A2 Physics Chapter 3
Special Relativity
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Common Issues:
The key to understanding the Michelson–
Morley experiment (Topic 3.1) is realising
that turning the apparatus through 90º
alters the relationship between the beam
paths and the Earth’s motion – no matter
which way the Earth is moving. The null
result disproves the ether theory.

Inertial frames of reference can be
explained as places where the observer is
considered to be at rest compared to the
measuring equipment they are using.
Since the value of the speed of light is
always the same, then the observer’s
measuring equipment (their ruler or their
clock) must adapt to conform with any
relative motion. Thus at high relative
velocities their ruler would shrink and
their clock would slow so as to indicate the
correct readings.
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3.1 About motion
Specification link-up D4.3: Special relativity
1.

What do we mean by absolute motion and relative motion?

2.

What experimental evidence is there that all motion is relative?

3.

Why do we think the speed of light does not depend on the speed of the
observer?
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3.2 Einstein’s theory of special relativity
Specification link-up D4.3: Special relativity
1.

What assumptions did Einstein make in his theory of special relativity?

2.

What do we mean by length contraction, time dilation and relativistic mass?

3.

Why do we believe that nothing can travel faster than light?
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Time Dilation – slower moving clocks
Einstein showed that if the time interval between two
events measured by an observer at rest relative to the
events is t0, (called ‘the proper time’), an observer
moving at speed v relative to the events would
measure a longer time interval, t, given by....
The time between the events is stretched out or
‘dilated’ according to the moving observer.
Particle beam experiments provide direct evidence of
time dilation.

Example
You are watching a rocket landing from space. You are
to and mars man is time t. Hence the time we measure
for the landing is longer....

Answer... 32.03s

If he travelled at 0.95c and the time for him landing
was to = 10s what is the time we thought it took?
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Time Dilation – Muons
For example, the half-life of muons at rest is 1.5 s.
A beam of muons travelling at 99.6% of the speed of
light (v = 0.996c) would therefore decay to 50% of its
initial intensity in a distance of 450 m = 0.996c × 1.5 s)
in their own frame of reference.
However, experimental measurements in the Earth’s
frame of reference found that such a beam moving at
this speed would take about 5000 m to decay to 50% of
its initial intensity.
Given c = 3.0 × 108 m s−1, the time taken to travel 5000 m
at a speed of 0.996c is 17 s = 5000 m ÷ 0.996c).

This agrees with Einstein’s time dilation formula which
gives a dilated time of 17 s for a proper time of 1.5 s
(i.e. over 11 times longer than the half-life of stationary
muons).
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Muon Experiment....

One million muons created in the upper
atmosphere

They plummet 10 km down to earth at a
speed of 0.98 c (2.94 x 108 m/s)
They have a half-life of
1.56 x 10-6 s (measured in
a Science lab)

49,000 muons are detected at ground level
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Classical Analysis

Calculate the time the muons take to fall 10
km at 294,000,000 m/s.
t = 10000 ÷ 294000000 = 3.4 x 10-5 s
How many half-lives is this?
3.4 x 10-5 ÷ 1.56 x 10-6 = 21.8

How many muons will be left (out of a
million) after 21.8 half lives?

But we
actually detect
49,000!

1000000 ÷ 221.8 = 0.27
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Relativistic Analysis

The muons are moving so fast that their time slows
down.
γ = (1 – v2/c2)-½ = (1-0.982 )-½ = 5
The muon’s half –life increases.
T = γT0 = 5 x 1.56 x 10-6 = 7.84 x 10-6 s
There are fewer half lives while they fall.
3.4 x 10-5 ÷ 7.84 x 10-6 = 4.34 half-lives
More survive the fall.
N = 1000000 ÷ 24.34 = 49500
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In the frame of reference of the muon..

The Earth is rushing up to
meet us.
Length is contracted.

L = L0/γ = 10000 ÷ 5 = 2000 m
Are we nearly there yet?
At this speed we’ll cover 2000 m in
only 6.8 x 10-6 s
That’s 4.36 half-lives

So 1000000 ÷ 24.36 = 48700 survive
until they hit the ground.
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Twins Paradox
Age = 25y
v = 0.95c
d1 = 5y
d2 = 5y

d2 = 5y

d1 = 5y

An astronaut aged 25 says goodbye to his twin and travels at 0.95c in a
spaceship to a distant planet, arriving there 5 years later.

t

After spending a few weeks there, the astronaut returns to Earth at
the same speed on a journey that takes another 5 years.

The astronaut is 35 years old on his return.
So his ‘stay-at-home’ twin is aged 57 when the astronaut returns!

t

to
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t  32.03

Note that the proper time for each part of the journey was 5 years.
This is the time between departure and arrival and only the astronaut
and the other space crew were present at both events.
Use Einstein’s time dilation formula to prove for yourself that 16 years
on Earth elapse in the 5 years the astronaut, travelling at 0.95c, takes
to travel each way. ....
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Length contraction – when travelling at speed
A rod moving in the same direction as its length appears
shorter than when it is stationary.
Einstein showed that the length L of a rod moving in the
same direction as its length is given by
Where L0, the proper length of the rod, is the length
measured by an observer at rest relative to the rod.
Let’s return to the charged mesons travelling at 0.9995c in
a particle beam. Remember their half-life of 18 ns when at
rest is stretched to 570 ns in the laboratory by time dilation
and they travel a laboratory distance of 171 m in this time.
Imagine travelling alongside them at the same speed.
The laboratory distance of 171 m would appear contracted
to 5.4 m (171 × (1 − 0.9952)1/2).
This is the distance travelled by the charged mesons in
their frame of reference and is equal to how far they travel in
one ‘proper time’ half-life of 18 ns
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Example - Length contraction...
A spaceship moving at a speed of 0.99c takes 2.3 s (proper our
time) to fly past a planet and one of its moons. Calculate:

Lo is proper distance
measured by obs at rest

1. The distance travelled by the spaceship in its own frame of
reference in this time.
2. The distance from the planet to the moon in their frame of
reference.
Solution
1. Distance = speed × time = 0.99c × 2.3 = 0.99 × 3.0 × 108 × 2.3 =
6.8 × 108 m (what we see)
2. The distance from the planet to the Moon in their own frame
of reference is the proper distance (L0).
The distance travelled by the spaceship is the contracted distance
(L). Rearranging the length contraction formula to find L0 therefore
gives ...

v = 0.99c, t0 = 2.3s
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Relativistic Mass – faster more massive
By considering the law of conservation of
momentum in different inertial frames of
reference, Einstein showed that the mass
m of an object depends on its speed v in
accordance with the equation...
where m0 is the rest mass or ‘proper
mass’ of the object (i.e. its mass at zero
speed). The equation above shows that:
the mass increases with increasing
speed
as the speed increases towards the
speed of light, the equation shows
that the mass becomes ever larger.
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Relativistic Mass – faster more massive
Experimental evidence for relativistic
mass was obtained from electron beam
experiments soon after Einstein
published the theory of special relativity.
The specific charge of the electron e/m
was measured for electrons moving at
different speeds.
For example, at a speed of 0.69c, e/m
was measured as 1.28 × 1011 C kg−1 which
can be compared with the accepted
value of 1.76 × 1011 C kg−1 for the ‘rest’
value, e/m0.
Prove for yourself using the relativistic
mass formula that the value of e/m at
0.69c is indeed 1.28 × 1011 C kg−1.

q = 1.6 x 10-19C
me = 9.11 x 10-31kg
1.271 x 1011 Ckg-1
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Cosmic Speed Limit
This graph shows how the mass of an
object varies with its speed in accordance
with the relativistic mass equation. The
graph shows that:
at speed v << c, m = m0
at speed v
to about

c, m increases gradually

2m0 at v 0.9c and then increases sharply
and tends to infinity as v approaches c.
Einstein’s relativistic mass formula means
that no material object can ever reach the
speed of light as its mass would become
infinite and therefore can never travel
faster than light.

Thus the speed of light in free space, c, is
the ultimate cosmic speed limit.
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Mass & Energy
Increasing the speed of an object increases its kinetic energy. So
Einstein’s relativistic mass formula tells us that the mass of an
object increases if it gains kinetic energy.
In his theory of special relativity, Einstein went further and proved
that transferring energy in any form:
to an object increases its mass
from an object decreases its mass.
He showed that energy E and mass m are equivalent
(interchangeable) on a scale given by his now-famous equation...

E = mc2
Since the value of c = 3.0 × 108 m s−1, then 1 kg of mass is
equivalent to 9.0 × 1016 J (= 1 × (3.0 × 108)2).
In terms of the rest mass m0 of an object, the above equation may
be written as
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3D View - Cyclotron
The accelerating electric field reverses just at the time that the electrons
finish their half circle so that it accelerates them across the gap.
With higher speed they move in a larger semicircle. After this process
several times they come out the exit port at a high speed.

Mr Powell 2008

Index

More on Frequency – Relativistic Ideas
If we consider an accelerator with a voltage of
50Mev this is a speed of 1 x 108ms-1 for a
proton. This is about 1/3 of the speed of light.
Relativity formulae suggest that when protons
travel at this speed the mass of a proton
increases by about 6%. This means that the
mass increases and so does the time to
complete the path around each half D.

This means that at very high speeds the
synchronisation of the a.c. voltages across the
gaps must take this into account and be
adjusted accordingly to keep in “synch”
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You can see from this that m requires a scaling
factor taking into account its added “mass” at
such high speeds. Also the higher it goes then
more it scales and the faster the frequency is..
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Bubble Chamber Exam Question...

NB: at about 0.1c
relativistic effects can
be ignored
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Bubble Chamber Self Test
At a particular point along its track in a bubble chamber, an particle
(m=6.64x10-27kg, q 2e = 3.2 x 10-19C has a radius of curvature of
3.155m. The magnitude of the bubble chambers magnetic field is
0.19T. Determine the speed of the particle at this point. Show
your full working out.
p=mv = qBr, v = p/m
so qBr / m = v = (3.2 x 10-19C x 0.19T x 3.155m) / 6.64 x 10-27kg
v= 2.9 x 107ms-1

NB: at about 0.1c relativistic effects can be ignored
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Mass & Energy II
At zero speed, v = 0, therefore E = m0c2
represents the rest energy of the
object.
At speed v, the difference between its
total energy E and its rest energy E0
represents its energy due to its speed
(i.e. its kinetic energy).
Therefore, its kinetic energy ..
Ek = mc2 − m0c2

For example, if an object is travelling at
a speed v = 0.99c, the relativistic mass
formula gives ....

Mr Powell 2008

Index

The length of any object in a moving frame will
appear foreshortened in the direction of
motion, or contracted. The amount of
contraction can be calculated from the Lorentz
transformation. The length is maximum in the
frame in which the object is at rest.
Therefore
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Moving Objects Look Shorter
Besides that time run more slowly in a reference frame that moves with a high speed,
the special theory of relativity also confirms that moving objects look shorter than they
are at rest. Another thought experiment can help us comprehend why this is true
Figure 3-1a shows the view of a spaceship heading from Earth to
Neptune at a very high speed of 0.8c as observed on Earth. The
distance between Earth and Neptune is about 5 * 109 km, and it
will take the spaceship about 6 hours to get there. That is the
measurement by an observer on Earth. However, because of time
dilation, people on the spaceship will only spend 3.5 hours of
their lives to get there. Figure 3-2b shows what the astronauts
see on their spaceship; Earth is moving away from them at 0.8c
and Neptune is moving towards them at 0.8c. Since the
astronauts measure the same speed but less time for their trip,
they must also measure a shorter distance between Earth and
Neptune than the observer on Earth does. By using the equation
d = v*t. The space travelers calculate the distance of the trip as
only about 3 * 109 km.

Figure 3-1: (a) This is the view of spaceship
travelling at high speed from Earth to Neptune as
seen by people on Earth. (b) This is the view of
the same situation as viewed by the astronauts.
Earth and Neptune are moving "backward" at
very high velocity.
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Space-Time: The Fourth Dimension
So far we have talked about time dilation and length contraction. The special theory of relativity further
dioceses the relationship between time and length (or space). Notice that according to the time dilation
and length contraction formulae, the observer in the inertial (rest) reference frame sees that the object
moving at a high velocity appear shorter and that the event in that object takes a longer time interval to
complete. In a sense these two effects balance each other. That is, space is exchanged for time! This result
led to the idea of four-dimensional "space-time." in which space takes up three dimensions and time is the
fourth dimension. You may think this idea does not make sense. It is more convincing from another point
of view. An object exists for a certain amount of time at a particular place, so the four dimensions refers to
the fact that an object or event is described by four quantities, three of which identify the location in
space and one of which specifies the time. Moreover, time and space can be exchanged for a little amount
when the reference frame is changed.
Indeed, it is hard to understand the idea of four dimensional space-time. We have found in the thought
experiments that space and time are not completely separate quantities. Our difficulty in accepting the
idea of space-time is equivalent to the situation in the seventeenth century at Galileo and Newton's era.
Before Galileo, the vertical dimension was considered totally different from the two horizontal dimensions.
Yet Galileo showed that the only difference between the vertical and horizontal dimensions is that the
vertical dimension is the direction in which gravity acts. That is a fact we accept today. Perhaps now we
need to put more effort to believe that time and space are interchangeable. This is not to say that there is
no distinction between space and time. The theory of special relativity just proves that space and time are
not independent of each other.
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