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• power of a sound wave

• sound level & perception of sound with frequency

• the Doppler effect



Overview

• the Doppler effect

• bow and shock waves



Reminder: The Doppler Effect

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.
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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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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 + v0, while relative to the source the speed is v .

f ′ =
v ′

λ
=

(
v + vo

v

)
f

(v and vo 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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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.
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In general:

f ′ =

(
v ± vo
v ∓ vs

)
f

The top sign in the numerator and denominator corresponds to the
detector and/or source moving towards on another.

The bottom signs correspond to the detector and/or source
moving away from on another.



The Doppler Effect
Quick Quiz 17.41 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 
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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
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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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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.

1Serway & Jewett, page 520.
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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.

1Serway & 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?

approaching: 2.2 kHz
receding (moving away): 1.8 kHz
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The Doppler Effect for Light

Electromagnetic radiation also exhibits the Doppler effect,
however, the equation needed to describe the effect is different.

For em radiation:

f ′ =

√
1 + v/c√
1 − v/c

f

Relativity is needed to derive this expression (hold on for Phys4D).

This can be used to determine how fast distant objects in space
are moving toward or away from us.



The Doppler Effect and Astronomy

1Image from Wikipedia by Georg Wiora.



Bow Waves and Shock Waves

Bow waves and shock waves can be detected by nearby observers
when the speed of the wave source exceeds the speed of the waves.

This effect happens when an aircraft transitions from subsonic
flight to supersonic flight.

1Figure from Hewitt, 11ed.



Bow waves



Supersonic transition



Shock Waves

522 Chapter 17 Sound Waves

 

▸ 17.5 c o n t i n u e d

Finalize This technique is used by police officers to measure the speed of a moving car. Microwaves are emitted from 
the police car and reflected by the moving car. By detecting the Doppler-shifted frequency of the reflected micro-
waves, the police officer can determine the speed of the moving car.

Shock Waves
Now consider what happens when the speed vS of a source exceeds the wave speed v. 
This situation is depicted graphically in Figure 17.11a. The circles represent spheri-
cal wave fronts emitted by the source at various times during its motion. At t 5 0, 
the source is at S0 and moving toward the right. At later times, the source is at S1, 
and then S2, and so on. At the time t, the wave front centered at S0 reaches a radius 
of vt. In this same time interval, the source travels a distance vSt. Notice in Figure 
17.11a that a straight line can be drawn tangent to all the wave fronts generated at 
various times. Therefore, the envelope of these wave fronts is a cone whose apex 
half-angle u (the “Mach angle”) is given by

sin u 5
vt
vS t

5
v
vS

The ratio vS/v is referred to as the Mach number, and the conical wave front pro-
duced when vS . v (supersonic speeds) is known as a shock wave. An interesting anal-
ogy to shock waves is the V-shaped wave fronts produced by a boat (the bow wave) 
when the boat’s speed exceeds the speed of the surface-water waves (Fig. 17.12).
 Jet airplanes traveling at supersonic speeds produce shock waves, which are 
responsible for the loud “sonic boom” one hears. The shock wave carries a great 
deal of energy concentrated on the surface of the cone, with correspondingly great 
pressure variations. Such shock waves are unpleasant to hear and can cause dam-
age to buildings when aircraft fly supersonically at low altitudes. In fact, an air-
plane flying at supersonic speeds produces a double boom because two shock waves 
are formed, one from the nose of the plane and one from the tail. People near the 
path of a space shuttle as it glides toward its landing point have reported hearing 
what sounds like two very closely spaced cracks of thunder.

Q uick Quiz 17.6  An airplane flying with a constant velocity moves from a cold air 
mass into a warm air mass. Does the Mach number (a) increase, (b) decrease, or 
(c) stay the same?

Figure 17.11  (a) A representa-
tion of a shock wave produced 
when a source moves from S0 to 
the right with a speed vS that is 
greater than the wave speed v in 
the medium. (b) A stroboscopic 
photograph of a bullet moving at 
supersonic speed through the hot 
air above a candle.

vSt

vS
S

S1 S2S0

The envelope of the wave 
fronts forms a cone whose 
apex half-angle is given by
sin u ! v/vS.

vt
u

a

0
1

2

b

Notice the shock wave in 
the vicinity of the bullet.
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Figure 17.12  The V-shaped bow 
wave of a boat is formed because 
the boat speed is greater than the 
speed of the water waves it gener-
ates. A bow wave is analogous to a 
shock wave formed by an airplane 
traveling faster than sound.
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The angle which the shockwave makes is called the Mach angle.

sin θ =
v

vs

The ratio vs/v is called the Mach number.



Shock Waves Question

Quick Quiz 17.62 An airplane flying with a constant velocity
moves from a cold air mass into a warm air mass. What happens
to the Mach number?

(A) it increases

(B) it decreases

(C) it stays the same

Hint:

v = 331

√
1 +

TCel

273
[m/s]

2Serway & Jewett, page 522.
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Shock Waves Question

Quick Quiz 17.62 An airplane flying with a constant velocity
moves from a cold air mass into a warm air mass. What happens
to the Mach number?

(A) it increases

(B) it decreases ←
(C) it stays the same

Hint:

v = 331

√
1 +

TCel

273
[m/s]

2Serway & Jewett, page 522.



Waves

Any questions about waves?



Light

We are now moving on to chapters 35-38.

Light is also a wave.



What is Light?

Physicists have long been interested in the nature and uses of
light.

Egyptians and Mesopotamians developed lenses. Later Greeks and
Indians began to develop a theory of geometric optics

Geometric optics was greatly advanced in 800-1000 by Arab
philosophers, especially Ibn al-Haytham (called Alhazen).

Newton developed a particle model of light, which explained
reflection and refraction.

Christian Huygens proposed a wave model of light (1678) and
pointed out that it could also explain reflection and refraction, but
it was less popular.



What is Light?

Thomas Young experimentally demonstrated the interference of
light, which confirmed that it needed to be considered as being
wave-like.

This fit with the understanding of Maxwell’s equations.

Hertz then discovered the Photoelectric effect and was unable to
explain it with a wave model of light.



Photoelectric Effect

Metal rod

Glass container

Zinc plate

Foil leaf

Incoming radiation

Even very intense light at a low frequency will not allow the plate
to discharge. As soon as just a little light at a high frequency falls
on the plate it begins discharging.



What is Light?
Recall the blackbody radiation distribution of wavelengths.

Classical theory, with light as a wave, could not explain the shape
of the distribution.

Max Planck suggested a model that imagined light energy came in
discrete units.

1Graph from Wikipedia, created by user Darth Kule.



What is Light?

Einstein resolved the issue of the photoelectric effect by taking
literally Planck’s quantization model and showing that light
behaves like a wave, but also like a particle.

The “particles” of light are called photons.

The energy of a photon depends on its frequency:

E = hf

where h = 6.63× 10−34 J s is Planck’s constant.



Speed of Light

Light travels very fast.

We can figure out how fast it goes from Maxwell’s laws, by deriving
a wave equation from them. (Skipping! See Ch 34 for a proof.)



Maxwell’s Equations

∮
E · dA =

qenc
ε0∮

B · dA = 0∮
E · ds = −

dΦB

dt∮
B · ds = µ0ε0

dΦE

dt
+µ0Ienc

In free space (a vacuum) with no charges qenc = 0 and Ienc = 0.

1Strictly, these are Maxwell’s equations in a vacuum.



Maxwell’s Equations Differential Form

∇ · E =
ρ

ε0

∇ · B = 0

∇× E = −
∂B

∂t

∇× B = µ0ε0
∂E

∂t
+ µ0J

In free space with no charges ρ = 0 and J = 0.



Maxwell’s Equations and the Wave Equation

By taking a derivative and plugging Maxwell’s equations into one
another:

∂2E

∂x2
= µ0ε0

∂2E

∂t2

The wave equation!



Another Implication of Maxwell’s Equations

For a wave propogating in x direction:

∂2E

∂x2
=

1

c2
∂2E

∂t2

The constant c appears as the wave speed and

c =
1

√
µ0ε0

c = 3.00× 108 m/s, is the speed of light.

The values of ε0 and µ0 together predict the speed of light!

ε0 = 8.85× 10−12 C2 N−1m−2 and µ0 = 4π× 10−7 kg m C−2



Another Implication of Maxwell’s Equations

The same process gives the same wave equation for the magnetic
field: ∂2B

∂x2
= 1

c2
∂2B
∂t2

Wave solutions:

E = E0 sin(kx −ωt)

B = B0 sin(kx −ωt)

where c = ω
k .

These two solutions are in phase. There is no offset in the angles
inside the sine functions.

The two fields peak at the same point in space and time.

At all times:
E

B
= c



Maxwell’s Equations and the Wave Equation

Wave solutions for the wave equation in for E and B:

E = E0 sin(kx −ωt)

B = B0 sin(kx −ωt)

where c = ω
k .

These two solutions are in phase. There is no offset in the angles
inside the sine functions.



Summary

• the Doppler effect

• bow and shock waves

• light as a wave

5th Test Tuesday, June 9.

Waves Quiz anytime today, finish by 11:58pm.

Homework Serway & Jewett (suggested):

• Ch 17, onward from page 523. Probs: 54, 71


