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9.2 Space: 1. The Earth’s gravitational field 

Background: A gravitational field surrounds all masses. The strength of the field is defined by the vector g 

(units: N kg-1), since F=ma then g = F/m. Because of the way field strength is defined, for the earth’s 
gravitational field, g has the same numerical value as the acceleration experienced by a free falling object, ag 

(units: m s-2). 

 

define weight as the force on an object due to a gravitational field 

• Weight is the force on an object in a gravitational field. It is a vector quantity and the measurement 

unit is the Newton (N). 

 

explain that a change in gravitational potential energy is related to work done 

• Consider the work done in moving an object from the Earth's surface to a height, h metres.  

o W = F.d 

o Therefore, W = Fg.d (where Fg is the weight of the object) 

o Fg = mg (as weight of the object = mass x acceleration due to gravity) 

o Therefore, W = mg.d 

o Therefore, W = mgh (h is the distance the object has been moved)  

o Gravitational Potential Energy Zona Land, Edward A. Zobel 

 

perform an investigation and gather information to determine a value for acceleration due to 
gravity using pendulum motion or computer assisted technology and identify reason for possible 

variations from the value 9.8 ms-2 

• You may be performing an investigation that has been planned by your teacher. There are several 

suitable investigations that will achieve this purpose. One suitable investigation is described here. 

A procedure for determining a value for acceleration due to gravity 

A value for acceleration due to gravity can easily and accurately be measured by observing the motion of a 

pendulum. 

1. Construct a pendulum at least one metre long, attached at its top to a support (such as a clamp 

connected to a retort stand) and with a small mass tied to its lower end to act as the pendulum bob.  

2. Measure the length (l) of your pendulum, from its point of attachment to the centre of mass of its 

bob.  

3. Pull the pendulum aside and release it so that it starts swinging. Using a stopwatch (or other device 
for measuring time), begin timing at an extreme of the pendulum’s motion and time ten full swings 

(one swing = back and forth) of the pendulum. Divide this time by ten to get a value for the average 
period (T) of the motion. Using this averaging technique tends to minimise random errors.  

 

The period of a pendulum depends upon the length (l) and the value of acceleration due to 

gravity (g), as described in the following equation:  
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Rearranging this equation gives an expression that can be used to calculate g.  

 

 

4. Substitute your values for l and T into this equation to determine a value for g. 

• As you gather information during your investigation, you may need to carry out repeat trials to 
confirm the reliability of your results. Also, you may want to use other, more accurate, timing devices 

or procedures to minimise the effect of random errors.  

• You need to be able to identify reasons for possible variations from the value 9.8 ms-2. Variations can 
be as a result of two general factors; either from experimental errors or from actual variations in the 

value of acceleration due to gravity as an effect of local variations in the nature of the Earth’s crust.  
 

Experimental errors might occur as a result of things like the accuracy of equipment and human 
reaction time in the use of equipment.  

 
The value of acceleration due to gravity at the surface of the Earth varies from the usually accepted 

value of 9.8 m s-2, due to a number of factors:  

o The Earth’s lithosphere varies in structure, thickness and density. Thickness variations are a 
product of the source and history of the material. Oceanic crust is thinner than continental 

crust. Continental crust is thickest under mountain ranges. Density variations occur due to 
the presence of concentrated and large mineral deposits or petroleum gas and related liquids 

trapped in sedimentary rocks and structures. All of these variations can influence local values 

of g.  

o The Earth’s globe is flattened at the poles. This means that the distance of the surface from 

the centre of the Earth is less at the poles, which increases the local value of g.  

o The spinning Earth also affects the value of g. At the equator, the spin effect is greatest 

resulting in a lowering of the value of g. As you travel from the equator to the poles, the spin 

effect on g shrinks to zero.  

o As a result of the above, the value of g at the surface of the Earth varies between 9.782 m s-

2 at the equator and 9.832 m s-2 at the poles.  

o The value of g reduces with altitude above the surface of a planet, becoming zero only at an 

infinite distance. At low Earth orbit altitude, the value of g is approximately 8.9 ms-2. 

 

gather secondary information to predict the value of acceleration due to gravity on other 

planets 

• Try to gather information from astronomy reference books or authoritative web sites. You will be 

looking for information that will assist you to predict the value of acceleration due to gravity at the 
surface of other planets. Note that the gas giants Jupiter, Saturn, Uranus and Neptune, do not 

possess a surface upon which you could stand, so that the value of g for those planets will be 
theoretical only. There are, however, many moons within our solar system that are large enough to 

possess a significant gravitational field.  
 

You may be able to find information about the radius (r) and mass (m) of planets, and use that 

information to calculate a predicted value of g by using the following equation:  
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(G is the universal gravitational constant)  

• Once you have gathered the information, summarise and collate the information in a table, such as 

the following. Some sample values have been included. 

Planet Value of g 

Mercury 4.0 

Venus 8.9 

Earth 9.8 

Mars 3.7 

Jupiter 24.8 

Saturn  

Uranus  

Neptune  

Pluto 0.6 

 

analyse information using the expression F = mg to determine the weight force for a body on Earth 

and for the same body on other planets 

• The magnitude of the weight force on an object can be calculated using a slightly altered form of 

Newton’s second law: F = mg. The direction of the weight force is the same as the direction of the 

gravitational field at the location of the object.  

• The value of acceleration due to gravity at the surface of the Earth is 9.8 m s-2. The weight of a 65 kg 

person can therefore be calculated as follows:  

 

 

• The table below shows the acceleration due to gravity at the surface of other rocky planets in the 

solar system, plus the Moon. Analyse the data by calculating the weight force of the same 65 kg 

person at each location. Click on the link below to check your answers. 

Planet 

surface 

Value of g Weight force 

Mercury 4.0  

Venus 8.9  

Mars 3.7  
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Pluto 0.6  

the Moon 1.6  

Answers 

Planet 
surface 

Value of g Weight force 

Mercury 4.0 260 

Venus 8.9 580 

Mars 3.7 240 

Pluto 0.6 39 

the Moon 1.6 104 

 

define gravitational potential energy as the work done to move an object from a very large distance 

away to a point in a gravitational field  

• The gravitational potential energy of an object at some point within a gravitational field is equivalent 

to the work done in moving the object from an infinite distance to that point.  

• It can be shown mathematically that the gravitational energy, Ep, of an object with mass, m1, a 

distance, r, from the centre of a planet of mass, m2, is given by:  

• A graph of the Ep surrounding a planet looks like this:  

 

When lifting an object against a gravitational field, e.g. launching a rocket, work is done on the object, 

that is, energy is transferred to the object. The object’s gravitational potential energy, Ep, that is, the 

energy it has due to its position within the gravitational field, increases as a result.  

When an object moves toward the source of the gravitational field, such as when dropping a stone, 

energy due to position in a field is transformed into kinetic energy (the stone speeds up).  
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Hence the position of lowest Ep in the gravitational field surrounding a planet is at the surface of the 

planet.  

An object only has zero Ep when it is no longer within the gravitational field, that is, a very large 

distance away. (Mathematically, distance must be infinite.) 

9.2 Space: 2. A successful rocket launch 

Syllabus reference (October 2002 version) 

Background: This section is concerned with the context of launching a spacecraft, orbiting it around the Earth 
and the issues of re-entry. It begins by considering projectile motion, within this context, and then proceeds to 

rocket launches. 

 

solve problems and analyse information to calculate the actual velocity of a projectile from its 

horizontal and vertical components using:  

    

• The actual velocity of a projectile can be analysed into two components, perpendicular to each other. 

In a convenient Earth frame of reference, they are usually the vertical and horizontal components. 

The vector sum of those components is the actual velocity. Refer to the figure below.  

 

 
Similarly, the velocity of a projectile at any time can be resolved into components as follows: 

 

X = vcosO(-2vsinO) 

g 
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Here are two sample problems with solutions: 

1. Five seconds after launch, a projectile is tracked on radar moving upwards at 26 m s-1 at an angle of 

300 to the horizon. What are the vertical and horizontal components of motion?  
 

Solution: The vertical component is vy; the horizontal component in this case is vx  

 

2. Five seconds after launch from Earth, a projectile has a horizontal velocity of 23.0 m s-1 and a vertical 

velocity of 11.5 m s-1 up. Determine its velocity.  
 

Hint: when calculating velocity, which is a vector quantity, it is usual to show both the magnitude and 
direction of motion. This is a general rule to use when calculating all vector quantities when no other 

direction is given in the question.  
 

Solution:  

Here are two other problems for you to solve: 

1. A test rocket flight is tracked on radar, which displays its horizontal component of velocity at 7.5 m s-1 

and its vertical component of velocity at 1.4 m s-1 down. Calculate its actual velocity.  

2. A piece of space junk is being tracked by radar on a ship in the Pacific as it plunges into the ocean. 
The vertical and horizontal components of the object’s velocity are 7.5 m s-1 and 16 m s-1 respectively. 

Calculate the actual velocity of the falling object. 

Answers 

1. 7.6 m s-1 at 11° below horizontal  

2. 18 m s-1 at 65o below the horizontal 

 

describe the trajectory of an object undergoing projectile motion within the Earth’s 
gravitational field in terms of horizontal and vertical components 

• The trajectory of a projectile in the Earth’s gravitational field is parabolic, provided that air resistance 
is ignored and the acceleration due to gravity is uniform.  

o This complex motion can be analysed by considering its horizontal and vertical components 
at particular instances during the flight. The horizontal motion of the projectile is a constant 

velocity (air resistance is assumed negligible). Its vertical motion is changing all the time due 

to the effect of gravity, which causes the projectile to accelerate at 9.8 m s-2 downwards. 

 

describe Galileo’s analysis of projectile motion 

• Galileo postulated that all objects, regardless of their mass, fall at the same rate. In other words, the 

acceleration due to gravity is the same for all objects. This is only true if air resistance can be ignored.  

o Experiments based on dropping different objects proved inconclusive so Galileo developed a 

method of rolling balls down highly polished ramps in order to make his comparisons. This 
enabled him to slow down the motion enough to make more accurate observations of the 

motion. 
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perform a first-hand investigation, gather secondary information and analyse data to calculate 
initial and final velocity, maximum height reached, range, time of flight of a projectile for a range of 

situations by using simulations, data loggers and computer analysis 

• There are many suitable practical experiences that can be performed as first-hand investigations to 
achieve these measurements and analyses. When gathering secondary information, a variety of 

sources may be suitable, including the Internet.  
 

An online investigation can be found at Projectile Motion The University of Tennessee, 

Department of Physics and Astronomy. 
 

Another investigation Projectile Motion is available at the web site of the Physics Education 

Technology, University of Colorado at Boulder, Colorado, USA. 

 

explain the concept of escape velocity in terms of the: 

o gravitational constant 

o mass and radius of the planet 

• Escape velocity is the initial velocity required by a projectile to rise vertically and just escape the 

gravitational field of a planet.  
 

During this rise, the projectile’s kinetic energy transforms into gravitational potential energy, so that: 

Ek initially = Ep finally 

Background 

A useful equation 

From the relationship described above, the following expression for escape velocity of a planet can be deduced. 

 

The physics syllabus does NOT require students to know or manipulate this equation. 

• From the expression provided in Background above, it can be seen that the escape velocity depends 

upon the universal gravitational constant, G, the mass of the planet and the radius of the planet. It 
does not depend on any intrinsic property of the projectile.The escape velocity for objects leaving the 

Earth works out to be approximately 40 000 km h-1.  
 

It is worth noting that this is a hypothetical concept only. It would not be possible to successfully 
perform such a launch for two reasons.  

1. Trying to travel through the Earth’s dense lower atmosphere at this speed would produce an 
enormous amount of heat, sufficient to vaporise the projectile. 

2. Any living thing or delicate equipment would be crushed by the enormous g forces created by 

the process of suddenly being accelerated to 40 000 km h-1. 

 

outline Newton’s concept of escape velocity 

• Newton created a hypothetical scenario as follows. A person climbed a very tall mountain and 

launched a projectile horizontally from the peak. The projectile follows a parabolic path (see the above 
discussion relating to projectile motion) before striking the ground. If another projectile were launched 

faster than the first, then it would travel further before striking the ground. If yet another projectile 
were launched fast enough, then it should be able to travel right around the Earth because, as it falls, 

the surface of the Earth curves away from it. The curve of the projectile’s motion would follow that of 
the earth’s surface and thus not hit it. This projectile would then be in a circular orbit at a fixed height 
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above the earth’s surface. (For an analysis of the forces operating to establish this circular motion, 

see below.)  

 

• If a projectile is launched still faster, its orbit will stretch out into an elliptical shape. Even faster 
launch velocities result in the projectile following a parabolic or hyperbolic path away from the Earth, 

escaping it entirely. 

 

identify why the term ‘g forces’ is used to explain the forces acting on an astronaut during launch 

• The term ‘g force’ is used to express apparent weight as a proportion of true weight. True weight 
cannot be felt as it is a gravitational force-at-a-distance that acts on each atom of a person’s body. 

Apparent weight is what a person experiences or feels when an external force acts on them to cause a 
change in their motion (either magnitude or direction or both). These forces are also called inertial 

forces because they arise from the body’s inertia or resistance to having its motion changed. They can 

be calculated. 

 

identify data sources, gather, analyse and present information on the contribution of one of the 
following to the development of space exploration: Tsiolkovsky, Oberth, Goddard, Esnault-Pelterie, 

O‘Neill or von Braun 

• Some useful data sources on rocket pioneers that are available from the Internet are provided 

below. Decide on the type of information you will collect. Presenting information in chronological 
sequence would be appropriate.  

 

The evolution of the rocket NASA  

Robert Goddard and his rockets NASA  

The pioneers of rocketry & space travel The ThinkQuest web site  

 
Note that there are several other important rocket pioneers not mentioned in this syllabus point for 

which information is readily available. Conversely, not all of the pioneers mentioned have a plentiful 
supply of information available. Nevertheless, there is a great deal of information available on 

Tsiolkovsky and Goddard, in particular.  

• Gather information from a range of sources. Analyse the information by identifying trends and 

relationships as well as contradictions in data and information.  

• Select and use an appropriate media to present your data and information. The use of an annotated 

timeline would be appropriate. 

 

discuss the effect of the Earth's orbital motion and its rotational motion on the launch of a rocket 
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• The rotation of the Earth on its axis, and the orbital motion of the Earth around the Sun, can be used 
to provide a launched rocket with a velocity boost. This allows the operators of the rocket to save fuel 

in achieving the target velocity.  

• Rockets launching into orbit are launched to the east, in the direction of the Earth’s rotation. They 
therefore receive a 1700 km h-1 boost toward their target velocity of approximately 30 000 km h-1 for 

a low Earth orbit.  

• Rockets that are heading away from the Earth and further into space are not launched until the 
direction of the Earth in its orbit around the Sun corresponds with the desired direction. The rocket is 

then launched up to a low Earth orbit, before firing its rockets again to accelerate ahead of the Earth. 
The velocity boost received from the Earth’s orbital motion in this case is approximately 107 000 km 

h-1. 

 

analyse the changing acceleration of a rocket during launch in terms of the: 

o Law of Conservation of Momentum 

o forces experienced by astronauts 

o Law of Conservation of Momentum 

• Rocket propulsion is derived from a force pair (as described in Newton’s third law). 

 

• This is an example of how the Law of Conservation of Momentum can be used to analyse rocket 

motion. The initial momentum of the rocket and its fuel is zero. This sum must be preserved (the Law 

of Conservation of Momentum). Note that while the mass of fuel burned in a second is much less than 
the mass of the rocket, the velocity of the hot exhaust gases is much greater than the velocity of the 

rocket.  

 

Note also that while the left side of the equation remains quite constant during a burn, the terms on 
the right side are changing. The mass of the rocket is decreasing significantly as the fuel is burned 

(typically, 90% of a rocket’s mass is fuel). This means that the velocity of the rocket must increase 

significantly.  

• Forces experienced by astronauts  
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Note that two forces act upon an astronaut during launch: the upward thrust (T) as well as the 
downward weight (W or mg). Newton’s second law can be used to derive a simple expression for 

acceleration of a rocket that is launched directly up (using the diagram above): 

gforce=9.8 + a 

    9.8 

• As described above, if the mass of the rocket decreases during flight and the thrust remains constant, 

the acceleration of the rocket (and astronauts) increases. Thus the force experienced by the astronaut 
increases. Refer to the graph above to see how the forces change at different times during the flight 

into orbit around the earth. 

 

analyse the forces involved in uniform circular motion for a range of objects, including satellites 

orbiting the Earth 

• Objects do not perform uniform circular motion unless they are subject to a centripetal force. This is a 

force that is always perpendicular to the velocity of the object. That force causes the moving object to 
continually change direction so that it follows a circular path. The centripetal force is always directed 

toward the centre of the circular motion.  

• The source of the centripetal force for a range of circular motions is listed here. 

Circular motion Source of centripetal force 

Ball on a string whirled in a circle Tension in the string 

Car driving around a corner Friction between the tyres and the road 

Satellite orbiting the Earth Gravitational attraction between the Earth and the satellite 

 

compare qualitatively low Earth and geo-stationary orbits 

• A low Earth orbit is an orbit that lies above the Earth’s atmosphere but below the van Allen radiation 

belts. This means that its altitude is from approximately 250 km to 1 000 km above the surface of the 
Earth. A satellite in low Earth orbit will need an orbital velocity of approximately 28 000 km h-1 to 

maintain the orbit, which gives it an orbital period of approximately 90 minutes. Examples are the 

space shuttle (altitude 250–400 km) and the Hubble telescope (altitude 600 km).  

• A satellite in a geostationary orbit has an orbital period equal to the Earth’s, that is, it takes one 

sidereal day (23 hours 56 minutes) to complete an orbit. To achieve this, the satellite must have an 
altitude of approximately 35 800 km, which places it near the upper edge of the outer van Allen belt. 

Its orbital velocity is approximately 11 000 km h-1. From the ground, a satellite in this type of orbit 

appears fixed in the sky, which makes it especially useful for communications and weather satellites. 
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Background information outside the syllabus 

If you want to work through these figures for yourself, the formulae you need are provided below. They may 

assist you to understand what is happening in the next activity as well. 

Note: the formulae and calculations here are beyond the scope of the syllabus at this point. 

The centripetal force to maintain an orbit is provided by gravity.  

Fgravity = Fcentripetal 

GMms/r2 = msv2/r  
M = mass of earth (kg); ms = mass of satellite (kg); G = universal gravitational constant; v = orbital speed in 

linear terms (ms-1) & r = the orbital radius (m) 

The orbital speed (v) can also be calculated from the orbit path (2πr) divided by the period (T) of motion 
measured in seconds.  

v = 2πr/T 

 

define the term orbital velocity and the quantitative and qualitative relationship between orbital 

velocity, the gravitational constant, mass of the central body, mass of the satellite and the radius of 

the orbit using Kepler's Law of Periods 

• Orbital velocity is the instantaneous speed (magnitude) in the direction indicated by an arrow 
(directional) drawn as a tangent to the point of interest on the orbital path.  

 
Quantitative relationship: (where d = average distance between centres of the two masses; v = 

orbital velocity; M = larger mass; ms = smaller mass; G = gravitational constant; T = period of orbit)  
 

Fg = Fc (gravity is the centripetal force)  

 

 

Using Kepler’s Law of Periods,  

:  

 

 

solve problems and analyse information to calculate centripetal force acting on a satellite 

undergoing uniform circular motion about the Earth using: F="mv2/r 
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• Recall that the centripetal force for a satellite’s orbital motion is provided by the gravitational force of 
attraction between the satellite and the Earth. Hence, by using Newton’s Law of Universal Gravitation 

to calculate this gravitational force, the centripetal force can be determined.  
 

Sample problem: The Hubble telescope has a mass of 1 200 kg and orbits at an altitude of 600 km. 

Calculate the centripetal force acting on this satellite as it performs circular motion around the Earth.  

 
Solution: The centripetal force can be determined by calculating the gravitational force of attraction 

between the Hubble telescope (mht) and the Earth (M):  

 

 

solve problems and analyse information using: 

 

• Problems could take the form of absolute calculations or satellite comparisons. The expression below 

is a more useful form of Kepler’s third law; the law of periods. It can be applied to any orbiting object, 
e.g. a satellite orbiting a planet or a planet orbiting the Sun. If comparing two objects orbiting the 

same central body, then the right hand side of the expression has a fixed value and hence:  

 

 

This was the form of the equation used by Kepler when comparing planets to the Earth.  

Sample problem 1: Determine the period of the orbit of the Hubble space telescope, given that its altitude is 

600 km. Mass of the Earth = 6 × 1024 kg. Radius of Earth = 6 380 km.  
 

Solution: Radius of the orbit = 6380 km + 600 km = 6.98× 106 m 

 

Sample problem 2 (taken from specimen paper): A planet in another solar system has three moons, all of 

which travel in circular orbits. Some information about these moons is given in the table. 
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Moon Radius of orbit (orbs) Period of revolution (reps) 

Alpha 4.0 16 

Beta 9.0 54 

Gamma 2.5  

The radius of orbit and period of revolution are measured in orbs and reps respectively, which are not metric 

units. 

1. Use the data to show that Kepler’s third law is obeyed for the moons Alpha and Beta. 

2. Calculate the speed of moon Gamma in orbs/rep. 

Solution: 

 

The first step is to calculate the period of Gamma’s orbit using Kepler’s third law: 

 

The orbital speed of Gamma can now be found as the circumference of its orbit divided by the period 
(remembering from Module 8.4, that the speed is related to distance and time where the distance here is the 

circumference and the time is the period). 

 
 

account for the orbital decay of satellites in low Earth orbit 

• A satellite in a stable orbit around the Earth possesses a certain amount of mechanical energy, which 

is the sum of its kinetic energy (due to its high speed) and its gravitational energy (due to its 

altitude). The lower the altitude of the orbit, the lower the total mechanical energy is.  

• Satellites in low Earth orbit are subject to friction with the sparse outer fringes of the atmosphere. 

This friction results in a loss of energy. The loss of energy means that this orbit is no longer viable and 
the satellite drops down to an altitude that corresponds with its new, lower energy. Ironically, the 

satellite will be moving faster than before (recall that lower orbits require faster orbital velocities) 

however the extra kinetic energy is derived from the lost potential energy.  
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• This is the process of orbital decay, and it is cyclic, as the satellites new lower orbit resides in slightly 
denser atmosphere, which leads to further friction and loss of energy. The process is not only 

continuous but speeds up as time goes on. 

 

discuss issues associated with safe re-entry for a manned spacecraft into the Earth’s atmosphere 

and landing on the Earth’s surface 

• Heat: The considerable kinetic and potential energy possessed by an orbiting spacecraft must be lost 

during re-entry. As the atmosphere decelerates the spacecraft, the energy is converted into a great 
deal of heat. This heat must be tolerated and/or minimised. The heat can be tolerated by using heat 

shields that use ablating surfaces (as used on Apollo capsules) or insulating surfaces (as used on the 
space shuttle). The heat can be minimised by taking longer to re-enter, thereby lengthening the time 

over which the energy is converted to heat. The space shuttle uses this technique.  

• g forces: The deceleration of a re-entering spacecraft also produces g forces, typically greater than 
those experienced during launch. High g forces can be better tolerated by reclining the astronaut, so 

that blood is not forced away from the brain, and by fully supporting the body. The g forces can be 

minimised by extending the re-entry, slowing the rate of descent. This strategy is employed by the 

space shuttle.  

• For a time during re-entry, there is a radio blackout caused by overheated air particles ionising as 
they collide with the spacecraft. This may be a safety issue if contact is needed between the 

spacecraft and earth at this phase of its flight.  

• Reaching the surface: Even after surviving the issues listed above, the spacecraft must touch down 
softly onto the surface of the Earth. Several solutions to this problem have been employed, such as 

first using parachutes and then splashing into ocean, or using many parachutes before crunching onto 

the ground, or by landing on an air strip (as performed by the space shuttle). 

 

identify that there is an optimum angle for re-entry into the Earth’s atmosphere and the 

consequences of failing to achieve this angle 

• For any given spacecraft wishing to re-enter safely, an optimum angle of re-entry exists. For Apollo 

capsules this angle was between 5.2° and 7.2°, although this would differ for other spacecraft.  

• If the angle is too shallow then the spacecraft will rebound, due to compression of the atmosphere 

beneath it.  

• If the angle is too steep then the spacecraft will decelerate too quickly, creating too much heat and 

burning up the spacecraft. 

9.2 Space: 3. The Solar System is held together by gravity 

Syllabus reference (October 2002 version) 

present information and use available evidence to discuss the factors affecting the strength of the 

gravitational force 

• Identify sources of information and use them to gather and present information about factors 
affecting the strength of the gravitational field surrounding objects. Make sure you collect information 

to reference your sources.  

• Your discussion should initially focus on showing how the mass of an object and the distance from the 

centre of the mass are the two determinants of the strength at any particular point.  

• Be sure that in the construction of your discussion, you draw on available evidence to coherently 

and logically illustrate the factors that affect a gravitational field. This will provide you with 
opportunities to include in your discussion other factors that affect the gravitational field. For 
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example, the distribution of mass is important in determining the uniformity of the field. The 
variations in the strength of the Earth's gravitational field due to uneven mass distributions within the 

Earth's crust are used as indicators of possible oil and natural gas reservoirs. Check that you correctly 
use scientific principles and ideas. It is helpful to your audience if you use appropriate methods to 

acknowledge sources of information. 

 

describe a gravitational field in the region surrounding a massive object in terms of its effects on 

other masses in it 

• The strength of a gravitational field around a massive object is proportional to the value of it's mass 
and decreases in inverse proportion to the square of the distance from the centre of the object. So, if 

other smaller masses are in the field, the force of attraction to the massive object that they 

experience will depend on their mass and the distance to the centre of the massive object. 

 

define Newton's Law of Universal Gravitation 

• In simplistic terms, what Newton said was that an object attracts every other object in the universe. 

The two factors that determine the force of the attraction are:  

o the mass of each of the two objects 

o the distances between their centres of mass. 

• In mathematical terms, this is:  

 
where,  

o F = force of attraction between objects 

o G = universal gravitational constant (which is equal to 6.67 x 10-11 N m2 kg-2) 

o m1 = mass of object 1 

o m2 = mass of object 2 

o d = distance between their centres of mass 

 

solve problems and analyse information using  

• Solve problems by choosing a strategy that will allow you to calculate the value of an unknown 
variable from the known data. This will probably involve rearranging the equation, substituting values 

for known variables and calculating the unknown. Make sure that all variables are expressed in SI 

units, using scientific notation where appropriate.  

• You can analyse information about gravitational force by looking at the relationship between any two 

of the variables, while holding the other variables constant. 

Sample problem 

A geostationary satellite of mass 600 kg orbits at a distance of 35 800 km. Calculate the force of gravity that 

keeps the satellite in orbit. 

Data: G = 6.67 x 10-11 N m2 kg-2  

 
m1 = mass of Earth = 6.0 x 1024 kg  

 
m2 = mass of satellite = 6.0 x 102 kg  

 
d = 3.58 x 104 km = 3.58 x 107 m 

javascript:newWindow('describe')
javascript:newWindow('define')
javascript:newSkill('14.2b')
javascript:newSkill('14.1f')


F = G m1 m2 / d2 

   = (6.67 x 10-11)( 6.0 x 1024)( 6.0 x 102) / (3.58 x 107)2 

   = 187 N 

Sample analysis 

Describe the way in which gravitational force varies with distance for any two objects. 

For any two objects chosen, for example, Earth and a Space Shuttle, the two masses m1 and m2 remain 

constant. G is also constant, therefore the equation can be reduced to: 

F = k / d2 

where k is a constant. 

Therefore gravitational force is inversely proportional to the distance between the objects. Force diminishes 

very rapidly with distance at first, but diminishes more and more slowly as distance increases. 

 
 

discuss the importance of Newton's Law of Universal Gravitation in understanding and calculating 

the motion of satellites 

Background 

Gravitation provides the centripetal force that produces the circular motion that is the satellite’s orbit around a 

planet. Therefore, it can be said that: 

Gravitational force = Centripetal force 

 

This equation shows that the required orbital velocity of a satellite depends upon the mass and the orbital 

radius. Note: this equation is NOT stipulated by the syllabus. 

• The following expressions can be derived, from the relationships described in the two lots of 

background information above:  
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• The second equation describes the relationship between the radius of an orbit and the period for any 
(and all) satellites, natural and artificial, orbiting the earth. This second equation is stipulated in the 

syllabus. It is also a more useful version of Kepler’s third law. 

 

identify that a slingshot effect can be provided by planets for space probes 

• The slingshot effect is also known as a planetary swing by or a gravity-assist manoeuvre. It is 

performed to achieve an increase in velocity relative to the Sun and/or a change of direction.  

• A spacecraft is aimed close to a planet. As it approaches, the spacecraft is caught by the gravitational 

field of the planet, and swings around it. The speed acquired is then sufficient to throw the spacecraft 
back out again, away from the planet. By controlling the approach, the outcome of the manoeuvre can 

be manipulated. 

Extra information outside the syllabus: 

• The manoeuvre can be analysed as an elastic collision, even though no actual contact occurs. A 
slingshot manoeuvre can therefore be used to change the spaceship's trajectory and velocity relative 

to the Sun, though the spacecraft's speed relative to the planet on effectively entering and leaving it's 

gravitational field, will remain the same-as it must according to the law of conservation of energy. 

• To a first approximation, from a large distance, the spacecraft appears to have bounced off the planet. 

The planet will have slowed very marginally, losing an equivalent amount of kinetic energy. (Recall 
that Ek = ½mv2 and the mass of a planet is very large so that the change in velocity of the planet will 

be very small.) 

9.2 Space: 4. Current and emerging understanding about time 

and space 

 

Background: The theory of relativity came out of considerations about the way that light travels, but to do so 
physicists had to overcome a long held belief in a theory that eventually proved to be incorrect. The relativity 

effects considered here apply to circumstances that we do not normally experience — travelling at a significant 

fraction of the speed of light. Application of the theory suggests some tantalising possibilities for space travel.  

 

outline the features of the aether model for the transmission of light 

• During the nineteenth century, physicists were certain that light was a waveform. They assumed that, 

like all other known waveforms, light waves needed a medium through which to travel to us from the 

Sun and other stars.  

• No medium could be found, and so one was hypothesised, along with a set of expected properties. It 

was called the luminiferous aether.  

• The list of properties included the following. The aether should:  

o fill all of space and be stationary in space 

o be perfectly transparent 

o permeate all matter 

o have a low density 

o have great elasticity in order to propagate the light waves. 

 

gather and process information to interpret the results of the Michelson-Morley experiment 
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• Gather information from reputable web sources or from encyclopedias or journals. If you use the 
Internet use a search engine to find out about the results of the experiment. The web page below will 

give you a start.  

• Process information by comparing the results from several different sources. Skim through the 
background information of the web page listed below until you get to the experiment. Note that the 

author has already done some interpretation of the experiment. Compare this with other sources. 

• The Michelson-Morley experiment a web page of the Department of Physics, University of 

Virginia, that describes the Michelson-Morley experiment in some detail. 

The Michelson-Morley Experiment  

Flashlet of the Experiment! 

Michael Fowler  U. Va. Physics  9/15/08 

The Nature of Light  

As a result of Michelson’s efforts in 1879, the speed of light was known to be 186,350 miles per second with a 

likely error of around 30 miles per second.  This measurement, made by timing a flash of light travelling 
between mirrors in Annapolis, agreed well with less direct measurements based on astronomical observations.  

Still, this did not really clarify the nature of light.  Two hundred years earlier, Newton had suggested that light 
consists of tiny particles generated in a hot object, which spray out at very high speed, bounce off other 

objects, and are detected by our eyes.  Newton’s arch-enemy Robert Hooke, on the other hand, thought that 
light must be a kind of wave motion, like sound.  To appreciate his point of view, let us briefly review the 

nature of sound.  

The Wavelike Nature of Sound  

Actually, sound was already quite well understood by the ancient Greeks.  The essential point they had realized 

is that sound is generated by a vibrating material object, such as a bell, a string or a drumhead.  Their 
explanation was that the vibrating drumhead, for example, alternately pushes and pulls on the air directly 

above it, sending out waves of compression and decompression (known as rarefaction), like the expanding 

circles of ripples from a disturbance on the surface of a pond.  On reaching the ear, these waves push and pull 
on the eardrum with the same frequency (that is to say, the same number of pushes per second) as the 

original source was vibrating at, and nerves transmit from the ear to the brain both the intensity (loudness) 

and frequency (pitch) of the sound.  

There are a couple of special properties of sound waves (actually any waves) worth mentioning at this point.  
The first is called interference.  This is most simply demonstrated with water waves.  If you put two fingers in a 

tub of water, just touching the surface a foot or so apart, and vibrate them at the same rate to get two 
expanding circles of ripples, you will notice that where the ripples overlap there are quite complicated patterns 

of waves formed.  The essential point is that at those places where the wave-crests from the two sources 
arrive at the same time, the waves will work together and the water will be very disturbed, but at points where 

the crest from one source arrives at the same time as the wave trough from the other source, the waves will 
cancel each other out, and the water will hardly move.  You can hear this effect for sound waves by playing a 

constant note through stereo speakers.  As you move around a room, you will hear quite large variations in the 
intensity of sound.  Of course, reflections from walls complicate the pattern.  This large variation in volume is 

not very noticeable when the stereo is playing music, because music is made up of many frequencies, and they 

change all the time.  The different frequencies, or notes, have their quiet spots in the room in different places.  
The other point that should be mentioned is that high frequency tweeter-like sound is much more directional 

than low frequency woofer-like sound.  It really doesn’t matter where in the room you put a low-frequency 
woofer—the sound seems to be all around you anyway.  On the other hand, it is quite difficult to get a speaker 

to spread the high notes in all directions.  If you listen to a cheap speaker, the high notes are loudest if the 
speaker is pointing right at you.  A lot of effort has gone into designing tweeters, which are small speakers 

especially designed to broadcast high notes over a wide angle of directions.  

Is Light a Wave?  

Bearing in mind the above minireview of the properties of waves, let us now reconsider the question of 

whether light consists of a stream of particles or is some kind of wave.  The strongest argument for a particle 
picture is that light travels in straight lines.  You can hear around a corner, at least to some extent, but you 

certainly can’t see.  Furthermore, no wave-like interference effects are very evident for light.  Finally, it was 
long known, as we have mentioned, that sound waves were compressional waves in air.  If light is a wave, just 

what is waving?  It clearly isn’t just air, because light reaches us from the sun, and indeed from stars, and we 

know the air doesn’t stretch that far, or the planets would long ago have been slowed down by air resistance.  
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Despite all these objections, it was established around 1800 that light is in fact some kind of wave.  The reason 
this fact had gone undetected for so long was that the wavelength is really short, about one fifty-thousandth of 

an inch.  In contrast, the shortest wavelength sound detectable by humans has a wavelength of about half an 
inch.  The fact that light travels in straight lines is in accord with observations on sound that the higher the 

frequency (and shorter the wavelength) the greater the tendency to go in straight lines.  Similarly, the 

interference patterns mentioned above for sound waves or ripples on a pond vary over distances of the same 

sort of size as the wavelengths involved.  Patterns like that would not normally be noticeable for light because 
they would be on such a tiny scale.  In fact, it turns out, there are ways to see interference effects with light.  

A familiar example is the many colors often visible in a soap bubble.  These come about because looking at a 
soap bubble you see light reflected from both sides of a very thin film of water—a thickness that turns out to 

be comparable to the wavelength of light.  The light reflected from the lower layer has to go a little further to 
reach your eye, so that light wave must wave an extra time or two before getting to your eye compared with 

the light reflected from the top layer.  What you actually see is the sum of the light reflected from the top layer 
and that reflected from the bottom layer.  Thinking of this now as the sum of two sets of waves, the light will 

be bright if the crests of the two waves arrive together, dim if the crests of waves reflected from the top layer 
arrive simultaneously with the troughs of waves reflected from the bottom layer.  Which of these two 

possibilities actually occurs for reflection from a particular bit of the soap film depends on just how much 
further the light reflected from the lower surface has to travel to reach your eye compared with light from the 

upper surface, and that depends on the angle of reflection and the thickness of the film.  Suppose now we 
shine white light on the bubble.  White light is made up of all the colors of the rainbow, and these different 

colors have different wavelengths, so we see colors reflected, because for a particular film, at a particular 
angle, some colors will be reflected brightly (the crests will arrive together), some dimly, and we will see the 

ones that win.  

If Light is a Wave, What is Waving?  

Having established that light is a wave, though, we still haven’t answered one of the major objections raised 

above.  Just what is waving?  We discussed sound waves as waves of compression in air.  Actually, that is only 

one case—sound will also travel through liquids, like water, and solids, like a steel bar.  It is found 
experimentally that, other things being equal, sound travels faster through a medium that is harder to 

compress: the material just springs back faster and the wave moves through more rapidly.  For media of equal 
springiness, the sound goes faster through the less heavy medium, essentially because the same amount of 

springiness can push things along faster in a lighter material.  So when a sound wave passes, the material—
air, water or solid—waves as it goes through.  Taking this as a hint, it was natural to suppose that light must 

be just waves in some mysterious material, which was called the aether, surrounding and permeating 
everything.  This aether must also fill all of space, out to the stars, because we can see them, so the medium 

must be there to carry the light.  (We could never hear an explosion on the moon, however loud, because 
there is no air to carry the sound to us.)  Let us think a bit about what properties this aether must have.  Since 

light travels so fast, it must be very light, and very hard to compress.  Yet, as mentioned above, it must allow 
solid bodies to pass through it freely, without aether resistance, or the planets would be slowing down.  Thus 

we can picture it as a kind of ghostly wind blowing through the earth.  But how can we prove any of this? Can 

we detect it?  

Detecting the Aether Wind: the Michelson-Morley Experiment  

Detecting the aether wind was the next challenge Michelson set himself after his triumph in measuring the 
speed of light so accurately.  Naturally, something that allows solid bodies to pass through it freely is a little 

hard to get a grip on.  But Michelson realized that, just as the speed of sound is relative to the air, so the 
speed of light must be relative to the aether.  This must mean, if you could measure the speed of light 

accurately enough, you could measure the speed of light travelling upwind, and compare it with the speed of 

light travelling downwind, and the difference of the two measurements should be twice the windspeed.  
Unfortunately, it wasn’t that easy.  All the recent accurate measurements had used light travelling to a distant 

mirror and coming back, so if there was an aether wind along the direction between the mirrors, it would have 
opposite effects on the two parts of the measurement, leaving a very small overall effect.  There was no 

technically feasible way to do a one-way determination of the speed of light.  

At this point, Michelson had a very clever idea for detecting the aether wind.  As he explained to his children 

(according to his daughter), it was based on the following puzzle:  

Suppose we have a river of width w (say, 100 feet), and two swimmers who both swim at the same speed v 
feet per second (say, 5 feet per second).  The river is flowing at a steady rate, say 3 feet per second.  The 

swimmers race in the following way: they both start at the same point on one bank.  One swims directly across 
the river to the closest point on the opposite bank, then turns around and swims back.  The other stays on one 

side of the river, swimming upstream a distance (measured along the bank) exactly equal to the width of the 

river, then swims back to the start.  Who wins?  



Let’s consider first the swimmer going upstream and back.  Going 100 feet upstream, the speed relative to the 
bank is only 2 feet per second, so that takes 50 seconds.  Coming back, the speed is 8 feet per second, so it 

takes 12.5 seconds, for a total time of 62.5 seconds.  

 

The swimmer going across the flow is trickier.  It won’t do simply to aim directly for the opposite bank-the flow 
will carry the swimmer downstream.  To succeed in going directly across, the swimmer must actually aim 

upstream at the correct angle (of course, a real swimmer would do this automatically).  Thus, the swimmer is 
going at 5 feet per second, at an angle, relative to the river, and being carried downstream at a rate of 3 feet 

per second.  If the angle is correctly chosen so that the net movement is directly across, in one second the 
swimmer must have moved four feet across:  the distances covered in one second will form a 3,4,5 triangle.  

So, at a crossing rate of 4 feet per second, the swimmer gets across in 25 seconds, and back in the same time, 
for a total time of 50 seconds.  The cross-stream swimmer wins.  This turns out to true whatever their 

swimming speed.  (Of course, the race is only possible if they can swim faster than the current!)  
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In time t, the swimmer has moved ct relative to the water, 
and been carried downstream a distance vt. 
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Michelson’s great idea was to construct an exactly similar race for pulses of light, with the aether wind playing 

the part of the river.  The scheme of the experiment is as follows: a pulse of light is directed at an angle of 45 
degrees at a half-silvered, half transparent mirror, so that half the pulse goes on through the glass, half is 

reflected.  These two half-pulses are the two swimmers.  They both go on to distant mirrors which reflect them 
back to the half-silvered mirror.  At this point, they are again half reflected and half transmitted, but a 

telescope is placed behind the half-silvered mirror as shown in the figure so that half of each half-pulse will 
arrive in this telescope.  Now, if there is an aether wind blowing, someone looking through the telescope 

should see the halves of the two half-pulses to arrive at slightly different times, since one would have gone 
more upstream and back, one more across stream in general.  To maximize the effect, the whole apparatus, 

including the distant mirrors, was placed on a large turntable so it could be swung around. 

An animated flashlet of the experiment is available here–it makes the account above a lot clearer! 

Let us think about what kind of time delay we expect to find between the arrival of the two half-pulses of light.  
Taking the speed of light to be c miles per second relative to the aether, and the aether to be flowing at v 

miles per second through the laboratory, to go a distance w miles upstream will take w/(c-v) seconds, then to 
come back will take w/(c+v) seconds.  The total roundtrip time upstream and downstream is the sum of these, 

which works out to be 2wc/(c²-v²), which can also be written (2w/c)×1/(1-v²/c²).  Now, we can safely assume 
the speed of the aether is much less than the speed of light, otherwise it would have been noticed long ago, for 

example in timing of eclipses of Jupiter’s satellites.  This means v²/c² is a very small number, and we can use 
some handy mathematical facts to make the algebra a bit easier.  First, if x is very small compared to 1, 1/(1-

x) is very close to 1+x.  (You can check it with your calculator.)  Another fact we shall need in a minute is that 

for small x, the square root of 1+x is very close to 1+x/2.   

 

Putting all this together, 
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 This diagram is from the original paper.  The source of light is at s, the 45 

degree line is the half-silvered mirror, b and c are mirrors and d the observer. 
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Now, what about the cross-stream time?  The actual cross-stream speed must be figured out as in the example 
above using a right-angled triangle, with the hypoteneuse equal to the speed c, the shortest side the aether 

flow speed v, and the other side the cross-stream speed we need to find the time to get across.  From 

Pythagoras’ theorem, then, the cross-stream speed is the square root of (c²-v²).   

Since this will be the same both ways, the roundtrip cross-stream time will be 

2 22 / .w c v−  

This can be written in the form 
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Looking at the two roundtrip times at the ends of the two paragraphs above, we see that they differ by an 

amount (2w/c) × v²/2c².  Now, 2w/c is just the time the light would take if there were no aether wind at all, 

say, a few millionths of a second.  If we take the aether windspeed to be equal to the earth’s speed in orbit, for 

example, v/c is about 1/10,000, so v²/c² is about 1/100,000,000.  This means the time delay between the 
pulses reflected from the different mirrors reaching the telescope is about one-hundred-millionth of a few 

millionths of a second.  It seems completely hopeless that such a short time delay could be detected.  
However, this turns out not to be the case, and Michelson was the first to figure out how to do it.  The trick is 

to use the interference properties of the lightwaves.  Instead of sending pulses of light, as we discussed above, 
Michelson sent in a steady beam of light of a single color.  This can be visualized as a sequence of ingoing 

waves, with a wavelength one fifty-thousandth of an inch or so.  Now this sequence of waves is split into two, 
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This is also from the original paper, and shows the expected path of light relative 

to the aether with an aether wind blowing. 
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and reflected as previously described.  One set of waves goes upstream and downstream, the other goes 
across stream and back.  Finally, they come together into the telescope and the eye.  If the one that took 

longer is half a wavelength behind, its troughs will be on top of the crests of the first wave, they will cancel, 
and nothing will be seen.  If the delay is less than that, there will still be some dimming.  However, slight 

errors in the placement of the mirrors would have the same effect.  This is one reason why the apparatus is 

built to be rotated.  On turning it through 90 degrees, the upstream-downstream and the cross-stream waves 

change places.  Now the other one should be behind.  Thus, if there is an aether wind, if you watch through the 
telescope while you rotate the turntable, you should expect to see variations in the brightness of the incoming 

light.  

To magnify the time difference between the two paths, in the actual experiment the light was reflected 

backwards and forwards several times, like a several lap race.  For a diagram, click here.  For an actual 

photograph of the real apparatus, click here.  

Michelson calculated that an aether windspeed of only one or two miles a second would have observable effects 

in this experiment, so if the aether windspeed was comparable to the earth’s speed in orbit around the sun, it 
would be easy to see.  In fact, nothing was observed.  The light intensity did not vary at all.  Some time later, 

the experiment was redesigned so that an aether wind caused by the earth’s daily rotation could be detected.  
Again, nothing was seen.  Finally, Michelson wondered if the aether was somehow getting stuck to the earth, 

like the air in a below-decks cabin on a ship, so he redid the experiment on top of a high mountain in 
California.  Again, no aether wind was observed.  It was difficult to believe that the aether in the immediate 

vicinity of the earth was stuck to it and moving with it, because light rays from stars would deflect as they 

went from the moving faraway aether to the local stuck aether.  

The only possible conclusion from this series of very difficult experiments was that the whole concept of an all-

pervading aether was wrong from the start.  Michelson was very reluctant to think along these lines.  In fact, 
new theoretical insight into the nature of light had arisen in the 1860’s from the brilliant theoretical work of 

Maxwell, who had written down a set of equations describing how electric and magnetic fields can give rise to 
each other.  He had discovered that his equations predicted there could be waves made up of electric and 

magnetic fields, and the speed of these waves, deduced from experiments on how these fields link together, 
would be 186,300 miles per second.   This is, of course, the speed of light, so it is natural to assume that light 

is made up of fast-varying electric and magnetic fields.  But this leads to a big problem: Maxwell’s equations 
predict a definite speed for light, and it is the speed found by measurements.  But what is the speed to be 

measured relative to?  The whole point of bringing in the aether was to give a picture for light resembling the 
one we understand for sound, compressional waves in a medium.  The speed of sound through air is measured 

relative to air.  If the wind is blowing towards you from the source of sound, you will hear the sound sooner.  If 
there isn’t an aether, though, this analogy doesn’t hold up.  So what does light travel at 186,300 miles per 

second relative to?  

There is another obvious possibility, which is called the emitter theory: the light travels at 186,300 miles per 
second relative to the source of the light.  The analogy here is between light emitted by a source and bullets 

emitted by a machine gun.  The bullets come out at a definite speed (called the muzzle velocity) relative to the 
barrel of the gun.  If the gun is mounted on the front of a tank, which is moving forward, and the gun is 

pointing forward, then relative to the ground the bullets are moving faster than they would if shot from a tank 
at rest.  The simplest way to test the emitter theory of light, then, is to measure the speed of light emitted in 

the forward direction by a flashlight moving in the forward direction, and see if it exceeds the known speed of 
light by an amount equal to the speed of the flashlight.  Actually, this kind of direct test of the emitter theory 

only became experimentally feasible in the nineteen-sixties.  It is now possible to produce particles, called 
neutral pions, which decay each one in a little explosion, emitting a flash of light.  It is also possible to have 

these pions moving forward at 185,000 miles per second when they self destruct, and to catch the light 
emitted in the forward direction, and clock its speed.  It is found that, despite the expected boost from being 

emitted by a very fast source, the light from the little explosions is going forward at the usual speed of 
186,300 miles per second.  In the last century, the emitter theory was rejected because it was thought the 

appearance of certain astronomical phenomena, such as double stars, where two stars rotate around each 
other, would be affected.  Those arguments have since been criticized, but the pion test is unambiguous.  The 

definitive experiment was carried out by Alvager et al., Physics Letters 12, 260 (1964).  

Einstein’s Answer  

The results of the various experiments discussed above seem to leave us really stuck.  Apparently light is not 

like sound, with a definite speed relative to some underlying medium.  However, it is also not like bullets, with 

a definite speed relative to the source of the light.  Yet when we measure its speed we always get the same 
result.  How can all these facts be interpreted in a simple consistent way?  We shall show how Einstein 

answered this question in the next lecture. 

•  
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describe and evaluate the Michelson-Morley attempt to measure the relative velocity of the Earth 

through the aether 

• The Michelson-Morley experiment was devised to detect the aether using light and an effect called 

interference.  

• As the Earth was supposed to be moving through a stationary aether, there should have been an 

apparent aether wind. The speed of light was supposed to be constant in the aether, so this aether 

wind should slow down light heading into it, as seen by us. The Michelson-Morley experiment 
compared the speed of such a light ray with another light ray directed across the aether wind. The two 

rays were compared using an interferometer, a device that displays interference effects. No significant 

difference was found between the two light rays.  

• The experiment was of sufficient sensitivity according to the aether model, yet failed to detect any 
presence of the aether. No matter who did the experiment, where it was done or when it was done, no 

one was able to physically demonstrate the interference effect that would prove the existence of the 

aether. 

 

discuss the role of the Michelson-Morley experiments in making determinations about competing 

theories 

• From theory come predictions that can be tested. Experiments are performed to test the predictions, 
and from the results of the experiments, judgements can be made regarding the validity of the 

theory. The Michelson-Morley experiments were performed to test the prediction, based on the aether 

model, that an aether wind should exist.  

• The Michelson-Morley experiments were performed in 1887 and had null results, despite satisfying all 

requirements regarding sensitivity. This did not, however, disprove the theory.  

• Various modifications of the aether theory were offered over the following years. Each modified theory 

resulted in new predictions to be tested. Each test failed.  

• Almost twenty years after the Michelson-Morley experiments, Einstein proposed the theory of 

relativity, in which the aether model was not needed. The theory of relativity produced its own set of 
predictions, not all of which were testable at that time. As technology has improved, the predictions 

have been tested and found to be correct.  

• The choice for scientists was as follows: continue to follow a theory for which no predictions proved 

true (aether) OR follow an alternative theory for which prediction do prove true (relativity). 

 

perform an investigation to help distinguish between non-inertial and inertial frames of reference 

• Perform the investigation that may be planned by your teacher, by carrying out the procedures 

efficiently and safely.  

• A sample investigation that can be easily carried out is as follows:  

o A plumb bob will only hang directly down in an inertial (or non-accelerated) frame of 

reference; it will hang in other directions in non-inertial (or accelerated) frames of reference. 
Try letting one hang from your hand while you are standing still or walking with a steady 

velocity (that is, a steady speed in a straight line). Next, try accelerating to a run, stopping 

quickly or changing direction. How did the plumb bob react under each of these conditions? 

o You should be able to test these observations by taking your plumb bob on a ride in a car or 
bus. Do not look out the window, but only observe the plumb bob. Can you deduce the 

motion of the vehicle from the direction in which the plumb bob hangs? 

o The plumb bob in this activity has been used as an accelerometer. 
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outline the nature of inertial frames of reference 

• A frame of reference is a rigid framework relative to which position, displacement, velocity, etc, can 

be measured. For example, the interior of a car, train, plane, on the ground, the Earth, the Sun.  

• An inertial frame of reference involves no acceleration. It allows for uniform velocity motion or a state 

of rest only. 

 

discuss the principle of relativity 

• The principle of relativity was first stated by Galileo and embodied in Newton’s first law. It states that 
it is not possible to perform an experiment within an inertial frame of reference to detect the motion 

of the frame of reference. The only way to detect the motion of an inertial frame of reference is by 
referring to another frame of reference. For example, if you are in a spacecraft far from any planet, 

star or other object, then you cannot tell if you are moving. Your rockets have long been turned off 
and you are coasting along to your destination with uniform velocity. However, without referring to 

outside objects (for example, triangulating off certain stars over a long time period), it is impossible to 

measure, or even detect, your velocity. 

 

analyse and interpret some of Einstein’s thought experiments involving mirrors and trains and 

discuss the relationship between thought and reality 

• A limitation of thought experiments is that what you imagine as the outcome is based upon your 
common sense, that is, your collective experiences of the way things normally happen. Einstein used 

thought experiments to investigate situations that could not be tested in reality. In some cases, that 

inability to test, stems from limitations in current technology.  

• The following outlines one of Einstein’s most famous thought experiments. It is this scenario, in 
particular, that occupied his thoughts during the period 1895 to 1905 when he was formulating his 

theory: 

Imagine that you are sitting in a train facing forwards. The train is moving at the speed of light. You hold up a 
mirror in front of you, at arm’s length. Will you be able to see your reflection in the mirror?  

 
The experiment could have one of two possible outcomes, each of which involves a dilemma for the scientific 

community of the time that believed in the aether model: 

o No, the reflection will not appear. This is the result predicted by the aether model, since light can only 
travel at a set speed (3 × 108 m s-1) through the aether. If the train is travelling at that speed then 

the light cannot catch the mirror to return as a reflection. Unfortunately, this violates the principle of 
relativity, which states that in an inertial frame of reference you cannot perform any experiment to tell 

that you are moving.  

o Yes, the reflection will be seen because, according to the principle of relativity, it would not be 
possible for the person in the train to do anything to detect the constant motion with which he or she 

is travelling. However, a person watching this from the side of the track should see the light from your 

face travelling at twice its normal speed! 

Einstein decided that: 

o the reflection will be seen as normal, because he believed that the principle of relativity should always 

hold true  

o the person at the side of the track sees the light travelling normally. BUT, this means that time passes 

differently for you on the train and for the person at the side of the track  

o the aether mode; has nothing to do with it. Einstein described it as superfluous. 
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describe the significance of Einstein’s assumption of the constancy of the speed of light 

• One of the fundamental postulates of the theory of relativity is that all observers see light travelling at 
the same speed c (3 × 108 m s-1), regardless of their motion. In the thought experiment described 

above, he emphasised that the train traveller and the observer at the side of the track must both see 
light travelling at the same speed. This, however, means that time passes differently for each 

observer. 

 

identify that if c is constant then space and time become relative 

• In classical physics, space (that is, position, displacement and velocity, including the speed of light) 

can be relative to an observer, but time is an absolute quantity, passing identically for everybody.  

• In the theory of relativity, which assumes that c is constant for all observers, then time is relative as 

well as space. In other words, time passes differently for different observers, depending upon how 

fast they are moving.  

In the thought experiment described above, both observers see light travelling at the same speed, c. 
However, the observer on the ground sees the light travel twice as far to reach the mirror. Since c = 

distance / time, this must mean that the observer outside the train saw the light take twice as long 
to reach the mirror. In other words, as seen from outside the train, time inside the train has slowed 

down. 

 

discuss the concept that length standards are defined in terms of time in contrast to the original 

metre standard 

• The metre was defined in 1793 for the first time, when the French government decreed it to be one 

ten-millionth of the length of the Earth's quadrant passing through Paris. After this arc was surveyed 

(incorrectly), three platinum standards were made along with several iron copies.  

• When the Systeme Internationale (SI) of units was set up in 1875, the metre was defined to be the 

distance between two lines scribed on a single bar of platinum-iridium alloy.  

• The current definition of the metre is much more precise and accessible. One metre is defined as the 
length of the path travelled by light in a vacuum during the time interval of 1/299 792 458 th of a 

second. This modern definition takes advantage of the constancy of the speed of light, as well as the 

capability technology has given us to measure time and the speed of light with great precision.  

• The light-year is another length standard defined in terms of time and the speed of light. It is equal to 

9.47 × 1012 km. 

 

analyse information to discuss the relationship between theory and the evidence supporting it, 

using Einstein’s predictions based on relativity that were made many years before evidence was 

available to support it 

• When analysing this information you should identify and explain how data supports or refutes the 

predictions that flow from a proposed theory.  

• A proposed theory usually needs experimental evidence before it is taken seriously. An example of 

this from the preliminary course, also mentioned in HSC topic 9.4, is Maxwell’s theory of 

electromagnetic radiation, proposed in 1865 and not really adopted until Heinrich Hertz provided some 

experimental evidence more than twenty years later, in 1887.  

• When Einstein proposed his special theory of relativity in 1905, the experimental and technological 

capability to verify the predictions did not exist. When he proposed his general theory of relativity 
(this theory included gravity and acceleration) in 1915, there was no evidence available to support it. 

Only four years later in 1919 the general theory of relativity was able to be used to explain the 
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anomalous perihelion precession of Mercury. The British astronomer, Eddington announced that 
observations of stars near the eclipsed Sun confirmed general relativity's prediction that massive 

objects bend light. It arose from observations of star light passing close to the sun, possible only at 
the time of total solar eclipse. An slight apparent shift in the position of a star could be accounted for 

by applying the general theory.  

• As technology improved in the twentieth century, relativity theory predictions became testable.  

• Some other pieces of experimental evidence that became available in the years that followed are:  

o the flying of atomic clocks to determine the existence of time dilation 

o the dilated lifetimes of mesons penetrating the Earth’s atmosphere 

o the energy yield from converted mass in nuclear reactions 

o the observed increase in the mass of particles accelerated to near-light speed, in devices 

such as particle accelerators. 

 

• As a consequence of relativity theory successes, and the continuing failure of any experiments to 

demonstrate the existence of the aether, its existence was no longer required. 

 

explain qualitatively and quantitatively the consequence of special relativity in relation to: 

o the relativity of simultaneity 

o the equivalence between mass and energy 

o length contraction 

o time dilation 

o mass dilation 

The relativity of simultaneity 

• If two events in different places are judged by one observer to be simultaneous then they will not 
generally be judged to be simultaneous by another observer in a different reference frame in relative 

motion. In other words, whether or not two events are seen by you to be simultaneous depends upon 

where you are standing.  

• Try this thought experiment offered by Einstein:  

 
A train is fitted with light operated doors. The light fitting is in the centre of the roof, and is operated 

by a train traveller standing in the middle of the floor. When the train is travelling at half the speed of 
light, the train traveller turns on the light. The light travels forwards and backwards with equal speed 

and reaches both doors at the same time. The doors then open, and the train traveller sees them 
opening simultaneously. An observer standing outside the train watches this happen, but sees the 

back door opening before the front. This is because the back door is advancing on the light waves 

coming from the light, while the front door is moving away from the light waves. 

The equivalence between mass and energy 

• The rest mass of an object is equivalent to a certain quantity of energy. Mass can be converted into 

energy under extraordinary circumstances and, conversely, energy can be converted into mass. For 
example, part of the mass is converted into energy in nuclear fission reactions. When a particle and its 

anti-particle collide, the entire mass is converted into energy.  

• Einstein’s famous equation expresses the equivalence between energy, E and mass, m: E = mc2. The 
amount of energy given off in a nuclear transmutation is related by this equation to the amount of 

mass “lost”.  

• In Special Relativity, the Law of Conservation of Energy and the Law of Conservation of Mass have 

been replaced by the Law of Conservation of Mass-Energy. 

Length contraction 
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• The length of an object measured within its rest frame is called its proper length (Lo). Observers in 
different reference frames in relative motion will always measure the length (Lv) to be shorter.  

• The equation that expresses this is  

• For example: A train that is measured to be 100 metres long when at rest, travels at 80% of the 

speed of light (0.8 c). A person inside the train will measure the length of the train to be 100 m. A 

person standing by the side of the track will observe the train to be just 60 metres long. 

Time dilation 

• The time taken for an event to occur within its rest frame is called the proper time (to). Observers in 
different reference frames in relative motion will always judge the time taken (tv) to be longer.  

• The equation that expresses this is  

• For example: A traveller on a train with a speed of 0.8 c, picks up and opens a newspaper. The event 
takes 1.0 second as measured by the train traveller. As observed by a person standing by the side of 

the track the event takes 1.7 seconds. 

A wonderful applet to demonstration time dilation  

Mass dilation 

• Another consequence of the theory of Special Relativity is that the mass of a moving object increases 
as its velocity increases. This is the phenomenon of mass dilation. It is another expression of the 

mass-energy equivalence and is represented mathematically as:  

 

where  

o m = relativistic mass of particle, 

o m0 = rest mass of particle, 

o v is the velocity of the particle relative to a stationary observer and 

o c = speed of light. 

 

• This effect is noticeable only at relativistic speeds. As an object is accelerated close to the speed of 
light its mass increases. The more massive it becomes, the more energy that has to be used to give it 

the same acceleration, making further accelerations more and more difficult. The energy that is put 
into attempted acceleration is instead converted into mass. The total energy of an object is then its 

kinetic energy plus the energy embodied in its mass.  

• To accelerate even the smallest body to the speed of light would require an infinite amount of energy, 
all the energy of the universe, plus a whole lot “more”. Thus material objects are limited to speeds 

less than the speed of light. 

Web sites that demonstrate the consequences of relativity: 

Relativity Tutorial Ned Wright, UCLA Astronomy Faculty, California, USA 

http://galileoandeinstein.physics.virginia.edu/more_stuff/flashlets/lightclock.swf
http://www.astro.ucla.edu/~wright/relatvty.htm


C-ship: Relativistic ray traced images Fourmilab, Switzerland 

 

solve problems and analyse information using:  

• Sample problem 1 – Length contraction and Time dilation  
 

An alien spacecraft streaks past the Earth at 0.90 c. As it does so it flashes a sign that reads, “We 
come in peace”, for 2.0 seconds. The spacecraft measures 55 metres long when at rest.  

 
Calculate:  

a. the length of the spacecraft as observed from Earth, and 

b. the time for which the sign flashed as observed from Earth. 

Solution 

a. The length of the spacecraft as seen from Earth is Lv.  

 

 

b. The time taken by the flashing sign as seen from the Earth is tv.  

http://www.fourmilab.ch/cship/cship.html#2
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• Sample problem 2 – Mass dilation and Energy  
 

A space probe has a rest mass of 2000 kg.  
a. Calculate its mass after acceleration to 0.75 c and after further acceleration to 0.90 c. 

b. Calculate the amount of energy that has been converted to mass in accelerating the probe to 

0.90c. 

Solution 

 

a. Mass at 0.75 c = 2000 x (1 - (0.75)2/1)-0.5 = 3024 kg  

Mass at 0.90 c = 2000 x (1 - (0.90)2/1)-0.5 = 4588 kg  

b. E = m c2 = (4588 – 2000) x (3 x 108)2 = 2.3 x 1020 J 

 

discuss the implications of time dilation and length contraction for space travel 

• Recall from part 3 of this topic that current maximum velocities do not allow for viable interstellar 

travel because the travel times are prohibitively long.  

• Provided that relativistic speeds could be reached, the nearest stars should be able to be reached in 

several years. For example, travelling to Alpha Centauri at half the speed of light should take a little 
over eight years. However, due to time dilation and length contraction, the journey would take 

significantly less time.  

• From the Earth’s point of view the clocks on the spacecraft are moving slowly, so that less time passes 
on the spacecraft compared to the Earth. From the point of view of the spacecraft occupants, the 

length of the journey has contracted to a significantly shorter distance, which they cover in less time. 
In the example above, the occupants record approximately seven years passing before they arrive at 

their destination, rather than eight years.  

• Accelerating to relativistic speeds would incur considerable energy costs, due to the conversion of 

energy into mass. 
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