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1 Openingitems

1.1 Moduleintroduction

Theidea of wavesisfamiliar from everyday life, with the most common example being water waves. Most of us
have seen ocean waves moving toward a beach, or have generated waves ourselves by dropping stones in a
pond. Despite this everyday familiarity, it turns out to be mathematically quite difficult to discuss water wavesin
detail. In fact, the entire subject of wave motion is rather mathematical. Nonetheless, it is very important that
you understand the nature of waves both physically and mathematically, because the concept of awave is one of
the most fundamental and wide-ranging ideas in physics. In this module we examine only the simplest
mathematical examples, but they are still quite complicated. It is important at each stage to visualize what the
mathematics means, and to keep in mind the underlying physical situation.

We start, in Section 2, by describing certain simple waves mathematically, in a way that is similar to that of
simple harmonic motion. In this discussion, we will come to grips with the essential ideas of wave motion.
We will concentrate on waves on a string, since these have the virtue of being easy to visualize and relatively
easy to describe mathematically. Waves on a string are an example of transverse waves and as such are central
to the theme of this module. In the course of studying them you will see how the application of Newton’'s laws
of motion to waves on a string leads to an eguation which describes wave motion in general, and determine the
speed of waves on a string.
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You will also learn how such investigations involve a mathematical technique known as partial differentiation.
(You are not expected to be familiar with this technique, but a limited knowledge of ordinary differentiation is
presumed in this module.)

Section 3 is devoted to afundamental ideain the physics of waves; the principle of superposition. This allows us
to regard complicated waves as assemblies of simple waves, and thereby simplifies many problems. It also
introduces the important idea of interference between waves.

The superposition principle leads naturally to the discussion of the physical principles behind, and mathematical
description of, standing waves. These waves are discussed in Section 4, which also |ooks at their importance in
the context of stringed musical instruments.

Finally, in Section 5, we consider transverse waves in more complicated systems that require more than one
dimension for their description. These will include an elastic membrane and waves on water (finally!).

Study comment  Having read the introduction you may feel that you are already familiar with the material covered by this
module and that you do not need to study it. If so, try the Fast track questions given in Subsection 1.2. If not, proceed
directly to Ready to study? in Subsection 1.3.
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1.2 Fast track questions

Study comment  Can you answer the following Fast track questions?. If you answer the questions successfully you need
only glance through the module before looking at the Module summary (Subsection 6.1) and the Achievements listed in
Subsection 6.2. If you are sure that you can meet each of these achievements, try the Exit test in Subsection 6.3. If you have
difficulty with only one or two of the questions you should follow the guidance given in the answers and read the relevant
parts of the module. However, if you have difficulty with more than two of the Exit questions you are strongly advised to
study the whole module.

Question F1
A periodic wave is described by the equation
y(%, t) = (B3m)sin[(2m)x — (5s~Ht]

where y and x are measured in metres and t is measured in seconds. What are the amplitude, wavelength, angular
frequency and phase speed of thiswave?
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Question F2

A string has a linear mass density of 0.1kgm~1 and is under a tension of 500N. What is the phase speed for
transverse sinusoidal waves propagating along this string?
Question F3

The string described in Question F2 is held rigidly at the positionsx = 0m and x = 2m. Describe the motion of
the string when transverse standing waves are set up in this segment. What are the alowed linear frequencies
and wavelengths of transverse stationary waves on this segment of the string?

Study comment  Having seen the Fast track questions you may feel that it would be wiser to follow the normal route
through the module and to proceed directly to Ready to study? in Subsection 1.3.

Alternatively, you may still be sufficiently comfortable with the material covered by the module to proceed directly to the
Closing items.
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1.3 Ready to study?

Study comment  In order to study this module you will need to be familiar with the following terms from mechanics:
acceleration, displacement, energy (kinetic and potential), equilibrium, exponential function, force, Newton's laws of motion,
position and_work. In addition, you should have a good appreciation of the characteristics of simple harmonic_motion.
This module is more mathematically demanding than the average FLAP module. You will need to be familiar with the
calculus notation dx/dt used to represent the rate of change of x with respect to t, and its interpretation in terms of the
gradient of a graph. You should also be able to differentiate simple functions such as sinx and cos x. In the latter part of the
module you will be required to use vectors. For the purposes of that section you should know how to express a vector in
terms of its components and how to relate those components to the magnitude of the vector. The formal definition of a
derivative is used in one subsection and the idea of a scalar_product (of two vectors) also makes a brief appearance.
Familiarity with both of these items will be helpful but is not essential. If you are uncertain about any of these topics review
them in the Glossary, which will indicate where in FLAP they are developed. The following Ready to study questions will
alow you to establish whether you need to review some of the topics before embarking on this module.
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Question R1

The position of a particle oscillating about a fixed point may be described by the equation x(t) = Acos(wt + ¢),
where x is measured in metres, and the time t is measured in seconds. If A=0.1m, w=05s1and =02, ||
sketch a graph showing how x varies with t for 0s < t < 15s and use the graph to explain the physical
significance of A, wand ¢. What is the period of this motion? .
HP

Question R2

What is the acceleration of the particle from Question R1 as a function of time? If the particle has a mass of
0.1 kg, what istheforce required to produce this motion?
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Question R3

A straight segment of string lies on a flat surface which we can designate as the (x, y) plane of a coordinate
system. Outward forces of magnitude of 10 N are applied parallél to the string at the ends of the segment, which
is oriented at an angle of 30° (measured in the anticlockwise sense) to the x-axis. Calculate the
x- and y-components of each force and the net force applied to the string segment. What is the magnitude of the
tension in the string?
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2 Travdling transver se waves

2.1 Physical description of travelling waves

We are all familiar with waves. Everyone has a mental image of ocean waves approaching a beach.
However, describing such waves physically is not an easy task; even the most basic features of the description
are problematic. For example, when a wave approaches a beach, what isit that is actually travelling? It can't be
the water itself, or the entire ocean would gradually accumulate on the beach. Indeed, if you look at small boats
or other floating objects you will see that their main response to a passing wave is to move up and down, so it is
pretty clear that the movement of the water is essentially vertical — at right angles to the direction in which the
wave is travelling. (The water motion is actually slightly more complicated than this, but we will come back to
that later.) A similar problem arises when describing the wave that travels along a string or arope that has been
jerked up and down at one end. If one small segment of the string is marked by bright colouring, it can be seen
that the marked segment simply moves up and down, it doesn’'t travel along with the wave. In the case of
‘mechanical waves such as ocean waves and waves on strings, a medium (either the water or the string) is
essential to the existence of the wave, but it is clear that the wave does not consist of an overall motion of the
medium in the direction of the wave. Moreover, there are waves, such as the electromagnetic waves [|
associated with light, that can travel through a vacuum and which therefore exist even in the absence of a
medium. So, if awave does not consist of the overall motion of a medium, what isit that does congtitute a wave?
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When we look at the moving crest of a water wave, we are looking at a region where the surface of the water is
raised above its mean (or equilibrium) position. This region of maximum surface displacement certainly moves
with the wave, even though the water of which it is composed at any particular moment does not. Similarly, in
the case of awave on a string, it is the location of any point of fixed vertical displacement from the equilibrium
position that travels with the wave. Thus, in both these cases the quantity that is ‘waving’ is the vertical
displacement of the medium from its equilibrium position. More generally, given a physical quantity with awell
defined ‘equilibrium’ value at every point in some region we can say that, as far as that quantity is concerned:

A travelling wave is some sort of disturbance that moves from place to place.

In the case of mechanical waves, and in many other cases, the creation of these wave disturbances requires
energy, perhaps to distort a string or to raise a water level, so the movement of such disturbances indicates the
transfer of energy from place to place. We can therefore often associate travelling waves with the transfer of
energy. In the case of those waves that require a medium, it should be noted that this transfer of energy occurs
without a net motion of the medium itself. This kind of energy transfer should be distinguished from that which
occursin streams or rivers (or in water flowing from atap), in which thereis a net motion of the medium.
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The displacements that constitute surface waves on water and waves on a string (and the electromagnetic
disturbances that account for light waves) all occur at right angles to the direction in which the wave itself is
travelling. Any wave with this characteristic is called a transver se wave. Such awave may be contrasted with a
longitudinal wave in which the disturbances are along the direction in which the wave is travelling. (The most
familiar example of alongitudinal wave is probably a sound wave which causes molecules to oscillate back and
forth around their mean positions.) Longitudinal waves are discussed elsewhere in FLAP; in this module we
will almost exclusively be concerned with transverse waves.
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2.2 Mathematical description of travelling waves

We now have a physical picture of transverse
travelling waves, but it remains purely
gualitative. In order to make it more precise, we
need to develop a mathematical description of
such waves. As a concrete example, we will look
at transverse travelling waves on a horizontal
string under tension. To start with we will
consider a simple solitary wave (or pulse) in the
vertical plane travelling along the string, as
shownin Figure 1.

At any particular time, the pulse will have a
specific shape or wave profile that can be
described mathematically by specifying the
vertical displacement y of any part of the string as
afunction of its horizontal position x.

y
f(x, 0)

X X
@
y
F(x, t,)
L /\
0 -
X; X

Figurel (a) A simplewavepulseonastringatt=0.(b) The

same pulse at alater timet = t;.

FLAP P5.6 Introducing waves
COPYRIGHT © 1998 THE OPEN UNIVERSITY

S570 V11

© ©

& @



Note that in introducing the Cartesian coordinates

x and y, we have chosen the origin in such a way fx 0)

that x is measured from the left-hand end of the ~ Yiq--—------—---- //\

string, and y is measured from the horizontal 0 i >
equilibrium position. With the aid of these 1 X

coordinates the wave profile at timet = 0O @)
(i.e. Figure 1a) can be represented by y = (),
where f (x) is the function that relates x to y for
this particular pulse. It follows that at a specific

point on the x-axis, such asx=x;, wecan say that =~ Ya---------------oromemmmooooooe /\
ylzf(Xl)attZO. 0 !

The wave shown in Figure 1 is moving in the  (b)

direction of increasing x (hereafter called the +x-

direction). This is known as the wave's Figurel (a) A simplewavepulseonastringatt=0.(b) The
direction of propagation and the speed v with samepulseat alatertimet=t;.

which it movesin that direction isits speed of proFagation. In this case we will assume that v is constant and
that the wave moves without changing its shape. L| This combination of constant speed and unchanging shape
implies that as time passes the whole pulse moves to the right.

X
2L
xY
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Thus, as Figure 1b indicates, at timet=1t; (x > 0)
the part of the pulse with vertical displacement y;
that was initially at x = x; will be located at some
new position X = x;'.

0 Remembering that the speed of propagation
isv, express x;' interms of x4, v and t;.

We can rearrange this last relationship to give
Xy =X — vt;. Thuswe can write

y1 =f(x)) =f(x1' —vty).
Now there is nothing special about the values x;

XY

Xy
@
y
f(x ty)
e /\
0 5 >
X; X

and y; except that they are the coordinates of a Figurel (&) A smplewavepulseonastring att = 0. (b) The

point on the wave profile at time t;, so we are samepulseat alater timet =t;.

justified in saying that at time t; the entire wave profile (i.e. Figure 1b) can be represented by y =f (X — vty).
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Similarly, there is nothing special about t; either, so we can say that at any given timet the profile of the entire
rightward moving wave is given by

y=f(x-vt) LI

A similar line of argument, based on a pulse that has profiley = f (x) at t = 0 but which moves to the left, in the
—x-direction, hasits profile at any particular timet given by

y=f(x+o) L

We can therefore say that if a wave with profile y =f(x) at t = 0 moves with constant speed v and unchanging
shape along the +x or —x-direction, then its profile at any timetisgiven by:

y=f(x*t) @

From a purely mathematical point of view Equation 1 expresses y as a function of two independent variables,
x and t. Any mathematical description of awave must always involve at least two variables since the wave must
vary in space as well as in time. (It is this feature that distinguishes a wave from an oscillation in which a
displacement or some other disturbance varies with time alone.) As has already been stressed, Equation 1
represents a wave travelling in the +x-direction with constant speed and unchanging shape. In that case the
variables x and t must occur in the combination X + vt.
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However, we can represent more general waves that do not satisfy these assumptions (e.g. waves on a non-
uniform string) by an equation of the formy = f (x, ). We can then regard Equation 1

y=f(xxvt) (Egn 1)

as an additional condition that the general function f(x, t) must satisfy if it is to describe waves with constant
speed and unchanging shape.

Question T1

3
Suppose that at t = 0 a wave pulse has the form f(x) = %a?’ where yy and a are both constants.
X

If the pulse moves with unchanging shape with a speed v in the +x-direction, what will be its mathematical
description as a function of time? If v =0.5ms™, yy = 0.20 m and a = 0.20 m, sketch the profile of the wave at

t=0sandt=4s. 0O
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2.3 Periodic travelling waves

A common feature of waves that we haven't
introduced explicitly yet is the repetition of the
wave pattern. Figure 2 shows such a repeating
wave, y = f(x, t), made up of a sequence of
identical pulses. Since the transverse
displacement y varies with time as well as
position, the figure showsy as afunction of x at a
particular time t; (Figure 2a, the wave profile),
and y as a function of t at a particular point x;
(Figure 2b, the wave form). Repetitive waves of
this kind are known as periodic waves or wave
trains.

If we consider the wave profile in Figure 2a, we
can see that it possesses a spatial periodicity
which we can characterize by the wavelength A.

~ A
LN N

@)

XY

y

T

0 I
(0)

Figure2 A periodic wave, or wavetrain. (a) The wave profile at
agiven time, shows the shape of the wave everywhere on the
string at the given time. The wavelength A is the distance that
separates equivalent points on the wave profile. (b) The wave form
of the same wavetrain at a given position, shows the oscillation
that the wave causes at all times at the given point. The period T is
the time that separates equivalent points on the wave form.
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Mathematically, we can define the wavel ength of a periodic wave as the smallest length A such that:
f(x+A, 1) =f(x, t;) foralx 2

This equation expresses the condition that, at a given time, any two points along the wave separated by a
distance A will be completely equivalent. Thisimpliesthat at a given time, both the transverse displacement and
the transverse velocity [| will beidentical at any two points separated by one wavelength.

Similarly, Figure 2b shows that the wave posses a temporal periodicity which can be characterized by a
period T. Mathematically, we can define the period of a periodic wave as the smallest time T such that:

f(x, t+T)="Ff(xq, t) foralt 3

This equation expresses the condition that, at a given point, the wave will cause identical disturbances at any two
moments separated by a time T. This implies that at a given point, both the transverse displacement and the
transverse velocity will be identical at any two times separated by one period.
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We would now like to specialize our description to a particular type of periodic function, namely the sine
function. A sinusoidal wave travelling with constant speed v in the +x-direction (without changing shape) is
described by

y=Asin[K(x - vt)] @)

where A and k are constants required to make the expression dimensionally consistent. A is known as the
amplitude of the wave; it represents the maximum positive displacement from the equilibrium position and has
the same dimensions as the displacement. k is the angular wavenumber ; it determines the wavelength of the
wave and must have the same dimensions as x™1 to ensure that the argument of the sine function, k(x — vt), is
dimensionless. It should be noted that the argument k(x — vt) is called the phase of the wave, and that an even
more general kind of sinusoidal wave would be one in which the phase was not necessarily zero at x = 0 and
t = 0. Such a sinusoidal wave may be written y = Asin[k(x — vt) + ¢, where the dimensionless quantity @is
called the phase constant. Since the propagation speed v we have been describing is the speed of a point with
fixed phase it may also be referred to as the phase speed.
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Question T2
For the wave defined by Equation 4,

y=Asn[k(x - vt)] (Egn 4)

sketch the wave profile at t = 0, and the wave form at x = 0. Use the fact that sin (6 + 21) = sin 6to show that the
wavelength A and the period T of this wave are related to the angular wavenumber k and the propagation speed v
by the following expressions:

:2_T[ and kU:2_T[ 0
A T

If we examine a sinusoidal wave on a string, and concentrate our attention on any fixed point x, then we find that
at that particular point the string is exhibiting simple harmonic motion (you can see this from the wave form that
you drew in response to Question T2). The number of oscillations per second occurring at any fixed point is
called the frequency and is given by f = 1/T. A related quantity that is also of value in describing these
oscillations is the angular frequency w= 2nf = 2r/T. [
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Combining these definitions with the relationships between k, v, A and T we can see that

v=fA ad v=2
K

Using v, T, k, A, wand f we may represent the sinusoidal wave in avariety of equivalent ways:

y=Asin[k(x - vt)] (Egn 4)

y=Asin (kx— wt) (5)

y=Asn[2r(ox — ft)] (6)

y = Asin %ng}‘i - ft% %

y= Asin%ng%—%% | [
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y=Asin (kx- wt) (Egn 5)

y=Asn[2r(ox — ft)] (Egn 6)
y = Asin %1‘[8% - ft% (Ean7)

If you examine these equations you will see that Equation 6 contains a constant o that we have not yet defined.
Comparing Equations 6 and 7 we see that g = 1/A, so it can be thought of as the number of wavelengths per
metre. o is properly called the wavenumber, but unfortunately that term is also widely used to refer to the
angular wavenumber k, so make sure you know which is being referred to in any particular situation.

Each of the different descriptions of the sinusoidal wave hasits uses, but Equation 5 is probably the most useful.

FLAP P56 Introducing waves e o ‘ .
S570 V1.1

COPYRIGHT © 1998 THE OPEN UNIVERSITY



If you remember Equation 5
y =Asin (kx— wt)

(Egn 5)

you will generally find that you can work out the other forms if you need them, especialy if you aso remember

the following general relations

w=2WT and f=1UT
k=2/A and o=1/A
v =Af

v = wlk

(©)

It is worth noting that these relations are generally true for any periodic wave form, not just for sinusoidal

waves.
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Table 1 summarizes the correspondence between the parameters describing the spatial dependence and those
describing the temporal dependence. The space and time parameters are connected through the phase speed.

Tablel Correspondence between the space and time parameters of awave.

Variable Space (X) Time (t)
periodicity A T
number of linear cycles per unit variable o f
number of angular cycles per unit variable k w
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2.4 Visualizing sinusoidal travelling waves

We now have several equivalent mathematical descriptions of sinusoidal travelling waves. However, in order to
understand any of them fully we need to examine them from several different points of view, since they relate
the displacement y to two variables x and t. This subsection isintended to help you to visualize these waves.

Imagine a dark room with a horizontal luminescent string stretched across it, from the south wall to the north
wall. Now imagine that sinusoidal waves are made to travel along this string, from south to north, and that you
are able to see parts of these waves by looking through some rather odd windows in the east and west walls of
the room.

O Thefirst window lets you see the entire string, but only for a moment — as a kind of snapshot (imagine it
has a shutter which opens and closes very quickly). What would you see?

To understand this mathematically, suppose that the north—south direction is the direction of the x-axis of a
coordinate system, and that the y-axis points vertically upwards. If t; represents the time of observation, then

y=Asin (kx— wt) (Egn 5)

takes the form y = Asin(kx — wt;) which is a sine function in the x-coordinate, with amplitude A and angular
wavenumber k = 217A. The constant —cwt, determines the displacement y at x = 0.
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0 The second window is vertical and very narrow, but it remains open all the time. What would you see?
In this case, you are observing at afixed value of x, so in terms of
y=Asin (kx- wt) (Egn 5)

y = Asin(kx; — wt) = Asin(wt + 11— kx;) which describes a sinusoidal motion in time with amplitude A and
angular frequency c. The constant (Tt —kx,) determines the displacementy at t = 0.

Question T3

Using an appropriate trigonometric identity show that the two sine functions equated above are indeed

identical. [
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O The third window is horizontal and very narrow. It allows you to see the entire length of the room at all
times, but only at alevel dightly above the equilibrium level of the string. What would you see?

Each of these three different windows corresponds to holding one of the three variablest, x or y constant, and
provides a different view of atravelling wave. Each explicitly shows us one of the characteristic parameters of
the wave: frequency, wavelength or phase speed.
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An entirely different way of visualizing a function
of two variables such asy = Asin(kx — wt) isin
terms of a three-dimensional graph in which the
x- and t-axes are located in a horizontal plane and
the value of y corresponding to any particular pair
of values (x, t) is plotted verticaly.

Such a graph is shown in Figure 3. The wave
profile at any time is represented by a cross section
of this graph taken paralld to the (x, y) plane, at the
appropriate value of t. Similarly, the wave form at
any particular point is represented by a section
taken parallel to the (t,y) plane at the appropriate
value of x. Three-dimensional graphs can provide
great insight into functions of two variables, but
they are difficult to draw and may be even more
difficult to interpret.

Figure3 A three-dimensional graph of the functiony =
Asin (kx — wt). In this case w/k=0.7ms™1.,
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2.5 Theforcelaw for awaveon astring

Study comment  This subsection involves some mathematical ideas that may be new to you and which you may find
daunting. If so, don’t be put off. If you find it difficult to follow the arguments concentrate on the physical situation that the
mathematics is describing. Once you have mastered that, the mathematical formalism should be easier to understand.

We now have a way of describing the motion of a wave on a string, in other words we have a kinematic
description of the wave, but we also would like to be able to understand the causes of the motion, that is to
describe the motion dynamically — in terms of the forces that cause it. For a wave on a string this should be
possible since we can determine the forces that act on any small segment of the string and then use
Newton's laws to work out how the segment will move in response to those forces. By considering what
happens when we consider a smaller and smaller segment we should ultimately be able to predict the motion of
any point on the string, and hence the behaviour of the wave itself.
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Figure 4 shows the sort of small segment of string we
wish to consider. The segment will generally be
curved, with its ends A and B, respectively, making
angles 8 and gwith the horizontal || . The length of
the segment is Al and the projection of this length
onto the x-axisisAx. In order to make the analysis of
the motion of this segment as simple as possible, we
will make anumber of simplifying assumptions: ||
1 Wewill assume that the tension in the string has
the same magnitude at all points. (This can only
be an approximation: the passage of the wave
will stretch the string slightly, which will
increase the tension. However, if the wave is of
small amplitude, this will be a small effect which
we can ignore.)
2 Wewill also assume that the angles ¢ and 6 that
the string makes with the horizontal are small.
This will allow us to make various

|Ful =F;

Figure4 A small segment of string and the forces that act
on it due to the tension in the string. Tangents to the string,
drawn at the end points A and B of the segment, make angles
6 and gwith the positive x-axis. The anglesin the figure are
positive and large enough to be clearly seen, but in principle
they might be negative and we shall assume that whatever
their sign they are actually very small.

approximations, including cos8=1, cosp=1and Al = AX.
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3 Wewill ignore the weight of the segment, so the
only forces that act upon it are the tension forces
on its ends due to the neighbouring parts of the
string.

Referring to Figure 4, and remembering that the

angles have been exaggerated, you can see that

tension forces on the ends of the segment are of equal
magnitude, F1, but they act in different directions.

At end A the components of the tension force are

F(A)=-Frcos@ and F(A)=-Frsiné
At end B, the corresponding components are
FB)=Frcosgp and F/(B)=Frsing

Since the angles are small and cos6 = cos¢g = 1 it
follows that the total horizontal force on the segment
is

FAA)+F(B)=0

|Ful =F;

Figure4 A small segment of string and the forces that act
on it due to the tension in the string. Tangents to the string,
drawn at the end points A and B of the segment, make angles
6 and gwith the positive x-axis. The anglesin the figure are
positive and large enough to be clearly seen, but in principle
they might be negative and we shall assume that whatever
their sign they are actually very small.
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It follows from Newton's second law of motion,
F = ma, that the segment will have no tendency to
accelerate in the x-direction.

On the other hand, the y-component of the total force
on the segment is

F(A) + F(B) =—Frsin0+ Frsing

Now, because the angles 6 and @ are small we can say
that

snf=——=——=tan0
1 cosf

and sinq):ﬂ:ﬂ:tan(p
1 cos @

Hence, the y-component of the total force on the
segment is

Fy(A) + Fy(B) = Fy(tan p—tan 6)

|Ful =F;

Figure4 A small segment of string and the forces that act
on it due to the tension in the string. Tangents to the string,
drawn at the end points A and B of the segment, make angles
6 and gwith the positive x-axis. The anglesin the figure are
positive and large enough to be clearly seen, but in principle
they might be negative and we shall assume that whatever
their sign they are actually very small.
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But tan @ is the gradient of the segment at A, and

tan @isthe gradient of the segment at B. Y ou should

be familiar with the use of calculus notation to
represent gradients, so you might be tempted to say
that these gradients can be obtained by evaluating the

derivative % at the points A and B.

This statement captures the spirit of our next step but
it isnot correct asit stands. The problem isthat in this
case y depends on x and t; it is a function of two
variables. Consequently, it has many gradients and
many derivatives at any point.

|Ful =F;

Figure4 A small segment of string and the forces that act
on it due to the tension in the string. Tangents to the string,
drawn at the end points A and B of the segment, make angles
6 and gwith the positive x-axis. The anglesin the figure are
positive and large enough to be clearly seen, but in principle
they might be negative and we shall assume that whatever
their sign they are actually very small.
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You can see this in Figure 5, which you
may, if you wish, regard as an enlargement
of a small part of Figure 3. At the point
marked A there is a gradient and hence a
derivative in the x-direction, but thereis also
agradient and a derivative in the t-direction,
and in every other direction between those
two. In discussing the gradient of the string
at A (or B) what we arereally interested in is
the gradient in the x-direction at a particular
time, and hence the derivative of y with
respect to x whilet is held constant.

This kind of derivative is called a
partial derivative, and is represented by the
symbol % or, even more explicitly,

UoyQ

/>

357777/

/ IO &
sl >
/>

Figure5 On thethree-dimensional graph of afunction of two
variables there are generally many different gradients and many

different derivatives at a single point.
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So, using the partial derivative notation we can write the y-component of the total force on the segment at any
timet

Fy(A) + Fy(B) = Fy(tan ¢— tan 6)
as F,(A)+F,(B)= F@Z—i(s) —%(A)g (10)

In amoment we will substitute this expression into Newton’s second law, but first we pause for a mathematical
aside that tries to clarify the nature of these important partial derivatives.
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Mathematical aside When dealing with a function of one variable, such as y = g(x), we can define its
derivative (provided it exists) at any value of x by

dy _ . Cox+h) - g0
m O~ 600

dx h-o h

Using this definition (or rules derived from it) we can easily find the derivative of a wide variety of simple
functions. For example, if a, b, ¢, Aare all constants:

if y=ax3 then — = 3ax?2
dx
if y=Asin(bx) then dy = Abcos(bx) [

if y=Asn(c-bx) thend—:—Abcos(c—bx)
X
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Since the derivative dy/dx isitself a function of x, we may take its derivative, thus defining the second derivative
d?y d ooy O
dx2 ~ dx Odx O

In a similar way, when dealing with a function of two variables such asy = f(x, t) we can define the partial
derivatives

Of (x + h,t) - F(x,t) 0

0y
RE o 8 (“)

o“y of (x,t +h) = f(x,t)O
I|m 12
~oH h H (12)
Using these definitions we can easily find the partial derivatives of arange of functions of two variables, though

in practice it is much easier to remember that in order to find a derivative such as dy/dx al you haveto doisto
treat t as a constant and then proceed as you would when dealing with a function of x alone.
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Thus, if a, b, A, kand ware all constants:

if y=at3x? then 9y _ 2at3x and 9 _ 3at2x2
X ot

if y=Asn(kx—at) then % = Akcos(kx — wt) and c;y = —Awcos(kx — wt)

Since the partial derivatives are also functions of two variables we may define the second partial derivatives

9%y _ 0 Doyl 9% _ ¢ DoyO 2%y _ 0 OoyO
- = O
ox2  oxtoxd e~ atHatH ™ Gxot ~ axHatH
Question T4

2 2 2
Work out ﬂﬂﬂﬂ 9%y and oy
Ox Ot 9x2 dt2 Jxot otox

(b) y = at + bx2 + ctx2. In each case where a, b and c are constants. [

in the following cases: (a) y = Asin(btx),
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Returning to our small segment of string, now that we know the y-component of force on the string we can use
Newton’'s second law to relate it to the y-component of the acceleration. Thus:

LAy oy _ 9y A \H_
Fri(B) - 22 (A)g=ma, (13)

where m is the mass of the segment and a, is its component of acceleration in the y-direction. If we define the
mass per unit length of the string (the linear mass density) to be p, then the mass of our string segment will be
HAl, which we will take to be approximately equal to pAx. In principle a, should be the acceleration of the
centre of mass of the string, but we will assume that the segment is sufficiently small that this acceleration is
approximately equal to the acceleration of end A, so we can write

o"2y
&=

—5 (A) (14)

where the approximation will become increasingly accurate as the length of the segment is reduced.
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It follows from Equations 13 and 14,

Da 74 O
Frio (B) = 2% (A)g=ma, (Eqn 13)
a =Y a) (Eqn 14)
T
together with the relation m = uA x, that
Ddy

2
P @) - A= nax T LA

oy 0y
ie EE&_( )~ ( )E~F_W( )

In the limit where the length of the segment becomes vanishingly small this approximation will become an

equality, so we may write

Udy dy 2y
i S o ® = e = £ S )
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Now, if we remember that both y and dy/dx are actually functions of x and t, so that the segment ends A and B
should really be specified in terms of a position and atime, asin (x, t) for A, and (x + Ax, t) for B, we can
rewrite this last relation as

_9y M 0%y
Ax ODAXE—(X+Axt) (xt)% Fr ot X,1)

The significance of this step is that it allows us to see that the term on the left-hand side is just the partial
derivative with respect to x of dy/dx (compare with Equation 11).

0y Df(x+ht)—f(xt)m
h 0@ h g (Egn 11)

In other words the left-hand side is the second partial derivativeof y with respect to x. Thus the transverse
displacement y(x, t) must satisfy the equation

2 2
0%y _ M 0%y as [
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Equation 15 is of great importance.

0%y _ pu 9%

ox2  Fy o2 (Egn 15)
Although we have only derived it at a certain point, defined by x and t, there was nothing special about those
coordinates, so it must be true at any point x and any timet. Moreover, the same equation can be obtained even
if we relax some of the simplifying assumptions we made earlier, so it actually represents a very genera
condition that the transverse displacement must satisfy. Mathematically it may be described as a linear second-
order _partial differential equation, [ and is one form of the wave equation that will be discussed shortly.
By identifying Equation 15 as a specia case of the wave equation we will soon be able to relate the phase speed
of waves on a string to i and F+, the linear mass density and tension magnitude of the string.

The derivation of Equation 15 is typical of the derivations of the wave equations for other physical systems.
We start from the basic physics in a system, analyse the forces that result from a deviation from equilibrium,
make approximations based upon those deviations being small enough, and come up with a partial differential
equation which describes the motion in the system. If the approximations of smallness are not made, we will
generally end up with anon-linear equation, and much more complicated mathematical and physical behaviour;
we will not deal with these in FLAP.

FLAP P56 Introducing waves e o ‘ .
COPYRIGHT © 1998 THE OPEN UNIVERSITY S570 V1.1


Mike Tinker



2.6 The speed of waveson a string

We now have an equation of motion (Equation 15)
2 =-_FZ7 Egn 15
X2 Fy o2 (Ean 15)

based on the physics of a string under tension. To verify that sinusoidal periodic waves of the kind described by
Equations 4-8

y = A sinfk(x - vt)] (Egn 4)
y =Asin (kx— wt) (Egn 5)
y=Asn[2r(ox - ft)] (Egn 6)
y= Asin %ng}‘i - ft% (Ean7)
y= Asin %n% - %% (Ean 8)

satisfy Equation 15, we need to determine the relevant partial derivatives of the sine function and show that they
satisfy the equation of motion.
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According to Equation 5, the transverse displacement y of a sinusoidal waveis given by

y=Asn (kx— wt) (Egn 5)
so 9y = Ak cos(kx — wt)
X
2
ad  9Y - 9 EE_ A in(ke - o)
ox2 _ ax HoxH
2
thus  2Y = 2y (16)

axz

0 Calculate the second partial derivative of y with respect tot.
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Substituting Equations 16 and 17

(Egn 16)

(Eagn 17)

(Egn 15)

(18)

& @

dzy 2
—2-=-k
x> y
172)/ 2
7))
at? y
into the equation of motion (Equation 15),
oy _ p 0%
ox2 Fy 0t?
we obtain:
K2y = - H 2
y = y
2
ie k_ = i
w?  Fr
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Thus, the sinusoidal waves described by Equation 5
(Ean5)

y=Asin (kx— wt)
will satisfy Equation 15
d%y _ u d%
— = Egn 15
IxE  Fy o2 (Ean 13)
provided k/w =./u/Fy . However, according to Equation 9,
v =wlk (Eagn9)
w/kisjust the speed of propagation v (i.e. the phase speed) of the sinusoidal waves. Hence, Equation 18
k2 u
- == Eqgni8
0.)2 FT ( q )
implies:
p= [T (19)
\
COPYRIGHT jrHrodueing V\Tla/I?OPEN UNIVERSITY S570 V1.1 e 0 ‘ .

COPYRIGHT © 1998



So we have found that the sine wave is a solution of the equation of motion for a string if the speed of
propagation is given by the square root of the tension magnitude divided by the mass per unit length. Thisisan
important result, because its general character will extend to waves on other media. Each physical system must
be considered in its own right, but it is common to find that the propagation speed is given by an expression
similar to Equation 19 with F; replaced by the magnitude of the force restoring the medium to its equilibrium
position, and u replaced by some parameter that characterizes the inertia in the system, i.e. the tendency of the
medium to remain in a given state of motion.

Question T5
Determine the units of the expression /Fr/u. O
Question T6

A wire has a linear mass density of 5.5gm™, and is under a tension of 500N. What is the phase speed of
transverse sinusoidal wavesin thiswire? [

FLAP P56 Introducing waves e o ‘ .
COPYRIGHT © 1998 THE OPEN UNIVERSITY S570 V1.1



2.7 Theenergy of waveson a string

It was stated earlier that waves often involve the transfer of energy from place to place. This subsection is
devoted to adiscussion of the energy transferred by awave on a string, but, asin the last subsection, some of the
results are indicative of the behaviour of awide variety of physical systems. Asis usual for amechanical system,
the total energy of a wave on a string comprises kinetic energy and potential energy. The kinetic energy arises
from the motion of the various parts of the string, while the potential energy arises from the work done by the
restoring force acting on each element that departs from equilibrium. Up to this point, we have considered parts
of the wave that are far enough away from the ends of the string that the length of the string is irrelevant.
In order to continue doing this it is convenient to characterize the energy associated with the wavesin terms of a
linear energy density Dg(x, t). This can be determined by measuring the total energy E associated with a short
segment of string of length Al, centred on x at time t, and then determining the ratio E/Al as Al becomes
vanishingly small. In thisway we can define Dg(x, t) asthe enerﬁy per unit length of the string at x and t, and we
seethat it can be measured in units of joules per metre (Jm™1). L]
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The kinetic energy contribution to Dg(x, t) is fairly
straightforward; the mass of the segment is pAx, and
the velocity is dy/ot, so the kinetic energy term is

Doy Cf

1 AX
2 HaH

The potential energy contribution is more difficult to
derive; here we will just quote the value, which is

1 Ddyl]2

—F AX.

2 THox

To see that this is at least plausible, remember the
discussion in Subsection 2.5 of the forces acting on a
small segment, as shown in Figure 4. Wheny isat a

maximum value, there are no forces acting on the
segment, so it is not stretched, and the potential

F, =F;

Figure4 A small segment of string and the forces that act
on it due to the tension in the string. Tangents to the string,
drawn at the end points A and B of the segment, make angles
6 and gwith the positive x-axis. The anglesin the figure are
positive and large enough to be clearly seen, but in principle
they might be negative and we shall assume that whatever
their sign they are actually very small.

energy is zero. On the other hand, when y = 0, the slope of the curve is steepest, and the potential energy is a

maxi mum.
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Then this linear energy density can be expressed as

1 O DayD2 DayDZD
De(x,t) == 20
e(x,t) = E—E Fr Eﬁ_xg g (20)
The first term corresponds to the kinetic energy per unit length, or the linear kinetic energy density. The second

term corresponds to the linear potentia energy density.

This general expression is not very informative, so we will restrict our discussion to the case of sinusoidal
waves. We calculated the required first derivatives in the preceding subsection, so we can substitute these
directly into the energy density equation:

De(x,t) = %{p[—chos(kx — wt)]? + Fr[ Ak cos(kx - wt)]?}

0 Dg(xt) = %Az(uw2 + Frk?) cos? (kx — wt) (22)
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It isinteresting to compare the linear energy density at a point on the string with the energy of a simple harmonic
oscillator. In the latter case the total energy of the oscillator is constant, but its form fluctuates between kinetic
energy and potential energy. In the case of the wave on a string, the linear energy density is itself a travelling
wave, so energy is being carried along the string and the energy density at any fixed point (i.e. at any fixed value
of x) oscillates with time. The kinetic and potential energy densities have the same functional dependence on x
and t, so their maxima and minima occur simultaneously at any given point.

Using Equation 18

k2 u
—_— = Egn 18
wz FT ( q )

we can see that pw? = F1k2, so we can rewrite Equation 21
De(x,t) = %Az(ucu2 + Frk?) cos? (kx — wt) (Egn 21)

more compactly as:
De(X, t) = uw?2A2 cos? (kx — wt) (22)

FLAP P56 Introducing waves e o ‘ .
COPYRIGHT © 1998 THE OPEN UNIVERSITY S570 V1.1



De(x, t) = uw?2A2 cos? (kx — wt) (Egn 22)

We now see that the magnitude of the linear energy density is proportional to the square of both the amplitude
and the frequency of the wave. This makes good physical sense: if you were generating the waves by shaking
one end of the string you would have to shake more vigorously and supply more energy if you wanted to
increase either the amplitude or the frequency, or both. L |

The energy density of Equation 22 is clearly a periodic wave, but the presence of the square of the cosine
function makes it difficult to determine its wave parameters. However, if we use the following trigonometric
identity [
1+ cos(26)

2

we can rewrite the energy density as:

cos? @ =

DE(xt)_““’ ” [1+ cos(2kx — 260t)]
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_ Hw*A?
2

We can now introduce some new constants, Dy = , ke = 2k and e = 2w, and use them to write

De (X,t) = Do[1 + cos(KeX — wet)] (23 LI

This equation shows that the linear energy density has a constant average value, Dy, about which it fluctuatesin
a wave-like way, though it never becomes negative. This wave-like fluctuation in the energy density has an
angular wavenumber kg which is twice that of the original displacement wave, and an angular frequency a:
which is twice that of the original. This leads to a wavelength Ag and a period T which are half the original
values, resulting from the fact that the energy density does not depend on the signs of the transverse velocity and
transverse displacement. At a fixed value of x, the linear energy density wave passes through a maximum
whenever the displacement is zero, and the instantaneous energy density minima occur when the displacement is
at the extreme in the positive or negative direction. This is another fundamental characteristic of sinusoidal
Waves.

Question T7

Sketch the profile of the linear energy density wave at afixed time t;, along with the profile of the corresponding
displacement wave at the same time. Show explicitly the relationships between the wavelengths of these two

waves. [
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2.8 Thegeneralized wave equation

In Subsection 2.5 we obtained the equation of motion for waves on a string; the linear second-order partial
differential equation

2 2

and in Subsection 2.6 we showed that sinusoidal functions y(x, t) = sin(kx — wt) satisfying this equation
described waves that propagated with phase speed

V= ﬁ (Egn 19)
\u
Combining these two results we obtain the equation
9%y 1 9%y
Zr_-27 24
ox?  v? ot? (29

Now, athough we have arrived at Equation 24 by considering the special case of sinusoidal waves, itisin fact a
more general condition, the validity of which extends far beyond the sinusoidal waves we have emphasized.
Equation 24 is known as the (simple) wave equation for waves on a string. L] ) Any wave that travels with
constant speed and unchanging shape, will be described by afunction of the form y = f(kx + wt), and will satisfy
the wave equation.
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Wave equations are not restricted to waves on strings. Similar equations may be obtained for other physical
systems that support transverse waves travelling with constant speed and unchanging shape. In the general case,
the dependent variable that is the subject of the equation will not necessarily be a transverse displacement vy,
though it will describe some kind of ‘transverse’ departure from equilibrium. If we represent this generalized
disturbance by the quantity ¥(x, t), L] then it must satisfy the generalized one-dimensional (motion along X)
wave equation:

¥ _ 12y _
ox2  v2 ot

(25)

In any particular case the speed of wave propagation v will always be determined by the physics of the system,

but in the case of mechanical systems it will generally be given by the square root of the ratio of a restoring

force parameter to the inertial parameter, just asit wasin Equation 19
b= [Fr

Ry
for waves on a string.

(Egn 19)
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2.9 Summary of Section 2

We have covered a great deal of material in this section on transverse travelling waves, and it is worth reviewing
the basic ideas at this point. We first considered the physical description of transverse travelling waves.
We saw that it is the disturbance, a departure from equilibrium that propagates, not some part of the medium that
carries that disturbance. Having that as our basis, we found a general mathematical description of a wave on a
string propagating in either direction in one dimension [y = f (x  vt)]. We then introduced the idea of a periodic
wave characterized by a wavelength and a period, and chose to concentrate on the particularly important case of
a sinusoidal wave (y = Asin(kx — wt)). Here we explained the significance of, and relationship between the
fundamental parametersv, T, f, w, A, o and k. We next looked in greater detail at the physics of transverse waves
on a string, and saw how the restoring force of the unbalanced tension led to a second-order linear partial
differential equation which described the motion of the system. We then showed that the sinusoidal waves we
had previously looked at were solutions of this equation, provided that |ocations of fixed transverse displacement
y (and hence fixed phase (kx — wt)) propagated with a unique (phase) speed that was simply related to the
tension and linear mass density of the string. We also developed the concept of the linear energy density of the
wave on a string, and showed for the standard case of sinusoidal waves, the energy density was also a wave,
with the same phase speed, but half the wavelength and twice the frequency of the original transverse
displacement wave. Finally, we considered the (simple) wave equation for waves on a string and its
generalization to cover a wide class of transverse waves that travel in one dimension with constant speed and
unchanging shape.
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3 Superposition and interference

3.1 Thesuperposition principle

The property of linearity possessed by the simple wave equation meansthat if W;(x, t) and W,(x, t) are solutions
of the equation then a linear combination of those solutions, i.e. any expression of the form
WYx, t) = aW(x, t) + bW,(x, t), where a and b are any numerical constants, will also be a solution.
A conseguence of thisisthe following principle:

The super position principle

If two or more waves meet in aregion of space, then at each instant of time the net disturbance they cause at
any point is equal to the sum of the disturbances caused by each of the waves individually.

This principle may be applied to any system in which the waves of interest are described by linear equations.
In those cases where it can be applied, the superposition principle enormously simplifies the study of waves,
since it allows us to treat complicated waves as a superposition (i.e. a sum) of simple waves that are easier to
analyse. Ultimately, it allows us to describe any periodic wave in terms of the familiar sinusoidal waves.

FLAP P56 Introducing waves e o ‘ .
COPYRIGHT © 1998 THE OPEN UNIVERSITY S570 V1.1



What does the superposition principle mean physically? It implies, for
example, that when two separate pulses travelling in opposite directions on
asingle string meet in some shared region of the string, as shown in Figure
6, then we can find their combined effect at any place and time by simply
adding the separate contributions (displacements) from the two pulses at
that place and time. What happens after the pulses pass through the shared
region? They regain their original shapes and continue moving as before,
being individually unchanged by the passage through the shared region.

Another way of regarding the superposition principle is as a requirement
that the presence of a wave at a point in a medium should not change the
physical properties of the medium at that point. If the passage of a wave
along a string caused an appreciable change in the tension, then a second
wave on the same string would experience a ‘different’ medium (with a
different phase speed), and the two waves could be not simply added
together.

Figure6 The superposition principle applied to two pulses moving toward each
other, shown at seven successive times (moving from top to bottom). Where the
pulses overlap, the dashed lines indicate the shape of the individual pulses, while
the solid line is the actual displacement profile of the string.

FLAP P5.6 Introducing waves
COPYRIGHT © 1998 THE OPEN UNIVERSITY S570 V1.1



Question T8

Two wave pulses travelling in opposite directions along a string are described by the following functions:

# and y(xt):#
bx—ctDZ+1D 2 bx+ctmz+lﬂ
> 0 2 =

0 0 g

ya(x,t) =

If A=50mm, b=0.1mm™= and c= 21, sketch the profile of the resultant pulseat t=1s.
(You will probably find it convenient to consider values of x in therange—-20cmto +20cm.) O
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3.2 Interference T/\ /\ /\ Avﬂvﬂv_. Avﬂvﬂvl_,

One of the most

important consequences
of the superposition

principle is the

phenomenon of
interference, [| which
alows periodic waves %1+ %T > > >
travelling along a line
(@) (b) (€)

to combine and produce
some other wave along

that line, as shown in Figure7 Waveformsat apoint arising from the interference of two waves of equal amplitude
Figure 7. If the waves and frequency passing through that point. (a) Fully constructive interference, showing the
Wi(x, t) and Y,(x, t) doubling of the amplitude. (b) Fully destructive interference, showing the cancellation of

that are being combined amplitudes. (c) The intermediate case where partial addition of the amplitude occurs.

have the property that at a certain point they both cause the maximum disturbance at the same time (Figure 7a)
then they are said to be in phase at that point and they will cause totally constructive interference at that point.
As a result the waves will reinforce one another at the point in question and the amplitude of the resulting
disturbance will be equal to the sum of the individual amplitudes at that point.
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In contragt, if the waves
are completely

out of phase (i.e. in
antiphase) at a point
their effects will cancel
at that point and the
result will be totally
destructive
interference, as shown
in Figure 7b.

More generally, waves
arriving at a single
point will not be
completely in phase,
nor completely out of

T/\/\/\ AN T+ DS\
VAV R VAV IV AvAVAS

%HPZT S]S]St t I \/ \/ \/t
() (b) (c)

Figure7 Waveformsat apoint arising from the interference of two waves of equal amplitude
and frequency passing through that point. (&) Fully constructive interference, showing the
doubling of the amplitude. (b) Fully destructive interference, showing the cancellation of
amplitudes. (c) Theintermediate case where partial addition of the amplitude occurs.

phase, and the resulting disturbance will then be somewhere between the extremes, as shown in Figure 7c.

O If the sinusoidal wave forms shown in Figure 7b had different amplitudes A; and A, (with A; greater than
Ay), how would the superposed waveform be changed?
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Recalling that the instantaneous energy density carried by awave (Equation 22)
De(X, t) = uw?2A2 cos? (kx — wt) (Eqn 22)

is proportional to the square of the amplitude, destructive superposition has an amazing consegquence.
Two waves, each of which individually carries ma%m apoint in space and time, can add together to produce a
resultant wave which carries no energy at that point.

The superposition principle is a fundamental characteristic of systems that obey a linear differential equation.
On the other hand, if a system is non-linear, then the superposition principle will break down, and the analysis
becomes much more complicated and specialized.
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3.3 Wavegroupsand group speed

An important case of superposition is that which arises when two or more travelling waves moving in the same
direction with closely similar frequencies are combined.

Question T9
Use the trigonometric identity

. . . o+ a-B
sn(a)+sn(ﬁ)—25n@ > @cos@ > @
to find the wave that results from the superposition of
y1 = Asin(kx-wt) and y, = Asin[(k+ AKX — (w + Aw)t]

where Aw and Ak are small positive quantities. Assuming Ak is about one-tenth of k, sketch the profile of the
combined wave at t = 0, over the range from x = 0 to x = 20(217k), i.e. over about 20 ‘wavelengths'.
(Hint: don't try plotting this profile point by point — it will take far too long. Treat it as a product of two factors,
sketch their graphs very roughly, then think about what the graph of their product must look like before

sketching it equally roughly.) O .
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If the waves described in this question satisty ~ Y® /™!

the simple wave equation (Equation 25) 0.2
a9’y 1 9%y 0.1
-= =0 Egn 25

I 2 o (Ean25) o

then they must both travel with the same speed
LI, hence

v = wk= (2w + Aw)/(2k + AK)
and the profile shown in the answer (Figure 20) Figure20 See Answer T9.

-0.24

will also travel at that speed. However, in many important situations, such as that of waves on the surface of a
pond, or even waves on a string if we admit that the passage of a wave really does affect the tension to some
extent, waves of different (angular) frequency actually travel at different speeds. This phenomenon, the
frequency dependence of the propagation speed, is known as dispersion. Amongst other things it means that
travelling waves of slightly different frequency that are initially in phase at some point will become
progressively out of phase at that point as time passes.
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The superposition of waves described in Question T9 and illustrated in Figure 20 has the form
M D E|D2k + Ak

y= [QACOSEJZ% Dz % .

Each of the bracketed expressions represents a
wave. The first, with a very much longer
wavelength than the second, moves with a speed
vg = AwlAk, while the second, with a
wavelength much the same as the two original
components, has a different speed

vp = Rw + Aw)/(2k + AK). The difference
between the wavelengths of the two terms is so
marked that it is better to regard the first term as
providing the overall shape, or ‘envelope’ of the
second at any particular place and time.

y(x, 0)/m/4
0.2

0.1
0
-0.14

-0.24

Figure20 SeeAnswer T9.

% [Qw+Aw§EE

In Figure 20 the envelope is shown as the dashed line, which controls or ‘modulates’ the amplitude of the short
wavelength wave. The overall disturbance is called a wave group; it moves at a speed vg, Which is called the

group speed, and the waves appearing to move within the envelope move with the phase speed v,,.
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4 Standing waveson a string

4.1 Réflection of travelling waves at a boundary

So far, we have considered travelling waves far away from any boundaries that might affect their motion.
We now want to look at what happens when one of these waves isincident on a boundary. The physical situation
we want to consider first is a wave pulse propagating along a string which reaches a position at which the string
is attached to something else. The resulting behaviour of the wave depends on what happens physically at that
point of attachment. This is characterized mathematically by the boundary conditions, which are the
requirements imposed on the values of the wave y(x, 1), and, possibly, its derivatives, at the boundary. [
We will start by examining the case in which the string is attached to a fixed object, such asawall.
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Consider the pulse shown in Figure 8a. In this
particular case the boundary condition implies that
the transverse displacement at the wall must be
zero. When the pulse reaches the wall, the moving
string will exert an upward force on the wall.
However, the wall is rigid and immovable, so it
remains motionless. Consequently no mechanical
energy will be transferred to the wall. In accordance
with Newton’s third law, the wall will exert a
downward reaction force on the string and this will
cause areflected pulse to travel away from the wall
in the —x-direction. This reflected pulse will carry
away all the incident energy, so it must have the
same amplitude as the incident pulse, but its
displacement will be negative where that of the
origina pulse was positive. This is indicated in
Figure 8b.

—>
N
before &

(@)

after
W
-
Figure8 (a) A wave pulsetravelsin the +x-direction toward a

wall. (b) After reflection, awave pulse travels back in the —x-
direction, with the same shape and amplitude, but opposite
displacement.
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Question T10

A wave pulse travelling towards arigid wall at x = 0 startsitsjourney at t = —T and is described by
Yincident = A exp[—(bx + at)?],where a and b are positive constants. The pulse arrives at thewall at t = 0 and is
then reflected. Write down an expression representing the reflected pulse at any (positive) timet. O

If in place of arigid wall the string was attached to a
massless, frictionless ring on a pole, it would have a
free end at the boundary rather than a fixed end.
Under these conditions there will still be a reflected
wave but its nature will be quite different from that
of a reflection from a wall. This is indicated in
Figure 9, where you can see that the transverse
displacement of the reflected pulse does not suffer
the sign reversal that occurred in the case of arigid
wall.

>
before &

@

-
M\

(b)

Figure9 (a) A wave pulsetravelling toward afreely moving
boundary. (b) The reflected pulse.
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In the more general case in which we consider the boundary to be between two different media (such as strings
with different mass densities), the boundary conditions can be more general. The behaviour of the wave will be
more complicated, with part of the wave being reflected (either with or without inversion, depending on the
physical conditions) and part being transmitted.

4.2 Production of standing waves by super position

We now consider the combined effect of two periodic sinusoidal waves, travelling in opposite directions along a
string. We will assume that the two travelling waves have equal amplitude and the same frequency (and hence
the same wavelength). We will write the travelling waves as

y.=Asin(kx-wt) and y_=Asn(kx+ wt) (26)
The total wave, by the principle of superposition, will be just the sum:
y=Vy, +y_= Asin(kx — wt) + Asin(kx + wt) (27

By making use of the trigonometric identity sin(a + ) = sin(a) cos(B) + cos(a)sin(B) and the symmetry
relations sin (—a) =—sin (a) and cos(—a) = cos(a) we can rewrite Equation 27 as:

y = Asin (kx) cos(wt) — Acos(kx) sin(wt) + Asin(kx) cos(wt) + Acos(kx) sin(wt)
i.e. y=2Acos(wt)sin(kx) (28)
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This function is a product vy
of a cosine function
involving time and a sine
function involving position,
rather than a single
function of the combination
of position and time

(kx £ cot).

0 .

This change means that the
combined disturbance is
not atravelling wave.

Such adisturbanceis caled

a standing wave, or a _ _ ) N

dationarv wave. Flgurg 10 A _standl ng wave on astring can be rgpr&senteq as a superposition of
Sallonary Wave oppositely moving travelling waves, but the standing wave itself shows no tendency to
The profile of the standing moveto the right or to the left. Consequently, such waves do not transfer energy from place
wave changes with time as  toplace. ty <t <tg<t,.

Figure 10 indicates, but the wave has no tendency to move to the right or to the left. o
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Question T11

Suppose our original waves in the above passage were described by cosine functions, i.e. y, = A cos(kx — wt)
and y_ = Acos(kx + wt). What would be the resulting form for y =y, + y_? Would it be a standing wave?

(Notethat cos(a + 8) = cos(a) cos(B) —sin(a)sin(B).) O .
?
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4.3 Nodesand
antinodes

As shown in Figure 10, the
characteristic feature of
standing waves is the
development of a changing
but non-progressing (or
stationary) wave profile.
One prominent feature of
this is the existence of
positions where no motion
occurs at any time. Unlike
travelling  sinusoidal
waves, where the Figurel0 A standingwave on astring can be represented as a superposition of
displacement at each oppositely moving travelling waves, but the standing wave itself shows no tendency to
position undergoes simple moveto theright or to the Ieft. Consequently, such waves do not transfer energy from place
harmonic oscillations of a toplace. t; <t <t3<t,.

uniform amplitude, in standing waves there are positions of complete rest at regular intervals. These positions
are called nodes.

FLAP P56 Introducing waves e o ‘ .
COPYRIGHT © 1998 THE OPEN UNIVERSITY S570 V1.1



In the standing wave
described above

y = 2A cos(wt) sin(kx)

(Egn 28)

we can see that the sine
function, and hence the
transverse displacement,
will vanish at al times at
any position X = Xuoda
where the argument of the
sine function is a multiple
of 1, i.e. where kX,oga = 0,
T, 21, £37, ... = N7
withn=0,%1, %2, ....

Figure10 A standing wave on a string can be represented as a superposition of
oppositely moving travelling waves, but the standing wave itself shows no tendency to
move to the right or to the left. Consequently, such waves do not transfer energy from place
toplace. t; <ty <tz<ty
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Equivalently, since
k = 21/A, these noda
positions are given by

X - —nNn= n_A
nodal 27 2
(29) X
This shows that the spacing

of the nodes is just (A/2).
Note in Figure 10 that the
string has displacements of
opposite sign on opposite
sides of each node. Thisisa
fundamental characteristic Figure10 A standing wave on astring can be represented as a superposition of

of nodes and standing oppositely moving travelling waves, but the standing wave itself shows no tendency to
waves. move to the right or to the left. Consequently, such waves do not transfer energy from place
toplace. t; <ty <tz<ty

Halfway between these
nodes, the oscillations in time produce the maximum amplitude variation. These points at which the maximum
amplitude oscillations take place are called the antinodes.
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The positions of the antinodes can be found by requiring the sine function to have its maximum values of +1,
and are given by:

10A .
Xantinodal = a’] + EDE withn=0, £1,£2, ... (30)

Question T12

Confirm that the above condition gives the correct positions for the antinodes. O
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If we consider standing waves produced on a string of a given length |, which isrigidly fixed at its two ends,
then we know that the boundary conditions at the ends of the string require that the displacement should be zero
at those points. We will label the end positions asx = 0 and x = |. Then we must have:

y(0)=0 and y()=0

andso sin(k0)=sin(kl)=0

Thus, remembering that k = 217, we have here the condition that | = nA/2, or that
A=2/n (31

(with n any non-zero whole number). In the general case of standing waves on an infinite string, the spacing of
the nodes depended on the wavelength, but any wavelength was possible. For a string of finite length, the
additional condition that both ends must be nodes produces a constraint on the wavel engths that can be sustained
on the string. We will examine the conseguences of this further in the next subsection.
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4.4 Stringed musical instruments

Stringed musical instruments such as guitars, violins or pianos provide everyday examples of transverse standing
waves. In all these cases, a mechanical impulse (afinger, pick, bow or hammer) creates a wave on the string, and
the only components of the wave that last are those which represent possible standing waves on the string.
Since the instruments to which these strings are attached are not perfectly rigid, these standing waves transfer
energy to the body of the instrument (usually a wooden resonator of some sort), which produces the actual
sounds which we associate with the musical instrument.

In the case of standing waves on these strings, as seen in the last subsection, we have the requirement that the
strings cannot move at the points where they are attached. This lack of movement at the ends during the general
vibration of the string leads to the condition on allowed wavelengths that A = 21/n, where n is any positive
integer. Now, standing waves are not travelling waves, but their frequency is still related to their wavelength by
v = fA, where v is the phase speed of transverse travelling waves. For perfectly flexible strings, the phase speed
of transverse waves depends only on the tension and the linear mass density, so provided these quantities remain
fixed the condition that limits the allowed wavelengths also limits the allowed frequencies. These allowed
frequenciesaref = v/\ = nv/2l.
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Since the phase speed is of less significance in the case of standing waves, it is useful to express the frequency

as.
n [Fr
== — = 32
"\ & 1 (32
where we have explicitly indicated the relationship between the higher frequencies and the smallest using the
index n. The smallest allowed frequency f; is given by
1 [Fr
= [T 33
R (33)
In asimilar way, we can explicitly write
A
= (34)

to indicate the relationship between the wavelengths, where the largest wavelength A, = 21.

© © 2 A 4
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Thus the allowed values of the wavelength and frequency form sequences:

r=2,2 12010
3 253

_ 1 |Ff 1[Ff 3 [Ff 2 [Ff 5 [Fr 3 [F;
f==2 —, 2 |— = |[— = |— = /—, = [—, . (36)
2V IV 20w TV 20y T\

For n =1, the value of the wavelength is the largest, while the frequency is the smallest. This smallest frequency
is called the fundamental, while the higher frequencies are called harmonics We can also characterize each
allowed frequency by the number of nodes between the ends, ignoring those at each end. If we use the index n to
characterize the frequency as above, then there will be (n — 1) nodes associated with the nth allowed frequency.
So the fundamental exhibits zero nodes, while the first harmonic (n = 2) exhibits 1 node, and so on. Note that the
nth frequency represents the (n — 1) harmonic.

(39
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The fundamental and first two harmonics of a string are shown in
Figure 11. When a string is set into motion, or excited, the only
frequencies which will be of substantial intensity or duration will be the
allowed frequencies described above. This means that all the frequencies
present will bear a simple relationship to each other. This relationship of
all the frequencies is generally pleasant to the ear, and is responsible for
the musicality of stringed instruments.

Note that the fundamental frequency depends on the length of the string,
the linear mass density, and the tension. The length and the linear mass
density are normally fixed by the construction of a musical instrument, but
the tension can be adjusted, and this is precisely how a stringed musical
instrument is tuned to produce the right notes.

Figure 11 The three figures represent (a) the fundamental (no nodes except at
the end of the string), (b) the first harmonic (one node in the middle), and
(c) the second harmonic (two nodes) of standing waves on a string.

@

(b)
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Question T13

The E string on a violin has a length of 0.32m, alinear mass density of 0.38gm™1, and is under a tension of
68 N. What are the wavelength and frequency of the fundamental and first harmonic? O
45 Summary of Section 4

In this section, we have seen how the fundamental principle of superposition leads to interference effects and,
when boundary conditions are imposed, to the general idea of standing or stationary waves. These are no longer
travelling waves, even though their profile does change with time. Standing waves may be characterized as
stationary sinusoidal waves with fixed nodes and antinodes. The presence of the fixed nodes in a standing wave
leads to a unique relationship between the length of a string with fixed ends and the allowed frequencies and
wavelengths that can be sustained by that string. This allows for the production of uniquely related fundamentals
and harmonics, and is ultimately responsible for the musicality of stringed instruments such as the guitar and
piano.
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5 Wavesin two or three dimensions

5.1 Thewave vector

In the case of the simple one-dimensional motion we have considered so far, the direction of propagation was
limited to +x. In the case of two-dimensional waves, such as the surface waves on the ocean, or three-
dimensional waves, such as the electromagnetic waves used to represent light, more information is needed to
characterize the direction of propagation. In these cases this information is usually provided in the form of a
wave vector &, (more properly called the angular wave vector) L] which lies along the direction of
propagation and has magnitude 217A, where A isthe relevant wavelength.

As an example, let us consider some surface waves propagating in a horizontal (X, y) plane. These are transverse
waves composed of disturbances in the (vertical) z-direction. The position of any point in the (x, y) plane can be
specified by a two-dimensional vector r = (X, y), and the direction in which the waves are propagating at any
point can be specified by awave vector k = (k, ky). For the sake of simplicity we will assume that the waves are
travelling in the same direction at al points, so they are more like ocean waves in an area of open sea than the
waves that spread out from a stone thrown into a pond. Under this assumption the value of & will be the same at
all points, and if we look down on the (x, y) plane from above the wave crests will be seen as straight lines, at

right angles to k, that are separated by one wavelength A.
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Bearing in mind that the magnitude of & is

k:vk§+@:2WA,we may if we k
wish say that the wave crests are separated

by a distance 2m/k, and thus avoid

mentioning A altogether.

This arrangement is indicated in

Figure 12. If the waves are sinusoidal, the
two-dimensional generalization of the
one-dimensional sinusoids we discussed

;aartlf:sr:]' aIiCV;I\I(Iay b(;/i?]e fL?\Fc):tri%?]em them Figure12 Parallel wave crests (more properly plane wavefronts) in a
two-dimensiona medium. The wave vector % is perpendicular to the
z=Asn(k-r- wt) (37 wavefront, pointing in the direction of propagation, with magnitude
where the term k -r represents the Kk=2mA.
scalar product of the position vector r and the wave vector k. In the two-dimensional case we are considering,
the value of this scalar product at a point with position coordinates (x, y) will be

k- r=kx+ky (38 LI
It should be apparent that Equation 37 is a generalization of Equation 5 (y = Asin(kx — wt)) since in the one-
dimensional case k, = kand hencek - r = kx in that case.
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Thanks to the power of vector notation, it should also be fairly obvious how we describe three-dimensional
waves. In that case the wave vector will have three components so k = (ky, ki, k), its magnitude will be

<= [kl = G + i +i =2
and sinusoidal waves of amplitude A involving some kind of (scalar) disturbance L] & can be represented by
Yr,t) =Asin(k -r — wt)
where k-r=Kkx+ky+Kk,z
The waves described by Equation 37
z=Asn(k -r- wt) (Egn 37)

and its three-dimensional extension are certainly not the most general kinds of two- and three-dimensional
waves, but they do represent an important class of waves that you are certain to meet again in your subsequent
studies. Technically they are known as plane waves since at any given time (in the three-dimensional case) all
the points on any plane perpendicular to % will correspond to the same value of the phase (k -r — wt). L]
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In the two-dimensional case the ‘planes
of constant phase will just be lines and the
wave crests we spoke of in Figure 12 are
examples of such lines. Indeed, if we
wanted to be more general we could say
that the lines drawn at right anglesto & in
Figure 12 represent points of equal phase,
irrespective of its value. Surfaces (or
lines) of equal phase are generally referred
to as wavefronts. It is a characteristic
property of plane waves that their
wavefronts are parallel planes in three
dimensions and parallel straight lines in
two dimensions.

\\\\kk

Figure12 Parallel wave crests (more properly plane wavefronts) in a
two-dimensiona medium. The wave vector % is perpendicular to the
wavefront, pointing in the direction of propagation, with magnitude

k=21A.
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Question T14

A wave-making machine causes plane waves to travel across the surface of a rectangular swimming pool.
The waves have an amplitude of 30cm, a speed of 90cms™, and are produced at a frequency of 0.30Hz.
If the waves propagate at an angle of 30° to the long sides of the pool, write down a mathematical description of
the waves assuming that one of the long sides of the pool is chosen to represent the x-axis. [ .

f‘)
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5.2 Waveson a membrane

The hard (and somewhat idealized) maths is now behind us. We will conclude our discussion of waves by
considering the qualitative reality of waves in two familiar contexts. First, waves on a two-dimensional elastic
membrane, such as a drum membrane. L] Then, in the next subsection, waves in a rea (three-dimensional)
ocean. In this case the waves are two-dimensional in extent, so that we are dealing with transverse motions
involving two dimensions, with the propagation direction in a third.

On an elastic membrane, the boundaries are usually sufficiently close that they cannot be neglected, so we will
consider finite membranes with enclosing boundaries. The drum is one of the simplest examples of this kind. In
this case, the most important waves are the standing waves since they are the ones that persist and account for
much of the sound that the drum produces. In one respect, the properties of standing waves on a two-
dimensional membrane are similar to those of standing waves on a string with fixed ends, in that there are nodal
and antinodal positions, but the description of these is more complicated. Whereas in one-dimensional systems,
the nodes and antinodes are isolated points, in the case of two-dimensional standing waves, the nodes will
generaly be lines on the surface.
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As in the one-dimensional
example, the standing waves
are again determined by the
boundary conditions, which
in this case require that the
edge of the membrane
should be a noda line.
Figure 13 shows typical
standing wave profiles on
the surface of adrumhead.

You can see from Figure 13
that the characteristic nodal
lines consist of two types,
those lying along diameters
of the circular membrane
and those forming circles of
fixed radius.

@ 10 ©

Figure13 Six of the possible standing waves on a drum membrane. The continuous
lines shown O including that around the circumference D are the nodal positions. Just as
in the one-dimensional string, displacements on the opposite side of these nodes arein
opposite directions.
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In the case of the finite one-
dimensional string, we could
characterize the allowed
standing waves by the
number of nodal points that () 10 ()
occurred, but in the case of
the drum we need to

characterize both the number
of nodal diameters, and the “
number of nodal circles in ‘
each standing wave. ‘
In general, these two-

@ 11 C] 12 ®

dimensional standing waves 21

are not harmonics of the ! . ' )
fundamental frequency, and Figure13 Six of the possible standing waves on adrum membrane. The continuous

no simple numerical lines shown O including that around the circumference D are the nodal positions. Just as
relationship will exist intheone-dimensional string, displacements on the opposite side of these nodes arein
between their frequencies Oppositedirections.

and the fundamental frequency. Thisis probably the reason for the perceived lack of musicality of a drum.
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5.3 Waveson water

We return finally to the case of water waves which is actually one of the most complex examples of mechanical
waves, because of the physical nature of the system. Surface waves on water cannot be purely transverse
because the water is essentialy incompressible on the length scales of the surface waves with which we are
familiar. This means that if we try to produce a displacement that is perpendicular to the surface of the water,
other water must either enter or leave the positions vertically below the displaced surface water. (Waves that are
purely longitudinal in nature depend on the compressibility of water, and these are actually what we normally
call sound waves.) So athough we talk about transverse waves in water, the actual motion must be a complex
mixture of transverse and longitudinal movements.
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Figure14 The motion of individual water particlesinvolved in atransverse shallow water wave.
Thewave illustrated is propagating to the right.

Figure 14 indicates the nature of this motion. The motion of the surface of the water is approximately sinusoidal,
although the actual motion of individual particlesis more complex. Clearly, the general kinematic description of
transverse waves in water is quite complicated. Each particle of water undergoes an ellipsoidal motion, moving
in the direction of propagation of the wave when it is at the crest, and in the opposite direction when it isin the

trough.
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6 Closingitems

6.1 Module summary

1 Travelling waves are disturbances that move from place to place, if they involve amedium at all they do not
generally involve bulk motion of the material of that medium. In a transverse wave the disturbances that
constitute the wave are at right angles to the direction of propagation.

2 A transverse wave that propagates in the = x-direction with constant phase speed v and without changing its
shape may be described by afunction of two variables of the form

y=f(x%ot) (Egn 1)
A more specialized but common example of thisisthe sinusoidal wave
y=Asn(kx + wt) (Egn 5)

expressed using the angular wavenumber k and the angular frequency w. This can be rewritten in equivalent
forms using other parameters such as the (linear) frequency f, the period T, the wavelength A, and the
wavenumber ¢.
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These quantities are related in the following ways

21 1 2m 1
w=— =2 k==— og==
T T A A
p=af=2=4
k T
Newton’s laws applied to the transverse motion of a string produce the equation:
J%y _ u d%
— = Egn 15
ox% Frp ot (Ean 15)

where u is the mass per unit length of the string and Ft is the magnitude of the tension in the string.
Comparing this with the general one-dimensional wave equation

2Y 1 9?2y _
_ﬁxz _v_z_(?tz =0 (Egn 25)

shows that the phase speed of waveson astringis v = /Fr /U
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4  Thelinear energy density of astring which carries transverse sinusoidal displacement wavesis also awave,
with the same phase speed but half the wavelength and doubl e the frequency of the displacement wave:

De(x.t) = % L@ A2[1+ cos(2kx — 2at)]

The rate at which energy is transferred by such wavesis proportional to the square of the amplitude and the
square of the angular frequency.

5 The superposition principle allows us to construct new solutions of the (linear) wave equation out of
linear combinations of known solutions. This leads to the phenomenon of interference, and also accounts
for the group velocity observed when wave groups (a superposition of waves with closely similar
frequencies) travel through a medium which givesrise to dispersion.

6 The boundary conditions describing wave behaviour at the ends of strings, together with the superposition
principle, lead to standing waves on strings, which have nodes and antinodes with spacings determined by
the wavelength of the standing waves. On finite strings with fixed ends, these lead to conditions on the
possible values of wavelength and frequency for waves which can be sustained by the string. Thisin turn
leads to the existence of a regularly spaced sequence of sustainable frequencies, the fundamental and its
harmonics, and to the basic musicality of stringed musical instruments.
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In the case of waves in more than one dimension, the concept of the angular wavenumber must be
generalized to the (angular) wave vector, which allows for a compact expression of a three-dimensional
wave:

Yr,t) =Asin(k -r — wt)

wherek - r=kx+ky+kz and k=|k|= k2 +k2 +k2 :2}\—’T

A generalization of standing waves on strings to two dimensions has its most familiar expression in the
standing waves on a bounded membrane such as a drum. The standing waves are two-dimensional, and
thereis no longer aregular spacing for the allowed sequence of frequencies.
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6.2 Achievements

Having completed this module, you should be able to:
Al Definethetermsthat are emboldened and flagged in the margins of the module.
A2 Describe the mathematical form of ageneral travelling wave pulse.

A3 Define and use the terms (angular) frequency, period, wavelength, (angular) wavenumber displacement and
amplitude as applied to periodic travelling waves.

A4 Reate the frequency and wavelength of a sinusoidal wave to its phase speed.
A5 Describe the relationship between the force law on a string and transverse waves on a string.
A6 Understand and be able to use the relationship between v, Fr and pfor transverse waves on a string.

A7 Describe the characteristics of the energy density in waves and be able to calculate energy densities for
transverse sinusoidal waves on strings.

A8 Write down the generalized one-dimensional wave equation, and explain the nature of the partial
derivatives that it contains. (Y ou should be able to determine partial derivativesin afew simple cases, but a
general mastery of partial differentiation is not expected.)
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A9 State the principle of superposition and use it in various simple cases, including those involving
interference and wave group speed.

A10 Explain the reflection of transverse waves at arigid boundary, and describe reflection at afree boundary.

A1l Describe the production of standing waves on a string, and interpret mathematical representations of
simple standing waves.

A12 Explain the significance of boundary conditions for the standing waves on a string with fixed ends, and
derive the relationships between nodal and antinodal positionsin such cases.

A13 Describe the relationship of standing waves to stringed musical instruments.

A14 Describe the behaviour of transverse waves in two and three dimensions and be able to recognize, use and
interpret mathematical representations of sinusoidal plane wavesin two and three dimensions.

Study comment You may now wish to take the Exit test for this module which tests these Achievements.
If you prefer to study the module further before taking this test then return to the Module contents to review some of the
topics.
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6.3 Exit test

Study comment  Having completed this module, you should be able to answer the following questions each of which tests
one or more of the Achievements.

Question E1

(A3) A person observes water waves moving past and finds that the time taken for five creststo passby is8.0s
(i.e. four complete waves), with the distance between successive crests being 4.0 m. What is the speed of these
water waves? What is the angular frequency?

Question E2

(A3 and A4) A sinusoidal wave has an amplitude of 3cm, a period of 5s and a phase speed of 15cms.
Give the mathematical function y(x, t) that describes this wave. Assumethat at t = 0 and x = 0, the displacement

is3cm.
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Question E3

(AB) A wire with a mass of 0.1kg is tautly strung between two walls 10.0m apart. If the wire is under a
tension of 100 N, how long will it take a transverse pulse to travel from one wall to the other?

Question E4

(A4 and A9) Two sinusoidal waves with the same wavelength and amplitude are travelling in opposite
directions on a string, with the same phase speed of 20cms™. If the time interval between moments when the
string is perfectly flat is 0.5s, what is the wavelength? Describe the appearance of the string 0.25 s after it isflat.
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Question E5
(A3and A7) A travelling sinusoidal wave is described by the equation
y =(5cm) cos[(10m™)x - (4 s)t]

where y and x are measured in centimetres and t is measured in seconds. If the wave is on awire with a linear
mass density of 3 x 103kgm1, what are the amplitude and wavelength of the corresponding linear energy

density wave?

Question E6

(A9 and A11) A nylon guitar string has a linear mass density of 7.0gm™2, alength of 80cm, and is under a
tension of 200 N. Standing waves are excited on the string and there are two nodes present between the ends of
the string. Calculate the phase speed, wavelength and frequency of the waves that have been generated on the

string.
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Question E7

(A13) Middle C on a piano has a frequency of 261.6Hz. If a person can hear sounds up to a maximum
frequency of 20 kHz, what is the highest audible harmonic of middie C?

Study comment  Thisisthefina Exit test question. When you have completed the Exit test go back to Subsection 1.2 and
try the Fast track questionsif you have not already done so.

If you have completed both the Fast track questions and the Exit test, then you have finished the module and may leave it
here.

- ~
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