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@ Be able to identify where classical physics was going wrong
regarding relativity
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@ Be able to identify where classical physics was going wrong
regarding relativity

Be able to recognize the principles of relativity

Be able to understand the radical truth of relativity

Be able to apply the Lorentz transforms

Be able to predict what a box will look like at relativistic speeds
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@ Electron acceleration
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Early evidence

Electron acceleration

The Fizeau experiment (1851, repeated by Michelson and
Morley in 1886)

MichelsonffMorley experiment (1881, 1887)
The TroutonffNoble experiment (1903)
The Experiments of Rayleigh and Brace (1902, 1904)
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Fizeau experiment
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@ A beam of light is split at S’, made parallel at the lens
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Fizeau experiment
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@ A beam of light is split at S’, made parallel at the lens

@ Passes through pipes of flowing water (each in opposite
directions).
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Fizeau experiment
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@ A beam of light is split at S’, made parallel at the lens

@ Passes through pipes of flowing water (each in opposite
directions).

o If water flows with velocity v, light should travel at speed
we = -Fv
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Fizeau experiment
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@ A beam of light is split at S’, made parallel at the lens

@ Passes through pipes of flowing water (each in opposite
directions).

o If water flows with velocity v, light should travel at speed
we = -Fv

@ After reflecting at m, traveling back and recombining at S,

interference patterns will reveal the speed difference between
the two pipes.
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Fizeau experiment
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@ A beam of light is split at S’, made parallel at the lens

@ Passes through pipes of flowing water (each in opposite
directions).

o If water flows with velocity v, light should travel at speed
we = -Fv

@ After reflecting at m, traveling back and recombining at S,
interference patterns will reveal the speed difference between
the two pipes.

@ Actual finding: wy, = - + v (1 — #)
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Michelson-Morley experiment

o If light travels through an
Ether, then it will speed up
or slow down if the ether is
in motion.
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Michelson-Morley experiment

o If light travels through an
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in motion.

@ Earth is in motion through
space, so there should be
change in direction of
motion

RERERRER R R

Dr. Jones Physics 280 Lecture One



Michelson-Morley experiment

o If light travels through an
Ether, then it will speed up
or slow down if the ether is
in motion.

@ Earth is in motion through
space, so there should be
change in direction of
motion

@ A rotating interference
apparatus sensitive enough
to measure this speed
difference failed to find any

I REAREERERR R RN fringe shifts.
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Michelson-Morley experiment

o If light travels through an
Ether, then it will speed up
or slow down if the ether is
in motion.

@ Earth is in motion through
space, so there should be
change in direction of
motion

@ A rotating interference
apparatus sensitive enough
to measure this speed
difference failed to find any

R EEEEEEEEEEE fringe shifts.
@ “the most famous failed
experiment in history”
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Michelson-Morley experiment

“there is no such thing as a "specially favoured” (unique)
co-ordinate system to occasion the introduction of the ther-idea,
and hence there can be no ther-drift, nor any experiment with
which to demonstrate it” - Einstein

Dr. Jones Physics 280 Lecture One



Physics had many problems

@ The failure of these experiments to support the classical
perspective, along with the predictions of uniform light-speed

coming from EM theory, left physics with a major theoretical
problem.
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@ The failure of these experiments to support the classical
perspective, along with the predictions of uniform light-speed
coming from EM theory, left physics with a major theoretical
problem.

@ We will learn about some other, even bigger problems later.
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Physics had many problems

@ The failure of these experiments to support the classical
perspective, along with the predictions of uniform light-speed
coming from EM theory, left physics with a major theoretical
problem.

@ We will learn about some other, even bigger problems later.

@ Galilean Relativity must be wrong.
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Galilean Relativity

“The laws of mechanics must be the same in all inertial frames of
reference”
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Galilean Relativity

The observer in the moving truck The Earth-based observer sees
sees the ball travel in a vertical the ball’s path as a parabola.
path when thrown upward.

Gregor throws a ball up at 5 m/s in a truck that is moving 20 m/s
relative to Mei who is standing on the ground. How fast is the ball
going according to Mei when it is first launched?
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Galilean Relativity

Gregor throws a ball up at 5 m/s in a truck that is moving 20 m/s
relative to Mei who is standing on the ground. What is the velocity
of the ball according to Mei when it is first launched?

/

X dx
X =x+wt - — =— +v,=0+20m/s =20m/s

dt dt
dy/ dy
y/:y+vyt—>?*dt+ vy =5m/s+0=5m/s

So according to Mei,

V =20m/si +5m/s)
whereas according to Gregor,

V =0m/si +5m/sj
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Galilean Relativity

Gregor throws a ball up at 5 m/s in a truck that is moving 20 m/s
relative to Mei who is standing on the ground. What is the velocity
of the ball according to Mei when it is first launched?

/

X dx
X =x+wt - — =— +v,=0+20m/s =20m/s

dt dt
dy/ dy
y/:y+vyt—>?*dt+ vy =5m/s+0=5m/s

So according to Mei,

V =20m/si +5m/s)
whereas according to Gregor,
V =0m/si +5m/sj

Both are right according to Galilean relativity, but the truth is much
more interesting.
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@ The principle of relativity:
oo The laws of physics must be
the same in all inertial
reference frames.

& 1. Diefmitin of Simnitansily
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@ The principle of relativity:
riri g The laws of physics must be
the same in all inertial
reference frames.

@ The constancy of the speed
of light: The speed of light in
vacuum has the same value,
(2.99 x 10%) L, in all inertial
V- frames, regardless of the

e el velocity of the observer or

the velocity of the source

emitting the light.

1. KIN ATICAL PART
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Simple statement, Radical consequences

Observer 0°

sees the light

pulse move up

and down Observer O sees the light pulse move
vertically a total on a diagonal path and measures a
distance of 2d. distance of travel greater than 2d.
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Simple statement, Radical consequences

Ohbserver ("
sees the light
pulse move up

and down Observer O sees the light pulse move
vertically a total on a diagonal path and measures a
distance of 2d. distance of travel greater than 2d.
i’, Mi:’ror L;_
y
= .

I vAt I

Both observers must absolutely measure the speed of light to be the
same, ¢ = (2.99 x 10%) .
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Simple statement, Radical consequences

The ground observer finds:

cAt)? vAE 2
=) = = d?
(5) =)+
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Simple statement, Radical consequences

The ground observer finds:

cAt)? vAE 2
/) = == d?
(5) =)+
2 2
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Simple statement, Radical consequences

The ground observer finds:

cAt)? vAE 2
=) = = d?
(5) =)+

2d 2d

At = - s =

_ V2

c % c e

The train observer finds:

2d
At = —
c

Dr. Jones Physics 280 Lecture One



Simple statement, Radical consequences

The ground observer finds:

cAt)? vAE 2
=) = = d?
(5) =)+

2d 2d

At = - s =

_ V2

c % c e

The train observer finds:

2d
At = —
c

Who is right?
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Welcome to reality.

They are both right!

To distinguish their times, let us call the time measurement in the
frame in which the event happens and is at rest the proper time (the
clock here is at rest relative to the event) denoted f,. Then relating
the previous findings:
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Welcome to reality.

They are both right!

To distinguish their times, let us call the time measurement in the
frame in which the event happens and is at rest the proper time (the
clock here is at rest relative to the event) denoted f,. Then relating
the previous findings:

=vAt, v > 1

This is called Time Dialation. Moving clocks tick slower than
clocks at rest.
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Welcome to reality.

They are both right!

To distinguish their times, let us call the time measurement in the
frame in which the event happens and is at rest the proper time (the
clock here is at rest relative to the event) denoted f,. Then relating
the previous findings:

At,

AtzizfyAtP721

This is called Time Dialation. Moving clocks tick slower than
clocks at rest.

Time is relative! \

Dr. Jones Physics 280 Lecture One




| don’t believe it.

The claim that time is relative and depends on the relative speeds
between different observers is counter to our lifetime experience.
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| don’t believe it.

The claim that time is relative and depends on the relative speeds
between different observers is counter to our lifetime experience.

Every single experiment to test this claim has shown it to be the
absolute truth about our universe—time is not the same for all
observers.
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| don’t believe it.

The claim that time is relative and depends on the relative speeds
between different observers is counter to our lifetime experience.

Every single experiment to test this claim has shown it to be the
absolute truth about our universe—time is not the same for all

observers.

Proof: Muons.
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on deca

‘Without relativistic considerations, according to
an observer on the Earth, muons created in the
atmosphere and traveling downward with a speed
close to ¢travel only about 6.6 X 10% m before
decaying with an average lifetime of 2.2 us.
Therefore, very few muons would reach the
surface of the Earth.

/Muon is created

v}z&.ax 10*m

" Muon decays

‘With relativistic considerations, the muon’s
lifetime is dilated according to an observer
on the Earth. Hence, according to this
observer, the muon can travel about

4.8 X 10°m before decaying. The result is
many of them arriving at the surface.

YV Muon is created

|

=48 X 10°m

Muon decays

P
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What will be the mean lifetime of a muon as measured in the
laboratory if it is traveling at v = 0.60c with respect to the

laboratory? Its mean lifetime at rest is 2.20 us. How far does it
travel in the lab before decaying?
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What will be the mean lifetime of a muon as measured in the
laboratory if it is traveling at v = 0.60c with respect to the
laboratory? Its mean lifetime at rest is 2.20 us. How far does it
travel in the lab before decaying? How long will the muon live in the

lab frame:

2.20 x 10~ %s
At=vAt,="" " " =28x10°s
P 1 (0602
C
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What will be the mean lifetime of a muon as measured in the
laboratory if it is traveling at v = 0.60c with respect to the
laboratory? Its mean lifetime at rest is 2.20 us. How far does it
travel in the lab before decaying? How long will the muon live in the

lab frame:

2.20 x 10~ %s
At=vAt,="" " " =28x10°s
P 1 (0602
C

Thus it will travel a distance:

d = vAt = 0.60 ((2.99 x 10%) T) (2.8 x 107°s) = 500m
S
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GPS satellites move at about 4000 m/s. Show that a good GPS
receiver needs to correct for time dilation if it produces results
consistent with atomic clocks accurate to 1 part in 10", Hint, you
will need the binomial expansion: 1//1—x~ 1+ %x when x < 1.
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The proper time is measured by...
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GPS satellites move at about 4000 m/s. Show that a good GPS
receiver needs to correct for time dilation if it produces results
consistent with atomic clocks accurate to 1 part in 10", Hint, you
will need the binomial expansion: 1//1—x~ 1+ %x when x < 1.

The proper time is measured by... the satellite since the atomic clock
is at rest in the satellite’s frame (it’s on it!).
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GPS satellites move at about 4000 m/s. Show that a good GPS
receiver needs to correct for time dilation if it produces results
consistent with atomic clocks accurate to 1 part in 10", Hint, you
will need the binomial expansion: 1//1—x~ 1+ %x when x < 1.

The proper time is measured by... the satellite since the atomic clock
is at rest in the satellite’s frame (it’s on it!).

Ap Dy At,
[ aaCms /T 1.8x 1010
3x108m/s
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GPS satellites move at about 4000 m/s. Show that a good GPS
receiver needs to correct for time dilation if it produces results
consistent with atomic clocks accurate to 1 part in 10", Hint, you
will need the binomial expansion: 1//1—x~ 1+ %x when x < 1.

The proper time is measured by... the satellite since the atomic clock
is at rest in the satellite’s frame (it’s on it!).

At At
Atcalr = P = P
1_ &x10%m/s /1 —1.8x 101
3x108m/s
At — At
At~ (1+9x 107 MAL, - ———F =9x107"
At,
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GPS satellites move at about 4000 m/s. Show that a good GPS
receiver needs to correct for time dilation if it produces results
consistent with atomic clocks accurate to 1 part in 10", Hint, you
will need the binomial expansion: 1//1—x~ 1+ %x when x < 1.

The proper time is measured by... the satellite since the atomic clock
is at rest in the satellite’s frame (it’s on it!).

At At
Atcalr = P = P
1_ &x10%m/s /1 —1.8x 101
3x108m/s
At — At
At~ (1+9x 107 MAL, - ———F =9x107"
At,

That may seem small, but is actually large compared to the
accuracy of the atomic clock. The inaccuracies pile up and
eventually the signal would be way off.
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Recall back to what | said in class about the flashlight on the truck.
Imagine somebody in a truck driving at 10 m/s shines a flashlight in
the direction of her motion. You are standing on the road as they
pass by.
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Recall back to what | said in class about the flashlight on the truck.
Imagine somebody in a truck driving at 10 m/s shines a flashlight in
the direction of her motion. You are standing on the road as they

pass by.

You both must measure the speed of light to be c.
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Length Contraction

So let’s consider one photon, sort of like we did with the baseball in
the Galilean relativity example.

The position of that photon in the frame of a bystander on the
ground should relate in some way to the position as measured by
the person in the truck (whose speed is v):
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So let’s consider one photon, sort of like we did with the baseball in
the Galilean relativity example.

The position of that photon in the frame of a bystander on the
ground should relate in some way to the position as measured by
the person in the truck (whose speed is v):

x'=a(x — vt)

But, the speed will be the same:
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Length Contraction

So let’s consider one photon, sort of like we did with the baseball in

the Galilean relativity example.

The position of that photon in the frame of a bystander on the
ground should relate in some way to the position as measured by
the person in the truck (whose speed is v):

x'=a(x — vt)

But, the speed will be the same:

dx’ N dx
@ oy
dt dt
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Length Contraction

So let’s consider one photon, sort of like we did with the baseball in
the Galilean relativity example.

The position of that photon in the frame of a bystander on the
ground should relate in some way to the position as measured by
the person in the truck (whose speed is v):

x'=a(x — vt)

But, the speed will be the same:
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Length Contraction

So let’s consider one photon, sort of like we did with the baseball in
the Galilean relativity example.

The position of that photon in the frame of a bystander on the
ground should relate in some way to the position as measured by
the person in the truck (whose speed is v):

x'=a(x — vt)

But, the speed will be the same:

v2 dx’
1—§W:a — 1——c:a(c—v)
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Length Contraction

But no frame is special, so we should be able to transform from the
truck frame to the ground frame too:
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Length Contraction
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truck frame to the ground frame too:

x:oz(x’—i—vt)
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Length Contraction

But no frame is special, so we should be able to transform from the
truck frame to the ground frame too:

x:oz(x’—i—vt)
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Length Contraction

But no frame is special, so we should be able to transform from the
truck frame to the ground frame too:

x:oz(x’—i—vt)

dx
ik (c+v)
Again,
dt’
dt =
v2
T a
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Length Contraction

But no frame is special, so we should be able to transform from the
truck frame to the ground frame too:

x:oz(x’—i—vt)

dx
o a(c+v)
Again,
dr
dt =
V2
a2
1 dx 1
— _ch—a(c-l-v)
c? 2
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Length Contraction

But no frame is special, so we should be able to transform from the
truck frame to the ground frame too:

x:oz(x’—i—vt)

dx
w = (C + V)
Again,
dt’
dt = -
1 1
dx c=a(c+v)

v2 E N v2
a2 V' — a
Multiplying the previous two equations together gives
1
v2
Vio &
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Length Contraction

The Lorentz Factor:
’y pry
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Length Contraction

The Lorentz Factor:
’y pry

2
-3
Say a 1 meter stick is measured in your rest frame to be 1 meter.
Somebody running by at 0.9c will measure it how? To simplify,
assume they measure the stick by watching where their ruler lands

on either end at the same time. Then:
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Length Contraction

The Lorentz Factor:
’y pry

2
-3
Say a 1 meter stick is measured in your rest frame to be 1 meter.
Somebody running by at 0.9c will measure it how? To simplify,
assume they measure the stick by watching where their ruler lands

on either end at the same time. Then:

Ax =7 (Ax’ — vAt) =7 (Ax')
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Length Contraction

The Lorentz Factor:
’y pry

2
-3
Say a 1 meter stick is measured in your rest frame to be 1 meter.
Somebody running by at 0.9c will measure it how? To simplify,
assume they measure the stick by watching where their ruler lands

on either end at the same time. Then:
Ax =7 (Ax’ — vAt) =y (Ax')
Length Contraction:

That being measured is at rest That being measured is not at rest
~ = /\/
Ax =y Ax
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Length Contraction

The Lorentz Factor:
’y pry

2
-3
Say a 1 meter stick is measured in your rest frame to be 1 meter.
Somebody running by at 0.9c will measure it how? To simplify,
assume they measure the stick by watching where their ruler lands

on either end at the same time. Then:
Ax =7 (Ax’ — vAt) =y (Ax')
Length Contraction:

That being measured is at rest That being measured is not at rest
~ = =
Ax =y Ax'
L=
Y
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Length Contraction

The Lorentz Factor:
’y pry

2
-3
Say a 1 meter stick is measured in your rest frame to be 1 meter.
Somebody running by at 0.9c will measure it how? To simplify,
assume they measure the stick by watching where their ruler lands

on either end at the same time. Then:
Ax =7 (Ax’ — vAt) =y (Ax')
Length Contraction:

That being measured is at rest That being measured is not at rest
~ = =
Ax =y Ax'
L= te
Y

Objects are measured with longest length in their rest-frame.
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Lorentz Transforms

When motion is in x direction only:
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Lorentz Transforms

When motion is in x direction only:

/ /

X' =qy(x—vt),y =y, 7=z
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Lorentz Transforms

When motion is in x direction only:

/ /

X =vy(x—-wt),y =y, 7=z
If we look at the reverse transform:

X =7 (x’—l— vt/)
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Lorentz Transforms

When motion is in x direction only:

/ /

X' =qy(x—vt),y =y, 7=z
If we look at the reverse transform:
X =7 (x’ + vt/)

and plug one into the other, we find:

;L vXx
f—’Y(f‘ﬁ)
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Lorentz Transforms

When motion is in x direction only:

/ /

X' =qy(x—vt),y =y, 7=z
If we look at the reverse transform:

X =7 (x’ + vt/)
and plug one into the other, we find:

;L vXx
f—’Y(f‘ﬁ)

Implication: Not only do we have time dialation, but time and space
are tied together.
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Lorentz Transforms

When motion is in x direction only:

/ /

X' =qy(x—vt),y =y, 7=z
If we look at the reverse transform:
X =7 (x’ + vt/)

and plug one into the other, we find:

;L vXx
“’Y(“?)

Implication: Not only do we have time dialation, but time and space
are tied together. Implication: The definition of simultaneous differs
between observers. If something is simultaneous in one frame, it
may not be so in another frame.
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In-Class practice

An astronaut takes a trip to Sirius, which is located a distance of 8
light-years from the Earth. The astronaut measures the time of the
one-way journey to be 6 years. If the spaceship moves at a constant
speed of 0.8c, how can the 8-ly distance be reconciled with the
6-year trip time measured by the astronaut?
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In-Class practice

An astronaut takes a trip to Sirius, which is located a distance of 8
light-years from the Earth. The astronaut measures the time of the
one-way journey to be 6 years. If the spaceship moves at a constant
speed of 0.8c, how can the 8-ly distance be reconciled with the
6-year trip time measured by the astronaut?

8 ly is the proper length of the distance between Earth and Sirius.
When one travels in that direction, the length one measures will be
less than that.
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In-Class practice

An astronaut takes a trip to Sirius, which is located a distance of 8
light-years from the Earth. The astronaut measures the time of the
one-way journey to be 6 years. If the spaceship moves at a constant
speed of 0.8c, how can the 8-ly distance be reconciled with the
6-year trip time measured by the astronaut?

8 ly is the proper length of the distance between Earth and Sirius.
When one travels in that direction, the length one measures will be

less than that. : :

T \/1_vj_\/1—0.82
c2
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In-Class practice

An astronaut takes a trip to Sirius, which is located a distance of 8
light-years from the Earth. The astronaut measures the time of the
one-way journey to be 6 years. If the spaceship moves at a constant
speed of 0.8c, how can the 8-ly distance be reconciled with the
6-year trip time measured by the astronaut?

8 ly is the proper length of the distance between Earth and Sirius.
When one travels in that direction, the length one measures will be
less than that.

1 1
e T Vioow
1-5

L
L:—p:SIy(\H—O.SZ):Sly
v
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In-Class practice

An astronaut takes a trip to Sirius, which is located a distance of 8
light-years from the Earth. The astronaut measures the time of the
one-way journey to be 6 years. If the spaceship moves at a constant
speed of 0.8c, how can the 8-ly distance be reconciled with the
6-year trip time measured by the astronaut?

8 ly is the proper length of the distance between Earth and Sirius.
When one travels in that direction, the length one measures will be
less than that.

1 1
e T Vioow
1-5

L
L:—p:SIy(\H—O.SZ):Sly
v

In the astronaut’s frame,
At =L/v=>5ly/0.8¢c =5ly/(0.8ly/yr) = 6yr
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