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Preface

Goals of the course

This course is intended to serve two purposes:

i) To prepare you for future courses.

ii) To provide an introduction to the discipline of Applied Mathematics, namely, the
formulation and analysis of mathematical models of real-world phenomena. Sincemany
models are based on differential equations, an introductory course in DEs provides a
natural vehicle for this purpose.

What you need to know

Success in the course depends on having a good knowledge of single variable calculus —
derivatives, antiderivatives, qualitative curve-sketching and improper integrals, in particular.
In the final chapter, some knowledge of linear algebra is also required — matrices, eigenvalues
and eigenvectors — but only for the two-dimensional case. You’ll find that the exponential
function plays a major role in the subject of differential equations, and so it is important
that you have a good grasp of exponentials and logarithms. Some whatsurprisingly, complex
numbers are used in the course, even though all the unknown functions are real-valued. The
reason for the appearance of complex numbers is that the roots of real polynomials are in
general complex. So in the course you'll find yourself using the famous Euler formula

0

e = cosf +isinf.

Some concepts from physics arise in the applications, the most important being Newton’s
Second Law of Motion. However, in order to keep the course accessible, the background
needed for the applications, most of which arise in everyday life, will be given in the course.

Learning the course material

The lecture notes give a discussion of the theoretical matters, and contain a selection of
worked examples(which differ from those that will be given in the lectures). Some of the
solutions to the examples are given in full detail, but when reading many parts of the notes

you will need a pencil and paper in order to fill in some of the missing steps. Each section

vii



contains exercises with answers to help you get started in learning the course. We recommend
that you do all of these exercises.
The lectures may be less theoretical than the notes and will contain fully worked examples.
The course notes also contain a Review Problem Set, in case your knowledge of Calculus
needs refreshing. There are further problem sets, one for each chapter in the notes, from
which assigned questions will be selected.

viii



Chapter 1

First Order Differential Equations

An equation involving an unknown function and some of its derivatives is called a differential
equation (DE). The order of the equation is the order of the highest derivative appearing in
it. For example, an equation involving an unknown function and its first derivative is called
a first order DE. We motivate the need to study such equations by first showing how they
arise in various applications.

1.1 DEs and Mechanics

1.1.1 Newton’s Second Law of Motion

Newton’s Second Law of Motion leads to differential equations when applied to various
problems in mechanics. We consider the simplest case of motion of a particle in a straight
line. The relevant physical quantities are

m, the mass of the particle (which may vary with time),
v(t), the velocity of the particle at time ¢,

F, the total force acting (time dependent, in general).

Newton’s Second Law states that the rate of change of momentum mu(t) equals the total
force, i.e.

d
E[mv(t)] =F (1.1)
If the mass is constant this equation can be written
dv
— =F 1.2

i.e. mass times acceleration equals force acting. Before (1.1) or (1.2) can be used to describe
the motion of a particle, the force F' has to be specified. In the example to follow, F' depends
on t through the velocity v, i.e. F'= F(v), in which case (1.2) assumes the form

— =F
me = F(v)

which is a first order differential equation (DE) for the unknown function v(t).

1



Comment: Newton’s second law has been tested in countless experiments, and accurately
predicts the motion of particles, subject to one limitation, namely that the velocity of the
particle is small compared to the velocity of light i.e.

v
- < L
c

The velocity of light is ¢ & 3 x 108m/s &~ 10° km /hr. For sufficiently high velocities, as occur
for example in high energy particle accelerators, Newton’s second law has to be replaced by
its relativistic counterpart, which is part of Einstein’s theory of relativity.

Example: (Terminal velocity of a sky-diver)

Gravity exerts a downward force on the sky-diver, and air-resistance exerts an upward
force, which increases as the velocity increases. Eventually we expect that air-resistance will
balance the force due to gravity, so that the total force acting is zero. Then by (1.2) the
sky-diver will fall with constant velocity, called the terminal velocity. In order to describe
the motion in detail we need to specify the force due to air-resistance. This is a complicated
matter; we make the simple assumption, supported by experiment for subsonic velocities,
that this force is proportional to the velocity and acts so as to oppose the motion. Taking
the downward direction as the positive direction, the total force acting on the sky-diver will
be

F =mg— av, (1.3)

where g is the constant acceleration due to gravity (at the earth’s surface). The constant a,
which depends on the physical characteristics of the sky-diver or falling object, is called the
drag coefficient. O

Comment:  Strictly speaking, the acceleration due to gravity is not constant, and depends
on the distance from the centre of the earth. Since the height h above the earth’s surface is
small compared to the earth’s radius R, i.e.

h
L
RS

it is a reasonable approximation to treat g as a constant. 0

With (1.3), Newton’s law (1.2) assumes the form

dv
m— =mg — au, 1.4
o =My (1.4)
a first order DE for v(¢). This DE can be solved by separation of variables (see Section
1.2.2), but for now we draw a conclusion directly from the DE. As stated earlier we expect
the sky-diver to eventually reach a constant terminal velocity. Since a constant velocity gives
% = 0, equation (1.4) implies that

mg
erminal — . 1.5
Uy 1 o ( )

Note that the terminal velocity depends on the three physical parameters m, g and «, being
inversely proportional to the drag coefficient a (opening a parachute will increase o, thereby
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7educing Vierminal)- There is one other parameter associated with the physical system, namely
the sky-diver’s initial velocity v(0), i.e. the vertical velocity when leaving the plane at time
t = 0. It is of interest that viermina does not depend on v(0), although we expect that v(t),
the velocity at time ¢, will depend on v(0). The relation between v(¢) and v(0) will become
clear when you solve the DE (1.4) [see Problem Set 1].

1.1.2 Mixing Problems

Various problems in biology and engineering can be put in the following framework. Consider
a tank containing a chemical solution. The contents are kept well-mixed, so that the con-
centration is uniform. There is an inflow of the chemical solution of specified concentration,
and and outflow of chemical solution, whose concentration at time ¢ equals the concentration
of solution in the tank at time t.

The goal is to predict the amount of chemical in the tank at time ¢, or perhaps to adjust
the inflow and outflow as as to achieve a desired concentration in the tank.

Let m(t) denote the amount (mass) of chemical in the tank at time ¢. The rate of change
of m(t) equals the difference between the rate of inflow and rate of outflow:

mixer

Tout
m(t)
Figure 1.1: A mixing tank.
dm
% = Tin — Tout, (16)

where 7y, is the rate at which chemical is added by the inflow and r,, is the rate at which
chemical is removed by the outflow. Each term in equation (1.6) will have the same units,
for example kg/min (i.e. mass of chemical per unit time). We shall refer to equation (1.6)
as the mass balance equation for a mixing tank.

Example: A tank contains mg kg of salt dissolved in 100 litres of water. A salt solution
containing }L kg per litre is added at 3 litre/min., and the well-stirred mixture leaves the
tank at the same rate. Find the amount of salt in the tank at time t.



Solution:  From the given data, the rate at which salt is added to the tank is

rin = (3) (%) kg/min..

Let m(t) denote the amount of salt in the tank at time ¢. Then the concentration at time ¢

is M

100
Thus, the rate at which salt leaves the tank is

kg/litre

S o

The mass balance equation (1.6) gives

dm_

—r =1 em = —1g(m — 25). (1.7)

3 —_——
100 100

NI

Also, since we are given that there are my kg of salt in the tank at ¢t = 0, we have

We will solve (1.7) together with condition (1.8) in section 1.3.1.

1.1.3 Newton’s Law of Gravitation

Will a projectile fired vertically upwards on the earth’s surface (or on the surface of the moon)
eventually fall back to earth, or will it continue travelling away indefinitely? The answer
is that it depends on the velocity with which the projectile is fired. If this initial velocity
exceeds a certain threshold called the escape velocity, then the projectile will travel away
indefinitely and “escape” from the earth’s gravitational field. As with the sky-diver, this
problem is governed by Newton’s Second Law, and also involves gravity. The key difference
is the distance scale. In the present case the distance from the earth’s surface will not be
small compared to the earth’s radius, and so it is unreasonable to treat the acceleration due
to gravity as a constant. We thus need to use Newton’s Law of Gravitation. On the other
hand, in giving a simple analysis, it is reasonable to neglect air-resistance, since the thickness
of the earth’s atmosphere is small compared to the earth’s radius (of course air resistance is
totally absent on the moon).

Newton’s Law of Gravity states that the force of attraction between two point particles
of mass m; and ms is proportional to the masses and inversely proportional to the square of
the distance r between them. For motion in one dimension the force is given by

p o Gmamz (1.9)

r2

where G is a constant of proportionality called the gravitational constant.

Comment:  We can idealize the projectile as a point particle, but not the earth. However,
it can be shown that the gravitational force exerted by a finite homogeneous sphere on a
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particle is the same as if all the mass of the sphere was concentrated at the centre of the
sphere. Thus, as regards Newton’s Law of gravitation, the earth can be idealized as a point
particle. ]

For a vertically moving projectile the total force acting is

GmM

F=—"

, (1.10)

where m is the mass of the projectile and M is the earth’s mass, and r is the distance of the
projectile from the centre of the earth. We have chosen the positive direction to be vertically

up.

Comment: The acceleration g due to gravity near the earth’s surface can be related to the
gravitational constant G. Set r = R, the earth’s radius, in (1.10) to obtain

S
giving
GM
g = o U (1.11)

The equation of motion for the projectile is now obtained by substituting (1.10) in Newton’s

Second Law (1.2), giving
dv GmM

m-—— = ;
dt r?
where v is the velocity of the projectile. We simplify this equation by cancelling m, and
using (1.11) to express G in terms of g, giving

Figure 1.2:
dv gR?

Comment: In cancelling m, we are tacitly using a fundamental experimental fact about
gravity. The mass m that appears in Newton’s Second Law (1.2) is the inertial mass my of
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the particle, while the mass m that appears in Newton’s Law of Gravity is the gravitational
mass mg. It has been determined experimentally to a high degree of accuracy that

mrp=mg,

although no explanation is known. U

Equation (1.12) contains two unknown functions v(t) and r(t). We can write it as a DE
in one unknown in two ways.

First, since v = ?T;’ we can write
Pr gR?
@
which is a second order DE for r(t). The initial conditions at the launch at time ¢ = 0 are
dr

7”(0) =R, %(0) = Unnit,

where vy, is the initial velocity.
Second, if we consider velocity v as a function of distance r, we can write (1.12) as a first
order DE, which is more convenient for determining the escape velocity. By the Chain Rule

dv dv ﬁ dv

dt drdt  dr'

so that (1.12) becomes
dv gR?

— = - 1.13

dr r?’ (1.13)
a first order DE for v = v(r), with initial condition

U(R) = Vjnit - (]_]_4)

The problem now is: for which values of v, will the velocity v(r) satisfy v(r) > 0 for all
r > R. The escape velocity is the smallest value of vy,;; with this property. In order to solve
this problem we need to solve the DE (1.13) [see Problem Set 1].

1.2 Mathematical aspects of first order DEs

1.2.1 Solution of a first order DE

The general form of a first order DE is

dy
W_ ) (1.15)

where f is a function of two variables." The variable y represents the unknown function,
y = y(z), and z is the independent variable. A solution of the DE (1.15) is a differentiable
function ¢ such that y = ¢(x) satisfies (1.15) for all x in some interval.

Tt is usually assumed that f has continuous partial derivatives (i.e. is of class C'!); technical details such
as these are not important in Math 218.



Exercise:  Verify that
2
y=Ce ™ +22—1, z€eR,

where C' is a constant, is a solution of the DE

d
& _ —2zy + 223 U
dz

1.2.2 Finding solutions
A common error

Counsider a first order DE

Y ) (1.16)

d
/—yda::y+0,
dz

a naive person might be tempted to try to solve (1.16) by taking the antiderivative of both
sides with respect to x, obtaining

Knowing that

y+C = /f(a:,y)d:v.

This attempt to solve (1.16) fails in general because the antiderivative on the right hand side
contains y, which depends on z and hence cannot be treated as a constant (y is of course the
unknown function which we are trying to find).

We note that this simple-minded approach only works in the very special case where the

DE (1.16) has the form
dy
- 1.17
W_ ), (117)

i.e. the right hand side is independent of y. We shall say that the DE (1.17) is directly
solvable, because it can be solved simply by taking the antiderivative.

In general, it is not possible to actually find solutions of the DE (1.15), even though we
know they exist. Fortunately, the first order DEs that arise in many applications are of two
special types that can be solved, namely separable and linear.

Separable first order DEs

The general form of a first order separable DFE is

dy
— = A(z)B 1.18
W - A@)B), (118)
where A(z) and B(y) are arbitrary functions.

Example 1: The sky-diver DE in Section 1.1.1,

m— =1mg — av, (1.19)



is of the form

dv
— =A(t)B
= AB()
with N
Alt)=1, Bv)=g— —
(=1, B)=g- v,
and hence is separable. O

Example 2:  The escape velocity DE in Section 1.1.3,

dv gR?
— = - 1.20
Yar r2’ ( )
is of the form p
— = A(r)B(v).
with ,
R g
A(T’) = r2’ B(”) = _;a
and hence is separable. 0
Linear first order DEs
The general form of a first order linear DE is
d
=+ pla)y = f (@), (121)
where p(x) and f(z) are arbitrary functions.
Example: The DE
dy N Y
—t+axy=e
dx 4
is linear, but the DE
d
ﬁ + .’L’y2 — e—ar
is non-linear. Note that the sky-diver DE (1.19) and the mixing tank DE (1.7) are linear,
but the escape-velocity DE (1.20) is non-linear. O
There are two special types of linear DEs:
e homogeneous,
d d
= pla)y =0, e 22 = —p(a)y (1.22)
This DE is also separable.
e constant coefficient,
d
d_y + ky = f(x), = constant. (1.23)
x



A linear DE that is homogeneous AND has a constant coefficient has the form

dy dy

— 4+ ky =0, i.e. =—— = —ky, k = constant. 1.24

o T kY - y (1.24)
This is the world’s simplest and most important first order DE. It is so simple that it can be
solved by inspection: the derivative of the unknown function y is —k times y, and the only
functions with this property are

y = Ce " C' = constant. (1.25)
This is important enough to write out formally.

Proposition:  Any solution of the DE
Aside: If k > 0, this DE describes
@ = —ky, k = constant exponential decay and if k < 0, it

dx
is given by

describes exponential growth.

y = Ce ™",
where C' is a constant.

Proof: ~ Multiply (1.24) by e** and rewrite as

d
e (e’“‘y) = 0.

Hence,
ekxy — C,
giving (1.25). O

Exercise:  Write the general form of a linear DE that is also separable.

Answer: d_y = p(z)(ay + b), where a and b are constants.
T

1.2.3 Solving separable DEs

A separable DE

Y~ AwB) (1.26)

can be solved by separation of variables, as follows. Divide (1.26) by B(y) and take the

antiderivative with respect to x:
1 dy
—— Zdrx = | A(z)dzx.
/B(y)dx ’ / (z)dz

By the change of variable algorithm (substitution method), this can be written

/ ﬁdy— / A(w)de.

9



Provided that both antiderivatives can be evaluated in terms of elementary functions, one
obtains a one-parameter family of solutions i.e. depending on one constant of integration.
O

Example: Solve

L = —2qy.
dz vy

First, you may notice that y = 0 is a solution. To find the other solutions, we assume that
y # 0 and use separation of variables by rewriting the DE as

and integrating both sides:

or

giving
Injy| +Cy = -2+ Cy

where C; and Cy are constants. Next we ‘absorb’ these constants together (this will be done
frequently in this course) by letting C' = Cy — (Y, giving

In|yl = -2+ C
Exponentiating both sides gives
ly| = e +C = P’ (1.27)
Noting that e“ is just a constant, we write the solution as
.2
y(x) = ke ™,

where k is an arbitrary constant.?

Equilibrium solutions:

A separable DE may have certain exceptional solutions that can be found by inspection (in
the previous example, y = 0 is one such solution). If the function B(y) in (1.26) is zero at
y=>0, ie.

2A note for the detail-oriented student: equation (1.27) leads to y = +eCe" (the sign depending on
whether y is positive or negative). Setting k = +e“ means k could be any nonzero constant; however, if
k = 0, then this just gives y = 0, which we know to be a solution. So k can be any real number.

10



then the constant function y = b is a solution of the DE (1.26). Because the unknown
function is a constant function, this solution is called an equilibrium solution — one thinks of
the physical system as being in a state of equilibrium. For example the separable DE

dy

7 — (1l —

o =y(l-y)
has equilibrium solutions y = 0 and y = 1. When solving a separable DE, always begin by

finding the equilibrium solutions (if any), because they are excluded by the general procedure
since one divides by B(y).

Example: The separable DE

dy _ wy
dr 14 y2
has an equilibrium solution y = 0. To find the general solution, rewrite the DE as
1+ 92 dy
— =2
y dx
This leads to )
/(—+y) dy:/xda;,
)
giving
In|y|+iy* =32°+C. O

Comment:  When solving a separable DE it may not be possible to isolate y in the general
solution, as happens in the above example.

Exercise: Solve the DE

d
8 _ 2xe Y.

dx

Answer: y = In(2? + C'), where C' is a constant.

1.2.4 Solving linear DEs

A linear DE

Y plaly = f(2) (1.28)

can be solved by finding an auxiliary function called an integrating factor. The method is
illustrated in the following example.

Example: Solve the DE

dy _
et 1.29
T =y—e¢ (1.29)

Solution:  Transfer the y-term to the left side and multiply throughout by a function I(x),

dy
12 — [y =—Ie ™. 1.
o 1y e (1.30)

11



Choose I to satisfy
dl

o=
The reason for doing this is that (1.30) becomes

dy dI
1YL C = e
dz + dz” €

which, using the Product Rule for derivatives, can be written

%(]y) =—Je " (1.32)

The DE (1.31) for I (the “world’s simplest”) can be solved by inspection:
I=Ce™.

~I. (1.31)

Since we only want a particular solution, we choose I = e™* (i.e. C' = 1) for simplicity. The
DE (1.32) assumes the form

d —x —2z
. (e7"y) = —e " (1.33)
Take the antiderivative of both sides with respect to x:
d
/d_ (e’xy) dx :/—e%dx,
x
giving
ey = %efz"” +C.
Solving for y:
y=se "+ Ce", (1.34)

where C' is an arbitrary constant. Fquation (1.34) gives the family of all solutions of the DE
(1.29). 0

Comment:  The function I(x) in the previous solution is called an integrating factor for the
DE. It is always determined by solving a separable DE, which in the above example could
be solved by inspection (see equation (1.31)). In the general case, the integrating factor for
the DE (1.28) is given by I(x) = e/ P®%  The purpose of finding the integrating factor is to
write the given DE in the form (1.32), since in this form it can be solved directly by taking
the antiderivative of both sides. Note that any DE of the form

d(I(x)y)

B R
can be solved for y directly, by taking the antiderivative of both sides with respect to z. [J
Exercise:  Solve the linear DE

dy 3

r——y=z", x>0.

Comment: It is essential to divide through by z so as to isolate %, before attempting to
find the integrating factor.

Answer:  The integrating factor is I(x) = %, and the general solution is y = %x?’ + Cz. I
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1.2.5 Qualitative sketches of families of solutions

Two basic problems in the theory of DEs are
A: Solve the DE, i.e. find all solutions of the DE (only possible for certain classes of DE).

B: Describe the behaviour of typical solutions of a DE, e.g. how does the solution y(x)
behave as v — +o0?

In 1.2.2 and 1.2.3 we discussed the two most important special classes of first order DEs that
can be solved. In order to understand the behaviour of solutions, however, it is necessary to
give a qualitative sketch of the family of solutions, which will depend on one parameter (the
constant of integration). In this section, we discuss how to draw such a sketch.

When sketching the solutions one can obtain useful information directly from the DE,
without solving it, as follows. We think of the DE

d
% :f(a:,y)

as specifying a slope at each point of the xy-plane, namely the slope of the tangent line to
the solution y = y(x) through that point. In other words, if y = y(x) is the solution curve
through the point (z¢,yo), then the slope of the curve at (xg, o) is

dy

du _ = f(xo, yo).

o

One can then draw the direction field of the DE — that is, a field of slopes in the
zry-plane — and then draw curves which ‘follow’ the direction field.

Example 1:  Consider DE
dy
=
The slope at (xg,yo) is —2yo, which is positive in the lower half of the plane (yo < 0),
negative in the upper half of the plane (yo > 0), and zero on the z-axis (yo = 0). Also, the
farther from the z-axis, the steeper the slope. The direction field is sketched in figure 1.3.
The special property of this DE is that the slope at (x,y) depends on y but not on z.
On the other hand, one can see by inspection of the DE that the family of solutions is

—2y. (1.35)

Yy = Ce™ %2,

Note that y = 0 is an equilibrium solution, with slope 0 at each point. The solution curves
are shown in Figure 1.4. 0

Here is an example where the pattern of the solution curves is more complicated.

Example 2: Give a qualitative sketch of the solution curves of the DE

@— _e_z
dr Y )

13
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Figure 1.4: Family of solutions from example 1.

From Section 1.2.3, equation (1.34), the solutions are

Yy = %e‘x + Ce”.

Solution:  We first make use of the DE itself. Sketching a direction field is tedious in this
case, so we use a more clever approach. The DE implies that the slope is zero at all points

of the curve
X

y=e
(drawn as the dashed curve; see Figure 1.5). The solution with C' = 0 plays a special role
(draw it in colour). As x — —o0, y ~ %e*x, i.e. all solutions approach the C' = 0 solution.

As x — +o00, y & Ce”, and so the shape of the solution curve depends on whether C' > 0 or
C<0.0

14



C>0

C<0

Figure 1.5: Family of solutions from example 2.

Exceptional solutions:

The key to sketching the family of solution curves is to identify any exceptional solutions. In
example 1, y = 0 is an exceptional solution, and in example 2, y = %e‘z is exceptional. In
each case the exceptional solution divides the whole family of solutions into two subclasses
such that the members of a subclass have the same qualitative properties (i.e. the same
overall shape). Another feature of exceptional solutions is that they often “attract” other
solution curves, either as © — +oo or as * — —o0.

Note that for a separable DE j—g = A(x)B(y), any equilibrium solution, i.e. y(x) = b,
with B(b) = 0, is an exceptional solution (as in example 1). [

A fundamental property of families of solutions:

Counsider the DE p
y _

A fundamental theorem in the theory of DEs (the Existence-Uniqueness theorem, discussed
AMath 351 and proved in Birkhoff and Rota) states that if the function f(z,y) has continuous
partial derivatives (i.e. f is of class C, in brief), then through a given point (g, o) there
passes one and only one solution curve of the DE. This means that

if f is of class C', solution curves of the DE Z—Z = f(x,y) cannot intersect.

This fact is very helpful when sketching families of solution curves.
Here are two examples where f is not of class C! and intersections do occur.

Example 3: Consider the DE
dy _y

dr =«

15



r=01is
excluded

Figure 1.6: Solution curves from example 3.

The solution curves are y = Cz (see Figure 1.5). Here f(z,y) = ¥, which is not C' when
x =0 (f(0,y) is not even defined). [

Example 4: Consider the DE
dy

-7 _ 3 2/3
dx 4
The solution curves are
y=(z+C),
together with the equilibrium solution
y = 0.

Here f(z,y) = 3y*?, which is not C"! when y = 0 since
of 2

3_y - y1/3'

Intersections occur on the z-axis. See Figure 1.7. [

1.2.6 First order linear DEs with constant coefficient

The general form of a linear DE with a constant coefficient is

dy

=+ ky = f(x), 1.36
o TRy = f(x) (1.36)
where k is a constant. The general solution of such a DE can be found by obtaining an
integrating factor as in Section 1.2.3. For certain functions f(x) that arise commonly in
applications, however, there is a quicker method for finding a particular solution (i.e. a

16
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\ /
. . \:3;'
y=20

Figure 1.7: Solution curves from example 4.

single solution) of the DE (1.36), called the method of undetermined coefficients.*> We first
illustrate this method, and then show how to use it to find the general solution of (1.36)

efficiently.

The method of undetermined coefficients:
Example 1: Find a particular solution of

dy
—— + 2y ==x.
dx+y T

Solution:  Consider a trial function of the form

y=Ar+ B,

(1.37)

(1.38)

where A and B are constants (the “undetermined coefficients”). Substitute (1.38) in (1.37):

A+2(Az+ B) ==.

Vand 2° = 1, giving

2A=1
A+2B=0.

Equate coefficients of x

Solve for A and B: A= %, B=—

1
I
By (1.38), a particular solution of the DE (1.37) is
U

xr —

N[
N

Yp =

Comment:

3This method can also be applied to second order linear DEs with constant coefficients. See Section 2.2.4.
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1) The trial function contains a number of constants, and the DE leads to a system of
linear algebraic equations to be solved for these constants.

2) Choosing a trial function requires some experience. If one doesn’t include enough terms
and constants, the system of linear equations will be incompatible, and one has to try
again. The method can only be applied if f(x) is composed of powers of z, sinwz,
coswz and €. The table below shows some simple cases for the DE (1.36).

f(zx) trial function y
x Ax + B
x? Axz* + Bz + C

sinwz or coswx Asinwz + Bcoswz

er® Ae™ or* Aze™

*In the special case 1 = —k (the same k in the DE (1.36)), one needs to ‘multiply by
x’—the reason will be explained in section 2.2.4.

Exercise: Find a particular solution of

d
& + 2y = cos x.
dx

Answer:  y, = +(2cosx +sinz). O

Suppose we have found a particular solution y, of the DE (1.34). We can then find the
general solution of this DE without any extra work. The following Proposition shows how.
The proposition is more general than we need, since it does not depend on the coefficient &
in the DE being constant.

Proposition: If y, is a particular solution of the DE

dy

e k(x)y = f(x),

and y is any solution of this DE, then the difference

YU =Y —Yp (139)
is a solution of the homogeneous DE
dy
—+k =0
7, T h@)
Proof: ~ We are given that
d
4 k(@)y = f2),



and

dyyp _
T + k(x)y, = f(z).

Subtract these two equations to get

=) K~ ) =0,

which is the desired result. O

It follows from (1.39) that the general solution y is the sum of two terms, y = y, + .
This is the key result, which we now write out in full.

General solution of a linear DE:

The general solution of the linear DE

Yk = (@) (1.40)
has the form
y(@) = yp(z) + yn(z), (1.41)

where y,(z) is a particular solution of the inhomogeneous DE (1.40), and y;(z) is the general
solution of the homogeneous DE

dy
¥y — 0. O 1.42
dw+M@y 0 (1.42)

Comment:  The proposition depends in an essential way on the fact that the DE is linear.
In the constant coefficient case, the homogeneous DE (1.42) is

dy
—~+ky=0
dx_'_ y )

(the “world’s simplest”) whose general solution we know to be
y=Ce ",

Thus, once we have obtained a particular solution y,(x) of (1.36) using the method of
undetermined coefficients, we can immediately write down the general solution using (1.41).

O
Return to example 1:
Find the general solution of
dy

Y oy =2 1.4
o t=a (1.43)

Solution:  We have found a particular solution



The general solution of the homogeneous DE (the “world’s simplest”)

dy
= +2y=0
dx ey
is
yn(z) = Ce .

Thus by (1.41), the general solution of the DE (1.43) is

y(z) = (a2 — 1) + Ce ™. O

Exercise: Find the general solution of

d
& + 2y = cos x.
dx

Answer:  y = $(2cosx +sinz) + Ce 2. O

Exercise: Find the general solution of

__3 — 2:2.
dz y=¢

Answer: y = —e* 4 Ce®, 0

1.2.7 An important special case

Consider the DE p
Y
— =k b 1.44
dr y+0, ( )

where k and b are constants, with k& # 0. This DE is linear (since the only y-dependence
on the right side is y itself), has a constant coefficient (since k, the coefficient of y, is a
constant), and is also separable (since b is a constant).

This DE can thus be solved using each of the techniques that we have introduced so far,
and we suggest that you do this as an exercise:

1) Solve (1.44) as a linear DE by finding an integrating factor.
2) Solve as a separable DE.

3) Find a particular solution using the method of undertermined coefficients (use y = A,
a constant as the trial function), and then write down the general solution.

The recommended method for solving (1.44), and by far the quickest method, is to convert
the DE into the “world’s simplest” form and solve by inspection as follows. Since b and k
are constants and k # 0 we can rewrite (1.44) in the form

dix (y+ %) = (y+ %) . (1.45)
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If we define

u=y-+ z (1.46)
this DE becomes
du I
- = U
dx ’
whose solution is
u = Cet*, (1.47)
where C'is a constant. Using (1.46), we get
b kx
y+E = (Ce™, (1.48)
Thus ;
Yy = _E + C’ekw

is the general solution of the DE (1.44).
In practice, there is no need to formally introduce u. Having rewritten the DE in the
form (1.45) one can immediately write down the solution (1.48).

1.2.8 Initial value problems

The sky-diver DE,

m— =mg — au,

dt
determines the velocity of a sky-diver as a function of time ¢. We have seen that a first order
DE has a one-parameter family of solutions (the constant of integration is the parameter).
When applying the sky-diver DE, the physical process being described will begin at the time
when the sky-diver jumps from the plane. We label this time as t = 0, and so we have the
wnitial condition

v(0) = 0.

This initial condition will determine the constant of integration, leading to a unique solution
that gives the velocity of the sky-diver at time t¢.
In general, for a DE

dy

Y 1.49

< fz,y), (1.49)
the initial condition will be of the form

y(ro) = Yo (1.50)

where xy and y, are given constants. The equations (1.49) and (1.50) are said to define an
tnatial value problem.

Example: Find the unique solution of the initial value problem

dy

A — 3.
" y, y(0)=3
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Solution: By inspection the general solution of the DE is
y=Ce >

Substituting x = 0 and y = 3 gives
3= Ce,

i.e. C'= 3. Thus the unique solution is

y = 3e % O

Comment:  The general solution of a first order DE (1.49) corresponds to a one-parameter
family of solution curves. The initial condition (1.50) picks out a unique curve, namely the
curve that passes through the point (z¢, yo).

Exercise: Find the unique solution of the initial value problem

dy

-2 = 21y 1)=14

1
A : = —.
nswer: Y=

Exercise: Find the unique solution of the initial value problem

dy
22 =2 1 1) =0.
T zy+1, y(1)

Answer: y= —x%. O

8 |—

1.3 Other applications of first order DEs

1.3.1 Mixing problems (continued)

Here we continue the example from section 1.1.2. Recall that the initial condition is
m(0) = my.

The DE (1.7), which was
dm

can be written

d
E(m —25) = —135(m — 25),

and hence can be solved by inspection:
m — 25 = Ce™ 100",
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On setting ¢t = 0, the initial condition above gives C' = mq — 25, leading to the solution

m(t) = 25+ (mg — 25)e” 100", (1.51)

Interpretation:  Based on the physical set-up, one expects that as time passes the con-

centration of the solution in the tank will approach the concentration of the inflow i.e. }1
kg/litre. Thus the amount of salt in the tank will approach (1) (100) = 25 kg as t — oo, in

agreement with equation (1.51). O

Comment:  One can imagine problems such as the above arising in different contexts, e.g.

(1) nutrients flowing into and out of a cell (which plays the role of the tank),

(2) carbon-monoxide seeping into a room and then being dispersed.

Overview:

In a mixing tank problem, the unknown function is the mass of chemical in the tank at time
t, denoted by m(t). There are two flow rates, the inflow rate fi, and the outflow rate fyu¢.
The flow rates f;, and f, are given, and in general could be functions of time ¢, but in
simple problems they will be constants, and may even be equal. If they are equal, then the
volume V of solution in the tank will be constant in time.

There are two concentrations, the concentration of the inflow ¢;, and the concentration
of the outflow ¢,y . The inflow concentration is given, and will be constant in the simplest
situation. The outflow concentration is the concentration of the solution in the tank at time
t, and is hence given by the key relation

Cout = Wy

where V (t) is the volume at time ¢. Finally, the rates of mass inflow r;, and mass outflow
Tous that appear in the mass balance equation (1.6) are given by

Tin = Cinfina Tout = Coutfout-

References: Boyce & Diprima, pg. 51, #18-22.
Braun, pg. 56, #6-11.

1.3.2 Population growth

Let x(t) be the population of some species (e.g. fish, bacteria, etc.) at time t. The simplest
hypothesis is the Malthusian Law i.e. that the rate of change of x at time ¢ is proportional
to the population at time ¢:

dr

i
where 7 is a constant called the rate of growth (rate of decline, if r < 0). By inspection the
general solution of the DE (1.52) is

ra, (1.52)

x(t) = Ce',
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and the initial condition z(0) = z leads to
2(t) = zoe”,

describing exponential growth (r > 0) or decay (r < 0).

It is clear that exponential growth can only continue for a restricted time due to resource
limitations. A more realistic model takes into account that a given environment can support
at most a finite number of a particular species, denoted by K, and called the carrying
capacity. A realistic model thus requires that the rate of change Z—f approach zero as x gets
close to K. A simple way to accomplish this is to assume that the rate of growth is not
simply a constant r as in (1.52), but depends on x according to

(%)

where K is the constant carrying capacity. The DE governing the population x(t) then
assumes the form p
x x
& (1- —) , 1.53
at " ( K" (1.53)
called the logistic equation, a separable, non-linear DE.

Exercise:  Solve the DE (1.53) using two different methods:

(i) by separation of variables (you will find that letting u =
simplifies the algebra);

. . .
%, a simple rescaling of =,

(ii) by making the change of variable y = £. This has the effect of changing (1.53) into

the simple form 4 (y — 1) = —r(y — 1), which can be solved by inspection.

Answer:  The solution can be written in the form

xoert
— 20 4 g rt”
1 -2+ Re

(t) =

after imposing the initial condition z(0) = xo.

1.3.3 Efflux

Consider the cylindrical tank with cross sectional area A, as shown in figure 1.8. There is
a hole at the bottom with area A, letting liquid out. According to Torricelli’s law, under
ideal conditions, the velocity v of the liquid on the way out of the hole is v = \/2gh where
g is the acceleration due to gravity and h is the current height of the liquid in the tank.

The volume of liquid in the tank is given by V' = A_.h, where h is a function of time. The

av dh
e ACE is equal (in size) to the amount leaving through
the hole, that is Ayv = A,/2gh.

rate of change of this volume,
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Figure 1.8: A tank with liquid draining out of the bottom

Since the volume in the tank is decreasing we have *

av
A
dt h
dh
ACE = —Ah\/ 2gh
dh Ay
& Lh fogh
di A VI

which is a separable DE.
Generally the area of the hole doesn’t change but the cross sectional area could change
if the tank is not uniform. That is we could have A, being a function of height. This would

turn the DE into i A
h
— = — \/2gh
at ~ Am)VY

which is still separable.

Finally, Torricelli’s law gives an ideal speed of eflux. If we include viscosity of the liquid
(e.g. syrup would flow out much slower than water), friction, contraction and other such
losses then the amount leaving the tank is modified by including a discharge coefficient
C € [0,1] such that the outflow volume is given by CAyv/2gh and the DE, in the most

general case, becomes
dh Ay,
—=-C \/2gh
dt AmVY

Reference:  Zill, page 23 & 99.

3
4(Note: A, has units of length2 and v has units % thus Apv has units %, the same as %).
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1.3.4 Chemical Reactions

Using the law of mass action we can create a differential equation that governs the creation
of a new substance from the reaction of various initial substances. For example, suppose two
chemicals X & Y react to form a new chemical Z. Further suppose that each gram of Z is
made up of r parts of X and q parts of Y. We can write this relationship as

A rZ qZ
— =k Xy— Yo —
dt ( 0 r+q>(0 r+q>

where, Xy, Yy and Z are measured in grams and X, and Yj are the initial masses of each of
chemical X and Y respectively. The first bracket represents how many grams of X remain
after Z grams are created whereas the second bracket represents how many grams of Y remain
after Z grams are created. The parameter k is determined by experiment /observation.

This DE is separable and can be solved using partial fractions once the initial amounts
Xp and Yy are known and a measurement is taken on the amount of Z at some future point
in time (to determine k).

It should be noted that not all reactions satisfy this equation. It is simply a model that
can be used when certain assumptions are satisfied (see Deuflhard section 1.3).

Reference:  Zill, page 24.

1.3.5 Epidemics

Consider a population of N individuals containing a number of individuals having an in-
fectious disease. The goal is to determine how rapidly the disease will spread if no control
measures are taken.

Let z(t) denote the number of infectious individuals at time ¢, and let N — x(¢) denote
the number of susceptible individuals. Assume that the rate of spread of the disease, Z—f,
is proportional to the number of contacts between infectious and susceptible individuals.
Assume that both groups mingle freely so that the number of contacts is proportional to
(N — x). Then z(t) satisfies

dx

dt
where « is a constant. Equation (1.54) is a first order DE for x(¢), with initial condition
x(0) = xo, which can be solved by separation of variables.

= az(N — ), (1.54)

Reference:  Boyce & DiPrima, page 65.

1.3.6 Cooling problems

Consider an object whose temperature at time ¢ is 7'(¢), in surroundings whose temperature
is Ty (called the ambient temperature). If T'(t) is larger than T4 the object will lose heat to
its surroundings and its temperature will decrease. Newton’s Law of Cooling states that the
rate of decrease is proportional to the difference between T'(t) and the ambient temperature
TAZ

% = —k(T —Ty), (1.55)
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where £ is a constant. (Newton’s Law is an approximation which is reasonable provided the
temperature differences are not too great.)

If the ambient temperature is constant (not necessary in general), the DE (1.55) can be
written

d
%(T —Ta) = —k(T — Ta),

which can be solved by inspection:
T(t) — Ty = Ce™,

giving an exponential rate of cooling.

Reference:  Boyce & DiPrima, page 48.

1.3.7 Pursuit problems

This class of problems refers to the situation in which one participant tries to catch a second
moving participant, e.g. a bull charging a running person, a hawk chasing a flying pigeon, a
gunboat chasing a smuggler. These problems are difficult. Here is an example.

Example: A dog swims across a river towards his master on the far bank, but is carried
downstream by the current. The dog always paddles towards his master. What path will
the dog follow? Assume that the speed of the river is w and of the dog in still water is u,
with w < u (w and u are constants).

Solution:  Refer to figure 1.9 Since the dog always swims towards its master, its velocity is
Vdog = (—ucosf, —usinf).

The velocity of the river is
)

Viiver = (07 w).
The rate of change of the dog’s position x(t) = (z(t), y(t)) is the sum of the two velocities:

dx
% = Vdog + Viiver-
In components,
Cfi—f = —wucosf, Z—i = —usinf + w. (1.56)
But T Y
cos) = ——, sinf = (1.57)

We can write the dog’s path in the form y = y(z). Then

d
dy _a
de

By (1.56) and (1.57),

dy _ uy —w\/z* +y?

dx ux
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dog’s
starting
point

Figure 1.9:

Let k = %. Since x > 0 we can rearrange the DE to get

dy y [P
< =2 14+ = 1.58
der =z + x2’ ( )

a first order DE for the path y = y(x) of the dog. The initial condition is y(b) = 0, where b
is the width of the river.

Exercise:  The form of the DE (1.58) suggests that we introduce a new dependent variable
z defined by

z==.
x

Then y = xz, so that % =2z + xg—; by the product rule. Substituting this into (1.58),

subtracting z from both sides and dividing by = gives gives

@__k:vl—i—z?
de x

which is separable. The final solution for y = y(x) is

w6
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The algebra involved in deriving this is somewhat tricky. An intermediate step is

Vit 2=(3)

which can be solved for z giving

Reference:  Borelli & Coleman, pages 112-5.

1.3.8 Electrical circuits

We consider simple electrical circuits which are constructed from a voltage source and three
basic elements, resistors (of resistance R), inductors (of inductance L) and capacitors (of
capacitance ('), indicated symbolically in Figure 1.10.

C

AA- I A

V =RI V=L4 Q=VC

Figure 1.10: Resistor, inductor & capacitor

In the figure, I denotes the electric current through an element, V' is the electrical poten-
tial difference across the element, and @) is the electric charge on the plate of the conductor
onto which the current [ is assumed to flow; [ is therefore related to @) by

dQ

=%

o (1.59)

The three formulas in the figure may be regarded as defining R, L and C.

The current [ in the electrical circuit varies with time ¢, and in simple cases is governed
by a DE. The form of the DE is determined by one of Kirchhoff’s Laws, which states that
the potential difference across the terminals (i.e. the voltage source) must equal the sum of
the potential differences across the various elements:

‘/terminals - Z ‘/elements . (]' 60)

Example: The RC circuit.

By (1.60) and the equations in Figure 1.10,

V(t) =Vr+Veo=RI+ % (1.61)
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Figure 1.11:

Differentiate (1.61) with respect to ¢t and use (1.59) to eliminate %, giving

I 1, 14V

ar 1 .14V 1.62
i TR T R A (1.62)

Equation (1.62) is a first order linear DE for I(¢), the source voltage V (t) being regarded as
given. 0

Example: The RL circuit.

Figure 1.12:

By (1.60) and the equations in Figure 1.10,

dl
V(1) = Va+ Vi = RI+ L,
that is id R )
C L= v, 1.
prina LI LV( ) (1.63)
Equation (1.54) is a first order linear DE for I(¢). O

Example: The RLC' circuit.

By (1.60) and the equations in Figure 1.10,

dl Q@
V)=V, V; Vo=RI+L— + =.
() r+ VL + Vo + dt+C

Differentiate with respect to ¢ and use (1.59), as in passing from (1.61) to (1.62). We obtain
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Figure 1.13:

1 Rdl 1 1dV

oL ral 1ty 1.64
w T o T T a (1.64)

a second order linear DE (to be studied in the next chapter).

References: Boyce & DiPrima, pages 180-1.
Borelli & Coleman, pages 176-86.
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Chapter 2
Second Order Linear DEs

2.1 Introduction

2.1.1 Oscillations and Second Order DEs

Oscillations are the single most important physical phenomenon described by second order
DEs. As motivation, we consider a simple mechanical system consisting of a spring to which
is attached a trolley that can run smoothly on a straight track.

Figure 2.1: A mechanical oscillator

If the trolley is displaced from it equilibrium position y = 0 and released, the spring will
cause it to run to and fro on the track. It is this motion that we wish to describe.
Let y(t) be the displacement of the trolley from its equilibrium position at time ¢t. When
a spring is stretched or compressed it exerts a restoring force which, for small displacements
can be assumed to be proportional to the displacement (Hooke’s Law). The constant of
proportionality is called the stiffness constant, and is denoted by k. The force exerted by
the spring on the trolley is thus
Fypring = —ky. (2.1)

We also assume a damping force (due to frictional effects, air resistance) that is proportional
to the velocity, and acts so as to slow the motion:

dy

- (2.2)

Fdamp = —C

where ¢ > 0 is the damping constant.
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Comment: 1t % > 0, the trolley is moving to the right and the force acts to the left, while if
% < 0 the trolley is moving to the left and the force acts to the right, in both cases opposing
the motion, as required.

The motion of the trolley is governed by Newton’s Second Law. Since its mass m is
constant, we have
d*y

mﬁ = Fspring + Fdamp-

On account of (2.1) and (2.2) this equation gives

Py dy
S k=0, 2.3
mdt2 +cdt + ky (2.3)

We shall show how to solve this DE (see Section 2.2.3) and shall find that if the damping
constant ¢ is non-zero, the solutions show two types of behaviour as t — oo:

i) exponential monotone decay to zero, or
ii) exponential oscillatory decay to zero.

We shall also consider the situation in which an external force F(t) acts on the trolley,
in which case (2.3) is replaced by

Py dy
— — = F(t). 24
mos +Cdt + ky (t) (2.4)

Of particular interest is the case in which F'(t) is periodic, which can lead to a variety of
interesting behaviour (see Section 2.3).

Comment: The DEs (2.3) and (2.4) describes many different physical systems e.g. a pen-
dulum with small amplitude, a buoy bobbing up and down in the ocean, electrical circuits,
two connected mixing tanks, etc.

2.1.2 The world’s simplest second order DE

On setting the damping constant ¢ to zero in the DE (2.3) in Section 2.1.1, we obtain

d*y
On defining w? = k/m, this becomes
d*y
W + wzy =0. (25)

The solutions of this DE can be found by inspection, by recalling the differentiation
property of sin and cos (and using the chain rule):
d2
—(sinwt) = —w

dt?

2
2 ﬁ(cos wt) = —w? coswt.

sin wt,
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Thus y; = coswt and y, = sinwt are solutions of (2.5). It is easy to verify that
Yy = c1 coswt + cysinwt, (2.6)

for any constants ¢; and ¢y, is also a solution of (2.5). We shall see later (Section 2.2.1)
that (2.6) is in fact the general solution of the DE (2.5). We summarize this most important
result:

the general solution of the DE

d*y 2
E + w Yy = 0
is
y = ¢ cos(wt) + cosin(wt),

where c¢; and ¢y are arbitrary constants. O

Comment: Since this solution is periodic of period QOJ—’T, the solution describes the trolley
moving to and fro with constant period. This type of motion is referred to as simple harmonic
motion.

2.1.3 Types of Second Order DEs

The general form of a second order DE is

2

dz?

The simplest class are the linear DEs, which are characterized by f (a:, Y, Z—g) being linear in
y and %, ie.
f (m y d_y) =F(z) + A(x)y + B(x)@
" dx dr’
A linear DE is usually written with the y and g—g terms on the left side. Replacing B(z) by
—P(z) and A(z) by —Q(x), the DE (2.7) becomes

d*y dy
Tz P(x)% + Q(v)y = F(x),
or more concisely,
y'+ P(z)y' + Q(z)y = F(z). (2.8)

This is the general form of a non-homogeneous linear second order DE.
If F(xz) =0, the DE is said to be homogeneous:

y'+ P(z)y' + Q(z)y = 0. (2.9)
This is the general form of a homogeneous linear second order DE.
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Finally, if P(x) = p and Q(z) = ¢, where p and ¢ are constants, (2.8) and (2.9) become
v+ oy +aqy = F(x), (2.10)

and
y" +py + qy = 0. (2.11)

This is the general form of a second order linear DE with constant coefficients, (2.10) being
non-homogeneous and (2.11) being homogeneous. In this course we shall be concerned almost
exclusively with this type of second order DE.

Note that the DE (2.4), namely

is of the form (2.10) — just divide by m to put this DE in standard form. Finally the world’s
simplest second order DE, namely

d2y 2
ar TeY=0

is of the form (2.11) with p = 0 and ¢ = w?*.

2.1.4 The Initial Value Problem for Second Order DEs
Recall the spring and trolley problem from Section 2.1.1, described by the DE

my" +cy +ky =0, (2.12)

where y(t) is the displacement of the trolley at time ¢, from the equilibrium position and ’
denotes %.

What are the different ways of setting the trolley in motion? The simplest way is to pull
the trolley from its equilibrium position, hold it at rest, and then release it at time ¢ = 0.
This procedure corresponds to the initial conditions

y(0) =yo. y'(0) =0, (2.13)

i.e. the initial velocity is zero. Another possibility is to give the trolley a tap with a hammer
while it is at rest in its equilibrium position. The impact will set the trolley in motion, and
the initial condition will be

y(0) =0, ¥(0) =0, (2.14)

i.e. the initial velocity is non-zero. The most general possibility is to pull the trolley from
equilibrium and give it a little jerk as you release it, thereby imparting an initial displacement
and initial velocity to it. The initial conditions will be

y(0) =vo, ¥'(0) = . (2.15)

With initial conditions such as (2.13)-(2.15) we certainly expect the physical system to move
in a uniquely determined way, and hence we expect the DE (2.12) to have a unique solution.
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This simple example illustrates what holds in general for a linear second order DE:

'+ P(x)y + Q(x)y = F(x), (2.16)
namely, that the appropriate initial conditions are
y(ro) = o, Y (w0) = vo, (2.17)

and that these initial conditions determine a unique solution of the DE (2.16) (subject to

appropriate restrictions on P, and F'). This existence-uniqueness result is discussed in
AMath 351. O

2.2 Solving Second Order Linear DEs with constant
coefficients

2.2.1 A fundamental property of homogeneous second order linear
DEs

Consider the homogeneous DE
y'+ P(x)y + Q(z)y =0. (2.18)

The fact that this DE is linear AND homogeneous has an immediate and important conse-
quence.

Proposition:  If y;(x) and y,(z) are solutions of the homogeneous linear DE (2.18), then

cayi(r) + ey ()

is also a solution, for any constants ¢; and c,.

Proof:  Since y; and y, are solutions of (2.18),

yi + P(x)yy + Q(x)y1 =0 (2.19)
vy + P(x)yh + Q(x)y, = 0. (2.20)

Multiply (2.19) by ¢; and (2.20) by ¢2 and add, to get
(c1y1 + c2y2)” + P(@)(ciyr + c2yp)’ + Q(z) (crys + cay2) = 0,

as required. O

The fundamental property referred to in the title is this:

Any solution of the homogeneous linear DE (2.18) has the form

y = ayi(z) + caya(x), (2.21)

where y;(x) and y,(x) are linearly independent' solutions of (2.18), and
C1, Co are constants.

Lyi(z) and yo(z) are linearly independent means that no linear combination of y;(x) and ys(x) equals
zero, for all x; equivalently, it means that y; () is not a constant multiple of ys(z).
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Example: Consider the world’s simplest second order DE
Y+ wy = 0. (2.22)

Two solutions are
Y1 = sinwt, Yo = cOSwt,

and these are linearly independent, since cos( ) is not a multiple of sin( ). The general
solution of (2.22) is thus
Yy = ¢ sinwt + ¢ cos wt, (2.23)

where ¢; and ¢y are constants. O

The fundamental property is a consequence of the existence and uniqueness theorem for
second order linear DEs. The general solution (2.21) contains TWO arbitrary constants
because the initial conditions are TWO in number:

y(xo) = Yo, ?/(950) = Vp-

When one solves an initial value problem, ¢; and ¢, are determined in terms of y, and wvy.
Exercise:  Show that the unique solution of the initial value problem
y'+wy =0 y(0) =y, ¥(0)=uv
is
Vo .
y = — sinwt + yp cos wt. ([l
w
2.2.2 General form of the solution
Consider a non-homogeneous second order linear DE
y'+ P(@)y + Qx)y = F(x). (2.24)
The linearity of this DE has an important consequence.

Proposition:  If y; and y, are solutions of the non-homogeneous DE (2.24), then the
difference

yi(x) — y2(x)
is a solution of the associated homogeneous DE

v + P(x)y + Q(z)y = 0. (2.25)

Proof: ~ Same as the proposition on page 16 for first order DEs. U

Suppose y,(x) is a particular solution of (2.24) and y(z) is any solution of (2.24), i.e. it
represents the general solution. Then by the Proposition,

yn(x) = y(2) = yp(2)
is a solution of the homogeneous DE (2.25). We can rewrite this equation as
y(x) = yn(@) + yp(2),

giving the general solution. U
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General solution of a second order linear DE:

The general solution of the DE (2.24) is of the form

y(z) = yn(x) + yp(o),

where y,(z) is the general solution of the homogeneous DE (2.25), and
Yp(x) is a particular solution of the non-homogeneous DE (2.24).
(compare with page 18).

It follows from Section 2.2.1 that
yn(z) = a1yi(z) + c2ya(z),
where y; and y, are two linearly independent solutions of the homogeneous DE (2.25).

We thus need to develop two algorithms:

(1) An algorithm to give the general solution of a homogeneous linear DE. This is possible
only for the case of constant coefficients

y'+py +qy =0,
where p and ¢ are constants. We develop this algorithm in Section 2.2.3.
(2) An algorithm to find a particular solution of a non-homogeneous linear DE
v oy +ay = fla).

Here we simply extend the method of undetermined coefficients that we used in the
first order case (see Section 1.2.5). This extension is discussed in Section 2.2.4. O

2.2.3 General Solution of the Homogeneous DE
A homogeneous second order linear DE with constant coefficients is of the form
¥ +py +qy =0, (2.26)

where p and ¢ are constants. Our goal is to find the general solution of any such DE.
We begin by considering a trial function of the form

y=em", (2.27)
where m is a constant. Since 3’ = me™ and y” = m?e™*, equation (2.26) yields
(m? + pm + q)e™ = 0.
Since €™ > 0 for all x, (2.27) is a solution of (2.26) if and only if m is a solution of
m? 4+ pm+q=0. (2.28)

This quadratic equation is called the characteristic equation of the DE (2.26). Its roots are

myg =1 [—p /R 4q} . (2.29)

There are three distinct cases, each of which has to be treated separately:
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A) Distinct real roots (p* > 4q)
B) Distinct complex roots (p? < 4q)

C) Equal real roots (p* = 4q).

Case A: Distinct real roots

In this case, substituting the two roots (2.29) into (2.27), we get two solutions

mi1x ma2x

e and e

miz

e
Since the ratio = e(Mm=m2)% is not constant, these solutions are linearly independent.

emgx
By Section 2.2.1, the general solution of the DE (2.26) is thus

Yy = 1M + ™" (2.30)

where ¢; and ¢y are arbitrary constants and mq, msy are the real roots of the characteristic
equation (2.28). O

Example 1: Find the general solution of the DE

y" + 5y + 6y = 0. (2.31)

Solution:  Substituting the trial function y = ¢™* in (2.31) gives the characteristic equation
m? +5m +6 = 0,

which factors as
(m+2)(m+3)=0.

There two distinct real roots m = —2 and m = —3, give two independent solutions

—2z

e and e 3%,

The general solution is thus
y=cre 4+ O

Case B: Distinct complex roots
The roots my and ms, as given by (2.29), are distinct and complex if and only if
2
p°—4q < 0.
In this case it is convenient to write m, and ms in the form
my = a+1ib, mo =a—ib,
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where a and b are real. We substitute m; and my into (2.27) to obtain two complex solutions
which we can decompose into real and imaginary parts using Euler’s formula

e = cos@ + isinb.

The two solutions of the DE (2.26) are

mix

emT = elatit) — paveibt _ 0T (g by 4 jsin br) (2.32)

and

max

em2t = elamib)e — pare=ibe _ pa%(coq by — §sin br). (2.33)

Since we want real solutions we consider the linear combinations

(e™T 4 €M2%) = e cos bx

(e — ™) = " sin b,

Rl= i

as follows from (2.32) and (2.33). These solutions are linearly independent. Thus, the general
solution of the DE (2.26) is

y = (c1 cosbx + ¢y sin bx)e”, (2.34)
where ¢; and ¢y are arbitrary constants, and
a =+ b
are the roots of the characteristic equation. 0
Example 2: Find the general solution of the DE

Y’ +2y + 5y =0. (2.35)

Solution:  Substituting the trial function y = €™ into (2.35) gives
m?+2m+5 = 0.

Completing the square leads to
(m+1)*+22 =0,

giving the complex roots
m = —14 2i.

A complex solution is

o120z

= e “(cos 2z + isin 2x),
(by Euler’s formula), from which one can read off the two independent real solutions

e Tcos2x and e Fsin2z.
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Thus, the general solution of the DE (2.35) is

y = (c1co82x + cosin2x)e” ", O
Case C: Equal real roots

The roots my and my,as given by (2.29), are real and equal if and only if
p? —4q = 0.

In this case, we obtain only one solution from (2.27) and (2.29), namely

mx

Yyr=e¢ -,
where m = —%p.
To find a second linearly independent solution we consider a trial function of the form
y = v(z)e™. (2.36)
We substitute (2.36) into the DE (2.26) to obtain
V" + (2m 4 v’ + (m? + pm + q)v = 0, (2.37)

after collecting terms and cancelling a factor of e™® (fill in the details). Now a miracle
happens ... since m = —%p and m is a solution of the characteristic equation m?+pm-+q = 0,
equation (2.37) reduces to

V" =0.
Choose v(x) = x as a particular solution, and then (2.36) gives
Yo = ze™ (2.38)

as a second linearly independent solution. Thus, the general solution of the DE (2.26) is
y = (c1 + cox)e™®,

where ¢; and ¢y are arbitrary constants, and m is the single solution of the characteristic
equation. ]

Example 3: Find the general solution of the DE
y"'+ 6y +9y=0. (2.39)

Solution:  Substituting the trial function y = €™ in (2.39) gives
m? 4+ 6m+9 =0,

which is a perfect square,

(m+3)*=0
giving a single root m = —3, and one solution y; = e~3%. A second solution is obtained from
(2.38), which gives

Yy = xe 7.

(There is no need to repeat the whole derivation — the second solution is simply x times the
first one.) Thus, the general solution of (2.39) is

y = (c1 + cox)e 7. O
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2.2.4 The method of undetermined coefficients

We now show how to find a particular solution of the non-homogeneous linear DE with
constant coefficients, whose general form is

y' +py +qy = f(x),

where p and ¢ are constants, and f is a given function.
We use the method of undetermined coefficients, as introduced in Section 1.2.5, for first
order DEs. This means that we restrict our considerations to the case where f is

e an exponential e%*
® a sine or cosine
e a polynomial

or

e sums of such functions.

Example 1: Find the general solution of the DE

y" + 5y + 6y = **. (2.40)

Solution: ~ We consider a trial function

y = Ae*”, (2.41)
where A is a constant. Since y’ = 2A4e* and y” = 4Ae*, substituting (2.41) in (2.40) yields

[4A +5(2A4) + 6(A)]e* = .

The €%* cancels, and solving for A gives A = 2—10. Thus (2.41) gives the particular solution

Yp = 557" (2.42)
The general solution of (2.40) has the form

y = yn(x) + yp(2), (2.43)

where y;, is the general solution of the homogeneous DE 4" + 5y + 6y = 0. We solved this
problem in Example 1 of Section 2.2.3:

Yn = cre” 2 4 cpe (2.44)
By (2.42), (2.43) and (2.44), the general solution of the DE (2.40) is

_ —2x —3z 1 2z
Y = cie + coe + 557" O
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It is of interest to consider the previous example with an exponential driving term, in
greater generality. Consider

Y +py +qy=e™ (2.45)
where p, ¢ and a are constants. As in the previous example, we consider a trial function
y = Ae®. (2.46)

Substituting (2.46) in (2.45) yields
A(CL2 +pa+q)€az — o0

(fill in the details). Thus
1
a?+pa+q’
giving a particular solution (2.46). However, it is clear that A is undefined for certain values
of the constant a, namely, those values which satisfy

a® +pa+q=0. (2.47)

This is precisely the characteristic equation of the homogeneous DE associated with (2.45).
Thus, the trial function (2.46) does not give a solution if a is a root of the characteristic
equation.

How do we find a particular solution in this special case? Based on our experience in
case C in the previous section when we had to multiply by x to find a second solution, we
consider the trial function

y = Azxe®™. (2.48)
On substituting (2.48) in (2.45) and simplifying, we get
A(a® + pa + q)ze™ + A(2a + p)e™ = .

The first term in brackets is zero, because we are assuming that a satisfies (2.47). Thus

1
C 2a+p
Using (2.48), this value of A gives a particular solution unless
a=—3p. (2.49)

What is the significance of this condition? Well, if the characteristic equation (2.47) has a
double real root, i.e. if p* = 4q, then (2.47) becomes
(a + %p)2 =0.
Thus, (2.49) states that a is a double oot of the characteristic equation. In this case we
generalize (2.48) and use
y = Az?e™ (2.50)
as a trial function. On substituting (2.50) in (2.45) we get
A(a® + pa + q)x*e™ + 2A(2a + p)ze™ + 2A4e™ = e,
Since we are assuming a is a double root of the characteristic equation, equations (2.47) and
(2.49) hold, and hence the terms in brackets are zero, leaving
_ 1
A=3.
Thus, in this case equation (2.50) gives a particular solution of the DE (2.45).
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Summary:

Counsider the DE
y'+py +qy = e, (2.51)

with characteristic equation
a* +pa+q=0. (2.52)

e If a is not a root of (2.52), (2.51) has a particular solution of the form y = Ae®.
e If a is a single root of (2.52), (2.51) has a particular solution of the form y = Aze®.

e If a is a double root of (2.52), (2.51) has a particular solution of the form y = Az?e.
U

We next consider the case of a polynomial driving term:
y' +py +qy=ao+az+ -+ aa” (2.53)

Since the derivative of a polynomial is a polynomial, we consider a trial function of the form

yp = A() + All‘ + -+ Anxn7 <254)
where Ag, Ay, ..., A, are the undetermined coefficients. This choice works unless ¢ = 0 in
(2.53), in which case one multiplies (2.54) by x. O

Exercise 1:  Find a particular solution of

y" 4+ 5y + 6y = 6.

Answer:  y,=—2+u
Exercise 2: Find a particular solution of

y' +y = 2x.

Answer:  y, = —2x + z°. O
We finally consider a sine or cosine driving term:
y" + py' + quy = sinwz. (2.55)

Since the derivatives of sin wx are multiples of sin wx and coswzx, we take a trial function of
the form
Y, = Asinwz + B coswz. (2.56)

This choice works unless p = 0 and w? = ¢. This special case is
Y 4w’y = sinwz. (2.57)
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To get a suitable trial function we multiply (2.56) by :
Y, = x(Asinwx + B coswx).
Remark: As a general rule, if the driving term (right hand side of the DE) and a term

in the homogeneous solution y;, () are linearly dependent, then one should multiply the trial
function by x.

Exercise 3: Find a particular solution of

y" — 3y — 4y = 2sinzx.

. — 54 3
Answer: Yy, = —158inT + ;5 COST.

Exercise 4: Find a particular solution of

y" + 4y = sin 2x.

Answer:  y, = —%x cos 2. O

If the driving term is a sum one can use the following proposition to find a particular
solution.

Proposition:
If 1y, isa solution of v+ py + qy = fi(x),

and y, is asolution of ¥’ 4 py + qy = fa(x),
then y =y, +y, Iis a solution of

v+ oy +aqy = fi(z) + falz).
Proof:  Exercise (a consequence of linearity. . .). 0

2.3 Analysis of the oscillator DE

2.3.1 Introductory remarks

In this section we describe the properties and physical interpretation of the solutions of the
DE that describes the mass-spring system with damping and periodic driving force:

my” + cy’ + ky = F, cos wt. (2.58)
We divide by m and write the DE in the form

Y 4+ 20y + wiy = focoswt, (2.59)
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where N .
U R 1

= 2.60
om’ m m ( )

Since the DE (2.59) describes a variety of oscillating systems, both mechanical and electrical,
we shall refer to it as the oscillator DE.

The parameter A and wy characterize the system itself (while f, and w characterize the
driving force), and are thus called the system parameters. A is called the damping parameter
and wy is called the natural frequency (the latter name will be justified in Section 2.3.2). We
shall see that the ratio wio of these two parameters plays an important role in determining
the behaviour of the solutions of the DE.

The DE (2.59) also describes the current in an RLC electrical circuit. In Section 1.3.6
we saw that the current in such a circuit satisfies the DE

1
LI" + RI'+ Z1=V'(t),

where V'(t) is the applied voltage. With
V(t) = Vysin(wt)
this DE becomes .
LI"+ RI' + 5[ = Vow cos wt. (2.61)
Dividing by L gives
R 1

Dow
" ! _
I" + L] +LC]——L cos wt,

which is of the form (2.59) with

A=— Wi=-—, fo=— (2.62)

2.3.2 Zero driving force

In this section we discuss the oscillator DE (2.59) with zero force, i.e.
Y+ 20y + wiy = 0. (2.63)
There are four qualitatively different cases, depending on the ratio

_ A

Wo

A) The undamped case: ( =0

C

)

B) The underdamped case: 0 < ¢ < 1
) The critically damped case: ( =1
)

D) The overdamped case: ¢ > 1
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R (Cla CQ)

Figure 2.2: Definition of the phase angle ¢.

These cases correspond to the different possibilities for the roots of the characteristic equation
of the DE (2.63).

Case A: The undamped case (¢ = 0)

The DE (2.63) specializes to
y' +wgy =0,
the “world’s simplest”. By inspection the general solution is (see Section 2.1.2)
y = ¢1 cos(wot) + 2 sin(wpt). (2.64)
In order to interpret the solution it is necessary to use the trig identity

cos(A — B) = cos A cos B + sin Asin B (2.65)

to rewrite (2.64) as single cosine.
Think of the constants ci,co in (2.64) as defining a point (¢, ¢z) on a circle of radius
R = /& +¢c3, and let ¢ be the radian measure of the angle defined by (c1,¢2) (see Figure
3.2).
It follows that
c1 = Rcos ¢, co = Rsin ¢. (2.66)

The solution (2.64) becomes
y = R[cos(wot) cos ¢ + sin(wyt) sin @),
which, using (2.65), can be written as
y = Rcos(wot — ¢). (2.67)
Thus, the system (e.g. the trolley attached to the spring) oscillates with period

p=2T
Wo

(recall that cost is periodic of period 27 and hence cos(wgt — ¢) is periodic of period %)
We say that the system undergoes simple harmonic motion (SHM). The constant R in the
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solution (2.67), which represents the maximum displacement of the system, is called the
amplitude of the SHM. The frequency of the SHM is

and the constant wy is called the circular frequency. The constant ¢ is called the phase.
It should be kept in mind that the frequency wp, which is one of the system parameters,
is an intrinsic property of the system. Since the initial conditions

y(0)=vo,  ¥(0) =1 (2.68)

enter into the solution (2.67) through the constants ¢; and ¢y, the frequency wy is independent
of the initial conditions.

On the other hand, the amplitude R and phase ¢ do depend on the initial conditions. It
follows from equations (2.67) and (2.68) that

2
U

Yo + wga ( )
and that ¢ is determined by
cos ¢ = %, sin ¢ = oj;_OR’ (2.70)

(exercise on Problem Set 2).
The special case of “release from rest”, i.e. yo # 0, vo = 0, gives

0, if 4 >0
mw, if y0<0'

R=|yy| and qb:{
The other special case of “a kick while in equilibrium”, i.e. yg = 0, vy # 0, gives

R:|U0| and gb:{%? lf U0>O

wWo 377(, if Vg < 0

Case B: The underdamped case (0 < ¢ < 1)

The characteristic equation for the DE (2.63) is

m2+2)\m+w§:0.

m=—\+ /A% —wd,
m = wy [—C:I:Z\/l—iﬁ}
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which we rewrite as



using ¢ = 2. The general solution of the DE is therefore

wo ”
y = e Swot [01 cos (\/ 1— C2w0t> + ¢y 8in (\/ 1— Czwotﬂ ,

(as in Section 2.2.3). Asin Case A, we can write the expression in square brackets as a single

cosine, giving
y = Re " cos [\/ 1 — CPwot — qb} . (2.71)

The constants R and ¢ are related to ¢; and ¢y by equation (2.66) and are thus determined
by the initial conditions via equations analogous to, but more complicated than, equations
(2.69) and (2.70). We do not need the specific form of these equations.

Equation (2.71) gives the general solution of the oscillator DE (2.63) in the underdamped
case. The function y(t) satisfies

—Re~ %ot < y < Re~¢wot,

The graph of y(t) thus oscillates between these two exponential curves. The zeros are equally
spaced, with the spacing determined by the period of the cosine function i.e. the spacing is
27
Wo\/ 1-— C2'

Of course y(t) itself is not periodic. We say that y(t) describes a system that is performing
damped oscillations. The graph of y(t) is shown below.

Figure 2.3: Graph of y = Re %! cos [\/1 — CPwot — gb].

Comment: Damped oscillations can approximate SHM under the following conditions. If
the constant \

(=~
Wo

is very small, the system will perform a significant number of oscillations before the damping
has had sufficient time to decrease the amplitude of the oscillations appreciably. For example,
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let Aty9 be the time for the amplitude factor e~ to decay by 1%. Show that if ( = 1077,
there will be approximately 160 oscillations during this time interval.

Case C: The critically damped case (¢ = 1)

The characteristic equation for the DE (2.63) is
2 2 _
m” + 2wom +wy = 0,
with a single repeated root m = —wy. As in Section 2.2.3, the general solution is
y = (c1 + cot)e "

It follows (Exercise) that the unique solution which satisfies the initial conditions y(0) = yo
and y'(0) = vy, is
y = [yo + (vo + woyo)t] ™" (2.72)
For all initial conditions, tlimy = 0, i.e. the system returns to a state of equilibrium. The
— 00

shape of the graph of y(t) (i.e. the qualitative behaviour) depends on yo and vy. Figure 3.4
shows some different possibilities for yo > 0.

Yy
A

Yo

Figure 2.4: Displacement of a critically damped oscillator.

Case D: The overdamped case (¢ > 1)

The characteristic equation for the DE (2.63) is

m?® 4+ 2 m + wj = 0,

mia = —A £ /A2 — Wi
Mis = Wo [—g /2 1] . (2.73)
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The general solution of the DE (2.63) is
y = e ot leeV —lwot 4 coe” V CLlwot] . (2.74)

The constants ¢; and ¢y are determined by the initial conditions. The expressions are a bit
complicated, and are not important. The essential point is that for all initial conditions, i.e.
for all ¢; and ¢,

lim y =0,

t——+o00

i.e. the system eventually returns to a state of equilibrium.

Summary:
We have analyzed the solutions of the DE
Y+ 20 +wiy =0, (2.75)

which governs the displacement of a mechanical oscillator and also the current in an electrical

circuit. The first essential result is a consequence of the form of the general solutions (2.71),
(2.72) and (2.74).

Proposition: If A > 0 and wy > 0 then all solutions of the DE
Y+ 20 +wiy =0

satisfy
lim y(t) = 0. O

t——+o0

The interpretation is as follows. The DE (2.75) admits the equilibrium solution y(t) =0
for all ¢, corresponding to the physical system being in a state of equilibrium. The proposition
implies that if the system starts at time ¢ = 0 with the initial conditions y(0) = o and
y'(0) = wo, then it will eventually return arbitrarily closely to the equilibrium state y = 0, no
matter what the initial conditions are. The physical cause of this behaviour is the damping,
either the mechanical damping or the electrical damping (the resistor R in the electrical
circuit).

The second essential result is this: the system undergoes (damped) oscillations while
returning to equilibrium if an only if the system parameter ( = wio satisfies 0 < ¢ < 1.

A final question of practical concern arises from the Proposition, namely, how rapidly
does the system approach equilibrium, i.e. how rapidly does y tend to zero? The decay rate
of y is governed by the exponential term in equations (2.71), (2.72) and (2.74):

e~ Cwot if 0<(¢<1
y(t) ~ { et if (=1 (2.76)
e~V EDwot 4 5]

Since ¢ > 1 implies ( — /(% — 1 < 1, it follows that the displacement y decays most rapidly
for ¢ = 1, 1.e. in the critically damped case. Thus, if one wishes to design a mechanical
or electrical system that will return rapidly to a state of equilibrium after being disturbed,
he/she should arrange that the damping is close to critical i.e. ( = 2 ~ 1.

wo
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2.3.3 Non-zero driving force
The oscillator DE with non-zero driving force is

Y 4+ 20y + wiy = focos(wt), (2.77)
[see equation (2.59) in Section 2.3.1]. We know from Section 2.2.2 that the general solution

of this DE is of the form
y(t) = yn(t; c1, c2) + yp(t), (2.78)

where y;, is the general solution of the homogeneous DE
Y+ 2\y + wiy =0,

(and hence depends on two arbitrary constants ¢; and ¢3), and y, is a particular solution of
(2.77). We also know from Section 2.2.4 that y,(t) is of the form

Yp(t) = a1 coswt + ag sin wt,
(use the method of undetermined coefficients). This solution can also be written in the form
yp(t) = Acos(wt — 0), (2.79)

where the constants a; and as have been replaced by the amplitude A and phase § (see
equations (2.64) and (2.67)).
One of the main results from Section 2.3.2 is that

tlgg) yn(t; c1,c2) = 0.
Thus, by (2.78) and (2.79), for sufficiently large ¢
y(t) =~ Acos(wt — 9),

i.e. for sufficiently large t the response y(t) of the system is periodic, having the same period
as the driving force. Heuristically, one can say that the driving force “overcomes” the effects
of the system parameters, namely the natural frequency wy and the damping constant A,
and compels the system to oscillate at the driving force’s frequency, namely w.

Referring to equation (2.78), the term vy, which dies away, is called the transient part
of the solution, while the term y,,, which is periodic and hence persists indefinitely, is called
the steady state part of the solution. In many applications, the transient part will die out
rapidly (depending on ¢ = A/wp and wy; see equation (2.76)), in which case the behaviour
of the physical system is essentially described by the steady state part, which we refer to as
the response of the system to the driving (i.e. external) force.

The essential question then is: what is the amplitude A of the steady state term (2.79)?
Or more precisely, how does the amplitude A depend on the system parameters A and wy,
and on the driving force parameters, namely the frequency w and the amplitude fo?

We shall show, by deriving the particular solution y,, that A depends in a critical way
on the ratio == and on the damping parameter ( = wio This dependence has important

implications for the design of many physical systems.
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1. Derivation of the steady state solution

A particular solution of the DE (2.77) can be found in the usual way, using “undetermined
coefficients”. Here we take the opportunity to show that the solution can be found more
quickly by using complex numbers.

Consider the complex DE

24202+ wePz = foe™t. (2.80)

Since ™! = coswt+isinwt, the DE (2.77) is the real part of (2.80), with y = Re(z). Assume
a trial function of the form '
2(t) = Ae'@t?) (2.81)

where A and ¢ are the undetermined coefficients (they are assumed to be real). When (2.81)
is substituted in (2.80) one finds after a non-trivial calculation that

fo

A= :
V(WZ — w?)? + 4)202 (2.82)
1 2 '
cosd = —A(ws —w?), sind = —Alw.
Jo fo
[The details are an exercise on Problem Set 2.
Taking the real part of (2.81) gives the particular solution of (2.77)
y(t) = Acos(wt — §), (2.83)
where A and § are given by equations (2.82).
In summary, the steady state solution of the oscillator DE
Y+ 20y + wiy = focos(wt),
18 given by
y(t) = Acos(wt —9), (2.84)
with
. fo |
V(W2 — w?)? + 4202 (2.85)

1 2
cosd = —A(ws —w?), sind = —A\w.
Jo fo

Thus the steady state response is simple harmonic motion with amplitude A, angular fre-
quency w (the same as the driving force), and phase ¢.

2. Analysis of the amplitude of the steady state solution

Consider a fixed system, with system parameters A\ and wy, governed by the oscillator DE
(2.77). We are interested in the response of the system to a driving force of frequency w and
amplitude fy. The amplitude A of the response is given in (2.82):

_ Jo
V(W — w2 4N

(2.86)



For a given system, wy and A are fixed. The dependence of A on the amplitude f; of the
driving force is simple: A is proportional to fy, by (2.86). The dependence of A on the
frequency w of the driving force is complicated. One can imagine changing w. How does A
change? We will be able to answer this question at a glance if we sketch the graph of A(w, \)
versus w, for fixed \. This graph is called the frequency response curve of the system.

To simplify the algebra, we first rewrite (2.86) as

Aw,\) = L L
"JO \/(1_:];)2—"_4“}gwg
I A S (2.87)
Wi \/(1-02)%+4¢202
— fo
- BAQQ)
where we have defined the ratios w
O =— (2.88)
)
and, as before,
A
. 2.89
(=2 (28

We shall analyze the frequency response curve of the function

1

Al = VI = Q2)2 + 4022

(2.90)

which has the same qualitative properties of the amplitude function A(w, A) ( A(, () is just
2
A(w, A) re-scaled by a factor of 70 ).

The graph of A(£2, (), for various fixed values of (, can be drawn using the following
information (see figures 2.5 and 2.6):

(i) A(0,¢) =1, forall ( >0
(i) lim A(2,¢) =0, for all ¢ > 0.
Q—o00
These results follow immediately from (2.90).

(iii) If 2¢* > 1, then A < 1 for all Q > 0. This follows by writing (2.90) in the form

A=[1+0"+202¢2-1)02] 2. (2.91)

Thus, if 2¢% > 1, the maximum of A on the interval 0 < < 0o occurs at the endpoint
Q=0.

(iv) If 2¢* < 1, then A equals 1 for Q = 0 and Q = /2(1 — 2¢?), and is greater than 1
between these values. This result follows by writing (2.91) in the form

A=[1+020%—201—20%)}] *. (2.92)
Thus, if 0 < 2¢? < 1, A must have a maximum value greater than 1.
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(v) If 0 < 2¢*? < 1 the maximum value of A is

A= — 1 (2.93)

PRV el
0 =4/1-2C. (2.94)

This result is obtained by showing that the derivative of A with respect to €2 has the
form

and occurs for

0A _ 2 2\ 43
90— —2Q[0Q° — (1 —2¢7)]A°,
so that 94
— =0 implies Q=0 or Q=+/1-2C.

o0
Then substitute 2 = /1 — 2¢2 into (2.92) to get (2.93).

I
I
I
I
I
D
. L
Qresl
2 2
2(° > 1 0<2<1

Figure 2.5: Typical frequency response curves in the cases 2¢2 > 1 and 0 < 2¢2 < 1.

When A attains a maximum greater than 1, one says the the system undergoes resonance.
We thus label the values of A and € with a subscript “res”, i.e. we write (2.93) and (2.94)

as
1
Ares = ———,  Qpes = V1 — 2% 2.95
20y/1- ¢ ‘ (299

By (2.87) and (2.88), the physical amplitude and frequency at resonance can be written

Wres = wWo/ 1 — 22, (2.96)

Ares -

Jo
2wgC/1— ¢
with ¢ = A/wg. Observe that

Wres < wp forall ¢ with 2¢% <1,
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i.e. the resonant frequency is less than the natural frequency. The second result is that
Ares can be arbitrarily large if the damping parameter ¢ is sufficiently close to 0. Indeed, if
0 < ¢ < 1, equation (2.96) gives the approximations

Jo
res ™~ ) res ~ . 2 97
2wl v “o ( )

It is instructive to draw the family of frequency response curves for different values of (,
in the QA-plane. For this purpose it is useful to note that

1

V 1_Q§es’

Aves = (2.98)

as follows from (2.95).

Figure 2.6: The frequency response diagram. Note that the maxima lie on the curve (2.98).

Comment: 1f 0 < ( < 1, the frequency response curve has a steep and narrow peak, with

1
Ares ~ o, Wres = W,
2¢ ’
showing how resonance provides amplification. Engineers refer to the quantity
1
T

as the Q-factor of the system (@ for Quality). In some situations, a high @Q-factor is needed,
as in a radio tuning circuit (an RLC circuit, see Section 2.3.1). In this situation, the driving
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frequency w would be the frequency of the station you wish to receive, and you would “tune
in” the station by varying wy = % to obtain resonance i.e. the circuit selectively amplifies
the signal of the station. In other situations, it is desirable to have a flat frequency response
curve. The value ( = \/Li’ ie. A= \/Li’ which is the value of ¢ which just avoids resonance,
gives the flattest response curve, i.e. very flat for 0 < Q <1 (0 < w < wyp). Such a system
would act as a filter, excluding frequencies with w > wy.

3. Analysis of the phase of the steady state solution

Recall from equation (2.85) that the phase d of the steady state solution is given by

cosd = iA(cug —w?), sind = fEA)\w (2.99)
0 0

where

fo

A= :
V(W2 — w?)? + 4202

In terms of A(Q, (), Q = =, and ( = %, this becomes
cosd = A(1 — Q%), sind = 2ACQ, (2.100)
where
A=[(1-0)>+4CQ%] 2.

We are going to sketch the graph of § as a function of €2, for various values of ¢ (see figure
2.7).
We need the following properties of the function § = 6(2, ¢), which are a consequence of
equation (2.100):
(i) 6(0,¢) =0 and 6(1,¢) == for all ¢ > 0,

2

(i) lim §(2,¢) =,

Q—o0

) )
(il) 75(0.€) =2¢ and 22(1.0) = &

20
1—

obtained by differentiating tand = with respect to 2.

The main results are:
(1) the response of the system always lags the driving force, since 6 > 0,
(2) if ¢ < 1, resonance occurs for {2 ~ 1 and then the phase is close to 7.
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Figure 2.7: The phase response diagram.

4. The case of zero damping

We finally consider the idealized case of zero damping (A = 0), so that the oscillator DE
(2.77) reduces to

Y + wiy = focos(wt). (2.101)

If w # wy, the general solution is

y = ¢ cos(wot) + co sin(wot) + % cos(wt), (2.102)
and if w = wy, the general solution is
_ : fo . .
y = ¢1 cos(wot) + 2 sin(wot) + 2—tsm(w0t). (2.103)
wo

(exercise using undetermined coefficients, preferably in complex form for efficiency).

The first significant difference from the damped case is that when w = wy, i.e. the driving
frequency equals the natural frequency, the response y grows without bound as ¢ — +oo,
due to the tsin(wpt) term in (2.103). This is an extreme but idealized form of resonance.

The second significant difference is that the general solution does not separate into a
transient term and a steady state term, since there are no (decaying) exponential terms
in the general solution. This implies that the long term behaviour depends on the initial
conditions.

We consider in detail the case where the system starts in equilibrium, i.e. the initial
conditions are

y(0) =0, y'(0) = 0.
It follows from equations (2.102) and (2.103) that the unique solutions are

_Jo
Y= 3

5 (coswt — coswpt), if w # wo, (2.104)
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and

y = ﬁtsin(wot), if w = wo. (2.105)
2(4.)0

In the second case, the response is a linearly growing oscillation, as shown in Figure 2.8.

Y

A _ fo

- Y=gt

Al

~ .\,t

Figure 2.8: Undamped response when the driving frequency equals the natural frequency.

In the first case, we can use the trig identity

A-B A+ B
COSA—COSBZ—QSiH(T)SiH< _|2— ),

to write the solution (2.104) in the form

Y= 2 fo
wg —

e 5 sin 5 (wo — w)t] sin 3 (wo + w)t. (2.106)
If | wo —w |« 1 and wy +w >>| wy — w |, then sin  (wo + w)t is a rapidly oscillating function
compared to sin 2(w0 — w)t. Thus, the solution (2 106) represents a rapid oscillation with
frequency %(wo +w), but with a slowly varying sinusoidal amplitude with frequency %(wg —w)
[see Figure 2.9]. This type of response, with a periodic variation of amplitude, exhibits what
are called beats. This phenomenon can be heard when two tuning forks of nearly equal
frequency are sounded simultaneously. In electronics, the periodic variation of amplitude
with time is called amplitude modulation.
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Figure 2.9: Graph of y = [sin 3(wp — w)t] sin 3(wp + w)t, showing the phenomenon of beats.
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Chapter 3

The Laplace Transform and DEs

The idea behind the Laplace transform is this:

transform a linear differential equation for y(¢) into a linear algebraic equation
for Y'(s), thereby making it easier to solve.

linear DE transform linear algebraic
for y(t) equation for Y(s)
l
standard | solve
methods | easily
|
Y
solution y(t) solution Y'(s)
mverse
transform

The function Y (s) is called the Laplace transform of the function y(t).
Comment: In its simplest form, the method is restricted to linear differential equations

with constant coefficients. It provides an alternative to the standard methods that we have
developed so far. We’ll mention its advantages as we proceed.

3.1 Elementary properties of the Laplace transform

3.1.1 Definition of the Laplace transform

The Laplace transform is one of several “transforms” that are used in engineering mathe-
matics. They are defined using the integral.
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Definition:  Given a function y(t) the Laplace transform of y is defined to be

Y(s) = /000 e y(t)dt, (3.1)

for all values of s for which the improper integral converges.

Recall the definition of “converges”:

The improper integral g(t)dt converges means that lim [ g¢(t)dt exists. O

7—00
a a

Before discussing the significance of this definition we work out the simplest and most
important example.

Example: Find the Laplace transform of y(t) = e*, where « is a constant.

Solution: Referring to equation (3.1), consider

/ e~ Stet gt — / ef(sfoz)tdt7
0 0

1
= — 67(
S —
1
= [1— e (7)),
S —

r
s—a)t

, assuming s # a, (3.2)
0

If s > «, then lim e~(~%" = 0, which by (3.2) implies that

r—00

" 1
lim / e Sedt = (exists).
r—00 0 S —

at 3

Thus, if s > «, the Laplace transform of y(t) = e* is

Y(s) = ——

S —

by the definition. O

We think of equation (3.1) as defining an operator £ which acts on a function y(t) to give
a new function Y'(s). We write

where Y (s) is given by (3.1). We shall refer to £ as the Laplace transform operator.
Referring to the Example, we can use the operator notation to write
at 1
Lle™] = , s> a. (3.3)

S —
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This equation is read as “the Laplace transform of e is ——7.
S—o

The idea of an “operator” which acts on functions is not unfamiliar. One can think of
the process of differentiation as defining an operator D that acts on functions, i.e. D acts
on a differentiable function f to give its derivative:

D[f]=f"
The operator D and £ have one important property in common. The operator D satisfies
D[fi+ fo] = Df + DI[fa],

and
Dlcf] = cD[f],

where c is a constant. These equations are simply the sum property and “multiplication by
a constant” property of derivatives. These equations mean that D is a linear operator.!

Proposition: The Laplace transform operator L is a linear operator:

Llyr + ya] = L] + Llye],

and

Llcy] = cLly],

where ¢ is a constant.

Proof: These results follow from the linearity of the integral:

[ +wia= [ [ wo

bcy(t)dt —c by(t)dt,
[ eoar=c |

by taking limits to obtain the improper integrals. We skip the details. U

and

This proposition is used extensively when working with the Laplace transform.

Before continuing, we pause briefly to consider a theoretical question: what conditions
on f are needed to ensure that L[f] exists?
Speaking intuitively, we can say that L[f] exists provided that

(i) f(t) does not grow too rapidly as t — 400,
and

(ii) the only discontinuities of f for ¢ > 0 are jump discontinuities.

!This is the same concept as in linear algebra, where a 3 x 3 matrix A acting on vectors x in R? (for
example) satisfies A(x; + x2) = Axy + Axa, and A(Ax) = AAx, thereby defining a linear transformation.
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First, to describe the growth condition it is convenient to use the big-O notation. The
definition is:
f(t) =0(g(t)) as t— oo,

means that there exist constants B and b such that
| f(t) IS B|g(t)| forall t>b.
The required growth condition is that
f(t)=0(e") as t— o0, (3.4)

for some constant a. Intuitively (3.4) means that f(¢) does not grow more rapidly than e
as t — o0.
Second, f has a jump discontinuity at ¢ means that the 1-sided limits

lim f(¢t) and lim f(¢)

t—ct t—c—
exist and are unequal. The value of f at ¢ is unimportant. The statement “f is piecewise
continuous on a finite interval I” means that f is continuous on I except for a finite number
of jump discontinuities.

ft)

A

\ ]
~

0 t to b

Figure 3.1: A piecewise continuous function with two jump discontinuities.

A function such as this (a pulse function) could act as the driving force of an oscillator.
Proposition: (Existence of the Laplace transform)

If Hy, : f is piecewise continuous on each interval 0 <t <r,
H, : there is a constant a such that

ft)=0(e") as t— oo,

then the Laplace transform L[f] exists for s > a.
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Proof: Outline.

By Hi, / f(t)dt exists (just divide the interval into subintervals on which f is continu-
0

ous).
By Ho, | f(t) |< Be* for t > b. Hence

| e f(t) |< Be "' for >0
If s > a, / Be~(5=9)tqt converges. Hence by the Comparison Test for improper integrals,
0

/ e st f(t)dt converges i.e. L[f] exists by definition. O
0

Examples:

(i) f(t) = (14 t)" does not satisfy the growth condition Hs, and L[f] does not exist.

(ii) f(¢) = 7 is not piecewise continuous on any interval [0,7], and L[f] does not exist. OJ

3.1.2 Calculating Laplace transforms

Our goal is to build up a table of Laplace transforms of elementary functions, which we can
use to solve differential equations.

So far we have shown that

1
Lle™] = fi > a. 3.5
= ——, for s>a (35)
This formula includes the important special case of the constant function f(t) = 1, i.e.
choose o = 0: 1
L[] =-, for s>0. (3.6)
s

Another useful example is the Laplace transform of ¢".

Example: Show that
n!

L[t"] = for s> 0, (3.7)

o gntl ’

where n > 0 is an integer.

Solution:  Outline (fill in the details as an exercise).

Use induction on n, with (3.6) giving the result for n = 0.

Apply integration by parts to / e stt**1dt to reduce the power of ¢ by 1, and then let
0
b — o0. Then the case n = k will imply the case n = k£ + 1. You will also need the result

k+1

lim =0 for s>0,

boo b
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i.e. an exponential dominates a power as b — 00. U

The direct evaluation of Laplace transforms using the definition can be time-consuming,
and so one seeks short cuts, for example

(i) by using complex functions,

(ii) by developing theorems to give new Laplace transforms from old ones, without extra
calculation.

We first illustrate (i). The derivation leading to (3.5) is valid if « is complex, provided
that we make one small change:

lim e~¢~®" =0 provided that s > Re(a),

T—00

where Re(«) is the real part of . We can now use Euler’s formula
e = cos bt + i sin bt (3.8)
and the linearity of £ to calculate L]cos bt] and L]sin bt] directly from (3.5).

Example: Show that

s b

ﬁ[COS bt] = m, E[sin bt] = m (39)
Solution: By linearity of £ and (3.8):
L[e™] = L]cos bt] + iL]sin bt]. (3.10)
The right hand side of (3.5), with o = ib is
1 : :
s +1ib _ s +1ib (3.11)

s—ib  (s—ib)(s+ib) s2+b2
Choosing a = ib in (3.5) and substituting (3.10) and (3.11) gives

i +1 b
] .
s2+02 8% 4 b2

Llcos bt + isinbt] =
Equating real and imaginary parts leads to (3.9). O

We now give a theorem which provides a quick way of calculating L[e f(¢)] if L[f(t)] is
known.
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First Shift Theorem:
If L[f(t)] = F(s) exists for s > a > 0, then

Lle“f(t)] = F(s—c), for s>a+ec, (3.12)
where c is a constant.

Proof:  Consider
/ e~te f(t)dt = / e~ I (1) dt. (3.13)

0 0
By the hypothesis, lim / e~ (5= f(t)dt exists for s —c > a, and equals F(s —c). The result
r—00 0
follows by letting » — oo in (3.13). O

Example: Calculate the Laplace transform of g(t) = te®.

Solution: By (3.7), L[t] = % for s > 0. Thus by the Shift Theorem,

for s> c. ]

Lte®] = PEE

Exercise:  Calculate L[e 2 sin 7rt].
s
A’I’LSU)QT’.' m O
3.1.3 The Laplace transform of a derivative

In using the Laplace transform to solve a linear DE,

y' +ky = f(1),
where k is a constant, we begin by applying the operator £ to the DE:
L[y + ky] = L[f].

By linearity of £, we obtain
LIy + kL[ = LIf].
To proceed further we need to relate L[y'] to L[y]. The next proposition does just that.

Proposition 1:

If Hy : f(t)=0(e™) ast— oo, for some a,

Hy, : f'is piecewise continuous and f is continuous, on any
interval [0, ],

then L[f'(t)] exists, and
LIf'(t)] =sL[f®)] — f(0), for s> a. (3.14)
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Proof:  For simplicity, we assume that f’ is continuous.
Using integration by parts:

/0 Syt = [ f(r) — £(0)] — /0 (—s)e= ft)dt. (3.15)

By Hy, | e f(r) |< Be~*=". Thus, if s > a, lime™" f(r) = 0.

7—00

The result now follows by letting » — oo in (3.15). O
Proposition 1 extends in a natural way to the second derivative.

Proposition 2:

It Hy : f(t)=0(") and f'(t) = O(e™) as t — oo,

Hy, : f" is piecewise continuous and f’, f are continuous, on
any interval [0, 7],

then L[f"(t)] exists, and
L[f"(t)] = s*L[f(t)] — sf(0) — f/(0), for s> a. (3.16)
Proof:  Apply Proposition 1, with f replaced by f’, obtaining
LIf"(0)] = sLLF ()] = £(0).
Now apply Proposition 1 to the right side directly to get

LI (0] = s{sL[f ()] = f(0)} = f(0). DO

3.1.4 The Inverse Laplace Transform

Referring to the diagram on the first page of this Chapter, the final (and most difficult) step
in using the Laplace transform to solve a DE is this:

given a Laplace transform Y (s), find the function y(t).
One should first ask: given Y'(s), is there a unique y(t)?
The next proposition gives the answer YES.

Proposition: If y; and 1, are continuous functions of order e* as t — oo, then

y1 # yo implies  L[y1] # L[ys]- O

Proof: ~ The proof is beyond the scope of this course. See for example, Brauer & Nohel,
page 391-2. U
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This proposition states that the Laplace transform operator £ is a one-to-one operator,
and hence has an inverse operator £~ which maps a Laplace transform Y (s) onto the original
function y(t):

L7YF(s)] = f(t) means that L[f(t)] = F(s).

Equivalently we can write
LTULIfW]] = f(t) and  LILTHF(s)]] = F(s).

We shall call £L7! the inverse Laplace transform operator, and shall call f(t) = L7F(s)]
the inverse Laplace transform of F(s). Note that £7! is also linear. O

In elementary discussions, inverse Laplace transforms are found by referring to a table
of Laplace transforms — calculating them directly is difficult (and sometimes impossible).
Based on the results of Section 3.1.2 we can construct the following Table:

1
eat
s—
s
cos bt
52 + b2
b
sin bt
52 + b2
" n!
t Sn—i—l

e f(t) F(s = ¢

For example, we can conclude directly from the Table that

1
£t [ +1] =e ', L7} [ 248— 2] = cos 7rt.
s 247

In the examples we shall encounter, the Laplace transform F(s) will mostly be a rational
function, i.e.

where p(s) and ¢(s) are polynomial functions. It will be necessary to use partial fraction
methods to write F(s) as a sum of the simple terms appearing in the Table. The first shift
theorem (summarized in the last line of the Table) will also be useful.

s
E le: Find 7! | —u0>+——].
xample in [32+5s+6]
Solution:  Using partial fractions

S B s 32
s24+55+6 (s+2)(s+3) s+3 s+2
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Using the Table and linearity of £71:

_1 S o 3 P 2
£ [324—55%-6}_5 L+3} £ L+2]

=3¢ —2e7%. O

. : -1 s
Example. Find ﬁ {m} .

Solution:  Since the denominator does not factor, we complete the square:

s B s o (s+2) 2
s24+4s+5  (s+2)2+1  (s+2)2+1 (s+2)2+1°

From the Table (using the Shift Theorem),

1
(s+2)241

s+2

~2 Logt] =
Le™ cost] GraEi T

Lle *sint] =

It thus follows that

£_1 {ﬁ} = 6_2t cost — 26_% sin t. |:|
S S

In view of this example it is convenient to restate the First Shift Theorem in terms of
the inverse Laplace transform operator £71.

First Shift Theorem (inverse form):
If L7'F(s)]=f(t), then L 'F(s—c)]=e"f(t).
. . N oA s—3 o s+4
Exercise: Find (i) £7* {m} (i) £71 {m]

Answer: (i) e'(cos 2t —sin2t) (ii) 2 — e

3.1.5 The Heaviside Step Function

A driving force f(t) [or input function] that changes abruptly with time can be modelled by
using a discontinuous function, and one that does not change smoothly can be modelled by
a non-differentiable function.

When working with the Laplace transform of functions such as these it is convenient to
introduce the Heaviside or unit step function H(t), defined by

0, if t<0
H(t) = ’ 3.17
(®) {1, if ¢t>0. (3:17)
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y = fi(t) y = fa(t)

a a

Figure 3.2: a step function fi(¢) a ramp function f5(t).

Then the above step function fi(t) is given by

fit) = H(t — a), (3.18)
(translation to the right).
Example: Express the ramp function f5(¢) above in terms of H(t).

Solution:  We have

fot)=21t, Ht—a)=0 for 0<t<a,
fo(t)=1, H({t—a)=1, for t>a.

Thus
1 1

Thus the ramp function fy(t) can be written

folt) =Lt — (t —a)H(t — a)]. (3.19)

The next step is to calculate the Laplace transform of H(t — a).

Example: Show that
LIH(t —a)] = , (3.20)

for s > 0, where a > 0 is a constant.

Solution:  Consider, with r > a,
/ e H(t —a)dt = / e Stdt, since H(t —a) =0 if t < a,
0 a

— __(e—sr _ e—sa)7



by the Fundamental Theorem of Calculus. Thus, if s > 0,

T

lim [ e H(t—a)dt

T—>00 0
exists and equals %e‘s“. The result follows by definition of the Laplace transform. O

We now give a theorem which provides a quick way of calculating L[H (t — ¢)f(t — ¢)] if
L[f(t)] is known.

Second Shift Theorem:

If L[f(t)] = F(s) exists for s > a > 0, and ¢ is a positive constant, then

LIH{t—c)f(t—c)]=e“F(s), s> a. (3.21)

Proof: ~ Consider
/ e H(t —c)f(t —c)dt = / e *'f(t —c)dt, by definition of H,
0 c

T—C
= / 678("+C)f(u)du, by making a change of variable u =1 — c,
0

=e /07"0 e " f(u)du.
(3.22)

Since L[f(t)] exists, lim / e " f(u)du exists and equals F'(s) (note that r — ¢ — oo,
r—oo [

and the integration variable u can be relabelled t). The result follows by letting r — oo in
(3.22). U

Example: Calculate the Laplace transform of the ramp function (see Figure 3.2)

fat) = ;= (t —a)H(t — a)].

Solution: By linearity of L,

LIft)] = 2 {L[t] - L[(t — a)H(t — a)]}.

Since L[t] = % (see the Table in Section 3.1.4), the Second Shift Theorem gives

=—(1—e%). O

as?

1 e 1
52 52

Another classic example is the saw-tooth function:
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y = f3(t)

\
~

a 2a

Figure 3.3: The saw-tooth function.

Exercise: Show that

fs(t) =Lt —2(t —a)H(t — a) + (t — 2a)H(t — 2a)].

Exercise: Show that

Clfa(t)] = & (1 - e—as>2.

a S

The Second Shift Theorem can be restated in terms of the inverse operator £, thereby
providing a useful tool for calculating inverse Laplace transforms.

Second Shift Theorem (inverse form):

If L7YF(s)] = f(t), then L7 e F(s)] = H(t —¢)f(t — ¢).

Example: Find £7! [Zfs}

Solution:  We know £1 [SJ%:J = ¢ 3 from the Table. Thus, by the Second Shift Theorem,

e=2s 0 0<t<?2
£t = H(t—2)e 32 =7 - O
L - 3] (t=2)e e 32 ¢ >2

3.2 Solving DEs using the Laplace Transform

We have now developed the machinery needed to implement the algorithm outlined on the
first page of this Chapter. In this Section we give examples to illustrate its use.

3.2.1 First order DEs

Example: Solve the first order initial value problem
y + 3y = 13sin(2t);  y(0) = yo. (3.23)
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Solution:  Apply the Laplace transform operator £ to the DE and use linearity to obtain
L[y + 3L[y] = 13L[sin(2t)]. (3.24)
By Proposition 1 in Section 3.1.3,

Lly'] = sLly] — y(0),
and by the Table in Section 3.1.4,

2

Llsin(2)] = 5.

Writing L[y(t)] = Y(s) as usual, and using the initial condition (3.23), equation (3.24)
becomes

26
Y — Y = .
S Yo +3 52 4
Solving for Y(s) gives
26
Y(s) = 2L (3.25)

T 513 Gt

The next step is to calculate y(t) = L71[Y (s)], the inverse Laplace transform of Y'(s). Before
applying £~ to (3.25), we expand the second term in partial fractions (exercise):

20 :2{ ! 543 } (3.26)

(s+3)(s2+4) s+3 244 s2+4

Thus, applying £~ to (3.25) and using (3.26) gives

-1 _ -1 1 -1 1 o p-1 s -1 2
v =me [ ] ot [ ] e [0 T vae 2]

Referring to the Table, we get

y(t) = (yo +2)e " — 2 cos(2t) + 3sin(2t).
as the solution of the initial value problem (3.23). 0

Exercise:  Solve the first order initial value problem

y —y=2¢, y(0)=yo.

Answer:  y(t) = yoe' + 2te'.
HINT: You will need to use the First Shift Theorem with L[t] = . O
Here’s an example that involves arbitrary parameters.
Exercise:  Solve the initial value problem:
v + ky = kAcos(wt);  y(0) = yo.
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Answer:

kA

H =" ¢
y(t) ER

[k(coswt — e™™) + wsinwt] + yoe ™.

HINT: You will need the following partial fraction expansion:

s 1 k N ks N w?
(s+k)(s24+w?) k2+w?| s+k 24w s24w?

Technical comment:

In applying £ to the DE we used Proposition 1 in Section 3.1.3. You may ask: are the
hypotheses of the Proposition satisfied in this application? We can be sure that H, is satis-
fied, since the solution of any constant coefficient linear DE with continuous input function
is continuous and hence has a continuous derivative (y' = —ky + f(t), both continuous).
What about Hy: y(t) = O(e™) as t — oo for some a? We have no way of verifying this in
advance, since y(t) is the unknown function. So we proceed “on faith”, and having found
the solution, verify after the fact that the hypothesis is satisfied. O

3.2.2 Second order DEs

Example: Solve the second order initial value problem:

Y +2y +2y =3¢ y(0)=w, ¢(0)=0. (3.27)

Solution:  Apply the operator £ to the DE and use linearity to obtain
Lly"] + 2Ly + 2L[y] = 3L[e”"]. (3.28)

As in Section 3.1.3 the transforms of the derivatives are

where Y'(s) = L[y(t)], and the Table gives

1
E[e*t] = 5—|——1’ s> —1.

Thus (3.28) becomes

2
Y — 2(sY — 2Y = ——
S syo + 2[s Yo] + PUEE

which is a linear algebraic equation for the unknown Y'(s). Collecting like terms gives

3
24925 +2)Y(s) = 2 -
(5% + 25+ 2V (5) = (5 + 2o + -5
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Solving for Y(s) gives

s+ 2 3
Y($) = —F—— . 3.29
() S2+28+2y0+ (s+1)(s%2+42s+2) (3:29)
Since s? + 25+ 2 = (s + 1)2 + 1, we express both terms in terms of (s + 1). First,
5+ 2 s+1 1
= ) 3.30
s2+2s+2 (8+1)2+1+(s+1)2+1 (3:30)
Second,
3 3 3 1
- R (3.31)
(s+1)(s24+2s+2) s+1 (s+1)2+1
Aside: The simple way to get (3.31) is to observe that
1 1 u
u(uz+1) w  u2+1’
and choose u = (s + 1).
We now use the First Shift Theorem, knowing
-1 S -1 1 .
L [32 n 1] =cost, L [m} = sint.
It follows from (3.30) and (3.31) that
2
-1 [52;9_42——_’_2} =etcost + e tsint,
s
(3.32)

1 3
[(s +1)(s2+25+2)

} =3et —3etcost.

We now apply the operator £~ to (3.29) and use (3.32) to obtain
y(t) = LY (s)] = yoe '(cost + sint) + 3e (1 — cost),
as the solution of the initial value problem (3.27). O

Exercise: Solve
v'+2y +y=1t ¢ (0)=1, y(0)=0.

Answer:  y=—-2+1t+2e (1 +1). O

Comment:  The examples in this Section illustrate one advantage of the Laplace transform
method, namely that the initial conditions are automatically incorporated.
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Figure 3.4: A step function and a saw-tooth function.

3.2.3 Discontinuous and Non-differentiable Inputs

A second advantage of the Laplace transform method is that non-smooth input functions
e.g. step functions and saw-tooths, can be dealt with easily.
Consider a system (e.g. a mixing tank or electrical circuit) whose state y(t) is governed
by the DE
v +y=[{),
where f(t) is the input function (assume that dimensionless variables have been introduced).
If the input function is f(¢) = 0, the solution is

y(t) = y(0)e ™,

showing that the system decays exponentially to its natural equilibrium state y(t) = 0. If
the input function is a constant, say f(t) = 1, the solution is

y(t) =1+ [y(0) — 1]e™",

i.e. the system exponentially approaches a new equilibrium state y(t) = 1. The question we
now ask is: what is the response y(t) of the system if the input function is a step function:

1, 0<t<b
f(t)={0 t>£< (3.33)

i.e. a constant input of 1 for a finite time?
Example: Solve the initial value problem
Y +y=[f({t); y0) =y, (3.34)
where f(t) is the step function (3.33).
Solution:  We begin by writing the input function in terms of the Heaviside step function
flt)=1—H(t—-0). (3.35)
Apply the operator £ to the DE (3.34) with (3.35), using linearity to obtain

LlyT+ LIyl = L£[1] = LIH (t = b)]. (3.36)
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We know from equation (3.20) that

and from Section 3.1.3 that

Also, by equation (3.6)

W |

Thus, writing L[y] = Y'(s) as usual, equation (3.36) becomes

efbs

1
sY —yo+Y = - —
s s

Solving for Y'(s) leads to

Yo 1—eb

Y(s)= .
(5) s+1 * s(s+1)

In order to find the inverse transform, we first use the partial fraction expansion

1 1 1

s(s+1) s s+1

(3.37)

to write (3.37) in the form

w@=“r4+1—e“(1— 1). (3.38)

s+ 1 S s s—+1

We now use the Second Shift Theorem (Section 3.1.5). We know that

£ L =1-e"
s s+1

from which follows

et |en (3o )| = - na - e

s s+1
Thus, applying £7! to (3.38) gives
y(t) = LY (s)] = (yo — Ve " +1— H(t —b)(1 — e "*P). (3.39)
as the solution of the initial value problem (3.34). O

Analysis of the solution:

Without further analysis the solution (3.39) does not give one much insight. The solution
can be written in the form

14 (yo—Det, 0<t<b
sy = {7 HLen (3.40)
(yo—1+¢€’)et, t>0b.
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The derivative is

, —(yo — 1)e, 0<t<b
t) = 3.41
vit) {—(yo—1+eb)e_t, t>b. (3:41)

Note that y'(b) does not exist, but that y(t) is continuous at ¢ = b.
It follows from (3.40) that

lim y(t) =0 for all values of yq,

t—o0

i.e. the system approaches its natural equilibrium state y(¢) = 0 once the input is switched
off at t = b. Equation (3.41) shows that the intermediate behaviour depends on yg, and that
there are two special values of 1, namely

Yo =1 and yo = —e” + 1.
By considering the sign of y/(t), we reach the following conclusions.
o If yo— 1> 0, then yg — 1 + €® > 0 and y(t) is decreasing for t > 0.
o Ifyg—1+eb <0, then yo — 1 < 0 and y(t) is increasing for t > 0.
o If —e® +1 < yy < 1, then the response attains a maximum value
Ymax = 1+ (yo — D)e ™" >0

at t = b.

These results enable us to sketch the graphs in Figure 3.5.

Exercise:  Solve ¢ +y = f(t); y(0) = yo, where f(¢) is given in Figure 3.6.

Answer:  y(t) = (yo — Vet + 1 —2H(t — b)(1 — e 1) + H(t — 2b)(1 — e~ 1T2) O
3.3 Convolution of functions

In this section we introduce the convolution operation and discuss the so-called Convolution
Theorem.

3.3.1 Motivation and definition

In order to motivate the need for the convolution operation we consider the second order DE
y" + ary + agy = u(t), (3.42)
and assume zero initial conditions,
y(0)=0, ¥ (0)=0.

Apply the Laplace transform operator £ to the DE and use linearity and equations (3.14)
and (3.16). One obtains
Y (5)(s* + a1s + ag) = U(s)
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Yo > 1

decreasing
fort >0

—eP+ 1<y <0 o

Yo = —e’ +1

increasing
fort >0

Yo < —eP + 1

Figure 3.5: The family of solutions (3.40) with initial state yy as parameter. The exceptional
solutions given by 7o = 1 and yy = —e® + 1 are shown in bold.

where Y (s) = L]y] and U(s) = L[u]. It follows that
Y(s) =G(s)U(s), (3.43)

where
1
s2+ais+ay
The solution of the DE is obtained by taking the inverse Laplace transform of Y(s) in
(3.43),

G(s) = (3.44)

y(t) = LG (s)U(s)]. (3.45)

In order to proceed further, we have to answer the question: how is L7G(s)U(s)] related
to L7G(s)] and L7[U(s)]? An answer to this question will give a formula for the solution
y(t), since we know L7U(s)] = u(t) and can calculate L71[G(s)].

The preceding question can be formulated in the following equivalent form:

it L[f]=F(s) and L[g] = G(s),
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+1

\
~

what function h(t) satisfies
L[h] = F(s)G(s) 7

Consideration of simple functions shows that h(t) # f(t)g(t), as one might initially hope.
For example, if

then
but

In other words

L[fg] # L[f]L]g].

In order to obtain the correct “product formula” for £, one has to define a new type of
product of functions, namely the convolution operation.

Definition: Let f, g be piecewise continuous functions on any interval 0 < t < r. The
convolution of f and g, denoted by f * g, is defined by

(f*g)(t) = / £(t - r)g(r)dr, (3.46)

for t > 0.
We illustrate this idea with a simple example.

Example 3.1:
Calculate the convolution ¢ * 1, and show that

Llt 1) = L[L). (3.47)

83



Solution: By the definition (3.46),

tx1= /Ot(t —7)(1)dr

= (tT — 172) =

2 t=0
_ 142
= it?,
after simplifying. Using the formula
n n!
LIt = o7
we have
1
— 1,27
and

caen = () (5) = %

which gives the desired result (3.47).
This result is a special case of the Convolution Theorem, which we discuss in Section
3.32. O

Exercise 3.1:
Calculate the convolution e’ * 1, and verify directly that

Lle' 1] = L[e"L[1].

Properties of the convolution f x g:

As suggested by the notation f * g, the convolution of f and g should be regarded as a
product operation on functions. It is, of course, completely different from the usual product

of f and ¢, defined by
(f9)(t) = f(t)g(t).

Nevertheless it does satisfy the same properties as the usual product:
i) fxg=gx*f (commutativity)
i) fx(g+h)=f*xg+ f+h (distributivity)
iii) f*(gxh)=(f*g)*xh (associativity).

Here the operation + is the usual addition of functions. We leave the proofs of i)-iii) as
exercises.
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3.3.2 The Convolution Theorem

In this Section we discuss the main theorem concerning the convolution operation.

Theorem 3.1 (Convolution Theorem):
If L[f] = F(s) and L[g] = G(s) exist for Re(s) > a, then

L[f * g] = LIf]L[g]. (3.48)

Discussion:

Thinking of the Laplace transform £ as an operator that maps a function f(¢) on the
half-line 0 < ¢t < oo (the time domain) onto a function F'(s) on the complex s-plane (the
frequency domain), one can express the convolution theorem symbolically as follows:

it ) L F(s) and g(t) 5o Gls),

then (f*g)(t) i> F(s)G(s).

One can describe the theorem colloquially by saying that “convolution in the time domain
corresponds to multiplication in the frequency domain”, giving another example of the way
in which an operation in the frequency domain is simpler than the corresponding operation
in the time domain.

The convolution theorem can also be expressed in terms of the inverse Laplace transform.

Inverse form of the Convolution Theorem:
LFG) = L7'F] = L7YG]. (3.49)
We now give the proof of the Convolution Theorem.

Proof: By definition of the convolution operation and of the Laplace transform,

L[f xg] = /OOO e Uotf(t - T)g(f)df} dt

:/0 |:/0t6_8tf(t—7‘)g(7‘)d7‘] dt.

Reversing the order of integration? as indicated in Figure 3.7 gives

Llf xg] = /OOO VOO e f(t — T)g(T)dt} dr.

T

Making the change of variable t = 7 4 r in the bracketed integral leads to

2Proving that the limits of integration can be reversed for improper double integrals requires a discussion
of uniform convergence for improper integrals, and is beyond the scope of this course. We refer to Churchill,
Operational Mathematics.

85



L[f xg] = N [ /0 T e f(r)g(T)dr] dr

J
/000 e Tg(7) [/000 esrf(r)dr] dr
= L[f1£]g],

the last step following by definition of the Laplace transform. [

N
T=0

Figure 3.7: The inequalities 0 < 7 < ¢ and 0 < t < 400 describe the same region as the
inequalities 7 <t < 400 and 0 < 7 < 400.

We now return to the problem of solving the DE (3.42), i.e.
y' + ay + agy = uft),

with zero initial conditions, that we considered as motivation in Section 3.2.1. We obtained
the solution in the form (3.45), i.e.

where
1

s24+a1s+ay’

and U(s) = Lu(t)]. It now follows immediately from the inverse form of the Convolution
Theorem (3.49) that

G(s) = (3.50)

y(t) = (g = u)(t), (3.51)

where
9(t) = L7[G(s)). (3.52)



Using the definition (3.46) of the convolution, (3.51) assumes the form

t
y(t) = / ot — Pyu(r)dr. (3.53)
0
We now summarize the result.

Summary:
The unique solution of the initial value problem

Y+ ay + aoy = ult),
1S

where

and ]
G(s) = ——— O

s2+ais+ay

The form of g(t) depends on the constants a; and ag, as shown in the following example.
It is worth noting that G(s) can be written in the form

G(s) = —— (3.54)

where
p(A) = A2 4+ ay ) + ap, (3.55)

is the characteristic polynomial of the given DE.

Example 3.2:
Express the solution of the initial value problem

y// +w2y — u(t),

y(0) =0, ¥(0)=0,

where the input function wu(t) is (piecewise) continuous, as a convolution.

Solution:
We know from (3.43) that the Laplace transform of y(¢) has the form

where U(s) = L[u(t)] and



Using the fact that
w

E[Sin wt] = m,

it follows that 1
g(t) = L7G(s)] = —sinwt.
w

By the inverse form of the Convolution Theorem, the solution of the initial value problem is

y(t) = (g * u)(t),
y(t) = é/ﬂ sinw(t — 7)u(T)dr. O

3.4 Application to linear time-invariant systems: The
Transfer Function
A linear time-invariant system (LTI) is a system whose evolution in time is described by a

linear DE with constant coefficients.
In Section 3.2.1 we showed that for a scalar DE

Y+ ay + agy = u(t),

with initial conditions
y(0) =0, ¥(0)=0,

the Laplace transform Y (s) = L[y(t)] of the solution, i.e., the response of the physical system,
is given by
Y(s) = G(s)U(s), (3.56)

where U(s) = L[u(t)] is the Laplace transform of the input, and
1

s2+ais+ag

G(s) = (3.57)

The solution itself is given as a convolution

y(t) = (g *u)(t),

where

g(t) = L7G(s)],
(see (3.51)). Written in full using the definition of convolution the solution is
¢
y(t) = / g(t — T)u(r)dr. (3.58)
0
Equation (3.58) gives the dependence of the response on the input in the ¢-domain (the
time-domain), while (3.56) gives this dependence in the s-domain (called the frequency do-

main). The key point is that this dependence is particularly simple in the s-domain, i.e.
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multiplication by the function G(s), which is directly determined by the coefficients of the
DE through equation (3.57). This function is called the transfer function of the physical
system.

More generally, the right hand side of the DE will be a linear combination of «(t) and its
derivatives; the transfer function is defined using (3.56) as

Y(s)
Uls)
which will be a rational function (see problems 23 and 24 in problem set 3).

The importance of the transfer function, in addition to the simplicity of the relation
(3.56), lies in the fact that knowing G(s) one can obtain information about the behaviour
of the physical system. An important example is to obtain the response of the system to a
sinusoidal input

G(s) =

u(t) = Relae™], (3.59)
of angular frequency w and amplitude a. We consider a trial solution
y(t) = RelAe™"], (3.60)

where A is a complex number which will depend on the frequency w. On substituting the
complex input ce™® and complex trial solution Ae™! into the DE, we obtain

A(w) [(iw)? + a1 (iw) + a] = a,

after cancelling a common factor €*. On replacing s by iw in (3.57) we see that the preceding
equation can be written in the form

where ]
Gliw) = (iw)? 4 a1 (iw) + ag’ (3:61)
We can express G(iw) in terms of its magnitude and argument
Gliw) = p(w)e@). (3.62)
Substituting (3.62) into (3.60) gives the solution
y(t) = ap(w) cos [wt + 6(w)] . (3.63)

This equation, with (3.62) and (3.61), shows how the amplitude p(w) and phase shift §(w)
of the response depends on the frequency w.
The classic example is the DE

Y+ 20y + wiy = ult), (3.64)
where A and w are positive constants, which can represent a mechanical oscillator (see page

44) or an electrical RLC circuit (page 45). The transfer function is thus

1
G(s)= ———.
(5) $2 4 2)s + w?

It is customary to plot 20 log,, p versus log,,w, and § versus log,,w. The quantity

gives a decibel measure of the amplitude. These graphs are shown in Figure 3.8.

(3.65)
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a) Normglized Frequency Response
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Figure 3.8: Frequency response showing dB = 20log;, p versus log;,w and phase response
showing 0 versus log;,w.
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3.5 Response to an impulsive input

In this section we give an introduction to the notion of an impulsive force, which can be
thought as a very large force that acts over a very short time interval, for example the
impact of a club on a golf ball. More generally, one can think of an impulsive input to any
linear time-invariant system, for example, an electrical circuit. Our goal is to be able to
determine the response of the system to an impulsive input.

3.5.1 Impulsive forces of finite duration

Suppose that an impulsive force acts, during the time interval ¢; < ¢ < t5 on a particle of
mass m in linear motion. Newton’s Second Law reads

d

o) = (1),

which when integrated from t; to ¢ yields

mo(ts) — mo(t) /t " ()t

Thus the principal effect of the impulsive force f(t) is a sudden change in momentum, given

by the integral
to
| s
t1

called the impulse of the force over the interval t; <t < ts.
As a mathematical model of an impulsive force of unit impulse acting at time ¢t = 0 we
take the function 0.(t), defined by

0:(t) =

Ldf 0<t<
{6’1 =tsE (3.66)

0, otherwise.

The translate 0.(t — a) represents an impulsive force acting at time ¢t = a. The graphs of
these functions are shown in Figure 3.9.
Thinking of 0.(t — a) is a one-parameter family of functions labelled by ¢ > 0, we ask
whether the limit ligl+ d:(t — a) defines a function. Referring to Figure 3.9, we see that
15

lim 6.(t —a) =

e—0t

(3.67)

0 if t#a
400 if t=a.

Thus the limit does not define a function. However the limit of the integral of the impulse
function is well-defined, since?
/ d-(t —a)dt =1
0

for all e > 0 and a > 0.

3From Figure 3.9 the area under the graph of y = §.(t — a) equals 1, for any € > 0.

91



y=0,(t)

m|—
m|—

Figure 3.9: Graphs of the impulse functions J.(t) and d.(t — a).

More generally we have the following result.

Proposition 3.2:
If ¢ is continuous on some neighbourhood of a, then

e—0t

lim / g(t)o-(t — a)dt = g(a), (3.68)
0
where d.(t) is the impulse function (3.66).

Proof: By (3.66)
/0 " g6t — a)dt — é / o()dt.

a

For ¢ sufficiently close to zero, we can apply the mean value theorem for integrals, obtaining

a-+te

> [ sttt = 90,

a

where a < t < a + €. Since g is continuous at a,

lim g(t) = g(a),

e—0t

and the result follows. O

We now solve a problem involving an impulsive force in order to motivate the future
developments.
Example 3.3:

Find the zero state response of an undamped mass-spring system to a constant impulsive
force of duration € and total impulse p acting at time t = 0. Show the limit of the response
exists as € — 0%,

Solution:
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The equation of motion is
my" + ky = pd.(t),

with
y(t)=0 and ¢ (t)=0 for t<O0.

Dividing by m gives
p
Y+ Wiy = 6. (t).
m

Using the result of Example 3.2, with input

we get?
p [t
(1) = 22— | sin w(t —7)d.(1)d
ye(t) mw/o sin w(t — 7)d.(1)dr
By (3.66)
/ sinw(t —7)dr, if t>e¢
p 0
a(t) -
mwe

t
/ sinw(t —7)dr, if 0<t<e.
0

Evaluating the integrals gives

P cosw(t —e) —coswt, if t>¢
y=(t) = {

mw?e |1 — coswt, if 0<t<e.

The first and second derivatives are

/
#) = 1
el) sin wt, if 0<t<e

p |sinwt —sinw(t—¢), if t>e¢
mwe

and

") = p Jcoswt —cosw(t—e), if t>¢
© ome

cos wt, if O0<t<e.

(3.69)

(3.70)

(3.71)

(3.72)

(3.73)

We now show that lim+y5(t) exists for any ¢ > 0. Given t > 0 we choose ¢ close enough to
e—0

zero to ensure that 0 < & < ¢. Then the first line in (3.71) applies. By 'Hopital’s theorem,

. cosw(t —e) — coswt . wsinw(t —¢)
lim = lim ————~
e—=0t wEe e—0t w

It follows that®

. P .
lim y.(t) = — sin wt,
e—0t ys( ) mw

4We denote the solution by y.(t) to emphasize the dependence on &.

This result can be obtained more quickly by applying Proposition 3.2 to equation (3.70).
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for any ¢ > 0. We thus regard the function

p .
t) = — t. t .74
y(t) ——sinwt, > 0, (3.74)
with
y(t) =0, t <0, (3.75)

as the response of the mass-spring system to an (instantaneous) impulse of magnitude p/m
per unit mass.

The graphs of y.(t) and y(¢) and their first two derivatives are shown in Figure 3.10. We
note that y.(t) is of class C, i.e. 3.(t) is continuous at ¢ = 0, while y(¢) is only continuous:
observe that ¢/(¢) has a jump discontinuity at ¢ = 0. The idealized impulse (i.e. ¢ — 0T)
transfers momentum instantaneously to the mass at time ¢ = 0. The function y(¢) does not
describe the physical behaviour of the acceleration at ¢ = 0, which is given by the limit of
yZ(t) as e — 01, Evaluating y”(t) at the centre of the e-interval and letting e — 07 gives

1
) € ) P\ COS sWe
lim ¢ <—> = lim (—) 27~ — 4o0.
e—0t Ye 2 e—=0T \m £ +

This singular behaviour is indicated by the vertical arrow at t = 0 in the graph of y”(¢) in
Figure 3.10.
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Figure 3.10: Response of an undamped mass-spring system to an impulsive force of impulse
p/m per unit mass, a) for finite duration € > 0 and b) in the limit as ¢ — 0.
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3.5.2 The Dirac delta symbol

In this section we develop the formal procedure that is used for calculating the response of
a linear time-invariant system to an impulsive input, in the limit as ¢ — 0", where ¢ is the
duration of the impulse.

We have seen that the family of impulse functions 0.(t — a), defined by (3.66), satisfy
(3.67), i.e.

lim 6.(t —a) =

e—0t

{o if t+a

+o00 if t=a.

Although this limit does not exist it is convenient to represent it by the symbol
o(t —a),

called the Dirac delta symbol. Using this notation we write (3.68) symbolically as

/000 g(t)o(t — a)dt = g(a), (3.76)

where ¢ is any continuous function, and a > 0. In particular, for g(t) = 1,

/ d(t—a)dt =1,
0

for a > 0.

Physically we think of §(¢) as representing an idealized impulsive force with unit impulse
and zero duration, acting at time ¢ = 0. More generally, one can think of §(t — a) as an
impulsive input of unit magnitude, acting at time ¢ = a. Thinking in these terms, we write
the DE (3.69) in the limit ¢ — 07 symbolically as

" 2 _£
y'+wiy = mé(t). (3.77)

It is natural to ask whether one can solve this equation to obtain (3.74) by using the Laplace
transform. Equation (3.76) with g(t) = e™*" reads

/ e 6(t — a)dt = e,

0

which motivates the following definition of the Laplace transform of the Dirac delta symbol:
Lot —a)=e*, (3.78)

for a > 0. In particular, for a = 0,

L5 = 1. (3.79)

We now rework Example 3.3 using the Dirac delta symbol.
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Example 3.4:
Find the zero state response of an undamped mass-spring system to an impulse of mag-
nitude p/m per unit mass, acting at time ¢ = 0.

Solution:
The equation of motion is (3.77), i.e.

Y+ Wiy = £(S(t),
m

with
y(0) = 0 = y/(0). (3.50)
Take the Laplace transform of the DE using (3.16), (3.79) and (3.80) to obtain
2Y 2Y — 2
PY(s) + Y (s) = 2,
where Y'(s) = L[y(t)]. Solving for Y'(s) gives
D 1
Y(s) = (—) .
(5) m/ s? + w?
Taking the inverse Laplace transform and recalling
w
Llsinwt] = —— 3.81
[sin wt] e ( )

gives
y(t) = L sin wt,
mw

for ¢ > 0, the same expression as found by solving the problem with € > 0 and then taking
the limit as e — 0.

Example 3.5:
An undamped mass-spring system of natural frequency w is initially at rest. At each time
t=0,7%, 27”, ... the mass is struck with a hammer, which imparts an impulse of magnitude

p per unit mass in the positive direction. Determine the resulting motion.

Solution: The DE is

" 2 - nmw
= B (t - —) , 3.82
y' +wy anZO » (3.82)
with initial conditions

y(0) =0, %(0)=0.
Applying the Laplace transform as in Example 3.6 and using (3.78) gives

nmws

s’Y (s) + w?Y(s) = pz e w
n=0

and hence

_nms

[e's] o2
n=0
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By the Second Shift Theorem and equation (3.81),

_nms

£—1{6 . }:l (t—T)sin(wt—m).

52 4+ w? w w

Thus applying £7! to (3.83) gives the response in the form

y(t) = (g) i H <t - Z—W) sin(wt — n).

Since sin(wt — nm) = (—1)"sinwt and H (¢ — 25) = 0 for ¢ < 2T, it follows that if

%<t<@,then

y(t) = = [sinwt — sinwt + sinwt + - - - + (—1)" sinwt],

g1

i.e.

Psinwt, if n iseven
y(t) = . .
0, if n isodd.

The graph of the response y(t) is shown in Figure 3.11. The physical interpretation is as
follows: the first blow starts the mass moving in the positive direction; just as it returns to
the origin the second blow stops it dead; it remains at rest until the third blow sets it in
motion again, and so on.

O

4 t

@

Il
e |y

7
' 14
@

Figure 3.11: Response y(t) from example 3.5.
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Warning:

It should be kept in mind that the calculations in Section 3.5.2 are of a formal nature,
since the Dirac delta symbol §(t — a) is not a well-defined mathematical quantity: the limit
(3.67) does not exist and hence 6(t—a) is not a function. Thus, statements involving §(t—a),
have to be interpreted as limits. In particular

“Cl6(t)] =17 means lim L[d.(t)] =1,

e—0t
“/ g(t)o(t — a)dt = g(a)” means lim g(1)o:(t — a)dt = g(a),
0 e—0+ 0
and
“y(t) is a solution of the initial value problem
y'+wiy=46(t), y(0)=0,  y(0)=0,
means

y(t) = lim y.(t), where wy.(t) is a solution of

e—0t+
y'+wly=0.(t), y0)=0,  y(0)=0
The final results of the calculations are, however, mathematically valid, since they can be
derived rigorously by using the pulse function d.(¢ — a) and then taking the limit as ¢ — 0T
once the solution of the DE has been found. We illustrated this process in Examples 3.3 and
3.4, first giving the rigorous method with € > 0, and then giving the quick formal solution.
We finally note that the Dirac delta symbol has been placed on a sound mathematical
footing® by introducing the class of “generalized functions” or “distributions”. In this setting
one can write statements such as

H'(t—a)=0(t —a),

formally capturing the intuitive idea that the unit step function has an “infinite rate of
change” at the step.

3.5.3 The unit impulse response

We have seen that in the frequency domain the response Y'(s) is related to the input U(s)
in a particularly simple way, namely, multiplication by the transfer function G(s):

Y(s) = G(s)U(s). (3.84)

We have seen in Section 3.5.2 that it is useful to consider an idealized unit impulse, denoted
by §(t), as the input, since the response is mathematically simpler than the response to an
impulse of duration . Using the definition

6By Laurent Schwarz, in the 1950’s.
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Thus the response in the time domain to the idealized unit impulse §(t) is

for t > 0. The function g¢(t) is thus called the unit impulse response of the linear time-
invariant system.
In the time domain, the response y() to an input wu(t) is given by

y(t) = (g*u)(t) = /o g(t — T)u(r)dr. (3.85)

Thus (3.85) shows that the unit impulse response g(t) determines the response to an arbitrary
input u(t) via the convolution operation.

Example 3.6: Consider the undamped mass-spring system with equation of motion
Y+ w’y = u(t)

with y(0) = 0 = 3/(0). Following example 3.4, we see that the response to a unit impulse
u(t) = d(t) is
1 .
yimpulse(t) = g(t> = ; sin wt

(just set £ = 1). Find the step response, i.e. the response to a unit step (Heaviside) input
u(t) = H(t).

Solution: By (3.85), the response is

Ystep(t) = /0 g(t — T)u(r)dr
= /0 1 sinw(t — 7)H(7)dr

w

1 t
:—/ sinw(t — 7)dr
0

w

1 :
= cosw(t — )],

= —(1 = coswt).
w
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Chapter 4

Linear Vector Differential Equations

In this Chapter we generalize the concept of differential equations to the case where the
unknown is a vector function in R?. We begin by discussing two familiar physical systems
from a different point of view, in order to motivate the idea.

4.1 Introduction

4.1.1 Coupled Mixing Tanks

Consider a system of two coupled mixing tanks each of volume V', with flow rates as shown,
and constant inflow concentration c¢. Let my(t) and ms(t) denote the mass of chemical in
the two tanks at time ¢, respectively. Then the mass balance equation (1.6) applied to each
tank separately leads to the two DEs

f.c

Figure 4.1: A system of two coupled mixing tanks.

m/1 = —2%7’”1 + émg + Cf
m'2 = 2§m1 — 2%7712,
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where " denotes differentiation with respect to ¢. Fill in the details as an exercise, referring
to Section 1.1.2, if necessary. We describe the state of this system at time t by the vector

my (t) 2
t) = c R-.
X( ) (mg(t))
The two scalar DEs can be written as one vector DE

Y- () () ()

using the 2 x 2 coefficient matrix. Using the state vector x we write (4.1) in vector notation
as

x' = Ax +f, (4.2)
where o
-24L £ cf
A= ( fV Vf) s and f = ( ) .
2L 24 0
We refer to (4.2) as a first order vector DE in R. O

Comment:  The notation used in equation (4.2) makes sense in R™. For example, one can
imagine a system of 3 coupled mixing tanks leading to a vector DE in R3.

4.1.2 The mechanical oscillator

The motion of a damped mass-spring system with applied force mf(t) is described by the
second order DE
'+ 20y +wiy = f(1), (4.3)

Note that the damping parameter is A = 5 and the natural frequency is wg = % where k

is the spring constant and ¢ is the damping constant (see section 2.3.1).

k m
— g @l " F® i
0 y

damping constant ¢

Figure 4.2: A damped mass-spring system.

To describe the state of the system at an instant of time it is not enough to give the

d
displacement y: one has also to give the velocity d—i
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So we introduce the state vector
X = (y/) € R?,
Y

ry=y and 1z =1y, (4.4)

with components

where ' denotes differentiation with respect to ¢.
But what vector DE does the state vector satisfy? Well, from (4.4),

x?[ - y/ = T2,
and from (4.3) and (4.4)

zh =1y = -2\ —wiy + f(t)
= —2\19 — wiz) + f(t),

Collecting the results, we have

= x2
Th = —wir) — 2\19 + f(1).

_~

X

In vector form this reads
x' = Ax +f, (4.5)

0 1 0
(5 8) ()

Comment:  One can obtain vector DEs in higher dimensions in this context. The system
shown in figure 5.3 will have a state vector

where

Figure 4.3: A two-mass oscillator.
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Exercise:  The procedure leading from the second order linear DE (4.3) to the linear
vector DE (4.5) can be used to write any second order linear DE as a vector DE. Show that

y' +py +qy=0 (4.6)

x' = Ax, with x= <yy,> , and A= < 0 1 ) : (4.7)

4.1.3 Overview

is equivalent to

From a mathematical point of view the object of study in this chapter is a linear vector DE
of the form

dx
—=A f(t
or more concisely,
x = Ax + £(¢). (4.8)

Here

is the unknown vector-valued function,

A:<M1mﬁ (4.10)

a21 A2

is the 2 x 2 coefficient matriz, whose entries are constants, and

£(t) = (ﬁgg) (4.11)

is a given vector-valued function. The initial condition is of the form

x(0) = (“1) . (4.12)

a2

The DE (4.8) should be thought of as describing the evolution in time of a physical system
(e.g. coupled mixing tanks or mechanical oscillator). The unknown vector-valued function
x is the state vector of the system. The constant coefficient matrix A describes the internal
characteristics of the system (e.g. flow rate, damping), and the vector-valued function f(¢)
describes the external input to the system.

The system can be represented symbolically in a so-called block diagram (see figure 5.4).

The goal is to determine the state x(t) of the system at time ¢ (the “output”), given the
input f(¢) and initial state x(0) = a. In this Chapter we shall develop algorithms to solve
this problem.

Finally we note that it is sometimes helpful to write a vector DE (4.8) in component
form. Using (4.9)-(4.11), (4.8) can be written as

{95/1 = a2 + a1a2 + f1(t)

LT (4.13)
xh = anr + anty + fo(t),

which is referred to as a system of linear DEs. Indeed the terms “linear vector DE” and
“system of linear DEs” have the same meaning.
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input physical system output

—_—

£() (matrix A) x(t)

Figure 4.4: Block diagram for the physical system described by the linear vector DE x’ =
Ax +£(t).

4.1.4 Linearity and Superposition

We shall begin by considering the case of zero external input, in which case the DE (4.7)
reduces to
x' = Ax, (4.14)

referred to as a homogeneous linear vector DE (the zero function x(¢) = 0 is a solution).
As in the case of a homogeneous linear DE for a scalar (see Section 2.2.1), the Principle
of Superposition holds for a homogeneous linear vector DE.

Proposition:  If x(¢) and x®(¢) are solutions of
x' = Ax

Y

then
axW(t) + ex? (1)

is also a solution for any constant scalars ¢; and cs.
Proof: ~ We are given that
xW = Ax®  and x@ = Ax®.
Multiply the first by ¢y, the second by ¢,, and add, using the matrix property
AleyxW + 6,x?) = ¢, AxW 4 ¢, 4x@)

to get

as required. U

For a linear vector DE (4.14) in R? the general solution must contain two arbitrary
constants because the initial condition (4.12) contains two arbitrary constants, i.e. the
components of the vector a. We can thus state:
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the general solution of the homogeneous linear vector DE in R2,

x = Ax,

s of the form
x = o xW () 4+ coxP (1), (4.15)

where xV and x? are two linearly independent solutions of the DE, and c1,cs
are arbitrary constants.

4.2 Solving vector DEs using eigenvectors

4.2.1 The method

Consider a homogeneous linear vector DE in R%:
x = Ax. (4.16)

As discussed in Section 5.1.4 we need to obtain two linearly independent solutions. We
consider a trial function containing an ezponential (surprise!)

x = eMv, (4.17)

where v € R? is a constant vector, and \ is a constant scalar (which may be complex).
The derivative of (4.17) is
x = eMv.

Substituting in (4.16) gives
AeMv = A(eMv) = eMAv.

Multiply by the scalar e=** obtaining
Av = )v. (4.18)

This equation states that the scalar A in the trial function (4.17) is an eigenvalue of the
coefficient matrix A, and v is an associated eigenvector.
The eigenvalues can be found by rewriting (4.18) in the form

(A= \)v =0,

()

is the 2 x 2 identity matrix. This equation will have a non-zero solution for v iff the matrix
A — M is non-invertible i.e., the inverse matrix (A — AI)~! does not exist. This is the case
iff the determinant of A — AI is zero. We let

where

h(\) = det(A — AI). (4.19)
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Then the eigenvalues of A are the roots of the equation
h(A\) =0, (4.20)

which is called the characteristic equation of A. The function h(X) defined by (4.19) is in
fact a polynomial of degree two:

aj; — A Q12

h()) = det ( A) = (a11 — \)(azs — ) — azzaz:.

a1 Qo2 —

Here we used the usual formula for the determinant of a 2 x 2 matrix. The function h(\) is
called the characteristic polynomial of the matrix A.

If X is an eigenvalue of A (i.e. a solution of (4.20)) then (4.18) will have a non-zero
solution for v, and (4.17) will be a solution of the DE (4.16). There are three cases:

A) Unequal real eigenvalues
B) Complex eigenvalues

C) Equal real eigenvalues,

which we illustrate with examples in the rest of this Section. In case A) we immediately
get two linearly independent solutions of the DE (4.16) (since eigenvectors associated with
distinct eigenvalues are linearly independent). In case B) we have to take real and imaginary
parts of the solutions, while case C) requires special treatment.

4.2.2 Unequal real eigenvalues

Example 1: Find the general solution of the vector DE

x' = Ax, A= (72 1) 4.21
= (1.21)

Solution:  We consider a trial function
x = eMy. (4.22)
Substituting (4.22) in (4.21) leads to
(A= X)v =0. (4.23)

Thus A must satisfy

where the characteristic polynomial is

h(X) = det(A — XI) = det (_4 -A 1 )

-2 —1-=2)
=(—4-N(-1-X2)—(-2)(1)
= AN 4+5\+6

= (A +2)(A+3).
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Thus the eigenvalues of A are
A=-2 and -—3.

First, considering A = —2, equation (4.23) becomes
-2 1 U1\ 0
-2 1 (%) - 0/’
leading to
—2’01 + vy = 0
—2v1 + v =0,

which requires that vy = 2v; (the two equations are identical). In other words, any vector

vV = U1
N 2U1

with v; # 0, is an eigenvector of A associated with the eigenvalue A = —2. Choosing v; = 1,
it follows from (4.22) that
x=c2 (1) (4.24)
2
is a solution of the DE (4.21).
Second, considering A = —3, equation (4.23) becomes

(=) ()-0)

which implies v; = vy. In other words, any vector

<U1>

V= :

U1

with v; # 0, is an eigenvector of A with eigenvalue A = —3. Choosing v; = 1 it follows from

(4.22) that
X = e G) (4.25)

Finally, since the vectors (1) and (1) are linearly independent, the solutions (4.24)

is a solution of the DE (4.21).

2 1
and (4.25) are linearly independent. Thus by Section 5.1.4 (see equation (4.15)) the general

solution of the DE (4.21) is
X = cie 2 G) + coe™? G) : (4.26)

where ¢; and ¢y are arbitrary constants. O
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Initial conditions:

The constants ¢; and ¢y are determined by the initial condition

_ . (O
x(0) =a= (@) .
a— ( 1+ Co ) ’
2c1 + ¢
C1\ [ G2 —ay
<02) = (2(11 B a2) . (4.27)

Two special cases will be important later, namely a = <(1)> and a = <(1)> From (4.26)
and (4.27) we obtain:

_e—Qt + 26—3t . 1
X = (—26_2t + 26_3t) : with x(0) = (0) : (4.28)

Setting t = 0 in (4.26) gives

which can be solved to give

and
et — 73t . 0
X = (26_2t _ e_St) , with x(0) = (1) . (4.29)

4.2.3 Complex eigenvalues

Example 2: Find the general solution of the vector DE

X = Ax, A:(l 5). (4.30)

Solution:  We consider a trial function
x = eMv. (4.31)
As in Example 1, A must be an eigenvalue of A i.e. A must be a solution of
h(\) = det(A — \I) =0,
and v must be an eigenvector, i.e. a non-zero solution of
(A= X)v=0. (4.32)
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The characteristic equation is

-~ I—=A 5 _ 2
h()\)—det( 1 _S_A)_(A+1) +1,

after simplifying and completing the square. Setting hA(\) = 0, we obtain the eigenvalues
A=—-1+17 —-1-—1.

Choosing A = —1 + 4, equation (4.32) becomes
2—1 5 U1\ 0
-1 —-2-—3 ve)  \0)’

(2 — i)?)l + 5U2 = O,
—U1 — (2 + ’i)’UQ =0.

leading to

These two equations are essentially the same, since multiplying the second by —(2 —i) yields
the first. Thus

%(2 — i)Ul,

v (—25+ z)

as a solution of equation (4.32) in the case A = —1 + 4.
Then, using (4.31), we obtain

Vg = —

and choosing v; = 5 gives

x = e(~1H0)t (_25+ Z) (4.33)

as a complex solution of the DE (4.30). The real and imaginary parts of this solution are
themselves solutions of (4.30). Using Euler’s formula we decompose (4.33) into its real and
imaginary parts:

x = e ‘(cost + isint) g +1 0

—2 1

I 5\ 0 . 5 0
=e Hcost(_2 sint 1 +124981nt 9 + cost 1
R dcost 4 et osint

¢ —2cost —sint e cost — 2sint )’

These two solutions are linearly independent since one is not a multiple of the other. Thus,
by equation (4.15), the general solution of the DE (4.30) is

5cost 5sint
R
x=¢ [01 (—2 cost — sin t) T o <Cost — 2sin t)} ’ (4.34)

where ¢; and ¢y are arbitrary constants. O
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4.2.4 Equal real eigenvalues

Example 3: Find the general solution of the vector DE

x' =Ax, A= (:i’ ‘11) : (4.35)

Solution:  We consider a trial function
x = eMv. (4.36)
As in Example 1, A must be a solution of
h(A\) = det(A — X)) =0,
and v must be a non-zero solution of
(A= X)v=0. (4.37)
The characteristic equation is

h(\) = det (‘3_1 A . f A) = (A +1)

after simplifying, and so we have equal eigenvalues

)\1 :)\2:—1

() ()-0)

giving —v; + 2vy = 0. Choosing v; = 2 gives

v = G) , (4.38)

x=c" (?) (4.39)
is a solution of the DE (4.35).
We are now faced with the problem of finding a second linearly independent solution. In
the past we have found that in such situations “multiplying by ¢” was a good thing to do.
So we consider

Equation (4.37) becomes

and so by (4.36),

x = te tv

as a new trial function (“plan A”). When substituted in the DE (4.35), this choice leads to a
contradiction. We presumably need “more constants” in the trial function. So we try “plan
B”, a trial function of the form

x =te 'v+etw. (4.40)
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Differentiating and simplifying gives
X =e—tv+ (v —w).
Substitute in the DE (4.35) and multiply by e’ to obtain
—tv+ (v—w) =tAv + Aw,
which must hold for all t. Equating coefficients gives
Av=—v and Aw=v —w,

i.e.

(A+I)v=0 and (A+I)w=v.

We can use (4.38) as a solution of the first equation, i.e. v = (%) . Then the second equation

(7 5) () - ()

Solving this linear system gives wy = —1, wy = 0. Thus, the trial function (4.40) gives the

solution
o —t _1 2
Xx=e [(O)—i—t(l . (4.41)
of the DE (4.35).

The solutions (4.39) and (4.41) are linearly independent by inspection. Thus by equation
(4.15) the general solution of the DE (4.35) is

e () () o))

which can be rearranged as

_ 2 -1
X:et{(q#—tq)(l)—ch(O)]. d
Exercises:

3 —2
!/ __
1) Solve x' = (2 _2> X.
Answer: x = cie”? 1 + coe? 2 .
2 1
-1 —4
!/ __
2) Solve x' = ( 1 _1) X
Answer- x — e~ |¢ —2sin2¢ te 2cos 2t
’ - Y\ cos2t 2\ sin2t
2 1
!/ __
3) Solve x' = (_1 4> X.

Answer: x = e% {(cl + tco) G) + ¢y ((1))} O
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4.3 Orbits of a vector DE in state space

In this Section we show how to sketch the solutions of the homogeneous,linear vector DE
x' = Ax

as a family of curves in the state space R%. These curves are called the orbits of the DE.
The goal is to use this picture of the solutions (sometimes called the “phase portrait”) to
understand the behaviour of the underlying physical system (e.g. oscillator or coupled mixing
tanks):

a=x(0)

initial state

state at time t;

state at time ¢,

Figure 4.5: An orbit of the DE x’ = Ax.

Oscillator: Coupled mixing tanks:

() ()

The evolution of a physical system described by the DE x’ = Ax is thus represented by
a moving point x(t) in the state space R?, i.e. as time passes, the point x(¢) moves along the
orbit, as shown in Figure 5.5. From the shape of the orbit one can draw various conclusions
e.g. are the individual components x; and x5 increasing or decreasing, do they attain a
maximum or minimum etc.?

We have seen that the second order oscillator DE with zero driving force, i.e.

y' 42Ny + wgy =0
can be written as a first order vector DE

x = Ax, x= (yy,) e R?, (4.42)

where

0 1

and A is the damping parameter. We are going to sketch the orbits for two values of A,
one for which the system is overdamped (/\ = gwo > wo) and one for which the system is
underdamped ()\ = %wo < wg).
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4.3.1 Phase portraits: unequal real eigenvalues

Example 1: Give a qualitative sketch of the orbits of the vector DE
x'=Ax, A= < 01 ) (4.44)

in the state space R2.

Solution: It is best to use the form of the solution obtained using the eigenvector method.

One obtains (exercise):
X = cle_%t (_21> + e (_12> , (4.45)

where ¢; and ¢y are arbitrary constants. This equation determines a solution for any initial
state x(0) = a, and thus determines an orbit through each point of R?. To sketch the orbits
we rely on three properties of the family of solutions.

1) Exceptional solutions:

There are three exceptional solutions in the family (4.45). First, the equilibrium solution
x =0,

given by ¢; = 0 = ¢3. Second, the solution given by ¢, = 0, ¢; # 0, i.e.

x = cre” 2! (_1> . (4.46)

Third, the solution given by ¢; =0, ¢o # 0, i.e.
o 1
X = g€ (_2) : (4.47)

T2

CQIO,C1<O

AN

Co = 0, cp >0
Figure 4.6: Three exceptional solutions.
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The solutions (4.46) and (4.47) are represented by straight lines in the state space: elimi-
nating ¢ gives xy = —3 for (4.46) and xy = —2z; for (4.47).

2) Asymptotic behaviour as t — +oo:

It follows immediately from (4.45) that

lim x(¢) =0,
t——+4o00
for all values of the constants ¢; and cy. This result means that every orbit approaches the

e : . ot - 1
equilibrium orbit x = 0 as t — +o0o. Moreover, since e~2 is small compared to e™ 2! as
t — 400, we can write

2
X = cre 2t (_1) as t— +oo,

i.e. any solution with ¢; # 0 is approximated by the exceptional solution (4.46) as t — co.
This result means that all orbits with ¢; # 0 approach the origin along the line x5 = —%ml
i.e. this line “attracts” other orbits as they approach the origin. This property of the orbits

is shown in Figure 5.8.

3) Sign of the slope of the orbits:

In component form the DE (4.44) reads

T = 19
Th = —z1 — Sz,
/
Keeping in mind that the vector x’ = <i,1> is tangent to the orbit x = x(¢), and that their
2
slope is % = z—%, we conclude that
1

(i) the tangent line to an orbit is vertical whenever an orbit crosses the line x5 = 0 (i.e.
x) = 0), called the vertical isocline,

(ii) the tangent line to an orbit is horizontal whenever an orbit crosses the line xo = —%xl
(i.e. o4 = 0), called the horizontal isocline, and

(iii) the slope of an orbit is positive when it lies in the region defined by
—%Il < Xy < O,

or
2
0<ae < —571,

i.e. the shaded region in Figure 5.7.

The information obtained under 1)-3) leads to Figure 5.8.

Comment:  The phase portrait for any DE z’ = Az with unequal negative real eigenvalues
will have the general form shown in Figure 5.8. The specific shape will depend on the
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\

Ty

$2:0

Figure 4.7: Region in which the slope of an orbit is positive.

location of the attracting orbit and of the horizontal and vertical isoclines. If the matrix A is
diagonal, the horizontal and vertical isoclines coincide with the exceptional solutions giving
the simple picture shown in Figure 5.9.

Physical interpretation of the phase portrait:

In example 1, the state vector x is given by x = (5,), where y is the displacement of

the trolley and g/ is its velocity. Thus, when an orbit cuts the horizontal axis (zo = 0) the
velocity is zero and when an orbit cuts the vertical axis (z; = 0) the displacement is zero.
In Figure 5.8, the dark orbit represents the situation in which the trolley is given a negative
velocity (xo < 0) initially, after which it comes momentarily to rest (xo = 0) as it reaches
maximum (negative) displacement; then, returning to the equilibrium position, it reaches
maximum velocity then slows down to a state of rest.

One can see from Figure 5.8 that in order for “overshoot” to occur the initial state must
lie in a restricted region in state space, namely the region between the vertical axis and the
line 9 = —2x4, i.e.

y>0 and ¢ < —2y, or
y <0 and y > —2y.

4.3.2 Phase portraits: complex eigenvalues

We begin by considering an example with complex eigenvalues that is simple algebraically.

Example 2: Give a qualitative analysis of the orbits of the DE

X =Ax, A= (‘1 L ) : (4.48)



T2

vertical
isocline

~

X

- 371
ro = —%Il
~ < _“4" horizontal
isocline
X9 = —%:Cl
attracting

\ orbit

initial state Ty = —211

Figure 4.8: Orbits of the oscillator DE (4.44): the overdamped case (A = 3wy > wp). O

Solution:  We use the eigenvalue method to get the general solution

N cost L sint
a '\ —sint >\ cost

ot cpcost + cosint
o —cysint + cycost )’

(exercise). We can write each component as a single cosine or sine respectively:

x=tet (070 (1.49)

b=/ +c3, cosd= C—bl, sing = C_b2

In this case, the only exceptional solution is the equilibrium solution x = 0 (i.e. b = 0),
and all other solutions are asymptotic to it as t — +o0:

where

lim x(¢) =0.

t—+o00
Because of the cos and sin in (4.49), the orbits spiral around in a clockwise manner as they
cost

approach the origin. [Recall that x = ( .

_sin t) describes a circle traversed clockwise.] The
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T2

o

Figure 4.9: Orbits of the DE x' = (_01 _02) X.

shape of the spirals is determined by the horizontal and vertical isoclines, which are obtained
by writing the DE (4.48) in component form

/
Ty = —T1+ T2
Th = —11 — 9.
The horizontal isocline (z}, = 0) is 9 = —x; and the vertical isocline (2} = 0) is xg = 3.

The orbits are shown in Figure 5.10.

vertical isocline
X9 = T1

A horizontal isocline
To = —X1

Figure 4.10: Orbits of a first order linear vector DE with complex eigenvalues: the horizontal
and vertical isoclines are orthogonal.

Comment:  The phase portrait for any DE x’ = Ax having complex eigenvalues with
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negative real parts, is qualitatively the same as Figure 5.10 — a family of spirals focusing on
the origin. The specific shape will depend on the horizontal and vertical isoclines, which in
general will not be orthogonal, unlike the above special case. 0

We now consider the example that is a special case of the oscillator DE (4.42)-(4.43).

Example 3: Give a qualitative sketch of orbits of the DE

Solution:  We use the eigenvalue method to find the general solution:

: 1 :
x = ¢ 5t (c1 cos %t + o sIn %t) (_§) + (—01 sin %t + ¢z cos %t) (2)] ,
5 5

(exercise).

Since the real part of the eigenvalues is negative (Re()\) = —%), the solution contains
a decaying exponential, and so the orbits spiral into the origin. The shape of the spiral is
determined by the isoclines. In component form the DE is

/
r_ 6
Ty = —T1 — 51’2.
Thus the horizontal isocline (4 = 0) is 25 = —2z1, and the vertical isocline (z} = 0) is

x9 = 0. The orbits are shown in Figure 5.11.

X2
A

T \ vertical isocline

= ZﬂQIO

T >+ - horizontal isocline

_ 5
To = _Exl

Figure 4.11: Orbits of a first order linear vector DE with complex eigenvalues: the horizontal
and vertical isoclines are not orthogonal.
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4.3.3 Long term evolution and stability

The examples of homogeneous vector DEs x’ = Ax in this section have the property that all
solutions satisfy

lim x(t) = 0. (4.50)

t—o00

Thus, for all initial states the system approaches the equilibrium state x = 0 in the long
term. In this case we say that the equilibrium state is asymptotically stable.

One can predict whether or not the system is asymptotically stable without finding the
solutions explicitly, simply by considering the eigenvalues of the coefficient matrix A. The
solutions are linear combinations of the trial functions

x = My, (4.51)
We have seen that A has to be an eigenvalue of the matrix A. If all eigenvalues of A satisfy
Re()) < 0,

then every solution (4.51) will contain a decaying exponential and hence all solutions will
satisfy (4.50). We summarize this result in the following Proposition.

Proposition: If all eigenvalues of the matrix A satisfy
Re()) <0,

then all solutions of the DE x’ = Ax satisfy

tlggo x(t) =0,
i.e. the equilibrium state x = 0 is asymptotically stable. 0

4.4 Solving inhomogeneous linear vector DEs
In this Section we show how to solve the inhomogeneous vector DE
x' = Ax + £(t). (4.52)

This DE should be thought of as describing the state x(t) of a linear physical system, with
input function f(¢) (see Section 5.1.3).

As with any linear DE, the general solution will be of the form
X(t) = xa(t) + (1),

where x;(t) is the general solution of the homogeneous DE x" = Ax, and x,(¢) is a particular
solution of the inhomogeneous DE (4.52)

Three methods are available to find x,(t):
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(i) the method of undetermined coefficients (a generalization of the method used for second
order scalar DEs),

(ii) the Laplace transform method, and

(iii) the method of “variation of parameters”, which makes use of the two linearly indepen-
dent solutions in x,(¢) which are used to form the fundamental matriz, ®(t).

Methods (i) and (ii) are based on techniques which you have already learned, but limited
as regards the possible forms of the input function f(¢). Method (iii) is generally applicable,
and has a simple formulation in terms of the fundamental matrix ().

We now describe each method.

4.4.1 The method of undetermined coefficients

As before, the method of undetermined coefficients will consist of making educated guesses
about the form of a particular solution.

Example 1: Find the general solution of 2’ = Az + f(t) where A = (g :g) and f(t) =

(5)

Using the eigenvalue method, one can show that the homogeneous solution is
B cost + 3sint —Hsint
Xh(t)_cl( 2sint >+62 (cost—3sint>'

b

by

<= (o) ()

where the a’s and b’s are arbitrary constants.

Putting this into the DE we get
bl o 3 =5 aq bl 0
() =G =) ()= @) ()

b1 = 3&1 — 5@2 + 3b1t — 5b2t
bQ = 2&1 — 3&2 + 2b1t — 3bzt +1

Now we see that the input has the form ¢ ( > We will use the trial function

Which gives us

Equating coefficients we get the four equations in four unknowns:

3a1—5a2—b1:0 3b1-5b2=0
2(11-3@2—b2:0 2b1—3b2:—1
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Solving the two equations on the right we get by = —5 and b, = —3. Hence the other
equations become
3&1 — 5&2 = —5, 2&1 — 3@2 = —3,

which gives us a; = 0 and ay = 1. Therefore the particular solution is

- ()43

Hence the general solution is x(t) = x5,(t) + x,(t).

1 —
Example 2: Solve the system x’ = <;L é) X+ e ( 3>.

First, the homogeneous solution (exercise) is
1 1
x(t) = cre™ (_3) + cpe™ (9) :

Since f(t) has the form e** (21) and k is not an eigenvalue we will use x(t) = e’ (Zl) as
2 2

the trial function. Putting this into the DE we get
tfary) 4 % ar\ ¢ ¢ [—3
()= G 8) () aa)

1 1
a1:4a1+§a2—3:>3a1+§a2:3

Hence we have

as = 9a; + 6as + 10 = 9a; + das = —10

% and ay = —%. Thus the general solution is

_ .3t 1 7 (1 t §—5>
x(t) = e (_3>—|—026 (9)+€ (_%9 :

Comment: As before, the tricky part of using the method of undetermined coefficients is in
choosing the correct trial function. Although it is quite often the same as choosing the trial
function for 2nd order ODEs; it is not always the same. For example, if our input is of the

Solving this gives us a; =

form e** <Zl) where k is an eigenvalue of multiplicity 1 (a single root of the characteristic
2

equation), for a 2nd order DE we would choose the trial function y = Ate*?) but for a vector
DE we need to choose the trial function

Rkt [ Kt (D1
) = o () e (1),
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4.4.2 The Laplace transform method

This method may be used to solve both homogeneous and inhomogeneous vector DEs; for
simplicity we start with the former, and then show that the method also applies to the latter.

The Laplace transform method for homogeneous DEs
Consider a homogeneous linear vector DE
x' = Ax, (4.53)

with initial condition

x(0) = a. (4.54)

We wish to apply the Laplace transform operator £ to this DE. In order to do this we first
have to define the Laplace transform of a vector-valued function x(t).

Definition:  The Laplace transform of a vector-valued function x(t) = <x1(t)) is defined

(1)
by
L[z (1)]
Lx(t)] = ,
[x(t)] (,C[:m(t)]
provided that the Laplace transform of each component function exists. U

NoTE: The Laplace transform of x(t) is itself a vector-valued function, which we denote by
X(s), i.e.

We now need to relate £[x'] and L][Ax] to L[x]. These matters are taken care of in the
following propositions.

/
Proposition 1:  Given a vector-valued function with derivative x'(t) = (x,l (t)) If
L[z (t)] and L[z}(t)] exist, then

Proof: By the definition,

sLxo(t)] — xa
— E[xl(t)] — xl(o) using standard operations on vectors
= E[asg(t)]> (332(0))’ (using standard operat tore)
= sL[x(t)] — x(0),
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again using the definition. 0

Proposition 2: If A is a constant matrix, and £[x(t)] exists, then

L[Ax(t)] = ALx(D)].

a12 T (t)
L
(o o) (20)]
_ (a11$1 + a1222
2121 + A22%2

Proof:  Consider

) , (a matrix acting on a vector)

E a1y, + algaﬁg]
L CL21:E1 + CLQQJZQ]

) ,  (by the definition)

) , (since L is a linear operator)

a1 L]x1] + age Lxs)]

a
2) (£ln] (a matrix acting on a vector)
22 L[]

(2
<a11£ 1] + a12L]xs)]
(o
AL

[x(t)], by the definition. O

We can now apply L to the DE (4.53):
Lx'] = L[Ax].
By Propositions 1 and 2 this becomes
sLx(t)] —x(0) = AL[x(1)].
Writing L£[x(t)] = X(s), and using equation (4.54), we get
sX(s) —a= AX(s),
which can be rearranged to read

(sI —A)X(s) = a, (4.55)

01
equations with coefficient matrix (sI — A). Provided that sI — A is invertible, the solution
of (4.55) is

where [ = (1 0) is the identity matrix. Equation (4.55) is a system of linear algebraic

X(s) = (sI — A) ta. (4.56)

Having obtained X(s), the solution x(t) of the DE is obtained by taking the inverse Laplace
transform:



i.e. apply L7! to the components of X(s). O

Comment: Finding the inverse of a 2 x 2 matrix to obtain the solution (4.56) is easy:

o fa b R R
if B= (c d) , then B = det(B) (—c . ) : (4.57)
where det(B) = ad — bc.
This can be verified by showing that BB~! = I. O

We now illustrate the method with an example.

Example 1:  Solve the vector DE
X =Ax, A= (_4 L ) , (4.58)

with initial condition

Solution:  Apply L to the DE (4.58) and use Propositions 1 and 2 to obtain
sX(s) —x(0) = AX(s)

where we have written £[x(¢)] = X(s), as usual. Rearrange and use the initial condition to
get
(sI — A)X(s) = a,

i.e.

(S _5 4 3111) X(s) = a. (4.59)

To find the inverse matrix we note

s+4 -1\ _
det( 5 S+1)—(8+2)(S—|—3),

after simplifying. Thus by equation (4.57),

s+4 -1\ 1 s+1 1
2 s+1 (542 (s+3)\ -2 s+4)’

and so the solution of (4.59) is

X0~ g (2 sra) (@) (4.60)

for s # —2,—3. In component form

s+1 1
XN = e T e ™
XQ(S) = —2 ap + st+4 [25)
(s +2)(s+3) (s+2)(s+3)
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Performing the partial fraction expansions yields

2 1 1 1
Xi(s) = - -
1(s) (s+3 8+2)a1+(s—|—2 s+3>a2’
1

1 1 2
Xo(s) =2 _ _ _
2(5) (s—|—3 s—|—2)a1+(s+2 $+3)a2

We can calculate the inverse Laplace transforms using £7! [ﬁ} = e, This gives

() = L7 [X1(s)]
wa(t) = L7 [Xo(s)]

2 =3t _ e—2t>a1 + (6—216 _ 6_3t)a2,

(2e
273 — e May + (27 — e ay.

(4.61)

These equations can be written in vector form as

9p—3t _ p=2t =2 _ =3t
x(t) = (2(6—315 _ e—Qt) 9e—2t _ e—3t> a, (4.62)

giving the solution of the vector DE (4.58) which satisfies the initial condition x(0) = a.
U

Exercise:  Use the Laplace transform method to solve the vector DE

r_ (1 5
x = Ax, A_(—l _3>,

with initial condition x(0) = a. This is example 2 in Section 5.2.3.

Answer:  x(t) = et (COSt + 2sint Ssint ) N

—sint cost — 2sint

s+3  (s+1)+2

HINT: = .
$2+2s+2 (s+1)2+1

In the Laplace transform method for homogeneous DEs, the Laplace transform of the
solution x(t), denoted X(s), is given by

X(s)=(s[—A)'a (4.63)

The solution x(¢) = £L7[X(s)] is obtained by applying £~ to (4.63). In the example in this
section we wrote (4.63) in component form and applied £~ to each component. One can
apply £7! directly to (4.63) obtaining

x(t) = L7(sI — A) ],
where the Laplace transform of the matrix is obtained by applying £~! to each entry. In the

example,
2 1 1 1
s+3  s+2  s+2  s+3
X(s) = a.
2 2 2 1

s+3 s+2 s+2 s+3
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Thus

26731‘/ _ 6727& €f2t _ 6731‘/
= _ _ _ _ a
%2¢ 3t_26 2t %2¢ 2t—€ 3t )

in agreement with equation (4.62). O

The Laplace transform method for inhomogeneous DEs

The method generalizes easily for an inhomogeneous DE, as illustrated in the following
example.

Example 2:  Solve the vector DE

vmer a= (05 1) o= ()

with initial condition

Solution:  Apply L to the DE (4.58) to obtain

sX(s) —x(0) = AX(s) + F(s)

w |Nch|H

) to get

Rearrange, using the initial condition and the fact that F(s) = (

X(s) = (s —A)ta+ (sI — A)! (

(sI — A)X(s) = a+ (

» |L\3°°N,|>—A

1.e.

@ Il\.‘)c”mlb—l

)

x(t) = £ [(sI — A)'a] + £ [(51 — A (L)} (4.64)

Hence, the solution is

» 2R

The first term was evaluated in example 1 of this section. To evaluate the second term, we

note that
_ 1 s+1 1
- At —
=4 <s+2><s+3>(—2 s+4)’
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again from example 1, and therefore

s+1 + 2
| s2(s+2)(s+3) s(s+2)(s+3)
= -9 4 20std)
52 (s+2)(s+3) s(s+2)(s+3)

B (L/%Jr%_%er)

(sI — A)™* (

@ Iwmwlb—\

s s+2 s+3
29/18 1/3 5/2 + /9
s

T s T s+2 s+3

after using a partial fraction expansion and simplifying. Hence the solution (4.64) becomes
9p—3t _ p=2t =2t _ =3t 13 L 1y 52t 4 8,3t
= 4
x(t) (2(6—315 —e72) e _ o3t a+ %_g _ gt _ ge—% + §€—3t :

We now summarize the Laplace transform method schematically, writing L[x(t)] = X(s)
and L[f(t)] = F(s), as usual.

x'=Ax+f(t) . 4
Y L L X(s)=(sI— A Ya+F(s)) — L . x(t)
X(O) —a and rearrange

4.4.3 The method of Variation of parameters
The Fundamental Matrix

In example 1 from the last section, in which we solved a homogeneous vector DE, the solution
(4.62) had the form
x(t) = ®(t)a, (4.65)
where ®(¢) is the 2 x 2 matrix in (4.62). This form of the solution shows directly how the
state x(t) at time ¢ depends on the initial state x(0) = a. The matrix ®(¢) is called the
fundamental matriz of the DE (4.58).
A different form of the solution was obtained using the eigenvalue method for the same
example (see Example 1 in Section 5.2.2). The solution was obtained in the form (see

equation (4.26))
X = cie 2 G) + coe™? G) : (4.66)

This form of the solution is simpler algebraically and shows clearly that there are two distinct
rates of decay i.e. e=?* and e,

How are the two forms of the solution related? By equation (4.62) the columns of the
fundamental matrix are

26—3t . e—2t €—2t _ €—3t
0= (e a). O (50 ) (4.6)
Each column vector is a solution of the DE. The column ®'(¢) is the solution corresponding

to the initial condition a = ((1)

), and the column <I>2(t) is the solution corresponding to
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1
get these solutions.] If we have the solution in eigenvector form (4.66), we can construct
the fundamental matrix ®(¢) by finding the two special solutions (4.67): impose the initial

the initial condition a = <O> [Choose a; = 1, a3 = 0 and a3 = 0,a3 = 1 in (4.61) to

conditions x(0) = (1)> and x(0) = (2) successively and determine the constants ¢; and ¢y

in (4.66) (this was done in equations (4.28) and (4.29) in Section 5.2.2). O

Properties of the Fundamental Matrix

In the previous section we showed that the general solution of the homogeneous DE x’ = Ax
with initial condition x(0) = a has the form

x(t) = ®(t)a, (4.68)

where ®(t) is a 2 x 2 time-dependent matrix called the fundamental matrix of the DE. It
follows by setting ¢ = 0 in (4.68) that ®(0)a = a. Since a is arbitrary, this equation implies
that

o(0) = I, (4.69)

where [ is the 2 x 2 identity matrix.
We need two additional properties of ®(t), the first of which follows directly from the
fact that (4.68) is a solution of the homogeneous DE

x' = Ax. (4.70)

Proposition 1:  The fundamental matrix ®(¢) of the DE x’ = Ax satisfies

O'(t) = AD(t). (4.71)

Proof:  Since (4.68) is a solution of (4.70) we have

which yields
/(1) — Ad()]a =0,

after rearranging. Since this holds for all a € R? it follows that
Q'(t) — AD(t) =0,
where “0” denotes the zero matrix, which gives the required result. 0]
We shall refer to (4.71) as the derivative property of ®(t).

The second property of ®(t) follows from the geometric interpretation of equation (4.68).
One can think of ®(¢) as an operator that transforms an initial state x(0) = a into the state
x(t) = ®(t)a at time ¢.
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To T2

Figure 4.12: The action of the fundamental matrix.

\

T

Consider the situation shown in Figure 5.12. At time ¢t = 0 the system is in state a, and

after a time t; it evolves into state b, given by

b = <I>(t1)a
After a further time t,, it evolves into state c, so that

C = (I)(tg)b,

(4.72)

(4.73)

thinking of b as the initial state. On the other hand, in a time ¢y + ¢; the system will evolve

from a to ¢ so that
C = q)(tg + t1>a.

Substituting (4.72) in (4.73) and comparing with (4.74) gives
D(ty + t1)a = D(t2)P(11)a.
Since a is an arbitrary vector, it follows that
O(ty + t1) = P(t2)P(t1),

a matrix equation.

We summarize this result and the result (4.69) in the following Proposition.
Proposition 2:  The fundamental matrix ®(¢) of the DE x’ = Ax satisfies
¢(0) =1,

and
D(ty 4 t1) = P(t2)D(t1),

for all t1,t, € R. O

(4.74)

(4.75)

The property we need is an immediate consequence of this Proposition. Choosing t, =

—t; and writing ¢, = ¢, equation (4.75) with (4.69) gives
O(—t)0(t) = 1.
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In other words, ®(¢) is invertible for any ¢, and
[D(1)] ! = ®(—1). (4.76)

We shall refer to (4.76) as the inverse property of the fundamental matriz. This result is
quite remarkable. It states that to find the inverse matrix of a fundamental matrix ®(t), one
simply replaces t by —t.

The method of variation of parameters

Given the DE
x' = Ax + f(t), (4.77)

let ®(t) be the fundamental matrix of the related homogeneous DE x’ = Ax. We know that
x(t) = ®(t)a is a solution of x' = Ax for any a € R?. This suggests that in order to find a
particular solution of (4.77) we consider a trial function of the form

x(t) = B(t)v(t), (4.78)

where v(t) is an arbitrary vector-valued function. In other words, we replace the constant
vector a (whose components are two arbitrary parameters) by a time-dependent vector v (t)
(whose components are two arbitrary scalar functions), i.e. we “vary the parameters”. This
choice of trial function is thus called the method of variation of parameters.

Differentiate (4.78) with respect to ¢ using the Product Rule and the derivative property
(4.71) of ®(t) to obtain

x'(t)

Q'(t)v(t) + P(t)v'(¢)
AD(t)v(t) + P(t)v'(1)
Ax(t) + ®(t)V'(¢),

by (4.78). Equating this expression for x’ with x’ in (4.77) gives
O(t)v'(t) = £(¢).
We now multiply by the matrix ®(—t) and use the inverse property (4.76) to get
v(t) = O(—1)f(¢). (4.79)

FEquations (4.78) and (4.79) constitute the method of variation of parameters. Given f(t),
and having calculated ®(¢), one obtains v(¢) by taking the antiderivative of (4.79). Then
(4.78) gives a particular solution of the DE (4.77). O

Comment: ~ When taking the antiderivative of (4.79), a constant of integration, which is a
constant vector, arises. If one simply wants a particular solution one can choose this vector
to be zero. Alternately, one can choose this vector so that

v(0) =0.



Then the particular solution

satisfies
x,(0) = 0. (4.80)

With this choice of particular solution, the general solution x(t) = x,(t) + x,(t) can be
written
x(t) = ®(t)a + x,(t). (4.81)

Equation (4.80) ensures that

x(0) = ®(0)a + x,(0)
=Jla+0=a,

as required. O

Example: Solve the DE
x = Ax+£(t), x(0)=a, (4.82)

(D) wo-(e2):

The fundamental matrix of 2’ = Az is

O(t) = ¢ < cost Smt) . (4.83)

—sint cost

with

Solution:  The solution is of the form (4.81), i.e.
x(t) = ®(t)a + x,(t). (4.84)

Substituting a trial function
x,(t) = ©(t)v(t) (4.85)

in the DE leads to (by equation (4.79))

V() = ®(—1)f(t)
4 fcost —sint cost
— ¢ \sint cost —sint
- (o)

v(t) = — (é) e (4.86)

Taking the antiderivative yields



Setting t = 0 gives v(0) = — (1

0) +c. We want v(0) = 0, and so we choose ¢ = (
(4.86) becomes

1
0) . Thus

v(t) = (1—e) ((1)) . (4.87)

By (4.83), (4.85) and (4.87) the particular solution is

ot cost sint N _ ¢ cost
xp(t) = (€ = 1) (— sint Cost) (0) = (-1 (— Sint) '

and by (4.84) the full solution is

x(t) = ¢ ( cost Sint> at (e —1) ( cost ) | 0O

—sint cost —sint

Exercise:  Solve the DE

with

The fundamental matrix is

Answer:  x(t) = D(t)a+ L(et — e ) G) 0

4.4.4 The fundamental matrix and the matrix exponential

In this Section we give a different representation of the fundamental matrix ®(¢) of the
time-invariant linear DE

x' = Ax. (4.88)

Specifically, we define the “exponential of an n x n matrix A”, denoted e” or exp (A4) and
show that
() = .

The notion of e? seems bizarre initially but the idea begins to make sense once one thinks
in terms of the Taylor series of the exponential function e’:

@t:1+t+%t2+...+%tk+...
which converges for all ¢t € R. Given an n X n matrix A, we can form the matrix series
T+ A+ A+ + LA
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the powers A* being formed by successive matrix multiplication, and the sum operation
being addition of matrices. We can use X-notation to write this series in the concise form

°°1

where A° = I, the identity matrix. This series is essentially n? numerical series, one for each
matrix entry, and it can be proved that given any matrix A, these n? series converge. Thus
the matrix series has a finite sum.

We thus define the exponential e* of an n x n matriz A as the sum of this series:

= 1
A;:[—i—A—l—%AQ—G—-"—F Zk_ (4.89)
k=0

Example 1:
The following matrix exponentials are obtained by direct calculation of the powers of the
matrix A and the use of standard Taylor series

. . _ Al O A 6)\1 0

i) 1fA_(O )\2>,thene —(0 e’\Z)’

e [0 A 4 [ cosA sinA
i) if A = (—)\ O)’ then ™ = (— sin A cos)\)’
oy e [(O0A 4 _ (coshA sinh A
iif) if A = ()\ 0)’ then e = <Sinh)\ cosh )\)’

v ea . (00X 4 (1 A
iv) 1fA—(0 0),thene _<O 1).

We list some properties of the matrix exponential.

Property i):
e =1, (4.90)

where 0 is the zero matrix.
The exponential of a sum property does not hold in general, i.e.

AP £ et (4.91)
but property ii) below can be proved, using the definition (4.89).

Property ii):
If A, B are real n x n matrices and AB = BA, then

AP = B, (4.92)
Choosing B = —A in Property ii) immediately gives property iii).
Property iii):
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A

If Ais an n x n real matrix, then e is invertible and

(eMNt=e O (4.93)

Exercise 1:

Verify that eA+? #£ e4e® for the matrices A = (8 (1)) and B = ((1) 8) g

We now consider a matrix-valued function

M(t) = {My;(t)},

for all ¢ € R, i.e. each entry of the n x n matrix M(t) is a function of ¢. If these functions
are differentiable then we can calculate the derivative of M (t) according to

M'(t) = {Mi;(1)},

i.e. just differentiate each entry. We apply this notion to the matrix-valued function
tA 142 2 14k Ak _ 14k Ak
=T+ tA+ Ht2%a + -+ HEA 4 =T LR AR,
1

Each entry is a power series in ¢ and so we can differentiate term by term, obtaining

Summarizing, we have

E(em) = At = e A (4.94)

for any constant matrix A (the order of the matrices A and e/ is immaterial).

We are now ready to present the main result.

Theorem 4.1
The unique solution of the initial value problem

x' = Ax, x(0) = a, (4.95)

l x(t) = e'a. (4.96)



Proof: It is simply a matter of verifying that the function (4.96) satisfies the DE and initial
condition in (4.95). First, by (4.94),

x/(t) = Ae'ta = Ax(t).

Second, by (4.90)

D(t) = e, (4.97)
our stated goal.

Discussion:

At first sight, Theorem 4.1 appears to provide an algorithm for solving the DE x' = Ax
that is more direct than the eigenvector method; just calculate the matrix exponential e,
obtaining all solutions in the form (4.96). There is a catch: it is not feasible to calculate
e!4 directly, for an arbitrary matrix A, even in the 2 x 2 case. There is a systematic way to
calculate a matrix exponential e”, and that is to use a similarity transformation

B =P 'BP, (4.98)

to write B in a simple form B, a so-called canonical form,! such that B can be calculated
directly. Knowing P, one can then use the following Proposition to find e”. However, one
has to find the eigenvectors of B in order to construct the matrix P.

Proposition:

If
B=P 'BP, then % =PePpP.

Proof (outline):  Use the series (4.89) for the matrix exponential, and show that
B*=rpr7'Btp. O

The next example shows how to calculate the matrix exponential for one of the canonical
forms.

IFor example, any symmetric matrix can be transformed to diagonal form.
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Example 2:
If Ais a2 x 2 matrix with a repeated real eigenvector A but only one independent
eigenvalue, then the canonical form is

A= (3 i) : (4.99)

Calculate et4.

Solution:  We write

A1y (A0 n 0 1

0 A/ \0 X 0 0)°
The two matrices on the right commute, and so by Property ii)

A0 0 t
etA:eO )\teOO

leading to (see Example 1 i) and iv))
At PYRY
i (e 0 I t\ (e te
et = (0 e’\t) (0 1> — (o eM). (4.100)

It is easy to calculate the exponential of the matrix M = (8 é) since M? = 0, so that

Y

Comment:

the series (4.89) becomes a finite sum:
M=T+M.

Any matrix that satisfies M* = 0 for some positive integer k > 1 is called nilpotent. The
exponential of any such matrix is a finite sum, as above. [

Exercise 2:
The canonical form for a 2 x 2 matrix with a pair of complex eigenvalues Ay = o+ is

A= (—&B g) . (4.101)
Show that . .
(i [ e“cosft e sin Bt
© = (—eat sin St e cos ﬁt) ' (4.102)

In conclusion, calculating e provides an alternate method for solving x' = Ax, which
may be more efficient than the eigenvector method if the matrix A has a simple form. On
the purely theoretical side, !4 provides a useful notation for the fundamental matrix ®(), in
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that it explicitly indicates the dependence on the matrix A, and makes obvious the properties
of ®(t), i.e.

®(0) =1 follows from e =1
Dt +ty) = O(t)P(ty) follows from 1424 = ghdghad

[®(t)] " = d(—t) follows from ()™t =74
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Appendix A

Series Solutions of DEs

In this Chapter we give an introduction to the method of solving second order linear homo-
geneous DEs using power series.
We consider DEs of the form

y'+ P(z)y' + Q(x)y =0,

where P(z) and Q(z) are polynomial functions. The standard method, which we develop
in this Section, can be used to find two linearly independent solutions in the form of power

series
o

y = Z a,x". (A.1)
n=0
The first example illustrates the method in the simplest setting, and the solutions obtained
are well-known.

Example 1:
Find two linearly independent power series solutions of the DE
y'+y=0. (A.2)
Solution: ~ We assume a solution of the form (A.1), where the series has an interval of

convergence |z| < R (R may be infinite). We can calculate the derivatives of y using term-
by-term differentiation of the series:

S
/ nfl
Yy = E nan,x ,
n=1
S
E n(n — 1)a,z n2,
n=2

The next step (an essential one!) is to redefine the summation variable n in the series for y”
so that the n'" term is a multiple of z":

Z n+2)(n+ 1)a, 22" (A.3)
n=0
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Now substitute (A.1) and (A.3) into (A.2), and combine the series, obtaining
Z n+2 n+1)an+2+an] =0.
n=0

Since this equation must hold for all x satisfying |z| < R, it follows that the coefficient of
2" must be zero:
(n+2)(n+ 1)ay2 + a, =0,

or equivalently,
Qp

(pyo = — , A4
2T+ 1) (n+2) (A4)
for n = 0,1,2,.... This equation is called a recursion formula, and serves to determine
the coefficients in the power series (A.1), as follows. The idea is that one can choose ag
arbitrarily, and then (A.4) successively determines as, a4, ag, ... in terms of ag. Choosing
n=20,2,4,6,... gives
Qo a2 Qo ay ap
Ao —= —— Ay = —— —= — Qe == —— —= ——
) Y7344l T 5.6 6
In general,
_ (=D*ag
a2k - (2k)' I
for k =1,2,3,.... Similarly, choosing n =1, 3,5, ... leads to
(=D*a;
a = —

for k = 1,2,3,..., with a; arbitrary. The series (A.1) can be grouped into even and odd

powers in the form
[o¢] o
_ 2% 2k+1
y= E agkT™" + E 241777,
k=0 k=0

which leads to

o

GV 21
= ) A5
" e ; 2k+ D) (4-5)
v (@) ya(a)

This equation gives the general solution of the DE (A.2) as a linear combination of two
linearly independent! solutions y;(x) and y(z). It can be verified using the Ratio Test that
both series converge for all x € R. I

Comment:
In this example we can recognize the power series as familiar Taylor series, giving the
general solution in the form

Y =apcosx + apsinx. 0

!The solutions are linearly independent since y;(0) = 1 and y2(0) = 0.
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We now discuss a second example,with only the key steps given, leaving the reader to fill
in the details.

Example 2:
Find two linearly independent power series solutions of the DE

y' —2xy +y=0. (A.6)

Solution outline:

The starting point is the general power series (A.1). It is essential to write each term in
the DE as a power series with the n'" term being a multiple of 2™

Y = Z(n +2)(n+ 1)an422",

n=0
—2xy = Z(—Qn)an:r”
n=0
The recurrence relation is
2n—1
T .-
2T+ 1)(n+2)
forn =0,1,2,.... Solving the recursion formula gives
_(=DE)T) -4k —5)
L WE)O) - (4k=3)
2k—+1 2k +1)! 1-

Two linearly independent solutions are obtained by choosing ay = 1, a; = 0 and a¢ = 0,
a; = 1:

(=1 (3)(7) -+ (4k = 5)
%(x):H;( )( ><(;k>!< ) ok

— (D(G)(9) - (4k = 3) 5y
i) = 3 WO L5

It can be verified using the ratio test that both series converge for all x € R. O

Theoretical justification:

In a general theoretical analysis of the standard method, one assumes that the coefficient
functions P(x) and Q(x) (not necessarily polynomials) are analytic at x = 0, i.e. they have
power series expansions that converge on the interval | z | < R (the radius of convergence R
may be infinite). It can then be proved that the DE

y' 4+ Px)y +Q(z)y =0
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has two linearly independent power series solutions that converge on the same interval

| z | < R. We refer to Simmons (see Theorem A on page 155) for a readable proof of this
result. It follows from the general theorem that if P(x) and Q(z) are polynomials, then the
resulting series converge for all x € R.

The Method of Frobenius

If P(x) or Q(x) is not analytic at x = 0, then the method of this chapter breaks down. For
example, the DE

1
vy +y=0 e y"—i—;yz()

cannot be solved using this method (trying it would lead to a contradiction).
To solve DEs of this kind, one uses the Method of Frobenius; the basic idea is to use the
trial function

y=2za" Z anx" (A.7)
n=0

where 7 is a non-integer, real constant. Then one obtains a power series in non-integer
powers of z. Here is an example involving a first-order DE for simplicity.

Example 3: Consider the DE 2y’ + (1 — 2)y = 0, which may be written 3’ + =2y = 0. We
see that the coefficient function is not analytic at = 0. First we try to solve this with the

basic method to see what happens.
Assume a solution of the form y = > 7 a,z". Then

0o
y/ — 2 :nanxnfl
n=1

Thus
o0
xy = g na,x".
n=1

Substituting into the DE we obtain

Z na,z" + (1 — x) Z " = Z(n + Dap 2™ + Z Apyr ™ — Z a, "
n=1 n=0 n=0 n=-—1 n=0
Thus we have ag =0
(n+1) + 0= !
n Qn, py1 — Ay = Upy1 = ———0y,.
i i )

But then a, = 0 for all n, which gives only the trivial solution. To fix this problem, we will
instead use the trial function

o0 [e.9]

y=a" E anx” = E a "t
n=0
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Where r is some constant which will be determined. As before we find

o0
Y = Z(n + r)anxmrrila
n=1
and the DE becomes
o (o] o
Z(n + T)anx”-i-r + Z anxn—i-r o Z CLn.Tn+T+1.
n=0 n=0 n=0
Therefore we get
oo o o
Z (n 47+ Va0 + Z App T — Z Az
n=-—1 n=-—1 n=0
and so we now find that
rag+ay=0= (r+1)ag =0
and
1
Solving the first equation gives r = —1 (otherwise ay = 0 which leads to the trivial solution).
Hence we get a,11 = %Han and so the solution is

o o 1
Yy = E a,z" ' = ag E —an L
n!

Remark: Using this method to solve a second order DE yields two values for r, each
corresponding to a series solution. If these solutions are linearly independent, the general
solution is a linear combination of these two solutions. However, for the DE zy” +y = 0,
both values of r produce the same solution (try it!), so the method of Frobenius does not
produce the general solution to the DE, and the method needs to be extended (it turns out
that a logarithmic term must appear).

This method is discussed in most introductory differential equations texts, for example
Simmons, page 188.
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Appendix B

Boundary Value Problems

Up until now most, if not all, of the problems we have dealt with would be considered initial
value problems where the arbitrary constants of integration were determined using conditions
specified at a single value of the independent variable (e.g. y(0) = yo and 3/(0) = vy).

Many physical problems in engineering and science require conditions be specified at
multiple values of the independent variable. For example we might have y(0) = a and
y(L) = b, or we could even specify how the derivative behaves at two different input points,
e.g. ¥ (0) = my and y/(L) = my. There are even cases where we specify more general
conditions such as y(0) < oo (i.e. the solution can’t blow up at 0) or lim, . y(z) = 0.
These types of conditions alongside an appropriate differential equation are called boundary
value problems.

For now the boundary will generally refer to two points of the independent variable
(usually thought of as two spatial points) but as we move to higher dimensions it will come
to represent more realistic physical boundaries such as the walls of a container or the entire
surface of a three dimensional object.

For the sake of introduction much of this section will omit any theoretical matters and
will focus on examples where BVPs arise as well as some purely mathematical examples with
solutions. It should be noted that many of the previous methods for solving DEs are still
applicable; What ultimately changes is how we determine the constants of integration.

B.1 Examples giving rise to boundary conditions

B.1.1 Fluid flow

In the study of fluid mechanics boundary conditions play a crucial role in determining the
flow of the fluid. In many cases there is physical object within the region that the fluid will
"wrap” around (e.g. a tree in a river, air currents flowing around a tall building) but there
are also cases of the boundary being the driving force of the motion (e.g. the wing of an
airplane, a loudspeaker).

In general, the equations of fluid mechanics (called the Navier-Stokes equations) are quite
involved and very difficult to solve. In specialized scenarios however we can remove many of
the dependencies and obtain certain analytic results.

One such common scenario arises when we consider laminar flow. This is sometimes
described as “smooth” flow as opposed to “turbulent” flow (imagine the way milk looks
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when its pouring out of a bag compared to how steam spins and rotates as it rises above hot
tea).
To simplify even further, consider the image below:

Figure B.1: An example of laminar flow

Here we have a fluid moving horizontally between two infinite parallel plates where the
upper plate is moving in the positive y direction with a speed of vy, while the bottom plate
is stationary.

In this setup, it turns out that the velocity only depends on the height z and is indepen-
dent of time as well as position y (and, less surprisingly, is also independent of x). If we let
v represent the velocity in the y direction the equation governing this situation is given by

d*v

M@ =Dy
with
e 4 = fluid viscosity (units of ML~'T1)
e p, = pressure gradient (in the y direction - it is constant in this setup)

This equation, together with the boundary conditions v(0) = 0 and v(h) = vy, form a
boundary value problem.

Variations on the value of vy, as well as the shape in which the fluid flows (circular vs
planar) give rise to other boundary value problems. We will consider these in a later section.
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B.1.2 Steady-state temperature

Generally speaking temperature distribution, u, of a body is dependent on three spatial
variables as well as time, u = u(x,y, z,t). In the case of a geometrically “simple” object the
system can be described by one spatial variable as well as time. For example, consider a rod
of uniform cross-section such as the one shown in the picture below.

Figure B.2: Uniform rod with constant thermal properties

The temperature, u, at position  can be modelled by

du 0*u  Ph
— =Ko — — t) — U,
Vo~ Hogga g et~ Ua)
where the constants (which we are assuming do not depend on space or time) are:
e ¢ = specific heat of the rod

e p = mass density of the rod

Ky = thermal conductivity of the rod
e P = perimeter of a cross-section

e A = area of a cross-section

e h = heat transfer coefficient

e [, = ambient temperature

A further simplification can be made once we assume we are at a steady-state, i.e. 2% = 0.

ot
With this we end up with
d*uv  Ph
0= KO@ — I(U(l’) - Ua)
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which is now an ordinary differential equation. In order to solve this we require boundary
conditions. There are various scenarios that we can encounter. Some of these include:

e Fixed endpoint temperatures: u(0) = Uy, u(L) = Uy,

_du

= — =0
dx

e Insulated endpoints: d—u
x

=0 z=L

e Convective endpoint, i.e. Newton’s Law of Cooling;:

d h

o = —(u(0) = U,) (i.eleft endpoint x = 0 open to the “air”)

dx 2=0 KO
du h . . . CR))
— =——(u(L)—U,) (i.e. right endpoint = L open to the “air”)
dx =1L KO

We are assuming the heat transfer coefficient, h, is the same at both ends as well as
surrounding the rod.

Note that anyone of these (along with many others) can be mixed and matched at each
end point. For example, we can have one end insulated and another set to a fixed tempera-
ture.

B.1.3 Hanging wire/cable

Using some basic trigonometry and a balancing of forces it can be shown that the equation
describing the height, y, of a cable of linear density p. suspending a load of linear density p,
is given by

d®y  pg pey dy\?
-7 "I 1 ia
dz? T * T *

where we have the following (assumed) constants:
e p, is the linear density of the load, e.g. road.
e p. is the linear density of the cable
e ¢ is gravitational acceleration
e T is the tension at the lowest point of the cable

Normally we would then prescribe conditions on the height of the cable at two different
points, for example y(0) = h and y(L) = H.
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B.2 Solving BVPs

Generally speaking solving a BVP is nearly identical to solving an IVP. The only change
happens when we have to find the arbitrary constants. That is, our prescribed “boundary”
values will be used to obtain the values of any constants that were introduced.

For the relatively simple equations that we can deal with at this point this will likely
be the extent of it. However in more complicated problems the boundary conditions are
sometimes used to simplify the differential equation itself before we even solve it.

Furthermore, while there is reasonably well-established theory regarding the existence
and uniqueness of solutions to initial value problems, theoretical discussions regarding BVPs
are not as common and are slightly more involved (see Bailey, Shampine and Waltman for
further discussion).

For the sake of this course we will move forward in attempting to solve a particular
problem and, when possible, decide whether there are potentially multiple solutions. This
means that our inability to solve a problem may or may not coincide with the existence of
a solution.

B.2.1 Eigenfunctions

A common ordinary differential equation that arises in the study of partial differential equa-
tions is

yl/ + k_y — O
with y(0) = 0 and y(L) = 0. This is a special case of what is known as a Sturm-Liouville
problem. The question that comes along with this equation is: For what values of £ does
the BVP have non-trivial solutions?

The solution method is no different than before, we assume y = €™ to get a characteristic

equation

m*+k=0

meaning m = £+/—k. This gives us 3 cases:
Case 1: k<0
In this scenario we can rewrite as m = 4+/|k| which gives the general solution

y(x) = cle’\/mx + cpe VIl
Applying the first boundary condition we get

O=cte = a=-a
Using this and applying the second boundary condition we get

k| L k| L

0=ce"

0= cre” VIHE(Q — 2VIME)

— C1€

so either ¢; = 0 meaning ¢, = 0 and we have the trivial solution or 1 — VML 0 meaning

|k|L = 0 so that either L = 0 (which reduces to the other boundary condition) or k = 0.
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But &k < 0 so this is not valid either. Thus we are left with ¢; = ¢ = 0. Therefore the case

k < 0 only generates the trivial solution y(z) = 0.
Case 2: k=0
In this case we have the DE 3" = 0 which means our solution is a straight line

y=Ar+ B

Given that y(0) = y(L) = 0 then the only possibility is the flat line y = 0. Thus k£ = 0 also
gives the trivial solution.

Case 3: £ >0

Here we can rewrite as m = +ivk meaning, as discussed in Chapter 2, our general
solution is

y = ¢ sin(Vkx) + ¢5 cos(Vkz)

Applying the first boundary condition, y(0) = 0 gives
0=co
Using y(L) = 0 this leaves us with
0 = ¢; sin(VkL)

which means that either ¢; = 0 or sin(v/kL) = 0. If ¢; = 0 then we are left with the trivial
solution yet again.

Our hope for a nontrivial solution to the BVP ¢ + ky = 0,y(0) = y(L) = 0 thus lies
with the stament

sin(VEL) =0

Using our knowledge of the sin function we have that
VkL=nr, nez

and thus
nmw

2
k:(—), Z
7 ne
This means that we (finally) have a non-trivial solution. Specifically, the BVP 3" +

(22)*y = 0,(0) = y(L) = 0 has solution

nm

y:Csin<7x>, n ez

The function above is sometimes called an eigenfunction of the BVP with associated

eigenvalue k = (”—5)2
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Various scenarios are shown below:

Figure B.3: Eigenfunctions of the BVP " + ky = 0,y(0) = y(L) = 0, corresponding to
n=20,1,23

Unfortunately, for a given eigenvalue, we have an infinite set of solutions due to the
constant C'. While this is mathematically ok, in a real physical situation we would likely
need to isolate a single unique solution.

It is beyond the scope of this course to discuss how one narrows down a specific value for
C' but suffice to say that extra conditions are required (as well as studying Fourier series).
Part of the issue is that the equation discussed above (y” + ky = 0) is usually a subproblem
of a much larger investigation.

B.2.2 Solutions to physical problems

For many single variable problems the actual differential equation to solve will be rather
simple compared to some of the ones that have been encountered in the main chapters. Do
not be misled in thinking that boundary value problems are thus simpler than initial value
problems; The truth is that most real world situations involve a combination of boundary
and initial conditions on rather complex geometries.

The scenarios below arise mostly due to our inherent spatial restriction. Though relatively
simple to solve they nonetheless allow for interesting analysis.
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Fluid flow

The DE representing laminar flow as shown in figure B.1 was given by

d*v
fg =P

where the variables are v (horizontal velocity) and z (vertical axis). Since the only appearance
of the unknown function v involves the second derivative this particular equation can be
solved by straightforward integration yielding

dv
Mangz—f‘fl
2
uv(z):]%%—Az—i—B

meaning we have a velocity function of

2
Pgz

v(z) = +az+b

(2) 2

where we have incorporated the p constant into a and b.
Our boundary conditions (sometimes called no-slip conditions) were v(0) = 0 and v(h) =
Utop- Using these in turn gives

0=0b
and
pgh?
Viop = + ah
top 2/jj
Vtop _ Pl _
h 21

meaning our final solution is
2 h
21 h 2u

See the problem set for a discussion on various velocity profiles.

Temperature

The full steady-state temperature DFE of a uniform “one dimesional” rod

d*u  Ph
0= KO@ - 7(U(J]) - Ua)

has various sub-cases that are often considered separately. Here we discuss 2 such cases and
leave the rest as exercises in the problem set.
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If we assume that the lateral sides of the rod are perfectly insulated then no energy
escapes and h = 0. This leaves us with a rather trivial DE
d*u

dx?

Note we are allowing for the ends x = 0 and = L to be “controlled” as desired. For
example if we prescribe a left and right endpoint temperatures of Uy and Uy respectively
then our problem is to solve

d2
S8 0,u(0) = Uy, u(L) = Uy,

da?

The DE, not being dependent on the unknown u(z) is easily integrated twice to give
u(z) = Az + B
Applying our boundary conditions yields

u(z) = ww + Uy

which means that, for a laterally insulated rod with fixed temperature endpoints, the long-
term temperature profile is a linear progression from Uy to Uy, throughout the rod.
On the other hand, if we also insulate the ends of the rod then we have the BVP
d*u

ﬁ = 0, Ul<0) = O,U,<L) =0

Once again, since the DE is the same we have the result
u(z) = Az + B

However in this case the boundary conditions require A = 0 and do not give any details
about B.

This means that the solution u(x) = B for any arbitrary constant B satisfies the BVP.
This states that the long-term temperature profile of a fully insulated rod is constant. How-
ever it does not state the value of that constant. Surely this cannot be any constant we
choose can it?

It turns out that the actual value of the constant depends on the initial temperature
profile of the rod (i.e. on some initial condition u(x,t) = f(z) at t = 0). Studying this is
unfortunately beyond the scope of these notes (though you will surely see this in a future
course).

Hanging wire
The general hanging wire DE was given by

d®y  pg pey dy\?
— g _ 5 1 -7
dz? T * T * dx

This particular equation does not have an analytic solution unfortunately. We can con-
sider limiting cases where
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e the load is significantly more dense than the cable

e the cable is significantly more dense than the load (usually when there is no load
whatsoever)

We will investigate the first scenario, that is py >> p. and leave the second as an exercise
in the problem set.
If we assume p, >> p. then rewriting the DE as

Py pg Pe dy\?
TP e i (22
dx? T + Do + dx

gives Pe << 1 meaning the second term is negligible. Thus the DE becomes

pPe
Ty _py
dx? T
the solution of which is )
pegx
= A B
(z) oy T AT+

At this point there are some options for boundary conditions. A common choice is to
prescribe heights at 2 different values of z. For example if we let y(0) = Hy and y(L) = Hy,
then the solution becomes

_ Lpgx*  1(pegL® +2H T —2H,T) x

_ ! jt
@) =575 3 LT +Ho

Note that this is a parabola opening upward. Though this shape is expected, as you will
see in the problem set, the solution is not always parabolic.
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Epilogue

Differential equations is a large subject, and in Math 218 we have essentially examined the
“tip of alarge iceberg”. The subject of DEs splits into two branches:

I:  Linear DEs
II: Non-linear DEs

“Solving a DE” means one of three things:

i) finding an ezact (i.e. explicit) solution of the DE
ii) finding an approzimate numerical solution of the DE using a computer, e.g. MATLAB,

iii) finding an approzximate analytic solution, e.g. an expansion in terms of a small param-
eter, referred to asperturbation methods.

In all three approaches it is desirable to have a graphical representation of the solution.

In Math 218, we have almost exclusively worked with linear DEs, in particular linear DEs
with constant coefficients, and have shown how to solve them explicitly. For other DEs, there
are no general solution algorithms, but one can find solutions in special cases by making use

of

- tables of solutions and solution methods
e.g. D. Zwillinger, Handbook of DEs, 2nd ed., Section II A, pp. 185-363.

- computer software, e.g. MAPLE.

As regards the other methods, numerical solutions are considered in various courses and
perturbation methods are introduced in AMath 351, the sequel to AMath 250 (the course
on which these notes are closely based). A completely different approach, which complements
solving a DE, is to study the properties of general classes of solutions, e.g. their long term
behaviour. This approach, which dates back to Henri Poincaré at the turn of the 20th
century, is called the qualitative analysis of DEs. We had a glimpse of this topic when we
sketched orbits in state space in Chapter 5. To progress further one needs to study various
theoretical issues, which begins in AMath 351. The emphasis in qualitative analysis is on
non-linear DEs, and this subject is the main topic in AMath 451.
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160 Review Problem Set

Review Problem Set

Note:  Questions 1 and 2 are intended to give you practice with antiderivatives and curve-
sketching, two aspects of Calculus that will arise frequently. Questions 3 and 4 are
intended to give you practice with logs, exponentials and complex numbers. Questions
5-7 will also be relevant; they require more thought.

1. Express the following antiderivatives in elementary terms. Check your answers by
differentiation.

W [t W feta ) [
W [ime o [a e [
i) [t i) [ipde G [ sing)a
x) /sin2 Lt (i) / Fsint dt (xii) / et dt

Hint for (rii): Make a change of variable u = 2.

2. Give a qualitative sketch of the graphs of the following functions. The goal is to give
a sketch of the graph, not drawn accurately to scale, but which shows the essential
properties of the function. Think about symmetry, asymptotes and the behaviour as
r — 00, where appropriate.

0 @)= () )=y i) fo) =+
(iv) flz)=2— é V)  flx)=e* (vi) f(z)=e Wl

(vii) flox)=2°+2 (viii) f(z) =2 -2 (ix) f(x) =sin’x
() f@)=eTrer (i) fl)=et - (xi) f(r)=; fez

3. (i) Simplify the expression

e In b—blna7

where a and b are positive constants i.e. rewrite the expression so as to eliminate
the logs and exponentials.

(ii) Find all solutions of the equation e* — e™* = 2.
Hint: Let u = e*.
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(iii) Suppose that
T(t) = T()€_kt

and
T(t) =11, T(ty) = To,

where k,t; and t, are positive. Verify that

In(7,/Ty)

to =t ————=.
2T (T Th)

4. Use Euler’s formula .
e = cosf + isinf

to derive the cosine and sine addition identities:

cos(A + B) = cos Acos B — sin Asin B
sin(A + B) = sin Acos B + cos Asin B.

Hint: Let # = A+ B and use /A1B) = ¢idgiB,

5. What does the graph of f(z) = sin®*x look like for large n? Make a conjecture
about the value of sin®" xdx  for large n.
0

6. We shall find that functions such as
f(t) = Ae M sin(wt + B),
where A,k > 0,w > 0 and [ are constants, describe damped oscillations.

a) (i) Sketch the graph of f(t) for A=1,k=1,w=1and §=0.
(ii) Describe how the graph changes as w increases, and as k increases.
b) Show that f(¢) satisfies

"+ 2kf + (W +E)f=0.

7. Exponential growth of a population i.e. ]\7(75) = Nge™, r > 0, can only occur if
the resources are essentially unlimited. If there are limited resources one encounters

functions such as .
N() e”

1_ Mo 4 Moot
M M

N(t) =
where r, Ny, and M are positive constants.

(i) Evaluate lim N(t).

t—+00
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9.

Review Problem Set

(ii) Sketch the graph of N(t) for Ny = %M, r = 1. How does the shape of the graph
change as r increases?

(iii) You will notice that N(¢) in (ii) is close to N(t) = Nye! over a subinterval of
the t-axis. Find the restriction on ¢ that will ensure that

N(t) — N(t) b
N(t) 100 °

H)—N(?)

(iv) In the general case show that if 0 <t < %111 (% + 1), then 0 < N(N(t) <€

Note: In the section of the course dealing with Laplace transforms we shall work with
improper integrals. We shall use the following results.

Show that if s >0 and a is constant, then

/ e *'sinatdt = - / e *'cosatdt = -
0 s+ a 0 52 +a?

Hint: Evaluate the complex antiderivative

/ 6(—s+ia)tdt7

and use Euler’s formula.
(i) Derive the reduction formula

1
/tnestdt — __efsttn + E

/t”leSt dt, for s>0.
s s

(ii) Let I,(s) denote the improper integral
I.(s) :/ thetdt, s>0.
0

Show that

Hence show that
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Problem Set 1
First Order Differential Equations

1. Each equation below defines a one-parameter family of curves. The parameter k as-
sumes all real values.

i) y=e¢"+k (i) y=2+ke> (i) y=x+ke ™
(iv) y=x+ f (v) y=In(e*+k) (vi) k(z*+y*) =2y

a) Derive the DE that is satisfied by the family of curves. State whether the DE is
separable, linear or neither.

b) Use information deduced from the DE and from the given equation to give a
qualitative sketch of each family.

2. Consider the following first order DEs:

i) Z=-2y+e® (i) =Z=ysnx (i) % ==2(1-y)
(iv) Z—g =y(l—vy) (v) % =i (vi) xzﬂ +3zy =1
(Vi) 2=-y-uz (vil) % = —2zy+22° ix) L =1-y>

a) Find the general solution of each DE.

Hint: For (viii), see the Review Set, #1 (xii).

b) By using the form of the DE and the solution, give a qualitative sketch of the
family of solutions of each DE, showing some typical solutions and all exceptional
solutions. In your diagram, indicate as a dotted curve the set of all points at
which the slope Z—Z is zero.

3. Repeat question 2 for the DE

dy
r—=4+(x+1y=e".
o @1y
Note: The sketch of the family of solution curves has an intricate structure, and it will

take some effort to discover it.

4. Solve each initial value problem. Specify the interval in which your solution is valid.
Sketch your solution.

(i) gf; =y?cosz, y(0)=2= (i) ZZ =y?cosz, y(0)=2

(iii) g_gyc - QI_y +x, y(l)=e (iv) Sz =e "  y(0)=1In2



164 Problem Set 1

5. Suppose that y = y(x) is a solution of the DE % + 2zy = 2e77" .

If y(0) = 2, find y(1). Evaluate hril y(z), if the limit exists. Does y(z) attain a
T—r+00
maximum value for z > 07 Sketch the graph of y(z).

6. Use the method of undetermined coefficients to find the general solution for each DE
where applicable. Give the reason if not applicable, but do not solve.

dy dy

() S +2=3-2 (i) T -=2ie
d d
(iii) % +y =sin2z (iv) % + 2xy = 2?
dy - : dy o,
(v) %#—y—e (vi) %—F?)y—y
d d
(vii) % + 2y = xe® (viii) % +y=tanx
7. Solve the DE
d_y 4+ ky = Asinwt
dt y - 9

with initial condition y(0) = yo, where k, A and w are positive constants.

a) Are all/any of the solutions periodic in ¢?

b) Evaluate lim y(t), if the limit exists.

t—+00

c) Write the solution y(t) as the sum of a transient term and a steady state term.

8. a) When a coil of steel is removed from an annealing furnace its temperature is 684°
C. Four minutes later its temperature is 246°C. How long will it take to reach
100° C? Assume that Newton’s law of cooling holds, which states that the time
rate of change of temperature of a cooling body is proportional to the difference
between the temperature of the body and the temperature of the surrounding
medium. Assume that room temperature is 27°.

b) You will find it quite tedious to solve part a) because of all the numbers. The
problem can be solved efficiently by formulating it more generally, as follows.

Let Ty be the temperature of the surrounding medium (called the ambient tem-
perature). Let Ty be the temperature of the coil when it is removed from the
furnace at time ¢ = 0. The temperature is measured to be 17 at time ¢;. The
problem is to find the time ¢5 at which the temperature is T5. So the given quan-
tities are T4, Ty, 17,15 and t; and the unknown is t5. The idea is to solve the DE
for the temperature function 7'(¢) and show that

T5—=Tx
In (To — )

b=t Ty T
1—1A
In <—T07TA>
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9.

10.

11.

12.

13.

The velocity v(t) of a sky-diver falling towards the earth’s surface satisfies the DE

dv

m— = mg — o,
a -

where m is the mass, g the acceleration due to gravity (assumed constant), and « is
the drag coefficient (see the notes).

a) Find v(t) assuming an initial velocity v(0) = vy > 0.

b) Show that as time passes, v(t) approaches the terminal velocity viem = mg/a.
Does v(t) ever equal Vg ?

c¢) Find the distance y fallen as a function of time t.

(d) Find the distance y fallen as a function of velocity v.

The velocity v of a projectile fired vertically up from the surface of a planet and
travelling only under the influence of gravity, satisfies the DE

dv gR?

v— = P
dr r2’
where r is the distance of the projectile from the centre of the planet, R is the radius
of the planet and g is the acceleration due to gravity on the surface of the planet (see
the notes).

a) Find v as a function of r, assuming the initial condition v(R) = vju; -

b) Find the escape velocity for the planet.

A student carrying a flu virus returns to an isolated college campus of 1,000 students.
The rate at which the virus spreads is proportional to the product of the number
of infected students and the number not infected. Predict the number of infected
students after 7 days, if it is found that after 3 days 40 students are infected. When is
the infection spreading most rapidly? Illustrate your solution by graphing the number
of infected students as a function of time ¢.

Suggestion: Formulate and solve this problem more generally, as in #8b).

Suppose that a corpse with temperature 27°C is discovered at midnight, and that the
ambient temperature is a constant 17°C. The body is moved quickly to a morgue where
the ambient temperature is 7°. After one hour the body temperature is 20°C. Estimate
the time of death.

Suggestion: Formulate and solve this problem more generally, as in #8b).

A tank is used in certain hydrodynamic experiments. After one experiment, the tank
contains 200 litres of a dye solution with a concentration of 1 g/litre. To prepare for
the next experiment, the tank is to be rinsed with clear water flowing in at a rate of 2
litres/min, the well-stirred mixture flowing out at the same rate. How long will it take
to reduce the concentration of dye to 1% of its original value?
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dN N
- 1\ N =
r( K) h,

14. The DE

dt
where r, K and h are positive constants, describes a population of fish with natural
growth rate coefficient r, carrying capacity K and a constant harvest rate h.

a) Show that if h < 17K there are two equilibrium solutions N () = N; and N (t) =
N5 where N; and N, are constants with 0 < Ny < N,. Find Ny and N,.

b) Give a qualitative sketch of the solution curves in the case h < K. Discuss the
longterm behaviour of N(t) in the two cases (i) N(0) > N; and (ii) N(0) < N;.

15. A projectile of mass m is fired straight up from the earth’s surface with initial velocity
vg. If vy is small compared to the escape velocity it is reasonable to assume that
the acceleration due to gravity ¢ is constant throughout the motion. After rising to
a certain height, the projectile will momentarily stop before returning to the earth’s
surface. The ascent time ¢, is the time taken to reach maximum height.

(a) Calculate ¢, in two cases:

(i) neglecting air resistance,
(ii) assuming that the force due to air drag is proportional to the velocity.

(b) Which time is shorter?

16. An object of mass m is released from rest at a height of h metres above the earth’s
surface, and strikes the ground after falling for ¢, seconds. Assume that the force
due to air drag is proportional to the velocity. Is it possible to determine the drag
coefficient knowing m, h and ¢,?

17. Experiments show that the rate of decrease of atmospheric pressure p with height A is
proportional to the product of the acceleration due to gravity (assumed constant) and
the pressure.

a) Express the above result as a differential equation for the unknown function p(h).

b) Let py denote the pressure at sea-level, p; denote the pressure at a reference
altitude of h;. Show that the dependence of height h on pressure p can be written
in the form

In[p/po]

h=h .
1ln[p1/p0]

c) Suppose that the pressure at sea level is 104 kPa and at an altitude of 3000 m is
70 kPa. Most people will lose consciousness if the pressure falls below 50 kPa. At
what altitude does this occur? (kPa means kilopascals, and 1 Pa = 1 N/m?).

18. Consider a population of size N(t) which grows exponentially at a rate r, but is har-
vested at a constant rate H per day. Then N(t) satisfies the DE

AN
“N o N-—m
a
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a) Suppose that r = 0.01 days™! and N(0) = 4000. Show that if H > 40 per
day, then the population becomes extinct in a finite time, but if H < 40, the
population will increase without bound.

b) Referring to a), if H > 40 per day, find the time of extinction.

¢) In a), H = 40 represents the critical harvest rate. Find the critical harvest rate
for arbitrary r > 0 and arbitrary N(0).

19. A mixing tank of capacity V.. litres initially contains Vj litres of pure water. A salt

20.

solution of constant concentration ¢;, gm/litres flows in at a rate 2f litres/min and the
contents of the tank flow out at f litres/min. For this physical situation it is reasonable
to define a characteristic time by t. = % (the time to drain the initial volume, with
zero inflow) and a characteristic mass by m. = VjaxCin (the mass of salt in the tank if
it were completely filled by the inflow). Then one can define a dimensionless (unitless)
time 7 and dimensionless mass M by

t m
T="T, MZ_?

te M
where m is the mass of salt in the tank at time ¢.

a) Show that M satisfies the DE

dM M
—_ 2%
dr 1+7’+ ’

Vo

Vmax ’

b) Show that when the tank is filled it contains (1 — b?)ViaxCin grams of salt.

where b =

Joe and Dave sit down to talk and enjoy a cup of coffee. When the coffee is served,
Joe immediately adds a teaspoon of cream to his coffee. Dave waits 5 minutes before
adding a teaspoon of cream (which has been kept at a constant temperature). The two
now begin to drink their coffee. Who has the hotter coffee? Assume that the cream is
cooler than the air and use Newton’s law of cooling.
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Problem Set 2
Second Order Linear Differential Equations

Find the general solution of each homogeneous linear DE:

) ¢ +y-2y=0 (i) ¥ +4'+4y=0
(i) v"+2y+5y=0 (iv) ¢"—6y +10y=0.
Find the general solution of the following inhomogeneous linear DEs.
(i) ¥"+y' — 6y =6t
(ii) y" 4+ 3y — 6y = Hcost
i)
)

(iii) v + o' — 6y = Hett

a) Find the unique solution of the initial value problems

i) y'+4y +4y=0, y(0)=0, ¢(0)=1
(i) ¢ +2y +5y=0, y(0)=0, y'(0)=1.

b) Give a qualitative sketch of the solutions in a).
Write the general solution of the linear DE
y' +wly =0,
where w and b are constants, by inspection.
A particle undergoes simple harmonic motion (SHM) described by
y' +wty =0,

with initial conditions y(0) = yo, ¥'(0) = vo. Show that the amplitude of the SHM is

Ymax = y% + w2

Find the general solution of the DE
%+2k%+b2y20,
where k£ and b are constants.
Note: There are a number of different cases, depending on the values of k& and b.
Find the general solution of the DE
y' +y — 6y = ae”,

where r and « are constants. Which values of r have to be treated as special cases?
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8. Find the general solution of the DE

y" + 2y + 2y = acoswt
where o and w are constants.

a) Find the general solution of the DE
Y +wiy = acoswt,

where wp, @ and w are constants. Which values(s) of w have to be treated as
special cases?

b) Find the unique solution of the DE in a) with w? # w2, subject to the initial
condition y(0) = 0, ¢'(0) = 0,

¢) Show that the solution in b) can be written in the form
y = A(t)sin [$(wo +w)t],

where

Give a qualitative sketch of the graph of y(¢) in the case where wy — w is small
compared to wy. If you want to use specific values, use wy = 11,w = 9, but don’t
try to sketch the curve exactly.

d) Show that the unique solution of the DE in a) with w? = w?, subject to the initial
condition y(0) =0, ¥'(0) =0 is

Q .
Y = ——tsin wyt.
20)0

Give a qualitative sketch of the graph.

10. The homogeneous linear DE

11.

v +py +qy=0 (1)

has y(t) = 0 as an equilibrium solution. In studying a physical system one is interested
under what conditions the general solution will approach the equilibrium solution as
time ¢ — 0o. Show that the general solution of (1) approaches the equilibrium solution
as t — +oo if and only if p > 0 and ¢ > 0.

a) An object of mass 2 kg, hanging from a spring, extends that spring 0.1 m from
its equilibrium position. Calculate the spring constant k in Newtons per metre.
Assuming that the mass moves with no damping and no driving force, calculate
the period of the resulting Simple Harmonic Motion (SHM).

b) A resistive medium exerts a damping force of 200 Newtons when acting on the
above object moving with a velocity of 10 metres per second. Calculate the
damping constant in kilograms per second.
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15.
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c¢) Consider a damped mass—spring system with spring as in a) and damping as in
b). Will the system undergo damped oscillations?

Note: A force of 1 Newton will give a mass of 1 kilogram an acceleration of
1 metre/second?.

A mechanical system undergoes damped oscillations governed by the DE
y' 4+ 20y + wiy = 0.

Suppose that ( = 2 = 10~°. How many oscillations will take place in the time interval
during which the amphtude decays by 1%? In this situation the motion of the system
approximates SHM over a restricted time interval.

Consider the DE

y' 4+ 20y +w’y =0,
with initial conditions y(0) = yo, ¥'(0) = —vy, where A > w > 0, so that oscillations
do not occur.

(i) One expects that if vy is sufficiently large, then the mass will pass through the
equilibrium position before coming to rest. Find the restriction on vy that will
ensure that this happens, in the case of critical damping A = w. Also find the
time t,e0 at which y is zero.

(ii) Find the time .y at which y attains its minimum value yyi,. Show that e

satisfies ]
Lerit = tyero + ™
w
and that "
0 —wteri
min — (= — e crit .
Y (w yo)

(iii) Sketch the graphs of the displacement y(t) and the velocity y/(¢), and label t,e0,
tcrit7 Vo and Ymin-

Referring to #13(i) show that in the case A > w, the restriction on vy is

vo > (A + VA2 —w?)y

We wish to find a particular solution of the DE
Y+ 20y + wiy = focos(wt). (2)

Consider the complex DE .
2420+ wiz = foe™! (3)

The DE (2) is the real part of this DE. Consider a trial function
z = Re'@t=9), (4)

where R and ¢ are real constants.
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(i) Show that (4) is a solution of (3) if and only if

R— fo
\/(wg —w?)2 + 4N22

1 2
cosp = —A(ws —w?), sing = —A\w.
Jo fo

(ii) Hence conclude that
y = Rcos(wt — ¢),

where R and ¢ are given in part (i), is a particular solution of (2).

16. The charge Q(t) on the capacitor in the electrical circuit shown satisfies

2Q  dQ 1
L— — — p—
o F R Q=Y (),

L =0.5 henrys is the coil’s inductance
R =6 ohms is the resistor’s resistance

C =0.02 farads is the capacitor’s capacitance.

and V(t) is the applied voltage.

(i) Is the circuit oscillatory?
(i) If V(t) = 24sin 10t volts and Q(0) = 0 = Q’(0), find Q(¢).
(iii) Sketch the transient solution, the steady state solution and the full solution Q(t).
17. A car suspension system may be modelled by a mass-spring-damper model as shown;

the wheel is assumed to ride on a sinusoidally-undulating road, that is the wheel’s
position w(t) is assumed to be given by w(t) = wg cos(at) at time t.
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body of car

¢ (damper)

/

road surface mean level of road

a) Show, using Newton’s Second Law, that a suitable differential equation for de-
scribing the motion of the mass m is

mi + (& — w) + k(x —w — ) =0, (%)
where ¢ is the equilibrium length of the spring, and where £ = d¢ /dt.

b) Show that the problem may be solved by considering it to be the same as that
discussed in the lectures, but with a modified applied force; that is, show that (x)
may be written as

mz+ci+ kz = F(t),

with suitable choices of z and F. Find F(t) in the form F(t) = Fycos(at — ¢).

18. An electric charge ¢ of mass m moves with velocity v = (v, v9, v3) in a region of space
where there is a magnetic field B = (0,0, B) of constant strength. According to the
laws of physics, the motion of the charge is given by the following equations:

dvy qB dvy qB dvs
m—— = —7uvg, M—— =——701, M——r
dt c @ dt b dt

where ¢ is the velocity of light in a vacuum. Assume an initial condition of the form
V<O) = (ula U2, US)-

=0.

a) Eliminate v, from the first two equations and get a single second order DE for v;.

b) Show that the quantity w, = 7‘% has the dimensions (units) of a frequency, thus

justifying its name, which is the “cyclotron frequency” (or “gyrofrequency”).
c¢) Solve the resulting DE for vy, and then find v,.
d) Identify the curve representing the path of the particle.
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Problem Set 3

Laplace Transforms and Differential Equations

1. Calculate the Laplace transform Y = L[y] of each function y, using the definition.
Give the domain of validity. Use complex variables for the trig. functions.

i) yt)=t* (i) yi)=te? (ili) y(t)=tcoswt (iv) y(t)=tsinzt

2. Use the fact that the Laplace transform operator L is linear, and the results from #1
to write down the Laplace transform of y(t) = (2t 4+ 3e~ + msin7t).

3. Knowing L[e*"] = —- for s > Re(w), find the Laplace transforms of

Ll cosbt] and L[e™ sin bt].

n
4. Show that L[t"] = —» for s > 0, where n is a non-negative integer.
STL

Hint: See #9 on the Review Problem Set.

5. Use the Formula Sheet to find the inverse Laplace transforms of

' ——1 il 5) = L iii 5) = !
0 Y(S)_(s+a)(s+b) () ¥s) (s? +a?)(s* +0%)’ e (s +a)(s? + %)

where a and b are real constants with a # b.

6. Find each inverse Laplace transform using the first shift theorem:

If L7YF(s)]=f(t) then L 'YF(s—c)]=e"f(t).

) s—1 1
. E_l . E_l E_l
) {3(32 +4s+ 5)} (i) {252 + 55+ 2} (i) {32 —4s + 8}
7. Find the Laplace transform of each piecewise defined function f(t) in two ways:

(a) by directly using the definition,
(b) by expressing f(t) in terms of the Heaviside step function, H(t).
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Find the inverse Laplace transform using the second shift theorem, and sketch the
graph of the resulting function:

If L7YF(s)] = f(t), then L '[e F(s)]=H(t—c)f(t—c).

(i) £ {36:2} (i) £ Liil] (i) £ [S‘;jl}

Derive the equation

LIf"(6)] = s*L[f ()] — s£(0) = f'(0)
for a suitably restricted function f(¢). State the hypothesis on f(t).
Hint: Very little work is required.

Solve the following initial value problems using the Formula Sheet

/.

() v +2y=e3 y(0)=5 (i) o + 2y = 4cos2t; y(0) = 1.
(iil) y (0) =1, y'(0) =0.

=y —=2y=0; y(0)=1
(iv) " +y=3sin2t; y(0) =6, y'(0) = 1.

A mixing tank with constant volume Vj and flow rate k is initially filled with pure
water. If the inflow concentration is a constant ¢;, for 0 < ¢t < T, and is then zero
afterwards, calculate the mass of chemical in the tank at time 27'.

Consider a population y(t) which undergoes exponential growth with growth factor r.
Starting at time ¢ = 0, the population is harvested at a constant rate h (number per
unit time), for a period of time 7.

(i) Show that this system is governed by the DE
Yy —ry=—h+hH({t-T),

where H is the Heaviside step function.

(i) If the initial population is yo, find the population y at time t.

(iii) Sketch the family of solutions with yy as the parameter. What happens if yy <
h_ %e’rT ? What is the physical interpretation?

T
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13.

14.

15.

16.

Consider the system described by the DE

Y +y=g(t),

where the input function g¢(t) is the saw-tooth function in #7(iii), and the initial
condition is y(0) = 0.

(i) Based on the graph of the input function, make an educated guess as to the graph
of the response y(t).

(ii) Show that the response at time ¢ is
y(t) = gLf(t) = 2H(t = b)f(t = b) + H(t — 2b) f(t — 2b)],

where f(t) =t —1+e".

(iii) Confirm your “educated guess” in (i) by appropriate analysis. In particular show
that the maximum response occurs at time t,,,, = In(2e® — 1), and is given by

Ymax = %(zb - tmax)-

Consider the undamped oscillator DE with a driving force that is a rectangular pulse
of duration b:
v'+y=1—H(t—b),

where H is the Heaviside step function.

(i) Use the Laplace transform to show that the unique solution satisfying the initial
conditions y(0) = 0 = 4/(0) is

y(t) =1 —cost — H(t — b)[1 — cos(t — b)],
(ii) Show that for ¢t > b, the response y(t) can be expressed as
y(t) = Asin(t — 9),
i.e. simple harmonic motion. Express the amplitude A and phase § in terms of
the pulse duration b.

(iii) Sketch the full response for b = 27, 37 and 27 + €, where 0 < € < 1.

(iv) For what values(s) of b is the amplitude of the long-term response a maximum?
zero?

Let * denote the convolution operation. Show that

at at

i) e xe te** for any a € C.

6at_66t
a—p

Use complex functions to verify that

i) e x eft =

for any o, 8 € C, a # £5.

i) 2cosat *sinat = tsin at.
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ii) cosat * cosat — sinat * sin at = t cos at.

iii) cosat * cosat + sinat * sinat = L sin at.
17. Prove that the convolution operation is commutative, i.e. f*g=g* f.

18. Use the convolution theorem to find the inverse Laplace transform of

1 S 1

i) G(s) = G+ 1205 +2) i) G(s) = (s2+ D)(s +2) i) Gls) = (s2+1)(s+2)

Hint: Use complex functions for ii) and iii).

19. Use the Convolution Theorem to prove the time integration formula:
t
1
if L[f(t)]=F(s), then L {/ f(T)dT:| = —F(s).
0 s

20. i) Derive the frequency differentiation formula:
it L[f(t)] = F(s), then L[-tf(t)]=F'(s), for s> a.

It is assumed that f(t) = O(e) as t — +oo. You may assume that differentiating
inside the integral is valid.

ii) Generalize i) to give a formula for the n'® derivative F((s).

21. Prove that if f is periodic of period T, and piecewise continuous for ¢ > 0, then
1 T
LU0 = 1 [ "0
l1—e 0

22. i) Express the solution of the initial value problem
y// . w2y — u(t),
y(0)=0, y(0)=0

as a convolution. Give the answer in terms of hyperbolic functions.
ii) Find the asymptotic form of the response as t — +o0o to the input u(t) = ().
23. The current y(t) in an RLC circuit with applied voltage e(t) satisfies the DE
R 1 1

i / /
S —y = —€(1).
Vi Ty TaY Le()

Find the transfer function G(s), regarding e(t) as the input and y(¢) as the response.
Assume that e(t) = 0 for ¢ < 0.

24. A linear time-invariant system is of the form
Y+ a1y + agy = f(u(t),d'(t),...).

Given that the transfer function of the system is G(s) = %, find the DE relating
y(t) and f(t).
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25. i) Consider the linear time invariant system described by the scalar DE
y' +ky =0,

where k is a positive constant.

At time ¢t = 0, the state is y(0) = yo. At time ¢; > 0, an instantaneous impulse
of magnitude p is applied to the system. Find the response y(t) for ¢ > 0, and
sketch its graph.

ii) Suppose that an idealized impulse of magnitude p is applied periodically with
period T, to the system in i). Find the periodic steady state response ype,(t), and
sketch its graph. In particular, give the maximum and minimum values of y for
this response.

26. Consider the linear time-invariant system described by the DE
y' +w’y =0,
with initial condition y(0) = 0, ¢/ (0) = vy. At time t = ¢, an idealized impulse po (t—to)
is applied which brings the system momentarily to rest.
i) Solve the DE 3" + w?y = pd(t — ty) subject to the ICs y(0) = 0, 3/'(0) = vo.
ii) Find the value of p which will bring the system momentarily to rest at time ¢ = .
iii) Sketch the graphs of y(¢) and ¥/(t), for ¢t > 0, using the value of p obtained in the
previous part.

27. Suppose that the transfer function of a linear time-invariant system is

S

Gls) = 2+ 1)(s+2)

Find the response of the system in the time domain to

i) an idealized unit impulse at time ¢y > 0,

ii) a unit step input at time ¢y > 0.

28. i) Calculate L[d.(t — a)], where 0. is the pulse function, defined by

1 <
65(15):{5’ if 0<t<e

0, otherwise,

and a > 0.
ii) Show that lim £ [0.(t — a)] = e~ %, thereby providing further justification for the

e—0t
definition

L6t —a)]=e.

29. Use the Laplace transform to show that the two initial value problems
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i) my” + cy' + ky = pd(t), y(0) =0, ¢'(0)=0,
i) my” +cy +ky =0, y(0)=0, ¥ (0)=2,

have the same solution for ¢ > 0.

Comment: This result shows that an idealized impulse of magnitude p imparts an
initial velocity of vg = p/m to a mass-spring system that is initially at rest.

An undamped mass-spring system of natural frequency w is initially at rest. At each
time t = 2mn/w, n = 0,1,2,... the mass is struck with a hammer which imparts an
impulse of magnitude p per unit mass in the positive direction. Determine the resulting
motion. Comment on the long term behaviour. Sketch the graphs of y(¢) and y'(¢).
How smooth is y(t)?
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Problem Set 4
Linear Vector DEs

1. In each case verify that the given vector-valued function satisfies the vector DE  x' =

Ax.

. (1 5\ 4 Scost
if) A= (—1 —3)’ x(t) = (—200st—sint>

was( 2 so-e () ()]

2. a) Give a description of the eigenvalue method for solving a vector DE.

b) Find the general solution of each vector DE using the eigenvalue method, referring
to your explanation in a).

i) x' = (_23 _23> x i) x' = (_11 :‘11) x
iii) x = <_01 _21) x iv) x' = (j j) X.

3. Find the unique solution for each DE in #2 that satisfies each given initial conditions
(i.e. for each DE, two initial conditions are given, and each initial condition will give
a unique solution):

4. Give a qualitative sketch of the orbits for each DE in #2.

5. a) Give a description of the Laplace transform method for solving an inhomogeneous
linear vector DE

x' = Ax + f(1). (*)

b) Find the general solution of the DE (*) for the 2 x 2 matrices given in #2, and
the input functions given below:

() () = et G) (i) £(t) = (2;‘282?)
(i) £(f) = et ((1’) (iv) f(t):cost(_ll).
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6. Consider the coupled constant volume mixing tank system as shown with inflow con-
centration ¢;,(t), with state vector
ma

where m; and msy denote the mass of chemical in tanks 1 and 2 respectively. Let V' be
the volume of each tank.

f f

Wl

sf f

a) Show that the vector DE governing the state of the system is

, b b 3V
x = Ax +f, A—(4b —4b)’ f—( 0 )7

where b = % (this simplifies the algebra).
b) Find the solution to the homogeneous DE x’ = Ax.

c¢) Find the solution for the following initial conditions, assuming ¢;,(t) = 0:

In each case give a qualitative sketch of the mass functions m;(t) and ma(t) on
the same axes. Use the graphs to give a physical interpretation of the behaviour
of the system, discussing whether the mass of chemical in each tank is increasing

or decreasing and whether the masses are ever equal.

d) Referring to c), in which case does the system flush most rapidly, i.e. in which
case does the total mass in the system tend to zero most rapidly? First make an
“educated guess”, and then give a mathematical analysis.

e) Sketch typical orbits of the DE in R?, subject to the restriction m; > 0, my > 0.

(i) Mark the orbits corresponding to the three solutions in part ¢) on your sketch.
(ii) Consider an initial state with ms(0) < m4(0). Use the sketch to describe the
future evolution of the system.
(iii) Do the same for an initial state with mo(0) > 4m4(0).
f) Find the solution of the non-homogeneous DE assuming ¢;,(t) = ¢, a constant,

and an arbitrary initial state x(0) = a. What is the asymptotic behaviour as
t — +o0?
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Series Solutions of Differential Equations
1. Find two linearly independent series solutions to the DE
y" —xy = 0.
2. Apply the power series method to the DE
y'—xy +y=0.

3. Find two linearly independent series solutions to each of the following DEs:

(a) " +2zy" +2y =0
(b) (z—=2)y" +ay —y=0

4. Find a power series solution to the IVP

(@®+1)y" +22y' =0,  y(0)=0, y'(0)=1.

Boundary Value Problems

1. Find the solutions to the following boundary value problems. If there are no solutions
state the reason why.

(&) ¥"—y =0, y(0)=1y(n(2)) =0

(b) ¥" +4y=0, y(0)=4,y(r)=0

(c) ¥"+4y =0, y(0)=4,y(F) =0

(d) " +y=1, ¥ (0)=1y(m) =0

(e) y" =6y +9y=0, y(0)=1,y(In(3))= -1
(f) ¥ =y =0, y(0)+y(0)=1y (5 =¢

2. Find the values of k£ the will give non-trivial solutions to the following BVPs. Further-
more, find the solutions for those values of k.
(a) y"+ky=0, y'(0)=0,yL)=0
(b) ¥" +ky =0, ¢(0)=0,y(L)=0
() ¥ +ky=0, y(0)=0,y(L)=0
3. The DE for laminar flow between two infinite flat plates separated by a distance h is
given by
d*v
Wz =P

where v is the horizontal velocity, z is vertical axis, p is the fluid viscosity and p, is
the pressure gradient (see figure B.1).



182

(a)

Appendix Problems

Determine the solution in the case where v(0) = 0,v(h) = v, and there is no
pressure gradient. This is sometimes called Couette flow.

Determine the solution in the case where v(0) = 0, v(h) = 0 and there is a negative
pressure gradient (i.e. pressure is decreasing linearly along the channel). This is
sometimes called Poiseuille flow.

On a vz plane (i.e. z as the vertical axis, v as the horizontal axis) sketch the
velocity profiles of (a) and (b). Assume p = 1.

In each of (a) and (b) what is the value of the maximum velocity and where does
it occur?

Consider the laminar flow between infinite flat plates as described in question 3.
In the case where there is both a negative pressure gradient and non-zero motion
of the upper plate (i.e. p, < 0 and v(h) = vy, > 0) what is the maximum velocity
and where does it occur?

Sketch a velocity profile on the vz plane for the situation described above.

What happens if there is a positive pressure gradient? (i.e. p, > 0 and vy, > 0).
Is there still a maximum absolute velocity? In which direction? Where does it
occur.

Sketch a velocity profile on the vz plane for the situation described in (c)

In the p; < 0,44, > 0 case how is the velocity profile affected by changes to the
viscosity u?

5. Assuming the flow through a tube of radius R is laminar (i.e. it has become steady at

some point away from the ends) then it can be shown that the velocity v is only in the
x direction and depends only on the radial component r.

===

Figure B.4: Circular Poiseuille low

The DE representing this situation is given by

d? d
(v dv
dr? ~ dr 1
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where p, is the pressure gradient in the z-direction (assumed constant) and p is the
viscosity.

Solve this DE subject to the no-slip boundary condition v(R) = 0 and the restriction
that v is bounded within the tube. Sketch the velocity profile on the vr plane (i.e. v
as the horizontal axis and r as the vertical axis). What is the maximum velocity and
where does it occur?

6. Consider the steady state temperature DE for a uniform rod

d*u
0= Koy — o lwtr=1L)

Assume the rod is laterally insulated (i.e. h = 0) and we prescribe the left side (z = 0)
to have a temperature of Uy and the right side (x = L) to be open to the environment,
such that v/ (L) = —hp(u(L) — U,).

(a) Solve this BVP.
(b) Determine the behaviour as h;, — 0 and h;, — oo.

(c) Compare your answers to the cases of an insulated right endpoint and a prescribed
temperature at the right endpoint.

7. Consider the steady state temperature DE for a uniform rod but this time without
lateral insulation

d? Ph
o i, Ly _ Ph

- S u(z) - U

If the rod is cylindrical of radius r then, assuming Ky = h = 1:

(a) solve the BVP in the case where the endpoints are insulated (i.e. v/(0) = /(L) =
0). Recall that P and A come from a cross section of the rod.

(b) Further assume r = 2 and the ambient temperature is U, = 0. Solve the BVP
when the left and right endpoints are held at the constant temperature U > 0.
Sketch this solution for x between 0 and L.

(c) Resolve part (b) where we keep h as a parameter. Determine how the solution
plots change as h varies.

8. A cable is suspending a load of uniform density p, of horizontal length L. We will
assume that the cable mass is negligible and thus we have the simplified DE

y _ py

dz? T

If we wish to suspend the ends at a height of H determine the smallest value of H that
will guarantee that the cable is at least 10 length units above the ground.
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9. The general uniform load, uniform cable equation is given by

d®y  peg . pey dy\?
-7 _Pd 1 -7
dx? T * T + dx

If we assume there is no load other than the cable itself we arrive at
d’y / dy\?
>2J 1 il
dx? " + (dm

(a) Use a substitution v = 3’ to solve the DE. Show that the solution can be written
as v = sinh(yz + d)

(b) Solve for y(z) and use the boundary conditions y(—L) = H and y(L) = H to
solve for d.

where v = p}g.

(¢) Show that full solution can be written as

o) = %sinh (v(x;r L)) (7(372— L)) H




Formula Sheets

Trigonometric Identities

1. sin(A+ B) =sinAcos B+ cosAsinB = sin20 = 2sinfcosf

cos20 = cos?f —sin?f
2. cos(A+ B) =cos Acos BFsinAsinB = = 2cos’f—1
= 1-2sin’6
3. sin30 = 3sinf — 4sin® 0
4. cos30 =4cos®0 — 3cosb
Integrals
5. [sec?udu=tanu+ C 9. [secudu =In|secu+ tanu| + C

6. [tanudu= —In|cosu|+ C 10. fﬁdu:hﬂu%—\/u?il‘%—c
7. fﬁdu:arcsinu—i—C’ 11. f\/l—u2du:%arcsinu—k%uvl—uQ—i—C’
8. fﬁdu:arctanquC’ 12. f\/u2i1du:’évﬂili%lﬂ‘u—i—\/u?il{—l—C

Partial Fraction Expansions

p(z) A B C
(x —a)(z —b)(x —c) :x—a+x—b+x—c
p(x) _ A B N C :A$+B C
(x—a)(z—-b) zxz—a (xrx—a)? x—-b (x—a)? z-0b
p(z) _ Ar+ B C

(22 + a?)(x — b) J:2+a2+x—b

note: p(x) is a polynomial with degree less than that of the polynomial in the denominator
(3, in each of these examples). If the degree of the numerator is greater than or equal
to that in the denominator, long division must be done first.
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Laplace Transforms

c(so} = [ e

f(t) L{f(t)} = F(s)
1 1
" n!
t Sn—}—l
eat 1
s—a
: k
sin kt 52—|——]§2
s
cos kt m
f'(t) sF(s) = f(0)
e f(t) F(s—a) (First Shift Theorem)
ft—a)H(t —a) e *F(s) (Second Shift Theorem)

e L{f(t+a)} (Second Shift Theorem)

ndn

(1) F(s)

F(5)G(s)
()

—as



