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Introduction

In this unit we move from first-order differential equations to second-order
differential equations, that is, differential equations involving a second (but
no higher) derivative. Examples of such equations are

d’y L dy d*y

T —3£+2y:46x and 3@+y:xsinx.

Second-order differential equations play a central role in the physical
sciences. They are found, for example, in laws describing mechanical
systems, wave motion, electric currents and quantum phenomena.

To take a simple case, consider a particle of mass m that moves in one
dimension along the z-axis. At any given time ¢, the particle’s position is
x(t), and its velocity and acceleration are given by the derivatives dx/dt
and d?x/dt?. There are no general laws for the position or velocity of the
particle, but there is a very important law for its acceleration: Newton’s
second law tells us that

mass X acceleration = force,
which implies that

d’x
Mg = F, (1)
where F' is the force acting on the particle. The force need not be
constant, and may vary with the position z or the velocity dz/dt of the
particle. So, depending on the precise details, we get a second-order
differential equation for x as a function of ¢, and the solution of this

equation tells us how the particle can move.

The system known as a simple harmonic oscillator provides a good
example. Here, a particle of mass m is suspended at the lower end of a
spring that is attached to a fixed support (Figure 1). The particle moves
up and down along a vertical z-axis, subject to a force F' provided by the
spring and gravity. If the system is left to settle, the particle comes to rest
at a point of equilibrium, which we label x = 0. Because the particle does
not spontaneously move away from this position, we can infer that F' =0
when z = 0.

When the particle is displaced from z = 0, the force F' tends to draw the
particle back towards x = 0. We consider the case where the force is
proportional to the displacement from equilibrium, and take

F = —kz, (2)

where k is a positive constant. The negative sign in this equation ensures
that the force always acts in a direction that tends to restore the particle
to its equilibrium position.

Putting equations (1) and (2) together, we get the differential equation
d*x

Introduction

The order of a differential
equation is defined in Unit 2.
A second-order differential
equation may or may not
include a first derivative.

Don’t worry if you have not met
Newton’s second law before: the
essential aims of this unit do not
rely on it.

x = 0 FT

TV

Figure 1 A particle of
mass m moves along the
x-axis subject to a force F
provided by a spring and
gravity
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Recalling that £ > 0 and m > 0, we can also express this as

d*x
W == _WQCC, (3)

where w = \/k/m is a positive constant. Equation (3) is called the

equation of motion of a simple harmonic oscillator. It is a second-order
differential equation whose solution tells us how the particle can move.

This unit develops systematic techniques to solve equations like this. For
the moment, we will simply guess the solution and check that it works.
You know that

. d .
7 (sint) = cost and pn (cost) = —sint,
SO
d? d?
W(sin t) = —sint and W(COS t) = — cost.

In other words, taking the second derivative of a sine or cosine function
gives the same function back again, but with a minus sign. This is very
close to the behaviour needed to solve equation (3). We therefore try a
function of the form

x(t) = C'sin(wt) + D cos(wt), (4)

where C' and D are any constants, and w is the constant in equation (3).
Differentiating this function once, and then again, we get

ccll_atc = Cwcos(wt) — Dwsin(wt),
dQCC 2 . 2 2
i —Cw”sin(wt) — Dw” cos(wt) = —w”z.

So the function in equation (4) does indeed satisfy equation (3). In fact, it
is the general solution of this differential equation.

Notice that our solution involves two constants, C' and D, whose values are
not specified. These constants have arbitrary values, and they are called
arbitrary constants. It is typical for the general solutions of a second-order
differential equation to have two arbitrary constants. The values of these
constants depend on how the system is released, and you will see how they
are determined later in this unit. To take a definite case, suppose that

C =2, D=3 and w=4, when measured in suitable units. Then we have
the particular solution

x(t) = 2sin(4t) + 3 cos(4t), (5)

and this is plotted in Figure 2. The wiggles in this graph correspond to the
oscillations performed by a system like the particle on the end of the
spring in Figure 1.



Figure 2 A graph of equation (5), which is a particular solution of
equation (3)

The simple harmonic motion described by equation (4) continues forever,
but we know from everyday experience that oscillations generally die away
after a while. We can get a more realistic description by including an
additional force in our model — one that will dampen the oscillations down.
We take the additional force to be —ydx/dt, where v is a positive
constant, leading to the differential equation

d’x dx

This is the equation of motion of a damped harmonic oscillator. Later in
this unit you will see that (in appropriate circumstances) it has solutions
that oscillate but diminish and eventually die away.

m

We can also add in another force, f(t), which is applied to the particle by
some external agency. We assume that this force is known directly as a
function of time (and does not depend on the position or velocity of the
particle.) Under these circumstances, Newton’s second law leads to the
differential equation

A2z dx

moy = —kx — T + f(t), (7)

and this is the equation of motion of a forced damped harmonic oscillator.
If the external force is oscillatory, the response of the system may depend
very sensitively on the frequency of the external force. This phenomenon is
called resonance; it will be explored at the end of this unit.

Harmonic oscillators are everywhere

Harmonic oscillators play a central role in physics and its
applications. If a system performs small oscillations about an
equilibrium point, then it is generally a good approximation to model
it as a harmonic oscillator, including the additional terms in
equations (6) and (7) when necessary.

Introduction
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It should come as no surprise that the to-and-fro motion of a
pendulum clock can be modelled by a harmonic oscillator. On a
smaller scale, vibrating molecules and vibrating crystals are also
modelled as harmonic oscillators.

Equations similar to (7) are also used to describe the oscillations of
currents in electrical circuits that allow radios to be tuned to selected
stations. Moreover, each frequency in an electromagnetic field can be
regarded as a harmonic oscillator, and this is a key insight used in
advanced physics when electromagnetic fields are treated quantum
mechanically.

A more everyday example is provided by the suspension system of a
mountain bike (or any other vehicle). The rider is protected from the
vibrations caused by a rough track by a rugged suspension system,
and this can also be modelled by equation (7).

Study guide

This unit requires no previous knowledge beyond that needed for Unit 2,
apart from some familiarity with complex numbers. The relevant material
on complex numbers was reviewed in Unit 1.

The differential equations discussed in this unit all belong to one broad
class: they are all linear constant-coefficient second-order differential
equations. These equations play such an important role in physics and
areas of applied mathematics that they easily deserve a unit to themselves.

Section 1 introduces some basic principles and terminology. Sections 2
and 3 give methods for finding the general solutions for our class of
second-order differential equations: Section 2 covers so-called homogeneous
equations, while Section 3 covers inhomogeneous equations. Section 4 then
explains how extra information can be used to help us to select particular
solutions that are appropriate in given situations.

For the most part, the unit presents the topic of second-order differential
equations in purely mathematical terms, and its learning aims can be fully
met without reference to physical laws. However, it is illuminating to see
physical interpretations of the mathematical equations, so Subsection 2.4
and Section 5 revisit the oscillators considered in the Introduction.

Although the differential equations discussed in this unit and the last may
seem to belong to a limited range of classes, in practice they encompass
most of what a mathematical scientist needs to know about differential
equations. The results obtained in this unit will be used again in Units 6
and 12.



1 Some preliminary remarks

1 Some preliminary remarks

As for first-order differential equations, second-order differential equations
can be written using a variety of notations for functions and derivatives.

If ¢ is the independent variable and y is the dependent variable, we can

regard y as a function of ¢ and write y = f(¢). More usually, however, we Of course, the independent
write y = y(t), using the same symbol y for both the variable and the variable is not always ¢, and the
function. (The merits of this notation were discussed in Unit 1.) The first depende?t variable is not
derivative of y with respect to ¢ may be written as dy/dt, § or 3/, and the always y!

second derivative as d?y/dt?, ij or y".

This section makes some general comments that will be important for
understanding the methods introduced in Sections 2 and 3.

1.1 Requirement for two arbitrary constants

In Unit 1 you saw that when we solve a first-order differential equation, we
get a general solution containing one arbitrary constant. The value of the
arbitrary constant is undetermined in general, but it can be found by using
additional information provided by an initial condition. Here we consider
the corresponding result for second-order equations. You saw in the
Introduction that the differential equation for a simple harmonic oscillator
(equation (3)) has a general solution (equation (4)) that contains two
arbitrary constants. This turns out to be the general rule.

You can assume that the general solution of any second-order
differential equation contains two arbitrary constants.

To further illustrate this point, consider the differential equation
d*y
At
where t is the independent variable, and a is a given constant. This
equation describes the motion of a particle with constant acceleration a.
To take a definite case, we will measure distance in metres and time in
seconds, and suppose that ¢ = 3 in these units. Our differential equation
then becomes
d*y
dt?
An equation like this can be solved by integrating both sides twice. The
first integration gives

dy
— = 3dt=3t+C
ar / + G,

where C' is an arbitrary constant. A second integration then gives

= a, (8)

=3, 9)

y(t) = /(375 + C)dt = 3t> + Ct + D, (10)
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The condition y'(0) =4 could
also be written as y(0) =4 or as

dy
dt|,_y

=4.

where D is another arbitrary constant. Equation (10) is the general
solution of the differential equation. It gives a formula that describes the
collection of all possible solutions of the equation. As promised, this
formula contains two arbitrary constants, C' and D.

If we take definite values for C and D, we get a particular solution of the
differential equation. For example, if we take C' =2 and D = 3, then the
particular solution is

_ 342
y(t) = 3t + 2t + 3.

In the context of straight-line motion, this solution tells us where the
particle is located at each instant t. Moreover, differentiating both sides
gives

dy

— =3t +2
dt +5

so it also gives the velocity dy/dt of the particle at each instant t.

How do we determine the arbitrary constants? You have seen that a
second-order differential equation has two arbitrary constants, so we need
two pieces of information to determine them. A whole section of this unit
(Section 4) is devoted to ways of finding the arbitrary constants, but we
will make a brief comment now.

One way of finding the arbitrary constants is to use initial conditions.
However, it is not enough to specify the value of the function y(t) at a
fixed time t = tg. We also need extra information, and this can be provided
by giving the value of the derivative dy/dt at the same fixed time, t = t.

Example 1

The following description of motion is based on units of metres and
seconds. At t = 0, a car has initial position y = 100 and initial velocity

u = 4. Between t = 0 and ¢t = 10, the car travels with constant acceleration
a = 3 along a straight road.

Find the particular solution of equation (9) in this case, and use it to
predict the car’s position and velocity at ¢ = 10.

Solution
Following the above calculation, the general solution of equation (9) is
y(t) = 3+ Ct + D, (Eq. 10)

where C' and D are arbitrary constants. The initial conditions are
y(0) = 100 and 3/(0) = 4. The first condition gives

100 =3 x0°+Cx0+D=D.

Differentiating equation (10) gives 3/(t) = 3t + C, so the second condition
gives

4=3x0+C=C.



We conclude that the arbitrary constants have values C' = 4 and D = 100.

The required particular solution is therefore
y(t) = 3¢* + 4t + 100.

Differentiating this function gives the car’s velocity as a function of time:
y'(t) = 3t + 4.

We obtain y(10) = 290 and 3'(10) = 34. So at time 10 seconds, the car’s
position is 290 metres and its velocity is 34 metres per second.

The solution of second-order differential equations is rarely as easy as the
solution of equation (9). In fact, the approach of repeated direct
integration works only for equations of the form

d*y

azz — 1@

and requires that both integrations can be carried out.

Initial conditions and Newton’s second law

You have seen that Newton’s second law leads to second-order
differential equations, and that the general solution of a second-order
differential equation contains two arbitrary constants.

The need for two arbitrary constants connects to everyday experience.
If you throw a stone upwards, and want to predict its future motion,
it is not enough to know where the stone was released. You need to
know both its initial position and its initial velocity. These two bits
of information are sufficient to determine the two arbitrary constants
in the general solution, and hence select a unique particular solution.

A single differential equation has a multitude of particular solutions,
distinguished by different arbitrary constants. In the context of
mechanics, this is a great unifying feature. We do not need different
rules to explain the various motions of falling apples, cricket balls,
asteroids or orbiting satellites. All these motions can be modelled by
the same differential equation (obtained from Newton’s second law
and the law of gravitation). If the motions are different, it is because
the initial conditions are different. In a nutshell: a differential
equation provides unity, and initial conditions provide variety.

1 Some preliminary remarks
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Compare the definitions for
first-order equations in Unit 2.
The important feature is the
linear combination of y and its
derivatives on the left-hand side.

If @ = 0, then the equation is
first-order.

The term non-homogeneous is
sometimes used instead of
inhomogeneous.

1.2 Linearity and superposition

This unit considers second-order differential equations that are linear and
have constant coefficients. You met linear constant-coefficient equations in
Unit 2 in the context of first-order differential equations. But what do the
terms ‘linear’ and ‘constant-coefficient’ mean in the context of
second-order equations? The answer lies in the following definitions.

Definitions

e A second-order differential equation for y = y(z) is linear if it
can be expressed in the form
d? d
a(@) =5 +b(@) =2 + c(z)y = f(),
where a(z), b(z), c(z) and f(z) are given continuous functions,
and a(x) is not equal to the zero function.

e A linear second-order differential equation is said to be
constant-coefficient if the functions a(z), b(x) and ¢(z) are all
constants, so that the equation is of the form

d’y . dy
274 p=Z = 11
2 + dz +oy = f(z), (11)
where a # 0.

e A linear constant-coefficient second-order differential equation is
said to be homogeneous if f(z) =0 for all z, and
inhomogeneous otherwise.

Linear constant-coefficient second-order differential equations can be
written in other ways. For example, we can divide equation (11) through
by a to obtain an equation of the form

d? d

d—xZ +ﬂ£ + = (),
where [ and ~ are constants, and this more closely resembles the definition
of linear first-order differential equations from Unit 2.
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Exercise 1

Consider the following second-order differential equations.

L Py, 2y dy o d?y  dy

d2y dy d2y dy
. 2
(iv) zy" + 27y =0 (v) 2y@ +xy = 3% (vi) 2yﬁ +4y = 3d_

’tdt . o .
2—5 +3— + 4t =sinf (vili) & = -4t (ix) & = —4z

(vii) 20 p7]

a) For each equation, identify the dependent and independent variables.

(

(b) Which of the equations are linear?

(c) Which of the equations are linear and constant-coefficient?
(

d) Which of the linear constant-coefficient equations are homogeneous?

The principle of superposition

We now introduce a key principle that will turn out to be extremely useful
throughout this unit. The principle is a fundamental property of all linear
differential equations, but we discuss it here in the context of linear
constant-coefficient second-order equations.

Suppose that we have a solution y;(z) of the differential equation

d’y | dy L .
—2 + bd— +cy = fi(x), In principle, the coefficients a, b
dx and ¢ could be functions of x,
and a solution yo(x) of the differential equation but our interest in this unit is
9 confined to the case where they
a@ + b—y + ey = fo(x) are constants.
da? ' d ?

Then the principle of superposition states that any linear combination
k1 y1(x) 4+ k2 y2(z), where k1 and ko are constants, is a solution of the
differential equation

d? dy
d—g+bd—+0y—k1f1( z) + ko fa(x). (12)
It is not difficult to see why this is true. If we substitute k1y; + koyo into
the left-hand side of equation (12), we get

2 d

(k1y1 + kay2) + b——(k1y1 + kay2) + c(k1y1 + kay2)

GW dx
d?y d*yo dy dys
_a<klw+kgw> +b(k1d—+k d +C(k71y1+k2y2)
Py dy d*y dys
=k1< d2+bd +cy1)+k2< d2+bd—+0y2

= k1 fi(z) + k2 fa(z),

as required.
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10

This important result is summarised as follows.

The principle of superposition

If y; () is a solution of the linear second-order differential equation

?y | dy
a3 +b% +cy = fi(z),
and ys(z) is a solution of the linear second-order differential equation
dy |, dy
ara Tt b% + cy = fo(z)

(with the same left-hand side), then the function
y(@) = kryi(z) + k2 y2(2),

where k1 and ko are any constants, is a solution of the differential
equation
d?y

dy
a@ _|_b% +cy = /4?1 fl(.ilf) + k? fZ(x)

The power of this principle is obvious: it enables us to find new solutions
by adding together existing ones.

An important special case arises when fi(z) = fa(z) = 0. In this case we
see that if y1(x) and yo(z) are both solutions of the homogeneous equation
dy | dy
8V Ly — 0, 13
2 * dx Ty (13)

then any linear combination

y(x) = k1y1(x) + k2 y2(x),

where k1 and ko are constants, is also a solution of the same homogeneous
equation (13).

A note on terminology

Like all human languages, the language of science and mathematics
tends to evolve and fragment into dialects.

In physics, the principle of superposition is sometimes given a
meaning that is slightly more restricted than that used here. It is said
to apply when ‘any linear combination of solutions of a given equation
is also a solution of the same equation’. This restricted form of the
principle applies to any homogeneous equation like (13), but not to
inhomogeneous ones. You may meet this alternative usage in other
Open University texts, but the more general form of the principle, as
given in the box above, is what is needed in this unit.
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2 Homogeneous differential equations

This section develops a method for finding the general solutions of
homogeneous linear constant-coefficient second-order differential equations.
Section 3 will consider the general solutions of inhomogeneous equations,
and Section 4 will discuss how particular solutions are selected in given
situations.

Before the method for homogeneous equations is described in detail, it is
helpful to look at two simple cases.

2.1 Two simple cases

In this section, we return to the equation of motion of a simple harmonic
oscillator. Before tackling this, however, we will solve the closely-related
equation

d*y

dt?
where w is a given positive constant. This differs from the equation for a
simple harmonic oscillator only in the sign of the coefficient of y, which is
negative in this case.

— Wy =0, (14)

Our method of solution is very simple. We notice that a function y = e,

where A is any constant, can be differentiated, and then differentiated
again, to give

dy At d2y 2 At
a = A@ and ﬁ = )\ e .

If we substitute this function into the differential equation (14), we get
MM 2N = 0.
The exponential factors can be cancelled (because they are never equal to
zero) and we are left with a simple algebraic equation for A:
N —w?=0.
This equation has two solutions: A = w and A = —w. So we have found two

distinct solutions of equation (14), namely

t wt

y=¢e and y=e"
The argument then goes as follows:

e  The differential equation is homogeneous, so the principle of
superposition guarantees that any linear combination of the solutions
y = et and y = e ! is also a solution of the differential equation.
Hence the function

y(t) = Ce*' 4+ De vt (15)

where C' and D are arbitrary constants, satisfies equation (14).

11
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e  Then remember that the general solution of a second-order differential
equation contains two arbitrary constants. The function
y(t) = Ce* + De~“! satisfies the differential equation and contains
two arbitrary constants. This means that it is the general solution of
equation (14). The arbitrary constants could take any values, but if
we want our solution to be real-valued, they must be real.

Now we consider the equation of motion of a simple harmonic oscillator,
which can be written in the form (from equation (3))

d2y
T Wiy =0, (16)

where w is a given positive constant.
The tactics for solving this equation are just the same. We try a solution
of the form e, where \ is an undetermined constant. Substituting this
into the differential equation, we obtain

MM et =
Then, cancelling the (non-zero) exponential factors, we get the algebraic
equation

N+ w?=0.

The solutions of this equation are the complex numbers A = iw and
A = —iw, and corresponding to these we have two distinct solutions of
equation (16):

y = ezwt and y = e—zwt.

Using the principle of superposition, and the fact that the general solution
of a second-order differential equation contains two arbitrary constants, we
can follow an argument like that given above to conclude that the general

solution of equation (16) is

y(t) = Ae™' + Be ™1, (17)

where A and B are arbitrary constants (which may be complex numbers in
this case).

There is nothing wrong with this solution, but we can put it in a more
familiar form by using Euler’s formula

e = cosx + isin .
Substituting = wt gives
™! = cos(wt) + isin(wt),
while substituting x* = —wt gives
e~ = cos(—wt) 4 isin(—wt) = cos(wt) — isin(wt).
We therefore see that the general solution is
y(t) = Ae™t + Be ™t
= Alcos(wt) + isin(wt)] + B[cos(wt) — isin(wt)]
= (A + B)cos(wt) + i(A — B) sin(wt),
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and this can be expressed as
y(t) = C cos(wt) + D sin(wt), (18)

where C' = A+ B and D = i(A — B) are arbitrary constants. If y(t) is
real, then the constants C' and D are real-valued. In this case, the
constants A and B are not real-valued, but that does not matter. The
important thing is that we have obtained the general solution of

equation (16) in the form of equation (18) and this, of course, agrees with
the solution given in the Introduction.

2.2 Solution in the general case

The method just described works far more generally. Suppose that we wish
to solve the differential equation
d’y . dy
a—5+b—+cy=0 19
dz? + dx oy ’ (19)
where a, b and ¢ are constants, with a # 0. This is the general form of a
homogeneous linear second-order equation with constant coefficients.

Then we start by substituting the trial solution

Az
y=e-,

where A is an undetermined constant, into the differential equation. We
have dy/dx = \e*® and d?y/daz® = \2e**, so substituting y = e into the
left-hand side of equation (19) gives
2
aﬁ + b@ + ¢y = aX2er 4+ DA + e
dx? dx
= (aX? + b\ + ¢)e™?.

Hence y = ¢ is a solution of equation (19) provided that A satisfies the

quadratic equation
ad?> + b+ c=0. (20)

This equation plays such an important role in solving linear
constant-coefficient second-order differential equations that it is given a
special name.

Definition

The auxiliary equation of the homogeneous linear
constant-coefficient second-order differential equation

Py dy
SV Y L ey=0
adaz;2 i dx Ty

is the quadratic equation

aX? + b\ +c=0.

For variety, we use the symbol x
for the independent variable.

The auxiliary equation is
sometimes called the
characteristic equation.

13
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There is no need to write down all the steps that led to the auxiliary
equation. You can just use the rules that emerge from the calculation
leading to equation (20): the auxiliary equation is obtained from the
differential equation by
2
replacing 4y by A2, dy by A, and y by 1.
dx? dx

Example 2

Write down the auxiliary equation of the differential equation

Py dy

S48 gy =

3d:c2 da:+ y=0
Solution

The auxiliary equation is

3N2 -2\ +4=0.

Exercise 2

Write down the auxiliary equation of each of the following differential
equations.

d?y dy . .
() 552 6y=0 () ¥ -9y=0 (¢) #+2=0

We know that y = e*® is a solution of equation (19) provided that A
satisfies the corresponding auxiliary equation. But the auxiliary equation
is a quadratic equation, so it has two roots, A\; and Ay say. For the
moment, we assume that these are distinct: Ay # A\o. Corresponding to
these roots, there are two distinct solutions of differential equation (19):

Az Aoz

yi(x) = eM" and  yo(r) =e

We now follow the logic of the preceding subsection. The principle of

superposition implies that any linear combination of y;(x) and ys(x)
satisfies the differential equation. It therefore follows that the function

y(x) = Cyi(z) + Dya(z), (21)

where C' and D are arbitrary constants, satisfies the differential equation.
This solution contains two arbitrary constants, as expected for the general
solution of a second-order differential equation. We therefore conclude that
equation (21) is the general solution of equation (19). This important
result is summarised as a theorem.



2 Homogeneous differential equations

Theorem 1 General solution of homogeneous equations

Given a homogeneous linear second-order differential equation
dy | dy
— +b— =0
@ a2 * dz tey=90

with constant coefficients a # 0, b and ¢, the auxiliary equation is
aX? +bA +c=0.

This usually has two distinct roots, A\; and Ay, associated with two
distinct solutions y;(x) = e*® and yo(x) = e2*. Provided that the
roots are distinct, the general solution of the differential equation is

y(x) = CeM® 4+ Det2®, (22)

where C' and D are arbitrary constants.

The roots of the auxiliary equation are

b b2 — 4 —b—Vb2 —14
_ b+ 9 nd g — ac (23) It does not matter which of the

2a 2a roots is called A1 and which is
Assuming that the coefficients a, b and ¢ are real, there are three cases to called \so.

consider, depending on the sign of the discriminant b — 4ac:

A

e For b? — 4ac > 0, the roots are distinct and real.
e For b? — 4ac < 0, the roots are distinct and complex.
e For b? — 4ac = 0, the roots are equal and real.

We consider each of these cases in turn.

Distinct real roots

Example 3

(a) Write down the auxiliary equation of the differential equation
d’y L dy
SV 3 hoy=0
dx? dx tay=0

and find its roots A1 and A\s.

(b) Use Theorem 1 to write down the general solution of the differential
equation, and verify that your answer does satisfy the differential
equation.

15
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Solution

(a) The auxiliary equation is

A —3\+2=0.
Using the formula This equation may be solved, for example, by factorising it in the form
Mg = VDR = dac A=D1 =2)=0,
produces the same2§nswer. to give the two roots A\; = 1 and Ay = 2.

(b) Since A\; =1 and Ay = 2 are the roots of the auxiliary equation, the
functions y; = e* and y, = €%* are solutions of the differential
equation. Theorem 1 then shows that the general solution of the
differential equation is

y(x) = Cyi(x) + Dya(x)
= Ce® + D,
where C' and D are arbitrary constants.

To check that this function satisfies the differential equation, we
differentiate it and then differentiate again, to get

d d?

Y _ et +2De**  and EY _ cem + 4De*®.

dx dax?
Substituting into the left-hand side of the differential equation then
gives

d’y . dy

— —3=42

dx? dx +ay

= (Ce“ + 4D62x) -3 (Cex + 2D62“) 42 (Cex + Dezx)
=C(1-3+2)e" +D(4—6+2)e*
=0,

as required. Hence y = C'e® + De?* is a solution of the differential
equation, for all values of C' and D.

Exercise 3

Use the auxiliary equation and Theorem 1 to find the general solution of
each of the following differential equations.

&y d 2y d &2
@) Y% tey=0 () 222 13% :

Ay pUp
dx? dx dx? dx (c) du? =0

16



2 Homogeneous differential equations

Distinct complex conjugate roots

When the discriminant b — 4ac is negative, equations (23) produce two
complex roots that are complex conjugates of one another:

M=a+pfi and Xy =a— (i, Recall that the complex

. . conjugate of o + Bi is av — Si.
where o and 3 are real. The corresponding functions y(z) = Ae*? and e P b

yo(x) = Be’?? satisfy the differential equation, and the general solution
takes the form

y(r) = AT + BT = AT 4 peleii, (21)

where A and B are arbitrary constants (which may be complex in this
case). We usually need a real-valued solution, so it is best to express our
result without using complex numbers. This can be achieved by first
writing equation (24) as
y(x) _ Ae(a-ﬁ-ﬁi)x + Be(a—ﬁi)m

— Aeazeiﬂz + Beazefiﬁz

= e** (Aewx + Be_wx).
We can simplify this by using FEuler’s formula. Following the same

argument as that which led to equation (18), but with Sz in place of wt,
we conclude that

y(z) = e**(C cos(Bz) + Dsin(fBz)), (25)

where C = A+ B and D = i(A — B) are arbitrary constants. If the
required solution is real-valued, then C' and D are real-valued, and
equation (25) is the most convenient form of the general solution.

Example 4
(a) Write down the auxiliary equation of the differential equation

Py dy

— —6—= 4+ 13y =0,

dz? dz Y

and show that its roots are Ay = 3 + 2 and Ay = 3 — 2i.

(b) Hence write down the general solution of the differential equation in
terms of sines and cosines.

Solution
(a) The auxiliary equation is
A2 —6A+13 =0.
The standard formula for the roots of a quadratic gives

6+v36—-4x1x13 6%+-16
2 B 2
so the two complex conjugate roots are \; = 3 + 2¢ and \o = 3 — 21.

A=

=3+ 2,

17
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(b) The roots are o £+ i3, where o = 3 and 8 = 2, so using equation (25),
the general solution of the differential equation is

y(x) = > (C cos 2z + Dsin 2z),

where C' and D are arbitrary constants.

Exercise 4

Use the auxiliary equation and Theorem 1 to find the general solution of
each of the following differential equations.

d?y dy d*0

— +4—=+8y=0 b) — +90=0
(@) G2 TG T8 ) G+

Equal roots

There is a special case where the method based on Theorem 1 does not
work. This is when the two roots of the auxiliary equation are equal.

To see what the problem is, suppose that we have two solutions y;(x) and
y2(z) of a homogeneous linear second-order differential equation. Then the
principle of superposition tells us that any linear combination

y(x) = Cyi(z) + Dya(z) (26)

is also a solution, and we have argued that this must be the general
solution because it contains two arbitrary constants. But suppose that the
functions y;(z) and yo(z) are constant multiples of one another, so that
ya2(x) = kyi(x) for all z, where k is a constant. In this case, we can rewrite
equation (26) as

y(x) = Cyi(x) + Dkyi(z) = (C + kD) yi(x),

which shows that there is really only one arbitrary constant, A = C' + kD,
in this case.

If two functions are constant multiples of one another, then they are said
to be linearly dependent. In order for equation (26) to be the general
solution of the homogeneous linear second-order differential equation, the
functions y; and yo must not be constant multiples of one another; we say
that they must be linearly independent solutions.

If both the roots of the auxiliary equation are equal to A, then the function
y1(x) = e provides one solution of the differential equation, but we still
need another linearly independent solution in order to construct the
general solution. Fortunately, there is a simple way of finding this extra
solution, illustrated by the following example.
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Example 5

(a)

(b)
()

(d)

Write down the auxiliary equation of the differential equation

Py | dy
SV 165 1oy=0
dx? + dx Iy ’

and find its roots.

Deduce that y; = e ™37 is a solution of the differential equation.

By substituting into the differential equation, show that ys = ze™3% is

also a solution.

Deduce that y = (C + Dz)e 3% is a solution of the differential
equation for any values of the constants C' and D. Is this the general
solution of the differential equation?

Solution

(a)

The auxiliary equation is

A2 4+6A+9=0.
The left-hand side is the perfect square (A + 3)2, so the auxiliary
equation has equal roots A\ = Ay = —3.
Since A\; = —3 is a root of the auxiliary equation, y; = e 3 is a
solution of the differential equation.

To show that yy = ze ™% is a solution of the differential equation, we

differentiate it twice and substitute into the differential equation.
Differentiation gives

d
T2 _ g3y z(—3e73%) = (1 — 3x)e 37, Here we are using the product
;2.%' rule for differentiation.
d—yj = 3737 4 (1 — 32)(—3e37) = (=6 + 9z)e 57,
T
Substituting these into the left-hand side of the differential equation
then gives
d? d
Wy; + 6% 4+ 9yo = (=6 + 92)e > + 6(1 — 3x)e " + 9ze
= (=6 +6)e 3% + (9 — 18 4+ 9)ze 3"
=0.
Hence yo = ze ™37 is a solution of the differential equation.

Since y; = e73* and yo = ze 3% are both solutions of the same

homogeneous differential equation, the principle of superposition tells
us that

y=Ce 3 4 Dxe 3 = (C + Dx)e™>®
is also a solution of this equation for any values of C' and D.

This solution contains two arbitrary constants C' and D that cannot
be combined because the functions e~ and ze~3% are linearly
independent (i.e. they are not constant multiples of one another). It is
therefore the general solution of the differential equation.

19



Second-order differential equations

If you want to prove this, you The method used in the above example always works when the auxiliary
can substitute y = ze*” into the  equation has equal roots. (The proof follows the same method as the
left-hand side of equation (19), example, but using symbols instead of numbers.) Thus whenever the

and use the fact that \ satisfies
the auxiliary equation, with
A = —b/2a for equal roots.

auxiliary equation has equal roots Ay = Ag, the general solution of the
homogeneous equation is

y(x) = (C+ Dx)eklx, (27)

where C' and D are arbitrary constants.

Exercise 5

Use the auxiliary equation method to find the general solution of the
following differential equations.

d’y dy
(a)

T2 ty=0 (b)) §-ditds=0

2.3 General procedure and further practice

We have now considered all the cases that can arise when solving a

homogeneous linear second-order differential equation with constant
coefficients. This subsection summarises the method of solution as a
procedure, and gives exercises for further practice.

Procedure 1 General solution of a homogeneous linear
constant-coefficient second-order differential equation

The general solution of the homogeneous linear constant-coefficient
second-order differential equation
d2

y | ,dy
— 2 4 p2 =0 Eq. 19
a——s +bo + ey =0, (Eq. 19)

where a, b, ¢ are real constants with a # 0, may be found as follows.
1. Write down the auxiliary equation
a2+ b\ +¢c=0, (Eq. 20)
and find its roots A1 and \s.

20



2 Homogeneous differential equations

2. (a) If the auxiliary equation has two distinct real roots A\;
and Ao, then the general solution is

y = CeM® 4 Det2?, (Eq. 22)

(b) If the auxiliary equation has a pair of complex conjugate
roots Ay = a+ fi and Ay = o — Fi, then the general solution
is

y = €**(C cos fr + Dsin fz). (Eq. 25)

(c) If the auxiliary equation has two equal real roots A\ = A,
then the general solution is

y = (C + Dz)eMe. (Eq. 27)

In each of these cases, C' and D are arbitrary constants.

Exercise 6

Use Procedure 1 to find the general solution of each of the following
differential equations.

d2y d2y

d*y | dy d*y dy

GV 9% d) SY %~
(c) dx? + dx 0 (d) dx? dx +ty=0

d? d
() T3 +4=0 420y =0 (£) u'(2) — 6u'(x) + 8u(x) = 0

Exercise 7

(a) Write down the auxiliary equation of the differential equation

dy d*y

SR s 4

dr Y7 “dp?

(b) Solve this auxiliary equation, and write down the general solution of
the differential equation.

=0.

Exercise 8

Find the general solution of each of the following differential equations.

d*y dy d%y
—2 4+ 224+ 2y=0 b) —=% — 16y =0
d?y dy d*0 do
—Z 44y =4-"2 d) — — =0
(©) g ta=ag, () gp+3y

21
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Exercise 9
For which values of the constant k& does the differential equation

d’y o dy
— +4k—=+4y =0
dz? + dz ey
have a general solution with oscillating behaviour, that is, a general

solution which involves sines and cosines?

2.4 Damped harmonic oscillators

Apart from equations (31) and (32), and the definitions of amplitude,
phase constant, angular frequency and period, this subsection contains
no new mathematical ideas, so if you are short of time, you may
choose to read it quickly. However, many students find it invaluable
to think about the solutions of differential equations in the context of
real oscillating systems.

We consider again the damped harmonic oscillator that was discussed in
the Introduction. This system was illustrated in Figure 1. It consists of an
object of mass m that moves along the z-axis, with position z(t) at time t.
A spring exerts a force —kx on the object, pulling it towards the
equilibrium position = 0. The object also experiences a damping (or
frictional) force that is taken to be proportional to the object’s velocity
dx/dt. Under these circumstances, the object obeys the equation of motion
given in equation (6). This is the homogeneous linear constant-coefficient
differential equation
2

m% + ’yccli_atc + kx =0, (28)
where m, k and ~ are positive constants. The damped harmonic oscillator
is a good model for vehicle suspension systems, but equations like (28)
appear in many other contexts where oscillations occur.

Let us begin with the special case of no damping (v = 0). Equation (28)
then reduces to the equation of motion of a simple harmonic oscillator

d*z 9

W + wr = O,
where w = \/k/m. You saw earlier that the general solution of this
equation is

x(t) = C cos(wt) + D sin(wt), (Eq. 18)

where C' and D are arbitrary constants.
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To interpret this solution, it is helpful to note that it can also be written as
x(t) = Asin(wt + ¢), (29)

where A and ¢ are arbitrary constants. To see why this works, expand the
right-hand side of equation (29), to get

x(t) = Asin(wt) cos ¢ + A cos(wt) sin ¢.

Then comparing with equation (18), we see that equation (29) is valid
provided that

C=Asing and D = Acos . (30)
Squaring and adding these equations gives

C? 4 D? = A%(sin® ¢ + cos® ¢) = A?,
SO

A=+/C2+ D2 (31)

Dividing the first equation in (30) by the second, we also have

— = ta

D Acos¢ ng,
SO

¢ = arctan(C/D). (32)
In equation (31) we have chosen the positive square root for A; this
involves no loss of generality because sin(wt 4+ m) = — sin(wt), so increasing

the value of ¢ by m is equivalent to reversing the sign of A. Values of ¢
that differ by an integer multiple of 27 correspond to the same motion, so
we can restrict ¢ to a range such as 0 < ¢ < 2.

Figure 3 shows a graph of the solution.

Sy

T

Figure 3 Simple harmonic motion with amplitude A, phase constant ¢
and period T’

Recall the trigonometric identity
sin(A + B)
= sin A cos B + cos Asin B.

23
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w is sometimes called the
natural angular frequency.

24

The constant A > 0 is the amplitude of the oscillation, which is the
magnitude of the maximum displacement from the equilibrium position

x = 0. The constant ¢ is called the phase constant. This is related to
the time when the oscillator passes through the equilibrium position:
according to equation (29), x = 0 at time ¢t = —¢/w. The oscillation
consists of identical cycles, endlessly repeated. The time taken to complete
one of these cycles is the period of the oscillation, and is given the
symbol T'. Because the sine function has period 27, we have

wl' =27

and so

2 m
T=—=2 —.
w 7T\/k

As you might expect, the period is reduced if m is reduced (a lighter
particle) or if k is increased (a stiffer spring). The quantity 1/7 is called
the frequency of the oscillation, and represents the number of cycles
completed per unit time. The constant w = 27/T is called the angular
frequency.

Now let us return to the case where damping is present (y > 0). In this
case, the relevant homogeneous differential equation is (28), which can be
written more simply as

d*x dx

— 42— WP =0 33

72 + 7 +wr =0, (33)
where the damping parameter I' = v/(2m) is a measure of the damping,
and w = \/k/m is the angular frequency of the corresponding undamped

oscillator. The corresponding auxiliary equation is

A2 42T A+ w? =0, (34)
and this has solutions

A=-T+£VI?-u2 (35)

Depending on the value of the discriminant T'? — w?, there are three
different types of solution, which correspond to three different types of
motion. These exemplify the three cases described in Subsection 2.2:
distinct complex roots, distinct real roots and equal roots.

Underdamped motion: ' < w

When I' < w, the discriminant I'? — w? is negative, and the roots of the
auxiliary equation are complex numbers:

A= -T=4iQ, where Q =Vw? -T2 (36)
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The general solution is therefore
z(t) = et [C cos(Q) + Dsin(Qt)], (37)

where C' and D are arbitrary constants. Transforming the term in square
brackets, just as in equation (29), we can also write this as

z(t) = Ae Tt sin(Qt + o). (38)

Figure 4 shows graphs of this function for different values of the arbitrary
constants A and ¢. (Section 4 will explain how these arbitrary constants
can be determined from given initial conditions.)

T

14
0.8
0.6
0.4+

0.2+
. /><\\ >
—0.24 _></

—0.4+
—0.6

S|
—
(=]
—
Ot
[\~]
@)
~

Figure 4 Two solutions for an underdamped harmonic oscillator with
w=1and I' =1/8, corresponding to A =1, ¢ = 0 (orange curve) and
A =1, ¢ =7/2 (purple curve)

This motion is called underdamped because the damping force is weak
enough for the motion of the particle to oscillate to and fro. The angular
frequency €2 of the damped oscillator is smaller than the angular
frequency w of the corresponding undamped oscillator (see equation (36)).
Each cycle of the damped oscillator takes a period T' = 27/, which is
longer than the period 27/w of the corresponding simple harmonic
oscillation, although this effect is slight if I' << w. The amplitude of the
damped oscillations is Ae~'*, which decreases exponentially with time. In
this context, I' may be called the decay constant. If I' approaches zero,
the decay constant approaches zero and the angular frequency §2
approaches w, so in this limit the system behaves like a simple harmonic
oscillator.

Overdamped motion: ' > w

When I' > w, the discriminant ' — w? is positive, and the roots of the
auxiliary equation are real negative numbers:

M=-T—-VI?—w? and My =-T+ V1?02

25
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In this case, the general solution of the homogeneous differential equation is
z(t) = CeMt + De M2, (39)

where C' and D are arbitrary constants. Figure 5 shows graphs of this
function for different values of the arbitrary constants C' and D.

T

1
0.8
0.6

0.4

0.2 1

>

0 5 10 15 20 ¢

Figure 5 Two solutions for an overdamped harmonic oscillator with
w=1/4 and I = 1/2, corresponding to C' =1, D = 0 (orange curve) and
C =0, D=1 (purple curve)

Because A1 and A9 are both negative, the solution dies away exponentially,
and there are no oscillations. This motion is called overdamped because
the damping force is strong enough to prevent oscillations. When I’
approaches w from above, both roots approach the value I', and the
solution is proportional to e Tt

Critically damped motion: I' = w

When T' = w, the discriminant I'2 — w? is equal to zero. In this case the
general solution is

x(t) = (C + Dt)e ', (40)

where C' and D are arbitrary constants. Figure 6 shows graphs of this
function for different values of the arbitrary constants C' and D.



2 Homogeneous differential equations

0.8 1

0.6

0.4

0.2 1

0 5 10 15 20 t

Figure 6 Two solutions for a critically damped harmonic oscillator with
w =1 =1/2, corresponding to C' =1, D = 0 (orange curve) and C' = 0,
D =1 (purple curve)

The motion is described as critically damped. A vehicle suspension

system is usually set up to be close to critical damping, so that it is soft
enough to move in response to a bumpy road, without allowing oscillations.

Exercise 10

Small oscillations of the pendulum shown in Figure 7 can be described by
the homogeneous differential equation

d*0 d0  mg
where m is the mass of the bob, [ is the length of the string, ¢ is the
magnitude of the acceleration due to gravity, and v is a damping constant.
With mass measured in kilograms, length in metres and time in seconds,
the values of these constants are m = 0.80, [ = 2.0, g = 9.8 and ~ = 0.016.

(a) Is this oscillation underdamped, overdamped or critically damped?
(b) What is the period of the oscillation?

(c) If the initial amplitude of the oscillation is § = 0.20 (in radians), what  Figure 7 A pendulum
is the amplitude at ¢t = 1007

Exercise 11

A critically damped harmonic oscillator is described by the differential
equation (28), with m = 1 and k = 4 (in suitable units). Determine the
value of I' in these units, and write down an expression for the general
solution z(t).

27
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The notation y.(z) and y,(z)
(see below) will be explained
shortly.

28

3 Inhomogeneous differential
equations

3.1 General method of solution

Section 2 focused on finding the general solution of homogeneous linear
constant-coefficient second-order differential equations. This section
explains how to find the general solution of inhomogeneous linear
constant-coefficient second-order differential equations — that is, equations
of the form

d*y dy
ﬁ+bd—+0y—f( z),
where a, b, ¢ are constants, with a # 0, and f(x) is a given continuous
function of x. The basic method for finding the general solution of such an
equation depends on the principle of superposition, and is illustrated in the
following example.

Example 6
Exercise 3(a) showed that the homogeneous equation
d?y dy
—5 5— 6y =0 41

has the general solution y.(z) = Ce™2* + De™3%, where C' and D are
arbitrary constants.

Use this fact, together with the principle of superposition, to show that the
inhomogeneous equation

d*y dy
CY 5% gy =12 42
dx? + dx + 0y = ( )
has a solution y(z) = Ce 2% + De™3% + 2 for any C and D.
Solution

We can show that the constant function y,(z) = 2 is a particular solution
of the inhomogeneous equation by substituting it into the left-hand side.
This gives

Pyp o 6 05046 x 2= 12,
dz  dy O T -

which is the same as the right-hand side, as required.

We know that y.(z) = Ce™2* + De™3" is a solution of equation (41) for
any C' and D, and y,(z) = 2 is a solution of equation (42). The principle
of superposition then tells us that y.(x) + yp(z) is a solution of

d*y dy
— 5— 6y =124+0=12

Ty T Gy =124 ,
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which is identical to equation (42). Hence y(x) = Ce 2 4+ De 3% + 2 is a
solution of equation (42) for any C' and D.

The solution found in the example above contains two arbitrary constants,
C and D (which appear as coefficients of two linearly independent
functions, e~?* and e~3*). We expect the general solution of any
second-order differential equation to contain two independent arbitrary
constants, so y(x) = Ce™2* + De™3 + 2 is the general solution of
equation (42). We will now generalise this idea, but first it is helpful to
introduce some terminology.

Corresponding to the inhomogeneous equation (42), we have the
homogeneous equation (41), obtained by replacing the function on the
right-hand side by zero. This is called the associated homogeneous
equation. The solutions y. and y;, also have special names in this context:
ye(z), the general solution of the associated homogeneous equation (41), is
called the complementary function, and y,(x), a particular solution of the
inhomogeneous equation (42), is called a particular integral.

Definitions

Let

d’y . dy
b = 43
adx2+ dx+cy f(z) (43)
be an inhomogeneous linear constant-coefficient second-order

differential equation.
e Its associated homogeneous equation is

d’y . dy
— +b— =0. 44
@ da? * dx Ty (44)
e  The general solution y.(z) of the associated homogeneous
equation is known as the complementary function for the

original inhomogeneous equation (43).

e Any particular solution y,(z) of the original inhomogeneous

equation (43) is referred to as a particular integral for that The term particular integral is
equation. used here, rather than the term
particular solution, which we
reserve for a solution that
The particular integral is not unique — many different choices can be made, contains definite numbers rather

but that does not matter. Suppose that y,, and y,, are two different than arbitrary constants (see
particular integrals for equation (43). Then the principle of superposition Section 4).
tells us that y,, — yp, is a solution of the equation
d? d

aT5 + b2 +oy = f(@) - f(2) =0,
which is the associated homogeneous equation (44). But we know that the
general solution of this equation is given by the complementary
function ye, so it follows that yp, — yp, = Y, or equivalently,

1

yp2 =Y + ypl'
29
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See Exercise 4(b), although
there different symbols are used
for the variables.

You will see in the next
subsection how to find such a
particular integral.

30

Since any solution can be written in this form, it follows that y. + v, is
the general solution of the inhomogeneous equation (43). We have
therefore proved the following important result.

Theorem 2 General solution of an inhomogeneous equation

The general solution of a linear constant-coefficient second-order
differential equation is given by

y(@) = ye(@) + yp(2),

where y.(x) is the complementary function (the general solution of
the associated homogeneous equation) and y,(z) is a particular
integral of the inhomogeneous equation.

Note that y.(x), being the general solution of the associated homogeneous
equation, will contain two arbitrary constants, whereas y,(z), being a
particular solution of equation (43), will contain none. You have already
seen how to find the complementary function y.(x) in Subsection 2.2.
There is no general recipe for finding a particular integral y,(x), but there
are methods for ‘guessing’ a suitable solution, which work in most cases.
The following example illustrates the general technique.

Example 7
Find the general solution of the differential equation

d*y

@+9y:9x+9. (45)
Solution

The associated homogeneous equation is

Ly

dx?

which has the general solution

+9y =0,

Yo = C'cos 3z + D sin 3z,

where C and D are arbitrary constants. This is the complementary
function for equation (45).

A particular integral for equation (45) is
yp =+ L.

This may be verified by differentiation and substitution: yg =0, so
substituting into the left-hand side of equation (45) gives

Yp +9p =0+9(x+1) =92 +9,

which is the same as the right-hand side of equation (45), as required.
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The general solution of equation (45) is therefore, by Theorem 2,
Y=Y+ yp=Ccos3x+ Dsin3z + x + 1,

where C' and D are arbitrary constants.

The method of Example 7 may be summarised as follows.

Procedure 2 General solution of an inhomogeneous linear
constant-coefficient second-order differential equation

The general solution of the inhomogeneous linear
constant-coefficient second-order differential equation

d’y . dy
a—>= +b—=+cy= f(x
Tz Tty = f(z)
is found as follows.
1. First find the complementary function y.(x), i.e. the general The reason why . is found first
solution of the associated homogeneous equation will become clear in
2 p Subsection 3.3.
Y Y
a—5 +b—+cy=0
dz? + dx T =5

using Procedure 1.
Then find a particular integral y,(z).
The general solution is then y(z) = yc(x) + yp(x).

It is worth noting that, by Theorem 2, any choice of particular integral in
Procedure 2 gives the same general solution. Formulas obtained for the
general solution may look different for different choices of particular
integral, but they are in fact always equivalent. For example, in Example 7
the particular integral y, =  + 1 was chosen, and the general solution was
obtained as y = C'cos 3x + Dsin3z + « + 1. It would have been equally
valid to have chosen y, = x + 1 + sin 3z as the particular integral. In that
case, the general solution would have been obtained as

y=Ccos3x+ Dsin3x + x + 1 + sin 3z. This form looks a little different,
but it may be written as y = C'cos 3z + (D + 1)sin3z + x + 1; and since C
and D are arbitrary constants, this form of the general solution represents
exactly the same family of solutions.

Exercise 12
For each of the following differential equations:

e  Write down its associated homogeneous equation and its
complementary function y. The complementary functions
. . . o . can be found from Exercise 6(a)
e [Find a particular integral of the form y, = p, where p is a constant. and Example 3.
e  Write down the general solution of the differential equation.

d*y d?y L dy
(a) T2 +4y =8 (b) 102 3d:c + 2y =6
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In Exercise 12, where the right-hand sides of the equations are constants,
it is possible to find a particular integral almost ‘by inspection’; but this
method is generally inadequate. Fortunately, there exist procedures for
finding a particular integral for equations involving wide classes of
right-hand-side functions f(x). The remainder of this section considers
some of the simpler cases, where it is possible to determine the general
form of a particular integral by inspection, although some manipulation is
needed to determine the values of certain coefficients.

3.2 The method of undetermined coefficients

You have seen that the linear constant-coefficient second-order differential
equation
d? d

ad—xz + b% +cy = f(x) (Eq. 43)
has the general solution y(z) = yc(x) + yp(x), where the complementary
function y.(x) is found by solving the associated homogeneous equation,
using Procedure 1. However, the methods for finding a particular integral
yp(z) are another matter.

We can proceed by guessing that y,(x) takes some general form, called a
trial solution, which involves one or more constants (or coefficients)
whose values are initially undetermined. Then, by substituting the trial
solution into the differential equation, we can hope to find the values of
these coeflicients, and hence find a particular integral. This is called the
method of undetermined coefficients.

You saw an example of this method in Exercise 12. There the function
f(z) on the right-hand side of the differential equation is a constant, and
the trial solution is taken to be of the form y, = p, where p is an unknown
constant, whose value is determined by substituting into the differential
equation.

The choice of trial solution depends on the function f(x) on the right-hand
side of equation (43). We will look at three cases:

e  polynomial functions
e functions with exponential behaviour
e sinusoidal functions.

When we have considered examples for each case, we will gather
everything together as a general procedure. Bear in mind, though, that the
method finds only a particular integral for the differential equation; to find
the general solution you also need to find the complementary function and
add this to the particular integral, according to Procedure 2.
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Polynomial functions
If f(z) is a given polynomial, we have
f(@) =mpa”™ +mp 12"+ + m,

where mg, m1,...,m, are given constants. This class of functions includes
constant functions (n = 0), linear functions (n = 1), quadratic functions
(n = 2) and higher-order polynomials (n > 3).

Let us start by considering the case where f(x) is a linear function
(a polynomial of degree 1).

Example 8
Find a particular integral for
Py dy
3— —2—= =4 2.
dz? dz ty=crt
Solution

We try a solution of the form

Yy = p1Z + po,

where p; and pg are coefficients to be determined so that the differential
equation is satisfied. To try this solution, we need the first and second
derivatives of y:

dy d?y _ 0
dr PV g2 T
Substituting these into the left-hand side of the differential equation gives
dy dy
AN e AN —2

= P17 + (po — 2p1).
For y = p1x 4+ po to be a solution of the differential equation, we require
that
px+ (po —2p1) =4x +2 for all . (46)

To find the two unknown coefficients p; and pg, we compare the
coefficients on both sides of equation (46). Comparing the terms in x gives
p1 = 4. Comparing the constant terms gives pg — 2p1 = 2, so

po =2+ 2p; =2+ 2 x 4 =10. Therefore we have the particular integral

yp = 4 + 10.
Check: 1f y, = 4z + 10, then dy,/dx = 4, d*y,/dz* = 0, and substituting
into the left-hand side of the differential equation gives
dyp

d?y
dm;—2E+yp:3xo—2x4+(4x+1o):4x+2,

as required.

3

For simplicity, we denote the
trial solution by y, with no
subscript p.

Notice that we can get two
separate bits of information
from the same equation because
it applies for all z.
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You saw examples of this in
Exercise 12.
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In the example above, the target function f(z) = 4x + 2 was a linear
function, and the trial solution pix + pg was also a linear function. When
this trial solution was substituted into the left-hand side of the differential
equation, it produced another linear function, p;x + (po — 2p1), whose
coefficients could be compared with those of the target function.

This is really the key to the method. The idea is to choose a trial solution
that includes undetermined constants which, when substituted into the
left-hand side of the differential equation, generates a function that can be
compared directly with the target function f(z), allowing the constants to
be found.

This generally means that the trial solution should be chosen to belong to
the same class of functions as f(z) on the right-hand side of the equation.
However, we must choose a trial solution that is general enough, so that its
first and second derivatives also belong to the same class as the trial
solution itself. This is illustrated in the following exercise.

Exercise 13

Use trial solutions of the form y = p1x + pg to find particular integrals for
each of the following differential equations.
d’y dy dy

d2y
— 2=+ 2y=2 — 4+ 2= =2
(a) T2 T + 2y x+3 (b) 702 + Tr +y x

Note that the trial solution y = pix + pp was suggested in Exercise 13(b),
even though f(x) is just a multiple of x and contains no constant term. In
fact, a trial solution of the form p;z would not work in this case. The
reason is that we need to take the first and second derivatives of the trial
solution and substitute them into the differential equation. These
derivatives must belong to the class encompassed by the trial solution. In
this case, the first derivative of pjz is the constant function py, so the trial
solution must contain a constant term.

In general, the following advice can be given:

e If f(x) = myp is a constant function, then you should use a constant
trial solution of the form y = pyg.

o If f(z) = mix + my is a linear function, then you should use a linear
trial solution of the form y = p1x + pg. Even if mg = 0, you should not
initially assume that py = 0.

e  More generally, if f(z) = mpz™ + my_12" ' + - + miz + mg, where
my, # 0, then you should use a trial solution of the form
Y = ppx™ + pp_12" 1 + -« + pr1z + po. Even if some of the coefficients
mo, mi,...,My_1 are equal to zero, you should not initially assume
that any of the coefficients pg, p1, ..., pn are equal to zero.
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Exercise 14

Find a particular integral for

y"—y=t2.

Functions with exponential behaviour

Now let us suppose that the target function f(x) on the right-hand side of
the inhomogeneous equation takes the form f(z) = me*®, where m and k
are constants. In general, such functions are not the exponential function,
but we can say that they exhibit exponential behaviour. The following
example shows how to find a particular integral in such a case.

Example 9

Find a particular integral for
d*y 3

Solution

We try a solution of the form
y = pe’,

where p is an undetermined coefficient that can be found by requiring that
the differential equation is satisfied. Differentiating y = pe3® gives

dy 3 d?y 3
—Z — 3pet — 7 — Ope°?T.
dx Pe s a2 pe
Substituting these into the left-hand side of the differential equation gives
d2
—z + 9y = 9Ipe3® + 9ped® = 18pe®.
dx

Therefore, for y = pe3* to be a solution of the differential equation, we
require that 18pe3* = 2¢3% for all . Hence p = %, and

_ 1 3z
Yp = g€

is a particular integral for the given differential equation.

The general rule is as follows: when f(z) = me~®

in y(z) is the same as in f(z).

, we use a trial solution of
the form y(x) = pek®, where p is an undetermined constant. The value of k

Exercise 15

Find a particular integral for

Py dy
2—= — 2— =2e7 7%,
dx? dx Yy ¢

Since the derivative of €37 is
3e3%, the exponent (3x)
appearing in y(z) should be the
same as that appearing in f(x),
then only the coefficient p is to
be determined.
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Comparing coefficients works
because the cos and sin functions
are linearly independent.
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Sinusoidal functions

Finally, let us suppose that the target function f(z) on the right-hand side
of the inhomogeneous equation takes the form

f(z) = mcoskx +nsinkz,

where m, n and k are constants. Any such function is said to be
sinusoidal. In this case, the appropriate trial solution is

y(z) = pcos kx + gsin kz,

where p and ¢ are undetermined constants. Following earlier ideas, the trial
solution must be general enough to be in the same class as its first and
second derivatives. So even if f(x) contains only a sine or only a cosine,
the trial solution y(z) must contain both a sine and a cosine. However, the
value of the constant k in y(z) should always be the same as that in f(z).

Example 10
Find a particular integral for
d*y dy .
Fr) + 2@ + 2y = 10sin 2.
Solution

We try a solution of the form
Yy = pcos 2x + qsin 2z,

where p and ¢ are coeflicients whose values are to be found by substituting
into the differential equation. Differentiating y gives

d d?
& _ —2psin 2z + 2q cos 2z, —z = —4pcos 2z — 4¢gsin 2.
dx dx
Substituting these into the left-hand side of the differential equation gives
d*y

o2 + 2% + 2y = (—4pcos 2z — 4gsin 2z) + 2(—2psin 2z + 2q cos 2z)
+ 2(pcos 2z + ¢sin 2x)
= (—2p + 4q) cos 2z + (—4p — 2¢) sin 2z.
This can be equated to the right-hand side of the differential equation, so
(—2p +4q) cos 2x + (—4p — 2¢) sin2z = 10sin 2z  for all x. (47)

To find p and ¢, we compare the coefficients of cos and sin on both sides of
equation (47). For this equation to be true for all z, we must have

—2p+4¢g=0 and —4p—2q = 10.
Solving these simultaneous equations, we conclude that p = —2, ¢ = —1, so
Yp(z) = —2cos 2z — sin 2z

is a particular integral for the given differential equation.
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Exercise 16

Find a particular integral for

d? d
%g — d_?t/ = cos 3t + sin 3t.

The following procedure summarises the results of this subsection.

Procedure 3 Method of undetermined coefficients

To find a particular integral for the inhomogeneous linear
constant-coefficient second-order differential equation
d’y . dy
a—5 +b—+cy=f(z
use a trial solution y(x) with a form similar to that of f(z). The
following table gives appropriate trial solutions for simple cases.

Target function f(x) Trial solution y(x)

Mpx™ + My 12" L+ - Pr®™ + pr_1x Tl 4 -
+ mix + mo + p1T + po

mekx pekx

m cos kx + nsin kx pcos kx + gsin kx

The full trial solutions in the right-hand column should be used even
when some of the coefficients in f(z) are missing (as in moz? or
m cos kz, for example).

To determine the coefficients in y(z), differentiate it twice, substitute
into the left-hand side of the differential equation, and equate
coefficients of corresponding terms.

Exercise 17

What form of trial solution y should you use in order to find a particular
integral for each of the following differential equations?
d*y d*y | dy

(a) @_y:e&r (b) @4—2@—4y=sm3x

To round off this discussion of inhomogeneous differential equations, the
following exercise gives a variety of equations for further practice.

There are exceptional cases
where these trial solutions do
not work; see Subsection 3.3.

In this question, you need not
find the particular integrals.
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See Exercise 6(a) and
Exercise 3(c).

See Exercise 3(c).

38

Exercise 18
Find the general solutions of the following differential equations.

The complementary functions of the differential equations in parts (a)
and (c) are C cos 2t + Dsin 2t and Ce=2* + De?* | respectively.

(a) % +40 =2t

(b) % + 4y = 10sin 3z

(c) % — 4y = 15e~*

3.3 Exceptional cases

There are some exceptional cases for which Procedure 3 fails. You will not
encounter these exceptions in assignments or in the exam, but it is useful
to have some idea of what can go wrong, and how a particular integral can
be found under such circumstances.

To take a definite case, consider the differential equation

dQ?/ 2

w—4y:26 z. (48)
The associated homogeneous equation is

d2y

—= —4y =0,

dx? y

and this has general solution y = Ce=2* 4 De?*. The difficulty is now
apparent. Procedure 3 suggests that we use the trial solution y = pe?®, but
this happens to be a solution of the associated homogeneous equation
(with C' = 0, D = p), so substituting y = pe?* into the left-hand side of
equation (48) gives zero for any value of p, and this cannot be equal to the
non-zero right-hand side.

Difficulties like this are generally overcome by multiplying whichever trial
solution is suggested in Procedure 3 by the independent variable, x. So the
trial solution to use for equation (48) would be

y = pre®”.

Calculating the derivatives of this function, we get

d
d—y = pe*® + 2pxe®® = p(1 + 2x)e**,
T
a2 2pe +2p(1 + 2z)e™ = 4p(1 4 x)e™.
Substituting these into the left-hand side of the differential equation gives
@_4 _4(1 2x_4 2x_4 2z
In2 y=4p(1+x)e pre” = 4pe*.
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Therefore y = pxe?® is a solution of the differential equation provided that
4pe?* = 2¢2* for all x. Hence p = %, and

1 2x
yp = 5.’1]6

is a particular integral for differential equation (48).

A similar technique works when the inhomogeneous term is a constant, as
illustrated in the following example.

Example 11

The motion of a small ball bearing dropped into viscous oil can be
modelled by the differential equation

ma +rz —mg = 0,

where m is the mass of the ball, r is a constant related to the viscosity of
the oil, g is the magnitude of the acceleration due to gravity, and x is the
vertical distance from the point of release.

(a) Find the general solution z(t) of this differential equation.

(b) Use your answer to part (a) to show that the velocity of the ball
approaches the limiting value mg/r as t becomes very large.

Solution
(a) The inhomogeneous equation is
mx 4+ r = mg,
and the auxiliary equation for the associated homogeneous equation is
mA2 47\ =0.

This has solutions A = 0 and A = —r/m, so the complementary
function is

r.=C+ De ™,

The inhomogeneous term is the constant function mg, so Procedure 3
suggests a trial solution z = pg. However, this is a solution of the
associated homogeneous equation (with C' = py, D = 0). Hence we try
x = pot instead. Differentiating and substituting gives

rpo = mg,
SO
mg
bPo=—-
r

Hence a particular integral is
mgt
Tp = —,
P r
and the general solution is
mgt
z(t) = C + De ™™ 4 —g,
’
where C' and D are arbitrary constants.
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(b) The velocity is

Dr rtym ™

m T

T =—

This approaches the limiting value mg/r as t — oo.

This answer can also be obtained directly from the differential
equation. If the velocity tends towards a constant value, the
acceleration & approaches zero, and the differential equation itself tells
us that & tends to mg/r.

3.4 Combined cases

Another situation that crops up occasionally is when the inhomogeneous
term is a linear combination of polynomial, sinusoidal and exponential
functions. You know what to do when the inhomogeneous term is x + 1,
and you also know what to do if it is €?*, but what if the inhomogeneous
term is 2e** + 18(z + 1)? The secret is to use the principle of
superposition to split the problem into smaller tasks. Again, we include
this topic for interest and completeness: assignments and the exam will
not contain questions on such combined cases.

Example 12
Find a particular integral for

d*y 3

w+9y:2ex+18x+18. (49)
Solution

3

In Example 9 (Subsection 3.2), you saw that y, = %e * is a particular

integral for
d2
ey + 9y = 237,
x
In Example 7 (Subsection 3.1), you saw that y, = « + 1 is a particular
integral for
PY oy — 0249
— =9x + 0.
dx? 4
Therefore, by the principle of superposition, a particular integral for
equation (49) is

Yp = %egw +2(z+1) = %egw + 2z + 2.
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This approach can be used more generally. To find a particular integral for

2
a%+bj—i+cy:k1 f1(z) + k2 fa(z), (50)
where k1 and ko are constants, we can split the task up — finding the
particular integral g;(z) that applies when just fi(x) is on the right-hand
side, and the particular integral go(z) that applies when just fa(z) is on
the right-hand side. The principle of superposition then tells us that

k1 g1(x) + k2 g2(z) is a particular integral for equation (50).

Exercise 19
Find a particular integral for the differential equation

2 30 o 196021 + 10

— +3— + 2z = 12cos .

dt? dt

(Neither of the terms on the right-hand side satisfies the associated

homogeneous equation, so this is not an exceptional case.)

Exercise 20

Find the general solutions of the following differential equations (starting
from scratch with no complementary functions given).

(a) u”(t) +4u'(t) + d5u(t) =5 (b) 3— —2— —y=c¢

4 Initial conditions and boundary
conditions

In Sections 2 and 3 you saw how to find the general solution of a
homogeneous or inhomogeneous linear constant-coefficient second-order
differential equation. In practice, however, we usually need to select a
particular solution that satisfies certain additional conditions. This section
explains how this is done.

In Unit 2 you saw that the general solution of a first-order differential
equation contains one arbitrary constant, and that a single additional
condition (called an initial condition) is enough to fix the value of this
constant and hence determine the particular solution. In the case of a
second-order differential equation, the general solution contains two
arbitrary constants, and two additional conditions are required.

There are two types of additional conditions for second-order differential
equations: initial conditions and boundary conditions. Problems involving
such conditions are called initial-value problems and boundary-value
problems, respectively, and are discussed in Subsections 4.1 and 4.2.
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Figure 8 Possible initial
conditions for a pendulum
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4.1 |Initial-value problems

For a first-order differential equation, an initial condition is one that
specifies the value of the dependent variable (y = a, say) at a given value
of the independent variable (¢t = ¢(); this is often written in the form
y(to) = a.

For a second-order differential equation, the initial conditions specify the
value of the dependent variable (y = a) and the value of its derivative
(dy/dy = b), for the same given value of the independent variable (¢ = ty),
and they are often written in the form y(t9) = a, v/'(to) = b.

Very often, ¢y represents the initial time when a system is released and we
are interested in the subsequent motion. But this is not essential; we could
equally well be interested in the prior motion that leads up to given values
of x and dz/dt at some final time ty. Indeed, initial values may have
nothing to do with time at all if the independent variable represents some
other quantity such as position. The only essential point is that values of
the dependent variable and its derivative must both be given at the same
value of the independent variable.

Initial conditions arise naturally in many mechanical problems, where the
initial values of the position = and velocity dx/dt are often specified. For
example, we may know that a ball is thrown vertically upwards, at ¢ = 0,
from an initial position with an initial velocity.

The pendulum in Figure 8 gives another example. When the string of the
pendulum makes its greatest angle 0y with the vertical, the pendulum
changes its direction of swing and comes momentarily to rest. So if the
pendulum changes direction at t = tg, we have the initial conditions 6 = 0
and df/dt = 0 when t = t.

Definitions

e Initial conditions associated with a second-order differential
equation with dependent variable y and independent variable x
specify that y and dy/dz take values a and b, respectively, when
x takes the value xzy. These conditions can be written as

y:aand@:bwhenx:xo
dx

or as

y(zo) = a, y'(z0) =0.
The numbers z(, a and b are often referred to as initial values.

e The combination of a second-order differential equation and
initial conditions is called an initial-value problem.

The following example shows how initial conditions can be used to find the
two arbitrary constants in the general solution, and hence determine a
particular solution of a second-order differential equation.
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Example 13
The general solution of the differential equation
d’y . dy
— —3—=+2y=0
dx? dz oy
is
y = Ce® 4+ De*®, (51)

where C' and D are arbitrary constants (see Example 3). Find the
particular solution that satisfies the initial conditions y = 0 and dy/dz =1
when x = 0.

Solution

One of the initial conditions involves dy/dx, so we take the derivative of
the general solution (51), getting

d
% = Ce® + 2De*. (52)

The initial conditions state that y(0) = 0, y’(0) = 1. Substituting x = 0,
y = 0 into equation (51) gives

0=Ce’+De’=C + D,
while substituting = 0, dy/dz = 1 into equation (52) gives
1=0Ce" +2De = C +2D.

Solving these equations gives C = —1, D = 1, so the required particular
solution is

y=—€$+€2m.

All the initial-value problems that you will meet in this module have
unique solutions, so if you can find a solution that satisfies the initial
conditions, then this is the solution.

Exercise 21
Solve the following initial-value problems.

(a) The general solution of u”(t) + 9u(t) = 0 is u = C cos 3t + D sin 3t,
where C and D are arbitrary constants (see Exercise 4(b)). Find the
particular solution that satisfies the initial conditions u(%) =0,

u' (%) =1

(b) The general solution of w”(t) + 4u/(t) + 5u(t) =5 is
u=-e2(Ccost+ Dsint) + 1, where C and D are arbitrary constants
(see Exercise 20(a)). Find the particular solution that satisfies the
initial conditions u(0) = 3, «/(0) = 1.

Note that when you are checking
a particular solution, you should
check that it satisfies the initial
or boundary conditions as well
as the differential equation.
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4.2 Boundary-value problems

In initial-value problems, the two conditions used to select a particular
solution both refer to the same value of the independent variable. But this
need not be the case. If the independent variable is x, then we could have
one condition for x = z; and another for x = x9, say. Such conditions are
called boundary conditions. Later in the module (Unit 12) you will meet
equations called partial differential equations which explain a vast range of
phenomena; in many cases, these equations lead to second-order
differential equations supplemented by boundary conditions.

Boundary conditions arise, for example, in considering the shape of a chain
of length L that is suspended between two points, with heights hy and ho
(see Figure 9). If y(x) is the height of the chain at a horizontal distance =
from an origin, then the equation for y(x) has to satisfy two boundary
conditions: y(z1) = hy and y(x2) = he. This pair of boundary conditions
gives the value of y at two different points. In other contexts, each
boundary condition could specify the value of either y or dy/dx (or even a
relationship between them).

The conditions are called ‘boundary’ conditions because (as in the chain
example) they often refer to conditions at the endpoints 21 and x5 of an
interval in which we want to explore the solutions of a differential
equation. (This is not essential, however.)

Definitions

Consider a second-order differential equation with dependent
variable y and independent variable x.

e Boundary conditions associated with such an equation specify
the values of y (or dy/dzx, or some combination of y and dy/dx)
at two different values of x. For example, they could specify that
y(z1) = y1 and y(x2) = y2. The numbers z1, 2, y; and ys are
often referred to as boundary values.

e The combination of a second-order differential equation and
boundary conditions is called a boundary-value problem.

The following example shows how boundary conditions can be used to find
values for the two arbitrary constants that appear in the general solution of
a second-order differential equation, and hence find a particular solution.

Example 14

The differential equation
d*y
dx?
has general solution

y = Ccos 3z + Dsin 3z, (53)

+9y =20
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where C' and D are arbitrary constants (see Exercise 4(b)). Find the
particular solution that satisfies the boundary conditions y = 0 when z = 0
and dy/dr = 1 when z = %.
Solution

One of the boundary conditions involves dy/dz, so we need the derivative
of the general solution (53):

d
d—y = —3C'sin 3z + 3D cos 3. (54)
x
The boundary conditions state that y(0) =0, ¢’ (%) = 1. Substituting
x =0, y =0 into equation (53) gives
0=Ccos0+ Dsin0=C,

/

so C'= 0. Substituting z = %, y
1=3Dcosm= —3D.

=1 and C = 0 into equation (54) gives

Therefore C' =0 and D = —%, so the required particular solution is

y = —3sin(3z).

Unlike initial-value problems, some boundary-value problems may have no
solutions even when the differential equation is linear and
constant-coefficient, and has a continuous function on the right-hand side.
The following example illustrates this point.

Example 15

The differential equation
d*y
— +4y=0
dx? Y

has general solution y = C cos 2x + D sin 2z, where C and D are arbitrary
constants (see Exercise 6(a)). Try to find a solution to the boundary-value
problem based on this differential equation and the boundary conditions

Solution

Substituting each of the boundary conditions into the general solution in
turn gives

0=Ccos0+ Dsin0=C,
1=Ccosm+ Dsinm = —C.

There is no solution for which C' = 0 and C' = —1, so there is no solution of
the differential equation that satisfies the given boundary conditions.
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An outcome of ‘no solution’ need not be unreasonable. If a physical system
obeys a differential equation, and there is no solution consistent with a
given set of boundary conditions, then those boundary conditions must be
unrealistic. For example, the chain in Figure 9 cannot hang from points
that are further apart than its fixed length.

It is also possible for boundary-value problems to have solutions that are
not unique, as the following important example illustrates.

Example 16

At a given moment in time, the displacement y of an oscillating guitar
string at a distance x from one of its ends satisfies the differential equation
d2
d—xz +ky =0
for a fixed constant k, which is proportional to the frequency of the
oscillation (i.e. the pitch of sound produced). The string is held fixed at its
ends, x = 0 and x = L, so that y(x) satisfies the boundary conditions
y(0) = 0 and y(L) = 0. Find the possible solutions to this boundary-value
problem, and show that solutions can be found only if k = 7n/L, where n
is an integer.

Solution

The general solution of the differential equation is
y(x) = Asin(kz) + B cos(kz),

where A and B are arbitrary constants.

The boundary condition y(0) = 0 implies that B = 0, so y(x) = Asin(kx).
In order to satisfy the boundary condition y(L) = 0, we must have
Asin(kL) = 0. This equation has the trivial solution A = 0, which
corresponds to y(z) = 0. For A # 0, it gives the condition sin(kL) = 0,
which implies that kL = nm, where n is an integer. Hence k = nr/L and
we conclude that the displacement of the guitar string must be of the form

y(x) = Asin <@> .

7 (55)

When considering the possible sinusoidal shapes adopted by an oscillating
guitar string, we can restrict n to the positive integers n = 1,2,3,.... This
is because Asin(—nmz/L) = —Asin(nmz/L), so changing the sign of n is
equivalent to changing the sign of A. The value n = 0 can also be omitted,
because it is equivalent to taking A = 0.



4 Initial conditions and boundary conditions

Motions with different values of n are said to be different modes of
oscillation of the string. The first three modes of oscillation are shown
schematically in Figure 10; in each case, the largest excursions of the string
from the equilibrium y = 0 position are indicated.

y(z) n=1

—— ————

0 I
y(z)1 n=2

0 I
y(x)t n=3

0 I

Figure 10 The first three modes of oscillation of a guitar string. These
modes produce sounds of different pitches.

The fact that there are many different solutions satisfying the boundary
conditions should not alarm you. This just means that the boundary
conditions restrict the possible solutions, but extra information (in the
form of initial conditions telling us how the guitar string is released) is
needed to determine the precise motion that arises in a given situation.

Partial differential equations

The boundary conditions allow us to identify the possible modes, but
further information is needed to predict the actual motion of the
string. You will see how this works in Unit 12, when we discuss a
more general type of differential equation, called a partial differential
equation. The process of solving a partial differential equation often
leads to a boundary-value problem for a second-order differential
equation, and this is the main reason why boundary-value problems
are important in physics and engineering.

An example arises in quantum mechanics, which can give rise to a
differential equation very like that for a vibrating string. In this
context, the fact that the constant k takes discrete values corresponds
to the fact that the system has discrete energy levels, a phenomenon
called the quantisation of energy.
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Exercise 22
This question refers to the differential equation
u”(z) + 4u(z) = 0,

which has the general solution v = C'cos 2z + D sin 2z, where C' and D are
arbitrary constants (see Exercise 6(a)).

Fach part gives a set of additional conditions. State whether these are
initial conditions or boundary conditions, and find the solution (or
solutions) that satisfy both the differential equation and the additional
conditions.

(a) w(0)=1,4/(0)=0  (b) u(0)=0,u(3)=0
(¢) u(3)=0,v(3) =0 (d) u(-m) =1, u(f) =2

5 Resonance

The material in this section is non-assessable and will not be tested in
continuous assessment or in the exam. However, we strongly advise
students of physical science to study it, as these ideas will be used in
higher-level modules.

In Subsection 2.4, we used the physical example of a damped harmonic
oscillator to gain insights into the solutions of homogeneous linear
constant-coefficient second-order differential equations. This final section
does something similar for inhomogeneous equations.

Suppose that an object of mass m moves to and fro along the z-axis
around an equilibrium position = 0. The object has position z(t) at
time t. It experiences a force —kx due to a spring, and a damping force
—~dz/dt that opposes the motion of the object, where the constants m, k
and v are all positive. Up to this point, the system is just the damped
harmonic oscillator considered earlier.

Now suppose that an additional time-dependent force f(t) is applied to the
object. This force is due to some external agency, and does not depend on
the object’s position or velocity. Then Newton’s second law tells us that

dx d’x

- t) = m—
which is equivalent to the inhomogeneous linear constant-coefficient
second-order differential equation

d*x dx

—kr —



5 Resonance

This system is known as a forced damped harmonic oscillator, and
the external force is called the driving force.

A very important case occurs when the externally-applied driving force is a
sinusoidal function of time. We therefore take

f(t) = Fysinwt,

where F{y and w are positive constants. Under these circumstances,
equation (56) can be written in the form

d’x dx

—— 42— + wlx = ag sinwt, 57

dt? dag 0T 0 (57)
where I' = v/2m, wyg = \/k/m and ag = Fy/m are all positive constants.
Here, wy is the angular frequency of the simple harmonic oscillator (in the
absence of damping or external forces). We include the subscript zero to
distinguish wy from the angular frequency w of the driving force.

According to Procedure 2, the general solution of equation (57) is the sum
of a complementary function z.(t) and a particular integral x(t). The
complementary function is the general solution of the associated
homogeneous equation

d*x dx
— 4N 4wl = 0,
dt> a0
and you saw in Subsection 2.4 that this general solution contains an
exponentially decaying factor e . Because of this factor, the This decay is a direct

complementary function represents a short-lived or transient contribution consequence of the damping
to the motion, which eventually dies away. Once this transient contribution foree.

has become negligible, the system settles down to a steady-state motion,

given by the particular integral, which we focus on here.

The required particular integral can be found using the methods of
Subsection 3.2. We can substitute a trial solution

x(t) = pcos(wt) + gsin(wt)

into differential equation (57), and find p and ¢ by matching the
coefficients of cos(wt) and of sin(wt) on both sides of the equation. The
method is identical to that used in Example 10.

The algebra gets a little messy, so we now introduce an alternative
approach, which is more efficient in this case. The key ingredient is Euler’s
formula, which tells us that

ape™ = ag cos(wt) + iag sin(wt),
the imaginary part of which is equal to the right-hand side of
equation (57). We therefore consider a differential equation that is closely
related to equation (57), namely

d’z dz 9 it

el + QFE + wjz = ape"”. (58)
Because the right-hand side of this equation is complex, the function z(t)
in this equation must also be complex.
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Substituting z(t) = u(t) + i v(t) into equation (58), and equating real parts
and imaginary parts on both sides, we get

d?u du

W =+ QFE =+ W(Q)’UJ = Qg cos(wt),
d? d

d—t;) + 2Fd—: + wiv = ag sin(wt).

It follows that v(¢), which is the imaginary part of z(t), satisfies the main
equation of interest, equation (57). Our tactic will therefore be to solve
equation (58) for z(¢) and then take its imaginary part; this is an effective
shortcut because equation (58) is easier to solve than equation (57).

Substituting the trial solution z = pe™! into equation (58), we get
[(iw)z + 2l (iw) + wg] pet = age™t,
from which we obtain the particular integral

ezwt

wg —w? 4+ 2iTw’

z(t) = ag

Multiplying top and bottom by w% — w? — 2iTw and using Euler’s formula,
this can be written as

[cos(wt) + isin(wt)] [(wE — w?) — 2iTw]

Z(t) = ap 9
(wg — w?)? + 4w?
The solution that we need is the imaginary part of this expression.
Multiplying out the brackets and picking out the coefficient of 7, we
conclude that equation (57) has the particular integral

o) =a (wg — w?) sin(wt) — 2T2w cos(wt)
(wE — w?)? + AI*w?

which is of the expected form

. (59)

)

x(t) = pcos(wt) + gsin(wt),
where
—2l'w W — w?)a
(Wi — w?)? + 4T %w? and ¢ = (wd (—2)2)2 +)4;2w2'
The interpretation of this expression is clarified by writing it in the form
x(t) = Asin(wt + ¢), (60)

where A is the amplitude and ¢ is the phase constant. These can be found
by using the argument that led to equations (31) and (32) in
Subsection 2.4. We have A = \/p? + ¢? and tan ¢ = p/q, so

ao

p:

A= (61)
\/(w% — w?)2 4 4I%?
and
2w
0



Equation (60) gives the response of the system to the driving force once
the transient motion associated with the complementary function has died
away. Not surprisingly, the system performs a sinusoidal oscillation with
the same angular frequency w as the driving force. However, the
amplitude A and phase constant ¢ behave in interesting ways. We focus on
cases where the oscillator is underdamped (I" < wy).

Figure 11(a) shows the amplitude A as a function of the driving angular
frequency w for four different values of the damping parameter I'. In each
case, the amplitude is greatest when w is equal to the natural angular
frequency wg of the corresponding undriven undamped oscillator. This
effect appears as a peak in the graph, which becomes higher and narrower
as the damping parameter I' is reduced. This phenomenon is called
resonance, and the angular frequency w = wy at which the response is
greatest is called the resonant angular frequency.

A 1

(a) (b)

Figure 11 The response of a forced underdamped harmonic oscillator
with wg = 1 as a function of the driving angular frequency w:

(a) the amplitude A for I' = 0.50, I' = 0.25, I' = 0.10 and I = 0.05;

(b) the corresponding phase constant ¢

The phase constant ¢ is plotted in Figure 11(b). In general, the oscillation
of the responding system lags behind the driving force, so ¢ is negative.
The phase constant does not depend on the amplitude of the driving force,
but it does depend on its angular frequency. At low angular frequencies,
the lag is small. At the resonant angular frequency, the lag is a quarter of
a cycle, and this grows to half a cycle at frequencies that are much larger
than wy.

Exercise 23

Suppose that the displacement x(t) of a forced damped harmonic oscillator
obeys the inhomogeneous equation
2
CcllT;E + QFZ—Q; + Wiz = ag cos(wt),
where I', wy and ag are positive constants. Use the method based on
equation (58) to find a particular integral for this equation, and hence
obtain an expression for the amplitude as a function of w.

5 Resonance

The resonance behaviour
illustrated in Figure 11 appears
only if the oscillator is
underdamped. A forced
overdamped oscillator still
performs sinusoidal oscillations,
but its amplitude always
decreases as w increases.

In plotting the graph in

Figure 11(b), it was assumed
that ¢ is a continuous function
of w. The arctan function was
therefore allowed to extend
beyond the range from —m/2 to
/2.
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Exercise 24
Use equation (61) to obtain simple formulas for the amplitude of
oscillation of a forced underdamped oscillator in the following cases.

Express all your answers as simple fractions (involving ag, wo, I' and w as
necessary). You will need to make suitable approximations in the first two

cases.

(a) w<wy (b) w> wo (c) w=wp




Resonance occurs when an oscillation is sustained by an external
influence, and the amplitude of the oscillation peaks strongly at a
particular angular frequency of the external influence.

A familiar example occurs when you push a swing. Swings are
designed to have little friction, so I' is small and there is a
pronounced resonance effect. You can get a motion of large amplitude
if you push at the same angular frequency as the natural angular
frequency of the swing.

Simple radio receivers use the phenomenon of resonance to select
which radio station to receive. Every radio station works at a
different ‘carrier’ frequency. A circuit inside the receiver obeys the
same equation as the damped harmonic oscillator, with electrical
current playing the role of displacement z(¢). Tuning the radio
receiver changes the natural frequency of this circuit, bringing it into
resonance with the frequencies of various radio stations. In a radio
receiver, I' is very small, so the receiver responds to only a very
narrow band of frequencies, allowing a single station to be selected.

In the case of a magnetic resonance imaging (MRI) machine, the
oscillating quantity is provided by magnetic properties of atomic
nuclei, and the resonant frequency depends on the strength of an
applied magnetic field. Images are obtained by placing the patient in
a strong non-uniform magnetic field, so that different parts of the
body are characterised by different resonant frequencies.

Finally, when a light wave (or other electromagnetic wave) is shone on
a material, it causes the electrons in the material to oscillate to and
fro. In a classical model, the electrons behave like forced damped
harmonic oscillators, with the driving force supplied by the light
wave. Energy is transferred from the light wave to the oscillating
electrons, so some of the light is absorbed. We can therefore use the
equations of forced damped harmonic motion to model the absorption
of light in materials.

The absorption of light by single atoms is best described by quantum
mechanics. Rather remarkably, however, resonance peaks in
absorption are still predicted. In an image of the spectrum of
sunlight, amongst the dark lines, there are lines due to absorption of
light by helium in the solar atmosphere. These lines are found where
the frequency of vibration of the sunlight is in resonance with
frequencies of helium atoms. This approach demonstrated the
existence of helium many years before it was isolated on the Earth.

5 Resonance

53






Solutions to exercises

Solutions to exercises

Solution to Exercise 1

(a) In equations (i)—(vi), the (dependent, independent) variable pairs are
all (y,z). In equations (vii), (viii) and (ix) they are (¢,0), (x,t) and
(z,t), respectively.

(b) Equations (i), (ii), (iii), (iv), (vii), (viii) and (ix) are linear.
(Equations (v) and (vi) are non-linear.)

(c) All of the linear equations are constant-coefficient except for (iv). So
the linear constant-coefficient equations are (i), (i), (iii), (vii), (viii)
and (ix).

(d) Of the linear constant-coefficient equations, only (iii) and (ix) are
homogeneous.

Solution to Exercise 2

(a) > =5X4+6=0

(b) A2 =9=0

() M2 +2X1=0

Solution to Exercise 3

(a) The auxiliary equation is A* + 5\ + 6 = 0. This can be factorised as
(A4 2)(A+3) =0, giving the roots \; = —2 and Ay = —3. The
general solution is therefore

y=Ce 2 + De 3%,
where C and D are arbitrary constants.

(b) The auxiliary equation is 2A\* + 3\ = 0. This can be factorised as
A(2XA +3) =0, so its roots are A\; = 0 and Ay = —3. The general
solution is therefore

y = Ce’ + De 3%/2 = C + De=3%/2, Recall that ¥ = exp(0) = 1.

where C' and D are arbitrary constants.

(¢) The auxiliary equation is A> — 4 = 0, i.e. A\* = 4, so its roots are
A1 = —2 and Ay = 2. The general solution is therefore

z = Ce " + De*",

where C' and D are arbitrary constants. (This differential equation is
a special case of equation (14) discussed in Subsection 2.1.)
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Solution to Exercise 4

(a) The auxiliary equation is A 4+ 4\ + 8 = 0, which has solutions
4+ /T6-32
B 2

The general solution is therefore

A = -2+ 2.

y = e 2*(C cos 2z + Dsin 2z).
(b) The auxiliary equation is A + 9 = 0, which has solutions
A= =+3.
These are of the form « + i, where o = 0 and 8 = 3.
The general solution is therefore
0 = e°(C cos 3t + Dsin3t) = C cos 3t + D sin 3t.
Of course, this is one of the simple cases discussed at the beginning of
this section: it corresponds to simple harmonic motion.
Solution to Exercise 5

(a) The auxiliary equation is A + 2\ + 1 = 0, which can be factorised as
(A +1)2 = 0, giving equal roots A\; = Ay = —1. The general solution is
therefore

y=(C+ Dx)e 7,
where C' and D are arbitrary constants.

(b) The auxiliary equation is A> — 4\ 4+ 4 = 0, which can be factorised as
(A —2)? = 0, giving equal roots A\; = Ay = 2. The general solution is
therefore

s = (C + Dt)e*,

where C and D are arbitrary constants.

Solution to Exercise 6

(a) The auxiliary equation is A + 4 = 0, which has solutions \ = +2i.
The general solution is therefore

y = C'cos2x + D sin 2z.

(You could also have written down this general solution directly from
equation (18).)

(b) The auxiliary equation is A> — 9 = 0, which has solutions A\ = £3. The
general solution is therefore

y = Ce3” + De™3%,

(You could also have written down this general solution directly from
equation (15).)

(¢) The auxiliary equation is A% 4 2\ = 0, which has solutions A; = 0 and
Ao = —2. The general solution is therefore

y=C + De 2,



(d) The auxiliary equation is A*> — 2\ + 1 = 0, which has solutions
A1 = Ay = 1. The general solution is therefore

y = (C + Dx)e”.
(e) The auxiliary equation is A% 4+ 4\ 4+ 29 = 0, which has solutions
4416116

2
The general solution is therefore

A = —2 &+ 5i.

y = e **(C cosbz + Dsinb5z).

(f) The auxiliary equation is A> — 6\ 4+ 8 = 0, which factorises as
(A —4)(A—2) =0 and has solutions A\; =4 and A\ = 2. The general
solution is therefore

u = Ce* + De?".

Solution to Exercise 7
(a) The auxiliary equation is
3A—1—2X% =0,
or equivalently,
20 =3\ +1=0,
which factorises as
2 -1\ —-1)=0.

(b) The two solutions of the auxiliary equation are A\; = % and Ay =1, so
the general solution of the differential equation is

y = Ce®? + De”,

where C' and D are arbitrary constants.

Solution to Exercise 8
(a) The auxiliary equation is
A 4+20+2=0.

This has solutions Ay = —1 +4 and Ay = —1 — i, so the general
solution is

y=e “(Ccosz+ Dsinzx).
(b) The auxiliary equation is
A? —16 = 0.
This has solutions A\; = 4 and Ay = —4, so the general solution is
y = Ce'® + De 1%,
(c) The auxiliary equation is

A2 4N +4=0.

Solutions to exercises
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This has solutions A\; = Ay = 2, so the general solution is
y = (C + Dx)e*".
(d) The auxiliary equation is
A2+ 31 =0.
This has solutions A\; = 0 and Ay = —3, so the general solution is

6 =C + De .

Solution to Exercise 9

The auxiliary equation A? + 4kX + 4 = 0 can be solved using the formula
method to give A = —2k + 2v/k? — 1. So there are complex conjugate
solutions, leading to a general solution involving sines and cosines, when
k? <1,ie. when —1 < k < 1.

Solution to Exercise 10
(a) The differential equation can be written in the form

d?6 de

—— 42— + W =0

e T :
where

~ 0.016
r=-—L=—"_-001
2m 2 x 0.80 ’

and the angular frequency of the corresponding undamped oscillator is

mg 9.8
=4/ — =4/— = 2.21.
“=V o~ V20

We therefore have I' < w, and the oscillation is underdamped.

(b) The angular frequency of the damped pendulum is

Q=vVuw? -T2 =+/2212 - 0.012 = 2.21.

This is typical: the angular frequency is not very sensitive to damping
when I' < w.

We therefore have

2
T=—=284
Q 84,

so the period of oscillation is 2.8 seconds.

(c) The amplitude is given by Ae~1*, where A is a constant. If the
amplitude is 0.2 radians at time zero, the amplitude at time ¢t = 100 is

Ae Tt = 0.20e70-01%100 — g 2¢=1 = 0,074 (in radians).

Solution to Exercise 11

The condition for critical damping is I' = w = /k/m, so in this case
I' = /4 = 2. The general solution is therefore

x(t) = (C + Dt)e 2.



Solution to Exercise 12
(a) The associated homogeneous equation is
d*y

@+4y20.

The complementary function (see Exercise 6(a)) is

Yo = C'cos2x + Dsin 2.

Trying a solution of the form y, = p, where p is a constant, in the
original equation d?y/dx?* + 4y = 8 gives 0 + 4p = 8, s0 p = 2. Thus a
particular integral is
Yp = 2.
By Procedure 2, the general solution is
y = Ccos2x + Dsin 2z + 2.
(b) The associated homogeneous equation is
2
% — 3% + 2y = 0.
The complementary function (see Example 3) is
ye = Ce® + De**.

Trying a solution of the form y,, = p in the original equation
d*y/dx?® — 3dy/dx + 2y = 6 gives 0 — 0 + 2p = 6, so p = 3. Thus a
particular integral is

Yp = 3.
By Procedure 2, the general solution is

y = Ce” + De** + 3.

Solution to Exercise 13

(a) Substituting y = p1z + po and its derivatives into the differential
equation gives

0 —2p1 +2(p1x + po) = 2p12 + (2po — 2p1) = 22 + 3.

Equating the coefficients of = gives p; = 1, and equating the constant
terms gives py = % Therefore a particular integral is

yp:x—i-g.

(b) Substituting y = p1z + po and its derivatives into the differential
equation gives

0+ 2p1 + (p1x + po) = p1z + (2p1 + po) = 2a.

Equating the coefficients of = gives p; = 2, and equating the constant
terms gives po = —4, so a particular integral is

Yp = 2o — 4.

Solutions to exercises
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Solution to Exercise 14

We try y = pot? + pit + po, which has derivatives i’ = 2pst + p1 and
y” = 2ps. Substituting these into the differential equation gives

2pg — (pat® + pit + po) = —pat® — pit + (2p2 — po)

=12
Hence, separately equating coefficients of t2, t and 1, we get py = —1,
p1 =0, po = —2, so a particular integral is

Yp = )

Solution to Exercise 15

We try a solution of the form y = pe™*, which has derivatives

dy/dx = —pe~® and d?y/dx? = pe~*. Substituting these into the
differential equation gives

2pe”* 4+ 2pe”* 4+ pe” T =bpe”* = 2e” .
Hence p = %, and a particular integral is

6—$

(S]]

Yp =
Solution to Exercise 16
We try y = pcos 3t + ¢sin 3t, which has derivatives

2
% — —3psin 3t + 3qcos 3t, % — —9pcos3t — 9gsin 3t.

Substituting into the differential equation gives
(—9p cos 3t — 9¢ sin 3t) — (—3psin 3t + 3¢ cos 3t)
= —(9p + 3q) cos 3t + (3p — 9q) sin 3t
= cos 3t + sin 3t.

Hence we have a pair of simultaneous equations

—9p—3¢=1,
3p—9q=1.
Adding three times the second equation to the first shows that
q= —% = —%, hence p = —1—15. A particular integral is thus
Yp = —1—15 cos 3t — 1% sin 3t.

Solution to Exercise 17

(a) Try y = pe3®.
(b) Try y = pcos 3z + gsin 3z.



Solutions to exercises

Solution to Exercise 18
(a) The complementary function is
0. = C'cos 2t + D sin 2t.

To find a particular integral, try 8 = p1t + pg. Substituting this and
its derivatives into the differential equation gives

4(p1t + po) = 2t.
Hence p; = %, po = 0, and a particular integral is

Op = 3t.
Therefore the general solution is
0 = Ccos2t+ Dsin 2t + %t,
where C' and D are arbitrary constants.
(b) The complementary function is

ye = C cos2x + D sin 2x.

The right-hand-side function is 10sin 3z, so we try
y = pcos3x + ¢sin 3x. The derivatives are

d

&y _ —3psin3x + 3q cos 3z,
dx

d2

¢y _ —9pcos 3z — 9¢gsin 3zx.
dz?

Substituting into the differential equation gives
(—9p cos 3z — 9gsin 3z) + 4(p cos 3z + gsin 3z)
= —Hpcos 3r — Hgsin 3xr = 10sin 3z,

so p =0 and ¢ = —2, and a particular integral is
Yp = —2sin3x.

Therefore the general solution is
y = C cos2x + Dsin 2z — 2sin 3z,

where C and D are arbitrary constants.

(¢c) The complementary function is
ye = Ce™ 2 4 De??,

The right-hand-side function is 15¢™%, so we try y = pe~*. The
derivatives are
dy .y
dr -pe -, =
x dx
Substituting for d?y/dx? and y into the differential equation gives

—T

pe” ¥ —dpe™ " = —3pe”* = 15e™ ¥,
so p = —b, and a particular integral is

Yp = —He .
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Therefore the general solution is
y=Ce %" + De** —5e7 7,

where C and D are arbitrary constants.

Solution to Exercise 19

We split the task of finding a particular integral into two parts, by first
finding particular integrals for

d%x dx
QW + 3@ + 20 = 12 cos 2t (63)
and
d%x dx
2—— — + 22 = 10. 4
e +3dt +2x =10 (64)

In equation (63), the term 12 cos 2t on the right-hand side suggests the
trial solution x = pcos?2t + ¢sin 2¢. This has derivatives
dx d?z

i —2psin 2t + 2q cos 2t, Tz —4pcos 2t — 4qsin 2t.

Substituting into the left-hand side of the differential equation gives
2(—4pcos2t — 4qsin 2t) + 3(—2psin 2t + 2q cos 2t) + 2(p cos 2t + gsin 2t)
= 6(q — p) cos2t — 6(p + ¢) sin 2t.

Equating this to 12 cos 2t from the right-hand side of equation (63) gives
p+q=0,qg—p=2. Hence p=—1, ¢ =1, and a particular integral is

Tp = — cos 2t + sin 2¢.

Now consider equation (64). In this case we try a constant function
x = pg. Substituting into the differential equation gives 2py = 10, so
po = 5, and a particular integral is

Tp = O.

Therefore, using the principle of superposition, a particular integral for the
original differential equation is

Tp = —cos 2t +sin 2t + 5.

Solution to Exercise 20
(a) The associated homogeneous equation has auxiliary equation
N 44N +5=0,

which has solutions

—44++/16 —20
2

A= = -2+

So the complementary function is

u. = e *(Ccost + Dsint).
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To find a particular integral, try u = pg. Substituting gives 5py = 5.
Hence py = 1, and a particular integral is

up = 1.
Therefore the general solution is
u=e?(Ccost+ Dsint) + 1,
where C' and D are arbitrary constants.
(b) The associated homogeneous equation has auxiliary equation
3\ -2 —1=(3 +1)(A—1) =0,

which has solutions A\; = 1 and Ay = —%. So the complementary

function is

yo = Ce® 4+ De™%/3,

1
3

The right-hand side function is e?*

try y = pe?®. The derivatives are

dy 2 dQ?/ 2
YW _opere, TY _ gpere,
dx Pe a2 pe

Substituting gives
3(4pe®®) — 2(2pe*™) — pe*™ = Tpe®* = e**.

, so to find a particular integral, we

Hence p = %, and a particular integral is

_ 1 2z
Yp =7€ -

Therefore the general solution is
y = Ce® +De—x/3 + %€2I,

where C' and D are arbitrary constants.

Solution to Exercise 21
(a) The derivative of the general solution v = C cos 3t + D sin 3t is
v = —3C'sin 3t + 3D cos 3t.

Substituting the initial condition t = §, u = 0 into the general solution Remember that cos (3) = 0

gives D = 0. Substituting the initial condition ¢ = 7, v’ = 1 into the and sin (37) = —1.

derivative gives C' = % Hence the required particular solution is

u = %cos 3t.

(b) The derivative of the general solution u = e=2!(C cost + Dsint) + 1 is
u' = —2e?(Ccost + Dsint) + e~ *(—Csint + D cost)
= e ?[(D - 2C) cost — (2D + C)sint].
Substituting the initial condition v = 3, t = 0 into the general solution
gives C' = 2. Substituting the initial condition v/ = 1, ¢t = 0 into the

derivative gives D — 2C' = 1, so D = 5. So the required particular
solution is

u=e ?(2cost + 5sint) + 1.
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Solution to Exercise 22
(a) The derivative of the general solution u = C cos2x + D sin 2z is
v = —2C'sin 2z + 2D cos 2.
This part specifies an initial-value problem.
The initial condition u(0) = 1 gives C' = 1. The initial condition
u’(0) = 0 gives D = 0. The required solution is therefore
U = cos 2.
(b) This is a boundary-value problem.
The boundary condition u(0) = 0 gives C' = 0. The boundary

condition u(g) = 0 gives C' = 0 also. D therefore remains arbitrary, so

there is an infinite number of solutions, of the form
u = D sin2x.
(c) This is an initial-value problem.
The initial condition u(g) = 0 gives C' = 0. The initial condition

u’ (g) = 0 gives D = 0. The required solution is therefore the zero

function
u = 0.
(d) This is a boundary-value problem.
The boundary condition u(—m) = 1 gives C' = 1. The boundary

condition u(g) = 2 gives D = 2. The required solution is therefore

U = cos 2z + 2sin 2.

Solution to Exercise 23

The differential equation given in this question is the real part of
equation (58), so its solution is the real part of equation (59). Hence a
suitable particular integral in this case is
(wE — w?) cos(wt) + 2T w sin(wt)

(Wi —w?)2+ AT w2
Using equation (31), the amplitude is the square root of the sum of the
squares of the coefficients of sin(wt) and cos(wt), and so is given by

z(t) = agp

A | o (W —e?)? art? ]
= ao 3 = .
(Wi — w?)? + 4T%w?) \/(w% — w?)2 4 40 %2

This is the same as equation (61), which is not surprising. Changing the
right-hand side of the equation from ag sin(wt) to ag cos(wt) corresponds to
changing the phase constant of the external force (which depends on the
origin chosen for time). It is to be expected that this does not affect the
amplitude of the steady-state forced damped oscillations.

Qg
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Solution to Exercise 24

(a)

Considering the expression
ao

A =
\/(wg — w2)2 4 47?2

when w < wp, we can neglect w? in comparison with w3. We can also
neglect 41" 24? in comparison with wg (because I'' < wy for an
underdamped oscillator). We therefore have the approximation
a
A forw< wo-

2
wWo

In this case, the amplitude is a constant that is independent of the

angular frequency of the external force or the damping parameter of
the oscillator.

When w > wp, we can neglect w3 in comparison with w?. In the
underdamped case, I' < wy and we can also neglect 41" 2% in
comparison with w*. We therefore have the approximation

A~ a_g for w > wy.

w

In this case, the amplitude decreases steadily as the angular frequency
of the external force increases. The sluggish system is unable to keep
up with the fast oscillations of the external force.

Substituting w = wy into the general formula for the amplitude gives
ao
A= .
2FWO
This is the amplitude at the peak of resonance. It increases without
limit as the damping parameter I' is decreased.

Solutions to exercises
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