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Refraction

When waves pass from one medium into another, they can change
direction.

 Conceptual Questions 1079

 5. Retroreflection by transparent spheres, mentioned in 
Section 35.4, can be observed with dewdrops. To do so, 
look at your head’s shadow where it falls on dewy grass. 
The optical display around the shadow of your head 
is called heiligen schein, which is German for holy light. 
Renaissance artist Benvenuto Cellini described the 
phenomenon and his reaction in his Autobiography, at 
the end of Part One, and American philosopher Henry 
David Thoreau did the same in Walden, “Baker Farm,” 
second paragraph. Do some Internet research to find 
out more about the heiligenschein.

 6. Sound waves have much in common with light waves, 
including the properties of reflection and refraction. 
Give an example of each of these phenomena for 
sound waves.

 7. Total internal reflection is applied 
in the periscope of a submerged 
submarine to let the user observe 
events above the water surface. In 
this device, two prisms are arranged 
as shown in Figure CQ35.7 so that 
an incident beam of light follows the 
path shown. Parallel tilted, silvered 
mirrors could be used, but glass 
prisms with no silvered surfaces give 
higher light throughput. Propose a 
reason for the higher efficiency.

 8. Explain why a diamond sparkles more than a glass 
crystal of the same shape and size.

 9. A laser beam passing through a nonhomogeneous 
sugar solution follows a curved path. Explain.

 10. The display windows of some department stores are 
slanted slightly inward at the bottom. This tilt is to 
decrease the glare from streetlights and the Sun, which 
would make it difficult for shoppers to see the display 
inside. Sketch a light ray reflecting from such a window 
to show how this design works.

 11. At one restaurant, a worker uses colored chalk to 
write the daily specials on a blackboard illuminated 
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Figure CQ35.7

with a spotlight. At 
another restaurant, 
a worker writes with 
colored grease pen-
cils on a flat, smooth 
sheet of transparent 
acrylic plastic with 
an index of refrac-
tion 1.55. The panel 
hangs in front of a 
piece of black felt. 
Small, bright fluores-
cent tube lights are 
installed all along the 
edges of the sheet, 
inside an opaque channel. Figure CQ35.11 shows a cut-
away view of the sign. (a) Explain why viewers at both 
restaurants see the letters shining against a black back-
ground. (b) Explain why the sign at the second restau-
rant may use less energy from the electric company 
than the illuminated blackboard at the first restaurant.  
(c) What would be a good choice for the index of refrac-
tion of the material in the grease pencils?

 12. (a) Under what conditions is a mirage formed? While 
driving on a hot day, sometimes you see what appears 
to be water on the road far ahead. When you arrive 
at the location of the water, however, the road is per-
fectly dry. Explain this phenomenon. (b) The mirage 
called fata morgana often occurs over water or in cold 
regions covered with snow or ice. It can cause islands 
to sometimes become visible, even though they are 
not normally visible because they are below the hori-
zon due to the curvature of the Earth. Explain this 
phenomenon.

 13. Figure CQ35.13 shows a pencil partially immersed in a 
cup of water. Why does the pencil appear to be bent?

Figure CQ35.13
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 14. A scientific supply catalog advertises a material having 
an index of refraction of 0.85. Is that a good product to 
buy? Why or why not?

 15. Why do astronomers looking at distant galaxies talk 
about looking backward in time?

Lobs
t er

$ 17.9
9 Acrylic

plasticBlack felt

Fluorescent tube
at bottom edge
of plastic

Fluorescent tube
at top edge of plastic

Figure CQ35.11

Figure CQ35.4

Co
ur

te
sy

 U
.S

. A
ir 

Fo
rc

e



Refraction

If a wave enters a medium where it moves more slowly, what
happens?

1 the frequency cannot change – the source still “updates” the
medium about a new wave front every T seconds.

2 the wavelength changes (v = f λ)

When the wavefronts slow, they bend.
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Refraction

1McGraw-Hill Concise Encyclopedia of Physics. c© 2002 by The
McGraw-Hill Companies, Inc.



Refraction

1066 Chapter 35 The Nature of Light and the Principles of Ray Optics

 From Equation 35.3, we can infer that when light moves from a material in which 
its speed is high to a material in which its speed is lower as shown in Figure 35.11a, 
the angle of refraction u2 is less than the angle of incidence u1 and the ray is bent 
toward the normal. If the ray moves from a material in which light moves slowly to 
a material in which it moves more rapidly as illustrated in Figure 35.11b, then u2 is 
greater than u1 and the ray is bent away from the normal.
 The behavior of light as it passes from air into another substance and then re-
emerges into air is often a source of confusion to students. When light travels in air, 
its speed is 3.00 3 108 m/s, but this speed is reduced to approximately 2 3 108 m/s 
when the light enters a block of glass. When the light re-emerges into air, its speed 
instantaneously increases to its original value of 3.00 3 108 m/s. This effect is far 
different from what happens, for example, when a bullet is fired through a block of 
wood. In that case, the speed of the bullet decreases as it moves through the wood 
because some of its original energy is used to tear apart the wood fibers. When 
the bullet enters the air once again, it emerges at a speed lower than it had when it 
entered the wood.
 To see why light behaves as it does, consider Figure 35.12, which represents a 
beam of light entering a piece of glass from the left. Once inside the glass, the light 
may encounter an electron bound to an atom, indicated as point A. Let’s assume 
light is absorbed by the atom, which causes the electron to oscillate (a detail repre-
sented by the double-headed vertical arrows). The oscillating electron then acts as 
an antenna and radiates the beam of light toward an atom at B, where the light is 
again absorbed. The details of these absorptions and radiations are best explained 
in terms of quantum mechanics (Chapter 42). For now, it is sufficient to think of 
light passing from one atom to another through the glass. Although light travels 
from one atom to another at 3.00 3 108 m/s, the absorption and radiation that take 
place cause the average light speed through the material to fall to approximately 
2 3 108 m/s. Once the light emerges into the air, absorption and radiation cease 
and the light travels at a constant speed of 3.00 3 108 m/s.
 A mechanical analog of refraction is shown in Figure 35.13. When the left end 
of the rolling barrel reaches the grass, it slows down, whereas the right end remains 
on the concrete and moves at its original speed. This difference in speeds causes 
the barrel to pivot, which changes the direction of travel.

Index of Refraction
In general, the speed of light in any material is less than its speed in vacuum. In 
fact, light travels at its maximum speed c in vacuum. It is convenient to define the index 
of refraction n of a medium to be the ratio

 n ;
speed of light in vacuum

speed of light in a medium
;

c
v  (35.4)Index of refraction X

a b

Glass
Air

v2

v1

Glass
Air

v1
v2

u2

Normal Normal
When the light beam 
moves from air into 
glass, the light slows 
down upon entering the 
glass and its path is bent 
toward the normal.

When the beam 
moves from glass 
into air, the light 
speeds up upon 
entering the air 
and its path is 
bent away from 
the normal.

u1

u2 ! u1

v2 ! v1

u1

u2 " u1

v2 " v1

u2

Figure 35.11 The refraction of 
light as it (a) moves from air into 
glass and (b) moves from glass 
into air.

A B

Figure 35.12  Light passing 
from one atom to another in a 
medium. The blue spheres are 
electrons, and the vertical arrows 
represent their oscillations.

Concrete

Grass

This end slows first; as a 
result, the barrel turns.

v1

v2

v2 ! v1

Figure 35.13 Overhead view 
of a barrel rolling from concrete 
onto grass.

1Serway & Jewett, 9th ed, page 1066.



Refraction

The same thing happens when waves move into shallower water on
a beach.

1http://astarmathsandphysics.com/o-level-physics-notes/297-refraction-of-
waves.html



Diffraction
Light and other waves that travel through a small gap (< λ)
diverge, and that the smaller the gap, the more divergence.

 35.4 Analysis Model: Wave Under Reflection 1061

35.3 The Ray Approximation in Ray Optics
The field of ray optics (sometimes called geometric optics) involves the study of the 
propagation of light. Ray optics assumes light travels in a fixed direction in a straight 
line as it passes through a uniform medium and changes its direction when it meets 
the surface of a different medium or if the optical properties of the medium are 
nonuniform in either space or time. In our study of ray optics here and in Chapter 
36, we use what is called the ray approximation. To understand this approximation, 
first notice that the rays of a given wave are straight lines perpendicular to the wave 
fronts as illustrated in Figure 35.3 for a plane wave. In the ray approximation, a 
wave moving through a medium travels in a straight line in the direction of its rays.
 If the wave meets a barrier in which there is a circular opening whose diameter 
is much larger than the wavelength as in Figure 35.4a, the wave emerging from the 
opening continues to move in a straight line (apart from some small edge effects); 
hence, the ray approximation is valid. If the diameter of the opening is on the 
order of the wavelength as in Figure 35.4b, the waves spread out from the opening 
in all directions. This effect, called diffraction, will be studied in Chapter 37. Finally, 
if the opening is much smaller than the wavelength, the opening can be approxi-
mated as a point source of waves as shown in Fig. 35.4c.
 Similar effects are seen when waves encounter an opaque object of dimension d. 
In that case, when l ,, d, the object casts a sharp shadow.
 The ray approximation and the assumption that l ,, d are used in this chapter 
and in Chapter 36, both of which deal with ray optics. This approximation is very 
good for the study of mirrors, lenses, prisms, and associated optical instruments 
such as telescopes, cameras, and eyeglasses.

35.4 Analysis Model: Wave Under Reflection
We introduced the concept of reflection of waves in a discussion of waves on 
strings in Section 16.4. As with waves on strings, when a light ray traveling in one 
medium encounters a boundary with another medium, part of the incident light 

From the particle under constant speed model, find the 
speed of the pulse of light:

c 5
2d
Dt

5
2 17 500 m 2

5.05 3 1025 s
5 2.97 3 108 m/s

Finalize  This result is very close to the actual value of the speed of light.

Rays

Wave fronts 

The rays, which always point in 
the direction of the wave 
propagation, are straight lines 
perpendicular to the wave fronts.

Figure 35.3  A plane wave prop-
agating to the right.

d

l ,, d l .. d

a b c

l ! d

When l ,, d, the rays continue 
in a straight-line path and the 
ray approximation remains valid.

When l ! d, the rays 
spread out after passing 
through the opening.

When l .. d, the opening 
behaves as a point source 
emitting spherical waves.

Figure 35.4 A plane wave of 
wavelength l is incident on a bar-
rier in which there is an opening 
of diameter d.

 

▸ 35.1 c o n t i n u e d

This is called diffraction.

The effect is particularly pronounced when the gap is about the
size of the wavelength or smaller.



Diffraction

Visible light have wavelengths of ∼ 500 nm = 5× 10−7 m.

Sound waves have wavelengths ∼ 1 m. (centimeters – meters).

Why can you hear someone yelling from around a corner, but you
can’t see them?
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Interference of Waves

When two wave disturbances interact with one another they can
amplify or cancel out.

Waves of the same frequency that are “in phase” will reinforce,
amplitude will increase; waves that are “out of phase” will cancel
out.



Interference of Waves



Wave Reflection



Standing Waves

It is possible to create waves that do not seem to propagate.

They are produced by a wave moving to the left interfering with
the wave reflected back the right.



Standing Waves

Notice that there are a whole number of half wavelengths between
the child and the tree.



Nodes and Antinodes

 18.2 Standing Waves 539

 Notice that Equation 18.1 does not contain a function of kx 2 vt. Therefore, it 
is not an expression for a single traveling wave. When you observe a standing wave, 
there is no sense of motion in the direction of propagation of either original wave. 
Comparing Equation 18.1 with Equation 15.6, we see that it describes a special kind 
of simple harmonic motion. Every element of the medium oscillates in simple har-
monic motion with the same angular frequency v (according to the cos vt factor 
in the equation). The amplitude of the simple harmonic motion of a given element 
(given by the factor 2A sin kx, the coefficient of the cosine function) depends on 
the location x of the element in the medium, however.
 If you can find a noncordless telephone with a coiled cord connecting the hand-
set to the base unit, you can see the difference between a standing wave and a trav-
eling wave. Stretch the coiled cord out and flick it with a finger. You will see a pulse 
traveling along the cord. Now shake the handset up and down and adjust your shak-
ing frequency until every coil on the cord is moving up at the same time and then 
down. That is a standing wave, formed from the combination of waves moving away 
from your hand and reflected from the base unit toward your hand. Notice that 
there is no sense of traveling along the cord like there was for the pulse. You only 
see up-and-down motion of the elements of the cord. 
 Equation 18.1 shows that the amplitude of the simple harmonic motion of an 
element of the medium has a minimum value of zero when x satisfies the condition 
sin kx 5 0, that is, when

kx 5 0, p, 2p, 3p, . . .

Because k 5 2p/l, these values for kx give

 x 5 0, 
l

2
, l, 

3l

2
, c 5

nl

2
  n 5 0, 1, 2, 3, c (18.2)

These points of zero amplitude are called nodes.
 The element of the medium with the greatest possible displacement from equi-
librium has an amplitude of 2A, which we define as the amplitude of the standing 
wave. The positions in the medium at which this maximum displacement occurs 
are called antinodes. The antinodes are located at positions for which the coordi-
nate x satisfies the condition sin kx 5 61, that is, when

kx 5
p

2
, 

3p

2
, 

5p

2
, c

Therefore, the positions of the antinodes are given by

 x 5
l

4
, 

3l

4
, 

5l

4
, c 5

nl

4
 n 5 1, 3, 5, c (18.3)

�W Positions of nodes

�W Positions of antinodes

Figure 18.7  Multiflash pho-
tograph of a standing wave on a 
string. The time behavior of the 
vertical displacement from equi-
librium of an individual element 
of the string is given by cos vt. 
That is, each element vibrates at 
an angular frequency v.Antinode Antinode

Node

2A sin kx

Node

The amplitude of the vertical oscillation of any element of the string 
depends on the horizontal position of the element. Each element 
vibrates within the confines of the envelope function 2A sin kx.
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Pitfall Prevention 18.2
Three Types of Amplitude We 
need to distinguish carefully here 
between the amplitude of the 
individual waves, which is A, and 
the amplitude of the simple har-
monic motion of the elements of 
the medium, which is 2A sin kx. A 
given element in a standing wave 
vibrates within the constraints of 
the envelope function 2A sin kx, 
where x is that element’s position 
in the medium. Such vibration is 
in contrast to traveling sinusoidal 
waves, in which all elements oscil-
late with the same amplitude and 
the same frequency and the ampli-
tude A of the wave is the same 
as the amplitude A of the simple 
harmonic motion of the elements. 
Furthermore, we can identify the 
amplitude of the standing wave 
as 2A.



Standing Waves and Resonance

Standing wave motions are called normal modes.

normal mode

A pattern of motion in a physical system where all parts of the
system move sinusoidally with the same frequency and with a fixed
phase relation.



Standing Waves and Resonance on a String

542 Chapter 18 Superposition and Standing Waves

mode is the longest-wavelength mode that is consistent with our boundary condi-
tions. The first normal mode occurs when the wavelength l1 is equal to twice the 
length of the string, or l1 5 2L. The section of a standing wave from one node to 
the next node is called a loop. In the first normal mode, the string is vibrating in 
one loop. In the second normal mode (see Fig. 18.10b), the string vibrates in two 
loops. When the left half of the string is moving upward, the right half is moving 
downward. In this case, the wavelength l2 is equal to the length of the string, as 
expressed by l2 5 L. The third normal mode (see Fig. 18.10c) corresponds to the 
case in which l3 5 2L/3, and the string vibrates in three loops. In general, the wave-
lengths of the various normal modes for a string of length L fixed at both ends are

 ln 5
2L
n  n 5 1, 2, 3, c (18.4)

where the index n refers to the nth normal mode of oscillation. These modes are 
possible. The actual modes that are excited on a string are discussed shortly.
 The natural frequencies associated with the modes of oscillation are obtained 
from the relationship f 5 v/l, where the wave speed v is the same for all frequen-
cies. Using Equation 18.4, we find that the natural frequencies fn of the normal 
modes are

 fn 5
v
ln

5 n 
v

2L
 n 5 1, 2, 3, c (18.5)

These natural frequencies are also called the quantized frequencies associated with the  
vibrating string fixed at both ends.
 Because v 5 !T/m (see Eq. 16.18) for waves on a string, where T is the tension 
in the string and m is its linear mass density, we can also express the natural fre-
quencies of a taut string as

 fn 5
n

2L
 ÅT

m
 n 5 1, 2, 3, c (18.6)

The lowest frequency f1, which corresponds to n 5 1, is called either the fundamen-
tal or the fundamental frequency and is given by

 f1 5
1

2L
 ÅT

m
 (18.7)

 The frequencies of the remaining normal modes are integer multiples of the 
fundamental frequency (Eq. 18.5). Frequencies of normal modes that exhibit such 
an integer- multiple relationship form a harmonic series, and the normal modes 
are called harmonics. The fundamental frequency f1 is the frequency of the first 
harmonic, the frequency f2 5 2f1 is that of the second harmonic, and the frequency 
fn 5 nf1 is that of the nth harmonic. Other oscillating systems, such as a drumhead, 
exhibit normal modes, but the frequencies are not related as integer multiples of 
a fundamental (see Section 18.6). Therefore, we do not use the term harmonic in 
association with those types of systems.

Wavelengths of X
normal modes

Natural frequencies of X
normal modes as functions 
of wave speed and length 

of string

Natural frequencies of X 
normal modes as functions 

of string tension and 
linear mass density

Fundamental frequency
of a taut string X

n ! 1

N
A

N

L ! – 1
1
2
l

f1

a

Fundamental, or first harmonic

N NA A N

n ! 2 L ! 2l

f2

b

Second harmonic

n  ! 3

N N N NA A A

L  ! – 3
3
2
l

f3

c

Third harmonic

Figure 18.10 The normal modes of vibration of the string in Figure 18.9 form a harmonic series. 
The string vibrates between the extremes shown.The natural frequencies of a string are given by:

fn =
nv

2L

where n is a positive natural number, L is the length of the string,
and v is the speed of the wave on the string.

A long string has a low fundamental frequency.

A short string has a high fundamental frequency.



Standing Waves and Resonance on a String

When a string is plucked, resonant (natural) frequencies tend to
persist, while other waves at other frequencies are quickly
dissipated.

Stringed instruments like guitars can be tuned by adjusting the
tension in the strings.

Changing the tension changes the speed of the wave on the string.
That changes the natural frequencies.

While playing, pressing a string against a particular fret will change
the string length, which also changes the natural frequencies.



Sound

Sound is a longitudinal wave, formed of pressure fluctuations in air.

At sea level at 20◦C, sound travels at 343 m/s.

All sound waves will travel at this speed relative to the rest frame
of the air.

v = f λ

A low frequency means a longer wavelength.

Sound can travel at different speeds in other materials. It travels
faster in water, and slower at higher altitudes in the atmosphere
(troposphere layer).1

1In higher layers, the speed of sound varies with the temperature.
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Standing Sound Waves in air columns

 18.5 Standing Waves in Air Columns 547

of the pipe and the outside even though there is no change in the material of the 
medium. This change in character is sufficient to allow some reflection.
 With the boundary conditions of nodes or antinodes at the ends of the air col-
umn, we have a set of normal modes of oscillation as is the case for the string fixed 
at both ends. Therefore, the air column has quantized frequencies.
 The first three normal modes of oscillation of a pipe open at both ends are 
shown in Figure 18.13a. Notice that both ends are displacement antinodes (approx-
imately). In the first normal mode, the standing wave extends between two adjacent 
antinodes, which is a distance of half a wavelength. Therefore, the wavelength is 
twice the length of the pipe, and the fundamental frequency is f1 5 v/2L. As Figure 
18.13a shows, the frequencies of the higher harmonics are 2f1, 3f1, . . . .

In a pipe open at both ends, the natural frequencies of oscillation form a har-
monic series that includes all integral multiples of the fundamental frequency.

Because all harmonics are present and because the fundamental frequency is given 
by the same expression as that for a string (see Eq. 18.5), we can express the natural 
frequencies of oscillation as

 fn 5 n 
v

2L
    n 5 1, 2, 3, . . .  (18.8)

Despite the similarity between Equations 18.5 and 18.8, you must remember that v 
in Equation 18.5 is the speed of waves on the string, whereas v in Equation 18.8 is 
the speed of sound in air.
 If a pipe is closed at one end and open at the other, the closed end is a displace-
ment node (see Fig. 18.13b). In this case, the standing wave for the fundamental 
mode extends from an antinode to the adjacent node, which is one-fourth of a wave-
length. Hence, the wavelength for the first normal mode is 4L , and the fundamental  

 Natural frequencies of a pipe 
�W open at both ends

Third harmonic

L

First harmonic

Second harmonic

First harmonic

Third harmonic

Fifth harmonic

A A
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A AA
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l
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3v
2L

2
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A
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3 ! — L

f3 ! — ! 3f1
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4
3l

5 ! — L

f5 ! — ! 5f1
5v
4L

4
5l

1 ! 4L
f1 ! — ! —v

1

v
4L

l

l

In a pipe open at both ends, the 
ends are displacement antinodes 
and the harmonic series contains 
all integer multiples of the 
fundamental.

In a pipe closed at one end, the 
open end is a displacement 
antinode and the closed end is 
a node. The harmonic series 
contains only odd integer 
multiples of the fundamental.

a b

Figure 18.13  Graphical  
representations of the motion of 
elements of air in standing lon-
gitudinal waves in (a) a column 
open at both ends and (b) a col-
umn closed at one end.

Pitfall Prevention 18.3
Sound Waves in Air Are Lon-
gitudinal, Not Transverse The 
standing longitudinal waves are 
drawn as transverse waves in Fig-
ure 18.13. Because they are in the 
same direction as the propaga-
tion, it is difficult to draw longitu-
dinal displacements. Therefore, it 
is best to interpret the red-brown 
curves in Figure 18.13 as a graphi-
cal representation of the waves 
(our diagrams of string waves are 
pictorial representations), with 
the vertical axis representing the 
horizontal displacement s(x, t) of 
the elements of the medium.

Standing sound waves can
be set up in hollow tubes.

This is the idea behind
how pipe organs, clarinets,
didgeridoos, etc. work.

1Figure from Serway & Jewett, page 547.



Musical Instruments

Didgeridoo:

Longer didgeridoos have lower pitch, but tubes that flare outward
have higher pitches and this can also change the spacing of the
resonant frequencies.

1Matt Roberts via Getty Images.



Musical Instruments, Pipe Organ
The longest pipes made for organs are open-ended 64-foot stops
(tube is effectively 64 feet+ long). There are two of them in the
world. The fundamental frequency associated with such a pipe is
8 Hz.

32’ stops give 16 Hz sound, 16’ stops give 32 Hz, 8’ stops give 64
Hz, etc.

1Picture of Sydney Town Hall Grand Organ from Wikipedia, user Jason7825.



Musical Instruments458 CHAPTE R 17 WAVE S—I I

More generally, the resonant frequencies for a pipe of length L with two
open ends correspond to the wavelengths

for n ! 1, 2, 3, . . . , (17-38)

where n is called the harmonic number. Letting v be the speed of sound, we
write the resonant frequencies for a pipe with two open ends as

for n ! 1, 2, 3, . . . (pipe, two open ends). (17-39)

Figure 17-14b shows (using string wave representations) some of the
standing sound wave patterns that can be set up in a pipe with only one
open end. As required, across the open end there is an antinode and across
the closed end there is a node. The simplest pattern requires sound waves
having a wavelength given by L ! l /4, so that l ! 4L. The next simplest
pattern requires a wavelength given by L ! 3l /4, so that l ! 4L/3, and 
so on.

More generally, the resonant frequencies for a pipe of length L with
only one open end correspond to the wavelengths

for n ! 1, 3, 5, . . . , (17-40)

in which the harmonic number n must be an odd number. The resonant frequen-
cies are then given by

for n ! 1, 3, 5, . . . (pipe, one open end). (17-41)

Note again that only odd harmonics can exist in a pipe with one open end. For
example, the second harmonic, with n ! 2, cannot be set up in such a pipe.
Note also that for such a pipe the adjective in a phrase such as “the third har-
monic” still refers to the harmonic number n (and not to, say, the third possible
harmonic). Finally note that Eqs. 17-38 and 17-39 for two open ends contain
the number 2 and any integer value of n, but Eqs. 17-40 and 17-41 for one open
end contain the number 4 and only odd values of n.

The length of a musical instrument reflects the range of frequencies over which
the instrument is designed to function, and smaller length implies higher frequen-
cies. Figure 17-15, for example, shows the saxophone and violin families, with their
frequency ranges suggested by the piano keyboard. Note that, for every instru-
ment, there is overlap with its higher- and lower-frequency neighbors.

In any oscillating system that gives rise to a musical sound, whether it is a
violin string or the air in an organ pipe, the fundamental and one or more of
the higher harmonics are usually generated simultaneously. Thus, you hear
them together — that is, superimposed as a net wave. When different instru-
ments are played at the same note, they produce the same fundamental fre-
quency but different intensities for the higher harmonics. For example, the
fourth harmonic of middle C might be relatively loud on one instrument and
relatively quiet or even missing on another. Thus, because different instru-
ments produce different net waves, they sound different to you even when
they are played at the same note. That would be the case for the two net
waves shown in Fig. 17-16, which were produced at the same note by different
instruments.

f !
v
"

!
nv
4L

,

" !
4L
n

,

f !
v
"

!
nv
2L

,

" !
2L
n

,

CHECKPOINT 3

Pipe A, with length L, and pipe B, with length 2L, both have two open ends. Which 
harmonic of pipe B has the same frequency as the fundamental of pipe A?

Fig. 17-15 The saxophone and violin
families, showing the relations between in-
strument length and frequency range.The
frequency range of each instrument is indi-
cated by a horizontal bar along a frequency
scale suggested by the keyboard at the bot-
tom; the frequency increases toward the
right.

Fig. 17-16 The wave forms pro-
duced by (a) a flute and (b) an oboe
when played at the same note, with
the same first harmonic frequency.
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In general, larger instruments can create lower tones, whether
string instruments or tube instruments.

1Halliday, Resnick, Walker, 9th ed, page 458.
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The frequency of a sound counts how many wavefronts (pressure
peaks) arrive per second.

If you are moving towards a source of sound, you encounter more
wavefronts per second → the frequency you detect is higher!
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hits, and so on. From these observations, you conclude that the wave frequency is  
f 5 1/T 5 1/(3.0 s) 5 0.33 Hz. Now suppose you start your motor and head directly 
into the oncoming waves as in Figure 17.8b. Again you set your watch to t 5 0 as a 
crest hits the front (the bow) of your boat. Now, however, because you are moving 
toward the next wave crest as it moves toward you, it hits you less than 3.0 s after 
the first hit. In other words, the period you observe is shorter than the 3.0-s period 
you observed when you were stationary. Because f 5 1/T, you observe a higher wave 
frequency than when you were at rest.
 If you turn around and move in the same direction as the waves (Fig. 17.8c), you 
observe the opposite effect. You set your watch to t 5 0 as a crest hits the back (the 
stern) of the boat. Because you are now moving away from the next crest, more 
than 3.0 s has elapsed on your watch by the time that crest catches you. Therefore, 
you observe a lower frequency than when you were at rest.
 These effects occur because the relative speed between your boat and the waves 
depends on the direction of travel and on the speed of your boat. (See Section 4.6.) 
When you are moving toward the right in Figure 17.8b, this relative speed is higher 
than that of the wave speed, which leads to the observation of an increased fre-
quency. When you turn around and move to the left, the relative speed is lower, as is 
the observed frequency of the water waves.
 Let’s now examine an analogous situation with sound waves in which the water 
waves become sound waves, the water becomes the air, and the person on the boat 
becomes an observer listening to the sound. In this case, an observer O is moving 
and a sound source S is stationary. For simplicity, we assume the air is also station-
ary and the observer moves directly toward the source (Fig. 17.9). The observer 
moves with a speed vO toward a stationary point source (vS 5 0), where stationary 
means at rest with respect to the medium, air.
 If a point source emits sound waves and the medium is uniform, the waves move 
at the same speed in all directions radially away from the source; the result is a 
spherical wave as mentioned in Section 17.3. The distance between adjacent wave 
fronts equals the wavelength l. In Figure 17.9, the circles are the intersections of 
these three-dimensional wave fronts with the two-dimensional paper.
 We take the frequency of the source in Figure 17.9 to be f, the wavelength to be l, 
and the speed of sound to be v. If the observer were also stationary, he would detect 
wave fronts at a frequency f. (That is, when vO 5 0 and vS 5 0, the observed frequency 
equals the source frequency.) When the observer moves toward the source, the 
speed of the waves relative to the observer is v9 5 v 1 vO , as in the case of the boat in 
Figure 17.8, but the wavelength l is unchanged. Hence, using Equation 16.12, v 5 lf,  
we can say that the frequency f 9 heard by the observer is increased and is given by

f r 5
v r
l

5
v 1 vO

l

Because l 5 v/f , we can express f 9 as

 f r 5 av 1 vO

v b f 1observer moving toward source 2  (17.15)

If the observer is moving away from the source, the speed of the wave relative to the 
observer is v9 5 v 2 vO . The frequency heard by the observer in this case is decreased 
and is given by

 f r 5 av 2 vO

v b f    ( observer moving away from source) (17.16)

 These last two equations can be reduced to a single equation by adopting a sign 
convention. Whenever an observer moves with a speed vO relative to a stationary 
source, the frequency heard by the observer is given by Equation 17.15, with vO 
interpreted as follows: a positive value is substituted for vO when the observer moves 

Figure 17.9 An observer O  
(the cyclist) moves with a speed  
vO toward a stationary point 
source S, the horn of a parked 
truck. The observer hears a fre-
quency f 9 that is greater than the 
source frequency.

O

O
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vS
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hits, and so on. From these observations, you conclude that the wave frequency is  
f 5 1/T 5 1/(3.0 s) 5 0.33 Hz. Now suppose you start your motor and head directly 
into the oncoming waves as in Figure 17.8b. Again you set your watch to t 5 0 as a 
crest hits the front (the bow) of your boat. Now, however, because you are moving 
toward the next wave crest as it moves toward you, it hits you less than 3.0 s after 
the first hit. In other words, the period you observe is shorter than the 3.0-s period 
you observed when you were stationary. Because f 5 1/T, you observe a higher wave 
frequency than when you were at rest.
 If you turn around and move in the same direction as the waves (Fig. 17.8c), you 
observe the opposite effect. You set your watch to t 5 0 as a crest hits the back (the 
stern) of the boat. Because you are now moving away from the next crest, more 
than 3.0 s has elapsed on your watch by the time that crest catches you. Therefore, 
you observe a lower frequency than when you were at rest.
 These effects occur because the relative speed between your boat and the waves 
depends on the direction of travel and on the speed of your boat. (See Section 4.6.) 
When you are moving toward the right in Figure 17.8b, this relative speed is higher 
than that of the wave speed, which leads to the observation of an increased fre-
quency. When you turn around and move to the left, the relative speed is lower, as is 
the observed frequency of the water waves.
 Let’s now examine an analogous situation with sound waves in which the water 
waves become sound waves, the water becomes the air, and the person on the boat 
becomes an observer listening to the sound. In this case, an observer O is moving 
and a sound source S is stationary. For simplicity, we assume the air is also station-
ary and the observer moves directly toward the source (Fig. 17.9). The observer 
moves with a speed vO toward a stationary point source (vS 5 0), where stationary 
means at rest with respect to the medium, air.
 If a point source emits sound waves and the medium is uniform, the waves move 
at the same speed in all directions radially away from the source; the result is a 
spherical wave as mentioned in Section 17.3. The distance between adjacent wave 
fronts equals the wavelength l. In Figure 17.9, the circles are the intersections of 
these three-dimensional wave fronts with the two-dimensional paper.
 We take the frequency of the source in Figure 17.9 to be f, the wavelength to be l, 
and the speed of sound to be v. If the observer were also stationary, he would detect 
wave fronts at a frequency f. (That is, when vO 5 0 and vS 5 0, the observed frequency 
equals the source frequency.) When the observer moves toward the source, the 
speed of the waves relative to the observer is v9 5 v 1 vO , as in the case of the boat in 
Figure 17.8, but the wavelength l is unchanged. Hence, using Equation 16.12, v 5 lf,  
we can say that the frequency f 9 heard by the observer is increased and is given by

f r 5
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5
v 1 vO

l

Because l 5 v/f , we can express f 9 as

 f r 5 av 1 vO

v b f 1observer moving toward source 2  (17.15)

If the observer is moving away from the source, the speed of the wave relative to the 
observer is v9 5 v 2 vO . The frequency heard by the observer in this case is decreased 
and is given by

 f r 5 av 2 vO

v b f    ( observer moving away from source) (17.16)

 These last two equations can be reduced to a single equation by adopting a sign 
convention. Whenever an observer moves with a speed vO relative to a stationary 
source, the frequency heard by the observer is given by Equation 17.15, with vO 
interpreted as follows: a positive value is substituted for vO when the observer moves 

Figure 17.9 An observer O  
(the cyclist) moves with a speed  
vO toward a stationary point 
source S, the horn of a parked 
truck. The observer hears a fre-
quency f 9 that is greater than the 
source frequency.
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vS

The speed you see the waves traveling relative to you is
v ′ = v + vO , while relative to the source the speed is v .

f ′ =
v ′

λ
=

(
v + vO

v

)
f

(v and vO are positive numbers.)
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The speed you see the waves traveling relative to you is
v ′ = v + vO , while relative to the source the speed is v .

f ′ =
v ′

λ
=

(
v + vO

v

)
f

(v and v0 are positive numbers.)

Moving away from the source, the relative velocity of the detector
to the source decreases v ′ = v − vO .

f ′ =

(
v − vO

v

)
f
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A similar thing happens if the source of the waves is moving.
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toward the source, and a negative value is substituted when the observer moves 
away from the source.
 Now suppose the source is in motion and the observer is at rest. If the source 
moves directly toward observer A in Figure 17.10a, each new wave is emitted from a 
position to the right of the origin of the previous wave. As a result, the wave fronts 
heard by the observer are closer together than they would be if the source were not 
moving. (Fig. 17.10b shows this effect for waves moving on the surface of water.) 
As a result, the wavelength l9 measured by observer A is shorter than the wave-
length l of the source. During each vibration, which lasts for a time interval T (the 
period), the source moves a distance vST 5 vS /f and the wavelength is shortened by 
this amount. Therefore, the observed wavelength l9 is

l r 5 l 2 Dl 5 l 2
vS

f

Because l 5 v/f, the frequency f 9 heard by observer A is

f r 5
v
l r

5
v

l 2 1vS /f 2 5
v1v/f 2 2 1vS /f 2

 f r 5 a v
v 2 vS

b f     (source moving toward observer) (17.17)

That is, the observed frequency is increased whenever the source is moving toward 
the observer.
 When the source moves away from a stationary observer, as is the case for 
observer B in Figure 17.10a, the observer measures a wavelength l9 that is greater 
than l and hears a decreased frequency:

 f r 5 a v
v 1 vS

b f     (source moving away from observer) (17.18)

 We can express the general relationship for the observed frequency when a 
source is moving and an observer is at rest as Equation 17.17, with the same sign 
convention applied to vS as was applied to vO : a positive value is substituted for vS 
when the source moves toward the observer, and a negative value is substituted 
when the source moves away from the observer.
 Finally, combining Equations 17.15 and 17.17 gives the following general rela-
tionship for the observed frequency that includes all four conditions described by 
Equations 17.15 through 17.18:

 f r 5 av 1 vO

v 2 vS
b f  (17.19) �W  General Doppler-shift 

expression

Figure 17.10 (a) A source S mov-
ing with a speed vS toward a sta-
tionary observer A and away from 
a stationary observer B. Observer 
A hears an increased frequency, 
and observer B hears a decreased 
frequency. (b) The Doppler effect 
in water, observed in a ripple tank. 
Letters shown in the photo refer 
to Quick Quiz 17.4.S
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Pitfall Prevention 17.1
Doppler Effect Does Not Depend  
on Distance Some people think 
that the Doppler effect depends 
on the distance between the 
source and the observer. Although 
the intensity of a sound varies 
as the distance changes, the 
apparent frequency depends only 
on the relative speed of source 
and observer. As you listen to 
an approaching source, you will 
detect increasing intensity but 
constant frequency. As the source 
passes, you will hear the frequency 
suddenly drop to a new constant 
value and the intensity begin to 
decrease.

In the diagram, the source is moving toward the wavefronts it has
created on the right and away from the wavefronts it has created
on the left.

This changes the wavelength of the waves around the source. They
are shorter on the right, and longer on the left.
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toward the source, and a negative value is substituted when the observer moves 
away from the source.
 Now suppose the source is in motion and the observer is at rest. If the source 
moves directly toward observer A in Figure 17.10a, each new wave is emitted from a 
position to the right of the origin of the previous wave. As a result, the wave fronts 
heard by the observer are closer together than they would be if the source were not 
moving. (Fig. 17.10b shows this effect for waves moving on the surface of water.) 
As a result, the wavelength l9 measured by observer A is shorter than the wave-
length l of the source. During each vibration, which lasts for a time interval T (the 
period), the source moves a distance vST 5 vS /f and the wavelength is shortened by 
this amount. Therefore, the observed wavelength l9 is

l r 5 l 2 Dl 5 l 2
vS

f

Because l 5 v/f, the frequency f 9 heard by observer A is

f r 5
v
l r

5
v

l 2 1vS /f 2 5
v1v/f 2 2 1vS /f 2

 f r 5 a v
v 2 vS

b f     (source moving toward observer) (17.17)

That is, the observed frequency is increased whenever the source is moving toward 
the observer.
 When the source moves away from a stationary observer, as is the case for 
observer B in Figure 17.10a, the observer measures a wavelength l9 that is greater 
than l and hears a decreased frequency:

 f r 5 a v
v 1 vS

b f     (source moving away from observer) (17.18)

 We can express the general relationship for the observed frequency when a 
source is moving and an observer is at rest as Equation 17.17, with the same sign 
convention applied to vS as was applied to vO : a positive value is substituted for vS 
when the source moves toward the observer, and a negative value is substituted 
when the source moves away from the observer.
 Finally, combining Equations 17.15 and 17.17 gives the following general rela-
tionship for the observed frequency that includes all four conditions described by 
Equations 17.15 through 17.18:

 f r 5 av 1 vO

v 2 vS
b f  (17.19) �W  General Doppler-shift 

expression

Figure 17.10 (a) A source S mov-
ing with a speed vS toward a sta-
tionary observer A and away from 
a stationary observer B. Observer 
A hears an increased frequency, 
and observer B hears a decreased 
frequency. (b) The Doppler effect 
in water, observed in a ripple tank. 
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Pitfall Prevention 17.1
Doppler Effect Does Not Depend  
on Distance Some people think 
that the Doppler effect depends 
on the distance between the 
source and the observer. Although 
the intensity of a sound varies 
as the distance changes, the 
apparent frequency depends only 
on the relative speed of source 
and observer. As you listen to 
an approaching source, you will 
detect increasing intensity but 
constant frequency. As the source 
passes, you will hear the frequency 
suddenly drop to a new constant 
value and the intensity begin to 
decrease.

Observer A detects the wavelength as λ ′ = λ− vST = λ− vS
f .

For A:

f ′ =
v

λ ′
=

(
v

v/f − vS/f

)
=

(
v

v − vS

)
f

For Observer B:

f ′ =

(
v

v + vS

)
f
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toward the source, and a negative value is substituted when the observer moves 
away from the source.
 Now suppose the source is in motion and the observer is at rest. If the source 
moves directly toward observer A in Figure 17.10a, each new wave is emitted from a 
position to the right of the origin of the previous wave. As a result, the wave fronts 
heard by the observer are closer together than they would be if the source were not 
moving. (Fig. 17.10b shows this effect for waves moving on the surface of water.) 
As a result, the wavelength l9 measured by observer A is shorter than the wave-
length l of the source. During each vibration, which lasts for a time interval T (the 
period), the source moves a distance vST 5 vS /f and the wavelength is shortened by 
this amount. Therefore, the observed wavelength l9 is

l r 5 l 2 Dl 5 l 2
vS

f

Because l 5 v/f, the frequency f 9 heard by observer A is

f r 5
v
l r

5
v

l 2 1vS /f 2 5
v1v/f 2 2 1vS /f 2

 f r 5 a v
v 2 vS

b f     (source moving toward observer) (17.17)

That is, the observed frequency is increased whenever the source is moving toward 
the observer.
 When the source moves away from a stationary observer, as is the case for 
observer B in Figure 17.10a, the observer measures a wavelength l9 that is greater 
than l and hears a decreased frequency:

 f r 5 a v
v 1 vS

b f     (source moving away from observer) (17.18)

 We can express the general relationship for the observed frequency when a 
source is moving and an observer is at rest as Equation 17.17, with the same sign 
convention applied to vS as was applied to vO : a positive value is substituted for vS 
when the source moves toward the observer, and a negative value is substituted 
when the source moves away from the observer.
 Finally, combining Equations 17.15 and 17.17 gives the following general rela-
tionship for the observed frequency that includes all four conditions described by 
Equations 17.15 through 17.18:

 f r 5 av 1 vO

v 2 vS
b f  (17.19) �W  General Doppler-shift 

expression
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the intensity of a sound varies 
as the distance changes, the 
apparent frequency depends only 
on the relative speed of source 
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an approaching source, you will 
detect increasing intensity but 
constant frequency. As the source 
passes, you will hear the frequency 
suddenly drop to a new constant 
value and the intensity begin to 
decrease.
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For A:
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In general:

f ′ =

(
v ± vO
v ∓ vS

)
f

The top sign in the numerator corresponds to the
observer/detector moving towards the source.

The top sign in the denominator corresponds to the source moving
towards the observer/detector.

The bottom sign in the numerator corresponds to the detector
moving away from the source.

The bottom sign in the denominator corresponds to the source
moving away from the detector.
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In general:

f ′ =

(
v ± vO
v ∓ vS

)
f

Summary: top sign if towards, bottom sign if away.
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Quick Quiz 17.42 Consider detectors of water waves at three
locations A, B, and C in the picture. Which of the following
statements is true?
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toward the source, and a negative value is substituted when the observer moves 
away from the source.
 Now suppose the source is in motion and the observer is at rest. If the source 
moves directly toward observer A in Figure 17.10a, each new wave is emitted from a 
position to the right of the origin of the previous wave. As a result, the wave fronts 
heard by the observer are closer together than they would be if the source were not 
moving. (Fig. 17.10b shows this effect for waves moving on the surface of water.) 
As a result, the wavelength l9 measured by observer A is shorter than the wave-
length l of the source. During each vibration, which lasts for a time interval T (the 
period), the source moves a distance vST 5 vS /f and the wavelength is shortened by 
this amount. Therefore, the observed wavelength l9 is

l r 5 l 2 Dl 5 l 2
vS

f

Because l 5 v/f, the frequency f 9 heard by observer A is

f r 5
v
l r

5
v

l 2 1vS /f 2 5
v1v/f 2 2 1vS /f 2

 f r 5 a v
v 2 vS

b f     (source moving toward observer) (17.17)

That is, the observed frequency is increased whenever the source is moving toward 
the observer.
 When the source moves away from a stationary observer, as is the case for 
observer B in Figure 17.10a, the observer measures a wavelength l9 that is greater 
than l and hears a decreased frequency:

 f r 5 a v
v 1 vS

b f     (source moving away from observer) (17.18)

 We can express the general relationship for the observed frequency when a 
source is moving and an observer is at rest as Equation 17.17, with the same sign 
convention applied to vS as was applied to vO : a positive value is substituted for vS 
when the source moves toward the observer, and a negative value is substituted 
when the source moves away from the observer.
 Finally, combining Equations 17.15 and 17.17 gives the following general rela-
tionship for the observed frequency that includes all four conditions described by 
Equations 17.15 through 17.18:

 f r 5 av 1 vO

v 2 vS
b f  (17.19) �W  General Doppler-shift 

expression

Figure 17.10 (a) A source S mov-
ing with a speed vS toward a sta-
tionary observer A and away from 
a stationary observer B. Observer 
A hears an increased frequency, 
and observer B hears a decreased 
frequency. (b) The Doppler effect 
in water, observed in a ripple tank. 
Letters shown in the photo refer 
to Quick Quiz 17.4.S
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Pitfall Prevention 17.1
Doppler Effect Does Not Depend  
on Distance Some people think 
that the Doppler effect depends 
on the distance between the 
source and the observer. Although 
the intensity of a sound varies 
as the distance changes, the 
apparent frequency depends only 
on the relative speed of source 
and observer. As you listen to 
an approaching source, you will 
detect increasing intensity but 
constant frequency. As the source 
passes, you will hear the frequency 
suddenly drop to a new constant 
value and the intensity begin to 
decrease.

(A) The wave speed is highest at location C.

(B) The detected wavelength is largest at location C.

(C) The detected frequency is highest at location C.

(D) The detected frequency is highest at location A.

2Serway & Jewett, page 520.
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toward the source, and a negative value is substituted when the observer moves 
away from the source.
 Now suppose the source is in motion and the observer is at rest. If the source 
moves directly toward observer A in Figure 17.10a, each new wave is emitted from a 
position to the right of the origin of the previous wave. As a result, the wave fronts 
heard by the observer are closer together than they would be if the source were not 
moving. (Fig. 17.10b shows this effect for waves moving on the surface of water.) 
As a result, the wavelength l9 measured by observer A is shorter than the wave-
length l of the source. During each vibration, which lasts for a time interval T (the 
period), the source moves a distance vST 5 vS /f and the wavelength is shortened by 
this amount. Therefore, the observed wavelength l9 is

l r 5 l 2 Dl 5 l 2
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Because l 5 v/f, the frequency f 9 heard by observer A is

f r 5
v
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5
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l 2 1vS /f 2 5
v1v/f 2 2 1vS /f 2

 f r 5 a v
v 2 vS

b f     (source moving toward observer) (17.17)

That is, the observed frequency is increased whenever the source is moving toward 
the observer.
 When the source moves away from a stationary observer, as is the case for 
observer B in Figure 17.10a, the observer measures a wavelength l9 that is greater 
than l and hears a decreased frequency:

 f r 5 a v
v 1 vS

b f     (source moving away from observer) (17.18)

 We can express the general relationship for the observed frequency when a 
source is moving and an observer is at rest as Equation 17.17, with the same sign 
convention applied to vS as was applied to vO : a positive value is substituted for vS 
when the source moves toward the observer, and a negative value is substituted 
when the source moves away from the observer.
 Finally, combining Equations 17.15 and 17.17 gives the following general rela-
tionship for the observed frequency that includes all four conditions described by 
Equations 17.15 through 17.18:
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Figure 17.10 (a) A source S mov-
ing with a speed vS toward a sta-
tionary observer A and away from 
a stationary observer B. Observer 
A hears an increased frequency, 
and observer B hears a decreased 
frequency. (b) The Doppler effect 
in water, observed in a ripple tank. 
Letters shown in the photo refer 
to Quick Quiz 17.4.S
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A point source is moving 
to the right with speed vS.
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Pitfall Prevention 17.1
Doppler Effect Does Not Depend  
on Distance Some people think 
that the Doppler effect depends 
on the distance between the 
source and the observer. Although 
the intensity of a sound varies 
as the distance changes, the 
apparent frequency depends only 
on the relative speed of source 
and observer. As you listen to 
an approaching source, you will 
detect increasing intensity but 
constant frequency. As the source 
passes, you will hear the frequency 
suddenly drop to a new constant 
value and the intensity begin to 
decrease.

(A) The wave speed is highest at location C.

(B) The detected wavelength is largest at location C.

(C) The detected frequency is highest at location C. ←
(D) The detected frequency is highest at location A.

2Serway & Jewett, page 520.



The Doppler Effect Question

A police car has a siren tone with a frequency at 2.0 kHz.

It is approaching you at 28 m/s. What frequency do you hear the
siren tone as?

Now it has passed by and is moving away from you. What
frequency do you hear the siren tone as now?

f ′ =

(
v

v ∓ vS

)
f
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The Doppler Effect and Astronomy

1Image from Wikipedia by Georg Wiora.



Summary

• refraction

• diffraction

• standing waves

• sound and musical instruments

• the Doppler effect

Final Exam Tuesday Dec 11, 9:15–11:15am, S16.

Extra Office Hour Monday, 1:30-3pm.

Homework
• Ch 17 Prob: 5, 39a,c,d(not b), 41, 43, 55, 57, 59

• extra credit multiple choice on website (optional)


