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Introduction

This Advice for Practitioners covers more than the minimum required by the Arrangements document. It is intended to provide a background from which to present the topics in an informed way. The very nature of this subject matter means practical work is somewhat limited. 

Thought experiments are invaluable and a variety of these should be discussed. 

Evidence for general relativity can be discussed from experimental observations. Images from websites are useful to illustrate astronomical observations. 

Throughout the material historical details have been given for interest but these are outwith the Arrangements for Advanced Higher Physics.

All Gaussian co-ordinate systems are essentially equivalent for the formulation of the general laws of nature.
Relativity – the special and general theory, Albert Einstein

Newtonian mechanics and special relativity

Newton’s laws of motion were designed to describe the motion of objects, regardless of size or position. They also allow us, in principle, to predict subsequent motions (although the pioneering work of Poincare in the 19th century would show that even Newtonian physical systems could be fundamentally unpredictable). The Newtonian picture of the universe was built on the idea of absolute space and time – a rigid framework against which all measurements and experiments could be carried out. Newton also stated that:

(a)
The laws of physics are the same for all observers in all parts of the universe. 

Maxwell’s equations for electromagnetism allow the speed of light to be predicted theoretically. Experiments undertaken by the American physicist Albert Michelson obtained excellent agreement with the theoretically predicted value. The ether was postulated as an all-pervading medium through which electromagnetic waves could travel but Michelson and Morley’s experiment failed to detect any motion of the Earth through the ether. 

Einstein solved this dilemma, for inertial frames of reference, by realising that all motion was relative. He encapsulated this idea in his special theory of relativity, which he published in 1905. This theory stated.

(a)
The laws of physics are the same in all inertial frames of reference in the universe. 

(b)
Light always travels at the same speed in a vacuum, regardless of one’s inertial frame (ie all observers in uniform motion measure the same speed for light).

These postulates provided a resolution to Michelson and Morley’s apparently paradoxical result: light did not require an ether through which to travel and moreover the invariance of the speed of light in a vacuum meant that Maxwell’s equations for electromagnetism would make sense to all inertial observers, regardless of their relative motion. However, this led to an important conclusion about simultaneity: for two frames in relative motion, 

events that are simultaneous in one frame are not always simultaneous in another.

This introduction and Einstein’s special relativity are covered in the Revised Higher Physics (see Special Relativity: Teacher’s Notes) 

Let us briefly recap the terms and limitations of special relativity. A frame of reference for an observer is any place, laboratory, vehicle, platform, spaceship, planet etc. An inertial frame of reference is one moving in a straight line with a constant speed. The word ‘inertial’ implies non-accelerating. Any object has inertia, which is its resistance to changes of motion. Thus Einstein’s special relativity is restricted to frames of reference with constant speed in one direction with respect to each other.

Using the two postulates of special relativity we can derive relationships for time dilation and length contraction. (These relationships are included in Higher Physics but not in Advanced Higher Physics). The effects of special relativity are generally only apparent for speeds over 10% of the speed of light, unless one makes extremely precise measurements, for example using atomic clocks. Special relativity reduces to Newtonian mechanics at lower speeds.

Learners should understand time dilation. Consider two frames of reference A and B travelling with a constant relative velocity. In each frame of reference there is a clock. It is convenient to use as our ‘clock’ a pulse of light travelling up to a mirror (in the transverse direction to the motion) and returning. The pulses of this clock can be observed from other frames of reference. 

Let time t be the time taken for a pulse of light to travel to the mirror and return in frame A.

Let time tʹ be the time measured by an observer in B of this pulse in A.

Time dilation tells us that the time tʹ recorded by an observer in B will be longer than t (the actual time of the pulse in A). Thus from the perspective of observers in B the clocks in A are ‘running slow’. Alternatively, if an observer in A looks at a clock in B it is observers in A who will think that the clock in B is running slow. Each will consider the other’s clock to be running slow. The motion of all observers is relative!

Let us put this in a specific context and consider an observer on Earth, Jim, and a spacecraft passing at a high constant speed. Jim will observe that the clocks on the spacecraft are running slow. (For more details on special relativity see Higher Physics Teacher’s Notes– Special Relativity.)

General Relativity

The equality of Inertial and Gravitational Mass as an Argument for the General Postulate of Relativity 

Albert Einstein

From 1905 to 1916 Einstein turned his attention to extending his principle of relativity to all observers. The laws of physics should be the same anywhere and for any observers, not just between inertial frames of reference (constant speed in a straight line).

One problem that puzzled Einstein was Newton’s equation of gravitation. Some centuries earlier Newton (1642–1727) had acknowledged that he had left unanswered the question of how gravity actually worked.  His equation worked with admirable accuracy but how the influence acted over the vast distance of the solar system (or indeed between an apple tree and the surface of the Earth) was unknown. 

Einstein considered the problem of the time taken for gravitational influences to travel. Newton’s equation of gravitation implicitly assumes there is an instantaneous effect, eg from the Earth to the Moon, which would be inconsistent with special relativity. For example, consider the Moon’s gravity and our tides. With the Moon overhead and at high tide, let some alien ‘beam’ the Moon out of its orbit to a distant place. According to Newton the gravitational effect would be instantaneously ‘lost’ and the waters would start to recede but we on Earth would not see the Moon vanish from the sky for a more than a second, which is the time taken for light to travel to us from the Moon. Hence we would see the effect (tide receding) before the cause (Moon vanishing). This is not logical!

Another puzzle for Einstein was the fact that one can ‘experience’ acceleration, hence accelerating frames of reference are ‘different’ to inertial frames of reference. Consider two spacecraft passing each other in outer space, moving at constant speed, far from any star or planet that could provide a suitable reference ‘background’. It impossible for observers on either craft to tell which craft is moving. A person in a lift feels the acceleration or deceleration of the lift and a ball drops down towards the Earth due to the force of gravity. 

The equivalence principle 

In 1907 Einstein had what he termed the happiest thought of his life ‘glücklichste Gedank meines Lebens’. He noticed that the acceleration felt by an object ‘does not in the least depend on the material or physical state of the body’ but only on the mass. For example, if an observer is in free fall and drops some objects they will fall at the same rate, hence the observer will consider he is at a state of rest in a place with no gravitational field. 

Einstein then considered the force producing an acceleration on a mass, m (the inertial mass), F = ma, and the acceleration due to gravity on this same mass (its gravitational mass), W = mg. 

Einstein concluded that inertial mass and gravitational mass are the same. Experiments have been carried out to show that gravitational mass and inertial mass are the same to one part in 1011 (Dicke, Roll and Krotkov in 1964) or one part in 1012 (Branginsky and Planov in 1971).

The weak equivalence principle states that inertial and gravitational masses are equivalent.

This is also sometimes stated as: ‘the gravitational field couples in the same way to all mass and energy’. However, it is the first statement of this principle that is more useful for learners.

The strong equivalence principle states that the effects of gravity are exactly equivalent to the effects of acceleration. Hence no experiment can distinguish gravitation from accelerated motion. 

In effect this principle states that the laws of physics are the same in an accelerated reference frame and in a uniform gravitational field.

The last phrase is important. If an experiment takes place over a large region of space or a large enough time interval, or if one’s measuring equipment is sufficiently sensitive, then the gravitational field may not be uniform for that experiment.

Einstein’s own thought experiments were similar to those described below.

Consider two capsules with no windows so the occupants cannot see ‘outside’. In each capsule the occupant will feel a force pressing their feet towards the floor but they will not be able to tell which capsule they are in. 


[image: image2]
Furthermore, an experiment in one of these capsules gives the same result as an experiment in the other. For example, when either person drops a ball it will fall to the floor of their capsule in the same way.

Now let the two capsules A and B have the same very large accelerating/gravitational force. A beam of light leaves from point X in capsule A and due to the very fast upward movement it will strike the other side of the capsule at Y. Similarly a beam of light from point X in B must also be bent down to Y in the same way due to the equivalence principle.


[image: image3]
Obviously the drawings above are not to scale and the actual bending would be very small. The important point here is the fact that a gravitational field will bend light. Inertial and gravitational effects are the same.

An astronaut in deep space, far from any other gravitating matter, will feel weightless but so too would a person (who might also be an astronaut) in orbit around the Earth freely falling in a uniform gravitational field. In both these cases if an object (eg the astronaut’s spanner) were released from rest it would remain near to the person’s hands, in accordance with Newton’s first law. The effects are the same in both cases since both situations are (locally at least) inertial frames.
Gravity slows time

A laboratory on board an aircraft has a clock (the pulses of light mentioned on page 6) at the front and a clock at the rear. 
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	Observers beside the clock at the front detect the light from the rear clock but by the time it reaches them the light has ‘changed’ because of the acceleration of the aircraft. 

The waves from the back are ‘stretched out’ and hence observers at the front receive fewer waves per second and conclude the clock at the back is running slow.


	
[image: image5.wmf]
	Waves travelling from the back to the front.


The observers at the back agree since they observe the waves from the front reaching them to be ‘bunched up’. 

The observers at the back receive more waves per second (diagram above left) hence they conclude that the clock at the front runs faster than theirs.

Compare this to special relativity where motion is relative and time dilation depends on the observer and observed. In special relativity each observer thinks that the other’s clock is running slow!

With general relativity, for the accelerating frames of reference both agree that the clock at the front runs faster than the clock at the back.

(See Appendix Bibliography Cosmic Perspective.)

Hence by the equivalence principle the same must happen in a gravitational field:

· In a gravitational field time runs slower.

The implication here is that as a gravitational field increases in strength time will run slower. Hence the time runs more slowly on the surface of the Earth at sea level than on top of a mountain, or high in the atmosphere above the Earth.

A rotating disc

	Consider a disc spinning in a horizontal plane around an axis through its centre.

The edge of the disc, at point P, has a radial acceleration compared to point O at the centre. 

Hence a clock at P will run slower than the clock at O.
	


Global positioning systems and relativity

Although the details for global positioning systems (GPS) are interesting it should be mentioned that the operation of a GPS is outwith the Arrangements. A brief overview is provided for interest only.

A GPS consists of a number of satellites in orbit around the Earth. The satellites orbit at an altitude of about 20,000 km and make two orbits of the Earth each day. The satellite orbits are arranged such that at least six are within the line of sight of any point on the Earth’s surface. (Since 2008 this figure has been increased to nine.) Each satellite has an accurate atomic clock on board and sends out a signal containing the exact time the signal is sent as well as information on its own orbit, that of other satellites and the ‘health’ of the system. The receiver has software to calculate an accurate location, using the signals received from the satellites. The method of triangulation is used to determine the position.

Consider a simple example in two dimensions. 

	
	A receiver is located at Y.

The red circle shows the signal from satellite A giving the time the signal left A.

The blue circle shows the signal from satellite B giving the time the signal left B.

Thus the receiver can calculate the position of Y. 


The receiver can compare the time when the signal left A with its own clock and similarly for B. The intersection of the two circles (see diagram) allows the two points X and Y to be determined. Only one of these two points will tend to be relevant.

For three dimensions, three satellite signals will be required to give two points on the intersection of three spheres. The ‘unwanted’ intersection is unlikely to be on the surface of the Earth.

In practice the receiver does not have a precision clock since this would make it a very expensive device, but its clock does need to have good stability. Hence it uses a fourth signal to allow computation of the time delays between the various signals, but not using its own less accurate clock. Without considering the computational details further let us turn to the relativity implications.

The time taken for a satellite signal to reach the receiver is very small since the signal is sent at the speed of light. (For interest the frequencies are ~1.5 GHz.) 

Special relativity implies that clocks appear to tick more slowly when we observe them moving relative to us. Hence the satellite clock runs slow from our point of view on Earth by around 7 μs per day.


General relativity states that clocks in a weaker gravitational field run faster than those in a stronger gravitational field. Hence the satellite clock runs faster from our point of view by about 46 μs per day. This gives a combined relativity correction of about 39 μs per day. A time error of 1 ns could lead to a position error of 30 cm. Errors of over 11 km could occur in a day!

In practice these corrections are accounted for by adjustments to the clocks inside the satellites. Also the difference method mentioned above means the accuracy of the receiver is not critical. There are further corrections due to other aspects but these do not concern us here.

Space-time

With special and general relativity we need to take care when considering when events are simultaneous. Even in everyday life we can agree to meet at a specified position, for example at a certain number in a certain road on a certain floor, but this is of no use if we do not specify the day.

	In Newtonian mechanics we use Euclidean space, consisting of three mutually perpendicular directions, often denoted by x, y and z. 

A length interval (eg AB) is ds2 = dx2 + dy2 +dz2. 

The time is stated separately since in Newtonian Mechanics there is an absolute background time.


	



In special relativity Minkowski space is used (after Hermann Minowski 1864–1909), consisting of a four-dimensional space-time: the three mutually perpendicular directions of space and one of time. An interval is now ds2 = dx2 + dy2 +dz2 – (cdt)2. (Note that some textbooks define the space-time interval differently with the (cdt)2 term positive and the other terms negative. This is just an arbitrary sign convention; what is important is that the sign of the (cdt)2 term is different from that of the other terms, which is what makes the geometry of Minkowski space-time fundamentally different from Euclidean geometry. 

	It is not possible to draw four dimensions on a piece of paper but we can suppress one or more of the spatial dimensions (see opposite for one dimension of space, the x-axis). 

A light beam emitted from the origin will travel on the lines t = x and t = –x (the scale is chosen with c = 1.) 

For an event E, passing the origin, the region between the blue diagonal lines above the x-axis defines all events in the future that could be affected by E. Similarly, the corresponding region between the blue diagonal lines below the x-axis defines the past events affecting E. These two regions are called timelike.
	


The regions to the left and right are called spacelike and events in these regions are causally unrelated to our event E since nothing (not even neutrinos, according to relativity!) can move faster than the speed of light. 

The red line represents the worldline of a particle with constant velocity. The straight line is at an angle as the time ‘marches’ forward.

	A space-time diagram with two spatial dimensions shows the so-called ‘light cones’ for the past and future more clearly. The second spatial dimensional axis is perpendicular to the page.
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	Returning to the one spatial dimension space-time diagram, let us add some other worldlines.

A worldline is also referred to as a geodesic, meaning the path followed by a particle, which is acted on by no unbalanced forces apart possibly from gravity. A geodesic path is the shortest distance between two events in space-time.

For a stationary particle or event the geodesic is a vertical line. With both these straight lines there is no acceleration or gravitational field. The line has a constant gradient when the velocity is constant or the object is stationary or in free fall. 
	


For acceleration the geodesic could be represented by a curve with a changing gradient. Note that our curved path is still a geodesic since the space-time for general relativity is not flat! A curve on a flat surface may be equivalent to the shortest distance between two points on a curved surface.

Space-time for general relativity

Einstein realised that space-time must be treated the same for all ‘observers’. This is called the principle of covariance and states.

Physics is described by equations that put all space-time coordinates on an equal footing. (This principle is not in the Arrangements.)

The flat space-time of special relativity is no longer sufficient and we need a curved space-time. The equation for the interval between two events, the ds2 above, is now more complicated and involves more general geometrical objects called tensors that can describe in a frame-invariant way the space-time curvature
Essentially the amount of matter ‘tells’ space-time how to curve. The more concentrated the matter the more space-time curves.

An analogy here in two dimensions is a rubber sheet, such as a trampoline. Notice that here we are only illustrating two spatial dimensions. It is important to remember that these are just two of the four space-time dimensions.

A ball is placed in the centre of a flexible sheet. The ball will stretch the plastic and make a dent. The ‘depth’ of the dent will depend on the mass of the ball. 


[image: image7.wmf] 
[image: image8.wmf]
A smaller object, a marble say will roll towards the central ball because of the ‘dip’ in the sheet. The central ball is not ‘pulling in’ the marble. The shape of the sheet governs the movement of the marble. A moving marble will have its direction changed due to this curvature. To extend the analogy to our solar system, the Sun does not attract the Earth. The space-time around the Sun is distorted and the Earth moves around the Sun, following the local space-time curvature. We can say that gravity is geometry.

	The distortion of space-time increases as the mass of the object increases. For example, a dense neutron star, represented here by a blue ball, has a much larger mass for its size so will cause more distortion.

Collapsing stars can be very small and occupy a very small space. In the extreme there will be a point of infinite curvature – a singularity.

This leads us to event horizons.
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The Schwarzschild radius and the event horizon

Schwarzschild read Einstein’s paper and made the first attempt to use his field equations of general relativity to calculate what it might predict about the stars. (He was at the Russian front at the time in November 1915.) His papers derived expressions for the geometry of space-time around stars. He found that as the mass became more dense in a small volume its gravity would ‘crush’ itself into a singularity, called a black hole. Up to a certain distance from the black hole everything, including light, would be pulled back into the black hole. At a certain distance from the black hole, light would just be able to escape. This distance is termed the event horizon or Schwarzschild radius, rs. 

The event horizon is a bit like a one-way membrane. It is possible to cross from outside this horizon to inside (fall into the black hole) but the reverse is not possible.

Schwarzschild derived the radius of the event horizon (the radius of a sphere) using Einstein’s field equation for a non-rotating star:
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gravitational and M the mass of the star.

As an example let us calculate the Schwarzschild radius of the Sun.

The mass of the Sun is ~2.0 × 1030 kg, G is 6.67 × 10–11 m3 kg–1 s–2 and 
c = 3.0 × 108 m s–1g, giving rs = 3.0 km.

This distance is much smaller than the radius of the Sun. 

All the mass of the Sun would need to be compressed into a sphere of radius less than 3 km for the Sun to become a black hole.

This calculation shows clearly, as we would expect, that we need very dense material to form a very strong gravitational field.


We notice that this relationship takes the same form as

the classical escape velocity formula for a planet

(see the Gravitation topic), but with the escape speed

set equal to the speed of light. 

However, it is not valid to derive the relationship in this way.  Such diagrams should be avoided as they may cause misconceptions, see time dilation below.

An aside

In 1783 a British scientist called John Mitchell presented calculations to the Royal Society showing that if a star was small enough no light would escape and it would be hidden from view – a dark star. He used Newton’s gravitation and the escape velocity for light, which was known at that time, assuming that light particles possessed mass.

Time dilation and the Schwarzschild radius

Clocks run slower when in a stronger gravitational field. To quote Einstein: 

An atom absorbs or emits light of a frequency which is dependent on the potential of the gravitational field in which it is situated.

The light appears to be Doppler shifted and ‘stretched’. It is important to realise that light is not slowed down, since light always travels at the speed of light. The simplest way of looking at this is to realise that light emitted at the event horizon is so ‘stretched out’ that it is flat – no wave, so effectively no light.



As the mass is ‘compressed’ into smaller volumes the gravitational field at the surface will increase. The above diagram is not to scale but shows that 

the number of waves per second (the frequency) decreases as the gravitational field increases, hence as seen by a distant observer a clock will appear to ‘stop ticking’ at the event horizon.

Einstein did not like the idea of black holes – he did not think the universe was made that way.

In 1963 Roy Kerr of New Zealand solved Einstein’s equation for the space-time round a rotating star, which led to the description of space-time near a rotating black hole. These historical comments are outwith the Arrangements.

Evidence for general relativity

Bending of light and gravitational lensing

General relativity indicates that a beam of light will experience curvature similar to that experienced by a massive object in a gravitational field. Our thought experiment above introduced this concept and space is curved near a star. Einstein appreciated that this provided an excellent test of his general relativity.

In order to see the light from a distant star being ‘bent’ by the Sun we need to view it at the time of eclipse, otherwise we can’t see the starlight.

	Measurements of the position of the star are taken during an eclipse (at S2) and again later (at S1) when the Sun is in another part of the sky. The angle between the two is then compared to the theoretical value.
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In 1919 Eddington persuaded the Royal Society to support an investigation to take measurements of a star at the site of a total eclipse in Principe in West Africa. These measurements gave the first good proof of general relativity. (The measurements taken at the same time in Brazil were rejected due to faulty telescopes.) 

More recently other measurements have been taken which all confirm Einstein’s theory of the bending of light in a gravitational field.

Gravitational lensing can occur when light from a distant star is bent around a massive object in its path to us here on Earth.

	Here on Earth we might see a circle of light or an arc even though the original light comes from a single source.

Consider light from a distant quasar passing close to a massive galaxy. The galaxy will bend the light and images of the quasar will be seen in a circle around the galaxy if the Earth quasar and galaxy are on the same direct line axis (see diagram opposite, which is not to scale).
	


When the Earth, massive galaxy and quasar, from where the light originated, are not in a straight line then images of the quasar at different distances will be viewed. 

This phenomenon can enable the distance to a quasar to be determined if the distance to the intervening galaxy is known. The phenomenon can also be used to determine the mass of the intervening galaxy; observations of this nature have been used to probe the existence of dark matter.

Precession of Mercury’s orbit 
	In the Solar System the Sun and planets orbit their common centre of gravity. According to Newton’s law of gravitation the orbit of a single planet around the Sun would take the form of a constant ellipse with the Sun at one focus. In reality the perturbing effect of the other planets will cause the orbit to change slightly (or precess) with each rotation (as shown in the diagram), but greatly exaggerated. By the end of the 19th century the orbits of the planets around the Sun could be calculated precisely using Newtonian gravity and the calculations agreed very well with the observations for all of the planets except Mercury, which is closest to the Sun. 
	
[image: image13.wmf]


In general relativity the space-time near the Sun is curved, which changes by a tiny amount the predicted orbits of the planets and adds an extra precession term. Mercury, being closest to the Sun, is the only planet for which this correction is not negligible, and even for Mercury it is tiny: changing the orbit by less than one hundredth of a degree per century. Nevertheless this tiny general relativity correction term was in excellent agreement with the observed orbit of Mercury.

Time dilation

A number of experiments have been carried out to verify time dilation. The effects of both special and general relativity are involved.

In October 1971 Joseph Hafele and Richard Keating took four accurate atomic clocks aboard commercial airlines and flew around the word eastwards and again westwards. They then compared their clocks with those at the US Naval Observatory.

http://en.wikipedia.org/wiki/Hafele%E2%80%93Keating_experiment
According to special relativity the clock on the eastbound flight will tick more slowly than those at the Naval Observatory since it is flying in the same direction as the Earth’s rotation (a predicted difference of 184 ns). For westbound flights the clock will run fast compared with those at the Naval Observatory. General relativity has both clocks running faster due to the reduced gravity with altitude (a predicted difference of 144 ns), so if you want to avoid ‘ageing’ travel eastbound!

Pulsars and gravitational waves – an aside for interest 

In 1974 Russell Hulse and Joe Taylor observed with the Arecibo Radio Telescope in Puerto Rico a binary pulsar system, which consists of two rapidly spinning neutron stars orbiting each other very close together. Einstein’s theory of general relativity predicts that significant amounts of gravitational radiation will be emitted by such a system, which will cause the orbital period of the pulsars to decrease and the size of their orbit to shrink due to the energy loss from this radiation. Radio measurements taken over several decades have confirmed this orbital evolution of the binary pulsar system and shown it to be in excellent agreement with the predictions of general relativity. Hulse and Taylor were awarded the Nobel Prize for Physics in 1993 for this work. More recently other binary pulsar systems have been discovered. These extreme systems can be observed across the electromagnetic spectrum, including the Fermi gamma-ray space telescope.

What is the cause of this gravitational radiation? General relativity predicts that space-time is ‘warped’ or curved by any mass. If the mass is accelerated very rapidly it will produce ‘ripples’ in the fabric of space-time itself that will spread out, similar to ripples spreading out when a stone is thrown into water. These ripples are known as gravitational waves and they are caused by changes in the curvature of space-time. The hunt is on to detect them directly but this presents a huge scientific and engineering challenge. We need some cataclysmic event, like the merger of two neutron stars, to observe even a 

minute ‘stretching’ of the fabric of space-time. (We need to remember that electromagnetic waves travel ‘through’ space but gravitational waves travel ‘within’ space-time.) Moreover, just like those ripples on the pond, the amplitude of gravitational waves decreases as they spread out through the Universe. By the time they reach the Earth the space-time disturbance they produce is likely to be much smaller than the width of a proton. Current experiments (in which scientists based at the University of Glasgow play a leading role) are using cutting-edge laser and materials technology to maximise their sensitivity to these tiny effects and the first direct detections of gravitational waves are predicted to be made within a few years. For more information see http://www.ligo.org/.

There is more interesting background information at http://en.wikipedia.org/wiki/Gravitational_wave.  

Appendix

Bibliography

There are many fine texts on relativity that provide a good introduction, including the mathematical theory. 

Gravity from the Ground up, Bernard Schutz

Spacetime Physics, Taylor and Wheeler

The Cosmic Perspective Fundamentals, Bennett, Donahue, Schneider, Voit This text has a useful discussion of time dilation on pp 465.  However it is important to remember that time dilation is essentially due to spacetime curvature.  The rubber sheet analogy applies to spacetime not just the three space dimensions

Relativity – The special and general theory, Albert Einstein (this is a slim, mainly non mathematical, easy-to-read paperback) 

For teaching ideas the more popular books contain good examples and descriptions, even though only part of their content might be relevant. Material on black holes can be very interesting but is well beyond the scope of this course.

The Black Hole War, Leonard Susskind

The Elegant Universe, Brian Greene
The Fabric of the Cosmos, Brian Greene

Subtle in the Lord – The Science and Life of Albert Einstein, Abraham Pais

Einstein for Dummies, Carlos Calle

Websites

There is a large number of interesting GPS websites. GPS corrections required from all sources are quite involved. Here is a selection of less technical sites:

http://www.physics.org/article-questions.asp?id=77
http://www.astronomy.ohio-state.edu/~pogge/Ast162/Unit5/gps.html
http://metaresearch.org/cosmology/gps-relativity.asp
http://en.wikipedia.org/w/index.php?title=Global_Positioning_System&oldid=8970438 (One other reviewer suggests that this older Wikipedia entry should be read since in their view it is more accurate/clearer than the updated one. I leave the reader to decide!)

The following gravitational lensing websites have some good images:


http://en.wikipedia.org/wiki/File:Einstein_Rings.jpg
http://imagine.gsfc.nasa.gov/docs/features/news/grav_lens.html
NASA glossary of terms

http://imagine.gsfc.nasa.gov/docs/dictionary.html
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tz





x





Light moves on line t = x





Constant velocity velocityconstant velocity





Acceleration





tz





x





Stationary


x = constant





Constant velocity





event horizon





Light pulled back





Earth





Galaxy





Quasar





�





Image of quasar
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