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Light Waves Interference + Young’s double slit experiment

Young’s interferometer
Monochromatic light from a single concentrated source
illuminates a barrier containing two small openings
Light emerging from two slits is projected onto distant screen
Distinctly + we observe light deviates from straight-line path
and enters region that would otherwise be shadowed S E C T I O N  37. 2 •  Young’s Double-Slit Experiment 1179

wave to reach point Q . Because the upper wave falls behind the lower one by exactly
one wavelength, they still arrive in phase at Q , and so a second bright fringe appears
at this location. At point R in Figure 37.4c, however, between points P and Q , the
upper wave has fallen half a wavelength behind the lower wave. This means that
a trough of the lower wave overlaps a crest of the upper wave; this gives rise to
destructive interference at point R . For this reason, a dark fringe is observed at
this location.
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Active Figure 37.2 (a) Schematic diagram of Young’s double-slit experiment. Slits S1
and S2 behave as coherent sources of light waves that produce an interference pattern
on the viewing screen (drawing not to scale). (b) An enlargement of the center of a
fringe pattern formed on the viewing screen.

At the Active Figures link
at http://www.pse6.com, you
can adjust the slit separation
and the wavelength of the light
to see the effect on the
interference pattern.

A

B

Figure 37.3 An interference
pattern involving water waves is
produced by two vibrating
sources at the water’s surface. The
pattern is analogous to that
observed in Young’s double-slit
experiment. Note the regions of
constructive (A) and destructive
(B) interference.
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Figure 37.4 (a) Constructive interference occurs at point P when the waves combine.
(b) Constructive interference also occurs at point Q . (c) Destructive interference
occurs at R when the two waves combine because the upper wave falls half a wavelength
behind the lower wave. (All figures not to scale.)
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Light Waves Interference + Young’s double slit experiment

Harmonic Oscillator
Light of a given color is intrinsically an oscillating system
We have seen that different colors of light

can be associated with different frequencies f
Each color of light is identified with: certain time period T = f−1

or wavelength λ = cT
Light is described by an amplitude

A(t) = A0 cos(ωt) = A0 cos(2π f t) (1)

Light propagates between two points in space
by having its amplitude travel over all available paths

and while travelling oscillates with frequency f
What you see and can measure is the square of that amplitude
For double slit experiment + there is constant level of brightness
BUT light has amplitude varying harmonically with time
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Light Waves Interference + Young’s double slit experiment

Rate of energy flow per unit area

S(t) = A2(t) = A2
0 cos2(ωt) (2)

At optical frequencies S is extremely rapidly varying function of t
its instantaneous value would be impractical quantity to measure
This suggests that we employ average procedure
For visible light:

wavelength ≈ 6× 10−7 m
frequency ≈ 5× 1014 s−1

period ≈ 2× 10−15 s

If time resolution of eye is milliseconds
what we see is average of tens of millions of cycles

Intensity we see is the long time average of many periods

I = 〈S(t)〉t = 〈A2(t)〉t =
A2

0
2

(3)
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Light Waves Interference + Young’s double slit experiment

If only slit 1 is open ...
1 Arrange apparatus so that amplitude at slit is

A1(t) = A0 cos(ωt) (4)

2 Amplitude on scren at given time t is original amplitude at slit 1
delayed by time it takes light to go from slit to screen

A1(t) = A0 cos
(

ωt− 2πr1/c
T

)
= A0 cos

(
ωt− 2πr1

λ

)
(5)

Amplitude oscillates with f + same color of light at screen and slit
Only difference is time independent term + starting angle
Signal varies so rapidly that sensors can only see the time average
Starting angle (a.k.a. phase) is not detectable

3 Phase shift is only change as you move to different parts of screen
4 Intensity at screen is uniform
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Light Waves Interference + Young’s double slit experiment

If only slit 2 is open ...
1 Similar situation
2 Since the two slits are located symmetrically relative to source

amplitude at slit 2 is same as that of slit 1
3 Amplitude at screen from slit 2 alone would be

A2(t) = A0 cos[ω(t− r2/c)] (6)

4 For general point on screen + r1 and r2 will be different
5 Illumination again is uniform and same color as original light

�� ��Intensity on screen for only one slit

I1 = 〈A2
1(t)〉t =

A2
0

2
= I1 (7)
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Light Waves Interference + Young’s double slit experiment

�� ��What happens when both slits are open? + Superposition Principle

Atot = A1 +A2

= A0{cos[ω(t− r1/c)] + cos[ω(t− r2/c)]}

= 2A0 cos
(

ω
r1 − r2

2c

)
cos

[
ω

(
t− r1 − r2

2c

)]
(8)

amplitude at screen has position dependent amplitude

2A0 cos
[

ω

(
r1 − r2

2c

)]
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Light Waves Interference + Young’s double slit experiment

Aproximations

We can describe Young’s experiment quantitatively with the help of Figure 37.5. The
viewing screen is located a perpendicular distance L from the barrier containing two slits,
S1 and S2. These slits are separated by a distance d, and the source is monochromatic. To
reach any arbitrary point P in the upper half of the screen, a wave from the lower slit must
travel farther than a wave from the upper slit by a distance d sin !. This distance is called
the path difference " (lowercase Greek delta). If we assume that r1 and r2 are parallel,
which is approximately true if L is much greater than d, then " is given by

" # r 2 $ r1 # d sin! (37.1)

The value of " determines whether the two waves are in phase when they arrive at
point P. If " is either zero or some integer multiple of the wavelength, then the two
waves are in phase at point P and constructive interference results. Therefore, the
condition for bright fringes, or constructive interference, at point P is

(37.2)

The number m is called the order number. For constructive interference, the order
number is the same as the number of wavelengths that represents the path difference
between the waves from the two slits. The central bright fringe at ! # 0 is called the
zeroth-order maximum. The first maximum on either side, where m # %1, is called the
first-order maximum, and so forth.

When " is an odd multiple of &/2, the two waves arriving at point P are 180° out of
phase and give rise to destructive interference. Therefore, the condition for dark
fringes, or destructive interference, at point P is

(37.3)

It is useful to obtain expressions for the positions along the screen of the bright
and dark fringes measured vertically from O to P. In addition to our assumption that
L '' d , we assume d '' &. These can be valid assumptions because in practice L is
often on the order of 1 m, d a fraction of a millimeter, and & a fraction of a
micrometer for visible light. Under these conditions, ! is small; thus, we can use the
small angle approximation sin! ! tan!. Then, from triangle OPQ in Figure 37.5a,

d sin!dark # (m ( 1
2)&  (m # 0, %1, %2,  ) ) ))

" # d sin! bright # m &  (m # 0, %1, %2,  ) ) ))

1180 C H A P T E R  37 •  Interference of Light Waves
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r2 – r1 = d sin
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Figure 37.5 (a) Geometric construction for describing Young’s double-slit experiment
(not to scale). (b) When we assume that r1 is parallel to r2, the path difference between
the two rays is r2 $ r1 # d sin !. For this approximation to be valid, it is essential that
L '' d.

Path difference

Conditions for constructive
interference

Conditions for destructive
interference

d� L ∧ λ� d⇒ θ ≈ sin θ ≈ tan θ ⇒ δ(y)/d ≈ y/L
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Light Waves Interference + Young’s double slit experiment

Intensity

Itot = 4I1 cos2
(

ω δ(y)
2c

)
= 4I1 cos2

(
yωd
2cL

)
(9)

Bright fringes measured from O are @

ybright =
λL
d

m m = 0,±1,±2, · · · (10)

m + order number
when δ = mλ + constructive interference
Dark fringes measured from O are @

ydark =
λL
d
(m + 1

2 ) m = 0,±1,±2, · · · (11)

when δ is odd multiple of λ/2 + two waves arriving at point P
are out of phase by π and give rise to destructive interference
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Light Waves Interference + Young’s double slit experiment

1 We know how to construct amplitude for light with given frequency
2 What do you do if you do not have monochromatic light?
3 For any form of light + treat it as superposition of several colors

Evaluate what happens for each frequency
add the amplitudes and then squared them

4 long time average mixed frequency terms in square drop out

〈AωiAωj〉t = 0 ∀ ωi 6= ωj

Itot = 〈(Aω1 +Aω2 + · · ·+Aωn)
2〉t

= 〈A2
ω1
〉t + 〈A2

ω2
〉t + · · ·+ 〈A2

ωn
〉t

= Iω1 + Iω2 + · · ·+ Iωn . (12)

This translates into the statement that you have heard since childhood:
light is made up of individual colors

L. A. Anchordoqui (CUNY) Modern Physics 9-17-2015 11 / 23



Light Waves Electromagnetic waves

Maxwell’s Equations
1 All known laws of electricity and magnetism are summarize in

~∇ · ~E(~r, t) =
1
ε0

ρ(~r, t) (13)

~∇× ~E = −∂~B(~r, t)
∂t

(14)

~∇ · ~B(~r, t) = 0 (15)

~∇× ~B(~r, t) = µ0~(~r, t) + µ0ε0
∂~E(~r, t)

∂t
(16)

and associated force law

~F = q~E + q~v× ~B (17)

2 Young’s amplitude + special combination of ~E and ~B
3 Fields can be measured + but still too difficult at optical f
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Light Waves Electromagnetic waves

Whatcha talkin’ bout Willis
Like any system of forces

+ Maxwell equations must obey Galilean invariance
or we would be able to use electromagnetic phenomena

to determine velocity in space

Careful analysis of dimensional + c = (µ0ε0)−1/2

If Maxwell’s equations and associated force law are correct
fundamental dimensional constants must be same in all frames
speed of changes in EM field must be same to all observers

Since Maxwell’s equations are not Galilean invariant
velocity could be measured and light could be used to do it

There should be some preferred state of uniform motion
in which Maxwell’s equations are true as written
in this frame measured speed of light would be + c = (µ0ε0)−1/2
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Luminiferious Æther Michelson-Morley Experiment

The absolute reference frame
Scientists from 1800’s believed in all notions of classical physics

It was normal to assume that all waves traveled through mediums

Air is clearly not the required medium for propagation of light
because EM waves traveled through space to get to Earth

To solve the problem
+ it was assumed there is an æther which propagates light waves

Æther + assumed to be everywhere and unaffected by matter

Æther could be used to determine absolute reference frame
(with the help of observing how light propagates through it)

Experiment designed to detect small changes in speed of light
with motion of observer through æther

was performed by Michelson and Morley
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Luminiferious Æther Michelson-Morley Experiment

The experiment was designed to determine the velocity of the Earth relative to
that of the hypothetical ether. The experimental tool used was the Michelson interfer-
ometer, which was discussed in Section 37.7 and is shown again in Figure 39.4. Arm 2 is
aligned along the direction of the Earth’s motion through space. The Earth moving
through the ether at speed v is equivalent to the ether flowing past the Earth in the
opposite direction with speed v. This ether wind blowing in the direction opposite the
direction of Earth’s motion should cause the speed of light measured in the Earth
frame to be c ! v as the light approaches mirror M2 and c " v after reflection, where c
is the speed of light in the ether frame.

The two light beams reflect from M1 and M2 and recombine, and an interference
pattern is formed, as discussed in Section 37.7. The interference pattern is observed
while the interferometer is rotated through an angle of 90°. This rotation interchanges
the speed of the ether wind between the arms of the interferometer. The rotation
should cause the fringe pattern to shift slightly but measurably. Measurements failed,
however, to show any change in the interference pattern! The Michelson–Morley
experiment was repeated at different times of the year when the ether wind was
expected to change direction and magnitude, but the results were always the same: no
fringe shift of the magnitude required was ever observed.2

The negative results of the Michelson–Morley experiment not only contradicted
the ether hypothesis but also showed that it was impossible to measure the absolute
velocity of the Earth with respect to the ether frame. However, Einstein offered a
postulate for his special theory of relativity that places quite a different interpretation
on these null results. In later years, when more was known about the nature of light,
the idea of an ether that permeates all of space was abandoned. Light is now
understood to be an electromagnetic wave, which requires no medium for its
propagation. As a result, the idea of an ether in which these waves travel became
unnecessary.

Details of the Michelson–Morley Experiment

To understand the outcome of the Michelson–Morley experiment, let us assume that
the two arms of the interferometer in Figure 39.4 are of equal length L. We shall
analyze the situation as if there were an ether wind, because that is what Michelson and
Morley expected to find. As noted above, the speed of the light beam along arm 2
should be c ! v as the beam approaches M2 and c " v after the beam is reflected.
Thus, the time interval for travel to the right is L/(c ! v), and the time interval for
travel to the left is L/(c " v). The total time interval for the round trip along arm 2 is

Now consider the light beam traveling along arm 1, perpendicular to the ether
wind. Because the speed of the beam relative to the Earth is (c2 ! v2)1/2 in this case
(see Fig. 39.3), the time interval for travel for each half of the trip is L/(c2 ! v2)1/2,
and the total time interval for the round trip is

Thus, the time difference #t between the horizontal round trip (arm 2) and the
vertical round trip (arm 1) is

#t $ #t arm 2 ! #t arm 1 $
2L
c

 !"1 !
v 

2

c 
2 #!1

! "1 !
v 

2

c 
2 #!1/2$

#t arm 1 $
2L

(c 
2 ! v 

2)1/2 $
2L
c

 "1 !
v 

2

c 
2 #!1/2

#t arm 2 $
L

c " v
"

L
c ! v

$
2Lc

c 
2 ! v 

2 $
2L
c

 "1 !
v 

2

c 
2 #!1

S E C T I O N  3 9 . 2 •  The Michelson–Morley Experiment 1249

Telescope

Ether wind

M1

M2

M0

v

Arm 2

Arm 1

Active Figure 39.4 According to
the ether wind theory, the speed of
light should be c ! v as the beam
approaches mirror M2 and c " v
after reflection.

At the Active Figures link
at http://www.pse6.com, you
can adjust the speed of the
ether wind to see the effect on
the light beams if there were an
ether.

2 From an Earth observer’s point of view, changes in the Earth’s speed and direction of motion in
the course of a year are viewed as ether wind shifts. Even if the speed of the Earth with respect to the
ether were zero at some time, six months later the speed of the Earth would be 60 km/s with respect to
the ether, and as a result a fringe shift should be noticed. No shift has ever been observed, however.

at rest with respect to the ether. The Galilean velocity transformation equation was
expected to hold for observations of light made by an observer in any frame moving at
speed v relative to the absolute ether frame. That is, if light travels along the x axis and
an observer moves with velocity v along the x axis, the observer will measure the light to
have speed c ! v, depending on the directions of travel of the observer and the light.

Because the existence of a preferred, absolute ether frame would show that light
was similar to other classical waves and that Newtonian ideas of an absolute frame were
true, considerable importance was attached to establishing the existence of the ether
frame. Prior to the late 1800s, experiments involving light traveling in media moving at
the highest laboratory speeds attainable at that time were not capable of detecting
differences as small as that between c and c ! v. Starting in about 1880, scientists
decided to use the Earth as the moving frame in an attempt to improve their chances
of detecting these small changes in the speed of light.

As observers fixed on the Earth, we can take the view that we are stationary
and that the absolute ether frame containing the medium for light propagation moves
past us with speed v. Determining the speed of light under these circumstances is
just like determining the speed of an aircraft traveling in a moving air current, or
wind; consequently, we speak of an “ether wind” blowing through our apparatus fixed
to the Earth.

A direct method for detecting an ether wind would use an apparatus fixed to the
Earth to measure the ether wind’s influence on the speed of light. If v is the speed of
the ether relative to the Earth, then light should have its maximum speed c " v when
propagating downwind, as in Figure 39.3a. Likewise, the speed of light should have its
minimum value c # v when the light is propagating upwind, as in Figure 39.3b, and an
intermediate value (c2 # v2)1/2 in the direction perpendicular to the ether wind, as in
Figure 39.3c. If the Sun is assumed to be at rest in the ether, then the velocity of the
ether wind would be equal to the orbital velocity of the Earth around the Sun, which
has a magnitude of approximately 3 $ 104 m/s. Because c % 3 $ 108 m/s, it is
necessary to detect a change in speed of about 1 part in 104 for measurements in the
upwind or downwind directions. However, while such a change is experimentally
measurable, all attempts to detect such changes and establish the existence of the
ether wind (and hence the absolute frame) proved futile! We explore the classic
experimental search for the ether in Section 39.2.

The principle of Galilean relativity refers only to the laws of mechanics. If it is
assumed that the laws of electricity and magnetism are the same in all inertial frames, a
paradox concerning the speed of light immediately arises. We can understand this by
recognizing that Maxwell’s equations seem to imply that the speed of light always has
the fixed value 3.00 $ 108 m/s in all inertial frames, a result in direct contradiction to
what is expected based on the Galilean velocity transformation equation. According to
Galilean relativity, the speed of light should not be the same in all inertial frames.

To resolve this contradiction in theories, we must conclude that either (1) the laws
of electricity and magnetism are not the same in all inertial frames or (2) the Galilean
velocity transformation equation is incorrect. If we assume the first alternative, then a
preferred reference frame in which the speed of light has the value c must exist and the
measured speed must be greater or less than this value in any other reference frame, in
accordance with the Galilean velocity transformation equation. If we assume the second
alternative, then we are forced to abandon the notions of absolute time and absolute
length that form the basis of the Galilean space–time transformation equations.

39.2 The Michelson–Morley Experiment

The most famous experiment designed to detect small changes in the speed of light was
first performed in 1881 by Albert A. Michelson (see Section 37.7) and later repeated
under various conditions by Michelson and Edward W. Morley (1838–1923). We state at
the outset that the outcome of the experiment contradicted the ether hypothesis.
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Figure 39.3 If the velocity of the
ether wind relative to the Earth
is v and the velocity of light relative
to the ether is c, then the speed
of light relative to the Earth is
(a) c " v in the downwind
direction, (b) c # v in the upwind
direction, and (c) (c2 # v2)1/2

in the direction perpendicular to
the wind.
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t1

O

t2

t3

Incident
light
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n
Figure 37.21 (Example 37.5) (a) Inter-
ference bands in reflected light can be
observed by illuminating a wedge-
shaped film with monochromatic light.
The darker areas correspond to regions
where rays tend to cancel each other
because of interference effects. (b) Inter-
ference in a vertical film of variable
thickness. The top of the film appears
darkest where the film is thinnest.

Active Figure 37.22 Diagram of
the Michelson interferometer. A
single ray of light is split into two
rays by mirror M0, which is called a
beam splitter. The path difference
between the two rays is varied with
the adjustable mirror M1. As M1 is
moved, an interference pattern
changes in the field of view.

At the Active Figures link at
http://www.pse6.com, move
the mirror to see the effect
on the interference pattern and
use the interferometer to
measure the wavelength of light.
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37.7 The Michelson Interferometer

The interferometer, invented by the American physicist A. A. Michelson
(1852–1931), splits a light beam into two parts and then recombines the parts to
form an interference pattern. The device can be used to measure wavelengths or
other lengths with great precision because a large and precisely measurable displace-
ment of one of the mirrors is related to an exactly countable number of wavelengths
of light.

A schematic diagram of the interferometer is shown in Figure 37.22. A ray
of light from a monochromatic source is split into two rays by mirror M0, which
is inclined at 45° to the incident light beam. Mirror M0, called a beam splitter,
transmits half the light incident on it and reflects the rest. One ray is reflected
from M0 vertically upward toward mirror M1, and the second ray is transmitted
horizontally through M0 toward mirror M2. Hence, the two rays travel separate
paths L 1 and L 2. After reflecting from M1 and M2, the two rays eventually
recombine at M0 to produce an interference pattern, which can be viewed through
a telescope.

The interference condition for the two rays is determined by their path length dif-
ferences. When the two mirrors are exactly perpendicular to each other, the interfer-
ence pattern is a target pattern of bright and dark circular fringes, similar to Newton’s
rings. As M1 is moved, the fringe pattern collapses or expands, depending on the
direction in which M1 is moved. For example, if a dark circle appears at the center of
the target pattern (corresponding to destructive interference) and M1 is then moved a
distance !/4 toward M0, the path difference changes by !/2. What was a dark circle at
the center now becomes a bright circle. As M1 is moved an additional distance !/4
toward M0, the bright circle becomes a dark circle again. Thus, the fringe pattern
shifts by one-half fringe each time M1 is moved a distance !/4. The wavelength of light
is then measured by counting the number of fringe shifts for a given displacement of
M1. If the wavelength is accurately known, mirror displacements can be measured to
within a fraction of the wavelength.

We will see an important historical use of the Michelson interferometer in our
discussion of relativity in Chapter 39. Modern uses include the following two
applications.

Telescope

M1

M2

M0 L2

L1

Light
source

(b)
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Luminiferious Æther Michelson-Morley Experiment

The experiment was designed to determine the velocity of the Earth relative to
that of the hypothetical ether. The experimental tool used was the Michelson interfer-
ometer, which was discussed in Section 37.7 and is shown again in Figure 39.4. Arm 2 is
aligned along the direction of the Earth’s motion through space. The Earth moving
through the ether at speed v is equivalent to the ether flowing past the Earth in the
opposite direction with speed v. This ether wind blowing in the direction opposite the
direction of Earth’s motion should cause the speed of light measured in the Earth
frame to be c ! v as the light approaches mirror M2 and c " v after reflection, where c
is the speed of light in the ether frame.

The two light beams reflect from M1 and M2 and recombine, and an interference
pattern is formed, as discussed in Section 37.7. The interference pattern is observed
while the interferometer is rotated through an angle of 90°. This rotation interchanges
the speed of the ether wind between the arms of the interferometer. The rotation
should cause the fringe pattern to shift slightly but measurably. Measurements failed,
however, to show any change in the interference pattern! The Michelson–Morley
experiment was repeated at different times of the year when the ether wind was
expected to change direction and magnitude, but the results were always the same: no
fringe shift of the magnitude required was ever observed.2

The negative results of the Michelson–Morley experiment not only contradicted
the ether hypothesis but also showed that it was impossible to measure the absolute
velocity of the Earth with respect to the ether frame. However, Einstein offered a
postulate for his special theory of relativity that places quite a different interpretation
on these null results. In later years, when more was known about the nature of light,
the idea of an ether that permeates all of space was abandoned. Light is now
understood to be an electromagnetic wave, which requires no medium for its
propagation. As a result, the idea of an ether in which these waves travel became
unnecessary.

Details of the Michelson–Morley Experiment

To understand the outcome of the Michelson–Morley experiment, let us assume that
the two arms of the interferometer in Figure 39.4 are of equal length L. We shall
analyze the situation as if there were an ether wind, because that is what Michelson and
Morley expected to find. As noted above, the speed of the light beam along arm 2
should be c ! v as the beam approaches M2 and c " v after the beam is reflected.
Thus, the time interval for travel to the right is L/(c ! v), and the time interval for
travel to the left is L/(c " v). The total time interval for the round trip along arm 2 is

Now consider the light beam traveling along arm 1, perpendicular to the ether
wind. Because the speed of the beam relative to the Earth is (c2 ! v2)1/2 in this case
(see Fig. 39.3), the time interval for travel for each half of the trip is L/(c2 ! v2)1/2,
and the total time interval for the round trip is

Thus, the time difference #t between the horizontal round trip (arm 2) and the
vertical round trip (arm 1) is

#t $ #t arm 2 ! #t arm 1 $
2L
c

 !"1 !
v 

2

c 
2 #!1

! "1 !
v 

2

c 
2 #!1/2$

#t arm 1 $
2L

(c 
2 ! v 

2)1/2 $
2L
c

 "1 !
v 

2

c 
2 #!1/2

#t arm 2 $
L

c " v
"

L
c ! v

$
2Lc

c 
2 ! v 

2 $
2L
c

 "1 !
v 

2

c 
2 #!1
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Active Figure 39.4 According to
the ether wind theory, the speed of
light should be c ! v as the beam
approaches mirror M2 and c " v
after reflection.

At the Active Figures link
at http://www.pse6.com, you
can adjust the speed of the
ether wind to see the effect on
the light beams if there were an
ether.

2 From an Earth observer’s point of view, changes in the Earth’s speed and direction of motion in
the course of a year are viewed as ether wind shifts. Even if the speed of the Earth with respect to the
ether were zero at some time, six months later the speed of the Earth would be 60 km/s with respect to
the ether, and as a result a fringe shift should be noticed. No shift has ever been observed, however.

at rest with respect to the ether. The Galilean velocity transformation equation was
expected to hold for observations of light made by an observer in any frame moving at
speed v relative to the absolute ether frame. That is, if light travels along the x axis and
an observer moves with velocity v along the x axis, the observer will measure the light to
have speed c ! v, depending on the directions of travel of the observer and the light.

Because the existence of a preferred, absolute ether frame would show that light
was similar to other classical waves and that Newtonian ideas of an absolute frame were
true, considerable importance was attached to establishing the existence of the ether
frame. Prior to the late 1800s, experiments involving light traveling in media moving at
the highest laboratory speeds attainable at that time were not capable of detecting
differences as small as that between c and c ! v. Starting in about 1880, scientists
decided to use the Earth as the moving frame in an attempt to improve their chances
of detecting these small changes in the speed of light.

As observers fixed on the Earth, we can take the view that we are stationary
and that the absolute ether frame containing the medium for light propagation moves
past us with speed v. Determining the speed of light under these circumstances is
just like determining the speed of an aircraft traveling in a moving air current, or
wind; consequently, we speak of an “ether wind” blowing through our apparatus fixed
to the Earth.

A direct method for detecting an ether wind would use an apparatus fixed to the
Earth to measure the ether wind’s influence on the speed of light. If v is the speed of
the ether relative to the Earth, then light should have its maximum speed c " v when
propagating downwind, as in Figure 39.3a. Likewise, the speed of light should have its
minimum value c # v when the light is propagating upwind, as in Figure 39.3b, and an
intermediate value (c2 # v2)1/2 in the direction perpendicular to the ether wind, as in
Figure 39.3c. If the Sun is assumed to be at rest in the ether, then the velocity of the
ether wind would be equal to the orbital velocity of the Earth around the Sun, which
has a magnitude of approximately 3 $ 104 m/s. Because c % 3 $ 108 m/s, it is
necessary to detect a change in speed of about 1 part in 104 for measurements in the
upwind or downwind directions. However, while such a change is experimentally
measurable, all attempts to detect such changes and establish the existence of the
ether wind (and hence the absolute frame) proved futile! We explore the classic
experimental search for the ether in Section 39.2.

The principle of Galilean relativity refers only to the laws of mechanics. If it is
assumed that the laws of electricity and magnetism are the same in all inertial frames, a
paradox concerning the speed of light immediately arises. We can understand this by
recognizing that Maxwell’s equations seem to imply that the speed of light always has
the fixed value 3.00 $ 108 m/s in all inertial frames, a result in direct contradiction to
what is expected based on the Galilean velocity transformation equation. According to
Galilean relativity, the speed of light should not be the same in all inertial frames.

To resolve this contradiction in theories, we must conclude that either (1) the laws
of electricity and magnetism are not the same in all inertial frames or (2) the Galilean
velocity transformation equation is incorrect. If we assume the first alternative, then a
preferred reference frame in which the speed of light has the value c must exist and the
measured speed must be greater or less than this value in any other reference frame, in
accordance with the Galilean velocity transformation equation. If we assume the second
alternative, then we are forced to abandon the notions of absolute time and absolute
length that form the basis of the Galilean space–time transformation equations.

39.2 The Michelson–Morley Experiment

The most famous experiment designed to detect small changes in the speed of light was
first performed in 1881 by Albert A. Michelson (see Section 37.7) and later repeated
under various conditions by Michelson and Edward W. Morley (1838–1923). We state at
the outset that the outcome of the experiment contradicted the ether hypothesis.
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Figure 37.21 (Example 37.5) (a) Inter-
ference bands in reflected light can be
observed by illuminating a wedge-
shaped film with monochromatic light.
The darker areas correspond to regions
where rays tend to cancel each other
because of interference effects. (b) Inter-
ference in a vertical film of variable
thickness. The top of the film appears
darkest where the film is thinnest.

Active Figure 37.22 Diagram of
the Michelson interferometer. A
single ray of light is split into two
rays by mirror M0, which is called a
beam splitter. The path difference
between the two rays is varied with
the adjustable mirror M1. As M1 is
moved, an interference pattern
changes in the field of view.

At the Active Figures link at
http://www.pse6.com, move
the mirror to see the effect
on the interference pattern and
use the interferometer to
measure the wavelength of light.
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37.7 The Michelson Interferometer

The interferometer, invented by the American physicist A. A. Michelson
(1852–1931), splits a light beam into two parts and then recombines the parts to
form an interference pattern. The device can be used to measure wavelengths or
other lengths with great precision because a large and precisely measurable displace-
ment of one of the mirrors is related to an exactly countable number of wavelengths
of light.

A schematic diagram of the interferometer is shown in Figure 37.22. A ray
of light from a monochromatic source is split into two rays by mirror M0, which
is inclined at 45° to the incident light beam. Mirror M0, called a beam splitter,
transmits half the light incident on it and reflects the rest. One ray is reflected
from M0 vertically upward toward mirror M1, and the second ray is transmitted
horizontally through M0 toward mirror M2. Hence, the two rays travel separate
paths L 1 and L 2. After reflecting from M1 and M2, the two rays eventually
recombine at M0 to produce an interference pattern, which can be viewed through
a telescope.

The interference condition for the two rays is determined by their path length dif-
ferences. When the two mirrors are exactly perpendicular to each other, the interfer-
ence pattern is a target pattern of bright and dark circular fringes, similar to Newton’s
rings. As M1 is moved, the fringe pattern collapses or expands, depending on the
direction in which M1 is moved. For example, if a dark circle appears at the center of
the target pattern (corresponding to destructive interference) and M1 is then moved a
distance !/4 toward M0, the path difference changes by !/2. What was a dark circle at
the center now becomes a bright circle. As M1 is moved an additional distance !/4
toward M0, the bright circle becomes a dark circle again. Thus, the fringe pattern
shifts by one-half fringe each time M1 is moved a distance !/4. The wavelength of light
is then measured by counting the number of fringe shifts for a given displacement of
M1. If the wavelength is accurately known, mirror displacements can be measured to
within a fraction of the wavelength.

We will see an important historical use of the Michelson interferometer in our
discussion of relativity in Chapter 39. Modern uses include the following two
applications.

Telescope
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The experiment was designed to determine the velocity of the Earth relative to
that of the hypothetical ether. The experimental tool used was the Michelson interfer-
ometer, which was discussed in Section 37.7 and is shown again in Figure 39.4. Arm 2 is
aligned along the direction of the Earth’s motion through space. The Earth moving
through the ether at speed v is equivalent to the ether flowing past the Earth in the
opposite direction with speed v. This ether wind blowing in the direction opposite the
direction of Earth’s motion should cause the speed of light measured in the Earth
frame to be c ! v as the light approaches mirror M2 and c " v after reflection, where c
is the speed of light in the ether frame.

The two light beams reflect from M1 and M2 and recombine, and an interference
pattern is formed, as discussed in Section 37.7. The interference pattern is observed
while the interferometer is rotated through an angle of 90°. This rotation interchanges
the speed of the ether wind between the arms of the interferometer. The rotation
should cause the fringe pattern to shift slightly but measurably. Measurements failed,
however, to show any change in the interference pattern! The Michelson–Morley
experiment was repeated at different times of the year when the ether wind was
expected to change direction and magnitude, but the results were always the same: no
fringe shift of the magnitude required was ever observed.2

The negative results of the Michelson–Morley experiment not only contradicted
the ether hypothesis but also showed that it was impossible to measure the absolute
velocity of the Earth with respect to the ether frame. However, Einstein offered a
postulate for his special theory of relativity that places quite a different interpretation
on these null results. In later years, when more was known about the nature of light,
the idea of an ether that permeates all of space was abandoned. Light is now
understood to be an electromagnetic wave, which requires no medium for its
propagation. As a result, the idea of an ether in which these waves travel became
unnecessary.

Details of the Michelson–Morley Experiment

To understand the outcome of the Michelson–Morley experiment, let us assume that
the two arms of the interferometer in Figure 39.4 are of equal length L. We shall
analyze the situation as if there were an ether wind, because that is what Michelson and
Morley expected to find. As noted above, the speed of the light beam along arm 2
should be c ! v as the beam approaches M2 and c " v after the beam is reflected.
Thus, the time interval for travel to the right is L/(c ! v), and the time interval for
travel to the left is L/(c " v). The total time interval for the round trip along arm 2 is

Now consider the light beam traveling along arm 1, perpendicular to the ether
wind. Because the speed of the beam relative to the Earth is (c2 ! v2)1/2 in this case
(see Fig. 39.3), the time interval for travel for each half of the trip is L/(c2 ! v2)1/2,
and the total time interval for the round trip is

Thus, the time difference #t between the horizontal round trip (arm 2) and the
vertical round trip (arm 1) is
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Active Figure 39.4 According to
the ether wind theory, the speed of
light should be c ! v as the beam
approaches mirror M2 and c " v
after reflection.

At the Active Figures link
at http://www.pse6.com, you
can adjust the speed of the
ether wind to see the effect on
the light beams if there were an
ether.

2 From an Earth observer’s point of view, changes in the Earth’s speed and direction of motion in
the course of a year are viewed as ether wind shifts. Even if the speed of the Earth with respect to the
ether were zero at some time, six months later the speed of the Earth would be 60 km/s with respect to
the ether, and as a result a fringe shift should be noticed. No shift has ever been observed, however.

at rest with respect to the ether. The Galilean velocity transformation equation was
expected to hold for observations of light made by an observer in any frame moving at
speed v relative to the absolute ether frame. That is, if light travels along the x axis and
an observer moves with velocity v along the x axis, the observer will measure the light to
have speed c ! v, depending on the directions of travel of the observer and the light.

Because the existence of a preferred, absolute ether frame would show that light
was similar to other classical waves and that Newtonian ideas of an absolute frame were
true, considerable importance was attached to establishing the existence of the ether
frame. Prior to the late 1800s, experiments involving light traveling in media moving at
the highest laboratory speeds attainable at that time were not capable of detecting
differences as small as that between c and c ! v. Starting in about 1880, scientists
decided to use the Earth as the moving frame in an attempt to improve their chances
of detecting these small changes in the speed of light.

As observers fixed on the Earth, we can take the view that we are stationary
and that the absolute ether frame containing the medium for light propagation moves
past us with speed v. Determining the speed of light under these circumstances is
just like determining the speed of an aircraft traveling in a moving air current, or
wind; consequently, we speak of an “ether wind” blowing through our apparatus fixed
to the Earth.

A direct method for detecting an ether wind would use an apparatus fixed to the
Earth to measure the ether wind’s influence on the speed of light. If v is the speed of
the ether relative to the Earth, then light should have its maximum speed c " v when
propagating downwind, as in Figure 39.3a. Likewise, the speed of light should have its
minimum value c # v when the light is propagating upwind, as in Figure 39.3b, and an
intermediate value (c2 # v2)1/2 in the direction perpendicular to the ether wind, as in
Figure 39.3c. If the Sun is assumed to be at rest in the ether, then the velocity of the
ether wind would be equal to the orbital velocity of the Earth around the Sun, which
has a magnitude of approximately 3 $ 104 m/s. Because c % 3 $ 108 m/s, it is
necessary to detect a change in speed of about 1 part in 104 for measurements in the
upwind or downwind directions. However, while such a change is experimentally
measurable, all attempts to detect such changes and establish the existence of the
ether wind (and hence the absolute frame) proved futile! We explore the classic
experimental search for the ether in Section 39.2.

The principle of Galilean relativity refers only to the laws of mechanics. If it is
assumed that the laws of electricity and magnetism are the same in all inertial frames, a
paradox concerning the speed of light immediately arises. We can understand this by
recognizing that Maxwell’s equations seem to imply that the speed of light always has
the fixed value 3.00 $ 108 m/s in all inertial frames, a result in direct contradiction to
what is expected based on the Galilean velocity transformation equation. According to
Galilean relativity, the speed of light should not be the same in all inertial frames.

To resolve this contradiction in theories, we must conclude that either (1) the laws
of electricity and magnetism are not the same in all inertial frames or (2) the Galilean
velocity transformation equation is incorrect. If we assume the first alternative, then a
preferred reference frame in which the speed of light has the value c must exist and the
measured speed must be greater or less than this value in any other reference frame, in
accordance with the Galilean velocity transformation equation. If we assume the second
alternative, then we are forced to abandon the notions of absolute time and absolute
length that form the basis of the Galilean space–time transformation equations.

39.2 The Michelson–Morley Experiment

The most famous experiment designed to detect small changes in the speed of light was
first performed in 1881 by Albert A. Michelson (see Section 37.7) and later repeated
under various conditions by Michelson and Edward W. Morley (1838–1923). We state at
the outset that the outcome of the experiment contradicted the ether hypothesis.
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ference bands in reflected light can be
observed by illuminating a wedge-
shaped film with monochromatic light.
The darker areas correspond to regions
where rays tend to cancel each other
because of interference effects. (b) Inter-
ference in a vertical film of variable
thickness. The top of the film appears
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Active Figure 37.22 Diagram of
the Michelson interferometer. A
single ray of light is split into two
rays by mirror M0, which is called a
beam splitter. The path difference
between the two rays is varied with
the adjustable mirror M1. As M1 is
moved, an interference pattern
changes in the field of view.

At the Active Figures link at
http://www.pse6.com, move
the mirror to see the effect
on the interference pattern and
use the interferometer to
measure the wavelength of light.
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37.7 The Michelson Interferometer

The interferometer, invented by the American physicist A. A. Michelson
(1852–1931), splits a light beam into two parts and then recombines the parts to
form an interference pattern. The device can be used to measure wavelengths or
other lengths with great precision because a large and precisely measurable displace-
ment of one of the mirrors is related to an exactly countable number of wavelengths
of light.

A schematic diagram of the interferometer is shown in Figure 37.22. A ray
of light from a monochromatic source is split into two rays by mirror M0, which
is inclined at 45° to the incident light beam. Mirror M0, called a beam splitter,
transmits half the light incident on it and reflects the rest. One ray is reflected
from M0 vertically upward toward mirror M1, and the second ray is transmitted
horizontally through M0 toward mirror M2. Hence, the two rays travel separate
paths L 1 and L 2. After reflecting from M1 and M2, the two rays eventually
recombine at M0 to produce an interference pattern, which can be viewed through
a telescope.

The interference condition for the two rays is determined by their path length dif-
ferences. When the two mirrors are exactly perpendicular to each other, the interfer-
ence pattern is a target pattern of bright and dark circular fringes, similar to Newton’s
rings. As M1 is moved, the fringe pattern collapses or expands, depending on the
direction in which M1 is moved. For example, if a dark circle appears at the center of
the target pattern (corresponding to destructive interference) and M1 is then moved a
distance !/4 toward M0, the path difference changes by !/2. What was a dark circle at
the center now becomes a bright circle. As M1 is moved an additional distance !/4
toward M0, the bright circle becomes a dark circle again. Thus, the fringe pattern
shifts by one-half fringe each time M1 is moved a distance !/4. The wavelength of light
is then measured by counting the number of fringe shifts for a given displacement of
M1. If the wavelength is accurately known, mirror displacements can be measured to
within a fraction of the wavelength.

We will see an important historical use of the Michelson interferometer in our
discussion of relativity in Chapter 39. Modern uses include the following two
applications.
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the Sun at 30 km/s, shrewdly decided to use the Earth itself as the moving
frame in an attempt to improve their chances of detecting these small changes
in light velocity.

From our point of view of observers fixed on Earth, we may say that we are
stationary and that the special ether frame moves past us with speed v. Deter-
mining the speed of light under these circumstances is just like determining
the speed of an aircraft in a moving air current or wind, and consequently we
speak of an “ether wind” blowing through our apparatus fixed to the Earth.
If v is the velocity of the ether relative to the Earth, then the speed of light
should have its maximum value, c ! v, when propagating downwind, as
shown in Figure 1.3a. Likewise, the speed of light should have its minimum
value, c " v, when propagating upwind, as in Figure 1.3b, and an intermediate
value, (c2 " v2)1/2, in the direction perpendicular to the ether wind, as in
Figure 1.3c. If the Sun is assumed to be at rest in the ether, then the velocity of the
ether wind would be equal to the orbital velocity of the Earth around the Sun,
which has a magnitude of about 3 # 104 m/s compared to c $ 3 # 108 m/s.
Thus, the change in the speed of light would be about 1 part in 104 for mea-
surements in the upwind or downwind directions, and changes of this size
should be detectable. However, as we show in the next section, all attempts to
detect such changes and establish the existence of the ether proved futile!

1.3 THE MICHELSON–MORLEY EXPERIMENT

The famous experiment designed to detect small changes in the speed of light
with motion of an observer through the ether was performed in 1887 by
American physicist Albert A. Michelson (1852–1931) and the American
chemist Edward W. Morley (1838–1923).4 We should state at the outset that
the outcome of the experiment was negative, thus contradicting the ether hy-
pothesis. The highly accurate experimental tool perfected by these pioneers
to measure small changes in light speed was the Michelson interferometer,
shown in Figure 1.4. One of the arms of the interferometer was aligned along
the direction of the motion of the Earth through the ether. The Earth moving
through the ether would be equivalent to the ether flowing past the Earth in
the opposite direction with speed v, as shown in Figure 1.4. This ether wind
blowing in the opposite direction should cause the speed of light measured in
the Earth’s frame of reference to be c " v as it approaches the mirror M2 in
Figure 1.4 and c ! v after reflection. The speed v is the speed of the Earth
through space, and hence the speed of the ether wind, and c is the speed of
light in the ether frame. The two beams of light reflected from M1 and M2
would recombine, and an interference pattern consisting of alternating dark
and bright bands, or fringes, would be formed.

During the experiment, the interference pattern was observed while the in-
terferometer was rotated through an angle of 90°. This rotation would change
the speed of the ether wind along the direction of the arms of the interferom-
eter. The effect of this rotation should have been to cause the fringe pattern to
shift slightly but measurably. Measurements failed to show any change in the
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the Sun at 30 km/s, shrewdly decided to use the Earth itself as the moving
frame in an attempt to improve their chances of detecting these small changes
in light velocity.

From our point of view of observers fixed on Earth, we may say that we are
stationary and that the special ether frame moves past us with speed v. Deter-
mining the speed of light under these circumstances is just like determining
the speed of an aircraft in a moving air current or wind, and consequently we
speak of an “ether wind” blowing through our apparatus fixed to the Earth.
If v is the velocity of the ether relative to the Earth, then the speed of light
should have its maximum value, c ! v, when propagating downwind, as
shown in Figure 1.3a. Likewise, the speed of light should have its minimum
value, c " v, when propagating upwind, as in Figure 1.3b, and an intermediate
value, (c2 " v2)1/2, in the direction perpendicular to the ether wind, as in
Figure 1.3c. If the Sun is assumed to be at rest in the ether, then the velocity of the
ether wind would be equal to the orbital velocity of the Earth around the Sun,
which has a magnitude of about 3 # 104 m/s compared to c $ 3 # 108 m/s.
Thus, the change in the speed of light would be about 1 part in 104 for mea-
surements in the upwind or downwind directions, and changes of this size
should be detectable. However, as we show in the next section, all attempts to
detect such changes and establish the existence of the ether proved futile!

1.3 THE MICHELSON–MORLEY EXPERIMENT

The famous experiment designed to detect small changes in the speed of light
with motion of an observer through the ether was performed in 1887 by
American physicist Albert A. Michelson (1852–1931) and the American
chemist Edward W. Morley (1838–1923).4 We should state at the outset that
the outcome of the experiment was negative, thus contradicting the ether hy-
pothesis. The highly accurate experimental tool perfected by these pioneers
to measure small changes in light speed was the Michelson interferometer,
shown in Figure 1.4. One of the arms of the interferometer was aligned along
the direction of the motion of the Earth through the ether. The Earth moving
through the ether would be equivalent to the ether flowing past the Earth in
the opposite direction with speed v, as shown in Figure 1.4. This ether wind
blowing in the opposite direction should cause the speed of light measured in
the Earth’s frame of reference to be c " v as it approaches the mirror M2 in
Figure 1.4 and c ! v after reflection. The speed v is the speed of the Earth
through space, and hence the speed of the ether wind, and c is the speed of
light in the ether frame. The two beams of light reflected from M1 and M2
would recombine, and an interference pattern consisting of alternating dark
and bright bands, or fringes, would be formed.

During the experiment, the interference pattern was observed while the in-
terferometer was rotated through an angle of 90°. This rotation would change
the speed of the ether wind along the direction of the arms of the interferom-
eter. The effect of this rotation should have been to cause the fringe pattern to
shift slightly but measurably. Measurements failed to show any change in the
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Luminiferious Æther Michelson-Morley Experiment

The experiment was designed to determine the velocity of the Earth relative to
that of the hypothetical ether. The experimental tool used was the Michelson interfer-
ometer, which was discussed in Section 37.7 and is shown again in Figure 39.4. Arm 2 is
aligned along the direction of the Earth’s motion through space. The Earth moving
through the ether at speed v is equivalent to the ether flowing past the Earth in the
opposite direction with speed v. This ether wind blowing in the direction opposite the
direction of Earth’s motion should cause the speed of light measured in the Earth
frame to be c ! v as the light approaches mirror M2 and c " v after reflection, where c
is the speed of light in the ether frame.

The two light beams reflect from M1 and M2 and recombine, and an interference
pattern is formed, as discussed in Section 37.7. The interference pattern is observed
while the interferometer is rotated through an angle of 90°. This rotation interchanges
the speed of the ether wind between the arms of the interferometer. The rotation
should cause the fringe pattern to shift slightly but measurably. Measurements failed,
however, to show any change in the interference pattern! The Michelson–Morley
experiment was repeated at different times of the year when the ether wind was
expected to change direction and magnitude, but the results were always the same: no
fringe shift of the magnitude required was ever observed.2

The negative results of the Michelson–Morley experiment not only contradicted
the ether hypothesis but also showed that it was impossible to measure the absolute
velocity of the Earth with respect to the ether frame. However, Einstein offered a
postulate for his special theory of relativity that places quite a different interpretation
on these null results. In later years, when more was known about the nature of light,
the idea of an ether that permeates all of space was abandoned. Light is now
understood to be an electromagnetic wave, which requires no medium for its
propagation. As a result, the idea of an ether in which these waves travel became
unnecessary.

Details of the Michelson–Morley Experiment

To understand the outcome of the Michelson–Morley experiment, let us assume that
the two arms of the interferometer in Figure 39.4 are of equal length L. We shall
analyze the situation as if there were an ether wind, because that is what Michelson and
Morley expected to find. As noted above, the speed of the light beam along arm 2
should be c ! v as the beam approaches M2 and c " v after the beam is reflected.
Thus, the time interval for travel to the right is L/(c ! v), and the time interval for
travel to the left is L/(c " v). The total time interval for the round trip along arm 2 is

Now consider the light beam traveling along arm 1, perpendicular to the ether
wind. Because the speed of the beam relative to the Earth is (c2 ! v2)1/2 in this case
(see Fig. 39.3), the time interval for travel for each half of the trip is L/(c2 ! v2)1/2,
and the total time interval for the round trip is

Thus, the time difference #t between the horizontal round trip (arm 2) and the
vertical round trip (arm 1) is

#t $ #t arm 2 ! #t arm 1 $
2L
c

 !"1 !
v 

2

c 
2 #!1

! "1 !
v 

2

c 
2 #!1/2$

#t arm 1 $
2L

(c 
2 ! v 

2)1/2 $
2L
c

 "1 !
v 

2

c 
2 #!1/2

#t arm 2 $
L

c " v
"

L
c ! v

$
2Lc

c 
2 ! v 

2 $
2L
c

 "1 !
v 

2

c 
2 #!1

S E C T I O N  3 9 . 2 •  The Michelson–Morley Experiment 1249

Telescope

Ether wind

M1

M2

M0

v

Arm 2

Arm 1

Active Figure 39.4 According to
the ether wind theory, the speed of
light should be c ! v as the beam
approaches mirror M2 and c " v
after reflection.

At the Active Figures link
at http://www.pse6.com, you
can adjust the speed of the
ether wind to see the effect on
the light beams if there were an
ether.

2 From an Earth observer’s point of view, changes in the Earth’s speed and direction of motion in
the course of a year are viewed as ether wind shifts. Even if the speed of the Earth with respect to the
ether were zero at some time, six months later the speed of the Earth would be 60 km/s with respect to
the ether, and as a result a fringe shift should be noticed. No shift has ever been observed, however.

at rest with respect to the ether. The Galilean velocity transformation equation was
expected to hold for observations of light made by an observer in any frame moving at
speed v relative to the absolute ether frame. That is, if light travels along the x axis and
an observer moves with velocity v along the x axis, the observer will measure the light to
have speed c ! v, depending on the directions of travel of the observer and the light.

Because the existence of a preferred, absolute ether frame would show that light
was similar to other classical waves and that Newtonian ideas of an absolute frame were
true, considerable importance was attached to establishing the existence of the ether
frame. Prior to the late 1800s, experiments involving light traveling in media moving at
the highest laboratory speeds attainable at that time were not capable of detecting
differences as small as that between c and c ! v. Starting in about 1880, scientists
decided to use the Earth as the moving frame in an attempt to improve their chances
of detecting these small changes in the speed of light.

As observers fixed on the Earth, we can take the view that we are stationary
and that the absolute ether frame containing the medium for light propagation moves
past us with speed v. Determining the speed of light under these circumstances is
just like determining the speed of an aircraft traveling in a moving air current, or
wind; consequently, we speak of an “ether wind” blowing through our apparatus fixed
to the Earth.

A direct method for detecting an ether wind would use an apparatus fixed to the
Earth to measure the ether wind’s influence on the speed of light. If v is the speed of
the ether relative to the Earth, then light should have its maximum speed c " v when
propagating downwind, as in Figure 39.3a. Likewise, the speed of light should have its
minimum value c # v when the light is propagating upwind, as in Figure 39.3b, and an
intermediate value (c2 # v2)1/2 in the direction perpendicular to the ether wind, as in
Figure 39.3c. If the Sun is assumed to be at rest in the ether, then the velocity of the
ether wind would be equal to the orbital velocity of the Earth around the Sun, which
has a magnitude of approximately 3 $ 104 m/s. Because c % 3 $ 108 m/s, it is
necessary to detect a change in speed of about 1 part in 104 for measurements in the
upwind or downwind directions. However, while such a change is experimentally
measurable, all attempts to detect such changes and establish the existence of the
ether wind (and hence the absolute frame) proved futile! We explore the classic
experimental search for the ether in Section 39.2.

The principle of Galilean relativity refers only to the laws of mechanics. If it is
assumed that the laws of electricity and magnetism are the same in all inertial frames, a
paradox concerning the speed of light immediately arises. We can understand this by
recognizing that Maxwell’s equations seem to imply that the speed of light always has
the fixed value 3.00 $ 108 m/s in all inertial frames, a result in direct contradiction to
what is expected based on the Galilean velocity transformation equation. According to
Galilean relativity, the speed of light should not be the same in all inertial frames.

To resolve this contradiction in theories, we must conclude that either (1) the laws
of electricity and magnetism are not the same in all inertial frames or (2) the Galilean
velocity transformation equation is incorrect. If we assume the first alternative, then a
preferred reference frame in which the speed of light has the value c must exist and the
measured speed must be greater or less than this value in any other reference frame, in
accordance with the Galilean velocity transformation equation. If we assume the second
alternative, then we are forced to abandon the notions of absolute time and absolute
length that form the basis of the Galilean space–time transformation equations.

39.2 The Michelson–Morley Experiment

The most famous experiment designed to detect small changes in the speed of light was
first performed in 1881 by Albert A. Michelson (see Section 37.7) and later repeated
under various conditions by Michelson and Edward W. Morley (1838–1923). We state at
the outset that the outcome of the experiment contradicted the ether hypothesis.

1248 C H A P T E R  3 9 •  Relativity

c + v

(a) Downwind

(b) Upwind

(c) Across wind

vc

v

c  – v

c

v

cc 2 – v 2!

Figure 39.3 If the velocity of the
ether wind relative to the Earth
is v and the velocity of light relative
to the ether is c, then the speed
of light relative to the Earth is
(a) c " v in the downwind
direction, (b) c # v in the upwind
direction, and (c) (c2 # v2)1/2

in the direction perpendicular to
the wind.
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Incident
light

(a)

n
Figure 37.21 (Example 37.5) (a) Inter-
ference bands in reflected light can be
observed by illuminating a wedge-
shaped film with monochromatic light.
The darker areas correspond to regions
where rays tend to cancel each other
because of interference effects. (b) Inter-
ference in a vertical film of variable
thickness. The top of the film appears
darkest where the film is thinnest.

Active Figure 37.22 Diagram of
the Michelson interferometer. A
single ray of light is split into two
rays by mirror M0, which is called a
beam splitter. The path difference
between the two rays is varied with
the adjustable mirror M1. As M1 is
moved, an interference pattern
changes in the field of view.

At the Active Figures link at
http://www.pse6.com, move
the mirror to see the effect
on the interference pattern and
use the interferometer to
measure the wavelength of light.
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37.7 The Michelson Interferometer

The interferometer, invented by the American physicist A. A. Michelson
(1852–1931), splits a light beam into two parts and then recombines the parts to
form an interference pattern. The device can be used to measure wavelengths or
other lengths with great precision because a large and precisely measurable displace-
ment of one of the mirrors is related to an exactly countable number of wavelengths
of light.

A schematic diagram of the interferometer is shown in Figure 37.22. A ray
of light from a monochromatic source is split into two rays by mirror M0, which
is inclined at 45° to the incident light beam. Mirror M0, called a beam splitter,
transmits half the light incident on it and reflects the rest. One ray is reflected
from M0 vertically upward toward mirror M1, and the second ray is transmitted
horizontally through M0 toward mirror M2. Hence, the two rays travel separate
paths L 1 and L 2. After reflecting from M1 and M2, the two rays eventually
recombine at M0 to produce an interference pattern, which can be viewed through
a telescope.

The interference condition for the two rays is determined by their path length dif-
ferences. When the two mirrors are exactly perpendicular to each other, the interfer-
ence pattern is a target pattern of bright and dark circular fringes, similar to Newton’s
rings. As M1 is moved, the fringe pattern collapses or expands, depending on the
direction in which M1 is moved. For example, if a dark circle appears at the center of
the target pattern (corresponding to destructive interference) and M1 is then moved a
distance !/4 toward M0, the path difference changes by !/2. What was a dark circle at
the center now becomes a bright circle. As M1 is moved an additional distance !/4
toward M0, the bright circle becomes a dark circle again. Thus, the fringe pattern
shifts by one-half fringe each time M1 is moved a distance !/4. The wavelength of light
is then measured by counting the number of fringe shifts for a given displacement of
M1. If the wavelength is accurately known, mirror displacements can be measured to
within a fraction of the wavelength.

We will see an important historical use of the Michelson interferometer in our
discussion of relativity in Chapter 39. Modern uses include the following two
applications.

Telescope

M1

M2

M0 L2

L1

Light
source

(b)

the Sun at 30 km/s, shrewdly decided to use the Earth itself as the moving
frame in an attempt to improve their chances of detecting these small changes
in light velocity.

From our point of view of observers fixed on Earth, we may say that we are
stationary and that the special ether frame moves past us with speed v. Deter-
mining the speed of light under these circumstances is just like determining
the speed of an aircraft in a moving air current or wind, and consequently we
speak of an “ether wind” blowing through our apparatus fixed to the Earth.
If v is the velocity of the ether relative to the Earth, then the speed of light
should have its maximum value, c ! v, when propagating downwind, as
shown in Figure 1.3a. Likewise, the speed of light should have its minimum
value, c " v, when propagating upwind, as in Figure 1.3b, and an intermediate
value, (c2 " v2)1/2, in the direction perpendicular to the ether wind, as in
Figure 1.3c. If the Sun is assumed to be at rest in the ether, then the velocity of the
ether wind would be equal to the orbital velocity of the Earth around the Sun,
which has a magnitude of about 3 # 104 m/s compared to c $ 3 # 108 m/s.
Thus, the change in the speed of light would be about 1 part in 104 for mea-
surements in the upwind or downwind directions, and changes of this size
should be detectable. However, as we show in the next section, all attempts to
detect such changes and establish the existence of the ether proved futile!

1.3 THE MICHELSON–MORLEY EXPERIMENT

The famous experiment designed to detect small changes in the speed of light
with motion of an observer through the ether was performed in 1887 by
American physicist Albert A. Michelson (1852–1931) and the American
chemist Edward W. Morley (1838–1923).4 We should state at the outset that
the outcome of the experiment was negative, thus contradicting the ether hy-
pothesis. The highly accurate experimental tool perfected by these pioneers
to measure small changes in light speed was the Michelson interferometer,
shown in Figure 1.4. One of the arms of the interferometer was aligned along
the direction of the motion of the Earth through the ether. The Earth moving
through the ether would be equivalent to the ether flowing past the Earth in
the opposite direction with speed v, as shown in Figure 1.4. This ether wind
blowing in the opposite direction should cause the speed of light measured in
the Earth’s frame of reference to be c " v as it approaches the mirror M2 in
Figure 1.4 and c ! v after reflection. The speed v is the speed of the Earth
through space, and hence the speed of the ether wind, and c is the speed of
light in the ether frame. The two beams of light reflected from M1 and M2
would recombine, and an interference pattern consisting of alternating dark
and bright bands, or fringes, would be formed.

During the experiment, the interference pattern was observed while the in-
terferometer was rotated through an angle of 90°. This rotation would change
the speed of the ether wind along the direction of the arms of the interferom-
eter. The effect of this rotation should have been to cause the fringe pattern to
shift slightly but measurably. Measurements failed to show any change in the
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4A. A. Michelson and E. W. Morley, Am. J. Sci. 134:333, 1887.
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Figure 1.3 If the velocity of
the ether wind relative to the
Earth is v, and c is the velocity
of light relative to the ether,
the speed of light relative to
the Earth is (a) c ! v in the
downwind direction, (b) c " v
in the upwind direction, and
(c) (c2 " v2)1/2 in the direction
perpendicular to the wind.
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Using 1/(1− x) = ∑∞
n=0 xn

t1 ≈
2L1

c

(
1 +

v2

c2

)
(20)

Additionally

(1 + x)m = 1 + mx +
m(m− 1)

2!
x2 +

m(m− 1)(m− 2)
3!

x3 + · · · (21)

taking m = −1/2 and x = −v2/c2

t2 ≈
2L2

c

(
1 +

v2

2c2

)
=

2L2

c

(
1 +

v2

2c2

)
(22)

Earth’s orbit around sun + v/c ≈ 10−4

Light rays recombine at the viewer separated by

∆t = t1 − t2 ≈
2
c

(
L1 − L2 +

L1v2

c2 −
L2v2

2c2

)
(23)
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Luminiferious Æther Michelson-Morley Experiment

Interferometer is adjusted for parallel fringes
and telescope is focused on one of these fringes
Time difference between the two light beams
gives rise to a phase difference between the beams
producing interference fringe pattern when combined @ telescope
Different pattern should be detected
by rotating the interferometer through π/2 in a horizontal plane

Because v2/c2 !! 1, this expression can be simplified by using the following
binomial expansion after dropping all terms higher than second order:

(1 " x)n ! 1 " nx (for x !! 1)

In our case, x # v2/c2, and we find

(1.4)

The two light beams start out in phase and return to form an interference pat-
tern. Let us assume that the interferometer is adjusted for parallel fringes and
that a telescope is focused on one of these fringes. The time difference be-
tween the two light beams gives rise to a phase difference between the beams,
producing the interference fringe pattern when they combine at the position
of the telescope. A difference in the pattern (Fig. 1.6) should be detected
by rotating the interferometer through 90$ in a horizontal plane, such that
the two beams exchange roles. This results in a net time difference of twice
that given by Equation 1.4. The path difference corresponding to this time
difference is

The corresponding fringe shift is equal to this path difference divided by the
wavelength of light, %, because a change in path of 1 wavelength corresponds
to a shift of 1 fringe.

(1.5)

In the experiments by Michelson and Morley, each light beam was reflected
by mirrors many times to give an increased effective path length L of about
11 m. Using this value, and taking v to be equal to 3 & 104 m/s, the speed of
the Earth about the Sun, gives a path difference of

'd #
2(11 m)(3 & 104 m/s)2

(3 & 108 m/s)2 # 2.2 & 10"7 m

Shift #
2Lv2

%c2

'd # c(2't) #
2Lv2

c2

't # t1 " t2 !
Lv2

c3
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Figure 1.6 Interference fringe schematic showing (a) fringes before rotation and
(b) expected fringe shift after a rotation of the interferometer by 90$.
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t′1 =
2L1

c

(
1 +

v2

2c2

)
and t′2 =

2L2

c

(
1 +

v2

c2

)
(24)

∆t′ = t′1 − t′2 =
2
c
(L1 − L2) +

v2

c3 (L1 − 2L2) (25)

time change produced by rotating the apparatus

∆t− ∆t′ =
2
c
(L1 − L2) +

2v2

c3

(
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2

)
−

[
2
c
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=

v2
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1 Path difference corresponding to this time difference is

δ =
v2

c2 (L1 + L2) (27)

2 Corresponding fringe shift

Shift =
δ

λ
=

v2

λc2 (L1 + L2) (28)

3 Michelson and Morley experiment L = L1 = L2 ' 11 m
4 Taking v = speed of Earth about the Sun + δ ' 2.2× 10−7 m
5 Using light of 500 nm + find a fringe shift for rotation through π/2

Shift =
δ

λ
≈ 0.40 (29)

6 Instrument precision
+ capability of detecting shift as small as 0.01 fringe

7 NO shift detected in fringe pattern
8 Conclusion:

one cannot detect motion of Earth with respect to æther
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FitzGerald contraction
In 1892 Fitzgerald proposed that
object moving through æther wind with velocity v
experiences contraction in direction of æther wind of

√
1− v2/c2

L1 is contracted to L1
√

1− v2/c2 yielding t1 = t2 when L1 = L2
+ potentially explaining results of Michelson-Morley experiment
Even under this assumption
it turns out that Michelson-Morley apparatus with unequal arms
will exhibit pattern shift over 6 month period
as Earth changes direction in its orbit around the Sun
In 1932 Kennedy and Thorndike performed such an experiment:

they detected NO such shift
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Another suggestion to explain negative result of M&M experiment
Earth “drags æther along with it” as it orbits around Sun
Idea is rejected because of stellar aberration
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