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Unit Specification 
4 Gravitation 

a) Projectiles and satellites 

b) Gravity and mass 

 

5 Special Relativity 

a) Introduction to special relativity 

Notes  
4  Gravitation 

a) Resolving the motion of a projectile with an initial velocity into horizontal and vertical components and their 
use in calculations. Comparison of projectiles with objects in free fall. Newton‘s thought experiment and an 
explanation of why satellites remain in orbit. 

b) Gravitational Field Strength of planets, natural satellites and stellar objects. Calculating the force exerted on 
objects placed in a gravity field. Newton‘s Universal Law of Gravitation. The orbital speed of the Sun and 
other stars gives a way of determining the mass of our galaxy. The Sun‘s orbital speed is determined almost 
entirely by the gravitational pull of matter inside its orbit. Measurements of the mass of our galaxy and 
others lead to the conclusion that there is significant mass which cannot be detected — dark matter.  

 
5  Special Relativity 

a) Relativity introduced through Galilean Invariance, Newtonian Relativity and the concept of absolute space. 
Experimental and theoretical considerations (details not required) lead to the conclusion that the speed of 
light is the same for all observers. The constancy of the speed of light led Einstein to postulate that space 
and time for a moving object are changed relative to a stationary observer. Length contraction and time 
dilation. 

Contexts  
4  Gravitation 

a) Using software to analyse videos of projectiles. Low orbit and geostationary satellites. Satellite 
communication and surveying. Environmental monitoring of the conditions of the atmosphere. 

b) Methods for measuring the gravitational field strength on Earth. Using gravity assist to travel in space. Lunar 
and planetary orbits. Formation of the solar system by the aggregation of matter. Stellar formation and 
collapse. 

c) The status of our knowledge of the force of gravity may be explored. The other fundamental forces have 
been linked but there is as yet no unifying theory to link them to gravity.  

 
5  Special Relativity 

a) Newtonian Relativity can be experienced in an intuitive way. Examples include walking in a moving train and 
moving sound sources. At high speeds, non-intuitive relativistic effects are observed. Length contraction and 
time dilation can be studied using suitable animations. Experimental verification includes muon detection at 
the surface of the Earth and accurate time measurements on airborne clocks. The time dilation equation can 
be derived from the geometrical consideration of a light beam moving relative to a stationary observer. 
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Free Fall 
When objects fall freely in a gravitational field they accelerate at a rate that corresponds to the gravitational field 

strength g. This is free fall. 

When an object is in free fall it appears to be weightless.  For example astronauts in an orbiting space craft seem to 

be weightless. This is because the sensation of weight is due to the fact that we can feel the reaction force from any 

surface we are standing on. In free fall there is no sensation of weight.  In the orbiting space craft, the space craft 

and everything in it fall at the same rate i.e. everything is in free fall. 

The fact remains that the force of gravity acting on an object: W = mg.  In free fall the weight produces the common 

acceleration. 

The effect can be produced in an aircraft following a special trajectory (essentially the path of a projectile). This is 

done in the ”Vomit Comet”. 

Newton’s Thought Experiment 
Suppose we fire a huge gun horizontally from a high mountain; the projectile will eventually fall to earth, as 

indicated by the shortest trajectory in the figure, because the gravitational force accelerates it directly towards the 

center of the Earth. As we increase the velocity of our imaginary projectile, it will travel further and further before 

returning to earth. Finally, Newton reasoned that if the gun fired the projectile with exactly the right velocity, it 

would travel completely around the Earth, always falling in the gravitational field but never reaching the Earth which 

curves away at the same rate that the projectile falls. In other words the projectile would now be in orbit around the 

Earth. Newton concluded that the orbit of the Moon was of exactly the same nature: the Moon continuously "fell" in 

its path around the Earth because of the acceleration due to gravity, thus producing its orbit.  

1. If the speed is low, it will simply fall back to Earth. (A and B) 

2. If the speed is the orbital velocity at that altitude it will go on circling 

around the Earth along a fixed circular orbit just like the moon. (C) 

3. If the speed is higher than the orbital velocity, but not as high as the 

escape velocity, it will continue go around Earth in an elliptical orbit. (D) 

4. If the speed is very high, it will leave the Earth (E) 

 

 

 

On October 4 1957 Newton’s thought experiment became reality with the successful launch of the world’s first 

artificial satellite, Sputnik. The significance of this launch in terms of its impact on life cannot be underestimated. 

Low-orbit and geostationary satellites are used for a wide range of applications, including environmental 

monitoring, communications, military applications and defence, and scientific investigations. 
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Understanding Gravity 
Sir Isaac Newton (1642–1727) did not discover gravity. People had long been aware that objects when released 

would fall.  

Galileo (1564–1642) had carried out experiments on falling objects and put forward 

a theory on the motion of objects in free fall in his unfinished work De Motu (On 

Motion). 

Obviously, then, Galileo was performing experiments at the very beginning of his 

investigations into motion, and he took his experimental results seriously. Over the 

next two decades he changed his ideas and refined his experiments, and in the end 

he arrived at the law of falling bodies which states that in a vacuum all bodies, 

regardless of their weight, shape, or specific gravity, are uniformly accelerated in 

exactly the same way, and that the distance fallen is proportional to the square of 

the elapsed time. 

Newton’s significant contribution, ranked ‘among humanity’s greatest achievements in abstract thought’ was to 

theorise that the force acting locally on an apple could be applied to the universe. Newton developed the universal 

theory of gravitation. This was published in his best-known work, the Principia. 

Questions to consider before you progress through this section: 

 What is gravity? 

 What is the force of gravity? 

 What are the effects of gravity? 

 What do we know about gravity? 

 How can we make use of gravity? 

 

Mapping the gravitational field on Earth 
On 17 March 2009, the European Space Agency launched the Gravity Field and Steady State Ocean Circulation 

Explorer (GOCE), the lowest orbit research satellite in operation (at 254.9 km). 

(see http://www.esa.int/esaLP/ESAYEK1VMOC_LPgoce_0.html). 

The mission of this satellite is to map the Earth’s gravitational field in greater detail than has previously been 

possible. This data will be used to: 

 inform predictions of climate 

 understand and monitor the effects of climate change, making accurate measurements of ocean circulation 

and sea level 

 develop an improved understand of the internal geology of the Earth, including hazards such as volcanoes 

 develop a system that allows comparison of heights all over the world to be made for the first time; such a 

system would be very useful when undertaking large-scale engineering projects such as bridge building and 

tunnel construction.  

In order to achieve its very challenging mission objectives, the 

satellite was designed to orbit at a very low altitude where the 

gravitational variations are stronger.  
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Since mid-September 2009, GOCE has been in its gravity-mapping orbit – the lowest orbit sustained over a long 

period by any Earth observation satellite. 

The residual air at this low altitude causes the orbit of a standard satellite to decay very rapidly. GOCE, however, 

continuously compensates for the drag by firing an ion thruster using xenon gas. 

It ensures the gravity sensors are flying as though they are in pure free fall, so they pick up only gravity readings and 

not the effects from other forces. 

To obtain clean gravity readings, there can be no disturbances from moving parts, so the entire satellite is a single 

extremely sensitive measuring device. 

‘The gravity measuring system is functioning extremely well. The system is actively compensating for the effects of 

atmospheric drag and delivering a continuous set of clean gravity readings,’ Dr Floberghagen a Physicist working on 

it said. ‘This in itself is an excellent technical achievement. GOCE has proven to be a nearly perfect satellite for 

measuring gravity from space.’ 

(Extract from http://www.esa.int/SPECIALS/GOCE/SEMY0FOZVAG_0.html) 

The ‘standard’ acceleration due to gravity at the Earth’s surface is 9.8 m s–2. The GOCE mission has established that 

the figure in fact varies from 9.788 m s–2 at the equator to 9.838 m s–2 at the poles. 

 

The Earth’s natural satellite: the Moon 

Greek philosophers understood that the Moon is a sphere in orbit around the Earth. They also realised that the 

Moon is not a light source, but reflects sunlight. 

Around 1850 years ago, Ptolemy (90–168) hypothesised that the Moon and Sun both orbit the Earth. This theory was 

the most commonly held belief in ancient Greece, Europe and in many other parts of the world. There is evidence 

that others, including Muslim scholars, developed an alternative theory, one in which the Earth was not orbited by 

the Sun, 250 years before Ptolemy proposed his theory.  

Evidence in support of the geocentric model 

Geocentrism is the belief that the Earth is the centre of the universe.  

 What evidence supported this theory? 

 What evidence is there to support an alternative theory? 

The Sun, Moon, stars and other planets appear to revolve around us. In fact, we still talk about the Sun ‘rising’, 

‘setting’, and ‘going down’. This suggests a belief that the Sun is orbiting the Earth.  

The Ancient Greeks also believed that the Earth is stationary. How do you know it isn’t? 

 

Evidence in support of a new model – heliocentrism 

After the work of Copernicus (1473–1543) the prevailing view of the universe began to change. Kepler (1571–1630) 

developed three laws that predicted that the orbits of the planets are elliptical, with the Sun at a focus of the ellipse.  

 What evidence is there to support this model now? 

 



6 
 

The Moon – what keeps it in place? 

The Moon remains in orbit around the Earth as a result of the force of gravity. It is the weakest of the four 

fundamental forces (the others being the strong force, the weak force and the electromagnetic force) yet it keeps 

the universe in shape! 

Newton developed the theory of universal gravitation. The theory hypothesised (and proved mathematically) that 

the Moon orbits the Earth as a result of the same force that causes an apple to fall from a tree. The moon falls 

around the Earth. 

 What evidence did Newton have available to him to support this theory?  

 What evidence do we now have? 

As we have gathered more and more scientific evidence about the universe, we have come to take for granted the 

universality of the laws of nature.  

The Law of Universal Gravitation 
Newton’s law of universal gravitation states that every mass attracts every other mass with a force that is directly 

proportional to the product of their masses and inversely proportional to the square of the distance between them. 

But Newton could not account for action at a distance without some medium, i.e. he was concerned about the 

distances over which he proposed gravitational force would act in space and the fact that space is a vacuum.  

 

1 2

2

Gm m
F

r


 

 

F is force in newtons (N) 

m1 and m2 are the two masses measured in kilograms (kg) 

r is the distance between them (m) 

G is the gravitational constant N m2 kg–2 

 

The value of the gravitational constant was determined by Cavendish (1731–1810) in the late 1700s. 

It was another hundred years before Boys (1855–1944) improved on its accuracy. 

G = 6.67428 × 10–11 N m2 kg–2 

G remains one of the most difficult constants to measure with accuracy. In 2007 a further value was published which 

suggested an improvement on the accuracy: 

G = 6.67 × 10–11 N m2 kg–2 

This is the value we will use for calculations in Higher Physics.  
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The force of gravity in everyday life 

The formula above allows us to calculate the force of gravity between point masses. Real objects can be treated as 

point masses where the total mass of the body acts through a point called the centre of gravity (or centre of mass). 

Example:  Consider two objects, a folder of mass 0.3 kg and a pen of mass 0.05 kg, placed on a desk, 0.25 m apart. 

Calculate the magnitude of the gravitational force between the two masses (noting that the force is always 

attractive) and compare this to the force on the pen due to the gravitational field of the earth. 

 

1 2

2

Gm m
F

r


 

F is force in Newtons (N) = ? 

m1 = 0.30 kg 

m2 = 0.05 kg 

r = 0.25 m 

G = 6.67 × 10–11 N m2 kg–2 

–11

2

11

6.67 10 0.30 0.05

0.25

1.60 10

F

F N

  


   

The gravitational force always acts in a straight line between the two objects being considered. Note that the 

gravitational force is always attractive, unlike electrostatic and magnetic forces. 

Now consider the gravitational force due to the Earth acting on the pen. 

 

1 2

2

Gm m
F

r


 

F is force in newtons (N) = ? 

m1 = 5.97 × 1024 kg (the mass of the Earth) 

m2 = 0.05 kg 

r = 6.38 × 106 m (the radius of the Earth) 

G = 6.67 × 10–11 N m2 kg–2 

–11 24

6 2

6.67 10 5.97 10 0.05

(6.38 10 )

0.489N

F

F

   




  

 

How else could this calculation have been carried out? 

W = mg 

W = 0.05 × 9.8 

W = 0.49 N 
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The force of gravity on a subatomic scale 

 

1 2

2

Gm m
F

r


 

 

F is force in newtons (N) = ? 

m1 = 1.67 × 10–27 kg (mass of proton) 

m2 = 1.67 × 10–27 kg (mass of neutron) 

r = 0.84 × 10–15 m (radius of proton; radius of neutron assumed equal) 

G = 6.67 × 10–11 N m2 kg–2 

 

F = 2.64 × 10
–34 N 

 

The force of gravity is clearly insignificant except where we are dealing with a very large mass. At the subatomic 

scale, and at very short range, the strong force is the most significant.  However, the gravitational force acts over 

enormous distances and on a universal scale! 

 

The force of gravity on a planetary scale 

The theory of universal gravitation can be used beyond satellite motion. It is commonly used in space travel in a 

technique called gravity assist. The gravity assist technique is often called, incorrectly, the ‘slingshot’ effect. The 

physics of the slingshot effect are considerably more complex.  

Gravity assist was made famous in the movie ‘Apollo 13’. The craft had been irreparably damaged by an explosion on 

board. The planned Moon landing was abandoned and the priority became the safe return of the astronauts to 

Earth. Gravity assist was the technique by which relatively small amounts of the limited available fuel could be used 

to manoeuvre the craft onto a trajectory that would allow the Moon’s gravitational field to turn the ship. Detailed 

information on the mission and the problems encountered is available from NASA  

(See http://science.ksc.nasa.gov/history/apollo/apollo-13/apollo-13.html).  

Gravity assist is routinely used to boost space flight on unmanned missions to distant planets such as Jupiter and 

Venus. To understand the principles of this, let us first consider a simple analogy.  

Consider a tennis ball travelling towards a tennis player holding her racquet at the ready. In this analogy, the ball is 

the spacecraft and the racquet is a massive planet. The racquet hits the ball. We will consider the outcome to be that 

the player successfully hits the ball, causing it to change direction and increase speed. 

Some questions (and answers): 

 What happens to the ball? (it changes direction and increases speed) 

 What type of interaction is this? (a collision) 

 What quantity is conserved in all collisions? (momentum) 

 What other quantity is considered in collisions? (energy) 

 In this case, what can we say about the momentum of the tennis ball? (it increases in magnitude) 

 And the momentum of the racquet? (the law of conservation of momentum tells us it must decrease in 

magnitude)  

 What about the energy of the tennis ball? (it increases) 

 What is the observable effect of the change in momentum of the tennis ball? (an observable change in 

speed) 
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 Is there an observable effect of the change in momentum of the racquet? (no – because the racquet has a 

much larger mass than the ball) 

 Is there an effect of the change in momentum of the racquet? (yes – it slows down) 

In this case we have considered a mechanical interaction. The gravity-assist method is a gravitational exchange 

between the planet and the spacecraft. The spacecraft, which has very small mass, is able to gain momentum and 

energy from the planet, which has enormous mass. The mass difference is such that whilst the effect on the 

spacecraft (i.e. an increase in momentum and therefore speed) is observable and useable, the effect on the planet 

(i.e. a decrease in momentum and therefore speed) is not observable and in fact is negligible.  

Gravity assist makes use of the universal law of gravitation to enable space flight with minimal fuel requirements. 

This reduces the weight of the craft and allows us to reach greater distance than would otherwise be possible.  

 

The force of gravity on a universal scale 

We have explored the effects of the force of gravity on a small scale, its importance in satellite motion and its use in 

space flight. We have discussed some of the historical story associated with our understanding of gravitational force, 

but we have yet to discuss a very significant impact of gravitational force. 

Much of the current scientific thinking is that gravitational force is responsible for the formation of the solar system 

by aggregation (or accretion) of matter. Gravitational force also plays a crucial role in the birth and death of stars.  

The solar system formed around 4.5 billion years ago from a huge swirling cloud of dust. We know this because 

advances in technology, such as the Hubble telescope, have allowed us to look deep into space to observe the birth 

of stars similar to our sun.  

A huge cloud of dust 

Throughout the Milky Way, and other galaxies like it, there are gigantic swirling clouds of 

dust and gas known as nebulae. It is within nebulae that stars are born. Our star, the 

Sun, was created in one such nebula. 

Something, perhaps the shock wave from an exploding supernova (dying star), triggered 

dust particles to be drawn together to form a dense spherical cloud. The accumulation of 

dust set off a chain reaction. As the core of the cloud attracted more dust, its 

gravitational pull increased. More and more dust was sucked in and the cloud collapsed 

in on itself. As this happened, the rotation of the cloud increased in speed, as happens 

when spinning ice-skaters pull in their arms. The rotational forces at the equator of the 

cloud prevented dust along this plane being drawn in, causing the cloud to flatten into a 

disc spinning around a dense core. 

 

A star is born 

As more and more mass is accumulated at the centre of the disc, the temperature increased dramatically. Eventually 

there was enough energy to set off nuclear reactions. Hydrogen atoms fused to form helium, releasing enormous 

amounts of energy in vigorous bursts. This marked the birth of the Sun, although it would take between 1 and 10 

million more years for it to settle into the main sequence star recognisable today. 

  

A pillar of dust and gas 

in the Orion Nebula. 

© NASA 
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The formation of the planets 

The planets, and other extra-terrestrial objects such as asteroids, formed in the flat plane of the spinning disc of 

dust. Electrostatic forces or sticky carbon coatings made dust particles stick together to form clusters, which in turn 

stuck together to form rocks. Mutual gravity caused these rocks to come together, eventually to form planets. This 

‘coming together’ of material is a process known as accretion (or aggregation). 

 

Let us now return to the questions to consider: 

 What is gravity? 

 What is the force of gravity? 

 What are the effects of gravity? 

 What do we know about gravity? 

 How can we make use of gravity? 

Are we now in a position to answer these questions conclusively? The answer of course is no. We have explored the 

force of gravity and some uses of it. However, 350 years after Newton identified gravitational force as a ‘universal’ 

force; it remains the least understood of the four fundamental forces. We have evidence of its role in the formation 

of the solar system, but do not conclusively know that this theory is the correct one. We know that it is associated 

with mass but we do not understand the mechanism for this.  

There are many questions still unanswered and more research and experimentation to be done. 

 What effect does Gravity have on space-time? 

 Is the graviton the exchange particle of gravitational fields? 

 What is the nature of mass? 

 What are Black holes (and white holes?). 

 What is the universe made of? 

 Why does the gravitational mass of galaxy exceed the mass of the known matter? Is there something else 

there? Or do we not really understand gravity at all? 

 When were the first stars formed? What were they like? 

 Do gravitational waves exist? 

 Why do the four fundamental forces have the strengths they have? 

 Is there a single unifying theory which links gravitational force to the other fundemental forces? 
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Gravity and Mass Problems 

In the following questions, when required, use the following data:  

 

Gravitational constant = 6·67 × 1011 N m2 kg2 

 

1. State the inverse square law of gravitation.  

 

2. Show that the force of attraction between two large ships, each of mass 5·00 × 107 kg and 

separated by a distance of 20 m, is 417 N. 

 

3. Calculate the gravitational force between two cars parked 0·50 m apart. The mass of each car is 

1000 kg. 

 

4. In a hydrogen atom an electron orbits a proton with a radius of 5·30 × 1011 m. The mass of an 

electron is 9·11 × 1031 kg and the mass of a proton is 1·67 × 1027 kg. Calculate the gravitational 

force of attraction between the proton and the electron in a  hydrogen atom. 

 

5. The distance between the Earth and the Sun is 1·50 × 1011 m. The mass of the Earth is 5·98 × 1024 kg 

and the mass of the Sun is 1·99 × 1030 kg. Calculate the gravitational force between the Earth and 

the Sun. 

 

6. Two protons exert a gravitational force of 1·16 × 1035 N on each other. The mass of a proton is 

1·67 × 1027 kg. Calculate the distance separating the protons.  
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Special Relativity 
Einstein originally proposed his theory of special relativity in 1905 and it is often taken as th e beginning 

of modern physics. It was a watershed in the development of physics because, starting from two 

assumptions, it made possible simpler and more consistent explanations of physics dilemmas of the time. 

It also opened the door to whole new ways of thinking about the universe. This first theory of Einstein is 

termed ‘special’ because it only considers frames of reference moving at constant speed. His later 

general theory of relativity considers what happens if they are accelerating.  

Imagine standing on the platform at a railway station. A train goes past at 60km h -1. One of the 

passengers had a cup of coffee on the table in front of him. From your point of view the cup goes past at 

60 km h-1 i.e. it is travelling at 60km h -1 relative to you. However, as far as the passenger on the train is 

concerned, the cup is at rest on the table. If he looks out of the window he will see you moving past the 

window at 60 km h-1. If another train came past travelling in the opposite direction at 50 km h -1 and a 

passenger on this train looked at the cup it would be moving at 110km h -1 relative to him etc. So 

relativity is all about measurements made from different points of view (from different frames of 

reference).  

Questions on Everyday Relativity 

1. A river flows at a constant speed of 0·5 m s 1 south. A canoeist is able to row at a constant speed of 

1·5 m s 1. 

 

(a) Determine the velocity of the canoeist relative to the river bank when the canoeist is moving 

upstream. 

(b) Determine the velocity of the canoeist relative to the river bank when the canoeist is moving 

downstream. 

 

2. In an airport, passengers use a moving walkway. The moving walkway is travelling at a constant 

speed of 0·8 m s 1 and is travelling east. 

For the following people, determine the velocity of the person relative to the ground:  

 

(a) A woman standing at rest on the walkway 

(b) A man walking at 2·0 m s 1 in the same direction as the walkway is moving 

(c) A boy running west at 3·0 m s 1. 

 

3. The steps of an escalator move upwards at a steady speed of 1·0 m s 1 relative to the stationary 

side of the escalator. 

 

(a) A man walks up the steps of the escalator at 2·0 m s 1. Determine the speed of the man 

relative to the side of the escalator.  

(b) A boy runs down the steps of the escalator at 3·0 m s 1. Determine the speed of the boy 

relative to the side of the escalator.  
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What’s So Special? 

This all makes perfect sense at normal everyday speeds but when objects are moving at speeds closer to 

the speed of light strange things happen:  

For instance, if two observers were passing each other in opposite directions at  2.0 × 10 8 m s–1 

(from the reference frame of a third ‘stationary’ bystander) they w ould see the other travelling at 

2.8 × 108 m s–1 rather than 4.0 × 108 m s–1, as you might expect! 

History of Relativity 

The idea of relativity has been around since 1632, when Galileo was trying to explain how the Earth could 

orbit the sun and yet we have no sensation of motion. He considered the question of whether a scientist 

performing experiments in a sealed room on board a ship would notice any difference in the results if the 

ship was travelling at constant speed or at rest. Nowadays we might conside r a train or aeroplane as the 

moving reference frame but it is worthwhile noting that the measurements we make in our laboratories 

are not in an absolute stationary reference frame but on a rotating Earth (~950 km  h-1 in Scotland) 

orbiting the Sun (~112,000 km h-1), which is itself orbiting the centre of the galaxy (~800,000 km h-1). 

When Newton first proposed his laws of motion in 1687, he adhered to Galileo's principle of relativity. 

However, Galilean relativity came into question in the 19th century, particularly when explaining how 

light travels. In 1864, James Clerk-Maxwell developed a theory of electromagnetism, which stated that 

light was a wave that travelled through some yet to be discovered universal medium called the aether 

(pronounced Eether). This aether would be an absolute frame of reference that spread throughout the 

whole universe, including the vacuum of space.  

In 1881, JJ Thomson (who also discovered the electron) noticed that the mass of an object in motio n 

appeared to increase. His work and Maxwell’s were developed further to show that the increase in mass 

depended on the speed of motion. Heaviside and Searle (1888 –1897) also observed that a moving 

electromagnetic field contracted in the direction of trave l. These experimental observations and others 

could be consistent with the widely accepted theory that included the idea of the aether. However, the 

aether itself was proving difficult to find and there was also much debate about the nature of the aether 

itself. Was it stationary or was it affected by the motion of objects through it, a bit like a boat dragging 

some water along with it? 

A historic experiment was performed by Michelson and Morley in 1887, where light was sent in two 

beams at right angles to each other to mirrors, so that they could recombine again at the centre. As a 

consequence of the movement of the Earth around the Sun and its movement around the centre of the 

galaxy we would expect to see differences in the measurements as the Earth chang ed direction through 

the aether. However, this became one of the most famous ‘failed’ experiments of physics because no 

differences were detected calling into question the existence of the aether. Rather than accept that the 

aether didn’t actually exist, the scientists of their day considered that this was either down to lack of 

accuracy in the apparatus or that there were other theoretical reasons why the experiment didn’t work.  

A small number of scientists such as Lorentz and Poincaré were  not wholly convinced by the aether 

concept and were developing alternative theories. Einstein was also aware of Planck’s work in quantum 

physics and this led to Einstein suggesting that light could be thought of as a particle rather than a wave, 

an idea which did away with the need for the aether. This was also such a massive jump in thinking that 

there was a feeling that all the pillars of classical physics were being challenged. So Einstein did not 

come up with his ideas in isolation but was widely influenced by other thinkers of his time. He was not an 

established scientist at this stage but his work as a patent clerk involved a lot of study into synchronising 

clocks throughout the world, so he was often dealing with the relative nature of measurements of time. 

Although (or perhaps because) he had no access to scientific equipment he would consider the logical 

consequences of scientific assumptions. He called these his ‘thought experiments’ or Gedanken in 

German. It is perhaps this unique combination of intellect and imagination that produced the most 

famous scientist of the 20th century.  
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The Principles of Special Relativity 

1. When two observers are moving at constant speeds relative to one another, the laws of physics will 

be the same in both reference frames.  

2. The speed of light (in a vacuum) has the same value c in all directions for all observers in inertial 

reference frames.  

(This means that no matter how fast you go, you can never catch up with a beam of light, since it always 

travels at 3.0 × 10
8
 m s

–1
 relative to you. If you (or anything made of matter) were able to travel as fast as 

light, then light couldn’t be moving away from you at that speed and that wouldn’t make sens e – we can 

never see stationary light.) 

Einstein started with just these two postulates. These two statements could not be proved true, but by 

using them he was able to derive his theory of special relativity. The consequences of this theory could 

then be tested against what we observe to be true in the universe.  Einstein was able to derive all the 

results of his predecessors using just a few pages of working rather than the volumes of scientific writing 

they had needed. 

 

 

Questions 

1. A scientist is in a windowless lift. Can the scientist determine whether the lift is moving with a:  

 

(a) uniform velocity 

(b) uniform acceleration? 

 

2. Spaceship A is moving at a speed of 2·4 × 108 m s 1. It sends out a light beam in the forwards 

direction. Meanwhile another spaceship B is moving towards spaceship A at a speed of 2·4 × 108 

m s 1. At what speed does spaceship B see the light beam from spaceship A pass? 

 

3. A spacecraft is travelling at a constant speed of 7·5 × 107 m s 1. It emits a pulse of light when it is 

3·0 × 1010 m from the Earth as measured by an observer on the Earth.  

Calculate the time taken for the pulse of light to reach the Earth according to a clock on the Earth 

when the spacecraft is moving: 

 

(a) away from the Earth 

(b) towards the Earth. 

 

 

Time Dilation 

A very simple thought experiment shows that one consequence of the speed of light being the same for 

all observers is that time experienced by all observers is not necessarily the same. There is no universal 

clock that we can all refer to – we can simply make measurements of time as we experience it.  

Imagine you are on a spaceship travelling at constant speed ( v) relative to a colleague on a space station. 

You are investigating a timing device based on the fact that the speed of light is constant. You fire a 

beam of light at a sensor and time how long it takes to arrive. From your point of view the light has less 

distance (l) to travel than from the point of view of your colleague on the space station (d). If you both 

observe the speed of light as the same then you cannot agree on when it arrives, ie both of you 

experience time in a different way. 
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The time for the experiment as observed by your “stationary” colleague (t') is greater than the time (t) 

observed in your reference frame when moving with the sensor, ie what you might observe as taking 1 

second could appear to take 2 seconds to your stationary colleague. Note that you would be unaware of 

any difference until you were able to meet up with your colleague again.  
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where γ (gamma) is known as the Lorentz Factor. It is used often in the calculations of special relativity.
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where the sensor moves 
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Worked example 

A rocket is travelling at a constant 2.7 × 108 m s–1 compared to an observer on Earth. The pilot measures 

the journey as taking 240 minutes. How long did the journey take when measured from Earth?  

Solution: 

t = 240 minutes v = 2.7 × 10
8
 m s

–1
 c = 3 × 10

8
 m s

–1
 t' = ? 

28

28

2

2

)103(

)1072(
1

240

1

'












c

v

t
t                          t' = 550 minutes 

 

An observer on Earth would measure the journey as taking 550 minutes . 

Note: 
2

2

c

v
 is the same as 

2










c

v
, which can make the calculation simpler, particularly if the speed is given 

in the form of a fraction of the speed of light, eg the speed in the above example could have been given 

as 0.9 times or 9/10 of the speed of light. The calculation can then be wr itten as: 

2

240 240
' 550minutes

1 0 811 0 9
t   

  
 

 

Questions on Time Dilation 

1. Convert the following fraction of the speed of light into a value in  m s 1: 

 

 (a) 0·1 c  (b) 0·5 c 

(c) 0·6 c  (d) 0·8 c 

 

2. Convert the following speeds into a fraction of the speed of light:  

 

(a) 3·0 × 108 m s 1  (b) 2·0 × 108 m s 1 

(c) 1·5 × 108 m s 1  (d) 1·0 × 108 m s 1 

 

3. In the table shown, use the relativity equation for time dilation to calculate the value of each 

missing quantity (a) to (f) for an object moving at a constant speed relative to the Earth. 

  

Dilated time Proper time Speed of object / m s 1 

(a) 20 h 1·00 × 108 

(b) 10 year 2·25 × 108 

1400 s (c) 2·00 × 108 

1.40 × 104 s (d) 1·00 × 108 

84 s 60 s (e) 

21 minutes 20 minutes (f) 

 

“Proper” time is the time t measured in the reference frame where the observer is at rest.
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Two observers P and Q synchronise their watches at 11.00 am just as observer Q passes the Earth at a 

speed of 2 × 108 m s 1. 

 

(a) At 11.15 am according to observer P’s watch, observer P looks  at Q’s watch through a 

telescope. Calculate the time, to the nearest minute, that observer P sees on Q’s watch.  

(b) At 11.15 am according to observer Q’s watch, observer Q looks at P’s watch through a 

telescope. Calculate the time, to the nearest minute, that observer Q sees on P’s watch.  

 

4. The lifetime of a star is 10 billion years as measured by an observer at rest with respect to the 

star. The star is moving relative to the Earth at a speed of 0·81 c. 

Calculate the lifetime of the star according to an observer on the Earth. 

 

5. A spacecraft moving with a constant speed of 0·75 c passes the Earth. An astronaut on the 

spacecraft measures the time taken for Usain Bolt to run 100 m in the sprint final at the 2008 

Olympic Games. The astronaut measures this time to be 14·65 s. Calculate Usain Bolt’s winning 

time as measured on the Earth. 

 

6. A scientist in the laboratory measures the time taken for a nuclear reaction to occur in an atom. 

When the atom is travelling at 8·0 × 107 m s 1 the reaction takes 4·0 × 104 s. Calculate the time 

for the reaction to occur when the atom is at rest.  

 

7. The light beam from a lighthouse sweeps its beam of light around in a circle once every 10 s. To 

an astronaut on a spacecraft moving past the Earth, the beam of light completes one complete 

circle every 14 s. Calculate the speed of the spacecraft relative to the Earth.  

 

8. A rocket passes two beacons that are at rest relative to the Earth. An astronaut in the rocket 

measures the time taken for the rocket to travel from the first beacon  to the second beacon to be 

10·0 s. An observer on Earth measures the time taken for the rocket to travel from the first 

beacon to the second beacon to be 40·0 s. Calculate the speed of the rocket relative to the Earth.  

 

9. A spacecraft travels to a distant planet at a constant speed relative to the Earth turns around and 

comes back to the Earth. A clock on the spacecraft records a time of 1 year for the journey while 

an observer on Earth measured a time of 2 years for the journey. Calculate the speed, in m s 1, of 

the spacecraft relative to the Earth. 
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Why do we not notice these time differences in everyday life? 

A graph of the Lorentz factor versus speed (measured as a multiple of the speed of light) is shown below.  

 

 

We can see that for small speeds (ie less than 0.1 times the speed of light) the Lorentz factor is 

approximately 1 and relativistic effects are negligibly small. However, 0.1 times the speed of light is 

300,000 m s–1 or 1,080,000 km h–1 or about 675,000 mph – an extremely high velocity compared to 

everyday experience. 

The speed of satellites is fast enough that even these small changes add up over time and affect the 

synchronisation of global positioning systems (GPS) and television broadcasters with users on the Earth. 

They have to be programmed to adjust for the effects of special relativity (as well as general relativity, 

which is not covered here). Very precise measurements of these small changes in time have been 

performed on fast-flying aircraft and agree with predicted results within experimental error. 

Further evidence in support of special relativity comes from the field of particle physics, in the detection 

of a particle called a muon at the surface of the Earth. Muons are produced in the upper layers of the 

atmosphere by cosmic rays (high-energy protons from space). Their lifetime, at rest, is about 2·2 μs and 

their speed is 99·9653% of the speed of light. Multiplying these together gives a travel distance of about 

600 m before the muons decay. Muons are produced around 25 km above the surface of the Earth. So 

they should not be detected at the surface. The fact that they are observed can be explained by time 

dilation. In the frame of reference of the muons, they exist for about 2·2 μs, but in our reference frame 

this time is 84 μs (check the calculations for yourself)  and this is sufficient for the muons to reach the 

surface of the Earth. 
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Length Contraction 

Another consequence of special relativity is the apparent shortening of length when an object is moving. 

Consider the muons discussed above. Their large speed means they experience a longer lifetime due to 

time dilation. An equivalent way of thinking about this is that the in the muons reference frame the 

height of the atmosphere is reduced (contracted) by the same amount as the time measurement in our 

reference frame has increased (or dilated). A formula for length contraction can be derived similar to 

that for time dilation. Note that the contraction only takes place in the direction of travel: 

2

2

1'
c

v
ll    

or        l’ =lγ 

where l is the length as measured in the reference frame of the object and l' is that measured by the 

(stationary) observer. 

Questions on Length Contraction 

1. In the table shown, use the relativity equation for length contraction to calculate t he value of 

each missing quantity (a) to (f) for an object moving at a constant speed relative to the Earth. 

 

Contracted length Proper length Speed of object / m s 1 

(a) 5·00 m 1·00 × 108 

(b) 15.0 m 2·00 × 108 

0·15 km (c) 2·25 × 108 

150 mm (d) 1·04 × 108 

30 m 35 m (e) 

10 m 11 m (f) 

 

2. A rocket has a length of 20 m when at rest on the Earth. An observer, at rest on the Earth, 

watches the rocket as it passes at a constant speed of 1·8 × 108 m s 1. Calculate the length of the 

rocket as measured by the observer. 

 

3. A pi meson is moving at 0·90 c relative to a magnet. The magnet has a length of 2·00 m when at 

rest to the Earth. Calculate the length of the magnet in the reference frame of the pi meson.  

 

4. In the year 2050 a spacecraft flies over a base station on the Earth. The spacecraft has a speed of 

0·8 c. The length of the moving spacecraft is measured as 160 m by a person on the Earth. The 

spacecraft later lands and the same person measures the length of the now stationary spacecraft. 

Calculate the length of the stationary spacecraft. 

 

5. A rocket is travelling at 0·50 c relative to a space station. Astronauts on the rocket measure the 

length of the space station to be 0.80 km. 

Calculate the length of the space station according to a technician on the space station. 

 

6. A metre stick has a length of 1·00 m when at rest on the Earth. When in motion relative to an 

observer on the Earth the same metre stick has a length of 0·50 m. Calculate the speed, in m s 1, 

of the metre stick. 

 

7. A spaceship has a length of 220 m when measured at rest on the Earth. When the spaceship 

moves relative to the Earth at a constant speed an observer on the Earth measures its length to 

be 150 m.  Calculate the speed of the spaceship in m s 1. 
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Ladder paradox 

There is an apparent paradox thrown up by special relativity: consider a ladder that is just longer than a 

garage. If we fly the ladder at high speed through the garage does length contraction mean that from our 

stationary perspective it fits inside the garage? How can this be reconci led with the fact that from the 

ladder’s reference frame the garage appears even shorter as it moves towards the ladder?  

The key to this question is simultaneity, ie whether different reference frames can agree on the time of 

particular events. In order for the ladder to fit in the garage the front of the ladder must be inside at the 

same time as the back of the ladder. Because of time dilation, the stationary observer (you) and a 

moving observer on the ladder cannot agree on when the front of the ladder r eaches the far end of the 

garage or the rear of the ladder reaches the front. If you work out the equations carefully then you can 

show that even when the ladder is contracted, the front of the ladder and the back of the ladder will not 

both be inside the garage at the same time! 
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Relativity Questions 
1. Two points A and B are separated by 240 m as measured by metre sticks at rest on the Earth. A rocket passes 

along the line connecting A and B at a constant speed. The time taken for the rocket to travel from A to B, as 

measured by an observer on the Earth, is 1·00 × 106 s. 

(a) Show that the speed of the rocket relative to the Earth is 2·40 × 108 m s 1. 

(b) Calculate the time taken, as measured by a clock in the rocket, for the rocket to travel from A to B. 

(c) What is the distance between points A and B as measured by metre sticks carried by an observer 

travelling in the rocket? 

2. A spacecraft is travelling at a constant speed of 0·95 c. The spacecraft travels at this speed for 1 year, as 

measured by a clock on the Earth. 

(a) Calculate the time elapsed, in years, as measured by a clock in the spacecraft. 

(b) Show that the distance travelled by the spacecraft as measured by an observer on the spacecraft is 

2·8 × 1015 m. 

(c) Calculate the distance, in m, the spacecraft will have travelled as measured by an observer on the 

Earth. 

3. A pi meson has a mean lifetime of 2·6 × 108 s when at rest. A pi meson moves with a speed of 0·99 c 

towards the surface of the Earth. 

(a) Calculate the mean lifetime of this pi meson as measured by an observer on the Earth. 

(b) Calculate the mean distance travelled by the pi meson as measured by the observer on the Earth. 

4. A spacecraft moving at 2·4 × 108 m s 1 passes the Earth. An astronaut on the spacecraft finds that it takes 5·0 

× 107 s for the spacecraft to pass a small marker which is at rest on the Earth. 

 

(a) Calculate the length, in m, of the spacecraft as measured by the astronaut. 

(b) Calculate the length of the spacecraft as measured by an observer at rest on the Earth. 

5. A neon sign flashes with a frequency of 0·2 Hz. 

(a) Calculate the time between flashes. 

(b) An astronaut on a spacecraft passes the Earth at a speed of 0·84 c and sees the neon light flashing. 

Calculate the time between flashes as observed by the astronaut on the spacecraft. 

 

6. When at rest, a subatomic particle has a lifetime of 0·15 ns. When in motion relative to the Earth the 

particle’s lifetime is measured by an observer on the Earth as 0·25 ns. Calculate the speed of the particle. 

7. A meson is 10·0 km above the Earth’s surface and is moving towards the Earth at a speed of 0·999 c. 

(a) Calculate the distance, according to the meson, travelled before it strikes the Earth. 

(b) Calculate the time taken, according to the meson, for it to travel to the surface of the Earth. 
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8. The star Alpha Centauri is 4·2 light years away from the Earth. A spacecraft is sent from the Earth to Alpha 

Centauri. The distance travelled, as measured by the spacecraft, is 3·6 light years. 

(a) Calculate the speed of the spacecraft relative to the Earth. 

(b) Calculate the time taken, in seconds, for the spacecraft to reach Alpha Centauri as measured by an 

observer on the Earth. 

(c) Calculate the time taken, in seconds, for the spacecraft to reach Alpha Centauri as measured by a 

clock on the spacecraft. 

9. Muons, when at rest, have a mean lifetime of 2·60 × 108 s. Muons are produced 10 km above the Earth. 

They move with a speed of 0·995 c towards the surface of the Earth. 

(a) Calculate the mean lifetime of the moving muons as measured by an observer on the Earth. 

(b) Calculate the mean distance travelled by the muons as measured by an observer on the Earth. 

(c) Calculate the mean distance travelled by the muons as measured by the muons. 

 


