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AREA OF STUDY 2
HOW CAN THE VERSATILITY OF NON-METALS BE EXPLAINED?

8 Special relativity

8.1 Overview
Numerous videos and interactivities are available just where you need them, at the point of learning, in
your digital formats, learnON and eBookPLUS at www.jacplus.com.au.

8.1.1 Introduction
Newton’s laws of motion revolutionised our understanding of the movement of bodies, gravity and motion.
For almost 200 years, they remained unchallenged as one of the most elegant theories the world had ever
seen. However, over the course of the nineteenth and twentieth centuries, our understanding of concepts
such as electromagnetism improved, which Newton’s laws were not able to fully explain.

Albert Einstein built on the work of many scientists before him and used ‘thought experiments’ to show
that space and time are not absolute but, rather, relative to the physical environment. Einstein was named
Time Magazine’s ‘Person of the Century’ in 1999. Not only was he a great humanitarian, having escaped
Nazi Germany and fighting for the rights of Jewish and Arab people, but his work on relativity changed
the way we understand the universe. Topic 8 will introduce you to modern physics and an even better
understanding of the workings of the universe.

FIGURE 8.1 The velocity of a yacht can be measured relative to
wind, land, water or other yachts, and all of these measurements can
be different.
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8.1.2 What you will learn

KEY KNOWLEDGE
After completing this topic, you will be able to:
• describe Einstein’s two postulates for his theory of special relativity, which state that
• the laws of physics are the same in all inertial (non-accelerated) frames of reference
• the speed of light has a constant value for all observers regardless of their motion or the motion of
the source.

• compare Einstein’s theory of special relativity with the principles of classical physics
• describe proper time (t0 ) as the time interval between two events in a reference frame where the two events
occur at the same point in space

• describe proper length (L0 ) as the length that is measured in the frame of reference in which objects are
at rest

• model mathematically time dilation and length contraction at speeds approaching c using the equations:

t = t0𝛾 and L =
L0
𝛾

where 𝛾 =
(
1−

v2

c2

)−1
2

• explain why muons can reach Earth even though their half-lives would suggest that they should decay in
the outer atmosphere

• interpret Einstein’s prediction by showing that the total ‘mass-energy’ of an object is given by:
Etot = Ek + E0 = 𝛾mc2, where E0 = mc2, and where kinetic energy can be calculated by: Ek =

(
𝛾 − 1

)
mc2

• describe how matter is converted to energy by nuclear fusion in the Sun, which leads to its mass
decreasing and the emission of electromagnetic radiation.

Source: VCE Physics Study Design (2017–2021) extracts © VCAA; reproduced by permission.

PRACTICAL WORK AND INVESTIGATIONS
Practical work is a central component of learning and assessment. Experiments and investigations, supported by
a Practical investigation logbook and Teacher-led videos, are included in this topic to provide opportunities to
undertake investigations and communicate findings.

Digital documents Key science skills — Units 1–4 (doc-XXXX)

Key terms glossary (doc-XXXX)

Practical investigation logbook (doc-XXXX)

To access key concept summaries and practice VCAA exam questions download and print the studyON: Revision and
practice exam question booklet (doc-XXXX).

8.2 Einstein’s theory of special relativity

KEY CONCEPTS
• describe Einstein’s two postulates for his theory of special relativity, which state that
• the laws of physics are the same in all inertial (non-accelerated) frames of reference
• the speed of light has a constant value for all observers regardless of their motion or the motion of
the source.

• compare Einstein’s theory of special relativity with the principles of classical physics.
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8.2.1 What is relativity? FIGURE 8.2 Albert Einstein
(1879–1955)Newton’s laws held that all observers, regardless of their location and the

nature of their motion, were the same in terms of what they observed in
the world around them. However, today we understand that the speed
of an object depends on the relative motion of the observer. So do the
object’s time, kinetic energy, length and mass; that is, these properties
are relative rather than fixed. Albert Einstein discovered that some of
the physical properties that people assumed to be fixed for all observers
actually depend on the observers’ motions. But not everything is relative.
The laws of physics and the speed of light are the same for all observers.
Major developments in physics have come about at times when physicists
such as Galileo and Einstein developed a clearer understanding of what is
relative and what is not.

Albert Einstein (1879–1955) is one of the most famous figures in
history, largely due to his work on relativity. Einstein did not invent the
idea of relativity — it dates back to Galileo — but he brought it into line
with nineteenth-century developments in the understanding of light and electricity, leading to some striking
changes in how physicists viewed the world. In this topic, we look at the first revolution in relativity, then
explore some of the ideas of Einstein’s Special Theory of Relativity.

There is no rest
Let’s start with a down-to-earth scenario. Consider a police officer pointing her radar gun at an approaching
sports car from her car parked on the roadside. She measures the sports car’s speed to be 90 km h−1.
This agrees with the speed measured by the driver of the sports car on his car’s speedometer. However,
another police car drives towards the sports car in the opposite direction at 60 km h−1. A speed radar is also
operating in this car, and it measures the speed of the sports car to be 150 km h−1. So each police officer
has a different measurement for the speed of the sports car. Which measurement is correct? The answer is
that they are both correct — the speed measured for the car is relative to the velocity of the observer — but
only the speed measured by the officer at rest on the roadside is relevant when a speeding ticket is issued.

FIGURE 8.3 A speed limit
is the maximum allowed
speed relative to the road.

FIGURE 8.4 The radar gun would
measure a different speed if it was in a
moving vehicle.
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The sports car is approaching the oncoming police car at the same rate as if the police car was parked and
the sports car had a reading of 150 km h−1 on its speedometer. We say that the speed of the car is relative to
the observer rather than being an absolute quantity, agreed on by all observers. The significance of relative
speed becomes all too clear in head-on collisions. For example, you might be driving at only 60 km h−1,
but if you collide head-on with someone doing the same speed in the opposite direction, the impact occurs
for both cars at 120 km h−1; if one car was stationary, the impact would occur at 60 km h-1 for both.

FIGURE 8.5 Two different measurements of the speed of a car

150 km h−1 90 km h−1

90 km h−160 km h−1

Relativity is about the laws of physics being meaningful for all observers. Newton’s First Law of Motion
states that an object will continue at constant velocity unless acted on by an unbalanced net force. The
speed itself does not matter. In the example shown in figure 8.5, this law works for both of the police
officers, as do the other laws of motion.

FIGURE 8.6 Galileo Galilei (1564–1642), from a
nineteenth-century engraving

The Italian scientist Galileo Galilei (1564–1642) did not know about police cars and speed limits.
His examples featured sailing ships and cannon balls, but the physics ideas were the same. In Galileo’s
time, much of physics was still based on ancient ideas recorded by the Greek philosopher Aristotle
(384–322 BC). Aristotle taught that the
Earth was stationary in the centre of the universe.
Motion relative to the centre of Earth was a basis
for Aristotelian physics, so a form of relativity was
key to physics even before Galileo. But Galileo had
to establish a new understanding of relativity before
it became widely accepted that the Earth moved
around the Sun.

Galileo’s insight helped provide the platform
for physics as we know it today, but the idea of
a fixed frame of reference persisted. Following
on from Galileo, Isaac Newton considered the
centre of mass of the solar system to be at absolute
rest. James Clerk Maxwell (1831–1879), who put
forward the theory of electromagnetism, regarded
the medium for electromagnetic waves (light) to be
at rest. It was Einstein who let go of the concept of
absolute rest, declaring that it was impossible to
detect a place at absolute rest and therefore the idea
had no consequence. Once again, relativity was
updated to take into account the latest discoveries
and enable physics to make enormous leaps of
progress.
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The speed (velocity) of bodies in motion is truly relative to whoever is measuring it. We will return to
Einstein’s advances shortly, but let’s look at some more examples from Galilean relativity.

FIGURE 8.7 What should we measure speed relative to?

Aristotle had the

Earth at rest.

Galileo had the

Sun at rest.

Maxwell had the aether

at rest.

Einstein said it was

impossible to tell if

something was truly

at rest.

Galileo and the principle of relativity
Consider the driver of the sports car discussed earlier. His position relative to features of the landscape he
drives through is continuously changing, but inside the car life goes on as normal. He has the same position,
weight, mass and height; everything inside the car behaves just as he remembers it from when the car was
parked. On a smooth road at constant speed, his passenger could pour a drink without difficulty. The effect
of the bumps in the road would be indistinguishable from a situation in which the car was stationary and
someone outside was rocking it.

Nothing inside a vehicle moving with constant velocity can be affected by the magnitude of the velocity.
If it was, we would need to ask the following question: which velocity? If a velocity of 90 km h−1 caused a
passenger to have a mass of 50 kg, but a velocity of 150 km h−1 caused the passenger to have a mass of 60
kg, we would have a problem. The driver cannot simultaneously observe his passenger to have two different
masses.

The principle of relativity is the name that physicists give to this realisation. This states that the laws of
physics do not depend on the velocity of the observer. Galileo played a major role in the development of the
principle of relativity, and Newton’s laws of motion are fully consistent with it. Another way of describing
the principle of relativity is that there is no way that anyone in the car can measure its velocity without
making reference to something external to the car. The sports car driver can measure his speed relative
to the two police officers mentioned earlier. He would measure that he is moving relative to each of them
at different speeds, but he would not feel any difference. As long as the road is straight and smooth and
the car is travelling at a constant speed, there is no way to detect that the car is moving at all! He could be
stationary while one police car is approaching him at 90 km h−1 and the other at 150 km h−1.

FIGURE 8.8 How can we tell who is actually speeding?

0 km h−1 120 km h−1

You are
speeding!

No,
you are!

Even on an aeroplane travelling smoothly at 700 km h−1, we feel essentially the same as we do at rest.
The only giveaway is the turbulence the aircraft experiences and the change in air pressure in our ears.
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Neither of these effects is dependent on the forward velocity of the plane. The laws of physics are the same:
you can pour your can of drink safely, walk down the aisle, and drop a pencil and notice it fall vertically to
the floor just as it would if you were on the ground.

By introducing the principle of relativity, Galileo provided the necessary framework for important
developments in physics. Physics builds on the premise that the universe follows some order that can be
expressed as a set of physical laws. The Aristotelian ideas that were held at the time of Galileo suggested
that a force is necessary to keep objects moving. This led to one of the major arguments against Earth’s
motion: everyone would be hurled off the Earth’s surface as it hurtled through space, and the Moon would
be left behind rather than remaining in orbit around Earth. Galileo’s physics, including the principle of
relativity, helped to explain why this argument was wrong. Forces are not required to keep objects moving,
only to change their motion.

The science of Galileo and Newton was spectacularly successful: it explained the motion of everything
from cannon balls to planets. Later, however, as new theories of physics developed in the nineteenth
century, physicists faced the challenge of how to make everything fit together. It was not until the early
twentieth century that Einstein found a way to make sense of it all.

Examples of Galilean relativity
Here are some examples that support the Galilean principle of relativity.
1. If you are in a car stopped at the lights and another car next to yours slowly rolls past, it is difficult to

tell whether you or the other car is moving if nothing but the other car is in view.
2. In IMAX and similar films, viewers can feel as though they are going on a thrilling ride, even though

they are actually sitting on a fixed seat in a cinema. Theme parks enhance this effect in virtual reality
rides by jolting the chairs in a way that mimics movements you would feel on a real ride. Virtual
reality rides are very convincing because what you see and feel corresponds with an expected
movement, and your senses do not tell you otherwise. As long as the jolts correspond with the visual
effects, there is no way of telling the difference. The motion or lack of motion of the seat is irrelevant.

3. Acceleration does not depend on the velocity of the observer. An astronaut in a spacecraft travelling
through deep space with constant velocity feels weightless, regardless of the magnitude of the velocity.
She moves along with the same velocity as the spacecraft, as Newton’s first law would suggest. When
the spacecraft accelerates due to the force of its rocket engines, the astronaut feels pushed against the
back wall of the spacecraft by a force that depends on the magnitude of the acceleration. The effect of
the acceleration on the astronaut is noticeable, and may even cause the astronaut to lose consciousness
if the acceleration is too great.

FIGURE 8.9 A virtual reality ride4. When you are riding in a car with
the window down, most of the
wind you feel on your face is due
to the motion of the car through
the air. It is present even on
a still day. Only very severe
winds exceed 60 km h−1;
whenever you drive at greater
than 60 km h−1, your windscreen
is saving you from gale-force
winds! Similarly, it is always
windy on moving boats. This
is because on deck you are not
as well protected from the
apparent wind as you are in a car.
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5. Apparent wind becomes especially significant when sailing. As the boat increases its speed, the sailor
notices that he is heading more into the wind, even though neither he nor the wind has changed direction
relative to the shore. This leads the sailor to change the sail setting to suit the new wind direction.

FIGURE 8.10 The faster the boat moves, the more the wind appears to blow
from in front.

wind

apparent
wind

Boat moving forward

v(a)

(c)

(b)

Boat at rest

wind

apparent
wind

negative of
boat velocity

Apparent wind velocity is the difference 
between the wind velocity and the velocity 
of the boat.

SAMPLE PROBLEM 1

Compare the following two scenarios in terms of velocity.
1. A car travelling down the highway at 80 km h−1 collides with a stationary car.
2. A car travelling down the highway at 100 km h−1 collides with a car travelling at 20 km h−1 in

the same direction.
Teacher-led video: SP1 (eles-XXXX)

THINK WRITE

In the first scenario, the first car is travelling
at 80 km h−1 relative to the second car.

Although in each case the speeds relative
to the road are different, the relative
speeds of the cars are the same and will
cause similar effects upon colliding.

In the second scenario, the first car is travelling
at 100 – 20 = 80 km h−1 relative to the
second car.

PRACTICE PROBLEM 1
Which one (or more) of the following is relative (and therefore the key to Galilean relativity)?
A. acceleration
B. velocity
C. time
D. mass
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8.2.2 Frames of reference
To help make sense of all the possible velocities, physicists consider frames of reference. A frame of
reference involves a system of coordinates. For example, where you are sitting reading this book, you view
the world through your frame of reference. You can map the position of things around you by choosing
an origin (probably the point where you are), then noting where everything else is in reference to that: the
window is one metre in front of you, the door is two metres behind you, and so on. Your reference frame
also includes time, so you can see that the position of the window in front of you is not changing and you
can therefore say its velocity is zero.

FIGURE 8.11 A reference frame is a set of space and time coordinates that are
stationary relative to an observer.

0

−3 m

−2 m

−1 m

0

1 m

2 m

3 m

1 m

2 m

When we say something is ‘at rest’, we mean it is at rest in the reference frame in which we view the
world. In everyday life, we have a tendency to take a somewhat Aristotelian point of view and regard
everything from the perspective that the Earth is at rest. For example, another student walking behind you
has her own reference frame. As she walks, your position in her frame of reference is moving. However,
she would probably say that she is moving past you while you are stationary, rather than saying that she is
stationary while you and the rest of the room are on the move!

In many situations, considering the Earth to be at rest is a convenient assumption. In more complex
examples of motion, such as sports events, car accidents involving two moving vehicles, or the motions of
the solar system, it can be useful to choose alternative frames of reference.

In classical physics, the differences between frames of reference are their motion and position. (‘Classical
physics’, simply put, is the physics that predated Einstein’s discoveries leading to the laws of relativity and
quantum mechanics.) In other words, position and speed are relative in classical physics. For example, I
might record an object to have a different position than you would (it might be three metres in front of me
but four metres behind you), and I might also record it as having a different speed (maybe it is stationary
in my frame of reference but approaching you at 2 ms−1). The position and speed are dependent on the
observer. However, in classical physics all observers can agree on what three metres and 2 ms−1 are. The
rulers in my frame of reference are the same as the ones I see in yours, and the clocks in my frame of
reference tick at the same rate as I measure those ticking in yours. Time and space are seen as absolute in
the classical physics established by Galileo, Newton and the other early physicists.

Frames of reference that are not accelerating are called inertial reference frames. An inertial reference
frame moves in a straight line at a constant speed relative to other inertial reference frames.
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SAMPLE PROBLEM 2

Consider the reference frame in which a spacecraft is initially at rest (reference frame A).
Astronaut Axel is in the spacecraft and he fires its rockets for 10 s, achieving a final velocity of
100 ms−1. Show that the acceleration of the rocket does not depend on the reference frame.

Teacher-led video: SP2 (eles-XXXX)

THINK WRITE

1. We will show this by
determining what the
acceleration of the
spacecraft is in
reference frame A and
then randomly choosing
another inertial
reference frame, B, to
see if the acceleration is
the same.

2. Calculate the
acceleration of the
rocket in reference
frame A.

According to the measurements made in A, the rocket
accelerated for 10 s at:

a = Δv
t

= 100ms−1− 0ms−1

10 s

= 100ms−1

10 s
= 10ms−2.

Axel would feel a force towards the rear of the spacecraft
similar in magnitude to his weight on Earth.

3. Now we choose a
different reference
frame. Effie is in
reference frame B in
another spacecraft,
moving at 50 ms−1

relative to A.

a = 10 ms−2

v = 100 ms−1

t = 10 s

v = 150 ms−1

t = 10 s
v = 50 ms−1

t = 0 

v = 0
t = 0

x

Axel’s spacecraft

viewed from

reference frame A

Axel’s spacecraft

viewed from

reference frame B
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4. Calculate the
acceleration of the
rocket in reference
frame B.

Effie measures the velocity of Axel’s spacecraft to change
from 50ms−1 to (50 + 100) ms−1 in 10 s. From B:

a = Δv
t

= 150ms−1− 50ms−1

10 s

= 100ms−1

10 s
= 10ms−2

5. Compare the
acceleration of the
rocket in both reference
frames.

The acceleration is the same whether it is measured from
frame A or frame B. We observe that it will still be 10ms−2

regardless of the speed of the reference frame.

An invariant quantity is a quantity that has the same value in all reference frames. In classical physics,
mass is the same in all reference frames, so all observers will observe that Newton’s second law holds.
In sample problem 2, all observers would agree on the forces acting on the astronauts. Unlike velocity,
acceleration in Galilean relativity does not depend on the motion of the frame of reference; it is also
invariant.

It is interesting to consider the motion of Axel’s spacecraft as viewed by Effie in reference frame B.
Reference frame B is in an inertial reference frame as it is not accelerating. Axel, however, looks back at
Effie and sees her falling behind at an increasing rate. Is it Axel or Effie that is accelerating? The answer is
clear to them: the force experienced by Axel is not felt by Effie. The acceleration can be measured by this
force without any reference to the relative motions of other objects; an object’s velocity cannot.

PRACTICE PROBLEM 2
a. Explain what is meant by the statement ‘speed is relative to the frame of reference’.
b. By referring to Newton’s laws of motion, explain why it is important for acceleration to be

invariant but that velocity can be relative.
c. Explain why the principle of relativity is so important to physics.

8.2.3 Electromagnetism
Galilean relativity seemed to work well for the motion of massive bodies but, by the nineteenth century,
physicists were learning much more about other physical phenomena.

In 1865, James Clerk Maxwell’s theory of electromagnetism drew together the key findings of electricity
and magnetism to completely describe the behaviour of electric and magnetic fields in a set of four
equations. One of the outcomes of this was an understanding of electromagnetic waves. The equations
dictated the speed of these waves, and Maxwell noticed that the speed was the same as what had been
measured for light. He suggested that light was an electromagnetic wave and predicted the existence of
waves with other wavelengths that were soon discovered, such as radio waves. A medium for these fields
and waves was proposed, called the luminiferous aether. The speed of light, c, was the speed of light
relative to this aether.

Understanding electromagnetic phenomena was the foundation for Einstein’s special relativity. In
particular, the physicists of the nineteenth century, such as Michael Faraday, knew that they could induce
a current in a wire by moving a magnet near the wire. They also knew that if they moved a wire through a
magnetic field, a current would be induced in the wire. They saw these as two separate phenomena.
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FIGURE 8.12 An experiment in electromagnetism

Annabel is stationary Nicky moves

Annabel moves Nicky is stationary

Imagine this: two students are in different
physics classes. Annabel has learned in her
class that electrons moving in a magnetic field
experience a force perpendicular to their direction
of motion and in proportion to their speed. Her
friend Nicky has learned in her class that a current
is induced in a loop of wire when the magnetic
flux through the wire changes. Are these two
different phenomena? Because they have also
learned about the principle of relativity, Annabel
and Nicky have doubts. They get together after
class to perform experiments. The force depends
on the speed. Annabel holds a stationary loop of
conducting wire. Nicky moves the north pole of
a magnet towards the loop, and they notice that
a current is present in the wire as she does this.
Nicky says that this is consistent with what she
has learned. The conclusion is that a current is
induced by a changing magnetic field. Then Nicky
holds the magnet still so that the magnetic field
is not changing. Annabel moves her loop of wire
towards Nicky’s magnet. Annabel states that the
result agrees with what she learned in class — that
electrons and other charged particles experience a
force when moving in a magnetic field.

Einstein realised that there was only one
phenomenon at work here. Both experiments are
doing exactly the same thing, and it is only the
relative speeds of the coil and the magnet that are
important. This may seem obvious, but to make
this jump it was necessary to discard the idea that
the electric and magnetic fields depended on the
luminiferous aether. It was the relative motion that
was important, not whether the magnet or charge
was moving through the aether.

Before Einstein’s realisation, the understanding
was that if light moves through the aether, then
the Earth must also be moving through the aether.
Changes in the speed of light as the Earth orbits
the Sun should be detectable. Maxwell predicted that electromagnetic waves would behave like sound and
water waves in that the speed of electromagnetic waves in the medium would not depend on the motion of
the source or the detector through the medium.

To understand the significance of this aether, consider the sound produced by a jet plane. When the plane
is stationary on the runway preparing for takeoff, the sound travels away from the plane at the speed of
sound in air, about 340ms−1. When the plane is flying at a constant speed, say 200ms−1, the speed of sound
is still 340ms−1 in the air. However, to find the speed relative to the reference frame of the plane, we must
subtract the speed of the plane relative to the air. From this we find that the sound is travelling at:

340 − 200 = 140 ms−1 in the forward direction relative to the plane
340 − − 200 = 540 ms−1 in the backward direction relative to the plane.
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FIGURE 8.13 Sound moving away from a plane

v = 540 ms−1

v = 200 ms−1(a)  Velocity of sound relative to plane

v = 140 ms−1

v = 340 ms−1v = 340 ms−1

(b)  Velocity of sound relative to air v = 0 ms−1

In this example we could measure the speed of the plane through the air by knowing the speed of sound
in air (340 ms−1) and measuring the speed of a sound sent from the back of the plane to the front
(140 ms−1) in the reference frame of the plane. As long as the plane is flying straight, we could infer
the speed of the plane relative to the air by setting the forward direction as positive and subtracting the
velocities:

340− 140= 200ms−1.

The speed of the plane has been measured relative to an external reference frame, that of the air, and
therefore this example has not violated Galilean relativity. As light had been shown to travel in waves,
scientists felt they should be able to measure Earth’s speed through the aether in the same way.

SAMPLE PROBLEM 3

Explain how Maxwell’s concept of electromagnetic waves such as light challenged the Galilean
principle of relativity.

Teacher-led video: SP3 (eles-XXXX)

THINK WRITE

The principle of relativity states that the
laws of physics hold true in all inertial
reference frames.

Maxwell predicted that the speed of light was
constant relative to the aether. Different
explanations were required for electromagnetic
phenomena depending on the speed of magnets
and charges through the aether.

PRACTICE PROBLEM 3
Assuming that electromagnetic waves travel at c relative to the aether, determine the speed of light
shining from the rear of a spacecraft moving at half the speed of light relative to the aether according
to Kirsten, who is on board the spacecraft.
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The Michelson–Morley experiment
In 1887, Albert Michelson and Edward Morley devised a method of using interference effects to detect
slight changes in the time taken for light to travel through different paths in their apparatus. As with sound
travelling from the front and rear of a plane through the air, the light was expected to take different amounts
of time to travel in different directions through the luminiferous aether as the Earth moved through it. Much
to their astonishment, the predicted change in the interference pattern was not observed. It was as though
the speed of light was unaffected by the motion of the reference frame of its observer or its source!

FIGURE 8.14 The idea behind the Michelson–Morley experiment

v c relative to
the aether

c relative to
the aether

light moving away from
Earth slower than c (c − v)

light moving away from
Earth faster than c (c + v)

Video eLesson Michelson–Morley experiment (eles-2561)

8.2.4 Einstein’s two postulates of special relativity
Physicists tried all sorts of experiments to detect the motion of Earth through the luminiferous aether, and
they attempted to interpret the data in ways that would match the behaviour of light with what they expected
would happen. Their attempts were unsuccessful.

Einstein managed to restore order to our understanding of the universe. While others suspected the
new theory of electromagnetism to be wrong, Einstein took apart the established theory of Newtonian
mechanics, even though its success had given physicists reason to believe in relativity in the first place.
Einstein dared to see what would happen if he embraced the results of the Maxwell equations and the
experiments with light, and accepted that the speed of light was invariant. The results were surprising and
shocking, but this bold insight helped usher in the modern understanding of physics.

Einstein agreed with Galileo that the laws of physics must be the same for all observers, but he added
a second requirement: that the speed of light in a vacuum is the same for all observers. The speed of
light is not relative, as had been expected by those who went before him, but invariant. He set these two
principles down as requirements for the development of theoretical physics. They are known as Einstein’s
two postulates of special relativity:

1. The laws of physics are the same in all inertial (non-accelerated) frames of reference.
2. The speed of light has a constant value for all observers regardless of their motion or

the motion of the source.

The physics based on these postulates has become known as special relativity. It is ‘special’ because it
deals with the special case of uniform (non-accelerating) motion. To deal with gravity and acceleration,
Einstein went on to formulate his theory of general relativity, but that is beyond the scope of this course.

Einstein’s postulates were radical. The consequence of his insistence that physics be based on these
two postulates was that ideas that had been taken for granted for centuries were thrown out. As well as the
removal of the luminiferous aether, the intuitive notions that time passed at the same rate for everyone, that
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two simultaneous events would be simultaneous for all observers, and that distance and mass are the same
for all observers had to be discarded.

Einstein’s work explained why the velocity of Earth could not be detected. His first postulate implied that
there is no experiment that can be done on Earth to measure the speed of Earth. We must take an external
reference point and measure the speed of Earth relative to that point in order for the speed of Earth to have
any meaning. With his second postulate, Einstein also declared that it does not matter in which direction the
Michelson–Morley apparatus was pointing in; the light would still travel at the same speed. No change in
the interference pattern should be detected when the apparatus was rotated.

SAMPLE PROBLEM 4

How do Einstein’s postulates differ from the physics that preceded him?
Teacher-led video: SP4 (eles-XXXX)

THINK WRITE

1. Consider Einstein’s first postulate. Firstly, the principle of relativity is applied to all
laws of physics, not just the mechanics of
Galileo and Newton.

2. Consider Einstein’s second postulate. Secondly, the speed of light is constant for all
observers. Before Einstein, the speed of light
was assumed to be relative to its medium, the
luminiferous aether.

PRACTICE PROBLEM 4
Einstein realised that something that had been regarded as relative was actually invariant. As a result
of this, quantities that had been regarded as invariant now had to be regarded as relative. What did
he find to be invariant and what relative?

Broadening our horizons
Why did scientists before Einstein (and most of us after Einstein) not notice the effects of light speed
being invariant? Newton’s laws provided a very good approximation for the world experienced by
people before the twentieth century. By the beginning of the twentieth century, however, physicists were
able to take measurements with amazing accuracy. They were also discovering new particles, such as
electrons, that could travel at incredible speeds. Indeed, these speeds were completely outside the realm
of human experience. Light travels at c = 3 × 108 ms−1 or 300 000 km per second. (To be precise, c =
299 792 458ms−1.) At this speed, light covers the distance to the Moon in roughly 1.3 seconds!
Note:When considering speeds at a significant fraction of the speed of light, it is easier to use the speed

of light as the unit. For example, instead of 1.5 × 108 ms−1, a physicist can simply write 0.5c.

SAMPLE PROBLEM 5

To get a sense of how fast light travels, Andrei considers how long it would take to accelerate
from rest to a tenth of this great speed at the familiar rate of 9.8 ms−2 — the acceleration of an
object in free fall near the surface of Earth.

Teacher-led video: SP5 (eles-XXXX)
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THINK WRITE

1. List the known information. u = 0 ms−1, v = 0.1c = 3 × 107ms−1, a = 9.8ms−2, t = ?
2. As acceleration is constant,

use the relationship
v = u + at to determine the
time taken for an object to
accelerate from rest to a
speed that is a tenth of the
speed of light.

v = u + at

t = v − u

a

= 3 × 107− 0

9.8
= 3.06 × 106 seconds
= 35.4 days

It would take more than 35 days to achieve a speed of 0.1c!
(This is the fastest speed for which use of Newtonian
kinematics still gives a reasonable approximation.)
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This graph shows how speed as a fraction of c increases over
time at an acceleration of 9.8 ms−2.

PRACTICE PROBLEM 5
With an acceleration of 9.8 ms−2, occupants of a spacecraft in deep space would reassuringly feel the
same weight that they feel on Earth. What would happen to the astronauts if the acceleration of the
spacecraft was much greater, to enable faster space travel?

Light speed really is beyond our normal experience! Maybe Einstein’s predictions would not be so
surprising if we had more direct experience with objects travelling at great speeds but, as it is, they seem
very strange.

AS A MATTER OF FACT
The distance light travels in a year is known as a light-year. Even on Earth, we now measure distance in terms of

the speed of light. One metre is defined as the distance light travels in exactly
1

c
=

1

299792 458
of a second.
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The speed of light is constant
This simple statement of Einstein’s second postulate may not seem remarkable. To highlight what it
means, we will again compare light with sound. In the nineteenth century, sound and light were thought
to have a lot in common, because they both exhibited similar wavelike behaviours, such as diffraction and
interference. However, sound is a disturbance of a medium, whereas light does not require any medium
at all. Sound has a speed that is relative to its medium. If the source of the sound is moving through the
medium, then the speed of the sound relative to the source is different to the speed of sound relative to the
medium. Its speed can be different again from the reference frame of the observer.

Einstein was saying there is no medium for light, so the concept of the speed of light relative to its
medium is not meaningful. Light always moves away from its source at 299 792 458ms−1 and always meets
its observer at 299 792 458ms−1, no matter what the relative speeds of the observer and the source. Even if
the Earth were hurtling along its orbit at 0.9c, the result of the Michelson–Morley experiment would have
been the same.

As an example, consider a spacecraft in the distant future hurtling towards Earth at 0.5c. The astronaut
sends out a radio message to alert Earth of his impending visit. (Radio waves, as part of the electromagnetic
spectrum, have the same speed as visible light.) He notices that, in agreement with the Michelson–Morley
measurements of centuries before, the radio waves move away from the spacecraft at speed c. With what
speed do they hit the Earth? Relative velocity, as treated by Galileo, insists that as the spacecraft already has
a speed of 0.5c relative to the Earth, then the radio waves must strike the Earth at 1.5c. However, this does
not happen. The radio waves travel at speed c regardless of the motion of the source and the receiver.

FIGURE 8.15 A spacecraft approaching Earth at 0.5c. The radio signal is
travelling at c relative to both Earth and the spacecraft!

0.5c

c

radio 
signal

This concept was very difficult for physicists to deal with, and many resisted Einstein’s ideas. But the
evidence is irrefutable. Newtonian physics works as a very good approximation only for velocities much
less than c. The faster something moves, the more obvious it is that the Newtonian world view does not
match reality. It was not until the twentieth century that scientists dealt with objects (such as cosmic rays)
moving at great speeds. Satellites in orbit need to be programmed to follow Einstein, rather than Newton, if
they are to provide accurate data.

Space–time diagrams
In 1908, Hermann Minkowski invented a useful method of depicting situations similar to the spacecraft
scenario just described. His diagrams are like distance–time graphs with the axes switched around.
However, they differ from time–distance graphs in an important way. When reading these diagrams, the
markings on the scales for time and position are only correct for the reference frame in which the axes are
stationary.

Simultaneity
Simultaneity is the relationship between two separate events that are assumed to be happening at the same
time, in a particular reference frame. However, Einstein’s theory of special relativity shows that an event
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that is simultaneous in one frame of reference will not necessarily be simultaneous when viewed from
another frame of reference. This is known as the relativity of simultaneity.

Pdf_Folio:17
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SAMPLE PROBLEM 6

Light reflecting off planet A radiates in all directions at c so that, after one year, the light that left
the planet forms a circle one light-year in radius. Another planet, B, passes planet A at great
speed, just missing it. Light from planet B’s surface also leaves at c, according to the second
postulate, forming a circle around it. How can both planets be at the centre of their light circles
as the postulates demand?

Teacher-led video: SP6 (eles-XXXX)

THINK WRITE

1. Draw Minkowski
diagrams for each
planet.

Events that are simultaneous in one reference frame are not simultaneous in another.

1 light-year

behind A

planet A 1 light-year

ahead of A

x

t

light beams

1 light-year

behind B

planet B

from A

1 light-year

ahead of B

(a) t'(b)

x'

2. Use the diagrams
to explain how
both planets can
be at the centre of
their light circles
as the postulates
demand.

Diagram (a) shows the situation for planets A and B from the reference frame
of the planet, with the planet at the centre — the labels refer to planet A, but
the diagram is the same for both planets. The light radiates in all directions at
the same rate, and the diagram shows where the light in one direction and the
opposite direction would be after one year.

Diagram (b) shows what is happening on planet B according to observers on
planet A. The light moving out behind the moving planet reaches the
one-light-year distance sooner than the light moving out from the front! But
we know that planet B is at the centre of this light circle. The way to achieve
this is to move away from absolute space and time and understand that these
are relative to the observer. When we do this, we see that it is possible for
planet B to be at the centre of the light circle. However, this requires that A
and B disagree about when two events occur. According to planet A, the
different sides of the light circle reach the light-year radius at different times,
but from planet B this must occur simultaneously.UNCORRECTED PAGE PROOFS
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PRACTICE PROBLEM 6
State whether the simultaneity of events is invariant or relative in:
a. classical physics
b. special relativity.

8.2 EXERCISE
To answer questions online and to receive immediate feedback and sample responses for every question, go
to your learnON title at www.jacplus.com.au.

1. What do physicists mean when they say that velocity is relative?
2. What is a frame of reference?
3. Two cars drive in opposite directions along a suburban street at 50 kmh−1. What is the velocity of one car

relative to the other?
4. Earth varies from motion in a straight line by less than 1° each day due to its motion around the Sun.

(a) Explain, with the help of the principle of relativity, why we do not feel Earth moving, even though it is
travelling around the Sun at great speed.

(b) What are the other motions Earth undergoes that we cannot feel?
(c) Earth is not an inertial reference frame. Explain why we often refer to it as though it is.

5. (a) If Earth is moving at 100 km s−1 relative to the supposed aether, what speed
would Michelson have measured for light emitted in the same direction that Earth is travelling?

(b) What speed would Michelson have expected given the aether theory? (Take the speed of light to be
2.9979 × 108 ms−1.)

6. (a) Why did Newton’s laws seem correct for so long?
(b) Why do we often still use Newton’s laws today?

7. Why is Einstein’s second postulate surprising? Give an example to show why Newtonian physicists would
think it wrong.

8. A star emits light at speed c. A second star is hurtling towards it at speed 0.3c. What is the speed of the
light when it hits the second star relative to this second star?

To answer past VCAA exam questions online and to receive immediate feedback and sample responses for every
question, go to your learnON title at www.jacplus.com.au.

studyON: past VCAA exam questions

Fully worked solutions and sample responses are available in your digital formats.

8.3 Time dilation

KEY CONCEPTS
• describe proper time (t0 ) as the time interval between two events in a reference frame where the two events
occur at the same point in space

• model mathematically time dilation and length contraction at speeds approaching c using the equations:

t = t0𝛾 and L =
L0
𝛾

where 𝛾 =
(
1−

v2

c2

)−1
2

.

The passing of time can be measured in many ways, including using the position of the Sun in the sky,
the position of hands on a watch, the changing of the seasons and the signs of a person ageing. Galileo is
known to have made use of the beat of his pulse, the swinging of a pendulum and the dripping of water.
As already stated, Newtonian physics assumed that each of these clocks ticked at the same rate regardless
of who was observing them. However, the theory of relativity shows that this assumption — that time is
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absolute — is actually wrong. This error becomes apparent when the motion of the clock relative to the
observer approaches the speed of light.

Consider a simple clock consisting of two mirrors, A and B, with light reflecting back and forth between
them. This is an unusual clock, but it is very useful for illustrating how time is affected by relativity.
Experiments that involve pursuing an idea on paper without actually performing the experiment are
common in explanations of relativity. They are known as thought experiments.

Let the separation of the mirrors be L. The time for the pulse of light to pass from mirror A to mirror B
and back is calculated in the conventional way:

c = 2L

t0

t0 =
2L

c

where t0 is the time for light to travel from A to B and back, as measured in the frame of reference in which
the clock is at rest.

We will define this time, t0, to be one tick of the clock. In this case, the position of the clock does not
change in the frame of reference. The passing of time can be indicated by two events separated by time but
not by space — the event of the photon of light first being at A and the event of the photon being back at A.

FIGURE 8.16 A light clock (a) at rest relative to the observer, and (b) in motion relative to the observer

L L

(a)
B

A

(b)
B'

A'

B'

A'

B'

v

vtAB

Imagine an identical clock, with mirrors A′ and B′, moving past this light clock at speed v. At what rate
does time pass on this moving clock according to the observer? Label the time interval measured by this
clock t to distinguish it from t0. The light leaves A′ and moves towards B′ at speed c. The speed is still c
even though the clock is moving, as stated by Einstein’s second postulate. In the time the light makes this
journey, the clock moves a distance d = vtAB, where tAB is the time the light takes to travel from A′ to B′.
Figure 8.16b depicts this situation and shows that the light in the moving frame of reference has further
to travel than the light in the rest frame. Using Pythagoras’s theorem, the light has travelled a distance of
2√L2 + (vtAB)2 from A′ to B′ and back to A′. This is a greater distance than 2L, given v ≠ 0 and c is
constant. Therefore, the time the light takes to complete the tick must be greater than for the rest clock.

The speed of the light relative to the observer is:

c = d

t

c = 2√L2 + (vtAB)2

2tAB
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Transpose the equation to make a formula for t:

2ctAB = 2√L2 + v2(tAB)2

c2(tAB)2 = L2 + v2(tAB)2

But tAB =
t

2
:

c2t2

4
− v2t2

4
= L2

t2
(
c2− v2

)
= 4L2

t = 2L

√c2− v2

= 2L

c
√

1− v2

c2

We have already determined that t0 =
2L

c
, so

t = t0

√
1− v2

c2

.

The expression
1

√
1− v2

c2

appears frequently in special relativity. So that we do not have to write it all

the time, it is simply called gamma, 𝛾. It is also known as the Lorentz factor.
We can now write the equation as

t = t0𝜸.
Where 𝜸 = 1

√1− v2

c2

is the Lorentz factor

v is the speed of the moving frame of reference
c is the speed of light in a vacuum
t is the time measured in the reference frame of the observer
t0 is the time measured in the reference frame of the observed object (proper time)

The equation t = t0𝛾 is the known as the time dilation formula. This formula enables us to determine
the time interval between two events in a reference frame moving relative to an observer.

Note that gamma is always greater than 1. As a result, t will always be greater than t0, hence the term
‘time dilation’. In a reference frame moving relative to the observer like this, the two events that we are
using to mark the time interval (the time between the light being at A) occur at different points in space.
The time t0 is the time measured in a frame of reference where the events occur at the same points in space.
It is known as the proper time. This is not proper in the sense of correct, but in the sense of property. It is
the time in the clock’s own reference frame, whatever that clock might be.
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Examples:
1. A mechanical clock’s large hand moves from the 12 to the 3, showing that 15 minutes have passed.

Fifteen minutes is the proper time between the two events of the clock showing the hour and the clock
showing quarter past the hour. However, if that clock was moving relative to us at great speed, we
would notice that the time between these two events was longer than 15 minutes. The time is dilated.

2. A candle burns 2 centimetres in 1 hour. One hour is the proper time between the events of the candle
being at a particular length and the candle being 2 centimetres shorter. If the candle was moving
relative to the observer, she would notice that it took longer than 1 hour for the candle to burn down
2 centimetres.

3. A man dies at 89 years of age. His life of 89 years is the time between the events of his birth and his
death in his reference frame. To an observer moving past at great speed, the man appears to live longer
than 89 years. He does not fit any more into his life; everything he does appears to the observer as if it
was slowed down.

SAMPLE PROBLEM 7

James observes a clock held by his friend Mabry moving past at 0.5c. He notices the hands
change from 12 pm to 12.05 pm, indicating that 5 minutes have passed for the clock. How much
time has passed for James?

Teacher-led video: SP7 (eles-XXXX)

Solution:

THINK WRITE

1. Determine the proper time of the clock. The proper time t0 is the time interval between
the two events: when the clock shows 12 pm and
when the clock shows 12.05 pm. The difference
is 5 minutes.

2. Calculate the Lorentz factor using

𝛾 = 1

√
1 − v2

c2

, where v = 0.5c.
𝛾 = 1

√
1 − v2

c2

= 1

√1 − (0.5c)2
c2

= 1

√
1 − 0.25c2

c2

= 1

√1 − 0.25
= 1.155

3. Calculate the time taken for the hands to
change from 12 pm to 12.05 pm in James’s
frame of reference, using t = t0𝛾.

t = t0𝛾
= 5minutes × 1.155
= 5.774minutes

James notices that the moving clock takes 5.774
minutes (or 5 minutes, 46.4 seconds) for its
hands to move from 12 pm to 12.05 pm.
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PRACTICE PROBLEM 7
In another measurement, James looks at his own clock and waits the 5 minutes it takes for the clock
to change from 1 pm to 1.05 pm. He then looks at Mabry’s clock as she moves past at 0.5c. How
much time has passed on her clock?

Unlike in Newtonian physics, time intervals in special relativity are not invariant. Rather, they are relative
to the observer.

SAMPLE PROBLEM 8

Mabry is travelling past James at 0.5c. She looks at James and sees his clock ticking. How long
does she observe it to take for his clock to indicate the passing of 5 minutes?

Teacher-led video: SP8 (eles-XXXX)

Solution:

THINK WRITE

In this case it is James’s clock that is showing the
proper time. The situation in sample problem 7 and
this situation are symmetrical. Mabry sees James as
moving at 0.5c, and James sees Mabry moving at
0.5c, so Mabry’s measurement of time passing on
James’s clock is the same as James’s measurement
of time passing on Mabry’s clock.

Mabry notices that 5.774 minutes pass
when James’s clock shows 5 minutes
passing.

PRACTICE PROBLEM 8
Aixi listens to a three-minute song on her phone. As soon as she starts the song she sees her friend
Xiaobo start wrestling with his brother on a spaceship moving by at 0.8c. When the song finishes, she
sees Xiaobo stop wrestling. How long were the two boys wrestling for?

SAMPLE PROBLEM 9

A car passes Eleanor at 20 ms−1. She compares the rate that a clock in the car ticks with the rate
the clock in her hand ticks.

Teacher-led video: SP9 (eles-XXXX)

Solution:

THINK WRITE

1. Determine the Lorentz factor

𝛾 = 1

√
1 − v2

c2

when v = 20ms−1.

𝛾 = 1

√
1 − v2

c2

= 1
√√√
√

1 − 202(
3 × 108

)2
= 1.000 000 000 000 0022Pdf_Folio:22
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2. Calculate the time that passes on the clock in
the car in Eleanor’s frame of reference using
t = t0𝛾.

t = t0𝛾
= 1.000 000 000 000 0022t0

The difference between the rates of time in the
two perspectives is so small that it is difficult
to calculate, much less notice it.

PRACTICE PROBLEM 9
Jonathan observes a clock on a passing spaceship to be ticking at half the rate of his identical clock.
What is the relative speed of Jonathan and the passing spaceship?

Newton’s assumption that all clocks tick at the same rate, regardless of their inertial reference frame, was
very reasonable. Learning the very good approximation of Newton’s laws is well justified. They are simpler
than Einstein’s laws, and they work for all but the highest speeds. A good theory in science has to fit the
facts, and Newton’s physics fit the data very successfully for 200 years. It was a great theory, but Einstein’s
is even better.

If Newton knew then what we know now, he would realise that his theories were in trouble. At speeds
humans normally experience, time dilation is negligible, but the dilation increases dramatically as objects
approach the speed of light. If you passed a planet at 2.9 × 108 ms−1, you would measure the aliens’ usual
school lessons of 50 minutes as taking 195 minutes. An increase in speed to 2.99 × 108 ms−1 would dilate
the period to 613 minutes. If you could achieve the speed of light, the period would last forever — time
would stop.

Photons do not age, as they do not experience time passing!

8.3.1 Time dilation and modern technology

FIGURE 8.17 With a GPS device you can know your position to
within a few metres.

Time dilation has great practical significance. A global positioning system (GPS) is able to tell you where
you are, anywhere on Earth, in terms of longitude, latitude and altitude, to within a few metres. To achieve
this precision, the system has to
compensate for relativistic effects,
including time dilation, because it
depends on satellites moving in orbit.
Einstein’s general relativity also shows
that the difference in gravity acting
on a satellite in orbit affects the time
significantly. Nanosecond accuracy is
required for a GPS but, if Newtonian
physics was used, the timing would
be out by more than 30 microseconds.
GPSs are widely used in satellite
navigation, and ships, planes, car
drivers and bushwalkers can find
their bearings far more accurately
than they ever could using
a compass.
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8.3 EXERCISE
To answer questions online and to receive immediate feedback and sample responses for every question, go
to your learnON title at www.jacplus.com.au.

1. What is time dilation? In your explanation, give an example of where time dilation would occur.
2. Which clock runs slow: yours or one in motion relative to you?
3. Draw diagrams of a light clock in motion and at rest to explain why time dilation occurs for moving clocks.
4. Explain the difference between to and t in the time dilation formula.
5. Two spacecraft pass each other with a relative speed of 0.3c.

(a) Calculate 𝛾.
(b) A drummer pounds a drum at 100 beats per minute on one of the spacecraft. How many beats per

minute would those on the other spacecraft measure as a result of time dilation?

To answer past VCAA exam questions online and to receive immediate feedback and sample responses for every
question, go to your learnON title at www.jacplus.com.au.

studyON: past VCAA exam questions

Fully worked solutions and sample responses are available in your digital formats.
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8.4 Length contraction

KEY CONCEPTS
• describe proper length (L0 ) as the length that is measured in the frame of reference in which objects are
at rest

• model mathematically time dilation and length contraction at speeds approaching c using the equations:

t = t0𝛾 and L =
L0
𝛾

where 𝛾 =
(
1−

v2

c2

)−1
2

Once we accept that simultaneity of events and the rate that time passes are relative, we have to accept
that length must be relative as well. The length of an object is simply the distance between the two ends
of the object. To find that distance, the positions of both ends must be noted at the same time. If they were
measured at different times, a moving object would have changed position, so the distance between the end
that was measured second and the end that was measured first would have changed. The fact that any two
inertial reference frames do not agree on which events are simultaneous is going to cause the measurement
of length to be different in different reference frames. The speed of light is invariant and time is relative, so
we have even more reason to doubt that lengths will be the same for all observers.

A clever thought experiment of Einstein’s enables us to determine the effect the speed of an observer
has on a length to be measured. It is essentially the same as the thought experiment used to derive the time
dilation equation but with the light clock tipped on its side so that its length is aligned with the direction of
its motion.

From the reference frame of the clock, again t0 = 2L

c
. What about the reference frame of an observer

with a speed of v relative to the clock? We can measure the distance between the ends of the clock using the
time for light to travel from one end to the other and back.
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FIGURE 8.18 Light journeys in (a) a clock at rest and (b) a clock moving to the right at
speed v

(a) A B

Lo

(b) A B

L vtAB

vtBAL

From A to B:

L+ vtAB = ctAB

where
L = the length of the clock as observed by the moving observer
vtAB = the distance the clock has moved in the time the light passes from A to B
ctAB = the distance the light has travelled passing from A to B.
Transposing the equation to make tAB the subject:

tAB =
L

c− v
.

From B to A:

L− vtBA = ctBA

where
vtBA = the distance the clock has moved in the time the light passes from B back to A
ctBA = the distance the light has travelled passing from B back to A.
Transposing the equation to make tBA the subject:

tAB =
L

c+ v

Pdf_Folio:25

TOPIC 8 Special relativity 25

UNCORRECTED PAGE PROOFS



“c08SpecialRelativity_print” — 2019/6/14 — 6:55 — page 26 — #26

As A moves to meet the light, the time tBA is less than tAB. The total time is:

t = tAB + tBA

= L

c− v
+ L

c+ v

= 2Lc

c2− v2

= 2L

c

(
1− v2

c2

) .
According to the time dilation formula:

t = t0

√
1− v2

c2

.

Substituting this for our time in the moving clock gives:

t0

√
1− v2

c2

= 2L

c

(
1− v2

c2

)
t0 =

2L

c
√

1− v2

c2

.

Substituting t0 =
2L0

c
gives:

2L0

c
= 2L

c
√

1− v2

c2

⇒ L0 =
L

√
1− v2

c2

or L = L0√1− v2

c2

The formula L = L0√
1− v2

c2
is known as the Lorentz contraction formula after one of the early pioneers

of relativity theory, Hendrik Antoon Lorentz (1853–1928). The Lorentz contraction is the shortening of an
object in its direction of motion when measured from a reference frame in motion relative to the object.

The proper length of an object, L0, is the length measured in the rest frame of the object. L is the length
as measured from an inertial reference frame travelling at a velocity v relative to the object. This change in
length applies only to the length along the direction of motion. The other dimensions are not affected by
this contraction.

The proper length is contracted by a factor of
1
𝛾 :
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L = L0

𝜸
.

Where 𝜸 = 1

√1− v2

c2

is the Lorentz factor

v is the speed of the moving frame of reference
c is the speed of light in a vacuum
L is the length measured in the reference frame of the observer
L0 is the length measured in the reference frame of the observed
object (proper length)

AS A MATTER OF FACT
George Fitzgerald and Hendrik Lorentz independently proposed an explanation for the result of the
Michelson–Morley experiment (in 1889 and 1892 respectively). If the length of the apparatus contracted in the
direction of Earth’s movement, then the light would take the same time to travel the two paths. This explanation
assumed that the aether existed and that light would travel at constant speed through it; therefore, light
would travel at different speeds relative to Earth as Earth moved through the aether. This explanation was not
completely satisfying as there was no known force that would cause the contraction, and the aether had never
been directly detected. The contraction would be measured by those in the reference frame at rest with respect
to the aether.
In special relativity, any observer in motion relative to an object measures a contraction. As the contraction

is simply a feature of observation from different reference frames, no force is required to cause the contraction.
Nothing actually happens to the object in its reference frame.

The Lorentz contraction is negligible at velocities we commonly experience. Even at a relative speed
of 10% the speed of light, the contraction is less than 1%. As speed increases beyond 0.1c, however, the
contraction increases until at relative speed c, the length becomes zero.
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FIGURE 8.19 A spaceship travelling at high speed has its length contracted. The contraction is only in the
direction of motion of the spaceship.

at rest

v = 0.86c
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SAMPLE PROBLEM 10

Observers on Earth observe the length of a spacecraft travelling at 0.5c to have contracted. By
what percentage of its proper length is the spacecraft contracted according to the observers?

Teacher-led video: SP10 (eles-XXXX)

Solution:

THINK WRITE

1. Determine the Lorentz factor,

𝛾 = 1

√
1 − v2

c2

, for v = 0.5c.
𝛾 = 1

√
1 − v2

c2

= 1

√1 − (0.5c)2
c2

= 1

√
1 − 0.25c2

c2

= 1

√1 − 0.25

= 1.155

2. Using the Lorentz contraction

formula, determine the ratio
L

L0

.

L = L0

𝛾
L

L0

= 1
𝛾

= 1

1.155
= 0.866

3. Interpret the ratio
L

L0

as a percentage. The spacecraft appears to be only 0.866 or 86.6%
of its proper length. This is a contraction of 13.4%.

28 Jacaranda Physics 2 VCE Units 3 & 4 Second Edition

PRACTICE PROBLEM 10
Rebecca and Madeline take measurements of the journey from Melbourne to Sydney. Rebecca stays
in Melbourne and stretches a hypothetical tape measure between the two cities. Madeline travels
towards Sydney at great speed and measures the distance with her own measuring tape that is in her
own reference frame.
a. How would the two measurements compare, assuming that perfect precision could be achieved?
b. Which measurement could be considered to be the proper length of the journey? Explain.

AS A MATTER OF FACT
The twins paradox
A paradox is a seemingly absurd or contradictory statement. Relativity provides a few paradoxes that are useful
in teaching the implications of relativity. The ‘twins paradox’ is probably the best known. Despite its name, the
twins paradox is explained fully by the logic of relativity.
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Imagine a spacecraft that starts its journey from Earth. After three years in Earth time, it will turn around and
come back, so that those on Earth measure the total time between the events of the launch and the return to take
six years. The astronaut, Peter, leaves his twin brother, Mark, on Earth. During this time, Peter and Mark agree
that Earth has not moved from its path through space; it is Peter in his spaceship who has gone on a journey
and has experienced the effects of acceleration that Mark has not. Mark measures the length of Peter’s journey
from Earth. His measurement is longer than Peter’s due to length contraction, but the speed of Peter is measured
relative to Earth. They disagree on distance travelled but not speed, so they must disagree on time taken. This is
not just an intellectual dispute — the difference in time will show in their ageing, with Peter actually being younger
than Mark on his return to Earth.
We all go on a journey into the future; we cannot stop time. Relativity shows us that the rate that time

progresses depends on the movements we make through space on the journey. Coasting along in an inertial
reference frame is the longest path to take. Zipping through different reference frames then returning home
enables objects to reach the future in a shorter time: they take a longer journey through space but a shorter
journey through time.
The twins scenario may sound incredible, but it has been verified experimentally. The most accurate clocks

ever built are atomic clocks. They make use of the oscillations of the atoms of particular elements. The period
of this oscillation is unaffected even by quite extreme temperatures and accelerations, making the clocks
without rival in terms of accuracy. These clocks have been flown around the world on airliners, recording less
elapsed time than for similar clocks that remained on the ground. The effect is tiny, but the clocks have more
than adequate precision to detect the difference. The difference measured is consistent with the time difference
predicted by special relativity.
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AS A MATTER OF FACT
The parking spot paradox
Can a long car enter a parking spot that is too short for it by making use of length contraction? The answer is yes
and no. To explain, consider another famous paradox of relativity.
Charlotte’s car is 8 m long and she proudly drives it at a speed of 0.8c. She observes her friend Alexandra,

who is stationary on the roadside, and asks her to measure the length of her car. (For the sake of argument, we
will ignore the issues of where a car could go at such a huge speed, and how Alexandra communicates with
Charlotte and measures the car.)
Alexandra says that Charlotte must be dreaming if she thinks her car is 8 m long, because she measures it to

be only 4.8 m long. She believes her measurements are accurate.
To prove her point, Alexandra marks out a parking spot 4.8 m long. She says that if Charlotte can park her car

in the spot, then the car is not as long as she thinks. Charlotte argues that her car will not fit into a parking spot
4.8 m long, but she agrees to the test.
From Charlotte’s frame of reference, the parking spot would be merely 2.9 m long. This is because it has a

length contraction due to the car’s relative motion of 0.8c. Alexandra’s measuring equipment detects that the
front of the car reaches the front of the parking spot at the same instant as the back of the car arrives at the back.
However, much to Alexandra’s amazement, the stopped car is 8 m long. Charlotte and Alexandra now agree
that the stopped car does not fit the 4.8 m parking spot, and that it has a length of 8 m. This may at first seem
impossible, which is why it is sometimes called a paradox. Once we consider that Charlotte and Alexandra do not
agree on which events are simultaneous, the paradox is resolved. Alexandra measured the front and the back of
the car to be within the parking spot at the same time but did not check that the front and back had stopped.
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FIGURE 8.20 The parking spot paradox

(b) The view from 
 Charlotte’s frame
 of reference

(a) Alexandra’s view when the back of 
 the car enters the parking spot
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8.4 EXERCISE
To answer questions online and to receive immediate feedback and sample responses for every question, go
to your learnON title at www.jacplus.com.au.

1. If a box was moving away from you at nearly light speed, which dimensions of the box would undergo length
contraction from your perspective: width, height or depth?

2. The twins paradox shows that less time passes for the travelling twin. Does this also mean that the twin will
return shortened due to length contraction? Explain.

3. An alien spacecraft speeds through the solar system at 0.8c.
(a) What is the effect of its speed on the length of the spacecraft from the perspective of an alien on board?
(b) What is the effect of its speed on the length of the spacecraft from the perspective of the Sun?
(c) At what speed does light from the Sun reach it?

4. A high-energy physicist detects a particle in a particle accelerator that has a half-life of 20 s when travelling
at 0.99c.
(a) Calculate the particle’s half-life in its rest frame.
(b) The detector is 5 m long. How long would it be in the rest frame of the particle?

5. An astronaut on a spacewalk sees a spacecraft passing at 0.9c. The spacecraft has a proper length of
100 m. What is the length of the spacecraft L due to length contraction according to the astronaut?

To answer past VCAA exam questions online and to receive immediate feedback and sample responses for every
question, go to your learnON title at www.jacplus.com.au.

studyON: past VCAA exam questions

Fully worked solutions and sample responses are available in your digital formats.

8.5 Seeing relativistic effects

KEY CONCEPT
• explain why muons can reach Earth even though their half-lives would suggest that they should decay in
the outer atmosphere.

In this topic, we frequently use the term observer. Much of the imagery used in teaching relativity is
in principle true but in practicality it is fantasy. Seeing anything in detail that is moving at close to the
speed of light is not feasible. However, measuring distances and times associated with these objects is
reasonable. Images formed of objects moving at speeds approaching c will be the result of time dilation,
length contraction and other effects including the relativistic Doppler effect and the aberration of light.

Imagine speeding through space in a very fast spacecraft. When you planned your trip on Earth, you
forgot to take relativity into account. Everything on board would appear normal throughout the trip, but
when you looked out the front window, the effects of relative speed would be obvious. Some examples of
what you would see include: the aberration of light, causing the stars to group closer together so that your
forward field of vision would be increased; the Doppler effect, causing the colours of stars to change; and
the voyage taking much less time than you expected.

8.5.1 The journey of muons
Bruno Rossi and David Hall performed a beautiful experiment in 1941, the results of which are consistent
with both time dilation and length contraction. Earth is constantly bombarded by energetic radiation from
space, known as cosmic radiation. These rays collide with the upper atmosphere, producing particles
known as muons. Muons are known to have a very short half-life, measured in the laboratory to be 1.56
microseconds. Given the speed at which they travel and the distance they travel through the atmosphere, the
vast majority of muons would decay before they hit the ground.
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The Rossi–Hall experiment involved measuring the number of muons colliding with a detector on top
of a tall mountain and comparing this number with how many muons were detected at a lower point. They
found that far more muons survived the journey through the atmosphere than would be predicted without
time dilation. The muons were travelling so fast relative to Earth that the muons decayed at a much slower
rate for observers on Earth than they would at rest in the laboratory. The journey between the detectors
took about 6.5 microseconds according to Earth-based clocks, but the muons decayed as though only
0.7 microseconds had passed. Due to length contraction, the muons did not see the tall mountain but, rather,
a small hill. Rossi and Hall were not surprised that the muons survived the journey at all.

FIGURE 8.21 Muons are a measurable example of special relativistic effects.

2000 m

(a) The number of muons decaying between
 detector 1 and detector 2 implies that
 less time has passed for the muons than 
 Earth-based clocks suggest.

(b) The muons see the distance 
 between detectors greatly 
 contracted.

detector 1

detector 1

detector 2 detector 2

muons

muons
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SAMPLE PROBLEM 11

Use the description of the Rossi–Hall experiment introduced earlier to answer the following
questions.
a. What is the proper time for the half-life of muons?
b. What is the value of gamma as determined from the journey times from the different reference

frames?
c. How fast were the muons travelling though the atmosphere according to the value for gamma?
d. Calculate the half-life of the muons from the reference frame of the Earth.

Teacher-led video: SP11 (eles-XXXX)

Solution:

THINK WRITE

a. The proper time for the half-life is in the
reference frame of the muon.

a. The proper time for the half-life of muons is
1.56 microseconds.

b. Use the time dilation formula with t = 6.5 and
t0 = 0.7 to calculate the value of gamma.

b. t = t0𝛾

𝛾 = t

t0

= 6.5
0.7

= 9.29
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c. Use the expression for the Lorentz factor,

𝛾 = 1

√
1 − v2

c2

, to calculate the velocity of the

muons.

c. 𝛾 = 1

√
1 − v2

c2

v = c
√

1 − 1

𝛾2

= c√1 − 1

9.292

= 0.994c
The muons were travelling at 99.4% of the
speed of light.

d. Use the time dilation formula, t = 𝜆t0, to
calculate the half-life of the muons from the
reference frame of the Earth.

d. t = 𝜆t0
= 9.29 × 1.56𝜇s
= = 14𝜇s

The half-life of muons as viewed from Earth is
14 microseconds compared to the 1.56
microseconds as experienced by the muons.

PRACTICE PROBLEM 11
Use the description of the Rossi–Hall experiment introduced earlier to answer the following
questions.
a. Use the travel time from the Earth reference frame and the speed of the muons to calculate

the height of the mountain.
b. Use the travel time of the muons to determine how high the mountain appeared to the

muons.

8.5 EXERCISE
To answer questions online and to receive immediate feedback and sample responses for every question, go
to your learnON title at www.jacplus.com.au.

1. Explain why muons reach the surface of the Earth in greater numbers than would be predicted by classical
physics, given their speed, their half-lives and the distance they need to travel through the atmosphere.

2. A muon forms 30 km above the Earth’s surface and travels straight down at 0.98c. From its frame of
reference, what is the distance it has to travel through the atmosphere?

3. The proper time for the half-life of a muon is 1.56 microseconds. If the muon moves at 0.98c relative to an
observer, what does the observer measure its half-life as?

4. Explain how muons produced by cosmic rays became an early confirmation of special relativity.

To answer past VCAA exam questions online and to receive immediate feedback and sample responses for every
question, go to your learnON title at www.jacplus.com.au.

studyON: past VCAA exam questions

Fully worked solutions and sample responses are available in your digital formats.
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8.6 Einstein’s mass-energy relationship

KEY CONCEPTS
• interpret Einstein’s prediction by showing that the total ‘mass-energy’ of an object is given by:
Etot = Ek + E0 = 𝛾mc2 where E0 = mc2, and where kinetic energy can be calculated by: Ek =

(
𝛾 − 1

)
mc2

• describe how matter is converted to energy by nuclear fusion in the Sun, which leads to its mass
decreasing and the emission of electromagnetic radiation.

In Newtonian physics, the work done in accelerating an object is equal to the increase in the kinetic
energy of the object, and energy is conserved.

Work done (W) = Force (F) × displacement (∆s) = Gain in kinetic energy (∆Ek)

And since Ek =
1

2
mv2:

∆Ek =
1

2
m
(
v2− u2

)
= F × ∆s

Newton’s laws show that energy is conserved. However, this equation does not hold in Einstein’s theory
of special relativity, because the laws of physics need to hold true in all reference frames.

It was in exploring these ideas that Einstein came up with the idea that energy and mass were equivalent
and interchangeable, leading to the result of special relativity that people are most familiar with: the
equation E = mc2. In fact, it is probably the most well-known equation of all. This formula expresses an
equivalence of mass and energy. If we do work, E, on an object, that is we increase its energy, its mass will
increase. Usually, however, we do not notice this increase in mass because it is very small compared to the
factor c2 = 9×1016m2s−2. According to ∆E = ∆mc2, it would take 9×1016J of energy to increase the mass
by 1 kg. This is similar to the amount of electrical energy produced in Victoria every year. Conversely, if we
could convert every gram of a 1 kg mass into electricity, we would supply Victoria’s electricity needs for a
year. Nuclear fission reactors produce electricity from the small loss of mass that occurs when large nuclei
such as those of uranium-235 undergo fission. The Sun and other stars generate their energy by losing mass
to nuclear fusion.

A simplified derivation of this equation can help us gain a sense of the physics involved. Consider a
box suspended in space, with no external forces acting on it, as shown in figure 8.22. Maxwell found that

electromagnetic radiation carries momentum p = E

c
where E is the energy transmitted and c is the speed of

light. In the context of photons, each photon carries a momentum p = E

c
. As a result, light exerts pressure

on surfaces. This effect can nudge satellites out of orbit over time.
In diagram (a) of figure 8.22, the box begins at rest. The total momentum is zero and its centre of mass is

in the centre.
In diagram (b) of figure 8.22, a photon of energy E is emitted from end A travelling to the right, carrying

momentum with it. To conserve momentum, the box moves in the direction opposite to the movement of the
photon, to the left.

⇒
pphoton + pbox = 0
E

c
− mboxv = 0

where
mbox = the mass of the box
v = the velocity of the box.
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FIGURE 8.22 Einstein’s box suspended in space

momentum = − mboxv = 0v =

A B

A B

A B

centre of

mass

centre of

mass

centre

of mass

momentum = 0

(a) The box begins at rest.

momentum = 0

(b) A photon is emitted from end A.

(c) The box has moved a distance x

 to the left.

x

photon

velocity = c

E

mboxc

E

c

Rearranging gives us the velocity of the box in the leftward direction, v = E

mboxc
, a very small number!

In diagram (c) of figure 8.22, after time ∆t, the light pulse strikes the other end of the box and is
absorbed. The momentum of the photon is also absorbed into the box, bringing the box to a stop. In this
process, the box has moved a distance x where x = v∆t.

Substituting v = E

mboxc
from diagram (b) gives

x = E∆t
mboxc

.

As v is very small (almost non-existent), we can assume that the photon travels the full length of the box

and put ∆t = L

c
. Substituting this into x = E∆t

mboxc
gives:

x = EL

mboxc
2

orE = xmboxc
2

L
.

There are no external forces acting on the box, so the position of the centre of mass must remain
unchanged (see the dotted line in the diagram). The box moved to the left as a result of the transfer of the
energy of the photon to the right. Therefore, the transfer of the photon must be the equivalent of a transfer

of mass. If we can show that
xmbox

L
is the same as the mass equivalent of the transferred energy, we have

our answer. To show this, we will pay attention to the shift in the box relative to the centre of mass of the
system.
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The centre of mass is the point where the box would balance if suspended. This can be determined by
balancing moments — the mass times the distance from a reference point. We choose the centre of the box
as the reference point to ensure that the distance x is in our calculations. The moment for the box is mboxx
anticlockwise, because the mass of the box can be considered to be acting through a point at distance x

to the left of the reference point. The photon’s equivalent mass is acting at distance
L

2
to the right of the

reference point, so its moment is m
L

2
clockwise. However, this moment was acting on the other end of the

box before the photon was emitted, so we can consider its absence from that end of the box as an equal
moment in the same direction. We then have:

mboxx = m
L

2
+ m

L

2

or m = mboxx

L
as required.

Substitute this into E = xmboxc
2

L
and we have E = mc2.

𝚫E = 𝚫mc2

where ∆E is the change in energy
∆m is the change in mass
c is the speed of light

FIGURE 8.23 Balancing Einstein’s box

Photon mass–energy
missing = −m

Photon mass–energy
gained = m

Centre of mass of the
box after the photon
is reabsorbed

When x is chosen correctly,
the box will balance here.

x

Centre of mass of the box before the
photon is emitted. Choose this as the
reference point; mbox acts through here.

In other words, when the photon carried energy to the other end of the box, it had the same effect as if
it had carried mass. In fact, Einstein concluded that energy and mass are equivalent. If we say that some
energy has passed from one end of the box to the other, we are equally justified in saying that mass has
passed as well. Note the distinction: the photon carries an amount of energy that is equivalent to an amount
of mass, but the photon itself does not have mass.

One implication of this is that the measurement of mass depends on the relative motion of the observer.
The kinetic energy of a body depends on the inertial reference frame from which it is measured. The faster
the motion, the greater the kinetic energy. So kinetic energy is relative, and so is mass! Energy is equivalent
to mass, so the mass of an object increases as its velocity relative to an observer increases.
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The mass of an object that is in the same inertial frame as the observer is called its rest mass (m0). When
measured from other reference frames, the mass is given by m = m0𝛾. The derivation of this is complex, so
it will not be addressed here.

SAMPLE PROBLEM 12

Use m = m0𝛾 to show that it is not possible for a mass to exceed the speed of light.
Teacher-led video: SP12 (eles-XXXX)

Solution:

THINK WRITE

1. Consider the effect on gamma as v→ c. As v→ c,

𝛾 → 1

√1 − c2

c2

→∞ So

as v→ c, 𝛾 becomes infinitely large.

2. Consider the effect on m as v→ c. m = m0𝛾, so as v→ c, 𝛾 → ∞, m→∞.
An object travelling at c would have infinite mass.

3. Consider the effect on gamma if v > c. 𝛾 = 1

√
1 − v2

c2

If v > c, then
v2

c2
> 1 and 1 − v2

c2
< 0.

Speeds larger than c would produce a negative
under the square root sign, so these speeds are not
possible.

PRACTICE PROBLEM 12
The Earth (m = 6 × 1024 kg) moves around the Sun at close to 30 000 ms−1. From the Sun’s frame of
reference, how much additional mass does the Earth have?

SAMPLE PROBLEM 13

Calculate the mass increase of a proton that is accelerated from rest using 11 GeV of energy, an
energy that can be achieved in particle accelerators.

Teacher-led video: SP13 (eles-XXXX)

Solution:

THINK WRITE

1. Convert 11 GeV into joules. ΔE = 11GeV

= 11 × 109 × 1.6 × 10−19 J

= 1.76 × 10−9J
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2. Use the equation ΔE = Δmc2 to
determine the mass increase that
corresponds with a change in energy
of 11 GeV.

PRACTICE PROBLEM 13
A particle physicist accelerates a proton from rest using 3.45 × 10–10 J of energy. What is the mass
increase of the proton if the rest mass of the proton is 1.67 × 10–27 kg.

SAMPLE PROBLEM 14

In Newtonian physics, if we gave a proton 11 GeV of kinetic energy, what would be its speed?
Teacher-led video: SP14 (eles-XXXX)

Solution:

THINK WRITE

Use the formula Ek =
1

2
mv2 to determine the speed

of the proton.

Ek =
1

2
mv2

v =√
2Ek
m

=
√

2 × 11 × 109 × 1.6 × 10−19

1.67 × 10−27

= 1.45 × 109 ms−1

This speed is not possible as the maximum
speed attainable is 3 × 108 ms−1.

PRACTICE PROBLEM 14
Use Newton’s laws to determine the speed of the proton from practice problem 13. What conclusions
can you make about Newtonian physics compared to Einstein’s physics?

The solution to sample problem 14 is well in excess of the speed of light and is an example of the
limitations of Newtonian physics. In relativity, when more energy is given to a particle that is approaching
the speed of light, the energy causes a large change in mass and a small change in speed. By doing work on
Pdf_Folio:37

ΔE = Δmc2

Δm = ΔE
c2

= 1.76 × 10−9 J(
3 × 108 ms−1

)2
= 1.96 × 10−26 kg

Note that the rest mass of a proton is 1.67 × 10−27 kg,
so the accelerated proton behaves as though its mass is
nearly 13 times its rest mass.
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the particle, the particle gains inertia, so the increase in energy has an ever-decreasing effect on the speed.
The speed cannot increase beyond the speed of light, no matter how much energy the particle is given.

In particle accelerators, where particles are accelerated to near the speed of light, every tiny increase in
the speed of the particles requires huge amounts of energy. Physicists working in this field rely on ever-
higher energies to make new discoveries. This costs huge amounts of money. Nonetheless, a number of
accelerators have been built that are used by scientists from around the world. This area of research is often
called high-energy physics. At these high energies, Newtonian mechanics is hopelessly inadequate and
Einstein’s relativity is essential.

FIGURE 8.24 Particle accelerators such as the Australian Synchrotron in Melbourne accelerate subatomic
particles to near-light speeds, where special relativity is essential for understanding the behaviour of the particles.
Electrons in the Australian Synchrotron have kinetic energies up to 3 GeV.

8.6.1 Kinetic energy in special relativity
This equivalence of mass and energy has resulted in the term mass–energy. The mass–energy of any object
is given by E = mc2. With mass–energy, a moving particle has kinetic energy and rest energy. Rest energy
is the energy equivalent of the mass at rest given by E0 = m0c

2.
So we have:

Etot = Ek + E0

Substituting for Etot and E0, we have:

mc2 = Ek + m0c
2

Rearranging and substituting,

Ek = mc2− m0c
2

= m0𝛾c2− m0c
2

= (𝛾 − 1)m0c
2.Pdf_Folio:38
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The kinetic energy of a particle can be calculated using

Ek = (𝜸 − 1)m0c2

Where Ek is the kinetic energy of the particle

𝛾 is the Lorentz factor 𝜸 = 1

√1− v2

c2

m0 is the rest mass of the particle
c is the speed of light

This is the expression we must use for kinetic energy when dealing with high speeds, particularly those
exceeding 10% of the speed of light.

SAMPLE PROBLEM 15

Calculate the kinetic energy of a 10 000 kg spacecraft travelling at 0.5c and compare this with the

kinetic energy that you would calculate using classical physics
(
that is,Ek =

1
2
mv2

)
.

Teacher-led video: SP15 (eles-XXXX)

Solution:

THINK WRITE

1. Use the formula Ek = (𝛾 − 1)m0c
2 to calculate the

kinetic energy of the spacecraft using special
relativity, with v = 0.5c

Ek = (𝛾 − 1)m0c
2

=
(

1

√1 − 0.52
− 1

)
× 10 000 ×

(
3 × 108

)2
= 1.39 × 1020 J.

2. Use the formula Ek =
1

2
mv2 to calculate the kinetic

energy of the spacecraft using classical physics,
with v = 0.5c = 0.5 × 3 × 108 ms−1.

Ek =
1

2
mv2

= 1

2
× 10 000 ×

(
0.5 × 3 × 108

)2
= 1.13 × 1020 J.

3. Compare the values for the kinetic energy of the
spacecraft using special relativity and classical
physics.

The kinetic energy is
1.39
1.13

= 1.23
times the value predicted by classical
physics.

PRACTICE PROBLEM 15
A particle accelerator is designed to give electrons 10 GeV of kinetic energy. How fast can it make
electrons travel?
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8.6.2 Mass conversion in the Sun
In unit 1 we considered the generation of energy in the core of the Sun and other stars. One of the
consequences of Einstein’s great contribution to our understanding of relativity is that we now understand
a great deal about how energy is generated by the Sun. At the centre of it all is the equation E = mc2. The
Sun continuously converts mass–energy stored as mass
into radiant light and heat. Each second, the Sun radiates
enough energy to meet current human requirements
for billions of years. It takes the energy generated
in the core about 100 000 years to reach the surface.
Even if the fusion in the Sun stopped today, it would take
tens of thousands of years before there was a significant
impact on Earth.

Nuclear fusion

FIGURE 8.25 The Sun’s energy comes
from nuclear fusion converting mass into
energy.

Nuclear fusion is the process of joining smaller nuclei
to form one larger, more stable nucleus. Extremely high
temperatures are required for nuclear fusion to occur, such
as those found on the Sun and other stars.

The Sun is a ball made up mostly of hydrogen plasma and
some ionised atoms of lighter elements. The temperatures in
the Sun ensure that virtually all of the atoms are ionised. The
composition of the Sun is shown in this table.

TABLE 8.1 The composition of the Sun

Element
Percentage of total number

of nuclei in the Sun
Percentage of total
mass of the Sun

Hydrogen 91.2 71.0

Helium 8.7 27.1

Oxygen 0.078 0.97

Carbon 0.043 0.40

Nitrogen 0.0088 0.096

Silicon 0.0045 0.099

Magnesium 0.0038 0.076

Neon 0.0035 0.058

Iron 0.030 0.014

Sulfur 0.015 0.040

At this stage of the Sun’s life cycle, ionised hydrogen atoms (i.e. protons) provide the energy. The
abundance of protons and the temperatures and pressures in the core of the Sun are sufficient to fuse
hydrogen, but not heavier nuclei. The energies of the protons in the Sun have a wide distribution from cool,
slow protons to extremely hot, fast protons. Only the most energetic protons, about one in a hundred billion,
have the energy required to overcome the electrostatic repulsion and undergo fusion. The Sun is in a very
stable phase of fusing hydrogen that is expected to last for billions of years to come.
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Fusion in the Sun occurs mainly through the following process:

1
1H + 1

1H → 2
1H + 0

1β+ + neutrino
2
1H + 1

1H → 3
2He + gamma photon

3
2He + 3

2He → 4
2He + 21

1H.

which can be summed up by the following equation:

41
1H → 4

2He + 20
1β+ + 2 neutrinos + 2 gamma photons.

The energy is released mainly through the gamma photons and the annihilation of the positrons when
they meet free electrons in the Sun. The net result is an enormous release of energy and a corresponding
loss of mass. The mass loss has been measured to be 4.4 Tg (4.4 × 109 kg) per second. As the mass of the
Sun is around 2.0 × 1030 kg, even at this incredible rate, there is plenty of hydrogen to sustain it for about
twice its age of four and a half billion years.

SAMPLE PROBLEM 16

A nucleus of hydrogen-2 made of one proton and one neutron has a smaller mass than the total of
an individual proton and an individual neutron. Account for this mass difference.

Teacher-led video: SP16 (eles-XXXX)

Solution:

THINK WRITE

Consider the mass–energy of the hydrogen-2
nucleus compared to the mass–energy of the
separate proton and neutron.

The mass of the nucleus is different to the mass
of the individual particles, but when the binding
energy of the hydrogen-2 nucleus is included, we
find that themass–energy of both is the same. The
separate particles have their mass and zero
potential energy. The particles bound in the
nucleus have a reduced mass and the binding
energy of the nucleus. (The binding energy is the
energy required to separate the particles. It is
released as a combination of increased kinetic
energy of the particles and gamma rays.)

PRACTICE PROBLEM 16
Consider the following fusion reaction:

3
2He + 3

2He→ 4
2He + 211H

If 30 MeV of energy is released through this reaction, determine how much mass is lost through
this reaction. Do not forget to convert MeV to J.
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PRACTICE PROBLEM 17
If the mass of the Sun is approximately 2.0 × 1030 kg and it is estimated that the Sun loses 4.4 × 109

kg s−1 during nuclear fusion, how long would you estimate the Sun to be able to continue providing
energy for life on Earth?

8.6 EXERCISE
To answer questions online and to receive immediate feedback and sample responses for every question, go
to your learnON title at www.jacplus.com.au.

1. Use your knowledge of relativity to argue that matter cannot travel at the speed of light.
2. How much energy would be required to accelerate 1000 kg to:

(a) 0.1c
(b) 0.5c
(c) 0.8c
(d) 0.9c?

3. Sketch a graph of energy versus speed using your answers to the previous question.
4. Explain in words what E = mc2 tells us about energy and mass.
5. Calculate the rest energy of Earth, which has a rest mass of 6.0 × 1024 kg.
6. Consider Earth to be a mass moving at 30 km s−1 relative to a stationary observer. Given that the rest mass

of Earth is 5.98 × 1024 kg, what would be the difference between this rest mass and the mass from the point
of view of the stationary observer?

7. What is happening to the mass of the Sun over time? Why?
8. Where in the fusion process in the Sun is electromagnetic radiation produced that is later radiated by the

Sun?

To answer past VCAA exam questions online and to receive immediate feedback and sample responses for every
question, go to your learnON title at www.jacplus.com.au.

studyON: past VCAA exam questions

Fully worked solutions and sample responses are available in your digital formats.
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SAMPLE PROBLEM 17

What is the power output of the Sun?
Teacher-led video: SP17 (eles-XXXX)

Solution:

THINK WRITE

1. Use the relationship E = mc2 to calculate the
energy released by the sun when its mass loss is
4.4 × 109 kg.

E = mc2

= 4.4 × 109 ×
(
3.0 × 108

)2
J

= 4.0 × 1026 J

2. Use the relationship P = E

t
to calculate the power

output that corresponds to a mass loss of
4.4 × 109 kg s−1.

P = E

t

= 4.0 × 1026 J

1 s
= 4.0 × 1026 W

The mass loss of 4.4 × 109 kg s−1 equates to
a power output of 4.0 × 1026 W.
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8.7 Review
8.7.1 Summary
• There is no frame of reference that is at absolute rest. Velocity is always relative to a chosen reference

frame.
• Classical physics is the physics established by Galileo, Newton and other scientists before the

twentieth century. It does not include twentieth-century developments in physics, such as special
relativity and quantum mechanics.

• In classical physics, velocity is relative but time, distance and mass measurements are invariant — they
are the same for all observers. Classical physics provides a good approximation at low velocities but it
does not provide accurate values as relative speeds approach the speed of light.

• In special relativity, velocities of masses are still relative but the speed of light is invariant. As a result,
it is recognised that the measurement of time intervals, lengths and masses is relative to the reference
frame of the observer.

• Einstein’s two postulates of special relativity are:
• the laws of physics are the same in all inertial (non-accelerated) frames of reference
• the speed of light has a constant value for all observers regardless of their motion or the motion of

the source.
• Proper time is the time interval between two events in a reference frame where the two events occur at

the same point in space, that is, the reference frame in which the clock is stationary.
• Proper length is the length that is measured in the frame of reference in which objects are at rest.
• In reference frames in motion relative to the observer, time is dilated according to t = t0, where

𝛾 = 1

√
1− v2

c2

.

• In reference frames in motion relative to the observer, length is contracted along the line of motion

according to L = L0

𝛾 .

• In reference frames in motion relative to the observer, mass increases according to m = m0.
• An example of where the effects of special relativity can be observed is muons formed in the upper

atmosphere. They travel to Earth at nearly the speed of light, so that even though most would decay in
the time it takes them to reach the surface according to classical physics, many survive the journey as
they see the distance contracted. From the perspective of the Earth, the time is dilated so that the
muons have time to reach the surface.

• Kinetic energy is given by the formula Ek = (−1)m0c
2.

• E = mc2 expresses the equivalence of mass and energy.
• Fusion is the source of the Sun’s energy. The Sun is constantly losing mass as it radiates energy in

accordance with mass–energy equivalence.

To access key concept summaries and past VCE exam questions download and print the studyON: Revision and practice
exam question booklet (doc-XXXX).
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8.7.2 Key terms

inertial reference frame is a reference frame that is not accelerating
invariant quantity is a quantity that has the same value in all reference frames
mass–energy of an object is given by E = mc2. As mass and energy are equivalent, they can be described as a

single concept, mass–energy.
proper length of an object is the length measured in the rest frame of the object
proper time between two events is the time measured in a frame of reference where the events occur at the

same point in space. The proper time of a clock is the time the clock measures in its own reference frame.
relative is when a quantity has different values for different observers
rest mass is the mass of an object measured at rest
thought experiment (also known as a gedanken experiment) is an imaginary scenario designed to explore what

the laws of physics predict would happen
time dilation describes the slowing of time by clocks moving relative to the observer

8.7 Exercises
To answer questions online and to receive immediate feedback and sample responses for every question, go
to your learnON title at www.jacplus.com.au.

8.7 Exercise 1: Multiple choice questions
1. According to Maxwell, who would see light travelling the fastest?

A. Someone moving towards a light source that is stationary in the aether
B. Someone who is stationary in the aether with the light source moving away
C. Someone who is stationary in the aether with the light source moving towards them
D. Someone who is moving away from a light source that is stationary in the aether

2. Which of the following would be a consequence of the relativistic mass increase of a person travelling
past you at near light speed?
A. They would appear physically larger.
B. They would weigh more on a balance.
C. They would require more force to accelerate.
D. All of the above.

3. Einstein’s second postulate of special relativity states that the speed of light:
A. is constant regardless of the speed of the observer or the light source
B. can decrease if the speed of the observer decreases
C. randomly changes depending upon its original light source
D. can increase if the speed of the light source increases.

4. John is riding an e-scooter through campus and travelling at 6 ms−1. What is the speed of a ball if John
throws it forward at 2 ms−1 while riding his e-scooter?
A. 8 ms−1 B. 6 ms−1 C. 4 ms−1 D. 2 ms−1

5. If a spacecraft travels towards a light beacon at four-tenths the speed of light (0.4c), what would the
spacecraft measure the speed of light from the beacon to be?
A. 0.6c B. 0.4c C. 1.0c D. 1.4c

6. Twins Bob and Rob are 30 years old. Rob travels to outer space in a rocket at 0.8c for what he
experiences as 12 years. How old is Bob (who remained on Earth) when Rob returns from his travels?
A. 50 years old B. 70 years old C. 42 years old D. 37 years old

7. A vehicle parked on a street corner is 12 m long. It then starts up and travels around the block at 0.8c
past an observer on the street corner. What length does the observer on the street corner measure the
vehicle to have?
A. 20 m B. 5.7 m C. 0.6 m D. 7.2 m
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8. A scientist is sitting in her stationary laboratory. She observes a spaceship with a mass of 8000 kg
moving past her. She observes that the clocks on the ship, which are operating normally, are running
6 times slower than the clocks in her laboratory, which are also running normally. What is the kinetic
energy of the spaceship in the scientist’s frame of reference?
A. 12 × 1012 J B. −6 × 1020 J C. 3.6 × 1021 J D. 3.6 × 1024 J

9. A particle of mass m0 travels at a speed of 0.8c. The relativistic kinetic energy of the particle is:
A. 1.66 m0c

2 B. 0.66 m0c
2 C. m0c

2 D. 0.32 m0c
2

10. How much kinetic energy does a proton having a rest mass (m0) equal to 1.67 × 10−27 kg and 𝛾 equal
to 1.8 gain when it is accelerated from rest?
A. 0 J B. 1.50 × 10−10 J C. 1.20 × 1010 J D. 1.20 × 10−10 J

8.7 Exercise 2: Short answer questions
1. What is the difference between an inertial and a non-inertial reference frame?
2. How can you determine whether your car is accelerating or moving with constant velocity?
3. Explain, using the concept of velocity, why head-on collisions are particularly dangerous. Use an

example.
4. a. What are Einstein’s two postulates of special relativity?

b. What is in these postulates that was not present in previous physics?
5. You observe that an astronaut moving very quickly away from you ages at a slower rate than you. The

astronaut views you as ageing faster than she ages. True or false? Explain.
6. It takes 5 min for an astronaut to eat his breakfast, according to the clock on his spacecraft. The clock

on a passing spacecraft records that 8 min passed while he ate his breakfast.
a. Which time is proper time?
b. What is the relative speed of the two spacecraft?

7. Travelling at near light speed would enable astronauts to cover enormous distances. Explain the
difficulties in terms of energy of achieving space travel at near light speed.

8. If a 250 g apple could be converted into electricity with 100% efficiency, how many joules of electricity
would be produced?

9. Much of Victoria’s electricity is produced by burning coal. What can you say about the mass of the coal
and its chemical combustion products as a result of burning it?

10. Part of the fusion process in the Sun involves the fusion of two protons into a deuteron. This results in
the release of 0.42 MeV of energy. What is the mass equivalent of this energy release?

8.7 Exercise 3: Exam practice questions
Question 1
A car accelerates from 0 to 100 km h−1 in 10 s.
a. What is its acceleration relative to the road?
b. What is its acceleration relative to a car travelling at 100 km h−1 in the opposite direction?
c. Would you describe the acceleration as absolute, relative, invariant or arbitrary?

Question 2
Explain how Einstein’s second postulate makes sense of the results of the Michelson–Morley experiment.

Question 3
Explain why time dilation must occur for all clocks, not just the light clock.

Question 4
The nearest star, apart from the Sun, is 4.2 light-years distant.
a. How far is it to that star according to astronauts in a spacecraft travelling at 0.7c?
b. How long would it take to get there in this spacecraft?
c. How long will the journey take, based on measurements from Earth? (Assume that Earth is stationary

relative to the star.)
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Question 5
A spacecraft (Lo = 80 m) travels past a space station at speed 0.7c. Its radio receiver is on the tip of its
nose. The space station sends a radio signal the instant the tail of the spacecraft passes the space station.
a. What is the length of the spacecraft in the reference frame of the space station?
b. How far from the space station is the nose of the spacecraft when it receives the radio signal from the

reference frame of the space station?
c. What is the time taken for the radio signal to reach the nose of the spacecraft, according to those on the

space station?
d. What is the time taken for the radio signal to reach the nose, according to those on the spacecraft?

Question 6
An astronaut in a spacecraft moves past Earth at 0.8c and measures his mass. (He has no weight in his
inertial reference frame.) According to him, his mass is 70 kg.
a. What is his mass according to an observer on Earth?
b. How much energy was required to give him the extra mass?

Question 7
Calculate the kinetic energy of a 10 000 kg asteroid travelling at 0.6c.

Question 8
Calculate the speed of a 10 kg meteorite that has 5.0 × 108 J of kinetic energy.

Question 9
a. Write the most common sequence of nuclear fusion reactions in the Sun.
b. How does the total mass of the particles on the left-hand side of the arrow in each equation compare with

the total mass of the particles on the right-hand side?

8.7 Exercise 4: studyON Topic Test
Fully worked solutions and sample responses are available in your digital formats.
Access Course Content and select ‘Past VCAA examinations’ to sit the examination online or offline.

Test maker
Create unique tests and exams from our extensive range of questions, including practice exam questions.
Access the assignments section in learnON to begin creating and assigning assessments to students.
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