
Chapter 36

The Theory of Relativity



When doing experiments on a 
boat sailing at constant speed 
on a straight line on a smooth 
lake, the results are the same

as on shore! 

Without looking outside one 
cannot tell whether the ship is 

moving at all 

Velocity is  RELATIVE to the 
reference frame

The idea of relativity



Frames of reference

A set of rods and rulers and clocks 
that allow us to determine the time
of any event and the position of 

any object with respect to a 
reference point

Reference 
point

object



An inertial reference frame is a reference frame 
where isolated bodies are seen to move in straight 
lines at constant velocity.



Absolute space in its own nature, without 
relation to anything external, remains 
always similar and immovable. 

The arena where
Nature occurs

Space according to Newton



Is
Just
One

Thing
After

Another

Time according to Newton

Absolute and mathematical time, of itself, 
and from its own nature, flows equally 
without relation to anything external



Not all frames are inertial:
Roberta is in a
non-inertial

reference frame  Ingrid is in an
inertial

reference frame  



Just shoot me

Not moving

Relative and absolute velocities

And I claim everything , including light, will 
behave like that: absolute space and time 
imply all velocities (including c) are 
relative

v=Speed of this bullet with respect to the target

u= its speed with respect to the tank

w= the speed of the tank 

v=u+w



Just shoot me
…again

The motion of the source 
and the speed of light

And I claim the speed of light is 
the same for all observers: c is 
absolute!



The Michelson-Morley experiment

Light source

mirror

beam-splitter

telescope

mirror

Interference
pattern



Meet Einstein

Hi





The principle of relativity



Maxwell’s equations: light moves with speed c

Maxwell’s equations are some of the laws of physics

If we accept the principle of relativity, 
light always moves with speed c

The speed of light

By stating this Einstein also
implied that Newtonian
mechanics is flawed,

but Maxwell’s equations
are OK



The velocity of the 
source just adds to 
the velocity of the 
projectile…

…even for light

The velocity of the source 
affects the velocity of the 
projectile…

But the effect is smaller and 
smaller as the projectile 
speed approaches c

The speed of light is 
unaffected by the motion of 
the source

And this 
happens 

to be right

This happens 
to be wrong



The speed of light is independent of the speed of the source:

The speed of light is absolute

The speed of bullets depends on the motion of the source

The speed of bullets is relative

The faster a bullet is shot
the smaller the effect of the 
motion of the gun



Two mirrors

Time and Special Relativity

Look first at a 
“light clock”. 

We need:

…and a light

Time is relative….
In dog-years I’d be dead



At rest with the mirrors

t=0t=1

t=1/2
reflection



Moving with respect to the mirrors
Motion of mirrors

reflection
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If you ride with the clock the 
up-down trip takes 1 second

If you watch the clock move 
the up down trip takes more
than 1 second

Moving clocks 
slow down



v Mirrors at rest

I’m moving with this 
clock. In my reference 
frame the trip takes T0
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Length is relative too

A puzzle:

John has an armed bomb with a 5 minute fuse

He is traveling at very high speed towards us

We know his (last) trip takes 6 minutes

Will we die?



I’m afraid so:  since he moves fast his clock is 
slow with respect to yours, and he cleverly 
arranged his speed for the bomb to take 6 
minutes as measured in your clock to blow

Just enough time for him to reach you! Sorry…

OK, but before we die: What does John see??

Surely in his reference frame  the bomb blows 
after 5 minutes…if he is to kill us, how can 
he reach us in time?

Well, since his bomb blows after 5 minutes and 
he does reach you…in his reference frame he 
will travel a shorter distance



Us

John

boom

Distance that separated us from John

In the reference frame where we are at rest:
6 minutes



Us

John

boom

Distance that separated us
from John

In the reference frame where John is at rest:
5 minutes



Separation in our rest frame

In the reference frame where we are at rest:

In the reference frame where John is at rest:

Separation in John’s rest frameDifferent 

distances

5 minutes

6 minutes

If the principle of relativity 
is correct

length is relative



The numerical calculations:

In our reference frame:
t = fuse-time
l = distance traveled by John
v = John’s speed of approach

In John’s reference frame:
t’ = fuse-time
l’ = distance traveled by us
v’ = our speed of approach
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Exercise 9.3

In a laboratory frame  of reference an 
observer notes that Newton’s 2nd law is valid 
(to the accuracy of the instruments).  Show 
that the same is true for an observer moving 
at constant speed with respect to the first.
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Exercise 9.8

An astronomer on Earth observes a 
meteoroid approaching Earth at a speed of 
0.8c. At the time of discovery it is 20 light 
years away. Find the Earth-time and 
meteoroid time for impact and the distance 
to Earth measured in the meteoroid at time 
of discovery.
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Exercise 9.11

A spacecraft with proper length of 300 m takes 
0.75 µs to pass an Earthly observer. What is 
the spacecraft speed with respect to Earth?
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v

-v

In the rest frame of 1, observer 2 moves to the right with speed v.

In the rest frame of 2, observer 1 moves to the left with speed v.

The Lorentz transformation



At t=t’=0 the observers coincide and a light turns on

- v t’ x’=c t’

The distance from 1
to the right edge of 
the beam is l’=x’+vt’

x=c t

In my frame the right 
edge of the beam is at 
a distance l=x from me
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Exercise 9.16

A rod with observed length of 2 m moves at 
v=0.995 c making a 30o angle with respect to 
the direction of motion. What is its length and 
angle in its rest frame?
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The addition of velocities
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If some object follows a trajectory x(t) in one frame it will follow x’(t’) in another, then



Exercise 9.17

A spacecraft moves at 0.75 c relative to Earth 
and fires a rocket in the forward direction. 
What must be the rocket’s speed relative to 
the spacecraft so that it moves at 0.95 with 
respect to Earth?
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Mass and energy

Armed conflict:

Tweedledee and Tweedledum are at war

They throw mud-balls at each other
Each has an identical mud-thrower

Tweedledum is on the ground
Tweedledee is on a flying saucer



In the frame where Tweedledum is at rest…

This distance 
is the same 

for both

But their clocks mark 
different travel times!

Tweedledee will 
measure a longer

travel time
(time dilation)

Tweedledee will 
measure a smaller
mud-ball speed!



If both agree that the mud-
balls get the same push

Then the mass must be 
different in each frame

If the principle of relativity 
is correct

mass is relative



The speed of an object depends
on the frame of reference

The mass of an object also: it
increases

Moving objects also have 
more energy

Perhaps mass and energy
are related??



Yep

If the principle of relativity 
is correct,

Energy and mass are equivalent

E=m c2



Exercise 9.39

The power output of the sun is 3.77 x 1026 W. 
How much  mass is converted into energy 
every second?

kg/s1019.41077.3
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Exercise 9.40

In a nuclear power plant fuel rods last 3 years. 
During that time the plant produces 1 GW of 
power at 80% efficiency, what is the loss of 
mass in the rods?
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If the radiance of a thousand suns
Were to burst at once into the sky,
That would be like the splendor of the Mighty One...
I am become Death,
The shatterer of Worlds.



Hiroshima:
• 66,000 people died and 69,000 injured from the blast, 
• In a few weeks the number of dead had risen to 130,000
• Then to 200,000 in 5 years

Nagasaki 
• Between 60,000 and 70,000 people died form the blast, 
• 50,000 more died within 5 years. 

The fate of more than 300,000 people was sealed in the fraction of a second it 
took these bombs to explode.

For comparison, there were about 620,000 casualties in the American civil war 
that lasted 5 years. 

Current atomic weapons are roughly 100 times more potent than those 
dropped on Japan in 1945.



A murder mystery
The facts:

• Ambassador found dead in spaceship
• Two head-wounds inflicted simultaneously

wounds

Laser-bolts as
they hit his head

Simultaneity



New information:

• Two suspects in custody
• 3 witnesses in 3 spaceships

Doors used by the assassins enter 
the room

Scene of the crime: 
the cargo bay of the spaceship“Avid”

(view from the top)

Victim was 
standing here

Laser trajectories



C/4 
(with respect to

the space station)

The “Avid”:
site of the

Murder
C/2 

(with respect to
the space station)

witness

witness

w
itn

es
s



The first assassin:
entered through 
the left door

The second assassin:
entered through the 
right door

Yes! 
I did it

Me too



But, who shot first?
The one who shot first is

the guiltiest
There are 3 versions of the

facts!

1. By the space station witness

3. By the victim’s ship witness

2. By the second ship witness



• Victim’s ship was moving right with respect
to the space station

• Both laser bolts travel at speed c

• The assassin on the left (#1) must have shot first

Space
station
witness



t=0

Victim is hit

t=-1

t=-2

t=-4

t=-5

t=-3

Assassin 
2 shoots

t=-6

Assassin 
1 shoots

So, what really 
happened was...

Motion of victim’s ship



So, this…thing, the first 
assassin shot first…his
guilt is greater.

I don’t think so!



t=0

Victim is hit

t=-1

t=-2

t=-4

t=-5

t=-3

Assassin 
1 shoots

t=-6

Assassin 
2 shoots

• Victim’s ship was moving left with respect to my ship

• Both laser bolts travel at speed c

• The assassin on the right (#2) must have shot first

Motion of victim’s ship

Second
ship
witness



So, this…thing, the second 
assassin shot first…his
guilt is greater.

I don’t think so!



Victim is hit

t=0

t=-1

t=-2

t=-4

t=-5

t=-3

Assassin 
1 shoots

Assassin 
2 shoots

t=-6

At rest with respect to the victim

• Both laser bolts travel at speed c

• Both bolts hit at the same time

• Both assassins shot at the same time

The
Avid’s
witness



In my frame the victim’s ship was moving 
right with respect to assassin #1
away from the bolt fired by #1

AND both laser bolts travel at speed c

THEN The bolt from assassin #1 traveled a longer distance

BUT since both bolts arrived at the same time

Assassin #1 must have shot first

In my frame the victim’s ship was moving 
left with respect to assassin #2
away from the bolt fired by #2

AND both laser bolts travel at speed c

THEN The bolt from assassin #2 traveled a longer distance

BUT since both bolts arrived at the same time

Assassin #2 must have shot first

In my frame the victim’s ship was not moving 
with respect to either assassin

AND both laser bolts travel at speed c

THEN both bolts traveled the same distance

BUT since both bolts arrived at the same time

Both assassins shot at the same time



When you attend a funeral It is sad to 
think that sooner or later 

Those you love will do the same for you 
And you may have thought it tragic 
Not to mention other adjectives, to think 

of all the weeping they will do 
But don't you worry

No more ashes, no more sackcloth 
And an armband made of black cloth 
Will someday never more adorn a sleeve 
For if the bomb that drops on you 
Gets your friends and neighbors too 
There'll be nobody left behind to grieve

And we will all go together when we go 
What a comforting thought that is to know. 
Universal bereavement, an inspiring achievement 
Yes, we will all go together when we go
We will all go together when we go 
All suffused with an incandescent glow
No one will have the endurance to 

collect on his insurance 
Lloyd's of London will be loaded when they go

Oh we will all fry together when we fry 
We'll be French fried potatoes by and by 
There will be no more misery when 

the world is our rotisserie 
Yes, we will all fry together when we fry

And we will all bake together when we bake
There'll be nobody present at the wake
With complete participation in that grand incineration
Nearly three billion hunks of well-done steak

Oh we will all char together when we char 
And let there be no moaning of the bar
Just sing out a Te Deum when you see that ICBM
And the party will be "come as you are“

Oh we will all burn together when we burn
There'll be no need to stand and wait your turn
When it's time for the fallout
And Saint Peter calls us all out
We'll just drop our agendas and adjourn
Down by the old maelstrom 
There'll be a storm before the calm

You will all go directly to your respective Valhallas
Go directly, do not pass Go, do not collect 

two hundred dollahs

And we will all go together when we go
Ev'ry Hottentot and ev'ry Eskimo
When the air becomes uranious, we will all 

go simultaneous
Yes we all will go together, when we all go together
Yes, we all will go together when we go 

A song by Tom Lehrer


