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Inconsistency in Ampere's Law
➣ Ampere's Law can be written

➣ As indicated, surfaces 1, 2 and 4 are "pierced" by the current I

➣ Note that surface over which sum is evaluated can be any open surface bounded by closed Amperian loop

What to do about this inconsistency ?

where we made explicit relation between current and current density
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➣ Figure shows a schematic of a parallel plate capacitor being charged 4 possible surfaces are shown 

bounded by a single Amperian loop 

➣ For each of these surfaces the flux of J must give the same current 

➣ However, as can be seen, no current passes through surface 3  
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Fixing Ampere's Law
➣ Maxwell realized existence of a Displacement Current "flowing" between plates of capacitor, passing
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➣ Including the displacement current inconsistency is removed and  Ampere's Law becomes
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➣ The conduction current through surface 1 can be written as

➣ Displacement current through surface 3 must be equal to "normal" (conduction) current passing

through surface 1

through surface 3



Maxwell’s Equations

Lorentz Force
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~F = q0 ~E + q0(~v ⇥ ~B)

Gauss Law

No magnetic monopoles

Ampere-Maxwell Law

Faraday-Lenz Law 

➢ Variation of magnetic flux creates electric field and variation of electric flux creates  magnetic field
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Electromagnetics Waves
Ch. 24 Electromagnetic Waves

+

Time

Thus, the electric field it creates changes in time.

The charge changes position as a function of time.

Take a single positive charge and wiggle it up and down:

But since the charge is moving, it constitutes a current:

I

I

The current points up when the charge moves up, and the current points 
down when the charge moves down.

This current, like all currents, creates a magnetic field!

The direction of the field is given by RHR-2.

➣ Charge changes position as a función of time 

➣ Thus, electric field it creates changes in time

➣ But since charge is moving, it constitutes a current

➣ Current points up when charge moves up, and current points down when charge moves down

➣ This current, like all currents, creates a magnetic field

➣ Direction of field is given by RHR-2

➣ Take a single positive charge and wiggle it up and down 
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➣ Thus, we have a changing magnetic field and a changing electric field which are
oriented at right angles to each other!

➣ By RHR-2, we see that when current points up, magnetic field points into screen,
and when current points down, magnetic field points out of screen

➣ Here, electric field is in xz-plane, and magnetic field is in xy-plane

➣ Fields move out away from source (our accelerating charge)

➣ An EM wave is a transverse wave

Propagation of Electromagnetic (EM) Waves

Wave motion is at right angles to direction of propagation
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Thus, I have a changing magnetic field and a changing electric field which are 
oriented at right angles to each other!

By RHR-2, we see that when the current points up, the mag. field
points into the screen, and when the current points down, the 
mag. field points out of the screen.

x

Here, the electric field is in the xz-plane, and the magnetic field is in the xy-
plane.

The fields move out away from the source (our accelerating charge):

Propagation of Electromagnetic (EM) Waves

An EM wave is a transverse wave: The wave motion is at right angles 
to the direction of propagation.
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and when current points down, magnetic field points out of screen
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➣ An EM wave is a transverse wave

Propagation of Electromagnetic (EM) Waves

Wave motion is at right angles to direction of propagation
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➣ E and B are magnitudes of electric and magnetic fields at same point in space  

➣ Maxwell’s equations predict that E- and B- fields propagate through space at speed of light

➣ How fast do EM waves travel?

➣ EM waves don’t need a medium to travel through

➣ They can propagate through a vacuum

Review

1. Stationary charges create electric fields  

2. Moving charges (constant velocity) create magnetic fields 

3. Accelerating charges create electromagnetic waves
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Speed of Light
Very Fast!…. but finite

c = 3.00 x 108 m/s

Moon to Earth ⟶ 1.3 seconds 
Sun to Earth ⟶ 8 minutes

1 ly = distance light travels in 1 year = 9.5 x 1015 m

Distant stars and other astronomical objects are so far away that astronomers 

use a unit of  distance called light year (ly)
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➣ Like any wave, EM waves have a frequency, a period and an amplitude

O
cf  Higher frequencies mean shorter wavelengths!

The Electromagnetic Spectrum

Higher frequencies mean shorter wavelengths!

Speed of light Wavelength (m)

Frequency (Hz)

Review: 1. Stationary charges create electric fields.

2. Moving charges (constant velocity) create 
magnetic fields.

3. Accelerating charges create electromagnetic 
waves.

24.2 Electromagnetic Spectrum

Since Maxwell discovered that EM waves move at the speed of 
light, he hypothesized that light itself must be an EM wave!

Like any wave, EM waves have a frequency, a period, and an amplitude.

From Ch. 16, we know that: Ofv  
And since v = c, we get for EM waves: Ofc  

Frequency 
(Hz)

Wavelength 
(m)

Speed of light



10 O
cf  Higher frequencies mean shorter wavelengths!

The Electromagnetic Spectrum
Electromagnetic Spectrum
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cBE  �
So in an EM wave, the magnitude of the electric field is proportional to the 
magnitude of the magnetic field, and the proportionality constant is c, the 
speed of light!

The magnitude of the electric and magnetic fields in an EM wave fluctuate 
in time.  It is useful to consider an average value of the two fields:

This is called the rms or root-mean-square value of the fields:

2
o

rms
E

E  
2
o

rms
B

B  

Here, Eo and Bo are the peak values of the two fields.

Now we can calculate an average energy density using the rms values:

22
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Using
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An EM wave consists of both an electric and magnetic field, and energy is contained in both fields

Energy Carried by EM Waves
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634 CHAPTER 22 Electromagnetic Waves

†The intensity I for EM waves is often called the Poynting vector and given the symbol Its direction
is that in which the energy is being transported, which is the direction the wave is traveling, and its
magnitude is the intensity (S = I).

S
B

.

The energy a wave transports per unit time per unit area is the intensity I, as
defined in Sections 11–9 and 12–2.† The units of I are The energy is
the energy density (Eq. 22–6a) times the volume V. Hence the energy passing
through an area A in a time (see Fig. 22–11) is

because Therefore, the magnitude of the intensity (energy per unit area
per time or power per unit area) is

From Eqs. 22–2 and 22–3, this can also be written

(22;7)

We can also find the average intensity over an extended period of time, if E and B
are sinusoidal. Then , just as for electric currents and voltages,
Section 18–7, Eqs. 18–8. Thus

(22;8)

Here and are the maximum values of E and B. We can also write

where and are the rms values and
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FIGURE 22–11 Electromagnetic
wave carrying energy through area A.

E and B from the Sun. Radiation from the Sun reaches
the Earth (above the atmosphere) with an intensity of about

Assume that this is a single EM wave, and calculate the maximum
values of E and B.
APPROACH We solve Eq. 22–8 for in terms of and use

SOLUTION

From Eq. 22–2, so

NOTE Although B has a small numerical value compared to E (because of the
way the different units for E and B are defined), B contributes the same energy
to the wave as E does, as we saw earlier.

B0 =
E0

c
= 1.01 * 103 V!m

3.00 * 108 m!s
= 3.37 * 10–6 T.

B = E!c,

= 1.01 * 103 V!m.

E0 = C 2I
! 0 c = C 2A1350 J!s "m2BA8.85 * 10–12 C2!N "m2B A3.00 * 108 m!sB

I = 1350 J!s "m2.
IE0AI = 1

2 ! 0 cE0
2B1350 J!s "m2.

1350 W!m2 =
EXAMPLE 22;4

C A U T I O N
E and B have very different 

values (due to how units are defined),
but E and B contribute equal energy
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➣ Rate of energy flow per unit area is P

<latexit sha1_base64="Vsa9UXvkBqmi0ZD+mN55uQFqwx4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68dii/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LBjBP0IzqQPOSMGivV73ulsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWrX5SrN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDsB2M3Q==</latexit>

S

<latexit sha1_base64="Vsa9UXvkBqmi0ZD+mN55uQFqwx4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68dii/YA2lM120q7dbMLuRiihv8CLB0W8+pO8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtJ1Sax/LBjBP0IzqQPOSMGivV73ulsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WezQyfk1Cp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDaz7hMUoOSzReFqSAmJtOvSZ8rZEaMLaFMcXsrYUOqKDM2m6INwVt8eZk0zyveZcWrX5SrN3kcBTiGEzgDD66gCndQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDsB2M3Q==</latexit>

S

Poynting Vector  

<latexit sha1_base64="dYSmSLSIUDYWrhF9er0SMpE4Uck="></latexit>

~S =
1

µ0

~E ⇥ ~B➣ Poynting vector ☛ 

➣ Plane transverse electromagnetic waves ☛ fields       and        are perpendicular
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➣ Energy a wave transports is
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➣ E and B are sinusoidal ☛                       and                        just as for electric currents and voltages  
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E2 = E2
0/2

➣ I ☛ intensity of wave defined as time-average of S

➣ Time-averaged energy density of wave is then
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➣ Intensity is related to average energy density by
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➣ This force occurs because electromagnetic waves contain and transport momentum

➣ Material objects consist of charged particles
➣ An electromagnetic wave incident on the object exerts forces on the charged particles

➣ By applying right-hand rule, and accounting for negative charge of electron,         
we can see that force on electron from magnetic field is in direction of positive x-axis, 
which is direction of wave propagation 
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➣ To understand direction of force for a very specific case, consider a plane electromagnetic wave 
incident on a metal

➣ Force does work on the particles of the object increasing its energy
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�p➣ Change in momentum          is estimated to be
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➣ When electric field is in direction of positive y-axis, electrons move in negative y-direction,                      

with magnetic field in direction of positive z-axis 

➣ When      field reverses     field does too and force is again in same direction



➣ 𝛥U is energy absorbed in a time 𝛥t 

➣ If the EM wave is completely reflected the momentum transferred is ☛
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�p = 2
�U

c

➣ Radiation pressure is given by
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Radiation Pressure

Solar Sail
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Example: A point light source is emitting light uniformly in all direction, At a distance
of 2.5 m from the source, the rms electric field strength of the light is 19.0N/C.
Assuming that the light does not reflect from anything in the environment, determine
the average power of the light emitted by the source.

What do we know: Erms; r

2.5 m S

Average light intensity at the imaginary spherical surface: 
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➣ A point light source is emitting light uniformly in all directions 

➣ At a distance of 2.5 m from source, rms electric field strengh of light is 19.0 N/C

➣ Assuming that light does not reflect from anything in environment,

determine average power of light emitted by source

➣ What do we know ☛ Erms ; r

➣ Average light intensity at imaginary spherical surface

➣ Power of source
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THE DOPPLER EFFECT AND SPECIAL RELATIVITY p. 3

8.286 LECTURE NOTES 1, FALL 2018

the observer is standing still (relative to the air), with all motion taking place along a
line. We will let

u ⌘ velocity of sound waves,

v ⌘ recession velocity of the source,

�tS ⌘ the period of the wave at the source,

�tO ⌘ the period of the wave as observed.

Now consider the following sequence, as illustrated below:

(1) The source emits a wave crest.
(2) At a time �tS later, the source emits a second wave crest. During this time

interval the source has moved a distance �` = v�tS further away from the
observer.

(3) The stationary observer receives the first wave crest.
(4) At some time �tO after (3), the observer receives the second wave crest.

Our goal is to find �tO.

The time at which the first wave crest is received depends of course on the distance
between the source and the observer, which was not specified in the description above.

Doppler Effect (Sound Waves)
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THE DOPPLER EFFECT AND SPECIAL RELATIVITY p. 4

8.286 LECTURE NOTES 1, FALL 2018

We are interested, however, only in the time di↵erence �tO between the reception of
the first and second wave crests. This time di↵erence does not depend on the distance
between the source and the observer, since both wave crests have to travel this distance.
The second crest, however, has to travel an extra distance

�` = v�tS , (1.2)

since the source moves this distance between the emission of the two crests. The extra
time that it takes the second crest to travel this distance is �`/u, so the time between
the reception of the two crests is

�tO = �tS +
�`

u

= �tS +
v�tS

u

=
⇣
1 +

v

u

⌘
�tS .

(1.3)

The result is usually described in terms of the “redshift” z, which is defined by the
statement that the wavelength is increased by a factor of (1 + z). Since the wavelength
� is related to the period �t by � = u�t, we can write the definition of redshift as
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=
�tO

�tS
⌘ 1 + z , (1.4)

where �S and �O are the wavelength as measured at the source and at the observer,
respectively. Combining this definition with Eq. (1.3), we find that the redshift for this
case is given by

z = v/u (nonrelativistic, source moving). (1.5)

Suppose now that the source stands still, but the observer is receding at a speed v:

THE DOPPLER EFFECT AND SPECIAL RELATIVITY p. 4

8.286 LECTURE NOTES 1, FALL 2018

We are interested, however, only in the time di↵erence �tO between the reception of
the first and second wave crests. This time di↵erence does not depend on the distance
between the source and the observer, since both wave crests have to travel this distance.
The second crest, however, has to travel an extra distance

�` = v�tS , (1.2)

since the source moves this distance between the emission of the two crests. The extra
time that it takes the second crest to travel this distance is �`/u, so the time between
the reception of the two crests is

�tO = �tS +
�`

u

= �tS +
v�tS

u

=
⇣
1 +

v

u

⌘
�tS .

(1.3)

The result is usually described in terms of the “redshift” z, which is defined by the
statement that the wavelength is increased by a factor of (1 + z). Since the wavelength
� is related to the period �t by � = u�t, we can write the definition of redshift as

�O

�S

=
�tO

�tS
⌘ 1 + z , (1.4)

where �S and �O are the wavelength as measured at the source and at the observer,
respectively. Combining this definition with Eq. (1.3), we find that the redshift for this
case is given by

z = v/u (nonrelativistic, source moving). (1.5)

Suppose now that the source stands still, but the observer is receding at a speed v:

THE DOPPLER EFFECT AND SPECIAL RELATIVITY p. 4

8.286 LECTURE NOTES 1, FALL 2018

We are interested, however, only in the time di↵erence �tO between the reception of
the first and second wave crests. This time di↵erence does not depend on the distance
between the source and the observer, since both wave crests have to travel this distance.
The second crest, however, has to travel an extra distance

�` = v�tS , (1.2)

since the source moves this distance between the emission of the two crests. The extra
time that it takes the second crest to travel this distance is �`/u, so the time between
the reception of the two crests is

�tO = �tS +
�`

u

= �tS +
v�tS

u

=
⇣
1 +

v

u

⌘
�tS .

(1.3)

The result is usually described in terms of the “redshift” z, which is defined by the
statement that the wavelength is increased by a factor of (1 + z). Since the wavelength
� is related to the period �t by � = u�t, we can write the definition of redshift as

�O

�S

=
�tO

�tS
⌘ 1 + z , (1.4)

where �S and �O are the wavelength as measured at the source and at the observer,
respectively. Combining this definition with Eq. (1.3), we find that the redshift for this
case is given by

z = v/u (nonrelativistic, source moving). (1.5)
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➣ We are interested, however, only in time difference           between reception of first and second crests

➣ This time difference does not depend on distance between source and observer, since both crests 
have to travel this distance

➣ Second crest, however, has to travel an extra distance

since source moves this distance between emission of two crests

➣ Extra time that it takes second crest to travel this distance is              , so time between reception

of two crests is ☛
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➣ Since wavelength       is related to period                                    , we can write definition of redshift as

➣ Result is usually described in terms of redshift z, which is defined by statement that wavelength
is increased by a factor of (1 + z)
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where          and         are wavelength as measured at source and at observer  respectively    

➣ Combining this definition with Eq. (✧), we find that redshift for this case is given by

(Nonrelativistic, source moving)
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where �S and �O are the wavelength as measured at the source and at the observer,
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case is given by
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Suppose now that the source stands still, but the observer is receding at a speed v:
➣ Suppose now that source stands still, but observer is receding at a speed v
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In this case, the sequence becomes

(10) The source emits a wave crest.
(20) At a time �tS later, the source emits a second wave crest. The source is

standing still.
(30) The moving observer receives the first wave crest.
(40) At a time�tO after (30), the observer receives the second wave crest. During

the time interval between (30) and (40), the observer has moved a distance
�` = v�tO further from the source.

Using the same strategy as in the first case, we note that in this case, the second wave
crest must travel an extra distance �` = v�tO. Thus,

�tO = �tS +
�`

u
= �tS +

v�tO

u
. (1.6)

In this case �tO appears on both sides of the equation, but we can easily solve for �tO

to find

�tO =
⇣
1� v

u

⌘�1
�tS . (1.7)

Recalling the definition of z,

z =
�tO

�tS
� 1 =

1

1� (v/u)
� 1

=
v/u

1� (v/u)
(nonrelativistic, observer moving).

(1.8)

(1’) Source emits a wave crest

(2’) At a time        later, source emits a second wave crest
Source is standing still

(3’) Moving observer receives first wave crest

(4’) At a time          after (3’), observer receives second wave crest

During time interval between (3’) and (4’),

further from source
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observer has moved a distance 

➣ In this case secuence becomes
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➣ Using same strategy as in first case, we note that in this case, second wave crest must travel an extra

distance

Thus ☛
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➣ In this case           appears on both sides of equation, but we can easily solve            to find

➣Recalling definition of z

THE DOPPLER EFFECT AND SPECIAL RELATIVITY p. 5

8.286 LECTURE NOTES 1, FALL 2018

In this case, the sequence becomes

(10) The source emits a wave crest.
(20) At a time �tS later, the source emits a second wave crest. The source is

standing still.
(30) The moving observer receives the first wave crest.
(40) At a time�tO after (30), the observer receives the second wave crest. During

the time interval between (30) and (40), the observer has moved a distance
�` = v�tO further from the source.

Using the same strategy as in the first case, we note that in this case, the second wave
crest must travel an extra distance �` = v�tO. Thus,

�tO = �tS +
�`

u
= �tS +

v�tO

u
. (1.6)

In this case �tO appears on both sides of the equation, but we can easily solve for �tO

to find

�tO =
⇣
1� v

u

⌘�1
�tS . (1.7)

Recalling the definition of z,

z =
�tO

�tS
� 1 =

1

1� (v/u)
� 1

=
v/u

1� (v/u)
(nonrelativistic, observer moving).

(1.8)

THE DOPPLER EFFECT AND SPECIAL RELATIVITY p. 5

8.286 LECTURE NOTES 1, FALL 2018

In this case, the sequence becomes

(10) The source emits a wave crest.
(20) At a time �tS later, the source emits a second wave crest. The source is

standing still.
(30) The moving observer receives the first wave crest.
(40) At a time�tO after (30), the observer receives the second wave crest. During

the time interval between (30) and (40), the observer has moved a distance
�` = v�tO further from the source.

Using the same strategy as in the first case, we note that in this case, the second wave
crest must travel an extra distance �` = v�tO. Thus,

�tO = �tS +
�`

u
= �tS +

v�tO

u
. (1.6)

In this case �tO appears on both sides of the equation, but we can easily solve for �tO

to find

�tO =
⇣
1� v

u

⌘�1
�tS . (1.7)

Recalling the definition of z,

z =
�tO

�tS
� 1 =

1

1� (v/u)
� 1

=
v/u

1� (v/u)
(nonrelativistic, observer moving).

(1.8)

THE DOPPLER EFFECT AND SPECIAL RELATIVITY p. 5

8.286 LECTURE NOTES 1, FALL 2018

In this case, the sequence becomes

(10) The source emits a wave crest.
(20) At a time �tS later, the source emits a second wave crest. The source is

standing still.
(30) The moving observer receives the first wave crest.
(40) At a time�tO after (30), the observer receives the second wave crest. During

the time interval between (30) and (40), the observer has moved a distance
�` = v�tO further from the source.

Using the same strategy as in the first case, we note that in this case, the second wave
crest must travel an extra distance �` = v�tO. Thus,

�tO = �tS +
�`

u
= �tS +

v�tO

u
. (1.6)

In this case �tO appears on both sides of the equation, but we can easily solve for �tO

to find

�tO =
⇣
1� v

u

⌘�1
�tS . (1.7)

Recalling the definition of z,

z =
�tO

�tS
� 1 =

1

1� (v/u)
� 1

=
v/u

1� (v/u)
(nonrelativistic, observer moving).

(1.8)

THE DOPPLER EFFECT AND SPECIAL RELATIVITY p. 5

8.286 LECTURE NOTES 1, FALL 2018

In this case, the sequence becomes

(10) The source emits a wave crest.
(20) At a time �tS later, the source emits a second wave crest. The source is

standing still.
(30) The moving observer receives the first wave crest.
(40) At a time�tO after (30), the observer receives the second wave crest. During

the time interval between (30) and (40), the observer has moved a distance
�` = v�tO further from the source.

Using the same strategy as in the first case, we note that in this case, the second wave
crest must travel an extra distance �` = v�tO. Thus,

�tO = �tS +
�`

u
= �tS +

v�tO

u
. (1.6)

In this case �tO appears on both sides of the equation, but we can easily solve for �tO

to find

�tO =
⇣
1� v

u

⌘�1
�tS . (1.7)

Recalling the definition of z,

z =
�tO

�tS
� 1 =

1

1� (v/u)
� 1

=
v/u

1� (v/u)
(nonrelativistic, observer moving).

(1.8)

     = (Nonrelativistic, observer moving)

THE DOPPLER EFFECT AND SPECIAL RELATIVITY p. 5

8.286 LECTURE NOTES 1, FALL 2018

In this case, the sequence becomes

(10) The source emits a wave crest.
(20) At a time �tS later, the source emits a second wave crest. The source is

standing still.
(30) The moving observer receives the first wave crest.
(40) At a time�tO after (30), the observer receives the second wave crest. During

the time interval between (30) and (40), the observer has moved a distance
�` = v�tO further from the source.

Using the same strategy as in the first case, we note that in this case, the second wave
crest must travel an extra distance �` = v�tO. Thus,

�tO = �tS +
�`

u
= �tS +

v�tO

u
. (1.6)

In this case �tO appears on both sides of the equation, but we can easily solve for �tO

to find

�tO =
⇣
1� v

u

⌘�1
�tS . (1.7)

Recalling the definition of z,

z =
�tO

�tS
� 1 =

1

1� (v/u)
� 1

=
v/u

1� (v/u)
(nonrelativistic, observer moving).

(1.8)



<latexit sha1_base64="QTIxfYdyicuA+lkdKHQdYolpO/s=">AAAB9XicdVDLSgNBEJyNrxhfUY9eBoPgad2NGuNBCOrBYwTzgGQNs5PZZMjsg5leJSz5Dy8eFPHqv3jzb5xsVlDRgoaiqpvuLjcSXIFlfRi5ufmFxaX8cmFldW19o7i51VRhLClr0FCEsu0SxQQPWAM4CNaOJCO+K1jLHV1M/dYdk4qHwQ2MI+b4ZBBwj1MCWrr18Bm2D7qXTADB0CuWLPPYsk8rh9gyrRQpqdrlKrYzpYQy1HvF924/pLHPAqCCKNWxrQichEjgVLBJoRsrFhE6IgPW0TQgPlNOkl49wXta6WMvlLoCwKn6fSIhvlJj39WdPoGh+u1Nxb+8Tgxe1Ul4EMXAAjpb5MUCQ4inEeA+l4yCGGtCqOT6VkyHRBIKOqiCDuHrU/w/aZZNu2La10el2nkWRx7toF20j2x0gmroCtVRA1Ek0QN6Qs/GvfFovBivs9ackc1sox8w3j4BpPuRVA==</latexit>

f = 1/�t➣ Frequency   ☛

➣ Motion of Observer ☛  
<latexit sha1_base64="4vdqStBpm4uQ6O0DMiIJ9m5ON24=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaLUDc1qVrrQii6cVnBPqANYTKdtEMnmTAzKZTQjb/ixoUibv0Md/6N0zSCih64cDjnXu69x4sYlcqyPozcwuLS8kp+tbC2vrG5ZW7vtCSPBSZNzBkXHQ9JwmhImooqRjqRICjwGGl7o+uZ3x4TISkP79QkIk6ABiH1KUZKS66557scXkLflbBkw14UwLHLj+Mj1yxa5TPLvqieQKtspUhJza7UoJ0pRZCh4ZrvvT7HcUBChRmSsmtbkXISJBTFjEwLvViSCOERGpCupiEKiHSS9IEpPNRKH/pc6AoVTNXvEwkKpJwEnu4MkBrK395M/MvrxsqvOQkNo1iREM8X+TGDisNZGrBPBcGKTTRBWFB9K8RDJBBWOrOCDuHrU/g/aVXKdrVs354W61dZHHmwDw5ACdjgHNTBDWiAJsBgCh7AE3g27o1H48V4nbfmjGxmF/yA8fYJ4K+Urg==</latexit>

fo = fs(1± vo/u) ☛ + towards source and − away from the source

➣ Motion of Source ☛ ☛ − towards source and + away from source
<latexit sha1_base64="2tijmPkBNF/E8p/XpHWJYXutEZU=">AAACBXicdVC7SgNBFJ31GeNr1VKLwSDEwrgTNcZCCNpYRjAPSOIyO5lNhsw+mJkNhCWNjb9iY6GIrf9g59842aygogcuHM65l3vvcULOpLKsD2Nmdm5+YTGzlF1eWV1bNzc26zKIBKE1EvBANB0sKWc+rSmmOG2GgmLP4bThDC4nfmNIhWSBf6NGIe14uOczlxGstGSbO64dwHPo2hLmEWx7IRza8jDav40P0Ng2c1bhxEJnpSNoFawECSmjYhmiVMmBFFXbfG93AxJ51FeEYylbyApVJ8ZCMcLpONuOJA0xGeAebWnqY4/KTpx8MYZ7WulCNxC6fAUT9ftEjD0pR56jOz2s+vK3NxH/8lqRcsudmPlhpKhPpovciEMVwEkksMsEJYqPNMFEMH0rJH0sMFE6uKwO4etT+D+pFwuoVEDXx7nKRRpHBmyDXZAHCJyCCrgCVVADBNyBB/AEno1749F4MV6nrTNGOrMFfsB4+wRb95aY</latexit>

fo = fs(1⌥ vs/u)
�1

<latexit sha1_base64="PIkKwF3yms4Sb10XyfO1WPcVTqQ="></latexit>

fo = fs
1± vo/u

1⌥ vs/u

<latexit sha1_base64="tDcgawB2Z1gOkPuASkiYxpjD4KI="></latexit>

1

1� x
= 1 + x+ x2 + x3 + · · ·

<latexit sha1_base64="UrTWw3um95xXRGX1nhno/zcKDC4="></latexit>

1

1 + x
= 1� x+ x2 � x3 + · · ·

<latexit sha1_base64="AqlYfvUnXGa1PS25GqNrWBhvn1c=">AAAB83icdVDLSgMxFM34rPVVdekmWARXNSlSW3BRdOOygn1AO5RMmmlDM5khj0IZ+htuXCji1p9x59+YaSuo6IELh3Pu5d57gkRwbRD68FZW19Y3NnNb+e2d3b39wsFhS8dWUdaksYhVJyCaCS5Z03AjWCdRjESBYO1gfJP57QlTmsfy3kwT5kdkKHnIKTFO6k368bmFVxBDCPuFIiohh0oFZgRXEXakVquWyzWI5xZCRbBEo1947w1iaiMmDRVE6y5GifFTogyngs3yPatZQuiYDFnXUUkipv10fvMMnjplAMNYuZIGztXvEymJtJ5GgeuMiBnp314m/uV1rQmrfsplYg2TdLEotAKaGGYBwAFXjBoxdYRQxd2tkI6IItS4mPIuhK9P4f+kVS7hSgnfXRTr18s4cuAYnIAzgMElqINb0ABNQEECHsATePas9+i9eK+L1hVvOXMEfsB7+wSwN5Aq</latexit>

vo/u < 1
<latexit sha1_base64="RtnZj32c5VAQKVnbzuU9r2z/MlE=">AAAB83icdVDLSgMxFM34rPVVdekmWARXNSlSW3BRdOOygn1AO5RMmmlDM5khj0IZ+htuXCji1p9x59+YaSuo6IELh3Pu5d57gkRwbRD68FZW19Y3NnNb+e2d3b39wsFhS8dWUdaksYhVJyCaCS5Z03AjWCdRjESBYO1gfJP57QlTmsfy3kwT5kdkKHnIKTFO6k36+tzCK4ghhP1CEZWQQ6UCM4KrCDtSq1XL5RrEcwuhIlii0S+89wYxtRGThgqidRejxPgpUYZTwWb5ntUsIXRMhqzrqCQR0346v3kGT50ygGGsXEkD5+r3iZREWk+jwHVGxIz0by8T//K61oRVP+UysYZJulgUWgFNDLMA4IArRo2YOkKo4u5WSEdEEWpcTHkXwten8H/SKpdwpYTvLor162UcOXAMTsAZwOAS1MEtaIAmoCABD+AJPHvWe/RevNdF64q3nDkCP+C9fQK2a5Au</latexit>

vs/u < 1and➣ Since ☛ for 
<latexit sha1_base64="pr3p0eMf9Yp7gb7qbNF8BP9GW3Y=">AAAB73icdVBNSwMxEJ31s9avqkcvwSJ4KpsitQUPRS8eK9gPaJeSTbNtaDa7JlmxLP0TXjwo4tW/481/Y7atoKIPBh7vzTAzz48F18Z1P5yl5ZXVtfXcRn5za3tnt7C339JRoihr0khEquMTzQSXrGm4EawTK0ZCX7C2P77M/PYdU5pH8sZMYuaFZCh5wCkxVurco3OEEUL9QtEtuRaVCsoIrrrYklqtWi7XEJ5ZrluEBRr9wntvENEkZNJQQbTuYjc2XkqU4VSwab6XaBYTOiZD1rVUkpBpL53dO0XHVhmgIFK2pEEz9ftESkKtJ6FvO0NiRvq3l4l/ed3EBFUv5TJODJN0vihIBDIRyp5HA64YNWJiCaGK21sRHRFFqLER5W0IX5+i/0mrXMKVEr4+LdYvFnHk4BCO4AQwnEEdrqABTaAg4AGe4Nm5dR6dF+d13rrkLGYO4Aect0/gZI6S</latexit>

x < 1

<latexit sha1_base64="4RneHW7o82lzLi/kbeCAnh0KZgY=">AAAB83icdVDLSgNBEOz1GeMr6tHLYBA8LTtRY7wFvXiMYB6QXcPsZJIMmX0wMyuGJb/hxYMiXv0Zb/6Nk80KKlrQUFR1093lx4Ir7Tgf1sLi0vLKamGtuL6xubVd2tltqSiRlDVpJCLZ8YligoesqbkWrBNLRgJfsLY/vpz57TsmFY/CGz2JmReQYcgHnBJtJPf+toJcIRBGCPVKZcc+dfB59Rg5tpMhIzVcqSGcK2XI0eiV3t1+RJOAhZoKolQXO7H2UiI1p4JNi26iWEzomAxZ19CQBEx5aXbzFB0apY8GkTQVapSp3ydSEig1CXzTGRA9Ur+9mfiX1030oOalPIwTzUI6XzRIBNIRmgWA+lwyqsXEEEIlN7ciOiKSUG1iKpoQvj5F/5NWxcZVG1+flOsXeRwF2IcDOAIMZ1CHK2hAEyjE8ABP8Gwl1qP1Yr3OWxesfGYPfsB6+wS7F5Aw</latexit>

x2 ⌧ 1Take                negligible

<latexit sha1_base64="Z9OANMBY7ZmxhSGu2Il2h9C5XXw="></latexit>

fo ⇡ fs(1± vrel/u) ) vrel = vo + vs

23

Summary



24

24.5 The Doppler Effect

When the observer of a wave, or source of the wave (or both) is moving, 
the observed wave frequency is different than that emitted by the source.

EM waves also exhibit a Doppler effect.  But….

1.  They don’t require a medium thru which to propagate, and..
2.  Only the relative motion of the source to the observer is 
important, since the speed at which all EM waves move is the 
same, the speed of light.

So how do we calculate the shift in frequency?
If the EM wave, the source, and the observer all travel along the same line, then:

¸
¹
·

¨
©
§ r 

c
v

ff rel
so 1

fo is the observed frequency

fs is the frequency emitted by the source

vrel is the relative velocity between observer and source

The + sign is used when the object and source move toward each other.

The – sign is used when the object and source move away from each other.
(*This is valid for speeds vrel << c.)

When observer of a wave, or source of wave (or both) is moving,  

observed wave frequency is different than that emitted by source

➣ EM waves also exhibit a Doppler effect

But ☛

➣ So how do we calculate shift in frequency?
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is observed frequency
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➣If EM wave, sources and observer all travel along same line, then 

1- They do not require a medium through which to propagate, and …
2- Only relative motion of source to observer is important,

since speed at which all EM waves move is same speed of light

Doppler Effect (Electromagnetic Waves)
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ExampleAstronomers can use the Doppler effect to determine how fast distant 
objects are moving relative to the earth.

Example

A distant galaxy emits light that has a wavelength of 500.7 nm.  On earth, the 
wavelength of this light is measured to be 503.7 nm.  (a) Decide if the galaxy is moving 
away from or toward the earth.  (b) Find the speed of the galaxy relative to earth.

The light is shifted to longer wavelengths, which means smaller frequencies:  f = c/O

We start with the Doppler equation: ¸
¹
·

¨
©
§ r 

c
v

ff rel
so 1

Solution

Thus, fo < fs. Which means that the parenthesis                    must be < 1.¸
¹
·

¨
©
§ r

c
vrel1

Therefore, the correct sign in the parentheses is the – sign:  the galaxy is 
moving away from earth.

(b) From the Doppler equation:  � �.1
s
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f
f
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Solution

Thus, fo < fs. Which means that the parenthesis                    must be < 1.¸
¹
·

¨
©
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c
vrel1

Therefore, the correct sign in the parentheses is the – sign:  the galaxy is 
moving away from earth.

(b) From the Doppler equation:  � �.1
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➣ A distant galaxy emits light that has a wavelength of  500.7nm
➣ On earth, wavelength of this light is measured to be 503.7 nm

(a) Decide if galaxy is moving away from or toward earth 
(b) Find speed of galaxy relative to earth

➣ We start with Doppler equation

➣ Light is shifted to longer wavelengths, which means smaller frequencies ☛

Solution

➣ Thus ☛
➣ Which means that parentheses

➣ Thus ☛

must be < 1

➣ Therefore, correct sign in parentheses is −sign ☛ galaxy is moving away from earth

(b) from Doppler equation
But ☛
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fo < fs
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