2n—1) zsin( )
This is different from the 7-periodic regular sine series which can be computed to be
00 -1 n+1
f(z)= Z Lsin(2mv).
n=1

Both sums converge are equal to f(z) for0 < z <  » but the eigenfunctions involved come from different eigenvalue problems.

Footnotes
[1] Named after the French mathematicians Jacques Charles Francois Sturm (1803—1855) and Joseph Liouville (1809-1882).
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e 5.1: Sturm-Liouville problems by Jiii Lebl is licensed CC BY-SA 4.0. Original source: https://www.jirka.org/diffygs.
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5.2: Application of eigenfunction series

The eigenfunction series can arise even from higher order equations. Consider an elastic beam (say made of steel). We will study
the transversal vibrations of the beam. That is, suppose the beam lies along the z-axis and let y(z,t) measure the displacement of
the point  on the beam at time ¢. See Figure 5.2.1.

¥

Figure 5.2.1: Transversal vibrations of a beam.
The equation that governs this setup is

ot 0?
A2Y + 9y _ 0,
ozt = Of?
for some constant a > 0, let us not worry about the physics'.
Suppose the beam is of length 1 simply supported (hinged) at the ends. The beam is displaced by some function f(z) at time ¢ =0
and then let go (initial velocity is 0). Then y satisfies:

0" Yooow + Y1t =0 (0<z<1, t>0),

y(0,t) = 2 (0,2) =0, (5.2.1)
y(1,t) = yee (1,t) = 0, (5.2.2)
y(z,0) = f(z), yi(z,0) =0.

Again we try y(z,t) = X (z)T(t) and plug in to get a* X T + XT" =0 or
x4 _"

X oT

The equations are

T" +Xa*T =0, X@W_2X=0.
The boundary conditions y(0,t) = ¥, (0,t) =0 and y(1,¢) = Yz, (1,t) =0 imply

X(0)=Xx"(0)=0, and  X(1)=X"(1)=0.
The initial homogeneous condition y;(z, 0) = 0 implies
T'(0) =0.

As usual, we leave the nonhomogeneous y(z, 0) = f(z) for later.

Considering the equation for 7', that is, "' + Aa*T = 0, and physical intuition leads us to the fact that if ) is an eigenvalue then
A > 0: We expect vibration and not exponential growth nor decay in the ¢ direction (there is no friction in our model for instance).
So there are no negative eigenvalues. Similarly A = 0 is not an eigenvalue.

Justify A > 0 just from the equation for X and the boundary conditions.

Write w® = X, so that we do not need to write the fourth root all the time. For X we get the equation X(*) —w*X =0 . The
general solution is

X(z) = Ae*® + Be™“* 4 C'sin(wz) + D cos(wz).

Now 0 = X(0)A+B+D,0=X"(0) =w?(A+B—D) .Hence, D=0and A+B=0,or B=—A.Sowe have
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Also 0 = X(1) = A(e®” —e ™)+ Csinw , and 0 = X"(1) = Aw?(e¥ —e ) — Cw? sinw . This means that C'sinw =0 and
A(e¥ —e™¥)=2Asinhw=0 .If w>0, then w#0 and so A =0. This means that C # 0 otherwise A is not an eigenvalue.
Also w must be an integer multiple of 7. Hence w =nm and n >1 (as w > 0). We can take C' =1. So the eigenvalues are
A, =n'm? and the eigenfunctions are sin(nrz).

X(z) = Ae¥” — Ae " 4 C'sin(wz).

Now T +n4m4a*T = 0 . The general solution is T'(t) = Asin(n?72a%t) + Bcos(n?m2a?t) . But T'(0) = 0 and hence we must
have A =0 and we can take B =1 to make 7'(0) = 1 for convenience. So our solutions are T}, (¢) = cos(n?n2a%t).

As the eigenfunctions are just sines again, we can decompose the function f(z) on 0 <z <1 using the sine series. We find
numbers b,, such that for 0 < < 1 we have

f(z)= i b, sin(nmz).

Then the solution to (5.2.1)is

y(z,t) = Z b, X (2)T(t) = Z b, sin(nmz) cos(n?m2a’t).
n=1 n=1

The point is that X, T}, is a solution that satisfies all the homogeneous conditions (that is, all conditions except the initial position).
And since and T,(0) = 1, we have

o0 o0 o0
Y(@,0) = b Xn(2)Tn(0) = Y by Xn(x) = Y _ by sin(nrz) = f(z).
n=1 n=1 n=1
So y(z,t)solves (5.2.1).
The natural (circular) frequencies of the system are n?m2a?. These frequencies are all integer multiples of the fundamental

frequency m2a?, so we get a nice musical note. The exact frequencies and their amplitude are what we call the timbre of the note.

The timbre of a beam is different than for a vibrating string where we get “more” of the lower frequencies since we get all integer
multiples, 1,2, 3,4,5, ... For a steel beam we get only the square multiples 1,4,9, 16,25, ... That is why when you hit a steel
beam you hear a very pure sound. The sound of a xylophone or vibraphone is, therefore, very different from a guitar or piano.

v/ Example 5.2.1

Let us assume that f(z) = =(a—1)

1
10

.0On 0 <z <1 we have (you know how to do this by now)
> 4
f(z)= ; 57rTngsm(nﬂ'a:).
n odd

Hence, the solution to (5.2.1)with the given initial position f(z) is

o0
4
y(z,t) = Z 5Tsin(mra:) cos(n*na’t).
n=1 °T n
n odd

There are other boundary conditions than just hinged ends. There are three basic possibilities: hinged, free, or fixed. Let us consider
the end at z = 0. For the other end, it is the same idea. If the end is hinged, then

u(0,t) = ug, (0,¢) =0.
If the end is free, that is, it is just floating in air, then
Ugz (0,1) = Uy (0,2) = 0.
And finally, if the end is clamped or fixed, for example it is welded to a wall, then

u(0,t) = u,(0,¢) =0.
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Footnotes

[1]If you are interested, at = % , where F is the elastic modulus, I is the second moment of area of the cross section, and p is

linear density.
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5.3: Steady periodic solutions

Forced Vibrating String

Consider a guitar string of length L. We studied this setup in Section 4.7. Let  be the position on the string, ¢ the time, and y the
displacement of the string. See Figure 5.3.1.
fy

0 L x

¥

Figure 5.3.1: Vibrating string.

The problem is governed by the equations

Yu :azyzza
y(0,t) =0, y(L,t) =0, (5.3.1)
y(:r,O):f(z), yt(l‘,o):g(ﬂf)-

We saw previously that the solution is of the form

X, nma . /nma . /nm
y= ; (An cos(Tt) + B, mn(Tt)) sm(fw),

where A,, and B,, were determined by the initial conditions. The natural frequencies of the system are the (circular) frequencies
#7¢ for integers n > 1.

But these are free vibrations. What if there is an external force acting on the string. Let us assume say air vibrations (noise), for
example a second string. Or perhaps a jet engine. For simplicity, assume nice pure sound and assume the force is uniform at every
position on the string. Let us say F'(t) = Fy cos(wt) as force per unit mass. Then our wave equation becomes (remember force is
mass times acceleration)

Yu = a*Yao + Fy cos(wt), (5.3.2)
with the same boundary conditions of course.
We want to find the solution here that satisfies the above equation and
y(0,t)=0, y(L,t)=0, y(z,0)=0, w(z,0)=0. (5.3.3)

That s, the string is initially at rest. First we find a particular solution g, of (5.3.2)that satisfies y(0,¢) = y(L,t) = 0. We define
the functions f and g as

_ 33/17

f(:c):—yp(a:,O), g(z) = E(iB,O).

We then find solution y, of (5.3.1). If we add the two solutions, we find that y = y. +¥, solves (5.3.2)with the initial conditions.

Check that y = y. + ¥, solves (5.3.2)and the side conditions (5.3.3).

So the big issue here is to find the particular solution ¥,,. We look at the equation and we make an educated guess
yp(z,t) = X(x) cos(wt).

We plug in to get

—w?X cos(wt) = a® X" cos(wt),
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or —wX =a?X"+F, after canceling the cosine. We know how to find a general solution to this equation (it is a
nonhomogeneous constant coefficient equation). The general solution is

X(z)= Acos(%m) +Bsin(%a:) - %.

The endpoint conditions imply X(0) = X(L)=0. So

R
orA= w—g , and also

F L L F
0=X(L)= w—gcos(%) +Bsin(w7) - =L

“’TL) is not zero we can solve for B to get
B (cos(<2) -1)
T .

—w? sin(“’T)

Assuming that sin(

B=

(5.3.4)

Therefore,

py w cos % -1 /w
X(z)= % (cos(zx) — Si(n(—w_))sm(zx) —1) .

The particular solution y, we are looking for is

yp(z,t) = % (cos(gm) - WSin(%w) - 1) cos(wt).

Check that y,, works.

Now we get to the point that we skipped. Suppose that sin(%) = 0. What this means is that w is equal to one of the natural
frequencies of the system, i.e. a multiple of Z*. We notice that if w is not equal to a multiple of the base frequency, but is very
close, then the coefficient B in (5.3.4)seems to become very large. But let us not jump to conclusions just yet. When w = 272 for
n even, then cos(“TL) =1 and hence we really get that B=0. So resonance occurs only when both cos(%) =—1 and
sin(‘*;—L) =0. That is when w = 2% for odd n.

We could again solve for the resonance solution if we wanted to, but it is, in the right sense, the limit of the solutions as w gets
close to a resonance frequency. In real life, pure resonance never occurs anyway.

The above calculation explains why a string will begin to vibrate if the identical string is plucked close by. In the absence of
friction this vibration would get louder and louder as time goes on. On the other hand, you are unlikely to get large vibration if the
forcing frequency is not close to a resonance frequency even if you have a jet engine running close to the string. That is, the
amplitude will not keep increasing unless you tune to just the right frequency.

Similar resonance phenomena occur when you break a wine glass using human voice (yes this is possible, but not easy') if you
happen to hit just the right frequency. Remember a glass has much purer sound, i.e. it is more like a vibraphone, so there are far
fewer resonance frequencies to hit.

When the forcing function is more complicated, you decompose it in terms of the Fourier series and apply the above result. You
may also need to solve the above problem if the forcing function is a sine rather than a cosine, but if you think about it, the solution
is almost the same.
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Let us do the computation for specific values. Suppose Fy =1 andw=1 and L =1 and a = 1. Then

cos(1)—1

yp(z,t) = (cos(w) = T(l)

sin(z) — 1) cos(t).
cos(1)—1

Write B = (D)

for simplicity.
Then plug in £ =0 to get
f(z)= —yp(ita 0) = —cosz + Bsinz +1,

and after differentiating in ¢ we see that g(xz) = — a(,ﬁﬂ (z,0)=0.

Hence to find y, we need to solve the problem

Ytt = Yaz,
y(O,t):O, y(l,t):()’
y(z,0) = —cosz + Bsinz +1,
yt(z,0) =0.

Note that the formula that we use to define y(z,0) is not odd, hence it is not a simple matter of plugging in to apply the

D’Alembert formula directly! You must define F to be the odd, 2-periodic extension of y(z, 0). Then our solution would look
like

(5.3.5)

y(z,t) = Fla+?) —;—F(m ) + (cos(ac) =

cos(l)—1
sin(1)

sin(z) — 1) cos(t). (5.3.6)

| P
""‘--.

Figure 5.3.2: plot of y(x,t) = F(Ht);F(m_t) -+ (cos(ac) — %sin(m) - 1) cos(t).

It is not hard to compute specific values for an odd extension of a function and hence (5.3.6) is a wonderful solution to the
problem. For example it is very easy to have a computer do it, unlike a series solution. A plot is given in Figure 5.3.2.

Underground Temperature Oscillations

Let u(x, t) be the temperature at a certain location at depth « underground at time ¢. See Figure 5.3.3.

The temperature u satisfies the heat equation u; = ku,, , where k is the diffusivity of the soil. We know the temperature at the
surface u(0, t) from weather records. Let us assume for simplicity that
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AR Y AV VRV

depth x

Figure 5.3.3: Underground temperature.
u(0,t) =Ty + A cos(wt),

where Tj is the yearly mean temperature, and ¢ = 0 is midsummer (you can put negative sign above to make it midwinter if you
wish). Ay gives the typical variation for the year. That is, the hottest temperature is Ty + Ay and the coldest is Ty — Ag . For
simplicity, we will assume that 7y = 0. The frequency w is picked depending on the units of ¢, such that when ¢t =1, then
wt = 27. For example if ¢ is in years, then w = 27.

It seems reasonable that the temperature at depth = will also oscillate with the same frequency. This, in fact, will be the steady
periodic solution, independent of the initial conditions. So we are looking for a solution of the form

u(z,t) =V (z) cos(wt) + W (x) sin(wt).
for the problem
w =kug,  u(0,t) = Ag cos(wt). (5.3.7)
We will employ the complex exponential here to make calculations simpler. Suppose we have a complex valued function
h(z,t) = X(z)e™".
We will look for an & such that Reh = u. To find an h, whose real part satisfies (5.3.7), we look for an h such that

he =khaa  h(0,t) = Age™. (5.3.8)

Suppose h satisfies (5.3.8). Use Euler’s formula for the complex exponential to check that w = Re h satisfies (5.3.7).

Substitute & into (5.3.8).
iwXe™ = kX"e™".
Hence,
kX" —iwX =0,
or
X" —a?X =0,

where o = 4, /2 . Note that +/i = i% s0 you could simplify to o = +(1 +4), /<= . Hence the general solution is

i A
(1+4) ™ I.

X(z)= 141127(1%)\/ﬁm + Be

We assume that an X(z) that solves the problem must be bounded as  — oo since u(z,t) should be bounded (we are not
worrying about the earth core!). If you use Euler’s formula to expand the complex exponentials, you will note that the second term
will be unbounded (if B # 0), while the first term is always bounded. Hence B =0.
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? Exercise 5.3.4

. 1+9), /25 o =), [
Use FEuler’s formula to show that e( )‘/2’“ is unbounded as x — 0o, while e ( )\/2’“ is bounded as x — oo.

Furthermore, X(0) = Aq since h(0,t) = Age™" . Thus A = Ay . This means that
h(z,t) = Age TV ET gt — Aoe*(1+i)\/;z+iwt _ Aoef\/;zei(wtf\/;z)'

We will need to get the real part of h, so we apply Euler’s formula to get

h(z,t) = Aoe_\/gz (cos (wt - \/%c) +isin(wt - \/%)) .

u(z,t) =Reh(z,t) = Aoef\/gz cos(wt—, [—z).
2k

Then finally

Yay!

Notice the phase is different at different depths. At depth 1 the phase is delayed by z, /5% . For example in cgs units (centimeters-

2 — 271
seconds in a year 31,557,341

where the phase shift z, /i =7 we find the depth in centimeters where the seasons are reversed. That is, we get the depth at

grams-seconds) we have k = 0.005 (typical value for soil), w = ~1.99 x 1077 . Then if we compute

which summer is the coldest and winter is the warmest. We get approximately 700 centimeters, which is approximately 23 feet
below ground.

Be careful not to jump to conclusions. The temperature swings decay rapidly as you dig deeper. The amplitude of the temperature

swings is Aoe_\/wc. This function decays very quickly as x (the depth) grows. Let us again take typical parameters as above. We
will also assume that our surface temperature swing is +15° Celsius, that is, Ag = 15. Then the maximum temperature variation at
700 centimeters is only +0.66° Celsius.

You need not dig very deep to get an effective “refrigerator,” with nearly constant temperature. That is why wines are kept in a
cellar; you need consistent temperature. The temperature differential could also be used for energy. A home could be heated or
cooled by taking advantage of the above fact. Even without the earth core you could heat a home in the winter and cool it in the
summer. The earth core makes the temperature higher the deeper you dig, although you need to dig somewhat deep to feel a
difference. We did not take that into account above.

Footnotes
[ 1] Mythbusters, episode 31, Discovery Channel, originally aired may 18th 2005.
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5.E: Eigenvalue Problems (Exercises)

These are homework exercises to accompany Libl's "Differential Equations for Engineering" Textmap. This is a textbook targeted
for a one semester first course on differential equations, aimed at engineering students. Prerequisite for the course is the basic
calculus sequence.

5.1: Sturm-Liouville problems

Find eigenvalues and eigenfunctions of

y'+Ay=0, y(0)—y'(0)=0, y(1)=0. (5.E.1)

Expand the function f(z) = on 0 < z <1 using the eigenfunctions of the system

y'+Ay=0, y'(0)=0, y(1)=0. (5.E.2)

Suppose that you had a Sturm-Liouville problem on the interval [0, 1] and came up with y,(z) = sin(ynz), where v > 0 is
some constant. Decompose f(z) =z,0 < z < 1, in terms of these eigenfunctions.

2 Exercise 5.FE.5.1.4

Find eigenvalues and eigenfunctions of
y@+ay=0, y(0)=0, y'(0)=0, y(1)=0 y'(1)=0. (5.E.3)

This problem is not a Sturm-Liouville problem, but the idea is the same.

? Exercise 5.E.5.1.5: (more challenging)

Find eigenvalues and eigenfunctions for

%(ezy')—i-/\ewy:O, y(0)=0, y(1)=0. (5.E.4)
Hint: First write the system as a constant coefficient system to find general solutions. Do note that Theorem 5.1.1 guarantees
A>0.
? Exercise 5.E.5.1.6
Find eigenvalues and eigenfunctions of

y' +Ay=0, y(-1)=0, y(1)=0. (5.E.5)
Answer
An = (2n;1)7r, n=1,2,3,- -, y, = cos( (zn;)ww)
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Put the following problems into the standard form for Sturm-Liouville problems, that is, find p(z), ¢(z), 7(2), a1, & B, b1,
and decide if the problems are regular or not.

azy' +Ady=0for0<z <1, y(0)=0, y(1)=0,
b. (1+22)y" +2zy' + (A —22)y=0 for—1<z<1,y(-1)=0, y(1)+y'(1)=0

Answer
ap(z)=1, q(z) =0, r(z) = %, a1=1, =0, 81 =1, B3 =0 . The problem is not regular.
b.p(z) =1+2?, gq(z)=2% r(z) =1, a1 =1, a2 =0, Sy =1, B =1 . The problem is regular.

5.2: Application of eigenfunction series

? Exercise 5.F.5.2.1

Suppose you have a beam of length 5 with free ends. Let y be the transverse deviation of the beam at position 2 on the beam
(0 <z <5). You know that the constants are such that this satisfies the equation ys +4¥zzz: =0 . Suppose you know that
the initial shape of the beam is the graph of z(5 — ), and the initial velocity is uniformly equal to 2 (same for each z) in the
positive y direction. Set up the equation together with the boundary and initial conditions. Just set up, do not solve.

? Exercise 5.E.5.2.2

Suppose you have a beam of length 5 with one end free and one end fixed (the fixed end is at z = 5). Let u be the longitudinal

deviation of the beam at position = on the beam (0 <z < 5). You know that the constants are such that this satisfies the
. A coe 0 X o oa I . —(z=5) .
equation uy = 4u,, . Suppose you know that the initial displacement of the beam is %, and the initial velocity is (fTo) in

the positive u direction. Set up the equation together with the boundary and initial conditions. Just set up, do not solve.

Suppose the beam is L units long, everything else kept the same as in (5.2.2). What is the equation and the series solution?

? Exercise 5.E.5.2.4

Suppose you have

a4ywxm: +yi =0 (0 <z <l,t >0),

y(O,t) :yzz(07t) :0, 5.6
y(lat):yzz(l’t)zo, ( T )
y(z,0) = f(z), ui(z,0)=g(x).

That is, you have also an initial velocity. Find a series solution. Hint: Use the same idea as we did for the wave equation.

? Exercise 5.E.5.2.5

Suppose you have a beam of length 1 with hinged ends. Let y be the transverse deviation of the beam at position « on the
beam (0 < < 1). You know that the constants are such that this satisfies the equation yy +4yz2; = 0 . Suppose you know
that the initial shape of the beam is the graph of sin(7z), and the initial velocity is 0. Solve for y.

Answer

y(z,t) = sin(rz) cos(272t)
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? Exercise 5.E.5.2.6

Suppose you have a beam of length 10 with two fixed ends. Let y be the transverse deviation of the beam at position z on the
beam (0 < < 10). You know that the constants are such that this satisfies the equation ys + 9Y.z2: = 0 . Suppose you know
that the initial shape of the beam is the graph of sin(wz), and the initial velocity is uniformly equal to (10 — ). Set up the
equation together with the boundary and initial conditions. Just set up, do not solve.

Answer

Yozzz +y2 =0 (0<z<10,t>0), y(0,t)=vy.(0,t)=0, y(10,t)=9,(10,t)=0, y(z,0)=sin(rz),
y(z,0)=2(10—1z) .

5.3: Steady periodic solutions

Suppose that the forcing function for the vibrating string is Fy sin(wt). Derive the particular solution y,,.

Take the forced vibrating string. Suppose that L =1, a = 1. Suppose that the forcing function is the square wave that is 1 on
the interval 0 <z <1 and —1on the interval —1 < 2 < 0. Find the particular solution. Hint: You may want to use result of
Exercise 5.E.5.3.1

The units are cgs (centimeters-grams-seconds). For k= 0.005,w =1.991 x 10~7, Ay = 20. Find the depth at which the
temperature variation is half (=10 degrees) of what it is on the surface.

? Exercise 5.E.5.3.4

Derive the solution for underground temperature oscillation without assuming that 7y = 0.

? Exercise 5.E.5.3.5

Take the forced vibrating string. Suppose that L =1, a = 1. Suppose that the forcing function is a sawtooth, that is |z| — % on
—1 <z <1 extended periodically. Find the particular solution.

Answer

Yz, t)= > n;i (cos(nmc) - Msin(nm:) - 1) cos(nmt).

= sin(nm)
n odd

? Exercise 5.E.5.3.6

The units are cgs (centimeters-grams-seconds). For k=0.01,w =1.991 x 10", Ay = 25. Find the depth at which the
summer is again the hottest point.

Answer

Approximately 1991 centimeters

This page titled 5.E: Eigenvalue Problems (Exercises) is shared under a not declared license and was authored, remixed, and/or curated by Jifi
Lebl.
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CHAPTER OVERVIEW

6: The Laplace Transform
The Laplace transform can also be used to solve differential equations and reduces a linear differential equation to an algebraic
equation, which can then be solved by the formal rules of algebra.

6.1: The Laplace Transform
6.2: Transforms of derivatives and ODEs

6.3: Convolution
6.4: Dirac delta and impulse response

6.E: The Laplace Transform (Exercises)
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6.1: The Laplace Transform

Transform

In this chapter we will discuss the Laplace transform'. The Laplace transform turns out to be a very efficient method to solve
certain ODE problems. In particular, the transform can take a differential equation and turn it into an algebraic equation. If the
algebraic equation can be solved, applying the inverse transform gives us our desired solution. The Laplace transform also has
applications in the analysis of electrical circuits, NMR spectroscopy, signal processing, and elsewhere. Finally, understanding the
Laplace transform will also help with understanding the related Fourier transform, which, however, requires more understanding of
complex numbers.

The Laplace transform also gives a lot of insight into the nature of the equations we are dealing with. It can be seen as converting
between the time and the frequency domain. For example, take the standard equation

ma' (t) = cz'(t) + kz(t) = f(t).
We can think of ¢ as time and f(t) as incoming signal. The Laplace transform will convert the equation from a differential equation
in time to an algebraic (no derivatives) equation, where the new independent variable s is the frequency.

We can think of the Laplace transform as a black box that eats functions and spits out functions in a new variable. We write
L{f(t)} = F(s) for the Laplace transform of f(t). It is common to write lower case letters for functions in the time domain and
upper case letters for functions in the frequency domain. We use the same letter to denote that one function is the Laplace transform
of the other. For example F'(s) is the Laplace transform of f(¢). Let us define the transform.

L{f(0)} = F(s) < / T et i) dt.

We note that we are only considering ¢ > 0 in the transform. Of course, if we think of ¢ as time there is no problem, we are
generally interested in finding out what will happen in the future (Laplace transform is one place where it is safe to ignore the past).
Let us compute some simple transforms.

v/ Example 6.1.1

Suppose f(t) =1, then

00 e—st 1> e—st h e—sh 1 1
ey = [evae= [T i [] e (S22
0 =S |1 h—oo | —8 =0 h—o0 —S —S S

The limit (the improper integral) only exists if s > 0. So £{1} is only defined for s > 0.

v/ Example 6.1.2

Suppose f(t) =e %, then

o0 o —(s4a)t 7® 1
L{e "} = / e e dt = / e (tatgy — [ ° ] - .
0 0 —s(s+a) |,y s+a

The limit only exists if s+a > 0 . So £L{e *} is only defined for s+a >0 .

v/ Example 6.1.3

Suppose f(t) = ¢, then using integration by parts
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L{t} = / e *ttdt
0

—te™]® 1 ™
z[ c ] +—/ e dt
5 A= 5o (6.1.1)

Again, the limit only exists if s > 0.

v/ Example 6.1.4

A common function is the unit step function, which is sometimes called the Heaviside function”. This function is generally
given as
if ¢
ORS S
1 ift>0.
Let us find the Laplace transform of u(¢t — a), where a > 0 is some constant. That is, the function that is 0 for ¢ < a and 1 for
t>a.

_ e _
e st:| e a8

L{u(t —a)} :/Oooe‘stu(t—a)dt:/aooe‘stdt = [ —

t=a

where of course s > 0 (and a > 0 as we said before).

By applying similar procedures we can compute the transforms of many elementary functions. Many basic transforms are listed in

Table 6.1.1.
Table 6.1.1: Some Laplace transforms (C', w, and a are constants).
f(t) {r ()}
c <
s
1
t il
$2
t2 2
g3
6
3 —
t I
m n!
gstl
e—at 1
s+a
) w
sin(wt) 1o
s
cos(wt) 2 o7
) w
sinh(wt) R
S
cosh(wt) R
—as
u(t—a) ¢
s
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? Exercise 6.1.1

Verify all the entries in Table 6.1.1.

Since the transform is defined by an integral. We can use the linearity properties of the integral. For example, suppose C is a
constant, then

L{f#)} = /oo e tCft)dt=C /Ooo et f(t)dt = CL{f(t)}.

So we can “pull out” a constant out of the transform. Similarly we have linearity. Since linearity is very important we state it as a
theorem.

& Theorem 6.1.1

Linearity of the Laplace Transform

Suppose that A, B, and C' are constants, then

L{Af(t)+Bg(t)} = AL{f(t)} + BL{g(t)}

and in particular

L{Cf(®)} = CL{f()}-

? Exercise 6.1.2

Verify theorem 6.1.1. That is, show that L{Af(t) + Bg(t)} = AL{f(¢)} + BL{g(t)} .

These rules together with Table 6.1.1 make it easy to find the Laplace transform of a whole lot of functions already. But be careful.
It is a common mistake to think that the Laplace transform of a product is the product of the transforms. In general

L{f()g(t)} # LLF ()1 L{g(8)}-
It must also be noted that not all functions have a Laplace transform. For example, the function 1/¢ does not have a Laplace

transform as the integral diverges for all s. Similarly, tan ¢ or e do not have Laplace transforms.

Existence and Uniqueness

Let us consider when does the Laplace transform exist in more detail. First let us consider functions of exponential order. The
function f(t) is of exponential order as t goes to infinity if

|F(t)] < Me*,

for some constants M and c, for sufficiently large ¢ (say for all £ > ¢, for some ¢,). The simplest way to check this condition is to
try and compute

If the limit exists and is finite (usually zero), then f(t) is of exponential order.

? Exercise 6.1.3

Use L'Hopital's rule from calculus to show that a polynomial is of exponential order. Hint: Note that a sum of two exponential
order functions is also of exponential order. Then show that ¢" is of exponential order for any 7.

For an exponential order function we have existence and uniqueness of the Laplace transform.
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& Theorem 6.1.2

Existence
Let f(t) be continuous and of exponential order for a certain constant c. Then F'(s) = L{f(¢)} is defined for all s > c.
The existence is not difficult to see. Let f(t) be of exponential order, that is | f(¢)| < Me® for all ¢ > 0 (for simplicity ¢y = 0).

Let s > ¢, or in other words (¢ — s) < 0 . By the comparison theorem from calculus, the improper integral defining £{ f(¢)} exists
if the following integral exists

00 00 (c—s)t 1 M
/ e (Me®)dt = M/ el gt =M [ = ] =
0 0 t=0

c—s c—s’
The transform also exists for some other functions that are not of exponential order, but that will not be relevant to us. Before

dealing with uniqueness, let us note that for exponential order functions we obtain that their Laplace transform decays at infinity:

lim F(s)=0

8§—00

& Theorem 6.1.3

Uniqueness

Let f(t) and g(¢) be continuous and of exponential order. Suppose that there exists a constant C, such that F(s) = G(s) for
all s > C. Then f(t) = g(t) forallt > 0.

Both theorems hold for piecewise continuous functions as well. Recall that piecewise continuous means that the function is
continuous except perhaps at a discrete set of points where it has jump discontinuities like the Heaviside function. Uniqueness
however does not “see” values at the discontinuities. So we can only conclude that F'(s) = G(s) outside of discontinuities. For
example, the unit step function is sometimes defined using u(0) =1/2. This new step function, however, has the exact same
Laplace transform as the one we defined earlier where »(0) = 1.

6.1.3Inverse Transform

As we said, the Laplace transform will allow us to convert a differential equation into an algebraic equation. Once we solve the
algebraic equation in the frequency domain we will want to get back to the time domain, as that is what we are interested in. If we
have a function F'(s), to be able to find f(¢) such that L{f(¢)} = F(s), we need to first know if such a function is unique. It turns
out we are in luck by Theorem 6.1.3. So we can without fear make the following definition.

If F(s) = L{f(t)} for some function f(¢). We define the inverse Laplace transform as

LYF(s)} = £(2)

There is an integral formula for the inverse, but it is not as simple as the transform itself—it requires complex numbers and path
integrals. For us it will suffice to compute the inverse using Table 6.1.1.

v Example 6.1.5

1
Find the inverse Laplace transform of F'(s) =

s+1

Solution
We look at the table to find

o {it)
s+1

As the Laplace transform is linear, the inverse Laplace transform is also linear. That is,

L'{AF(s)+BG(s)} = AL {F(s)} + BL ' {G(s)}
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Of course, we also have £ ' { AF(s) = AL *{F(s)}. Let us demonstrate how linearity can be used.

v/ Example 6.1.6

Find the inverse Laplace transform of

~ 1
F(s)= 21210
s3+s
Solution
First we use the method of partial fractions to write F' in a form where we can use Table 6.1.1. We factor the denominator as
s(s? +1) and write

s2+s+1 A+Bs—|—C
s3+s s s2+1

Putting the right hand side over a common denominator and equating the numerators we get
A(s?+1)+s(Bs+C)=s?+s+1 .Expanding and equating coefficients we obtain A+ B=1,C =1, A=1 and thus
B = 0. In other words,

24541 1 1

Fle)=—25T— __
() s +s s s2+1

By linearity of the inverse Laplace transform we get

2 1 1 1
ol ikl G N G _ 1t snt,
s3+s s s2+1

Shifting Property of Laplace Transforms

Another useful property is the so-called shifting property or the first shifting property
L{e™™ f(t)} = F(s+a)

where F'(s) is the Laplace transform of f(¢) and a is a constant.

? Exercise 6.1.4

Derive the first shifting property from the definition of the Laplace transform.

The shifting property can be used, for example, when the denominator is a more complicated quadratic that may come up in the
method of partial fractions. We complete the square and write such quadratics as (s +a)? +b and then use the shifting property.

v/ Example 6.1.7

Find
£t {—1 } )
s2+4s+8
Solution

First we complete the square to make the denominator (s +2)% 44 . Next we find

1 1.
L { m} = 551n(2t).

Putting it all together with the shifting property, we find

[: 1 _[: 1 _l —2t . (2t
2+4s+8 |\ (s+2)2+4 J 2° " )
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In general, we want to be able to apply the Laplace transform to rational functions, that is functions of the form

F(s)

G(s)

where F(s) and G(s) are polynomials. Since normally, for the functions that we are considering, the Laplace transform goes to
Zero as 8 — 00, it is not hard to see that the degree of F'(s) must be smaller than that of G(s). Such rational functions are called
proper rational functions and we can always apply the method of partial fractions. Of course this means we need to be able to
factor the denominator into linear and quadratic terms, which involves finding the roots of the denominator,

Footnotes

[1] Just like the Laplace equation and the Laplacian, the Laplace transform is also named after Pierre-Simon, marquis de Laplace
(1749 — 1827).

[2] The function is named after the English mathematician, engineer, and physicist Oliver Heaviside (1850-1925). Only by
coincidence is the function “heavy” on “one side.”

This page titled 6.1: The Laplace Transform is shared under a not declared license and was authored, remixed, and/or curated by Jifi Lebl.

e 6.1: The Laplace Transform by Jifi Lebl is licensed CC BY-SA 4.0. Original source: https://www.jirka.org/diffygs.
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6.2: Transforms of derivatives and ODEs

Transforms of derivatives

Let us see how the Laplace transform is used for differential equations. First let us try to find the Laplace transform of a function
that is a derivative. Suppose g(t) is a differentiable function of exponential order, that is, |g(t)] < Me® for some M and c. So
L{g(t)} exists, and what is more, lim; ., e * g(¢t) =0 when s > c. Then

£{g (1)} = /O T et g (Wt = [e g0, /0 " (Co)e glt)dt = —g(0) + sL{g(t)}.

We repeat this procedure for higher derivatives. The results are listed in Table 6.2.1. The procedure also works for piecewise
smooth functions, that is functions that are piecewise continuous with a piecewise continuous derivative. The fact that the function
is of exponential order is used to show that the limits appearing above exist. We will not worry much about this fact.

Table 6.2.1: Laplace transforms of derivatives (G(s) = £{g(t) } as usual).

f(®) L{f()} = F(s)

g'(t) sG(s) — 9(0)

g'(t) s°G(s) — 59(0) — ¢'(0)

9" (¢) s°G(s) — s79(0) — s4'(0) — " (0)

Solving ODEs with the Laplace Transform

Notice that the Laplace transform turns differentiation into multiplication by s. Let us see how to apply this fact to differential
equations.

v/ Example 6.2.1

Take the equation
z'(t)+z(t) =cos(2t), z(0)=0, '(0)=1.
We will take the Laplace transform of both sides. By X (s) we will, as usual, denote the Laplace transform of z(t).

L{z"(t)+z(t)} = L{cos(2t)},

szX(:v)—s:I:(O)—i—:v'(O)—l-X(s) = 23 . (6.2.1)
s +4
We plug in the initial conditions now—this makes the computations more streamlined—to obtain
s
8 X(s)—14+X(s) = TEWE
We solve for X(s),
S 1

XO= i nete) T 2iL

We use partial fractions (exercise) to write

1 s 1 s 1
X(s) == == + .
(s) 3s24+1 38244 s2+1

Now take the inverse Laplace transform to obtain

z(t) = %cos(t) - %cos(Zt) -+ sin(t).

The procedure for linear constant coefficient equations is as follows. We take an ordinary differential equation in the time variable
t. We apply the Laplace transform to transform the equation into an algebraic (non differential) equation in the frequency domain.
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All the z(t), 2'(t), (), and so on, will be converted to X(s), sX(s) —z(0), s> X(s) — sz (0) —2'(0) , and so on. We solve the
equation for X(s). Then taking the inverse transform, if possible, we find z(%).

It should be noted that since not every function has a Laplace transform, not every equation can be solved in this manner. Also if
the equation is not a linear constant coefficient ODE, then by applying the Laplace transform we may not obtain an algebraic
equation.

Using the Heaviside Function

Before we move on to more general equations than those we could solve before, we want to consider the Heaviside function. See
Figure 6.2.1 for the graph.

u(t):{o %ft<0,
1 ift>0.

Figure 6.2.1: Plot of the Heaviside (unit step) function u(%).

This function is useful for putting together functions, or cutting functions off. Most commonly it is used as u(t —a) for some
constant a. This just shifts the graph to the right by a. That is, it is a function that is 0 when < a and 1 when ¢ > a. Suppose for
example that f(¢) is a “signal” and you started receiving the signal sint at time ¢ = 7. The function f(¢) should then be defined as

f(t)z{ 0 ift<m,

sint ift>m.
Using the Heaviside function, f(¢) can be written as
f(t) =u(t —7)sint
Similarly the step function that is 1 on the interval [1, 2) and zero everywhere else can be written as
u(t—1)—u(t—2).

The Heaviside function is useful to define functions defined piecewise. If you want to define f(¢) such that f(¢t) =¢ when ¢ is in
[0,1], f(¢) = —t+2 whent isin[1,2)and f(¢) =0 otherwise, you can use the expression

F) =t (ut) —u(t — 1))+ (—t+2) (u(t —1) —u(t—2)).

Hence it is useful to know how the Heaviside function interacts with the Laplace transform. We have already seen that

—as

Llu(t—a)} =<

Shifting Property

This can be generalized into a shifting property or second shifting property.

L{f(t—a)u(t—a)} = e L{f(t)}. (6.2.2)

v/ Example 6.2.2

Suppose that the forcing function is not periodic. For example, suppose that we had a mass-spring system

z"(t)+z(t)=f(t), =(0)=0, =2'(0)=0,
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where f(t) =1 if 1 <t <5 and zero otherwise. We could imagine a mass-spring system, where a rocket is fired for 4 seconds
starting at ¢ = 1. Or perhaps an RLC circuit, where the voltage is raised at a constant rate for 4 seconds starting at ¢t = 1, and
then held steady again starting at ¢ = 5.

We can write f(t) =u(t —1) —u(t —5) . We transform the equation and we plug in the initial conditions as before to obtain

—s 6—53

$°X(s)+X(s) =

S S

We solve for X(s) to obtain

We leave it as an exercise to the reader to show that

1 1 B
L {8(82——|—1)} =1 —cost.

In other words £{1 — cost} = 1 L Sousing (6.2.2)we find

s2+1)

o {m} = L7 {e " £{1 —cost}} = (1 —cos(t —1))u(t — 1).

Similarly

- —6758 =L —cost}} = (1—cos(t—5))u(t—
L {8(82+1)}_£ {e {1 t}}=(1 (t—5))u(t—5).

Hence, the solution is
z(t)=(1—cos(t—1))u(t—1)— (1 —cos(t—5)) u(t —5).

The plot of this solution is given in Figure 6.2.2.

Figure 6.2.2: Plot of z(¢).

Transfer Functions

Laplace transform leads to the following useful concept for studying the steady state behavior of a linear system. Suppose we have
an equation of the form

where L is a linear constant coefficient differential operator. Then f(¢) is usually thought of as input of the system and z(t) is
thought of as the output of the system. For example, for a mass-spring system the input is the forcing function and output is the
behavior of the mass. We would like to have an convenient way to study the behavior of the system for different inputs.

Let us suppose that all the initial conditions are zero and take the Laplace transform of the equation, we obtain the equation
A(s)X(s) =F(s).

Solving for the ratio % we obtain the so-called transfer function H(s) =

A(s)
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In other words, X(s) = H(s)F(s) . We obtain an algebraic dependence of the output of the system based on the input. We can
now easily study the steady state behavior of the system given different inputs by simply multiplying by the transfer function.

v/ Example 6.2.3

Given 2" + wgm = f(t), let us find the transfer function (assuming the initial conditions are zero).

First, we take the Laplace transform of the equation.

s2X(s) +wiX(s) = F(s).

Now we solve for the transfer function %
X(s 1
H(s) = (s) = .
F(s) s®+uwd
Let us see how to use the transfer function. Suppose we have the constant input f(¢) = 1. Hence F'(s) = % , and
X(s) = HS)F(s) = <
s)=H(s)F(s)= —.
s2+wi s
Taking the inverse Laplace transform of X(s) we obtain
1 — cos(wpt)

2(t) = —=

Transforms of Integrals

A feature of Laplace transforms is that it is also able to easily deal with integral equations. That is, equations in which integrals
rather than derivatives of functions appear. The basic property, which can be proved by applying the definition and doing

integration by parts, is
¢ 1
L {/ f(r) dT} = ;F(s)
0

It is sometimes useful (e.g. for computing the inverse transform) to write this as

t 1
/ f(T)dT:cl{—F(s)}.
0 S
v/ Example 6.2.4

1
To compute £~} {

s(s?2+1)

(11 t o 1 t
L {— 5 }z/ L { }:/ sinTdr =1 —cost.
2 s2+1 0 s2+1 0

} we could proceed by applying this integration rule.

v/ Example 6.2.5

An equation containing an integral of the unknown function is called an integral equation. For example, take

t
t2 :/ e'z(r)dr
0

where we wish to solve for z(t). We apply the Laplace transform and the shifting property to get
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833 _ %ﬁ{etw(t)} ~ Ly,
where X(s) = £{xz(t)}. Thus
X(s-1)= > or X(s)= ——.
s (s+1)2
We use the shifting property again to get
z(t) =2e7't.

This page titled 6.2: Transforms of derivatives and ODEs is shared under a not declared license and was authored, remixed, and/or curated by Jiii
Lebl.
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6.3: Convolution

Convolution

We said that the Laplace transformation of a product is not the product of the transforms. All hope is not lost however. We simply
have to use a different type of a “product.” Take two functions f(¢) and g(¢) defined for ¢ > 0, and define the convolution" of f(t)

and g(t) as
(Frg)(t) / F(r)glt —7)dr. (6.3.1)
0

As you can see, the convolution of two functions of ¢ is another function of ¢.

v/ Example 6.3.1

Take f(t) =€’ and g(t) =t fort > 0. Then
' ¢
* = "(t—T1)dr=¢€"—t—1.
(f*x9)(t) /0 e'(t—r)dr =€’ —t

To solve the integral we did one integration by parts.

v/ Example 6.3.2

Take f(¢) = sin(wt) and g(t) = cos(wt) for¢t > 0. Then
(fxg)() = /t sin(wr) cos(w(t —7))d.
0
We apply the identity
cos(f) sin(¢yp) = %(sin(@ +1) —sin(6 —v))
Hence,

(F*g)(t) = /0 %(sin(wt) —sin(wt — 2wr))dT

1 1 ¢
= | =7sin(wt) + — cos(2wr — wt) (6.3.2)
2 4w 0
1
= Et sin(wt).

The formula holds only for ¢ > 0. We assumed that f and g are zero (or simply not defined) for negative ¢.

The convolution has many properties that make it behave like a product. Let ¢ be a constant and f, g, and h be functions then

fxg=gxf
(cf)xg =fx(cg)=c(f*g) (6.3.3)
(f*xg)xh =fx*(gxh)

The most interesting property for us, and the main result of this section is the following theorem.

& Theorem 6.3.1

Let f(t) and g(¢) be of exponential type, then

L{(fxg)(t)} =L {/0 F(r)g(t —T)dT} = L{F(#)}L{g(t)}-
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In other words, the Laplace transform of a convolution is the product of the Laplace transforms. The simplest way to use this result
is in reverse.

v/ Example 6.3.3

Suppose we have the function of s defined by

1 1 1

(s+1)s2 s+1s2

We recognize the two entries of Table 6.1.2. That is

£t ! —et! and L£7! L =t.
s+1 s2

£t 1 1 :/tre_(t_T)dT:e_t—i—t—l
s+1 s2 0 ’

The calculation of the integral involved an integration by parts.

Therefore,

Solving ODEs

The next example demonstrates the full power of the convolution and the Laplace transform. We can give the solution to the forced
oscillation problem for any forcing function as a definite integral.

v/ Example 6.3.4

Find the solution to
' +wix = f(t), x(0)=0, 2'(0)=0,
for an arbitrary function f(¢).

We first apply the Laplace transform to the equation. Denote the transform of z(¢) by X(s) and the transform of f(¢) by F(s)
as usual.

s*X(s) +wiX(s) =F(s),

or in other words

1
X(s) = .
0)=F6) 5
We know
o 1 _ sin(wpt) .
$% +w? wy
Therefore,

sin(wp (t — 7))

oft) = [ sn D) g

wo

or if we reverse the order

z(t) :/0 %ﬂt—ﬂdr.

Let us notice one more feature of this example. We can now see how Laplace transform handles resonance. Suppose that
f(t) = cos(wpt). Then
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¢ sin(woT 1 [t
z(t) = / gcos(w() (t—m7))dr=— / sin(wpT) cos(wg (t — 7))dT.
0 wo wo Jo
We have computed the convolution of sine and cosine in Example 6.3.2. Hence
1 1 1
z(t) = (w_o) (Et sin(wot)) = Q—w()sin(wot).

Note the ¢ in front of the sine. The solution, therefore, grows without bound as ¢ gets large, meaning we get resonance.

Similarly, we can solve any constant coefficient equation with an arbitrary forcing function f(¢) as a definite integral using
convolution. A definite integral, rather than a closed form solution, is usually enough for most practical purposes. It is not hard
to numerically evaluate a definite integral.

Volterra Integral Equation

A common integral equation is the Volterra integral equation”

z(t) =f(t)—i-/0~ gt —71)z(r)dr

where f(t) and g(t) are known functions and z(t) is an unknown we wish to solve for. To find z(¢), we apply the Laplace
transform to the equation to obtain

X(s)=F(s)+G(s)X(s),
where X(s), F'(s), and G(s) are the Laplace transforms of z(t), f(t), and g(t), respectively. We find

F(s)

X(S) == m.

To find z(¢) we now need to find the inverse Laplace transform of X (s).

v/ Example 6.3.5

Solve
t
s(t) et + / sinh(t — r)z(r) dr
0

We apply Laplace transform to obtain

1 1

= X(s),

(s) T (s)
or
1
+1 s—1 s 1
X(s) = s = _
(s) 1 s2—-2 s2-2 s2-2

s2—1

It is not hard to apply Table 6.1.1 to find

z(t) = cosh(y/2t) — %sinh(\/f t).

Footnotes

[1] For those that have seen convolution defined before, you may have seen it defined as f x g)(t) = [°2 f(7)g(t —T)dr . This
definition agrees with (6.3.1) if you define f(¢) and g(t) to be zero for ¢ < 0. When discussing the Laplace transform the
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definition we gave is sufficient. Convolution does occur in many other applications, however, where you may have to use the more
general definition with infinities.

[2] Named for the Italian mathematician Vito Volterra (1860—-1940).

This page titled 6.3: Convolution is shared under a not declared license and was authored, remixed, and/or curated by Jifi [.ebl.

e 6.3: Convolution by Jifi Lebl is licensed CC BY-SA 4.0. Original source: https://www.jirka.org/diffyqs.
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6.4: Dirac delta and impulse response

Rectangular Pulse

Often in applications we study a physical system by putting in a short pulse and then seeing what the system does. The resulting
behavior is often called impulse response. Let us see what we mean by a pulse. The simplest kind of a pulse is a simple rectangular

pulse defined by
0 if t<a,
pt)=9 M ifa<t<b,
0 ifb<t.

Notice that
o(t) =M (u(t —a) —u(t —b)),

where u(t) is the unit step function (see Figure 6.4.1 for a graph).

Figure 6.4.1: Sample square pulse witha =0.5,b=1, and M = 2.

Let us take the Laplace transform of a square pulse,
L{pt)} =L{M(u(t—a)—u(t—b)} =M—=_" . (6.4.1)

1
For simplicity we let a = 0 and it is convenient to set M = 3 to have

/Ooogo(t)dt:l

That is, to have the pulse have “unit mass.” For such a pulse we compute

u(t) —u(t — —ebs
Loy —c{ D Lot

We generally want b to be very small. That is, we wish to have the pulse be very short and very tall. By letting b go to zero we
arrive at the concept of the Dirac delta function.

6.4.2Delta Function

The Dirac delta function' is not exactly a function; it is sometimes called a generalized function. We avoid unnecessary details and
simply say that it is an object that does not really make sense unless we integrate it. The motivation is that we would like a
“function” §(t) such that for any continuous function f(t) we have

[m&nﬂww=fw)

o0

The formula should hold if we integrate over any interval that contains 0, not just (—oo, 00). So 6(¢) is a “function” with all its
“mass” at the single point ¢ = 0. In other words, for any interval [c, d]

/d 5t) { 1 if the interval [c, d] contains 0, i.e. ¢ <0 <d,
c ~ 10 otherwise.
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Unfortunately there is no such function in the classical sense. You could informally think that 6(¢) is zero for ¢ # 0 and somehow
infinite at ¢t = 0.

A good way to think about §(¢) is as a limit of short pulses whose integral is 1. For example, suppose that we have a square pulse
u(t) —u(t —b)

1
©(t) as above witha =0, M = 7 that is ¢ (¢) = 5

Compute

00 © u(t) —u(t— b
[ ewswa=[ 20D pyae- [ v

(o] —00

If f(t) is continuous at ¢ = 0, then for very small b, the function f(¢) is approximately equal to f(0) on the interval [0, b). We
approximate the integral

b b
%/0 f(t)dt%%/o f(0)dt = £(0).

Therefore,

N .1t
lim . P(8)f(t)dt =lim ; f(t) dt = £(0)

Let us therefore accept d(t) as an object that is possible to integrate. We often want to shift § to another point, for example
4(t —a) . In that case we have

[ se-aswa- sa)

(o]

Note that §(a —t) is the same object as (¢t — a) . In other words, the convolution of §(¢) with f(¢) is again f(t),

(f *8)(t) = /0 5(t— 5)£(s) ds = £(t)

As we can integrate §(t), let us compute its Laplace transform.

L{(t—a)} = /000 e 5t —a)dt =e .

In particular,

Notice that the Laplace transform of §(¢ —a) looks like the Laplace transform of the derivative of the Heaviside function
u(t —a), if we could differentiate the Heaviside function. First notice

£{5(t)} =1.

e—as

L{5(t—a)} =

To obtain what the Laplace transform of the derivative would be we multiply by s, to obtain e
transform of (¢ — a) . We see the same thing using integration,

s .

—as

, which is the Laplace

/Oté(s—a)ds:u(t—a)

So in a certain sense

d
a[u(t —a)]=46(t—a)

This line of reasoning allows us to talk about derivatives of functions with jump discontinuities. We can think of the derivative
of the Heaviside function u(¢ —a) as being somehow infinite at a, which is precisely our intuitive understanding of the delta
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l function.

v/ Example 6.4.1

Compute

-l s+1
" .

So far we have always looked at proper rational functions in the s variable. That is, the numerator was always of lower degree

. ., s+1 .
than the denominator. Not so with . We write,

54{311}:z*{1+%}=c4g}+c4{%}zaﬂ+L

S

The resulting object is a generalized function and only makes sense when put underneath an integral.

Impulse Response

As we said before, in the differential equation Lz = f(t), we think of f(¢) as input, and z(¢) as the output. Often it is important to
find the response to an impulse, and then we use the delta function in place of f(¢). The solution to

Lz =4(t)
is called the impulse response.
v/ Example 6.4.2
Solve (find the impulse response)
" +wix =46(t), =(0)=0, 2'(0)=0. (6.4.2)
We first apply the Laplace transform to the equation. Denote the transform of z(t) by X(s).
1
$’X(s)+wiX(s)=1, andso X(s)= =
s? +wp

Taking the inverse Laplace transform we obtain

sin(wot)

z(t) =

wWo

Let us notice something about the above example. In Example 6.3.4, we found that when the input was f(¢), then the solution to

Lz = f(t) was given by
y= /Ot i) Sin(woagz —7)) dr.

Notice that the solution for an arbitrary input is given as convolution with the impulse response. Let us see why. The key is to
notice that for functions z(¢) and f(t),

(z = f)"(t) =2z [/f z(t—7 dT:| /f Yo" (t — 1) dr = (2" % f)(¢).

We simply differentiate twice under the integral,” the details are left as an exercise. And so if we convolve the entire equation
(6.4.2), the left hand side becomes
(2" +wiz)x f=(@"* f)+wi(zxf)=(z*f)"+wi(z* f).

The right hand side becomes
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Therefore y(t) = (z * f)(¢) is the solution to

(6% F)(t) = f (D).

y' +wly = f(¢).

This procedure works in general for other linear equations Lz = f(t). If you determine the impulse response, you also know how
to obtain the output (¢) for any input f(¢) by simply convolving the impulse response and the input f(t).

Three-Point Beam Bending

Let us give another quite different example where the delta function turns up: Representing point loads on a steel beam. Consider a
beam of length L, resting on two simple supports at the ends. Let = denote the position on the beam, and let y(z) denote the
deflection of the beam in the vertical direction. The deflection y(x ) satisfies the Euler-Bernoulli equation,’

dy
where E and I are constants’ and F(z) is the force applied per unit length at position z. The situation we are interested in is when
the force is applied at a single point as in Figure 6.4.2.

‘Fa’it'x —a)
X

——Y A~

Figure 6.4.2: Three-point bending.

In this case the equation becomes

d*y
EI@ :—F5(w—a)

where z = a is the point where the mass is applied. F is the force applied and the minus sign indicates that the force is downward,
that is, in the negative y direction. The end points of the beam satisfy the conditions,

y(0)=0,  y"(0)=0,
y(L)=0,  y"(L)=0.

See Section 5.2, for further information about endpoint conditions applied to beams.

v/ Example 6.4.3

Suppose that length of the beam is 2, and suppose that EI =1 for simplicity. Further suppose that the force F' =1 is applied
at = 1. That is, we have the equation

(6.4.3)

4

SH
<

" =—0(z—1)

u

L

and the endpoint conditions are
y(O) =0, y"(O) =0, y(2) =0, y”(2) =0.

We could integrate, but using the Laplace transform is even easier. We apply the transform in the x variable rather than the ¢
variable. Let us again denote the transform of y(z) as Y (s).

s'Y (s) ~ s°y(0) — s”y'(0) —sy"(0) —y""(0) = —e™".
We notice that y(0) = 0 and y""(0) = 0. Let us call C; = y'(0) and C? = y""’(0). We solve for Y (s),

—e* Ci Cy
4 2 + 4"
S S S

We take the inverse Laplace transform utilizing the second shifting property Equation (6.2.14) to take the inverse of the first
term.
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—(x—1)3 C
y(z) = %u(z -1)+Ciz+ %m‘?.

We still need to apply two of the endpoint conditions. As the conditions are at z =2 we can simply replace u(z —1) =1
when taking the derivatives. Therefore,
—(2-1)3 Cy -1 4

0=y(2)= T+Cl(2)+?23 :T+2C1+3_02’

and

-3-2.2-1) O

3-2-2=-1+2C.
6 +6 +2C3

0=y"(2)=
Hence Cy = % and solving for Cy using the first equation we obtain C; = % . Our solution for the beam deflection is

y(x)zﬁu(x_l)_f_km_g‘

Footnotes
[1] Named after the English physicist and mathematician Paul Adrien Maurice Dirac (1902-1984).

[2] You should really think of the integral going over (—oo, co) rather than over [0, ¢] and simply assume that f(¢) and x(¢) are
continuous and zero for negative ..

[3] Named for the Swiss mathematicians Jacob Bernoulli (1654—1705), Daniel Bernoulli —nephew of Jacob— (1700-1782), and
Leonhard Paul Euler (1707-1783).

[4] E is the elastic modulus and I is the second moment of area. Let us not worry about the details and simply think of these as
some given constants.

This page titled 6.4: Dirac delta and impulse response is shared under a not declared license and was authored, remixed, and/or curated by Jifi
Lebl.
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6.E: The Laplace Transform (Exercises)

These are homework exercises to accompany Libl's "Differential Equations for Engineering" Textmap. This is a textbook targeted
for a one semester first course on differential equations, aimed at engineering students. Prerequisite for the course is the basic

calculus sequence.

6.1: The Laplace transform

? Exercise 6.E.6.1.1

Find the Laplace transform of 3 +¢° + sin(rt) .

? Exercise 6.E.6.1.2

Find the Laplace transform of a + bt + ct? for some constants a, b, and c.

? Exercise 6.E.6.1.3

Find the Laplace transform of A cos(wt) + Bsin(wt) .

? Exercise 6.E.6.1.4

Find the Laplace transform of cos?(wt).

? Exercise 6.E.6.1.5

Find the inverse Laplace transform of
s2 —

? Exercise 6.E.6.1.6

Find the inverse Laplace transform of >
s2 —

? Exercise 6.E.6.1.7

1

Find the inverse Laplace transform of m

? Exercise 6.E.6.1.8

t ift>1
Find the Laplace transform of f(t) = 1 =
0 ift<l1.
? Exercise 6.E.6.1.9
Find the inverse Laplace transform of s
(s2+s5+2)(s+4)

? Exercise 6.E.6.1.10

Find the Laplace transform of sin(w(t —a)) .
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? Exercise 6.E.6.1.11

Find the Laplace transform of ¢ sin(wt). Hint: Several integrations by parts.

? Exercise 6.E.6.1.12

Find the Laplace transform of 4(¢ +1)2.

Answer

8 8 4
stats

? Exercise 6.E.6.1.13

8

Find the inverse Laplace transform of m

Answer

262 —2t+1—e 2

? Exercise 6.E.6.1.14

Find the Laplace transform of te~* (Hint: integrate by parts).

Answer

1
(s-&-l)2

? Exercise 6.E.6.1.15

Find the Laplace transform of sin(t)e~* (Hint: integrate by parts).

Answer

1
5242542

6.2: Transforms of Derivatives and ODEs

? Exercise 6.E.6.2.1

Verify Table 6.2.1.

? Exercise 6.E.6.2.2

Using the Heaviside function write down the piecewise function that is 0 for ¢ < 0,2 for ¢ in [0,1] and ¢ for ¢ > 1.

? Exercise 6.E.6.2.3

Using the Laplace transform solve

mz" +cz' +kz =0, z(0)=a, z'(0)=0. (6.E.1)

where m > 0,¢ >0,k >0, and ¢ — 4km > 0 (system is overdamped).
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Using the Laplace transform solve
mz” +cx' +kxr =0, z(0)=a, 2'(0)=b. (6.E.2)

where m > 0,¢ >0,k >0, and ¢ —4km < 0 (system is underdamped).

? Exercise 6.F.6.2.5
Using the Laplace transform solve
mz’ +cx' +kx =0, z(0)=a, z'(0)=b. (6.E.3)

where m > 0,¢ >0,k >0, and ¢ = 4km (system is critically damped).

? Exercise 6.E.6.2.6

Solve 2" +x =wu(t —1) for initial conditions z(0) =0 and z’(0) = 0.

? Exercise 6.E.6.2.7

Show the differentiation of the transform property. Suppose £{ f(¢)} = F(s), then show
L{-tf(t)} =F'(s). (6.E.4)

Hint: Differentiate under the integral sign.

? Exercise 6.E.6.2.8

Solve 2" + 2z = t3u(t — 1) for initial conditions z(0) =1 and z'(0) =0, z”(0) = 0.

? Exercise 6.E.6.2.9

Show the second shifting property: L{f(t —a)u(t —a)} = e *L{f(¢)} .

? Exercise 6.E.6.2.10

Let us think of the mass-spring system with a rocket from Example 6.2.2. We noticed that the solution kept oscillating after the
rocket stopped running. The amplitude of the oscillation depends on the time that the rocket was fired (for 4 seconds in the
example).

a. Find a formula for the amplitude of the resulting oscillation in terms of the amount of time the rocket is fired.
b. Is there a nonzero time (if so what is it?) for which the rocket fires and the resulting oscillation has amplitude 0 (the mass is
not moving)?

? Exercise 6.E.6.2.11

Define

(t—-1) ifl1<t<2,
fe)=4 3-t if2<t<s, (6.E.5)
0 otherwise.

a. Sketch the graph of f(t).
b. Write down f(¢) using the Heaviside function.
¢ Solve 2’ +z = f(t),z(0) =0,2'(0) =0 using Laplace transform.
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? Exercise 6.E.6.2.12

Find the transfer function for ma" + cz’ + kx = f(t) (assuming the initial conditions are zero).

? Exercise 6.E.6.2.13

Using the Heaviside function (t), write down the function
0 if t<1,
F(#) = t—1  if1<t<2, (6.E.6)
if 2<t.
Answer

fO)=@t—1)(u(t—1)—u(t—2))+u(t—2)

? Exercise 6.E.6.2.14

Solve 2" —z = (> —1)u(t —1) for initial conditions z(0) = 1, z'(0) = 2 using the Laplace transform.

Answer

a(t) = (27 =2 —Lju(t —1) - Je " + 3¢t

? Exercise 6.E.6.2.15

Find the transfer function for ' +x = f(¢) (assuming the initial conditions are zero).

Answer

H(S) = sil

6.3: Convolution

? Exercise 6.E.6.3.1

Let f(t) =t fort >0, and g(t) = u(t — 1) . Compute f * g.

? Exercise 6.E.6.3.2

Let f(t) =t fort >0, and g(t) =sint for¢ > 0. Compute f*g.

? Exercise 6.E.6.3.3

Find the solution to
ma" +cx' +kz = f(t), x(0)=0, 2'(0)=0,
for an arbitrary function f(¢), where m > 0,c¢ > 0,k >0, and ¢ —4km > 0 (system is overdamped). Write the solution as a

definite integral.

? Exercise 6.E.6.3.4

Find the solution to
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for an arbitrary function f(¢), where m > 0,¢ >0,k >0, and ¢ —4km < 0 (system is underdamped). Write the solution as
a definite integral.

? Exercise 6.F.6.3.5

Find the solution to
mz" +cz' +kz = f(t), x(0)=0, 2'(0)=0,

for an arbitrary function f(t), where m >0,¢ >0,k >0, and ¢ = 4km (system is critically damped). Write the solution as
a definite integral.

? Exercise 6.E.6.3.6

Solve

z(t)=et —i—fot cos(t —7)z (1) dr.

? Exercise 6.E.6.3.7

Solve

z(t) = cost + fot cos(t — 1)z (1) dr.

? Exercise 6.E.6.3.8

Compute £ { (32i4)2 } using convolution.

? Exercise 6.E.6.3.9

Write down the solution to z'/ —2x = e’tQ,a:(O) =0,z'(0) =0 as a definite integral. Hint: Do not try to compute the

Laplace transform of et

? Exercise 6.E.6.3.10
Let f(t) =cost fort >0, and g(t) = e~* . Compute f *g.

Answer

%(cost—i—sint—e’t)

? Exercise 6.E.6.3.11

Compute £* { 5 } using convolution.
st+4s2

Answer

5t —5sint

? Exercise 6.E.6.3.12

Solve /' + z =sint, z(0) = 0,2'(0) =0 using convolution.

Answer

1.
3 (sint —t cost)
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? Exercise 6.F.6.3.13

Solve 2" +z' = f(t),z(0) =0,2'(0) =0,2"(0) =0 using convolution. Write the result as a definite integral.

Answer

fot f(7)(1 —cos(t —7))dr

6.4: Dirac delta and impulse response

? Exercise 6.E.6.4.1

Solve (find the impulse response) "’ + ' +z = 6(¢), z(0) =0, z'(0) = 0.

? Exercise 6.E.6.4.2

Solve (find the impulse response) =" + 2z’ + = = 6(¢), z(0) =0, z'(0) = 0.

? Exercise 6.E.6.4.3

A pulse can come later and can be bigger. Solve z” +4z = 4§(t —1),z(0) =0,2'(0) = 0.

? Exercise 6.E. 6.4.4

Suppose that f(t) and g(¢) are differentiable functions and suppose that f(¢) = g(t) =0 for all ¢ < 0. Show that
(F*9) ()= (f'*9)(t) = (f*g")(®) (6.E.7)

? Exercise 6.E.6.4.5

Suppose that Lz =4(t),z(0)=0,2'(0) =0, has the solution z =e* for ¢t>0. Find the solution to
Lz =t*,2(0)=0,2'(0) =0 fort > 0.

? Exercise 6.E.6.4.6

Compute £ {ﬁ—ﬁ“ }

? Exercise 6.E. 6.4.7: (challenging)

Solve Example 6.4.3 via integrating 4 times in the z variable.

? Exercise 6.E.6.4.8

Suppose we have a beam of length 1 simply supported at the ends and suppose that force F' =1 is applied at x = % in the
downward direction. Suppose that EI =1 for simplicity. Find the beam deflection y(z).

? Exercise 6.E.6.4.9

Solve (find the impulse response) " = §(¢), z(0) =0, z'(0) =0.

Answer

z(t)=t
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? Exercise 6.E.6.4.10

Solve (find the impulse response) =’ +az = 6(t), £(0) =0, z'(0) =0 .

Answer

z(t)=e

? Exercise 6.E.6.4.11

Lz =sin(t),z(0) =0,2'(0) =0fort >0.

Answer

z(t) = (cosxsin)(t) = %t sin(t)

? Exercise 6.E.6.4.12

Compute [,_1{ g }

241

Answer

5(t) — sin(t)
? Exercise 6.E.6.4.13
Compute £1 {% }

Answer
30(t—1)+2t

6.5: Solving PDEs with the Laplace Transform

? Exercise 6.E.6.5.1

Solve

Yty =1, 0<z<oo, t>0,
y(ovt) =1, y(m,0)=0

? Exercise 6.E.6.5.2

Solve

Yy +ay, =0, 0<z<oo, t>0,
y(07t) =t, y(m,O) =0.

? Exercise 6.E.6.5.3

Solve

Y +2y, = +1t, 0<z<oo, t>0,
y(Oat) =0, y(a:,O) =0.

Suppose that Lz = §(t), z(0) =0, z'(0) = 0, has the solution z(¢) = cos(t) for ¢ > 0. Find (in closed form) the solution to
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? Exercise 6.E.6.5.4

For an o > 0, solve

ytay: +y=0, 0<z<oo, t>0,
y(0,t) =sin(t), y(z,0)=0.

? Exercise 6.E.6.5.5

Find the corresponding ODE problem for Y (z), after transforming the ¢ variable

Yt + 3Yze + Yzt + 3y +y =sin(z) +¢, 0<z<1, t>0,
y(Oat):la y(lat):t, y(w,O):1—z, yt(-’L',O):l.

Do not solve the problem.

? Exercise 6.E.6.5.6
Write down a solution to

Yt = Yzz, 0<z<oo, t>0,
yz(o’t) = eit, y(x,O) =0,

as an definite integral (convolution).

? Exercise 6.E.6.5.7

Use the Laplace transform in ¢ to solve

Yit = Yoz s —oo <z <oo, t>0,
yt(z,0) =sin(z), y(z,0)=0.

Hint: Note that e** does not go to zero as s — oo for positive z, and e”** does not go to zero as s — oo for negative x.

? Exercise 6.E.6.5.8

Solve

Yty =1, 0<z<oo, t>0,
y(0,t)=0, y(z,0)=0.

Answer

y=(z—t)u(t—z)+t

? Exercise 6.E.6.5.9
Forac > 0, solve

Yt + Yz +cy =0, 0<z<oo, t>0,
y(Oat) :Sin(t)a y(m,O) =0.

Answer

y=e “sin(t —z)u(t —x)
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Find the corresponding ODE problem for Y (z), after transforming the ¢ variable

Yt +3Yze Ty =T+, -l<z<1, t>0,
y(-1,6)=0, y(1,£)=0, y(z,0)=(1-2%), y(=,0)=0.

Do not solve the problem.

Answer

s?Y (z) —s(1+22)+3Y"(z)+Y(z) =2+ 4, Y(-1)=0, Y(1)=0.

? Exercise 6.E.6.5.11

Use the Laplace transform in ¢ to solve

Ytt = Yz —oo <z <oo, t>0,
yt(.’I},O) :w27 y(-’L’,O) =0.

Hint: Note that e** does not go to zero as s — oo for positive z, and e™** does not go to zero as s — oo for negative z.

Answer

y:th—l—%

This page titled 6.E: The Laplace Transform (Exercises) is shared under a not declared license and was authored, remixed, and/or curated by Jiii
Lebl.

e 6.E: The Laplace Transform (Exercises) has no license indicated.
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7.1: Power Series

Many functions can be written in terms of a power series

o0
Z ar(z — :Bg)k
k=0

If we assume that a solution of a differential equation is written as a power series, then perhaps we can use a method reminiscent of
undetermined coefficients. That is, we will try to solve for the numbers aj. Before we can carry out this process, let us review some
results and concepts about power series.

Definition
As we said, a power series is an expression such as

o0

Zak(z —20)F =ag4ai(z —z0)+ag(x —x0)® +as (@ —xz0)> +- -, (7.1.1)
k=0
where ag, a1, a2, ...,ak,...and xy are constants. Let

Sn(z) :Zak(w—wo)k —ap+a1(z — o) +as (z —20)” +az (& —20)* +- - +an(x —20)",
k=0

denote the so-called partial sum. If for some x, the limit

exists, then we say that the series (7.1.1) converges at z. Note that for = x, the series always converges to ag. When (7.1.1)
converges at any other point = # ¢, we say that (7.1.1)is a convergent power series. In this case we write

- k - k
Zak(w—wo) zlimZak(m—wg) .

If the series does not converge for any point z # ¢, we say that the series is divergent.

v/ Example 7.1.1

The series

2 m3

k &
1
Iz +x+2+6+

??‘lp—\

>
k=0

is convergent for any x. Recall that k! =1-2-3- .-k is the factorial. By convention we define 0! = 1. In fact, you may recall
that this series converges to e”.

We say that (7.1.1) converges absolutely at  whenever the limit

R k
lim Z|ak| |z — o]

exists. That is, the series » 72 |ag| |z — x| ¥ is convergent. If (7.1.1) converges absolutely at , then it converges at z.
However, the opposite implication is not true.

v/ Example 7.1.2

The series
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gk
x| =
&?r

El
I
-

converges absolutely for all z in the interval (—1, 1).

It converges at x = —1, as

Y
pora % converges (conditionally)

by the alternating series test.

But the power series does not converge absolutely at # = —1, because >~ ; % does not converge. The series diverges at

z=1.

Radius of Convergence
If a power series converges absolutely at some 1, then for all z such that | — zg| < |z1 — | (that is, z is closer than z; to z¢)
we have |a(z — o) k| < |ak(z1 — o) k| for all k. As the numbers |a(z1 — o) k\ sum to some finite limit, summing smaller

positive numbers |ak (z —x0) k| must also have a finite limit. Hence, the series must converge absolutely at z.

& Theorem 7.1.1

For a power series (7.1.1), there exists a number p (we allow p = co) called the radius of convergence such that the series
converges absolutely on the interval (zg — p, o +p) and diverges for x < g —p and z >z + p . We write p = oo if the
series converges for all z.

diverges converges absolutely diverges
IAN T NN VN
| I |
Xo=p Xp Xo+p

Figure 7.1.1: Convergence of a power series.

See Figure 7.1.1. In Example 7.1.1 the radius of convergence is p = 0o as the series converges everywhere. In Example 7.1.2the
radius of convergence is p =1. We note that p =0 is another way of saying that the series is divergent. A useful test for
convergence of a series is the ratio test. Suppose that

is a series such that the limit

Ck+1
Ck,

L= lim

n—00

exists. Then the series converges absolutely if L < 1 and diverges if L > 1.

Let us apply this test to the series (7.1.1). That is we let ¢, = ax(z — ) ¥ in the test. Compute

k+1
. Clk+1 . ar41(z — o) . Qg1
L=1lim|—|=1lim|—————| = lim |z — zo].
n—o0 Ck, n—00 a (ZU _ :BO) n—o0 ar
Define A by
. Qf+1
A= lim a2
n—oo ak

Thenif 1 > L = A|z — x| the series (7.1.1) converges absolutely. If A =0, then the series always converges. If A > 0, then the

series converges absolutely if |z — x| < <, and diverges if |z — x| > % . That is, the radius of convergence is %.

A similar test is the root test. Suppose

https://math.libretexts.org/@go/page/32226



https://libretexts.org/
https://math.libretexts.org/@go/page/32226?pdf

LibreTexts"

L = lim ,} |Ck'
k—o0

exists. Then Z,;“;O ¢y, converges absolutely if L < 1 and diverges if L > 1. We can use the same calculation as above to find A.
Let us summarize.

& Theorem 7.1.2: Ratio and Root Tests for Power Series

Let

o0

k

E ay (z — )

k=0
be a power series such that

. Qf+1
A= lim |—| or A—hm *f |a|
n—oo ay k—o0

exists. If A = 0, then the radius of convergence of the series is co. Otherwise the radius of convergence is 4

A
v/ Example 7.1.3

Suppose we have the series

o0
Y 2@ -1k
k=0
First we compute,
27kl 1
A=lim | 2L gim e
k—oo | ag k—oo| 9~k 2

Therefore the radius of convergence is 2, and the series converges absolutely on the interval (—1, 3). And we could just as well

have used the root test:
1 1
A—hm hm " |ag| —11m~/|2 —11m2 =3

v/ Example 7.1.4

Consider

o0
1
D

k=0

Compute the limit for the root test,

1
A= lim ,’“/|ak|—11m1/ —‘zlim
k—o0 k* k—00

So the radius of convergence is oco: the series converges everywhere. The ratio test would also work here.

kil

The root or the ratio test does not always apply. That is the limit of ‘ aak ] or 1/|ax| might not exist. There exist more sophisticated
ways of finding the radius of convergence, but those would be beyond the scope of this chapter. The two methods above cover
many of the series that arise in practice. Often if the root test applies, so does the ratio test, and vice versa, though the limit might

be easier to compute in one way than the other.
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Analytic Functions

Functions represented by power series are called analytic functions. Not every function is analytic, although the majority of the
functions you have seen in calculus are. An analytic function f(z) is equal to its Taylor series' near a point xy. That is, for = near
xo we have

£ (g,
fl@)=>) ) gy, (7.1.2)

where f(*)(z) denotes the k" derivative of f(z) at the point z.

3

y L L L )
W s [ 5 ]

Figure 7.1.2: The sine function and its Taylor approximations around z, = 0 of 5™ and 9* degree.

For example, sine is an analytic function and its Taylor series around zy = 0 is given by

sin(z Z 2n+1

In Figure 7.1.2 we plot sin(z) and the truncations of the series up to degree 5 and 9. You can see that the approximation is very
good for z near 0, but gets worse for z further away from 0. This is what happens in general. To get a good approximation far away
from x( you need to take more and more terms of the Taylor series.

2n+1

Manipulating Power Series

One of the main properties of power series that we will use is that we can differentiate them term by term. That is, suppose that

> ag(z —xo) " is a convergent power series. Then for z in the radius of convergence we have

% liak (z —:co)k] = ikak(m —wg)kfl.
k=0 k=1

Notice that the term corresponding to k = 0 disappeared as it was constant. The radius of convergence of the differentiated series is
the same as that of the original.

v/ Example 7.1.5

Let us show that the exponential y = e” solves y' = y. First write
i :
k=0 N

Now differentiate

M8
oyl
EI'—‘
??‘
gk
=
L

k=

-

x>~
I

-

We reindex the series by simply replacing k with £+ 1. The series does not change, what changes is simply how we write it.
After reindexing the series starts at k = 0 again.

S 1 E—1 _ < 1 (k4+1)-1 _ S i k
;(’ﬂ—l)!m ;:1 ((k+1)—1)!x Zk!m'
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I That was precisely the power series for e” that we started with, so we showed that % [e"] =e”.

Convergent power series can be added and multiplied together, and multiplied by constants using the following rules. First, we can
add series by adding term by term,

(iak(x—wg)k> + (ibk($—$0)k) :i(ak —i—bk)(w—xg)k.
k=0 k=0 k=0

We can multiply by constants,

o0
a(Zak T —x) ) Zaak T —x)
k=0

We can also multiply series together,

(fjak(x—wo)’“) (fjbk(m—xo)k) =Y e —a)t,
k=0 k=0 k=0

where ¢, = agbg +a1bg—1 +- - - +agby . The radius of convergence of the sum or the product is at least the minimum of the radii
of convergence of the two series involved.

Power Series for Rational Functions

Polynomials are simply finite power series. That is, a polynomial is a power series where the a;, are zero for all k£ large enough. We
can always expand a polynomial as a power series about any point zo by writing the polynomial as a polynomial in (z — zg). For
example, let us write 222 — 3z +4 as a power series around z = 1:

222 —3z+4=3+(z—1)+2(z—1)%
In other words ag = 3, a; =1, as =2, and all other a; = 0. To do this, we know that ay = 0 for all £ > 3 as the polynomial is of
degree 2.

We write ag+a;(z —1)+aq(z — 1)2 , we expand, and we solve for ag, a;, and as. We could have also differentiated at
x = land used the Taylor series formula (7.1.2).

Let us look at rational functions, that is, ratios of polynomials. An important fact is that a series for a function only defines the
function on an interval even if the function is defined elsewhere. For example, for —1 < z <1 we have

o0
E z* —l—l—a:—i—w +-
k=0

This series is called the geometric series. The ratio test tells us that the radius of convergence is 1. The series diverges for x < —1
and z > 1, even though - is defined for all z # 1.

We can use the geometric series together with rules for addition and multiplication of power series to expand rational functions
around a point, as long as the denominator is not zero at xy. Note that as for polynomials, we could equivalently use the Taylor
series expansion (7.1.2).

v/ Example 7.1.5

Expand

1+2z+z2 as a power series around the origin (z9g =0) and find the radius of convergence. First, write

142z +22=(1+=z o (1— (-2 2 . Now we compute
p
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T - 1 2
142z +22 — (=)
o 2
k k
(S
0 (7.1.3)
=Iz Z crz”
k=0
k=0
where using the formula for the product of series we obtain,cp =1,¢; =—1—-1=-2,co=1+14+1=3 ,etc....
Therefore
_r i (=1)"ka? = 2 — 222 4 3a2® — 42t +- -
1+2x 422

k=1
The radius of convergence is at least 1. We use the ratio test

(1" (k+1)
(_1)k+1k

k+1
= lim L:1.
k—o0

Ag+1
ag

lim

k—o0

= lim

k—oo

So the radius of convergence is actually equal to 1.

When the rational function is more complicated, it is also possible to use method of partial fractions. For example, to find the

Taylor series for f;f“l” , we write
3 00 00 o)
"tz 1 1 ko k k k
_ _ —2+Y (1= ot = —a+ Y (—2)at.
z?2—1 x+1+m 1-z x+k:0( J'e k:ow v :3( e
kodd

Footnotes
[1] Named after the English mathematician Sir Brook Taylor (1685-1731).

This page titled 7.1: Power Series is shared under a not declared license and was authored, remixed, and/or curated by Jifi Lebl.

e 7.1: Power Series by Jifi Lebl is licensed CC BY-SA 4.0. Original source: https://www.jirka.org/diffyqs.
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7.2: Series solutions of linear second order ODEs

Suppose we have a linear second order homogeneous ODE of the form
p(x)y" +q(z)y' +r(z)y=0 (7.2.1)

Suppose that p(z), g(z), and r(z) are polynomials. We will try a solution of the form

o0
yzZak(x—xo)2
k=0

and solve for the ay, to try to obtain a solution defined in some interval around z,.

# Definition: Ordinary and Singular Points

The point x, is called an ordinary point if p(z,) # 0 in linear second order homogeneous ODE of the form in Equation 7.2.1.
That is, the functions

are defined for x near x,.

If p(zg) = 0, then we say z, is a singular point.

Handling singular points is harder than ordinary points and so we now focus only on ordinary points.

v/ Example 7.2.1: Expansion around an Ordinary Point

Let us start with a very simple example
"
Yy —y=0
Let us try a power series solution near &, = 0, which is an ordinary point.

Solution
Every point is an ordinary point in fact, as the equation is constant coefficient. We already know we should obtain exponentials
or the hyperbolic sine and cosine, but let us pretend we do not know this.

We try

o0
Y= E apzk
k=0

If we differentiate, the k = 0 term is a constant and hence disappears. We therefore get

ikakw
k=1

We differentiate yet again to obtain (now the £ =1 term disappears)

i k(k—1)ayzt>
k=2

We reindex the series (replace k with k42 ) to obtain

"

y (k+2) (k+1) ajsp z*

Mg

b
I

0

Now we plug y and 3"’ into the differential equation.
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=Yy —Yy
( k+2 (k+1) ak+2$> (Zam)
=0
- i ((k+2)(k+1)a 22" —ara®)

=) ((k+2)(k+1)api2 —ax)z".

As y" —1y is supposed to be equal to 0, we know that the coefficients of the resulting series must be equal to 0. Therefore,

(k+2)(k+1)agss —ar =0 (7.2.2)
or
Q, = —ak
2T ko) (k1)

The above equation is called a recurrence relation for the coefficients of the power series. It did not matter what ag or a; was.
They can be arbitrary. But once we pick ag and aq, then all other coefficients are determined by the recurrence relation.

Let us see what the coefficients must be. First, ag and a; are arbitrary

_ap ! . ay ag a3y a
T TTee Yo 0er) Y0 6@e)R)
So we note that for even k, that is k = 2n we get
Qo
% =00 = oo
and for odd k that is k =2n+1 we have
a
ag = Q2n+1 = —(2n+ 1)!

Let us write down the series

oo o0
A on a1 2t 2n 1 2n+1
Zakx Z((2 et )_a > i e Y G

We recognize the two series as the hyperbolic sine and cosine. Therefore,
Yy =a, coshx +a; sinhx

Of course, in general we will not be able to recognize the series that appears, since usually there will not be any elementary
function that matches it. In that case we will be content with the series.

v/ Example 7.2.2

Let us do a more complex example. Suppose we wish to solve Airy’s equation", that is

yll _ wy — 0
near the point g = 0, which is an ordinary point.

We try

00
Y= E apzk
k=0

We differentiate twice (as above) to obtain
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y' = Zk(k Dapzt?
k=2
We plug y into the equation
o0
0=y"—zy = Zk(k apet? | —2 Zakwk
e 0 (7.2.3)
= (Zk (k—1) akmk2> — <Z aka:k”)
k=2 k=0
We reindex to make things easier to sum
0=9y"—zy = <2a2 +Z (k+2) (k+1)agioz ) (Zak 1T )
= (7.2.4)
=20, + 3 ((h+2) (b 1) axer @11 @
k=1
Again y" — zy is supposed to be 0 so first we notice that a; = 0 and also
(k+2)(k+1)ags2 —ar—1 =0, or Ay = o N
(k+2)(k+1)
Now we jump in steps of three. First we notice that since as =0 we must have that, a5 =0, ag =0, a;; =0, etc .... In
general as,+2 = 0. The constants ag and a; are arbitrary and we obtain
a agp a ai a as agp o a4 ai
3 = ) S TSN 9 6 — = ) 7= = ’
(3)(2) (4)(3) (6)(5)  (6)(5)(3)(2) (7)(6)  (7)(6)(4)(3)
For a;, where k is a multiple of 3, that is K = 3n we notice that
a i
3n = .
" (2B)(G)6)---(3n—1)(3n)
For a;, where k = 3n+ 1, we notice
a
a, = .
T (3)@)(6)(7)- - (3n)(3n+1)
In other words, if we write down the series for y we notice that it has two parts
y =<a + 203 2064y 20 x3”+~-~>
"6 180 (2)(3)(5)(6) - - - (3n—1)(3n)
a7 a1 3n+1
+ m+—w+ b x +ee
(“1 12° 504" (3)(4)(6)(7)- - (3n)(3n+1) ) )
1 1 1 3 -
= 14+ = —_ L T
“ ( T T Beme e e )
1
+ +—z'+ +o 3"+1+~-->.
“ (”3 2% * 502” 3)@)(6)(7)--- Bn)Bn+1)
We define
(z) —1—|—1z —|—Lm +--4 1 "+
al 67 180 (2)(3)(5)(6)--- (3n —1)(3n) ’ o
y2(z) =m+iw4+im7+---+ = A (7:29)
12 504 (3)(4)(6)(7)--- (3n)(3n+1) ’
and write the general solution to the equation as y(x) = aoy1 (z) + a1y2(x) . Notice from the power series that y; (0) = 1 and
y2(0) =0. Also, y;(0) =0 and y}(0) = 1. Therefore y(z) is a solution that satisfies the initial conditions y(0) =ao and
!
Yy (0) =ai.
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50 |
£1]

Figure 7.2.1: The two solutions y; and y» to Airy's equation.

The functions y; and y, cannot be written in terms of the elementary functions that you
know. See Figure 7.2.1 for the plot of the solutions y; and y». These functions have many
interesting properties. For example, they are oscillatory for negative x (like solutions to
y" +y = 0) and for positive z they grow without bound (like solutions to y" — y = 0).

Sometimes a solution may turn out to be a polynomial.

v/ Example 7.2.3: Hermite Equation

Let us find a solution to the so-called Hermite’s equation of order n” is the equation
y' —2xy' +2ny =0.

Find a solution around the point £y = 0.

Solution
We try
(o ¢]
y=) a
k=0

We differentiate (as above) to obtain

(7.2.7)

Now we plug into the equation

0 =y" —22y' +2ny

= (ik(k—l) akxk_z) —2z (i kaka:k_1> +2n (i aka:k)
k=2 k=1 k=0
= 3 —1)apz"?) - N ayz” mnawk
_<;k(k 1) ay ) (;2“ )+<;2 " ) o
= (2(12 —|—§:(k+2) (k+1)agioz ) (i 2kaix ) (Qnag +§:2nakxk>
k=1

k=1 k=1

o0
=2as +2nay + Z((k +2)(k+1)agi2 —2ka + 2nak)wk
k=1

Asy" —2zy' +2ny =0 we have
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(2k —2n)
k+2)(k+1)agio+(—2k+2n)a; =0, or Q1o = ——————Qag.
(k+2) (k+1) @z +( ) M2 (kL)
This recurrence relation actually includes ay = —nag (which comes about from 2as +2nay =0). Again ap and a; are
arbitrary.
a —2n a a 2(1 —n) a
2 = 0 3= ooy 01,
(2)(1) (3)(2)
2(2—n) 22(2 —n)(—n)
ay = as = ag, (7.2.9)
(4)3) (4)(3)(2)(1)
2(3 —n) 22(3 —n)(1 —n)
as = az = ai,
(5)(4) (5)(4)(3)(2)
Let us separate the even and odd coefficients. We find that
2™"(—n)(2—-n)---(2m —2 —n)
Ao2m = (2m)' )
m ' (7.2.10)
_2"(1-n)(8—mn)---(2m—1—n)
Am+1 = @m 1) .
Let us write down the two series, one with the even powers and one with the odd.
2(—n 22(—n)(2 —n 23(—n)(2—n)(4—n
@) 14 20 P )
2! 4! 6! (7.2.11)
21-n) , 2*)1-n)3-n) , 2°A1-n)3-n)5-n) ., o
y(z) =+ z° + z°+ x4
3! 5! 7!
We then write
y(z) = aoy1 (z) +ary2 ().
We also notice that if n is a positive even integer, then y; (z) is a polynomial as all the coefficients in the series beyond a
certain degree are zero. If n is a positive odd integer, then y, (z) is a polynomial. For example, if n = 4, then
2(—4 22(—4)(2—4 4
yi(z) =1+ (2' )x2+ ( 315 )w4:1—4w2+§a:4.

Footnotes
[1] Named after the English mathematician Sir George Biddell Airy (1801 — 1892).
[2] Named after the French mathematician Charles Hermite (1822-1901).

This page titled 7.2: Series solutions of linear second order ODEs is shared under a not declared license and was authored, remixed, and/or
curated by Jiri Lebl.

e 7.2: Series Solutions of Linear Second Order ODEs by Jifi Lebl is licensed CC BY-SA 4.0. Original source: https://www.jirka.org/diffyqs.
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7.3: Singular Points and the Method of Frobenius

Examples

While behavior of ODEs at singular points is more complicated, certain singular points are not especially difficult to solve. Let us look at
some examples before giving a general method. We may be lucky and obtain a power series solution using the method of the previous
section, but in general we may have to try other things.

v/ Example 7.3.1

Let us first look at a simple first order equation
2zy —y =0. (7.3.1)

Note that = 0 is a singular point. If we only try to plug in
(o]
y:Zakwk, (7.3.2)
k=0

we obtain

0=2zy —y =2z (Z kakxk_l) = <Z akmk)
k=1 k=0

(7.3.3)

o0
=ay +Z(2kak —ay) z~.
k=1

First, ag = 0. Next, the only way to solve 0 = 2kay —ar = (2k—1)ax for k=1,2,3,... is for ar =0 for all k. Therefore we
only get the trivial solution y = 0. We need a nonzero solution to get the general solution.

Let us try y = 2" for some real number r. Consequently our solution---if we can find one---may only make sense for positive z. Then
— -1
y' =rz™!.So

0=2xy —y=2arz" ' —2"=(2r—1)z".

1
Therefore r = 5 or in other words y = /2. Multiplying by a constant, the general solution for positive z is

y=Cz'/2%

If C # 0 then the derivative of the solution "blows up" at = 0 (the singular point). There is only one solution that is differentiable at
= 0 and that's the trivial solution y = 0.

Not every problem with a singular point has a solution of the form y = ", of course. But perhaps we can combine the methods. What we
will do is to try a solution of the form

y=2a"f(z)
where f(z) is an analytic function.
v/ Example 7.3.2
Suppose that we have the equation
4zy" — 42’y + (1 —22)y =0, (7.3.4)

and again note that x = 0 is a singular point. Let us try

o0
y=a" E apzh =
k=0

where 7 is a real number, not necessarily an integer. Again if such a solution exists, it may only exist for positive x. First let us find the
derivatives

apzhtr, (7.3.5)
k=0
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k-+r—1
)

0
M8

(k+7)arz

=~
Il

0

"

(k+7) (k+7—1)apz® 2. (7.3.6)

s

Eol
Il

0
Plugging Equations 7.3.5- 7.3.6 into our original differential equation (Equation 7.3.4) we obtain

0 =4’y — 42y’ +(1—22)y

=4z? <§:(k+r) (k—i—r—l)akkaz) —44” (i(k—ﬁ—r)akaTl) +(1-—2z) (

k=0 k=0

(24 kE+r)(k+r—1) apz” ) <Z4(k+7‘ k+r+1>+<zakmk+r)_<
k=0
<i4 kE+7) (k+7—1)apztt ) (Z4(k+r—1)ak 1zF )+(§:akxk+r)
k=0

k=0

Mg

aka: )
2 k+r+1 )

izak - ) (7.3.7)

k=1

AOMg

:4r(r—1)a0xr—|—a0wr—|—z Ak+r)(k+r—1)ar—4(k+r—1)ar_1 +ar —2a51)
k=1
o0
=(r(r—1)+1) aom’"—l—Z( ak+7)(k+r—1)+1) ar — (4(k+r—1)+2) ap_1) ",
To have a solution we must first have (4r(r —1) +1) ap = 0 . Supposing that ag # 0 we obtain
4r(r—1)+1=0.

1
This equation is called the indicial equation. This particular indicial equation has a double root at r = 2

OK, so we know what r has to be. That knowledge we obtained simply by looking at the coefficient of z". All other coefficients of
zF+" also have to be zero so

(4(k+7r) (k+r—1)+1) a, — (4(k+7—1)+2) a1 =0.

1
If we plug in r = 3 and solve for a; we get

1
4(k+5 —1)+2 )
ap = akflzgakfl-
4(k+ = )(k+——1)+1
Let us set ag = 1. Then
1 1 1 1 1 1 1 1
alrt = —apn = Ao = —a1 = — aa = —Qay9y = —— aQqs = —Qag =
1=7% , 2= 50 =5, 3=3%2 =35 4 3= 4.3.9°
Extrapolating, we notice that
1 1
ap = =

k(k—1)(k—2)---3-2 kU

In other words,

Za = < lxk+1/2:w1/2i lxk:mlﬂez
. k=0 ’ i K i K ‘

That was lucky! In general, we will not be able to write the series in terms of elementary functions. We have one solution, let us call it
Y= z'/%¢* . But what about a second solution? If we want a general solution, we need two linearly independent solutions. Picking ag
to be a different constant only gets us a constant multiple of y;, and we do not have any other r to try; we only have one solution to
the indicial equation. Well, there are powers of z floating around and we are taking derivatives, perhaps the logarithm (the
antiderivative of 2z 1) is around as well. It turns out we want to try for another solution of the form
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o0
v2 =Y ba" +(Inz)ys,
k=0
which in our case is
o0
Yo = Z bez" /% 4 (Inz)az'/ 2.

k=0

We now differentiate this equation, substitute into the differential equation and solve for b;. A long computation ensues and we obtain
some recursion relation for b. The reader can (and should) try this to obtain for example the first three terms

C2b -1 . _ B2 1
T g 37718

We then fix by and obtain a solution ys. Then we write the general solution as y = Ay; + Bys .

bi=bo—1, b

Method of Frobenius
Before giving the general method, let us clarify when the method applies. Let
p)y" +q(@)y’ +r(z)y =0

be an ODE. As before, if p(zo) = 0, then x is a singular point. If, furthermore, the limits

T r(z
lim (z —wo)M and lim (z —x)? ()
2 P(@) = P(@)
both exist and are finite, then we say that x is a regular singular point.
v Example 7.3.3: Expansion around a regular singular point
Often, and for the rest of this section, g = 0. Consider
2y +x(1+z)y +(r+2°)y=0.
Write
43 z(l+z
lim xﬁ =lim avg =lim (1+z)=1,
=0 p(z) 20 2 0
() (+22) (7.3.8).
lim 22 22 = lim 22~~~ 2. — lim (r+at)=m
=0  p(z) z—0 2 20

So z =0 is a regular singular point.

On the other hand if we make the slight change
22"+ (1 +2z)y +(r+22)y =0,
then

. q(z) (1+z) = 1+z
lim z =lim z = lim

=DNE.
=0 p(z) 0 2 z—0

Here DNE stands for does not exist. The point 0 is a singular point, but not a regular singular point.

Let us now discuss the general Method of Frobenius'. Let us only consider the method at the point & = 0 for simplicity. The main idea is
the following theorem.

& Theorem 7.3.1

Method of Frobenius
Suppose that
p(z)y" +q(z)y +r(z)y =0 (7.3.9)

has a regular singular point at = 0, then there exists at least one solution of the form
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o0
y=a" Z arz®.
k=0
A solution of this form is called a Frobenius-type solution.

The method usually breaks down like this.

i. We seek a Frobenius-type solution of the form

o]
y= 2 :aka:kJrr_
k=0

We plug this y into equation (7.3.9). We collect terms and write everything as a single series.
ii. The obtained series must be zero. Setting the first coefficient (usually the coefficient of ") in the series to zero we obtain the indicial
equation, which is a quadratic polynomial in r.
iii. If the indicial equation has two real roots r; and r5 such that 7y — 72 is not an integer, then we have two linearly independent
Frobenius-type solutions. Using the first root, we plug in

0
yp =z § ak$k7
k=0

and we solve for all ay, to obtain the first solution. Then using the second root, we plug in

)

k

Y2 =" E bkz )
k=0

and solve for all by, to obtain the second solution.
iv. If the indicial equation has a doubled root r, then there we find one solution

o0
y=zx" Z akmka
k=0
and then we obtain a new solution by plugging
yp=2a" Z bez® 4 (Inz)y,,
k=0

into Equation (7.3.9) and solving for the constants by,.
v. If the indicial equation has two real roots such that 7; — 79 is an integer, then one solution is

(e8]
yr=2z" Zakwk’
k=0
and the second linearly independent solution is of the form
Yo = Z bpz® +C(Inz)y;,
k=0

where we plug y» into (7.3.9)and solve for the constants by and C.
Finally, if the indicial equation has complex roots, then solving for ay, in the solution

0
y= " E akéﬂk
k=0

results in a complex-valued function---all the aj, are complex numbers. We obtain our two linearly independent solutions” by taking
the real and imaginary parts of y.

=

\%

The main idea is to find at least one Frobenius-type solution. If we are lucky and find two, we are done. If we only get one, we either use
the ideas above or even a different method such as reduction of order (Exercise 2.1.8) to obtain a second solution.
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Bessel Functions

An important class of functions that arises commonly in physics are the Bessel functions®. For example, these functions appear when
solving the wave equation in two and three dimensions. First we have Bessel's equation of order p:

:J:Qy"—i-my +(a: —p )y=0.

1
We allow p to be any number, not just an integer, although integers and multiples of 3 are most important in applications. When we plug

e8]
y= Z a, kT
k=0
into Bessel's equation of order p we obtain the indicial equation

r(r—=1)4r—p*=(r—p)(r+p) =0

Therefore we obtain two roots 7y = p and r, = —p. If p is not an integer following the method of Frobenius and setting ag = 1, we obtain
linearly independent solutions of the form

(_1)kz2k
7 2Kl (k+p)(k—1+p)--- (2+p)(1+p)
- 0 (_1)km2k
kzs 25kl (k—p)(k—1—-p)---(2—p)(1—p)

,i

(7.3.10)

a. Verify that the indicial equation of Bessel's equation of order p is (r —p)(r +p) =0 .
b. Suppose that p is not an integer. Carry out the computation to obtain the solutions y; and y2 above.

Bessel functions will be convenient constant multiples of y; and y,. First we must define the gamma function

I'(z) :/ t" et dt.
0

Notice that I'(1) = 1. The gamma function also has a wonderful property
I(z+1) =2I(z).

From this property, one can show that I'(n) = (n —1)! when n is an integer, so the gamma function is a continuous version of the
factorial. We compute:

D(k+p+1)=(k+p)(k—1+p)--- (2+p)(1 +p)T(1+p),

(7.3.11)
I(k—p+1)=(k—p)(k—1-p)---(2-p)1-p)I(1-p).
Verify the above identities using I'(z + 1) = zT'(z).
We define the Bessel functions of the first kind of order p and —p as
1 O (—l)k x\ 2k+p
J = = _ = ,
b(@) 2T(1+p) k; k!l"(k+p+1) ( )
) - 1) " (7.3.12)
x -p
Tr(®) = 2TA-p) Z k'I‘(k p+1) (5) '

As these are constant multiples of the solutions we found above, these are both solutions to Bessel's equation of order p. The constants are
picked for convenience.

When p is not an integer, J,, and J_, are linearly independent. When 7 is an integer we obtain

S ()

k=0
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In this case it turns out that
Ju(@) = (~1)"T_u(a),

and so we do not obtain a second linearly independent solution. The other solution is the so-called Bessel function of second kind. These
make sense only for integer orders n and are defined as limits of linear combinations of J,(z) and J_,(z) as p approaches n in the
following way:

o €S () T, (@)
Yalz) = 117—>n sin(pm) '

As each linear combination of Jy(z) and J_,(z) is a solution to Bessel's equation of order p, then as we take the limit as p goes to n,
Y,.(z) is a solution to Bessel's equation of order n. It also turns out that Y;,(x) and J,,(x) are linearly independent. Therefore when n is an
integer, we have the general solution to Bessel's equation of order n

y = AJy(z) + BY,(z),

for arbitrary constants A and B. Note that Y, (z) goes to negative infinity at = 0. Many mathematical software packages have these
functions J,,(z) and ¥,,(z) defined, so they can be used just like say sin(z) and cos(z). In fact, they have some similar properties. For
example, —J; (z) is a derivative of Jy(z), and in general the derivative of J,,(z) can be written as a linear combination of J,,_1 (z) and
Jn+1(). Furthermore, these functions oscillate, although they are not periodic. See Figure 7.3.1 for graphs of Bessel functions.

T

Figure 7.3.1: Plot of the Jy(z) and J; () in the first graph and Y; () and Y; () in the second graph.

v/ Example 7.3.4: Using Bessel functions to Solve a ODE

Other equations can sometimes be solved in terms of the Bessel functions. For example, given a positive constant A,
2y +y + M ey =0,
can be changed to z2y" + zy’ + A2z%y =0 . Then changing variables ¢ = Az we obtain via chain rule the equation in ¥ and ¢:
tzy" +ty +t2y =0,
which can be recognized as Bessel's equation of order 0. Therefore the general solution is y(t) = AJy(t) + BYy(t) , or in terms of z:

y = AJy(Az) + BYy(Ax).

This equation comes up for example when finding fundamental modes of vibration of a circular drum, but we digress.

Footnotes

[1] Named after the German mathematician Ferdinand Georg Frobenius (1849 — 1917).

[2] See Joseph L. Neuringera, The Frobenius method for complex roots of the indicial equation, International Journal of Mathematical
Education in Science and Technology, Volume 9, Issue 1, 1978, 71-77.

[3] Named after the German astronomer and mathematician Friedrich Wilhelm Bessel (1784 — 1846).

This page titled 7.3: Singular Points and the Method of Frobenius is shared under a not declared license and was authored, remixed, and/or curated by Jiri
Lebl.

« 7.3: Singular Points and the Method of Frobenius by Jifi Lebl is licensed CC BY-SA 4.0. Original source: https://www.jirka.org/diffygs.
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7.E: Power series methods (Exercises)

7.1: Power Series

k

Is the power series Y2 eFz* convergent? If so, what is the radius of convergence?

Is the power series » 7 kaz* convergent? If so, what is the radius of convergence?

Is the power series > - k!z* convergent? If so, what is the radius of convergence?

? Exercise 7.E.7.1.4

Is the power series Y2 (z —10)* convergent? If so, what is the radius of convergence?

1
(2k)!

Determine the Taylor series for sin around the point g = 7.

? Exercise 7.E.7.1.6

Determine the Taylor series for In z around the point 2y = 1, and find the radius of convergence.

Determine the Taylor series and its radius of convergence of around zop =0.

+x

? Exercise 7.E.7.1.8

around zy = 0. Hint: You will not be able to use the ratio

Determine the Taylor series and its radius of convergence of 1

2
test.

? Exercise 7.E.7.1.9

Expand % + 52 +1 as a power series around 2o = 5.

? Exercise 7.E.7.1.10

Suppose that the ratio test applies to a series » 7° apx®. Show, using the ratio test, that the radius of convergence of the
differentiated series is the same as that of the original series.

Suppose that f is an analytic function such that (™ (0) =n. Find f(1).
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Is the power series » | (0.1)"z" convergent? If so, what is the radius of convergence?

Answer

Yes. Radius of convergence is 10.

? Exercise 7.E. 7.1.13: (challenging)

. ! . .
Is the power series ) | 52" convergent? If so, what is the radius of convergence?

Answer

Yes. Radius of convergence is e.
? Exercise 7.E.7.1.14
Using the geometric series, expand % around zy = 2. For what  does the series converge?

Answer

[ee]
s0 == = 3 (=1)"*'(z —2)" , which converges for 1 <z < 3.

1 _
1-z

? Exercise 7.E. 7.1.15: (challenging)

Find the Taylor series for 2" e around g = 0.

Answer

00 1 "
2 (%

n=T7

? Exercise 7.E.7.1.16: (challenging)
Imagine f and g are analytic functions such that f(k)(O) =g(k)(0) for all large enough k. What can you say about

f(@)—g(z)?

Answer
f(z) —g(z) is a polynomial. Hint: Use Taylor series.

7.2: Series solutions of linear second order ODEs
In the following exercises, when asked to solve an equation using power series methods, you should find the first few terms of the

series, and if possible find a general formula for the k" coefficient.

Use power series methods to solve 3" +y =0 at the point zg = 1.

Use power series methods to solve " +4zy = 0 at the point zy = 0.
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Use power series methods to solve y”’ —xy =0 at the point g = 1.

? Exercise 7.E.7.2.4

Use power series methods to solve 4 + 22y = 0 at the point g = 0.

The methods work for other orders than second order. Try the methods of this section to solve the first order system

y' —zy =0 at the point zy = 0.

? Exercise 7.E.7.2.6

Chebyshev’s equation of order p:

a. Solve (1 —z?)y" —zy’ +p?y =0 using power series methods at zg = 0.
b. For what p is there a polynomial solution?

Find a polynomial solution to (z2 +1)y"” — 22y’ +2y =0 using power series methods.

? Exercise 7.E.7.2.8

a. Use power series methods to solve (1 —z)y” +vy =0 at the point zy = 0.
b. Use the solution to part a) to find a solution for zy"” +v = 0 around the point zg = 1.

? Exercise 7.E.7.2.9

Use power series methods to solve y” 4223y = 0 at the point 2y = 0.
Answer
) —2a5—
a, =0, a3 =0, as =0, recurrence relation (for k>5): ap = ﬁ ,
_ % 5 @ G0 10, M 11 _% 15 4 16, ...
y(z) = a0tz —f52° — Tt + 520 + gpat — g 90007 T
? Exercise 7.E.7.2.10: (challenging)
We can also use power series methods in nonhomogeneous equations.
a. Use power series methods to solve y" —zy = Lw at the point £y = 0. Hint: Recall the geometric series.
b. Now solve for the initial condition y(0) =0, y'(0) = 0.
Answer
_ l _ ak,3+1
a ax =3 ,and for k > 1 we have a;, = D) , SO
1 1 2 2 3 3
y(x):a0+a1m+lm2+ao+ 3+a1+ $4+ 5+a0+ 6+a1+ 7"1‘112 +a()7J2r 9+a1+ 10_’_”'
1.2 ,1.3 6 7 9 10
y(z) = 52° + 52 —i—ﬁx +4—Oa: +1—5w —i—ﬁw —l—ma: —I—ﬂw —l—%x +-
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Attempt to solve z2y" —y =0 at £o = 0 using the power series method of this section (z; is a singular point). Can you find
at least one solution? Can you find more than one solution?

Answer

Applying the method of this section directly we obtain aj, = 0 for all k£ and so y(z) = 0 is the only solution we find.

7.3: Singular points and the method of Frobenius

Find a particular (Frobenius-type) solution of 22y” +zy' + (1 +z)y =0 .

Find a particular (Frobenius-type) solution of zy”" —y =0.

Find a particular (Frobenius-type) solution of 3" 4 %y’ —zy=0.

? Exercise 7.E.7.3.4

Find the general solution of 2zy" +y' —z?y =0 .

Find the general solution of z%y” —zy' —y =0 .

? Exercise 7.E.7.3.6
In the following equations classify the point = 0 as ordinary, regular singular, or singular but not regular singular.

a z?(1+2%)y" +zy=0
b. z%y" +y' +y=0
cxy'+z3y +y=0
dzy'+zy —e*y=0
e 22y + 2%y + 2%y =0

? Exercise 7.E.7.3.7

In the following equations classify the point z = 0 as ordinary, regular singular, or singular but not regular singular.

ay'+y=0

b.z3y" +(1+z)y=0
cxy’+xy +y=0
d.sin(z)y” —y=0

e. cos(z)y" —sin(z)y =0

Answer

a. ordinary,
b. singular but not regular singular,
c. regular singular,
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d. regular singular,
e. ordinary.

? Exercise 7.E.7.3.8

Find the general solution of z?y" —y =0.
Answer
Lol Il
y=Az 2 + Bz :
? Exercise 7.E.7.3.9

Find a particular solution of z*y" + (z — %)y =0.

Answer

o [ 1\-1
y=z23" k(' (1112)@’“ (Note that for convenience we did not pick ag =1.)
= H(kt2)!

? Exercise 7.E.7.3.10: (tricky)

Find the general solution of z2y" —zy’ +y =0 .

Answer

y = Az + Bz In(z)

This page titled 7.E: Power series methods (Exercises) is shared under a not declared license and was authored, remixed, and/or curated by Jifi
Lebl.

o 7.E: Power series methods (Exercises) has no license indicated.
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CHAPTER OVERVIEW

8: Nonlinear Equations

Linear equations suffice in many applications, but in reality most phenomena require nonlinear equations. Nonlinear equations,
however, are notoriously more difficult to understand than linear ones, and many strange new phenomena appear when we allow
our equations to be nonlinear.

8.1: Linearization, critical points, and equilibria

8.2: Stability and classification of isolated critical points

8.3: Applications of nonlinear systems

8.4: Limit cycles

8.5: Chaos

8.E: Nonlinear Equations (Exercises)

Thumbnail: A double rod pendulum animation showing chaotic behavior. Starting the pendulum from a slightly different initial
condition would result in a completely different trajectory. The double rod pendulum is one of the simplest dynamical systems that
has chaotic solutions. Image used with permission (Public Domain; Catslash).
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8.1: Linearization, critical points, and equilibria

Except for a few brief detours in Chapter 1, we considered mostly linear equations. Linear equations suffice in many applications,
but in reality most phenomena require nonlinear equations. Nonlinear equations, however, are notoriously more difficult to
understand than linear ones, and many strange new phenomena appear when we allow our equations to be nonlinear.

Not to worry, we did not waste all this time studying linear equations. Nonlinear equations can often be approximated by linear
ones if we only need a solution "locally," for example, only for a short period of time, or only for certain parameters.
Understanding linear equations can also give us qualitative understanding about a more general nonlinear problem. The idea is
similar to what you did in calculus in trying to approximate a function by a line with the right slope.

In Section 2.4 we looked at the pendulum of mass m and length L. The goal was to solve for the angle 6(¢) as a function of the

time . The equation for the setup is the nonlinear equation

6"+ %sin@ =0.

m

Figure 8.1.1

Instead of solving this equation, we solved the rather easier linear equation
9
0"+ =0=0.
L
While the solution to the linear equation is not exactly what we were looking for, it is rather close to the original, as long as the

angle 6 is small and the time period involved is short.

You might ask: Why don't we just solve the nonlinear problem? Well, it might be very difficult, impractical, or impossible to solve
analytically,depending on the equation in question. We may not even be interested in the actual solution, we might only be
interested in some qualitative idea of what the solution is doing. For example, what happens as time goes to infinity?

Autonomous Systems and Phase Plane Analysis

We restrict our attention to a two dimensional autonomous system

z' = f(z,y), Y =g(z,y),

where f(z,y) and g(z,y) are functions of two variables, and the derivatives are taken with respect to time ¢. Solutions are
functions z(t) and y(¢) such that

2'(t) = f(z(t),y®), o' (t)=g(z(),y(t))
The way we will analyze the system is very similar to Section 1.6, where we studied a single autonomous equation. The ideas in
two dimensions are the same, but the behavior can be far more complicated.
It may be best to think of the system of equations as the single vector equation
!
T
[‘”] :[f( ’y)]. (8.1.1)
y 9(z,y)

As in Section 3.1 we draw the phase portrait (or phase diagram), where each point (z, y) corresponds to a specific state of the
system. We draw the vector field given at each point (z, y) by the vector [f (z’y)} . And as before if we find solutions, we draw the

9(z,y)
trajectories by plotting all points (z(t), y(t)) for a certain range of ¢.
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Consider the second order equation =" = —z + 2 . Write this equation as a first order nonlinear system

:z:':y, y':—:c—l—:vz.

The phase portrait with some trajectories is drawn in Figure 8.1.2.
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Figure 8.1.2: Phase portrait with some trajectories of 2’ =y, y' = —z +z? .

From the phase portrait it should be clear that even this simple system has fairly complicated
behavior. Some trajectories keep oscillating around the origin, and some go off towards
infinity. We will return to this example often, and analyze it completely in this (and the next)
section.

)

If we zoom into the diagram near a point where [g ((“ﬂ is not zero, then nearby the arrows point generally in essentially that same

direction and have essentially the same magnitude. In other words the behavior is not that interesting near such a point. We are of
course assuming that f(z,y)and g(z, y) are continuous.

Let us concentrate on those points in the phase diagram above where the trajectories seem to start, end, or go around. We see two
such points: (0,0) and (1, 0). The trajectories seem to go around the point (0, 0), and they seem to either go in or out of the point
(1,0). These points are precisely those points where the derivatives of both z and y are zero. Let us define the critical points as the

points (z, y) such that
f(ma y):| s
=0.
{g(w, Y)

In other words, the points where both f(z,y) =0 and g(z,y) =0.

The critical points are where the behavior of the system is in some sense the most complicated. If B ((j’;’)) } is zero, then nearby, the

vector can point in any direction whatsoever. Also, the trajectories are either going towards, away from, or around these points, so
if we are looking for long term behavior of the system, we should look at what happens there.

Critical points are also sometimes called equilibria, since we have so-called equilibrium solutions at critical points. If (zg, yo) is a
critical point, then we have the solutions

z(t) =z, y(t) = yo-
In Example 8.1.1, there are two equilibrium solutions:
z(t)=0, y(t)=0, and z(t)=1, y(t)=0.
Compare this discussion on equilibria to the discussion in Section 1.6. The underlying concept is exactly the same.

Linearization

In Section 3.5 we studied the behavior of a homogeneous linear system of two equations near a critical point. For a linear system of
two variables the only critical point is generally the origin (0, 0). Let us put the understanding we gained in that section to good use
understanding what happens near critical points of nonlinear systems.

https://math.libretexts.org/@go/page/32231



https://libretexts.org/
https://math.libretexts.org/@go/page/32231?pdf
https://math.libretexts.org/Bookshelves/Differential_Equations/Differential_Equations_for_Engineers_(Lebl)/1%3A_First_order_ODEs/1.6%3A_Autonomous_equations
https://math.libretexts.org/Bookshelves/Differential_Equations/Differential_Equations_for_Engineers_(Lebl)/3%3A_Systems_of_ODEs/3.5%3A_Two_dimensional_systems_and_their_vector_fields

LibreTexts"

In calculus we learned to estimate a function by taking its derivative and linearizing. We work similarly with nonlinear systems of
ODE. Suppose (zo, ¥o) is a critical point. First change variables to (u, v), so that (u, v) = (0, 0) corresponds to (xg, yo). That is,

U= —x, V=Y —Yo-

Next we need to find the derivative. In multivariable calculus you may have seen that the several variables version of the derivative

is the Jacobian matrix' . The Jacobian matrix of the vector-valued function [’; ((:3)) ] at (zg, yo) is

[l il
3—£($0,y0) B—J;(mo,yo)
0 )
3—5(930,1/0) 5—5(350,3/0)

This matrix gives the best linear approximation as « and v (and therefore & and y) vary. We define the linearization of the equation
(8.1.1)as the linear system

0, 0.

[u]’ 2L (o, o) 6—{,(%0,1/0) [u]

2] 0, '
—g(mo,yo) 3—5(900,110)

T

v

v/ Example 8.1.2

Let us keep with the same equations as Example 8.1.1: ' =y, y' = —z + % . There are two critical points, (0,0)and (1,0).
The Jacobian matrix at any point is

of of
7 (TY) 7 () B [ 0 1]
o o = _ :
52 (@) 5 (@Y) b U

Therefore at (0,0), we have u =  and v = y, and the linearization is
M
v] [-1 0f|v]’
At the point (1,0), we have u =z —1 and v =y, and the linearization is
HE RN
v] [1 0] |v]’
the phase diagrams of the two linearizations at the point (0,0) and (1,0) are given in

Figure 8.1.3. Note that the variables are now u and v. Compare Figure 8.1.3 with Figure
8.1.2, and look especially at the behavior near the critical points.

whereu =z andv=y.
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Figure 8.1.3: Phase diagram with some trajectories of linearizations at the critical points (0,0) (left) and (1,0) (right) of
=y, y =—z+z2.
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Footnotes
[1] Named for the German mathematician Carl Gustav Jacob Jacobi (1804-1851).
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8.2: Stability and classification of isolated critical points

Isolated Critical Points and Almost Linear Systems

A critical point is isolated if it is the only critical point in some small "neighborhood" of the point. That is, if we zoom in far
enough it is the only critical point we see. In the above example, the critical point was isolated. If on the other hand there would be
a whole curve of critical points, then it would not be isolated.

A system is called almost linear (at a critical point (zg,yo)) if the critical point is isolated and the Jacobian at the point is
invertible, or equivalently if the linearized system has an isolated critical point. In such a case, the nonlinear terms will be very
small and the system will behave like its linearization, at least if we are close to the critical point.

In particular the system we have just seen in Examples 8.1.1 and 8.1.2 has two isolated critical points (0,0) and (0,1), and is

almost linear at both critical points as both of the Jacobian matrices [ 01 (1)] and [(1) (1)] are invertible.

On the other hand a system such as ' = % ,y’ =y has an isolated critical point at (0, 0), however the Jacobian matrix

2z 0

0 2y
is zero when (z,y) = (0, 0). Therefore the system is not almost linear. Even a worse example is the system ' = x,3' = 2% ,which
does not have an isolated critical point, as =’ and ¢’ are both zero whenever x = 0, that is, the entire y axis.

Fortunately, most often critical points are isolated, and the system is almost linear at the critical points. So if we learn what happens
here, we have figured out the majority of situations that arise in applications.

Stability and Classification of Isolated Critical Points

Once we have an isolated critical point, the system is almost linear at that critical point, and we computed the associated linearized
system, we can classify what happens to the solutions. We more or less use the classification for linear two-variable systems from
Section 3.5, with one minor caveat. Let us list the behaviors depending on the eigenvalues of the Jacobian matrix at the critical
point in Table 8.2.1. This table is very similar to Table 3.5.1, with the exception of missing “center” points. We will discuss centers
later, as they are more complicated.

Table 8.2.1: Behavior of an almost linear system near an isolated critical point.

Eigenvalues of the Jacobian matrix Behavior Stability
real and both positive source / unstable node unstable
real and both negative sink / stable node asymptotically stable
real and opposite signs saddle unstable
complex with positive real part spiral source unstable
complex with negative real part spiral sink asymptotically stable

In the new third column, we have marked points as asymptotically stable or unstable. Formally, a stable critical point (zg,yo) is
one where given any small distance € to (zg, yo),and any initial condition within a perhaps smaller radius around (zg, yo ),the
trajectory of the system will never go further away from (zg,yo) than e. An unstable critical point is one that is not stable.
Informally, a point is stable if we start close to a critical point and follow a trajectory we will either go towards, or at least not get
away from, this critical point.

A stable critical point (zg,yo) is called asymptotically stable if given any initial condition sufficiently close to (xg,yo) and any
solution (z(t), y(t)) given that condition, then

lim ((¢), y(t)) = (0, %0)-

t—00

That is, the critical point is asymptotically stable if any trajectory for a sufficiently close initial condition goes towards the critical
point (zg, yo)-
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Consider ' = —y —z? , ¢y’ = —z +y2 . See Figure 8.2.1 for the phase diagram. Let us find the critical points. These are the
points where —y —x2 =0 and —z +y2 = 0. The first equation means y = —z?, and so y? = z*. Plugging into the second
equation we obtain —z +z* = 0 . Factoring we obtain z(1 —z%) =0 . Since we are looking only for real solutions we get
either z =0 or z = 1. Solving for the corresponding y using y = —xz? ,we get two critical points, one being (0, 0) and the
other being (1, —1). Clearly the critical points are isolated. Let us compute the Jacobian matrix:

—2z -1
-1 2y
At the point (0, 0) we get the matrix [_01 _01} and so the two eigenvalues are 1 and —1. As the matrix is invertible, the system

is almost linear at (0,0). As the eigenvalues are real and of opposite signs, we get a saddle point, which is an unstable
equilibrium point.

fFreerz
FrAPAA

-----

.....

(2002022393
R A EEE

Figure 8.2.1: The phase portrait with few sample trajectories of ' = —y — 2% ,y' = —z +y? .

At the point (1,—1) we get the matrix [:‘f :21,] and computing the eigenvalues we get —1,

—3.The matrix is invertible, and so the system is almost linear at (1, —1). As we have real
eigenvalues both negative, the critical point is a sink, and therefore an asymptotically stable
equilibrium point. That is, if we start with any point (x;,y;) close to (1, —1) as an initial
condition and plot a trajectory, it will approach (1, —1). In other words,

Jim (), y(t)) = (1, -1).

As you can see from the diagram, this behavior is true even for some initial points quite far from (1, —1),but it is definitely not
true for all initial points.

v/ Example 8.2.2

Let us look at ' =y +y2e” , y’ = x. First let us find the critical points. These are the points where y +y%e* =0 and z = 0.
Simplifying we get 0 =y+y% =y(y+1) . So the critical points are (0,0) and (0, —1),and hence are isolated. Let us
compute the Jacobian matrix:

y?e® 14 2ye”
1 0 ’

At the point (0, 0) we get the matrix [(1’ é] and so the two eigenvalues are 1 and —1. As the matrix is invertible, the system is
almost linear at (0,0). And, as the eigenvalues are real and of opposite signs, we get a saddle point, which is an unstable
equilibrium point.

7

At the point (0, —1) we get the matrix [% *01} whose eigenvalues are % +1 73 . The matrix is invertible, and so the system is

almost linear at (0, —1). As we have complex eigenvalues with positive real part, the critical point is a spiral source, and
therefore an unstable equilibrium point.
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33

Figure 8.2.2: The phase portrait with few sample trajectories of ' = y +y%e* ,y' = .

See Figure 8.2.2 for the phase diagram. Notice the two critical points, and the behavior of
the arrows in the vector field around these points.

Trouble with Centers

Recall, a linear system with a center meant that trajectories traveled in closed elliptical orbits in some direction around the critical
point. Such a critical point we would call a center or a stable center. It would not be an asymptotically stable critical point, as the
trajectories would never approach the critical point, but at least if you start sufficiently close to the critical point, you will stay close
to the critical point. The simplest example of such behavior is the linear system with a center. Another example is the critical point
(0,0) in Example 8.1.1.

The trouble with a center in a nonlinear system is that whether the trajectory goes towards or away from the critical point is
governed by the sign of the real part of the eigenvalues of the Jacobian. Since this real part is zero at the critical point itself, it can
have either sign nearby, meaning the trajectory could be pulled towards or away from the critical point.

v/ Example 8.2.3

An easy example where such a problematic behavior is exhibited is the system 2’ =y, y’ = —x +%* . The only critical point
is the origin (0, 0). The Jacobian matrix is

0 1

-1 342

At (0, 0) the Jacobian matrix is [91 (1)} ,which has eigenvalues +. Therefore, the linearization has a center.

Using the quadratic equation, the eigenvalues of the Jacobian matrix at any point (z, y) are
3, V4-9*
=35V + e

At any point where 4 # 0 (so at most points near the origin), the eigenvalues have a positive real part (y? can never be
negative). This positive real part will pull the trajectory away from the origin. A sample trajectory for an initial condition near
the origin is given in Figure 8.2.3.
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Figure 8.2.3: An unstable critical point (spiral source) at the origin for #' =y, 3’ = —z +* , even if the linearization has a

center.
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The moral of the example is that further analysis is needed when the linearization has a center. The analysis will in general be more
complicated than in the above example, and is more likely to involve case-by-case consideration. Such a complication should not
be surprising to you. By now in your mathematical career, you have seen many places where a simple test is inconclusive, perhaps
starting with the second derivative test for maxima or minima, and requires more careful, and perhaps ad hoc analysis of the
situation.

Conservative Equations

An equation of the form
'+ f(z) =0

for an arbitrary function f(z) is called a conservative equation. For example the pendulum equation is a conservative equation. The
equations are conservative as there is no friction in the system so the energy in the system is "conserved." Let us write this equation
as a system of nonlinear ODE.

o=y, Yy =—f(z)

These types of equations have the advantage that we can solve for their trajectories easily. The trick is to first think of y as a
function of  for a moment. Then use the chain rule

dy
1 /
T =y =y—
Yy =y dz’
S - . . d . .
where the prime indicates a derivative with respect to £. We obtain y—dz + f(z) =0. We integrate with respect to  to get

fyj—z dz + [ f(z) dz = C . In other words

%yz —l—/f(:z:) dz =C.

We obtained an implicit equation for the trajectories, with different C' giving different trajectories. The value of C is conserved on
any trajectory. This expression is sometimes called the Hamiltonian or the energy of the system. If you look back to Section 1.8,

you will notice that yd—z + f(z) =0 is an exact equation, and we just found a potential function.

v/ Example 8.2.4

Let us find the trajectories for the equation =" +z —x2 =0 , which is the equation from Example 8.1.1. The corresponding
first order system is

! !

T =y, Yy =—m—|—m2.

Trajectories satisfy

1 2 1 2 1 3
-y +—z*——z°=C.
2Y T3 73

We solve for y

2
y:i\/—m2+§x3+20.

Plotting these graphs we get exactly the trajectories in Figure 8.1.2. In particular we notice that near the origin the trajectories
are closed curves: they keep going around the origin, never spiraling in or out. Therefore we discovered a way to verify that the
critical point at (0, 0) is a stable center. The critical point at (0, 1) is a saddle as we already noticed. This example is typical for
conservative equations.

Consider an arbitrary conservative equation. The trajectories are given by

y :j:\/—2/f(x)dw+20.
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So all trajectories are mirrored across the x-axis. In particular, there can be no spiral sources nor sinks. All critical points occur
when y =0 (the z-axis), that is when =’ = 0. The critical points are simply those points on the z-axis where f(z)=0. The

JaCOblan matrix 1s
0 ].

So the critical point is almost linear if f'(x) # 0 at the critical point. Let J denote the Jacobian matrix, then the eigenvalues of J
are solutions to

0 =det(J —AI) = A% + f'(z).

Therefore A =+,/—f'(z). In other words, either we get real eigenvalues of opposite signs, or we get purely imaginary
eigenvalues. There are only two possibilities for critical points, either an unstable saddle point, or a stable center. There are never
any asymptotically stable points, sinks, or sources.

This page titled 8.2: Stability and classification of isolated critical points is shared under a not declared license and was authored, remixed, and/or
curated by Jifi Lebl.

o 8.2: Stability and Classification of Isolated Critical Points by Jifi Lebl is licensed CC BY-SA 4.0. Original source:
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8.3: Applications of nonlinear systems

In this section we study two very standard examples of nonlinear systems. First, we look at the nonlinear pendulum equation. We
saw the pendulum equation’s linearization before, but we noted it was only valid for small angles and short times. Now we find out
what happens for large angles. Next, we look at the predator-prey equation, which finds various applications in modeling problems
in biology, chemistry, economics, and elsewhere.

Pendulum

The first example we study is the pendulum equation 6" + %sin@ =0 . Here, 6 is the angular displacement, g is the gravitational
acceleration, and L is the length of the pendulum. In this equation we disregard friction, so we are talking about an idealized
pendulum.

m
Figure 8.3.1

This equation is a conservative equation, so we can use our analysis of conservative equations from the previous section. Let us
change the equation to a two-dimensional system in variables (, w) by introducing the new variable w:

] =[]

The critical points of this system are when w = 0 and —%sin@ =0, or in other words if sin@ = 0. So the critical points are when
w=0 and @ is a multiple of 7. That is, the points are ... (—2w,0), (-, 0), (0,0), (7, 0), (27, 0) . ... While there are infinitely
many critical points, they are all isolated. Let us compute the Jacobian matrix:

we) w0 1
e 8

g9
d g 9 g .. —<cosf 0
F (—f81110> Em (—ISIHG L

For conservative equations, there are two types of critical points. Either stable centers, or saddle points. The eigenvalues of the

Jacobian matrix are A = %,/ —%cos@ .

The eigenvalues are going to be real when cosé < 0. This happens at the odd multiples of 7. The eigenvalues are going to be
purely imaginary when cos# > 0. This happens at the even multiples of 7. Therefore the system has a stable center at the points
...(—2m,0),(0,0), (27,0).., and it has an unstable saddle at the points ... (—3m,0), (—m,0), (7, 0), (3m,0)... Look at the
phase diagram in Figure 8.3.2, where for simplicity we let % =

Figure 8.3.2: Phase plane diagram and some trajectories of the nonlinear pendulum equation.

In the linearized equation we have only a single critical point, the center at (0, 0). Now we see more clearly what we meant when
we said the linearization is good for small angles. The horizontal axis is the deflection angle. The vertical axis is the angular
velocity of the pendulum. Suppose we start at # =0 (no deflection), and we start with a small angular velocity w. Then the
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trajectory keeps going around the critical point (0, 0) in an approximate circle. This corresponds to short swings of the pendulum
back and forth. When 6 stays small, the trajectories really look like circles and hence are very close to our linearization.

When we give the pendulum a big enough push, it goes across the top and keeps spinning about its axis. This behavior corresponds
to the wavy curves that do not cross the horizontal axis in the phase diagram. Let us suppose we look at the top curves, when the
angular velocity w is large and positive. Then the pendulum is going around and around its axis. The velocity is going to be large
when the pendulum is near the bottom, and the velocity is the smallest when the pendulum is close to the top of its loop.

At each critical point, there is an equilibrium solution. Consider the solution § = 0; the pendulum is not moving and is hanging
straight down. This is a stable place for the pendulum to be, hence this is a stable equilibrium.

The other type of equilibrium solution is at the unstable point, for example § = 7. Here the pendulum is upside down. Sure you can
balance the pendulum this way and it will stay, but this is an unstable equilibrium. Even the tiniest push will make the pendulum
start swinging wildly.

See Figure 8.3.3 for a diagram. The first picture is the stable equilibrium 8 = 0. The second picture corresponds to those in the
phase diagram around @ =0 when the angular velocity is small. The next picture is the unstable equilibrium 6 = 7. The last
picture corresponds to the wavy lines for large angular velocities.

~_ |

0=0 Small angular velocities O0=m Large angular velocities

Figure 8.3.3: Various possibilities for the motion of the pendulum.

The quantity

1
5w2 — %cosH

is conserved by any solution. This is the energy or the Hamiltonian of the system.

We have a conservative equation and so (exercise) the trajectories are given by

1/ HeostiC
w= Lcos +C,

for various values of C'. Let us look at the initial condition of (6, 0), that is, we take the pendulum to angle 6y, and just let it go
(initial angular velocity 0). We plug the initial conditions into the above and solve for C to obtain

2
C= —fgCOSGO.

Thus the expression for the trajectory is

/2
w== —g,/COSG—COSGO.
L

Let us figure out the period. That is, the time it takes for the pendulum to swing back and forth. We notice that the oscillation about
the origin in the phase plane is symmetric about both the # and the w axis. That is, in terms of 8, the time it takes from 6 to —6 is
the same as it takes from —6| back to 6. Furthermore, the time it takes from —6j to 0 is the same as to go from 0 to 6. Therefore,
let us find how long it takes for the pendulum to go from angle 0 to angle 6y, which is a quarter of the full oscillation and then
multiply by 4.

We figure out this time by finding % and integrating from 0 to wg. The period is four times this integral. Let us stay in the region

. - . dg . .
where w is positive. Since w = 4 0 ‘verting we get

https://math.libretexts.org/@go/page/32233


https://libretexts.org/
https://math.libretexts.org/@go/page/32233?pdf

LibreTexts"

dt | L 1
do \ 2¢ \/ cosf — cosb ’

Therefore the period T is given by

L [% 1
T=4 —/ — df.
29 Jo \/cosO—cosb,

The integral is an improper integral, and we cannot in general evaluate it symbolically. We must resort to numerical approximation
if we want to compute a particular 7'.

Recall from Section 2.4, the linearized equation 8" + %0 =0 has period

| L
Tinear = 2m, | —.
g

We plot T', Tiinear, and the relative error T_T% in Figure 8.3.4. The relative error says how far is our approximation from the real
period percentage-wise. Note that Tjjnear iS simply a constant, it does not change with the initial angle 6. The actual period T' gets
larger and larger as 0 gets larger. Notice how the relative error is small when 6y is small. It is still only 15% when 6y = 7, that is,
a 90 degree angle. The error is 3.8% when starting at Z, a 45 degree angle. At a 5 degree initial angle, the error is only 0.048%.

g am s o 50 1= 10 as am as am = 1= 15
o v v v e L

[T [T X ] ) - 100 [T 1] o w 1=

Figure 8.3.4: The plot of T' and Tlinear With Z =1 (left), and the plot of the relative error # (right), for 6o between 0 and 7.

While it is not immediately obvious from the formula, it is true that

LimT = occ.

Oy
That is, the period goes to infinity as the initial angle approaches the unstable equilibrium point. So if we put the pendulum almost
upside down it may take a very long time before it gets down. This is consistent with the limiting behavior, where the exactly
upside down pendulum never makes an oscillation, so we could think of that as infinite period.

Predator-Prey or Lotka-Volterra Systems

One of the most common simple applications of nonlinear systems are the so-called predator-prey orLotka-Volterra' systems. For
example, these systems arise when two species interact, one as the prey and one as the predator. It is then no surprise that the
equations also see applications in economics. The system also arises in chemical reactions. In biology, this system of equations
explains the natural periodic variations of populations of different species in nature. Before the application of differential equations,
these periodic variations in the population baffled biologists.

We keep with the classical example of hares and foxes in a forest, it is the easiest to understand.

x = # of hares (the prey),
(8.3.1)

y = # of foxes (the predator).

When there are a lot of hares, there is plenty of food for the foxes, so the fox population grows. However, when the fox population

grows, the foxes eat more hares, so when there are lots of foxes, the hare population should go down, and vice versa. The Lotka—

Volterra model proposes that this behavior is described by the system of equations
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w'::(a——by)w,
Y = (cz —d)y, (8.3.2)

where a, b, c,d are some parameters that describe the interaction of the foxes and hares’. In this model, these are all positive
numbers.

Let us analyze the idea behind this model. The model is a slightly more complicated idea based on the exponential population
model. First expand,

z' = (a—by)z =az —byz.

The hares are expected to simply grow exponentially in the absence of foxes, that is where the ax term comes in, the growth in
population is proportional to the population itself. We are assuming the hares always find enough food and have enough space to
reproduce. However, there is another component —byz, that is, the population also is decreasing proportionally to the number of
foxes. Together we can write the equation as (a — by)z, so it is like exponential growth or decay but the constant depends on the
number of foxes.

The equation for foxes is very similar, expand again
Yy = (cx —d)y = czxy —dy.

The foxes need food (hares) to reproduce: the more food, the bigger the rate of growth, hence the cxy term. On the other hand,
there are natural deaths in the fox population, and hence the —dy term.

Without further delay, let us start with an explicit example. Suppose the equations are
z' =(0.4—-0.01y)z, y' = (0.003z —0.3)y.

See Figure 8.3.5 for the phase portrait. In this example it makes sense to also plot x and y as graphs with respect to time. Therefore
the second graph in Figure 8.3.5is the graph of = and y on the vertical axis (the prey « is the thinner line with taller peaks), against
time on the horizontal axis. The particular solution graphed was with initial conditions of 20 foxes and 50 hares.
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Figure 8.3.5: The phase portrait (left) and graphs of z and y for a sample solution (right).

Let us analyze what we see on the graphs. We work in the general setting rather than putting in specific numbers. We start with
finding the critical points. Set (a —by)z =0, and (cx —d)y = 0. The first equation is satisfied if either z =0 or y = 3. If
z =0, the second equation implies y = 0. If y = ¢, the second equation implies z = % . There are two equilibria: at (0,0) when
there are no animals at all, and at (%, ). In our specific example z = % =100, and y = ¢ = 40. This is the point where there are
100 hares and 40 foxes.

We compute the Jacobian matrix:

a—-by bz
[ cy cr — d} '
At the origin (0, 0) we get the matrix [g o d} , so the eigenvalues are a and —d, hence real and of opposite signs. So the critical
point at the origin is a saddle. This makes sense. If you started with some foxes but no hares, then the foxes would go extinct, that
is, you would approach the origin. If you started with no foxes and a few hares, then the hares would keep multiplying without
check, and so you would go away from the origin.

d a

OK, how about the other critical point at (¢, 3). Here the Jacobian matrix becomes
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The eigenvalues satisfy A2 4-ad = 0 . In other words, A = =i+/ad. The eigenvalues being purely imaginary, we are in the case
where we cannot quite decide using only linearization. We could have a stable center, spiral sink, or a spiral source. That is, the
equilibrium could be asymptotically stable, stable, or unstable. Of course I gave you a picture above that seems to imply it is a
stable center. But never trust a picture only. Perhaps the oscillations are getting larger and larger, but only very slowly. Of course
this would be bad as it would imply something will go wrong with our population sooner or later. And I only graphed a very
specific example with very specific trajectories.

How can we be sure we are in the stable situation? As we said before, in the case of purely imaginary eigenvalues, we have to do a
bit more work. Previously we found that for conservative systems, there was a certain quantity that was conserved on the
trajectories, and hence the trajectories had to go in closed loops. We can use a similar technique here. We just have to figure out
what is the conserved quantity. After some trial and error we find the constant

yamd
ecT+by

—cz—by

::yaxde

is conserved. Such a quantity is called the constant of motion. Let us check C really is a constant of motion. How do we check, you
say? Well, a constant is something that does not change with time, so let us compute the derivative with respect to time:

C' = ay® y ale W 4o 0dnt g e W 4 yogdememt (—cz' —by').
Our equations give us what 2’ and 3’ are so let us plug those in:
C' =ay* ez —d)yzle Y +yrdz?t(a—by)ze =
+ylale ety (—c(a—by)z —b(cz —d)y)
=ylgde e (a(c:c —d)+d(a—by)+ (—c(a—by)z —b(cx — d)y))
=0.

(8.3.3)

apd
So along the trajectories C' is constant. In fact, the expression C' = % gives us an implicit equation for the trajectories. In any
case, once we have found this constant of motion, it must be true that the trajectories are simple curves, that is, the level curves of

apd
:m—fby. It turns out, the critical point at (

4 a d a
c?’p c’h
we do not have to worry about the foxes and hares going extinct or their populations exploding.

) is a maximum for C (left as an exercise). So ( ) is a stable equilibrium point, and

One blemish on this wonderful model is that the number of foxes and hares are discrete quantities and we are modeling with
continuous variables. Our model has no problem with there being 0.1 fox in the forest for example, while in reality that makes no
sense. The approximation is a reasonable one as long as the number of foxes and hares are large, but it does not make much sense
for small numbers. One must be careful in interpreting any results from such a model.

An interesting consequence (perhaps counterintuitive) of this model is that adding animals to the forest might lead to extinction,
because the variations will get too big, and one of the populations will get close to zero. For example, suppose there are 20 foxes
and 50 hares as before, but now we bring in more foxes, bringing their number to 200. If we run the computation, we find the
number of hares will plummet to just slightly more than 1 hare in the whole forest. In reality that most likely means the hares die
out, and then the foxes will die out as well as they will have nothing to eat.

Showing that a system of equations has a stable solution can be a very difficult problem. When Isaac Newton put forth his laws of
planetary motions, he proved that a single planet orbiting a single sun is a stable system. But any solar system with more than 1
planet proved very difficult indeed. In fact, such a system behaves chaotically (see Section 8.5), meaning small changes in initial
conditions lead to very different long-term outcomes. From numerical experimentation and measurements, we know the earth will
not fly out into the empty space or crash into the sun, for at least some millions of years or so. But we do not know what happens
beyond that.

Footnotes

[1] Named for the American mathematician, chemist, and statistician Alfred James Lotka (1880-1949) and the Italian
mathematician and physicist Vito Volterra (1860-1940).
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[2] This interaction does not end well for the hare.
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8.4: Limit cycles

For nonlinear systems, trajectories do not simply need to approach or leave a single point. They may in fact approach a larger set,
such as a circle or another closed curve.

v Example 8.4.1: The Van der Pol oscillator

The Van der Pol oscillator' is the following equation

' —p(l -2z +z =0,
where 4 is some positive constant. The Van der Pol oscillator originated with electrical circuits, but finds applications in
diverse fields such as biology, seismology, and other physical sciences.

For simplicity, let us use ;. = 1. A phase diagram is given in the left hand plot in Figure 8.4.1. Notice how the trajectories
seem to very quickly settle on a closed curve. On the right hand plot we have the plot of a single solution for £ =0 to t = 30
with initial conditions z(0) = 0.1 and z’(0) = 0.1. Notice how the solution quickly tends to a periodic solution.
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Figure 8.4.1: The phase portrait (left) and a graph of a sample solution of the Van der Pol oscillator.

The Van der Pol oscillator is an example of so-called relaxation oscillation. The word relaxation
comes from the sudden jump (the very steep part of the solution). For larger u the steep part
becomes even more pronounced, for small p the limit cycle looks more like a circle. In fact
setting u = 0, we get 2" + x = 0, which is a linear system with a center and all trajectories
become circles.

The closed curve in the phase portrait above is called a limit cycle. A limit cycle is a closed trajectory such that at least one other
trajectory spirals into it (or spirals out of it). If all trajectories that start near the limit cycle spiral into it, the limit cycle is called
asymptotically stable. The limit cycle in the Van der Pol oscillator is asymptotically stable.

Given a limit cycle on an autonomous system, any solution that starts on it is periodic. In fact, this is true for any trajectory that is a
closed curve (a so-called closed trajectory). Such a curve is called a periodic orbit. More precisely, if (a: (1), y(t)) is a solution
such that for some t, the point (z (), y(to)) lies on a periodic orbit, then both z(t) and y(t) are periodic functions (with the same
period). That is, there is some number P such that z(¢) = z(¢ + P) and y(t) =y(¢t+ P) .

Consider the system

z' = f(l?, y)? yl = g(w,y), (841)

where the functions f and g have continuous derivatives in some region R in the plane.

& Theorem 8.4.1: Poincaré-Bendixson Theorem

Suppose R is a closed bounded region (a region in the plane that includes its boundary and does not have points arbitrarily far
from the origin). Suppose (z(t),y(t)) is a solution of (8.4.1)in R that exists for all ¢ > t;. Then either the solution is a
periodic function, or the solution spirals towards a periodic solution in R.
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The main point of the theorem is that if you find one solution that exists for all ¢ large enough (that is, as ¢ goes to infinity) and
stays within a bounded region, then you have found either a periodic orbit, or a solution that spirals towards a limit cycle or tends to
a critical point. That is, in the long term, the behavior is very close to a periodic function. Note that a constant solution at a critical
point is periodic (with any period). The theorem is more a qualitative statement rather than something to help us in computations.
In practice it is hard to find analytic solutions and so hard to show rigorously that they exist for all time. But if we think the
solution exists we numerically solve for a large time to approximate the limit cycle. Another caveat is that the theorem only works
in two dimensions. In three dimensions and higher, there is simply too much room.

The theorem applies to all solutions in the Van der Pol oscillator. Solutions that start at any point except the origin (0, 0) will tend
to the periodic solution around the limit cycle, and if the initial condition of (0, 0) will lead to the constant solution z =0, y = 0.

v/ Example 8.4.2

Consider

a:':y+(z2+y2—1)2w, y’:—a:—l—(:v2—|—y2—1)2y.

A vector field along with solutions with initial conditions (1.02, 0), (0.9, 0), and (0.1, 0)are drawn in Figure 8.4.2.
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Figure 8.4.2: Unstable limit cycle example.

Notice that points on the unit circle (distance one from the origin) satisfy > +y? —1 =0 . And z(t) = sin(¢), y = cos(t) is a
solution of the system. Therefore we have a closed trajectory. For points off the unit circle, the second term in z’ pushes the
solution further away from the y-axis than the system ' =y, vy’ = —x, and 3’ pushes the solution further away from the z-
axis than the linear system =’ =7, 4’ = —z . In other words for all other initial conditions the trajectory will spiral out.

This means that for initial conditions inside the unit circle, the solution spirals out towards the periodic solution on the unit
circle, and for initial conditions outside the unit circle the solutions spiral off towards infinity. Therefore the unit circle is a
limit cycle, but not an asymptotically stable one. The Poincaré—Bendixson Theorem applies to the initial points inside the unit
circle, as those solutions stay bounded, but not to those outside, as those solutions go off to infinity.

A very similar analysis applies to the system
¢ =y+ (@ +y* -1z, Y =—z+ (@ +y° —1)y.

We still obtain a closed trajectory on the unit circle, and points outside the unit circle spiral out to infinity, but now points inside the
unit circle spiral towards the critical point at the origin. So this system does not have a limit cycle, even though it has a closed
trajectory.

Due to the Picard theorem (3.1.1) we find that no matter where we are in the plane we can always find a solution a little bit further
in time, as long as f and g have continuous derivatives. So if we find a closed trajectory in an autonomous system, then for every
initial point inside the closed trajectory, the solution will exist for all time and it will stay bounded (it will stay inside the closed
trajectory). So the moment we found the solution above going around the unit circle, we knew that for every initial point inside the
circle, the solution exists for all time and the Poincaré—Bendixson theorem applies.

Let us next look for conditions when limit cycles (or periodic orbits) do not exist. We assume the equation (8.4.1)is defined on a
simply connected region, that is, a region with no holes we can go around. For example the entire plane is a simply connected
region, and so is the inside of the unit disc. However, the entire plane minus a point is not a simply connected domain as it has a at
the origin.
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Suppose f and g are defined in a simply connected region R. If the expression*

0 0

oF | 99

or Oy
is either always positive or always negative on R (except perhaps a small set such as on isolated points or curves) then the
system (8.4.1)has no closed trajectory inside R.

The theorem gives us a way of ruling out the existence of a closed trajectory, and hence a way of ruling out limit cycles. The
exception about points or lines really means that we can allow the expression to be zero at a few points, or perhaps on a curve, but
not on any larger set.

v/ Example 8.4.3

Let us look at ' =y +y2e® , 3y = z in the entire plane (see Example 8.2.2.) The entire plane is simply connected and so we
can apply the theorem. We compute % + ?_35 =y%e” 40 . The function y2e® is always positive except on the line y = 0.

Therefore, via the theorem, the system has no closed trajectories.

In some books (or the internet) the theorem is not stated carefully and it concludes there are no periodic solutions. That is not quite
right. The above example has two critical points and hence it has constant solutions, and constant functions are periodic. The
conclusion of the theorem should be that there exist no trajectories that form closed curves. Another way to state the conclusion of
the theorem would be to say that there exist no nonconstant periodic solutions that stay in R.

v/ Example 8.4.4

Let us look at a somewhat more complicated example. Take the system ' = —y —x? , 3y’ = —z +y? (see Example 8.2.1). We
compute % + Z—Z =2z + 2y . This expression takes on both signs, so if we are talking about the whole plane we cannot
simply apply the theorem. However, we could apply it on the set where z +y > 0. Via the theorem, there is no closed
trajectory in that set. Similarly, there is no closed trajectory in the set  +y < 0. We cannot conclude (yet) that there is no
closed trajectory in the entire plane. Perhaps half of it is in the set where « +y > 0 and the other half is in the set where
z+y<0.

The key is to look at the set x +y =0, or £ = —y. Let us make a substitution x = z and y = —z (so that z = —y). Both
equations become 2z’ = z — 2 . So any solution of 2’ = z— 22 , gives us a solution z(t) = 2(t), y(t) = —2(t) . In particular,
any solution that starts out on the line z +y =0, stays on the line z +y =0. In other words, there cannot be a closed
trajectory that starts on the set where z +y > 0 and goes through the set where z +y < 0, as it would have to pass through
z+y=0.

v/ Example 8.4.5

Consider #' =y + (2% +y% —1)z ,y' = —z + (2> +y> —1)y , and consider the region R given by 22 +y? > 1 . That is,
R is the region outside a circle of radius % centered at the origin. Then there is a closed trajectory in R, namely z = cos(t),

y = sin(¢). Furthermore,
of 0Og
Oz * Oz

which is always positive on R. So what is going on? The Bendixson—Dulac theorem does not apply since the region R is not
simply connected—it has a hole, the circle we cut out!

=4z’ +4y° -2,

Footnotes
[1] Named for the Dutch physicist Balthasar van der Pol (1889-1959).
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[2] Ivar Otto Bendixson (1861-1935) was a Swedish mathematician.

[3] Henri Dulac (1870-1955) was a French mathematician.

[4] Usually the expression in the Bendixson—Dulac Theorem is % + % for some continuously differentiable function ¢. For

simplicity, let us just consider the case ¢ =1.

This page titled 8.4: Limit cycles is shared under a not declared license and was authored, remixed, and/or curated by Jifi Lebl.
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8.5: Chaos

You have surely heard the story about the flap of a butterfly wing in the Amazon causing hurricanes in the North Atlantic. In a prior
section, we mentioned that a small change in initial conditions of the planets can lead to very different configuration of the planets
in the long term. These are examples of chaotic systems. Mathematical chaos is not really chaos, there is precise order behind the
scenes. Everything is still deterministic. However a chaotic system is extremely sensitive to initial conditions. This also means even
small errors induced via numerical approximation create large errors very quickly, so it is almost impossible to numerically
approximate for long times. This is large part of the trouble as chaotic systems cannot be in general solved analytically.

Take the weather for example. As a small change in the initial conditions (the temperature at every point of the atmosphere for
example) produces drastically different predictions in relatively short time, we cannot accurately predict weather. This is because
we do not actually know the exact initial conditions, we measure temperatures at a few points with some error and then we
somehow estimate what is in between. There is no way we can accurately measure the effects of every butterfly wing. Then we will
solve numerically introducing new errors. That is why you should not trust weather prediction more than a few days out.

The idea of chaotic behavior was first noticed by Edward Lorenz in the 1960s when trying to model thermally induced air
convection (movement). The equations Lorentz was looking at form the relatively simple looking system:

8
' =-10c+10y, 3y =28z—y—=z2z, 2 = —gz—&—wy.

A small change in the initial conditions yield a very different solution after a reasonably short time.

Figure 8.5.1

A very simple example the reader can experiment with, which displays chaotic behavior, is a double pendulum. The equations that
govern this system are somewhat complicated and their derivation is quite tedious, so we will not bother to write them down. The
idea is to put a pendulum on the end of another pendulum. If you look at the movement of the bottom mass, the movement will
appear chaotic. This type of system is a basis for a whole number of office novelty desk toys. It is very simple to build a version.
Take a piece of a string, and tie two heavy nuts at different points of the string; one at the end, and one a bit above. Now give the
bottom nut a little push, as long as the swings are not too big and the string stays tight, you have a double pendulum system.

Duffing Equation and Strange Attractors
Let us study the so-called Duffing equation:
2" +az' +bz +cx® = C cos(wt).

Here a, b, ¢, C, and w are constants. You will recognize that except for the cz?® term, this equation looks like a forced mass-spring
system. The cz> term comes up when the spring does not exactly obey Hooke's law (which no real-world spring actually does obey
exactly). When c is not zero, the equation does not have a nice closed form solution, so we have to resort to numerical solutions as
is usual for nonlinear systems. Not all choices of constants and initial conditions will exhibit chaotic behavior. Let us study

" +0.052" +z* = 8 cos(t).

The equation is not autonomous, so we will not be able to draw the vector field in the phase plane. We can still draw the trajectories
however. In Figure 8.5.2 we plot trajectories for ¢ going from 0 to 15, for two very close initial conditions (2, 3) and (2, 2.9), and
also the solutions in the (z, t) space. The two trajectories are close at first, but after a while diverge significantly. This sensitivity to
initial conditions is precisely what we mean by the system behaving chaotically.
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Figure 8.5.2: On left, two trajectories in phase space for 0 < ¢ < 15, for the Duffing equation one with initial conditions (2, 3) and

the other with (2,2.9). On right the two solutions in (z, t)-space.
Let us see the long term behavior. In Figure 8.5.3, we plot the behavior of the system for initial conditions (2, 3), but for much
longer period of time. Note that for this period of time it was necessary to use a ridiculously large number of steps’ in the
numerical algorithm used to produce the graph, as even small errors quickly propagate. From the graph it is hard to see any
particular pattern in the shape of the solution except that it seems to oscillate, but each oscillation appears quite unique. The
oscillation is expected due to the forcing term.

= 2 s m s
T T T T

Figure 8.5.3: The solution to the given Duffing equation for ¢ from 0 to 100.

In general it is very difficult to analyze chaotic systems, or to find the order behind the madness, but let us try to do something that
we did for the standard mass-spring system. One way we analyzed what happens is that we figured out what was the long term
behavior (not dependent on initial conditions). From the figure above it is clear that we will not get a nice description of the long
term behavior, but perhaps we can figure out some order to what happens on each "oscillation" and what do these oscillations have
in common.

The concept we will explore is that of a Poincaré section”. Instead of looking at ¢ in a certain interval, we will look at where the
system is at a certain sequence of points in time. Imagine flashing a strobe at a certain fixed frequency and drawing the points
where the solution is during the flashes. The right strobing frequency depends on the system in question. The correct frequency to
use for the forced Duffing equation (and other similar systems) is the frequency of the forcing term. For the Duffing equation
above, find a solution (z(t), y(t)), and look at the points

(2(0),9(0)), (2(2m),y(2m)), (z(4m),y(4m)), (2(67),y(6m)),

As we are really not interested in the transient part of the solution, that is, the part of the solution that depends on the initial
condition we skip some number of steps in the beginning. For example, we might skip the first 100 such steps and start plotting
points at ¢ = 100(2), that is

(z(200m),y(200m)), ((2027),y(2027)), (2(2047),y(204x)), (=(2067),y(206m)),

The plot of these points is the Poincaré section. After plotting enough points, a curious pattern emerges in Figure 8.5.4 (the left
hand picture), a so-called strange attractor.
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Figure 8.5.4: Strange attractor. The left plot is with no phase shift, the right plot has phase shift %.

If we have a sequence of points, then an attractor is a set towards which the points in the sequence eventually get closer and closer
to, that is, they are attracted. The Poincaré section above is not really the attractor itself, but as the points are very close to it, we
can see its shape. The strange attractor in the figure is a very complicated set, and it in fact has fractal structure, that is, if you
would zoom in as far as you want, you would keep seeing the same complicated structure.

The initial condition does not really make any difference. If we started with different initial condition, the points would eventually
gravitate towards the attractor, and so as long as we throw away the first few points, we always get the same picture.

An amazing thing is that a chaotic system such as the Duffing equation is not random at all. There is a very complicated order to it,
and the strange attractor says something about this order. We cannot quite say what state the system will be in eventually, but given
a fixed strobing frequency we can narrow it down to the points on the attractor.

If you would use a phase shift, for example f, and look at the times
T

™
4 -z
™+ 1

T
2 Z
T+ 1

0

4’ 4’
you would obtain a slightly different looking attractor. The picture is the right hand side of Figure 8.5.4. It is as if we had rotated,
distorted slightly, and then moved the original. Therefore for each phase shift you can find the set of points towards which the
system periodically keeps coming back to.

6T+

You should study the pictures and notice especially the scales---where are these attractors located in the phase plane. Notice the
regions where the strange attractor lives and compare it to the plot of the trajectories in Figure 8.5.2.

Let us compare the discussion in this section to the discussion in Section 2.6 about forced oscillations. Take the equation
F
z" +2pz’ + Wiz = =2 cos(wt).
m
This is like the Duffing equation, but with no z term. The steady periodic solution is of the form

z = C cos(wt 7).

Strobing using the frequency w we would obtain a single point in the phase space. So the attractor in this setting is a single point---
an expected result as the system is not chaotic. In fact it was the opposite of chaotic. Any difference induced by the initial
conditions dies away very quickly, and we settle into always the same steady periodic motion.

Lorenz System

In two dimensions to have the kind of chaotic behavior we are looking for, we have to study forced, or non-autonomous, systems
such as the Duffing equation. Due to the Poincaré-Bendoxson Theorem, if an autonomous two-dimensional system has a solution
that exists for all time in the future and does not go towards infinity, then we obtain a limit cycle or a closed trajectory. Hardly the
chaotic behavior we are looking for.

In three dimensions even autonomous systems can be chaotic. Let us very briefly return to the Lorenz system

!

8
z' = —10z + 10y, Yy =28z —y—z=z, z z—gz—i—my.

The Lorenz system is an autonomous system in three dimensions exhibiting chaotic behavior. See the Figure 8.5.5 for a sample
trajectory, which is now a curve in three-dimensional space.
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Figure 8.5.5: A trajectory in the Lorenz system.

The solutions will tend to an attractor in space, the so-called Lorenz attractor. In this case no strobing is necessary. Again we
cannot quite see the attractor itself, but if we try to follow a solution for long enough, as in the figure, we will get a pretty good
picture of what the attractor looks like. The Lorenz attractor is also a strange attractor and has a complicated fractal structure. And,
just as for the Duffing equation, what we want to draw is not the whole trajectory, but start drawing the trajectory after a while,
once it is close to the attractor.

The path is not just a repeating figure-eight. The trajectory will spin some seemingly random number of times on the left, then spin
a number of times on the right, and so on. As this system arose in weather prediction, one can perhaps imagine a few days of warm
weather and then a few days of cold weather, where it is not easy to predict when the weather will change, just as it is not really
easy to predict far in advance when the solution will jump onto the other side. See Figure 8.5.6 for a plot of the x component of the
solution drawn above. A negative = corresponds to the left "loop" and a positive x corresponds to the right "loop".

[ T} S0 8 1o s 1
T T T T T

i L L L L
[ ] [ 0 [ T s

Figure 8.5.6: Graph of the z(t) component of the solution.
Most of the mathematics we studied in this book is quite classical and well understood. On the other hand, chaos, including the
Lorenz system, continues to be the subject of current research. Furthermore, chaos has found applications not just in the sciences,
but also in art.
Footnotes
[1] In fact for reference, 30,000 steps were used with the Runge—Kutta algorithm, see exercises in Section 1.7.

[2] Named for the French polymath Jules Henri Poincaré (1854-1912).
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8.E: Nonlinear Equations (Exercises)

8.1: Linearization, critical points, and equilibria

? Exercise 8.E.8.1.1

Sketch the phase plane vector field for:

? Exercise 8.F.8.1.2

Match systems
Lz =22,y =42,
2.2 =zy,y’ =1+y?,
3.2’ =sin(my), ¥ ==,

to the vector fields below. Justify.
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A | S LA |
ANANS=~ o apppp
NANSS ey )
v +——t—
VAP S N SR SN
d At ww KN
R A + L
NNNS = mp )
c. iy N s e PR L A A

? Exercise 8.E.8.1.3

Find the critical points and linearizations of the following systems.

s =2t—yf g —aPtyi—1,
b.2' =—y,y =3z +yz?,
ce=2+y,y =v*+z.

? Exercise 8.E.8.1.4
For the following systems, verify they have critical point at (0, 0), and find the linearization at (0, 0).

ax =z+2y+z?—y? ,y =2y—2?

be'=—y,y=z—9°

¢z =az+by+f(z,y),y =cx+dy+g(z,y), where f(0,0) =0, g(0,0) =0, and all first partial derivatives of f and
g are also zero at (0, 0), that is, %(0, 0)= %(0, 0)= %(0, 0)= %(0, 0)=0.
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? Exercise 8.E.8.1.5

Take ' = (z —y)?,y' = (z +y)?.

a. Find the set of critical points.
b. Sketch a phase diagram and describe the behavior near the critical point(s).
c. Find the linearization. Is it helpful in understanding the system?

? Exercise 8.E.8.1.6

Take ' =22,y =z3.

a. Find the set of critical points.
b. Sketch a phase diagram and describe the behavior near the critical point(s).
c. Find the linearization. Is it helpful in understanding the system?

? Exercise 8.E.8.1.7

Find the critical points and linearizations of the following systems.
a2 =sin(my) +(z—1)%,y =y> —vy,
b.e'=z+y+y?,y ==z,
ce'=(x-1)2+y,y=2>+y.

Answer
a. Critical points (0, 0) and (0, 1). At (0, 0) using u =z, v =y the linearization is ' = —2u — (L) v , v/ = —v. At
(0,1) usingu ==z ,v=y—1 the linearization is v’ = —2u + () v v/ =v.
b. Critical point (0, 0). Using u =z, v=1y the linearizationisv' =u+v ,v =u.
c. Critical point (3, —7).Usingu =z — 3 ,v=y+7 thelinearizationisv' = —u+v ,v' =u+v.

? Exercise 8.E.8.1.8

Match systems
b2 0 2
azr=y,y =—1,
/ !/
b.e'=y,y =(xz—-1)(z+1),
/ 2 !
cr =yt+z,y =—x,
to the vector fields below. Justify.
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Answer

a. is ),
b. is a),
c. isb)

? Exercise 8.E.8.1.9

The idea of critical points and linearization works in higher dimensions as well. You simply make the Jacobian matrix bigger
by adding more functions and more variables. For the following system of 3 equations find the critical points and their
linearizations:

¥ =x+22, y=22-—y, 2=z+z
Answer

Critical points are (0,0,0), and (—1,1,—1). The linearization at the origin using variables u =z, v=y, w =2z is
v =u,v = —v, 2/ =w. The linearization at the point (—1,1, —1) using variablesu =z +1 ,v=y—1,w=2+1 is
v =u—-2,V=—v-"2w,w =w—2u.

? Exercise 8.E.8.1.10

Any two-dimensional non-autonomous system z’ = f(z,y,t), y' =g(z,y,t) can be written as a three-dimensional
autonomous system (three equations). Write down this autonomous system using the variables u, v, w.

Answer

v = fu,v,w), v =gu,v,w),w =1.

8.2: Stability and classification of isolated critical points

? Exercise 8.E.8.2.1

For the systems below, find and classify the critical points, also indicate if the equilibria are stable, asymptotically stable, or
unstable.

az' =—xz+3z%y =—y
ba'=z*+y2-1,y =2
ca'=yety =y—z+y?

? Exercise 8.F.8.2.2

Find the implicit equations of the trajectories of the following conservative systems. Next find their critical points (if any) and
classify them.

az'+z4+23=0

b. " +sinf=0
c2'+(z-1)(z+1)=0
dz'+22+1=0

? Exercise 8.E.8.2.3

Find and classify the critical point(s) of 2’ = —z2,y' = —y2.
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? Exercise 8.E.8.2.4

Suppose ' = —zy,y' =22 —1—y .

a. Show there are two spiral sinks at (—1,0) and (1, 0).
b. For any initial point of the form (0, yq ),find what is the trajectory.
c. Can a trajectory starting at (zg, yo) where zo > 0 spiral into the critical point at (—1, 0)? Why or why not?

? Exercise 8.F.8.2.5

In the example 2’ =y,y’ =y —x show that for any trajectory, the distance from the origin is an increasing function.

Conclude that the origin behaves like is a spiral source. Hint: Consider f(t) = (w (t))2 o (y(t))2 and show it has positive
derivative.

? Exercise 8.E.8.2.6

Suppose f is always positive. Find the trajectories of 2" + f(z') = 0 . Are there any critical points?

? Exercise 8.E.8.2.7

Suppose that 2’ = f(z,y),y' = g(x, y). Suppose that g(z,y) > 1 for all z and y. Are there any critical points? What can we
say about the trajectories at ¢ goes to infinity?

? Exercise 8.E.8.2.8

For the systems below, find and classify the critical points.
ax =—xz+z?y =y

be'=y—y’—z .,y =—=x

cr=zyy =z+y—1

Answer

a. (0, 0): saddle (unstable), (1, 0): source (unstable),
b. (0, 0): spiral sink (asymptotically stable), (0, 1): saddle (unstable),
¢ (1,0): saddle (unstable), (0, 1): source (unstable)

? Exercise 8.E.8.2.9

Find the implicit equations of the trajectories of the following conservative systems. Next find their critical points (if any) and
classify them.

az'+z?=4
b.2"+e* =0
cz'+(z+1)e*=0
Answer
a 3y*+32° —4z = C , critical points: (—2,0), an unstable saddle, and (2, 0), a stable center.
b. %yz +e® = C' , no critical points.

C %yz +ze” = C , critical point at (—1, 0) is a stable center.
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The conservative system z” +z3 = 0 is not almost linear. Classify its critical point(s) nonetheless.

Answer

Critical point at (0, 0). Trajectories are y = 4, /2C — (%) z* , for C > 0, these give closed curves around the origin, so

the critical point is a stable center.

? Exercise 8.E.8.2.11

Derive an analogous classification of critical points for equations in one dimension, such as ' = f(z) based on the derivative.
A point x is critical when f(zy) =0 and almost linear if in addition f'(z¢) # 0. Figure out if the critical point is stable or
unstable depending on the sign of f'(z). Explain. Hint: see Section 1.6.

Answer

A critical point z is stable if f'(z¢) <0 and unstable when f'(z¢) <0.

8.3: Applications of nonlinear systems

? Exercise 8.E.8.3.1

Take the damped nonlinear pendulum equation 8" + u6’ + (%) sinf =0 for some p > 0 (that is, there is some friction).

a. Suppose 4 =1 and % =1 for simplicity, find and classify the critical points.
b. Do the same for any x> 0 and any g and L, but such that the damping is small, in particular, p* < 4(%).
c. Explain what your findings mean, and if it agrees with what you expect in reality.

? Exercise 8.E.8.3.2
Suppose the hares do not grow exponentially, but logistically. In particular consider
2’ =(0.4—0.01y)z —yz®, 3’ =(0.003z —0.3)y. (8.E.1)

For the following two values of «, find and classify all the critical points in the positive quadrant, that is, for x >0 and y > 0.
Then sketch the phase diagram. Discuss the implication for the long term behavior of the population.

a. y=0.001,
b.y = 0.01.

? Exercise 8.E.8.3.3

a. Suppose z and y are positive variables. Show ;j—fy attains a maximum at (1, 1).
apnd
b. Suppose a, b, ¢, d are positive constants, and also suppose z and y are positive variables. Show 22 attains a maximum at

ecaH»by
d
(? ) % )

? Exercise 8.F.8.3.4

Suppose that for the pendulum equation we take a trajectory giving the spinning-around motion, for example

= \/ % cosf+ % + w% . This is the trajectory where the lowest angular velocity is w%. Find an integral expression for how

long it takes the pendulum to go all the way around.
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? Exercise 8.E. 8.3.5: (challenging)

Take the pendulum, suppose the initial position is § =0.

a. Find the expression for w giving the trajectory with initial condition (0, wp). Hint: Figure out what C' should be in terms of
wop.

b. Find the crucial angular velocity wy, such that for any higher initial angular velocity, the pendulum will keep going around
its axis, and for any lower initial angular velocity, the pendulum will simply swing back and forth. Hint: When the
pendulum doesn't go over the top the expression for w will be undefined for some 6s.

c. What do you think happens if the initial condition is (0, wy ), that is, the initial angle is 0, and the initial angular velocity is
exactly wy.

? Exercise 8.E.8.3.6

Take the damped nonlinear pendulum equation 6" + 6’ + (%) sinf =0 for some p >0 (that is, there is friction). Suppose

the friction is large, in particular y? > 4(%) .

a. Find and classify the critical points.
b. Explain what your findings mean, and if it agrees with what you expect in reality.

Answer
a. Critical points are w =0, 8 = k7 for any integer k. When k is odd, we have a saddle point. When k is even we get a
sink.
b. The findings mean the pendulum will simply go to one of the sinks, for example (0, 0) and it will not swing back and
forth. The friction is too high for it to oscillate, just like an overdamped mass-spring system.

? Exercise 8.E.8.3.7

Suppose we have the system predator-prey system where the foxes are also killed at a constant rate h (h foxes killed per unit
time): ' = (a —by)z, ¥’ = (cx —d)y—h .

a. Find the critical points and the Jacobin matrices of the system.
b. Put in the constants a = 0.4, b =0.01, ¢ =0.003, d = 0.3, h = 10. Analyze the critical points. What do you think it says
about the forest?

Answer

bhtad 2). The Jacobian matrix at (0, —%) is

ac ' p

a. Solving for the critical points we get (0, —%) and (

a+% 0]

cd
y d

whose eigenvalues are a + % and —d. The eigenvalues are real of opposite signs and we get a saddle. (In the

application, however, we are only looking at the positive quadrant so this critical point is irrelevant.) At (bh+ad , %) we

ac
0 b(bh+ad)

get Jacobian matrix |: ac jl .
ac

bh+ad
B . ¢
_u
b. For the specific numbers given, the second critical point is (%, 40) the matrix is l : 16 ] , which has
25 4

eigenvalues . Therefore there is a spiral source; the solution spirals outwards. The solution eventually hits one

54144/327
40

of the axes, z = 0 or y = 0, so something will die out in the forest.
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? Exercise 8.E. 8.3.8: (challenging)

Suppose the foxes never die. That is, we have the system z’ = (a — by)z, y’' = czy. Find the critical points and notice they
are not isolated. What will happen to the population in the forest if it starts at some positive numbers. Hint: Think of the

constant of motion.

Answer

The critical points are on the line = 0. In the positive quadrant the g’ is always positive and so the fox population always
grows. The constant of motion is C' = y%e~*~% | for any C this curve must hit the y-axis (why?), so the trajectory will
simply approach a point on the y axis somewhere and the number of hares will go to zero.

8.4: Limit cycles

? Exercise 8.E.8.4.1

Show that the following systems have no closed trajectories.
a. w':w3+y,y’=y3—|—a:2 ,
b.z' =e* ¥,y =€,
ca'=z+3y° -9,y =y +2° .

? Exercise 8.E.8.4.2

Formulate a condition for a 2-by-2 linear system Z' = AZ to not be a center using the Bendixson-Dulac theorem. That is, the
theorem says something about certain elements of A.

? Exercise 8.F.8.4.3

Explain why the Bendixson-Dulac Theorem does not apply for any conservative system " 4+ h(z) =0 .

? Exercise 8.E.8.4.4

A system such as ' = z,y’ = y has solutions that exist for all time ¢, yet there are no closed trajectories or other limit cycles.
Explain why the Poincare-Bendixson Theorem does not apply.

? Exercise 8.E.8.4.5

Differential equations can also be given in different coordinate systems. Suppose we have the system ' =1 —r2 , # =1
given in polar coordinates. Find all the closed trajectories and check if they are limit cycles and if so, if they are asymptotically

stable or not.

? Exercise 8.E.8.4.6
Show that the following systems have no closed trajectories.
az =z+y?,y =y+z?,
b. z' = —zsin’(y), y' = €°,
cx' =zy,y=x+2.
Answer

Use Bendixson—Dulac Theorem.

a fr+9,=1+1>0 ,sono closed trajectories.
b. fo+gy=— sin?(y)+0 <0 forall x,y except the lines given by y = km (where we get zero), so no closed
trajectories.

https://math.libretexts.org/@go/page/32236



https://libretexts.org/
https://math.libretexts.org/@go/page/32236?pdf
https://math.libretexts.org/Bookshelves/Differential_Equations/Differential_Equations_for_Engineers_(Lebl)/8%3A_Nonlinear_Systems/8.4%3A_Limit_cycles

LibreTexts"

| C fo+gy,=y+0>0 forall z,y except the line given by y = 0 (where we get zero), so no closed trajectories.

? Exercise 8.E.8.4.7

Suppose an autonomous system in the plane has a solution = = cos(t) +e ", y =sin(¢) +e~* . What can you say about the
system (in particular about limit cycles and periodic solutions)?

Answer

Using Poincaré—Bendixson Theorem, the system has a limit cycle, which is the unit circle centered at the origin, as
x =cos(t)+e "t ,y=sin(t) +e? gets closer and closer to the unit circle. Thus z = cos(t), y = sin(¢) is the periodic
solution.

? Exercise 8.E.8.4.8

Show that the limit cycle of the Van der Pol oscillator (for p>0) must not lie completely in the set where

—4/ 1% <z <4 /# . Compare with Figure 8.4.1.

Answer

f(z,y)=vy, 9(z,y) =p(l—z*)y—z . So f,+g,=p(l —z*) . The Bendixson-Dulac Theorem says there is no
closed trajectory lying entirely in the set 22 < 1.

? Exercise 8.E.8.4.9

Suppose we have the system 7' = sin(r), # =1 given in polar coordinates. Find all the closed trajectories.

Answer

The closed trajectories are those where sin(r) =0, therefore, all the circles centered at the origin with radius that is a
multiple of 7 are closed trajectories.

8.5: Chaos

? Exercise 8.E.8.5.1

For the non-chaotic equation z" + 2px’ —|—w(2)m = %cos(wt) , suppose we strobe with frequency w as we mentioned above.
Use the known steady periodic solution to find precisely the point which is the attractor for the Poincare section.

? Exercise 8.E. 8.5.2: (project)

A simple fractal attractor can be drawn via the following chaos game. Draw three points of a triangle (just the vertices) and
number them, say p;, p2 and ps. Start with some random point p (does not have to be one of the three points above) and draw
it. Roll a die, and use it to pick of the py, p2, or p3 randomly (for example 1 and 4 mean p;, 2 and 5 mean p,, and 3 and 6
mean p3). Suppose we picked po, then let ppey, be the point exactly halfway between p and ps. Draw this point and let p now
refer to this new point ppey . Rinse, repeat. Try to be precise and draw as many iterations as possible. Your points should be
attracted to the so-called Sierpinski triangle. A computer was used to run the game for 10,000 iterations to obtain the picture in
Figure 8.E. 1.
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Figure 8.E. 1: 10, 000iterations of the chaos game producing the Sierpinski triangle.

? Exercise 8.E.8.5.3: (project)

Construct the double pendulum described in the text with a string and two nuts (or heavy beads). Play around with the position
of the middle nut, and perhaps use different weight nuts. Describe what you find.

? Exercise 8.E.8.5.4: (computer project)

Use a computer software (such as Matlab, Octave, or perhaps even a spreadsheet), plot the solution of the given forced Duffing
equation with Euler's method. Plotting the solution for ¢ from 0 to 100 with several different (small) step sizes. Discuss.

? Exercise 8.F.8.5.5

Find critical points of the Lorenz system and the associated linearizations.

Answer
Critical points: (0,0,0), (34/8,3+/8,27) (—3+/8, —34/8,27). Linearization at (0,0,0) using u =z, v=y, w =2z is
w =—10u+10v,v =28u—v,w' = — (%) w . Linearization at (31/8,3+/8,27)using u =z —3+/8 , v=y —3+/8,
w=z—27 is v/ =-10u+10v, vV =u—-v—-3y8w, w =38u+38v— (%) w .  Linearization  at
(—3+/8,—34/8,27) using u=z+3y/8, v=y+3y/8, w=2—-27 is v'=—-10u+10v, v =u—v+3/8w ,
w = —3v8u—38v— (%) w .

This page titled 8.E: Nonlinear Equations (Exercises) is shared under a not declared license and was authored, remixed, and/or curated by Jifi
Lebl.

e 8.E: Nonlinear Equations (Exercises) has no license indicated.

https://math.libretexts.org/@go/page/32236


https://libretexts.org/
https://math.libretexts.org/@go/page/32236?pdf
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/8%3A_Nonlinear_Equations/8.E%3A_Nonlinear_Equations_(Exercises)
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/8%3A_Nonlinear_Equations/8.E%3A_Nonlinear_Equations_(Exercises)?no-cache
https://math.okstate.edu/people/lebl/
https://math.libretexts.org/@go/page/3453

@ggLnnwﬂk»asw

Index
A

Airy’s equation
7.2: Series solutions of linear second order ODEs
Almost Linear System

8.2: Stability and classification of isolated critical
points

B

Bessel functions
7.3: Singular Points and the Method of Frobenius

C

Conservative equations

8.2: Stability and classification of isolated critical
points
critical point

8.2: Stability and classification of isolated critical
points

D
D’ Alembert solution

4.8: D’ Alembert solution of the wave equation
Dirichlet problem

4.9: Steady state temperature and the Laplacian

E

Euler’s formula
2.2: Constant coefficient second order linear ODEs

F

forced oscillations
2.6: Forced Oscillations and Resonance

G

gamma function
7.3: Singular Points and the Method of Frobenius

H

heat equation

4.9: Steady state temperature and the Laplacian
Heaviside function

6.1: The Laplace Transform
Hermite’s equation

7.2: Series solutions of linear second order ODEs

I
indicial equation

7.3: Singular Points and the Method of Frobenius
Isolated Ciritical Point

8.2: Stability and classification of isolated critical
points

L

Laplace equation

4.9: Steady state temperature and the Laplacian
Laplacian

4.9: Steady state temperature and the Laplacian
limit cycles

8.4: Limit cycles

M

method of Frobenius
7.3: Singular Points and the Method of Frobenius

N

natural frequency
2.6: Forced Oscillations and Resonance

O

ordinary point

7: Power series methods
7.2: Series solutions of linear second order ODEs

Overdamping
2.4: Mechanical Vibrations

R
regular singular point

7.3: Singular Points and the Method of Frobenius
resonance

2.6: Forced Oscillations and Resonance

S
shifting property
6.1: The Laplace Transform
singular point
7.2: Series solutions of linear second order ODEs
superposition
2.3: Higher order linear ODEs

Vv

Volterra integral equation
6.3: Convolution

a https://math.libretexts.org/@go/page/37973


https://libretexts.org/
https://math.libretexts.org/@go/page/37973?pdf
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/zz%3A_Back_Matter/10%3A_Index
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/7%3A_Power_series_methods/7.2%3A_Series_solutions_of_linear_second_order_ODEs
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/8%3A_Nonlinear_Equations/8.2%3A_Stability_and_classi%EF%AC%81cation_of_isolated_critical_points
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/7%3A_Power_series_methods/7.3%3A_Singular_Points_and_the_Method_of_Frobenius
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/8%3A_Nonlinear_Equations/8.2%3A_Stability_and_classi%EF%AC%81cation_of_isolated_critical_points
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/8%3A_Nonlinear_Equations/8.2%3A_Stability_and_classi%EF%AC%81cation_of_isolated_critical_points
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/4%3A_Fourier_series_and_PDEs/4.8%3A_D%E2%80%99Alembert_solution_of_the_wave_equation
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/4%3A_Fourier_series_and_PDEs/4.9%3A_Steady_state_temperature_and_the_Laplacian
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/2%3A_Higher_order_linear_ODEs/2.2%3A_Constant_coefficient_second_order_linear_ODEs
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/2%3A_Higher_order_linear_ODEs/2.6%3A_Forced_Oscillations_and_Resonance
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/7%3A_Power_series_methods/7.3%3A_Singular_Points_and_the_Method_of_Frobenius
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/4%3A_Fourier_series_and_PDEs/4.9%3A_Steady_state_temperature_and_the_Laplacian
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/6%3A_The_Laplace_Transform/6.1%3A_The_Laplace_Transform
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/7%3A_Power_series_methods/7.2%3A_Series_solutions_of_linear_second_order_ODEs
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/7%3A_Power_series_methods/7.3%3A_Singular_Points_and_the_Method_of_Frobenius
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/8%3A_Nonlinear_Equations/8.2%3A_Stability_and_classi%EF%AC%81cation_of_isolated_critical_points
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/4%3A_Fourier_series_and_PDEs/4.9%3A_Steady_state_temperature_and_the_Laplacian
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/4%3A_Fourier_series_and_PDEs/4.9%3A_Steady_state_temperature_and_the_Laplacian
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/8%3A_Nonlinear_Equations/8.4%3A_Limit_cycles
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/7%3A_Power_series_methods/7.3%3A_Singular_Points_and_the_Method_of_Frobenius
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/2%3A_Higher_order_linear_ODEs/2.6%3A_Forced_Oscillations_and_Resonance
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/7%3A_Power_series_methods
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/7%3A_Power_series_methods/7.2%3A_Series_solutions_of_linear_second_order_ODEs
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/2%3A_Higher_order_linear_ODEs/2.4%3A_Mechanical_Vibrations
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/7%3A_Power_series_methods/7.3%3A_Singular_Points_and_the_Method_of_Frobenius
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/2%3A_Higher_order_linear_ODEs/2.6%3A_Forced_Oscillations_and_Resonance
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/6%3A_The_Laplace_Transform/6.1%3A_The_Laplace_Transform
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/7%3A_Power_series_methods/7.2%3A_Series_solutions_of_linear_second_order_ODEs
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/2%3A_Higher_order_linear_ODEs/2.3%3A_Higher_order_linear_ODEs
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/6%3A_The_Laplace_Transform/6.3%3A_Convolution

Li breTexts*

Glossary

Sample Word 1 | Sample Definition 1

a https://math.libretexts.org/@go/page/51321


https://libretexts.org/
https://math.libretexts.org/@go/page/51321?pdf
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/zz%3A_Back_Matter/20%3A_Glossary

LibreTextS'"

Detailed Licensing

Overview

Title: Book: Differential Equations for Engineers (Lebl) Cintron Copy
Webpages: 73

All licenses found:

e Undeclared: 100% (73 pages)
By Page

¢ Book: Differential Equations for Engineers (Lebl) Cintron = 3.9: Nonhomogeneous systems - Undeclared

Copy - Undeclared
o Front Matter - Undeclared

= TitlePage - Undeclared
= InfoPage - Undeclared
= Table of Contents - Undeclared
= Licensing - Undeclared

o 1: First order ODEs - Undeclared

= 1.1 Integrals as solutions - Undeclared

= 1.2: Slope fields - Undeclared

= 1.3 Separable Equations - Undeclared

= 1.4 Linear equations and the integrating factor -
Undeclared

= 1.5: Substitution - Undeclared

= 1.6 Autonomous equations - Undeclared

= 1.7: Numerical methods: Euler’s method -
Undeclared

= 1.E: First order ODEs (Exercises) - Undeclared

o 2: Higher order linear ODEs - Undeclared

m 2.1: Second order linear ODEs - Undeclared

» 2.2: Constant coefficient second order linear ODEs -
Undeclared

= 2.3: Higher order linear ODEs - Undeclared

s 2.4: Mechanical Vibrations - Undeclared

= 2.5: Nonhomogeneous Equations - Undeclared

= 2.6: Forced Oscillations and Resonance - Undeclared

= 2.E: Higher order linear ODEs (Exercises) -
Undeclared

o 3: Systems of ODEs - Undeclared

= 3.1: Introduction to Systems of ODEs - Undeclared

= 3.2: Matrices and linear systems - Undeclared

= 3.3: Linear systems of ODEs - Undeclared

= 3.4: Eigenvalue Method - Undeclared

= 3.5: Two dimensional systems and their vector fields -
Undeclared

= 3.6: Second order systems and applications -
Undeclared

= 3.7: Multiple Eigenvalues - Undeclared

= 3.8: Matrix exponentials - Undeclared

3.E: Systems of ODEs (Exercises) - Undeclared

o 4: Fourier series and PDEs - Undeclared

[e]
1

[o]
[*))]

4.1: Boundary value problems - Undeclared

4.2: The Trigonometric Series - Undeclared

4.3: More on the Fourier Series - Undeclared

4.4: Sine and cosine series - Undeclared

4.5: Applications of Fourier series - Undeclared
4.6: PDESs, separation of variables, and the heat
equation - Undeclared

4.7: One dimensional wave equation - Undeclared
4.8: D’ Alembert solution of the wave equation -
Undeclared

4.9: Steady state temperature and the Laplacian -
Undeclared

4.10: Dirichlet problem in the circle and the Poisson
kernel - Undeclared

4.E: Fourier series and PDEs (Exercises) -
Undeclared

: Eigenvalue problems - Undeclared

5.1: Sturm-Liouville problems - Undeclared

5.2: Application of eigenfunction series - Undeclared
5.3: Steady periodic solutions - Undeclared

5.E: Eigenvalue Problems (Exercises) - Undeclared

: The Laplace Transform - Undeclared

6.1: The Laplace Transform - Undeclared

6.2: Transforms of derivatives and ODEs -
Undeclared

6.3: Convolution - Undeclared

6.4: Dirac delta and impulse response - Undeclared
6.E: The Laplace Transform (Exercises) - Undeclared

o 7: Power series methods - Undeclared

7.1: Power Series - Undeclared

7.2: Series solutions of linear second order ODEs -
Undeclared

7.3: Singular Points and the Method of Frobenius -
Undeclared

7.E: Power series methods (Exercises) - Undeclared

o 8: Nonlinear Equations - Undeclared

https://math.libretexts.org/@go/page/115619


https://libretexts.org/
https://math.libretexts.org/@go/page/115619?pdf
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/zz%3A_Back_Matter/30%3A_Detailed_Licensing
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book:_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book:_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/00%3A_Front_Matter
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/00%3A_Front_Matter/01%3A_TitlePage
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/00%3A_Front_Matter/02%3A_InfoPage
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/00%3A_Front_Matter/03%3A_Table_of_Contents
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/00%3A_Front_Matter/04%3A_Licensing
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/1%3A_First_order_ODEs
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/1%3A_First_order_ODEs/1.1_Integrals_as_solutions
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/1%3A_First_order_ODEs/1.2%3A_Slope_fields
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/1%3A_First_order_ODEs/1.3_Separable_Equations
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/1%3A_First_order_ODEs/1.4_Linear_equations_and_the_integrating_factor
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/1%3A_First_order_ODEs/1.5%3A_Substitution
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/1%3A_First_order_ODEs/1.6_Autonomous_equations
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/1%3A_First_order_ODEs/1.7%3A_Numerical_methods%3A_Euler%E2%80%99s_method
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/1%3A_First_order_ODEs/1.E%3A_First_order_ODEs_(Exercises)
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/2%3A_Higher_order_linear_ODEs
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/2%3A_Higher_order_linear_ODEs/2.1%3A_Second_order_linear_ODEs
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/2%3A_Higher_order_linear_ODEs/2.2%3A_Constant_coefficient_second_order_linear_ODEs
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/2%3A_Higher_order_linear_ODEs/2.3%3A_Higher_order_linear_ODEs
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/2%3A_Higher_order_linear_ODEs/2.4%3A_Mechanical_Vibrations
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/2%3A_Higher_order_linear_ODEs/2.5%3A_Nonhomogeneous_Equations
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/2%3A_Higher_order_linear_ODEs/2.6%3A_Forced_Oscillations_and_Resonance
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/2%3A_Higher_order_linear_ODEs/2.E%3A_Higher_order_linear_ODEs_(Exercises)
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/3%3A_Systems_of_ODEs
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/3%3A_Systems_of_ODEs/3.1%3A_Introduction_to_Systems_of_ODEs
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/3%3A_Systems_of_ODEs/3.2%3A_Matrices_and_linear_systems
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/3%3A_Systems_of_ODEs/3.3%3A_Linear_systems_of_ODEs
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/3%3A_Systems_of_ODEs/3.4%3A_Eigenvalue_Method
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/3%3A_Systems_of_ODEs/3.5%3A_Two_dimensional_systems_and_their_vector_fields
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/3%3A_Systems_of_ODEs/3.6%3A_Second_order_systems_and_applications
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/3%3A_Systems_of_ODEs/3.7%3A_Multiple_Eigenvalues
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/3%3A_Systems_of_ODEs/3.8%3A_Matrix_exponentials
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/3%3A_Systems_of_ODEs/3.9%3A_Nonhomogeneous_systems
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/3%3A_Systems_of_ODEs/3.E%3A_Systems_of_ODEs_(Exercises)
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/4%3A_Fourier_series_and_PDEs
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/4%3A_Fourier_series_and_PDEs/4.1%3A_Boundary_value_problems
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/4%3A_Fourier_series_and_PDEs/4.2%3A_The_Trigonometric_Series
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/4%3A_Fourier_series_and_PDEs/4.3%3A_More_on_the_Fourier_Series
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/4%3A_Fourier_series_and_PDEs/4.4%3A_Sine_and_cosine_series
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/4%3A_Fourier_series_and_PDEs/4.5%3A_Applications_of_Fourier_series
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/4%3A_Fourier_series_and_PDEs/4.6%3A_PDEs%2C_separation_of_variables%2C_and_the_heat_equation
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/4%3A_Fourier_series_and_PDEs/4.7%3A_One_dimensional_wave_equation
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/4%3A_Fourier_series_and_PDEs/4.8%3A_D%E2%80%99Alembert_solution_of_the_wave_equation
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/4%3A_Fourier_series_and_PDEs/4.9%3A_Steady_state_temperature_and_the_Laplacian
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/4%3A_Fourier_series_and_PDEs/4.10%3A_Dirichlet_problem_in_the_circle_and_the_Poisson_kernel
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/4%3A_Fourier_series_and_PDEs/4.E%3A_Fourier_series_and_PDEs_(Exercises)
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/5%3A_Eigenvalue_problems
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/5%3A_Eigenvalue_problems/5.1%3A_Sturm-Liouville_problems
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/5%3A_Eigenvalue_problems/5.2%3A_Application_of_eigenfunction_series
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/5%3A_Eigenvalue_problems/5.3%3A_Steady_periodic_solutions
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/5%3A_Eigenvalue_problems/5.E%3A_Eigenvalue_Problems_(Exercises)
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/6%3A_The_Laplace_Transform
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/6%3A_The_Laplace_Transform/6.1%3A_The_Laplace_Transform
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/6%3A_The_Laplace_Transform/6.2%3A_Transforms_of_derivatives_and_ODEs
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/6%3A_The_Laplace_Transform/6.3%3A_Convolution
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/6%3A_The_Laplace_Transform/6.4%3A_Dirac_delta_and_impulse_response
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/6%3A_The_Laplace_Transform/6.E%3A_The_Laplace_Transform_(Exercises)
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/7%3A_Power_series_methods
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/7%3A_Power_series_methods/7.1%3A_Power_Series
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/7%3A_Power_series_methods/7.2%3A_Series_solutions_of_linear_second_order_ODEs
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/7%3A_Power_series_methods/7.3%3A_Singular_Points_and_the_Method_of_Frobenius
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/7%3A_Power_series_methods/7.E%3A_Power_series_methods_(Exercises)
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/8%3A_Nonlinear_Equations

LibreTextS"

= 8.1: Linearization, critical points, and equilibria - = 8.E: Nonlinear Equations (Exercises) - Undeclared
Undeclared o Back Matter - Undeclared

= 8.2: Stability and classification of isolated critical
points - Undeclared

= 8.3: Applications of nonlinear systems - Undeclared

= 8.4: Limit cycles - Undeclared

= 8.5: Chaos - Undeclared

= Index - Undeclared
= Glossary - Undeclared
= Detailed Licensing - Undeclared

a https://math.libretexts.org/@go/page/115619


https://libretexts.org/
https://math.libretexts.org/@go/page/115619?pdf
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/8%3A_Nonlinear_Equations/8.1%3A_Linearization%2C_critical_points%2C_and_equilibria
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/8%3A_Nonlinear_Equations/8.2%3A_Stability_and_classi%EF%AC%81cation_of_isolated_critical_points
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/8%3A_Nonlinear_Equations/8.3%3A_Applications_of_nonlinear_systems
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/8%3A_Nonlinear_Equations/8.4%3A_Limit_cycles
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/8%3A_Nonlinear_Equations/8.5%3A_Chaos
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/8%3A_Nonlinear_Equations/8.E%3A_Nonlinear_Equations_(Exercises)
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/zz%3A_Back_Matter
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/zz%3A_Back_Matter/10%3A_Index
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/zz%3A_Back_Matter/20%3A_Glossary
https://math.libretexts.org/Courses/East_Tennesee_State_University/Book%3A_Differential_Equations_for_Engineers_(Lebl)_Cintron_Copy/zz%3A_Back_Matter/30%3A_Detailed_Licensing

