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An idealized surface water wave passes under a seagull that bobs up and down in simple harmonic
motion. The wave has a wavelength A, which is the distance between adjacent identical parts of the
wave. The amplitude A of the wave is the maximum displacement of the wave from the equilibrium
position, which is indicated by the dotted line. In this example, the medium moves up and down,
whereas the disturbance of the surface propagates parallel to the surface at a speed v.
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(a) Transverse wave (b) Longitudinal wave

(a) In a transverse wave, the medium oscillates perpendicular to the wave velocity. Here, the
spring moves vertically up and down, while the wave propagates horizontally to the right.

(b) In a longitudinal wave, the medium oscillates parallel to the propagation of the wave. In
this case, the spring oscillates back and forth, while the wave propagates to the right.
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(a) This is a simple, graphical representation of a section of the stretched spring shown in Figure 16.4 (b), representing
the spring’s equilibrium position before any waves are induced on the spring. A point on the spring is marked by a blue
dot. (b—g) Longitudinal waves are created by oscillating the end of the spring (not shown) back and forth along the x-axis.
The longitudinal wave, with a wavelength , moves along the spring in the +x-direction with a wave speed v. For
convenience, the wavelength is measured in (d). Note that the point on the spring that was marked with the blue dot
moves back and forth a distance A from the equilibrium position, oscillating around the equilibrium position of the point.
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A transverse wave shown at two instants of time.
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Characteristics of the wave marked on a graph of its displacement.



Pulses
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The pulse at time t = 0 is centered on x = 0 with amplitude A. The pulse moves as a
pattern with a constant shape, with a constant maximum value A. The velocity is
constant and the pulse moves a distance x = v tin a time t. The distance traveled is
measured with any convenient point on the pulse. In this figure, the crest is used.
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Snapshots of a transverse wave moving through a string under tension, beginning at
time t = T and taken at intervals of . Colored dots are used to highlight points on the
string. Points that are a wavelength apart in the x-direction are highlighted with the
same color dots.



Mathematics of
waves
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A sine function oscillates between +1 and —1 every 27 radians.



Useful equations
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Ax = vAt = 0.25 m/s (0.80 s) = 0.20 m
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A graph of height of the wave y as a function of position x for snapshots of the wave at two times. The
dotted line represents the wave at time t = 0.00 s and the solid line represents the wave at t = 0.80 s.
Since the wave velocity is constant, the distance the wave travels is the wave velocity times the time
interval. The black dots indicate the points used to measure the displacement of the wave. The medium
moves up and down, whereas the wave moves to the right.
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A graph of height of the wave y as a function of time ¢ for the position x = 0.6 m. The medium oscillates between
¥y = +0.20 m and y = —0.20 m every period. The period represented picks two convenient points in the
oscillations to measure the period. The period can be measured between any two adjacent points with the same
amplitude and the same velocity, (0y/9¢). The velocity can be found by looking at the slope tangent to the point
on a y-versus-t plot. Notice that at times t = 3.00 s and t = 7.00s, the heights and the velocities are the same
and the period of the oscillation is 4.00 s.



Wave on a
string
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Mass element of a string kept taut with a tension F;. The mass element is in static

equilibrium, and the force of tension acting on either side of the mass element is equal
in magnitude and opposite in direction.
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A string under tension is plucked, causing a pulse to move along the string in the
positive x-direction.
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vibrator

A string vibrator is a device that vibrates a rod. A string is attached to the rod, and the rod does
work on the string, driving the string up and down. This produces a sinusoidal wave in the string,
which moves with a wave velocity v. The wave speed depends on the tension in the string and the
linear mass density of the string. A section of the string with mass m oscillates at the same
frequency as the wave.
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(a) One end of a string is fixed so that it cannot move. A wave propagating on the string, encountering this

fixed boundary condition, is reflected 180°( rad) out of phase with respect to the incident wave.

(b) One end of a string is tied to a solid ring of negligible mass on a frictionless lab pole, where the ring is
free to move. A wave propagating on the string, encountering this free boundary condition, is reflected in

phase 0° (0 rad) with respect to the wave.



FIGURE 16.18

openstax”

Incident wave

BEefare
refiection

(a)  After - ¥
reflection J\
W Transmitted wave

Reflected wave

Incident wave

Before - ﬁ;
refiection
(b)  After < — V;
reflection b e A
Reflected wave Transmitted wave

Waves traveling along two types of strings: a thick string with a high linear density and a thin string with a low linear density. Both strings are
under the same tension, so a wave moves faster on the low-density string than on the high-density string.

(a) A wave moving from a low-density to a high-density medium results in a reflected wave that is 180°( rad) out of phase with respect to the
incident pulse (or wave) and a transmitted wave that is in phase with the incident wave.

(b) When a wave moves from a high-density medium to a low-density medium, both the reflected and transmitted wave are in phase with
respect to the incident wave.
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Two pulses moving toward one another
experience interference. The term
interference refers to what happens
when two waves overlap.



Interference
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Constructive interference of two identical waves produces a wave with twice the
amplitude, but the same wavelength.
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Destructive interference of two identical waves, one with a phase shift of 180°( rad) ,
produces zero amplitude, or complete cancellation.
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When two linear waves in the same medium interfere, the height of resulting wave is the sum of the
heights of the individual waves, taken point by point. This plot shows two waves (red and blue)
added together, along with the resulting wave (black). These graphs represent the height of the
wave at each point. The waves may be any linear wave, including ripples on a pond, disturbances
on a string, sound, or electromagnetic waves.
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Superposition of nonidentical waves exhibits both constructive and destructive
interference.
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Standing waves
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Standing waves are formed on the surface of a bowl of milk sitting on a box fan. The
vibrations from the fan causes the surface of the milk to oscillate. The waves are visible
due to the reflection of light from a lamp.



FIGURE 16.26

J'—%f

¥im)
20
10+

=10 1
-Z0

im}
20
L

-i0 - - o ol
-20 i i

]
20
L ] e, T e,

—t0 == SR S T e

=2

wim)

—20

L]

L]

=20

wim)
20

_ig = P | e | M | e | e xim}
-20 1

wim)

—
=
L]
openstax-

Time snapshots of two sine waves. The
red wave is moving in the —x-direction and
the blue wave is moving in the +x-
direction. The resulting wave is shown in
black. Consider the resultant wave at the
points x=0m,3m,6m,9m,12m, 15m
and notice that the resultant wave always
equals zero at these points, no matter
what the time is. These points are known
as fixed points (nodes). In between each
two nodes is an antinode, a place where
the medium oscillates with an amplitude
equal to the sum of the amplitudes of the
individual waves.
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y(m),

When two identical waves are moving in opposite directions, the resultant wave is a
standing wave. Nodes appear at integer multiples of half wavelengths. Antinodes
appear at odd multiples of quarter wavelengths, where they oscillate between y = +A.
The nodes are marked with red dots and the antinodes are marked with blue dots.
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A lab setup for creating standing waves on a string. The string has a node on each end and
a constant linear density. The length between the fixed boundary conditions is L. The
hanging mass provides the tension in the string, and the speed of the waves on the string is
proportional to the square root of the tension divided by the linear mass density.
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Standing waves created on a string of length L. A node occurs at each end of the string. The nodes
are boundary conditions that limit the possible frequencies that excite standing waves. (Note that
the amplitudes of the oscillations have been kept constant for visualization. The standing wave
patterns possible on the string are known as the normal modes. Conducting this experiment in the
lab would result in a decrease in amplitude as the frequency increases.)



FIGURE 16.30

openstax”
String B
vibrator I L =2.00m -
Frictionless
= g = 0.0067; pulley
m = 2.00 kg

A string attached to an adjustable-frequency string vibrator.
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(a) The figure represents the second mode of the string that satisfies the boundary
conditions of a node at each end of the string.

(b) This figure could not possibly be a normal mode on the string because it does not satisfy
the boundary conditions. There is a node on one end, but an antinode on the other.
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A, = =(2.00 m) = 4.00 m
A, = 5(2.00m) = 2.00m

Ay = 2(2.00m) = 1.33m
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Fixed boundary conditions Free boundary conditions

A=L A=L
(a) (b)

(a) A metallic rod of length L (red) supported by two supports (blue) on each end. When driven at the proper
frequency, the rod can resonate with a wavelength equal to the length of the rod with a node on each end.

(b) The same metallic rod of length L (red) supported by two supports (blue) at a position a quarter of the length of
the rod from each end. When driven at the proper frequency, the rod can resonate with a wavelength equal to the
length of the rod with an antinode on each end.
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@) (b)

A wavelength may be measure between the nearest two repeating points. On the wave on a string, this means the
same height and slope.

(a) The wavelength is measured between the two nearest points where the height is zero and the slope is
maximum and positive.

(b)  The wavelength is measured between two identical points where the height is maximum and the slope is zero.
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EXERCISE 16
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Shown below are three waves that were sent down a string at different
times. The tension in the string remains constant. (a) Rank the waves
from the smallest wavelength to the largest wavelength. (b) Rank the
waves from the lowest frequency to the highest frequency.
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Many of the topics discussed in
this chapter are useful beyond
the topics of mechanical waves.
It is hard to conceive of a
mechanical wave with sharp
corners, but you could encounter
such a wave form in your digital
electronics class, as shown
below. This could be a signal
from a device known as an
analog to digital converter, in
which a continuous voltage
signal is converted into a
discrete signal or a digital
recording of sound. What is the
result of the superposition of the
two signals?

EXERCISE 27
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Two strings are attached between two poles separated by a distance of 2.00 m as shown
below, both under the same tension of 600.00 N. String 1 has a linear density of and string
2 has a linear mass density of Transverse wave pulses are generated simultaneously at
opposite ends of the strings. How much time passes before the pulses pass one another?
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Two transverse waves travel through a taut string. The speed of each wave is A
plot of the vertical position as a function of the horizontal position is shown below
for the time (a) What is the wavelength of each wave? (b) What is the frequency
of each wave? (c) What is the maximum vertical speed of each string?
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Consider the experimental setup shown below. The length of the string between the string vibrator
and the pulley is L = 1.00 m. The linear density of the string is The string vibrator can oscillate at
any frequency. The hanging mass is 2.00 kg. (a)What are the wavelength and frequency of n = 6
mode? (b) The string oscillates the air around the string. What is the wavelength of the sound if the
speed of the sound is
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Consider a rod of length L, mounted in the center to a support. A node must
exist where the rod is mounted on a support, as shown below. Draw the first two
normal modes of the rod as it is driven into resonance. Label the wavelength
and the frequency required to drive the rod into resonance.
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Shown below is the plot of a wave function that models a wave at time and .
The dotted line is the wave function at time and the solid line is the function
at time . Estimate the amplitude, wavelength, velocity, and period of the wave.
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