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Relativity in VCE Physics 2004?
Keith Burrows, Physics Conference, Feb 2001 

"When the ideas involved in relativity have become familiar, as they will do when they are taught in schools, certain changes in our habits of thought are likely to result, and to have great importance in the long run." 


Bertrand Russell in ABC of Relativity
Should we teach introductory Relativity in school physics? Can we teach it in a meaningful way? These are the questions I want to address. Please note that this paper should be regarded as 'work in progress'. It is by no means complete, in fact it is hard to see how it ever will be! This, and later versions, should be available on our AIP VicPhysics web site: www.vicphysics.org. See the 'ForumPhysics 2004' section for details and for further discussion of the ideas presented.

Brief Summary
Here is a very brief summary of what follows in order to enable you decide whether to plough through the rest. The basic proposition put forward in this paper is that we should teach relativity as part of our VCE Physics course. Rather than simply being 'tacked on' however, it should be integrated into the other relevant sections of the course: Light, Newton's laws of motion, Waves, Electromagnetism and Gravity. The story of Relativity is a great vehicle to enable students to get some of the feel of physics as a continuing 'great human adventure' which asks the 'big questions' Band has made a lot of progress in finding answers. In this context it is important to see it in the historical context which links it to Classical physics, hence the 'integrated' approach. Furthermore, the picture we have gained of our world from twentieth century physics is such an important part of any serious modern worldview that our students deserve an introduction to it. After pointing out some of the connections with the current content, we describe the situation that led Einstein to propose his theory of relativity is described along with his two famous postulates. Einstein's own 'light pulse in a train' picture is then used to introduce the idea of relative time and the γ = 1/(1 - v5/c5) factor. The consequences of relative time are illustrated by the 'twins paradox' and muon experiments. Relative length is also introduced and it is pointed out that despite first appearances, relativity does actually simplify the world. Lastly, E = mc5 is introduced, although I must add that more work needs to be done on this area!

Why teach Relativity?
Perhaps THE greatest discovery of the twentieth century was Einstein's Theory of Relativity. Along with Quantum Theory it brought about a revolution, comparable with that brought about by Galileo and Newton three centuries ago, in the way we think about our world. Everyone knows that E = mc5 and that somehow this simple little equation is important, but few have any real understanding of its meaning. Relativity is central, not only to modern physics, but to any informed worldview. This claim may need some justification in our utilitarian age, but I hope that most of us still believe that education performs a role which is more than just 'job preparation' or 'making Australia clever'. This greater purpose used to be assumed by educators but now it seems, not so much questioned, but often simply forgotten. This is not meant to be a philosophical treatise on the issue, but it is important to understand that the real justification for teaching about a concept such as relativity is not so much directly in terms of career prospects and clever hi-tech economies, but in terms of passing on to the next generation an appreciation of the great achievements of humankind, as well as the tools with which to tackle the challenges and promises of the future. I would strongly argue that this is the best preparation for whatever career our students will follow in any case.

There is, in this approach, a subtle but important message: Civilization is an achievement, not a given. It is something that has to be strived for and cherished, not assumed. The discoveries of Galileo and Newton had huge practical spin-offs, but their influence on our 'worldview', and therefore our civilization, has been profoundCto say the least! Likewise, modern (twentieth century) physics, including relativity and quantum mechanics
, has had and will continue to have profound effects, both in the practical-technological realm, and the social-economic realm, as well as in our understanding of 'our place in the universe' and the future of civilization. Any modern, informed person, whether scientist, humanitarian, artist or philosopher deserves an appreciation of the nature of our modern understanding of the amazing universe in which we live. It is perhaps unfortunate that we are discussing an attempt to provide a glimpse of this understanding to only those students who take VCE Physics, not to the whole cohort!

Perhaps the most important tool that education can give to the next generation of students is the ability to think clearly and imaginatively. Whether we are primarily concerned about career prospects or about the need for radical new ways to look after the Earth and its inhabitants, it is the ability to come up with creative, but sound, new ideas that will be of greatest importance to our students. What better way is there to encourage this than by studying one of the most brilliant, imaginative and profound ideas in human history?

It is interesting that there are definite moves in this direction in other parts of the world as well. Project 2061, a very impressive undertaking of the American Association for the Advancement of Science
, certainly advocates teaching about twentieth century physics, including relativity. In the UK, the Advancing Physics course developed by Institute of Physics
 also includes the topic. Closer to home, the new NSW HSC Physics course
 includes a section which looks at the "current and emerging understanding about time and space". This section is based on a historical study of the nature of light and includes a number of the space and time transformation equations. Web sites are given in the footnotes (and in the VicPhysics web site) and I would recommend some browsing.

One more point needs to be made. Enrollments in Physics courses have remained relatively static (at around 20%) in recent years and the proportion of girls hovers around a low 25%. Forgive me if I seem biased, but I believe that Physics is one of the most 'enabling' of subjects. Many students are opting for more specialized subjects, but we could ask whether that really is in their long term interests. While these subjects may seem appealing in the short term, a broader based background, such as that gained from Physics, is ultimately of greater use whatever direction the student might take. If we, as Physics teachers, concentrate on the more narrowly specialized aspects of our subject are we shooting ourselves in the foot? Our subject should have broad appeal to a wide range of students with aspirations in the sciences, in engineering and indeed in the humanities. It is, in a real sense, the fundamental science from which all others have grown. I believe that if we emphasize this 'bigger' aspect of Physics, rather than its ability to explain car crashes and the like, it will appeal to a greater range of studentsCand, because they tend to have a more holistic outlook, particularly to girls.

How can we teach Relativity in high school?
The usual, and obvious, reason for not tackling relativity at school level is that it is too complex. There is no avoiding the fact that a full mathematical understanding of relativity is out of the question at school and will always remain something for the very few. However, the basic ideas of relativity can be followed by any intelligent youngster, and furthermore, most young people have a natural curiosity about such questions. There are a number of 'Relativity made simple' type books around; the problem with these is that they offer only a very descriptive and superficial approach. So is there a way of presenting the basic ideas of relativity in a way which will be satisfying, but also appropriately challenging, to our students? The rest of this paper is an attempt to show that there is. There are a number of books that are helpful in this task, but I would like to acknowledge one in particular at this point: Walter Scheider's
 "A serious but not ponderous book about Relativity". I am convinced that the approach he takes could easily be adapted for use in schools, and much of what I have said in the following is based on it.

At this point it is important to appreciate that what follows is very much a preliminary sketch and not a concrete proposal. Its purpose is only to stimulate discussion among physics teachers. Much work needs to be done on clarifying the ideas involved and finding better ways in which to present them to students. In most of the examples I have assumed that the reader is familiar with the basic ideas and can fill in the simple algebra which I have not included. What I have attempted is more a feasibility study than a definite plan. I am very open to suggestions, criticisms and feedback
.

The starting point
The 'principle of relativity' did not originate with Einstein. It originated with Galileo! It was he who realised that the same laws of physics apply in any frame of reference moving at a constant velocity relative to another one. He illustrated this point with the example of a knife dropped by a sailor from the mast of a ship: Provided the ship was moving steadily, the knife would hit the deck immediately at the foot of the mast whatever its speed. Newton expanded the idea and introduced the concept of an inertial frame of referenceCbasically one in which Newton's first law  works.

Similarly, I would suggest that our treatment of relativity should not be something simply 'tacked on' at the end, but should be integrated into the appropriate sections of the course. Thus, when we have introduced Galileo's principle of inertia and Newton's laws we can also raise some of the questions which they themselves wondered about.

Two of the key questions upon which Galileo, and particularly Newton, pondered were these:

1.
If the laws of physics could not distinguish between different frames of reference moving at constant velocity relative to each other, was there any special frame that actually had an 'absolute zero' velocity. Galileo of course had shown that the Earth was not this special frame, but was the Sun perhaps the 'centre of the universe' and in some sense absolutely at rest? Newton was actually inclined to this view.

2.
While the laws of physics could find no absolute zero of velocity, they were able to distinguish an absolute zero acceleration. The acceleration of an object was the same in any inertial frame of reference. Therefore if an object had zero acceleration this was true in any frame. In other words acceleration seemed to be an absolute quantity. This is simply illustrated by dropping something in a steadily moving train. Whether we measure the motion in the train, from the ground, or from any other steadily moving frame, while our descriptions of the velocity will vary, all observers will find the same acceleration, 9.8 m/s5 down. But why this distinction between velocity and acceleration? Why is one relative, but the other apparently absolute?

In discussing these questions, clearly the idea of a 'frame of reference' would need to be introduced in a more rigorous way than is usually done in the present syllabus. I would argue that this would be a good thing. One of the difficulties that students often have about motion is the result of confusing different frames of reference. Making the concept clear in the context of simple motion can help to avoid this confusion
.

Newton's second law (F = ma) introduces us to the concept of mass, or, more particularly, to inertial mass. We usually present this law as an experimental result. In fact Newton did no experiments to determine this law! He simply reasoned that it must be so
. (It is still nice to illustrate it with experiments however!) In doing this he effectively defined the mass as the proportionality constant between F and a. Now of course the interesting thing is that this mass, the inertial mass, turns out to be proportional to the gravitational massCin fact we use the same unit for both. In most secondary courses this distinction between the two types of mass is hardly mentioned, if at all. Apart from being a little dishonest, this approach misses a wonderful opportunity to discuss one of the greatest mystery stories in physics: a mystery which Newton himself recognized and which every serious physicist after him pondered. Not until Einstein put forward his general theory of relativity was it solved.

By introducing our students to these 'big questions in physics' we help them to see that physics is indeed a 'great human adventure'. At the same time they are discovering some of the ways in which physics, and physicists, work.

Light, its nature and its speed
Currently our course starts with a study of light, or more particularly, some of the ways we use it. Actually there is no reference to the nature of light itself, this is left to a brief mention at the end of year 12. To achieve an integrated approach to relativity it would be really good if some discussion of the nature and speed of light had occurred earlier, preferably in connection with a study of other aspects of light. It would, I feel, actually enhance the Unit 1 section on light to include some reference to the question of its nature (Newton's particles versus Huygens' waves) and early measurements of its speed. Again, the question of the nature of light is (hopefully) a natural one for students to ask during their study of the properties and uses of light. Although some texts refer to electromagnetic waves at this point, this is a purely descriptive, and not very satisfying answer. To see that one of the important quests of physics is the search for an understanding of the nature of light is another important step in the student's growing relationship with the subject.

We have another opportunity to take this search a little further at the beginning of Unit 3. The "Sound" Area could be modified to place the focus more on waves - both sound and light. It seems such a pity to discuss the nature of sound waves without using many of the same ideas in the context of light. Interference and diffraction of both types of waves could be studied at this point. Some of the more 'nitty-gritty' details of sound
 could perhaps be downgraded to make room.. This would have the added advantage of taking some of the pressure off the "Light and Matter" Area in Unit 4. In particular, the students would discover that light does have wave properties, and that these can be used to determine the wavelength of the light. The relationship between the speed of light, its wavelength and frequency is another important step in the story.

Of importance in the development of the theory of relativity are the ideas involved with the relative motion of sources and receivers of waves, and the distinction between these and similar situations involving moving objects. Furthermore, there are many applied contexts where these concepts are relevant; police speed checking, the Doppler effect, ultrasound rangers, medical ultrasound imaging and so on. These ideas are not complex and could quite easily be included at this point. Perhaps it is also worth remembering here that the Doppler shift in the light from distant galaxies was the key that Edwin Hubble used to put forward his theory of an expanding universeCanother of the great leaps in twentieth century physics.

Electricity, Magnetism, and Light!
Einstein's original 1905 paper on Relativity actually had the title "On the Electrodynamics of Moving Bodies". The paper starts with a discussion of the electric current induced in a wire by relative motion between the wire and a magnet. At the time, it was thought that Maxwell's equations drew a distinction between the motion of the wire relative to a stationary magnet and the motion of a magnet relative to a stationary wire. The reality seemed, however, to be that it was only the relative motion that mattered. Einstein goes on to point out that phenomena such as this "lead to the conjecture that not only the phenomena of mechanics, but also those of electrodynamics have no properties that correspond to the concept of absolute rest." The point to be made here is that Relativity nicely ties together a number of different aspects of physics, notably mechanics, optics and electromagnetism.

Our present course goes as far as showing that electromagnetic induction ties electricity and magnetism together in a 'useful' way, but does not go on to point out that this is actually a very fundamental connection. Changing magnetic and electric fields are linked inextricably and can in fact give rise to electromagnetic wavesCwhich happen to travel at a certain very interesting speed! Probably a mathematical treatment of this is beyond our scope
, but a descriptive treatment would be quite feasible and would introduce our students to another fascinating area of physics. It also of course has a very practical aspect to itCI am sure I don't need to point out that radio waves are becoming ever more ubiquitous in our hi-tech world!

That the speed of light actually arises from Maxwell's electromagnetic equations is central to relativity theory. The very simple equation that relates electricity, magnetism and light is


c = 1/εoμo
where εo is the electric permittivity of free space and μo is the magnetic permeability of free space. The point about this equation is that, as εo and μo are fixed constants of nature, it gives an absolute speed, not a relative one. It suggests that no matter what the speed of the frame of reference in which we measure the speed of light, we will get the same resultBa very strange implication to the world of nineteenth century physics. Many famous physicists had tried to find the 'mistake' in Maxwell's equations that led to this apparently impossible prediction.

In our study of electromagnetism we would leave Maxwell's strange prediction at this point. What we have attempted so far, is to tackle the story of relativity as a mystery story. We have painted a picture of the background and given away a few clues. Hopefully this engenders curiosity in our students, but also it represents the real life nature of physics! Too often the subject is presented as something closed, with an explanation for everything. There is almost a certain sort of arrogance about it. The fascination of physics is not just with what it can explain, but with what it can't explain, and how it goes about trying to explain. On to the next chapter!

Motion, Gravity, Space and Time
Unit 4 of our course commences with a further study of motion, momentum, work and energy. Having already met the basic ideas in Unit 2, the students are ready for a little expansion of the concepts involved. Perhaps it is at this point then that we could get a little philosophical about Newton's laws of motion in the ways I alluded to earlier. As well, we could justify the idea of relative velocity with simple examples of the ground velocity of an aeroplane being the velocity of the wind plus the plane's velocity relative to the air, and such like. Newton himself pointed out that our notion of relative velocity depended on two assumptions. In the beginning of his Principia he wrote
,

 "The following two statements are assumed to be evident and true:

1.
Absolute, true, and mathematical time, of itself, and from its own nature, flows equably without relation to anything external.

2
Absolute space, in its own nature, without relation to anything external, remains always similar and immovable."

It is well worth while pointing these assumptions out to our studentsBand the fact that Newton himself realised that they were assumptions! In so much of what is said and done in today's world we make assumptions, many of which are not valid. The whole purpose of most advertising, for example, is to get us to make assumptions without realizing it! Apart from the significance of these particular assumptions to our story, part of the purpose of education is to help students to recognize the basic premises and hidden assumptions they meet in their everyday life. Trying to get one's mind around the meaning of the assumption that time and space are absolute is very good practice for the more ordinary assumptions we normally encounter. Are these ideas beyond our students? I don't think so. Consider this simple example:

An ant walks in a straight line (which may be a bit unusual for an ant) a distance of 50 cm after which time it rests for a while. Then it moves on another 150 cm. How far has it moved from its starting point? It says 200 cm. We say 190 cm. What the ant did not realise was that it was walking on the surface of a large sphere. The ant thinks in 2D, we see it in 3D. In the same way, we can think about the fact that maybe on a large scale our space is 'curved', 4D perhaps? We could even go on to think about ways in which we could test this type of assumption. (Do the angles of a very largeBastronomicalB triangle add up to 180, for example?)

Moving on a little, we come to gravity. How often have your students asked you about black holes and the like in the context of this section? Why not incorporate this curiosity into our curriculum? It is not hard to do a simple calculation of escape velocities from various planets or stars
. A logical extension is to find the conditions which would make the escape velocity equal to the speed of light. This will involve the idea of neutron stars of courseBagain, the opportunity for some fascinating conjecture on how strong gravity has to be to overcome the electrical forces within the atom! These sorts of calculations would not be relativistically correct, but will give 'ball park' answers, and they will throw some light on some fascinating physics. The discussions will also prepare the way for a simple description (later) of general relativity.

Our present course includes no Cosmology. At the risk of sounding a little repetitive, the advances in cosmology in the twentieth century were truly amazing. Our picture of the universe went from one of a static, if rather big, box of stars to something dynamic, colorful, incredible, amazing ....how can we get our minds around it? This picture came from the efforts of physicists. Why don't we refer to it at all in our 21st century physics course? Many of the basic ideas are simply extensions of content already in our course. Why aren't we, as physics teachers, more excited about this incredible story? You will not be surprised that I would have little hesitation in dropping some of the (rather dry) 'materials and structures' work in favour of some really fascinating physics!

Physics at the end of the Nineteenth century
In 1898, Albert Michelson, famous US physicist and Nobel prize winner echoed the feelings of many of his colleagues when he said
, in effect, that Physics had discovered all the "grand underlying principles" and that all that was left was "the rigorous application of the principles to all the phenomena which come under our notice". The Newtonian picture of the 'clockwork universe' seemed to be able to explain almost any mystery thrown at itBalmost, that is. A few problems such as the nagging problem of whether there really was some background absolute space, against which absolute velocities could be measured remained. And of course there was the apparently absolute speed of light!

By this time it was well established that light was a type of electromagnetic wave. But the question remained; in what was it waving? So convinced were the physicists of the day that there must be something which carried electromagnetic waves, just as air carried sound waves, that they gave it a name; the 'aether'. Its basic property was that it pervaded all space and carried light. The aether was supposed to be very light and rigid, yet so non-material ('ethereal') that the Earth and planets moved through it without disturbing it. This last property suggested an experiment.

Just as we find the speed of sound is different if we are moving through the air which carries the sound, so the speed of light should vary if we are moving through the aether. In its motion around the Sun, the Earth would be continually changing its velocity relative to the aether. It was Albert Michelson, along with Edward Morley, who had performed the definitive experiment. Their experiment was designed to enable them to find the speed of the Earth through the aether by finding that small change in the apparent speed of light through the aether as the Earth reversed its velocity through it over a period of six months. Their result? Zero! No matter in what direction the Earth was traveling, the speed of light always seemed to be exactly the same; 300,000 km/sec, just as Maxwell's equation said it must. Various explanations were tried, but none seemed satisfactory. Interestingly, although Einstein must have known of the Michelson-Morley experiment, it was not really this strange result that he set out to explain. It was a related, but more fundamental, dilemma.

At last B Einstein's Relativity
What follows is very much a sketch of a possible approach to relativity. Much more work needs to be done to clarify the ideas and to put them into a form ready for year 12 students. What I hope is clear, is that the project is quite feasibleBor at least worth tackling!

Having laid the groundwork, we are now ready to tackle the astounding suggestion which Albert Einstein put forward in his paper
 of 1905: On the Electrodynamics of Moving Bodies. It can be summed up this way:

1.
Einstein did not want to give up the fundamental proposition of Galilean-Newtonian Relativity, that is, there is no way to distinguish an 'absolute' inertial frame of reference. In any inertial frame of reference the laws of physics do not enable us to determine an absolute velocity, only a velocity relative to some other (inertial) frame of reference.

2.
Neither did he want to give up the idea that Maxwell's equations gave us an apparently absolute velocity for the speed of light. He suggested that from whatever frame of reference we attempt to measure the speed of light we will indeed always get the same answer!

3.
However, these two propositions seem contradictory. How could we have an absolute value for the velocity of light, but for no other velocities? In order to get around this apparent paradox he pointed out, as indeed Newton had done over two hundred years before, that our assumptions of 'absolute space' and 'absolute time' are just that, assumptions. In calculating relative velocities we have always made the assumption that we can add large distances and times just as we do with everyday ones. But if space is somehow not 'straight', this would not be the case. Remember the case of the ant walking on the dome. Perhaps our normal three dimensional picture of the world is limited in much the same way as the ant's two dimensional picture was.

In fact, the first two statements are basically the two postulates which Einstein put forward as his 'theory of relativity'. We can simplify them to:

1.
The laws of physics are the same in all inertial frames of reference, and
2.
The speed of light is the same for all observers, regardless of their velocity
.

Before we move on, it is worth pondering on the fact that Einstein "did not want" to give up these fundamental postulates. Why did he not want to give them up despite their apparently contradictory nature? Because he felt that they were so elegantly simple that they must be true! Let's remember, despite what some text books suggest, that the so called 'scientific method' has lots of room for imagination, creativity and even beauty. Two short quotes from Einstein:


"Imagination is more important than knowledge."

"The most beautiful thing we can experience is the mysterious. It is the source of all true art and science."

The two postulates of relativity sound quite simple, if somewhat 'mysterious'. The problem is that they imply a universe which, to our usual way of thinking, seems rather strange. We are so used to the idea that there really is a 'stationary' frame of reference that it is hard to think about the implications of that idea being false. All good physics students and teachers 'know' that the Earth is really moving and that, when we say that we are driving at 100 kph, that is 'relative' to the Earth's surface, but we then simply add the 108,000 kph of the Earth in its orbit and say that the car is going at 108,100 kph. However, that is relative to the Sun. We imagine that this process just goes on as we expand our view. But it doesn't. In fact we have to find new rules to add velocitiesBparticularly when they are very fast. This is where the second postulate comes in. Einstein's own 'railway carriage' illustration is the usual, and probably best, way of seeing where the problem lies. Here is a brief sketch
 as a reminder:
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Picture a railway carriage rolling along the line through a station at a steady speed. There is a light exactly in the centre of the carriage and we have two observers, one on the train, the other on the station platform. The light flashes. Our observers have all the where-with-all to measure the very short times involved. (One of the advantages of Einstein's 'gedanken' or 'thought experiments' is that we don't need real observers and real equipment!) The observer on the train sees the light reach the ends of the train at exactly the same time. That's because whichever way s/he looks, light travels at the same speed. However, the observer on the station sees the light that reaches the back of the carriage arrive slightly ahead of the light that reaches the front because while the light travelled toward the back, the train travelled forward
. Similarly, the light took longer to reach the front. It is important to remember here that the speed of light was the same to both observersBunlike the situation where sound or balls were moving in the train. (The stationary observer would have added the train velocity to the velocity of the sound or balls.) The astounding thing is that while the first observer saw two events occur simultaneously, the second saw the same two events occur at (slightly) different times.

We need to be clear here. This is not just some delayed event due to what we could call 'look back' time
; these two observers actually disagree on the time at which these events occurred, even after allowing for the look back time involved. It is not hard to show that the time for the light flash to return to the observer in the train as calculated by the platform observer is different by a factor of 1/(1 - v5/c5) from the time found by the in-train observer. You will recognize that this is the square (γ5) of the relativistic factor usually written as γ = 1/(1 - v5/c5). The square root is missing from this result because (as we will show later) both the length and the time were changed by the factor γ. However, because of the simple nature of this calculation, and the way in which the constancy of 'c' is so obviously used, this is perhaps a good way to introduce the γ factor, which plays such an important role in the mathematical relationships in relativity.

Regardless of the maths, the important result is that we see that time itself seems to be 'rubbery'. That time in one frame of reference is different to that in another frame goes against all our intuitive ideas about time. We feel that time must be the same anywhere and everywhere. But why do we feel this? Because we have never experienced anything different! If we accept Einstein's postulates we have just seen that we must accept that there is no true 'universal' time which somehow permeates the whole universe and ticks with a totally constant beat. We, of course, have the big advantage over Einstein in that we know that this result is true. It has been tested many times in such simple situations as taking a precise clock on a commercial aircraft flight around the world
. But imagine, for a moment, being in Einstein's shoes and putting forward such an apparently ridiculous idea with no shred of proof; all because he thought it seemed so elegant that God would not have done it any other way!

This is an extremely important lesson in any sense of the word. How often have great ideas failed because no one could see how they would workBsimply because no one had tried them yet. The sorts of problems that our students will face in their future
 will be ones which common sense can't solve for just the same reasonB'common sense', by definition, is something that comes after, not before, a new idea. This lesson in thinking through ideas that go against our 'intuition' could be a valuable one for all sorts of reasons that go way beyond an understanding of physics.

The simplicity of relativity
Because relativity is so counter-intuitive it can seem complex. But Einstein's basic justification for his theory was that it actually simplified the world! Think about this: We physicists know that the resonant frequency of electric circuits containing capacitors and inductors depends on 'c'. Our radios use such circuits to pick up our favourite stations. Now if the Earth was rushing through an aether-filled universe at varying velocities, then c would be varying constantly. This would mean that the position of our radio station would be varying on the dial from month to month. Furthermore, if we rotated our radio, so that the circuits were pointed at different angles to the Earth's motion, the resonant frequency would changeBso much for listening to the radio in the car, not to mention similar problems with our mobile phones and such.

In fact, relativity does make sense in the big picture. It is hard to see this as we struggle with flexible space and time, but as we come to get the feel of it, we begin to see that Einstein was right, the world did have to be this way. There is a well known story about a student rushing up to Einstein after Eggleston's (?) observations of stars behind the eclipsed Sun confirmed a prediction of Einstein's General Relativity. The student excitedly called to Einstein that his theory had been confirmed. Einstein seemed quite unperturbed about it and the student said something like "Why aren't you more exited about this?" Einstein simply replied that if he hadn't been right "...that would be too bad for God". He knew he had to be right; the theory was so elegantly simple. For the philosophically inclined this opens up some fascinating thinking. Why is it that the 'right' answers are so often the 'simplest' ones? Is Ockham's razor a basic principle of nature? To what 'God' was Einstein referring?

Time, Space and Spacetime
In the example of the train referred to above we see that there is something strange about time, but of course it could also be space. If the length of the train is somehow changed as it speeds along, that would also give rise to an apparent change in the time taken by the light pulses travelling along the carriage. In order to separate out the two possibilities we can have our light pulse travel across the train, rather than along it. We can assume that if length is effected by the motion, it will be the component of length in the direction of travel rather than the components at right angles to the velocity.
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The diagram represents the train moving along the track at a speed v relative our observer on the platform. A light pulse is produced at L. The pulse travels across the train (of width w) to the mirror M and back to L, which by this time has moved with the train a distance 2d. Leaving aside the practical difficulties involved,
 our observers A on the train, and B on the platform, are to measure the times and distances involved. To simplify the algebra we will just consider the journey of the light pulse from L to M. Observer A simply sees the light travel a distance w in time to and so concludes that to = w/c. However, observer B sees the light travel the distance (w5 + d5) in a time t and so concludes that t =  (w5 + d5)/c. Observer B also realizes that as the train is in motion,  d = vt.

It is important to note here that had we been doing a 'boat across the current' type of problem we would have assumed that the time for both observers was the same, and then used these ideas to find the speed of the boat. In our relativistic calculation we did not assume that the times were the same; with Einstein, we assumed that the speed of light was the same!

A little algebra, to eliminate w, will show that the relationship between the two times is given by  t = to/(1 - v5/c5), or simply,  t =  γto where  γ = 1/(1 - v5/c5). This factor, γ, features frequently in relativity. It is sometimes called the Lorentz dilation factor because it was Lorentz who first used it to 'correct' for the predictions of Maxwell's equations. What Lorentz didn't realise was that this was not just a correction, but a fundamental property of time and space!

Because γ must always be greater than one, we see that the apparent time as measured by the observer on the platform, more particularly an observer in motion relative to the train, will always be longer than that measured by the observer in the train. Now the use of the word 'apparent' in the last sentence was a little mischievous. This is not just some 'apparent' effect at all. It is a real effect and the time as measured by these two observers really is different. We refer to the time as measured by the observer in the train as the 'proper' time. Proper time is that measured in the frame of reference in which the two 'events' we are comparing occur in the same place. The events in the train were the light leaving L and the light returning to L. Our platform observer saw L move in the time between 'events'. A relativistic event is simply something that happens in a particular place at a particular time. All observers can agree on the time and place of a single event. However, we are normally concerned with the interval between two events and this is where we find that different observers (in uniform relative motion) will obtain different results. Our two observers disagreed both on the time interval and the distance interval between our two events in the train.

Was one of our observers 'right' and the other 'wrong'? The answer is no, they are both correct. This is the whole pointB space and time are relative. Relative, that is, to the observers own motion. We referred to the 'proper' time being that in the train's frame of reference. However, this does not mean that there is anything more 'correct' about that frame, it is simply a convenient way of referring to the frame in which the time interval is shortest (remember that γ  1).

Einstein's twins

Almost everyone has heard of Einstein's twins, one of whom becomes an astronaut and goes off on a long space journey and eventually comes home. Because the stay-at-home twin saw the two events (departing and returning) in his own frame of reference he was in the 'proper' frame. This means that his twin sister astronaut seems, to him, to take a longer time than she, in her frame, does
. So at the welcome home ceremony the 'twins' are no longer the same age. In fact if the astronaut has been travelling too fast (near the speed of light) for too long, she may return to find her twin brother died of old age many years ago. Another way of looking at this situation is that it shows us that time-travel is a possibilityBat least in theory. Time travel into the future, that is. Whether time travel into the past is also possible is the subject of much speculation both by physicists and philosophers. It is a subject that can also lead to some lively classroom discussion!

As mentioned earlier, this is no mere hypothesis. Many accurate clocks have flown in aircraft and spacecraft and all have come back registering a shorter time than their 'twins' left at home, and exactly by the amount that Einstein's equations predict. Other situations have been used to verify the predictions also. You probably are aware that muons created (by cosmic rays) in the upper atmosphere travel much further toward the ground than they 'should' according to their lifetimes. The reason is simple: Because they are moving at a sizeable fraction of the speed of light, their lifetime, in our frame of reference, is much longer. Hence they travel further than we think they should. It is worth noting, however, that in their frame of reference they travel the shorter distance obtained from the product of their velocity and lifetimeBbut that distance looks longer in our frame of reference.

When the light pulse was moving in the direction of the train we found that the time in the platform frame of reference was longer than the proper time (train frame of reference) by the factor γ5. We have just seen that time itself is changed by the factor γ, so where did the other γ come from? The answer is that the length of the train in the platform frame of reference is shortened by a factor γ, thus the time increased by another γ, giving us the γ5. When we observe any moving object of a certain length, say l, it appears to be foreshortened by a factor γ. So that in fact  l = lo/γ where lo is known as the proper, or rest, length. It is the length found by an observer in the frame of reference where the object is at rest. We see from this that all moving objects will appear shorter than they do in the frame in which they are at rest. This is known as the relativistic length contraction.

It is clear from all this that space and time are mixed up in a way which is quite outside our normal experience. Time depends on what 'space' we are in and vice versa. We can begin to see the real significance of  c, the speed of light. It is not just that light happens to have a special speed that nothing else does, c actually represents natures link between time and space! So is everything relative? Is anything constant and fixed as we go from one frame of reference to another? Perhaps surprisingly now, the answer is yes, there is a quantity that is invariant, that is, it is the same in any frame.

The 'Spacetime Interval'
If we look at a stick from different directions it appears to be different lengths. Viewed head on its length seems to be zero, side on it has its maximum length l. We know of course that l5 = x5 + y5 + z5. where x, y and z are the apparent lengths in the usual three dimensions. As we have said before, spacetime has four dimensions;  x, y, z and time. We don't have space for the algebra here, and it may not be appropriate at school level, but suffice it to say that we can find a quantity σ which is invariant in four dimensional spacetime in the same way that the length l was invariant in ordinary space. Sigma, σ, has the value given by  σ5 = x5 + y5 + z5 - c5t5.  We don't have time at this point to go into all the implications of the meaning of sigma, but suffice it to say that just as everything seems to be becoming 'relative', and nothing in the universe seems to be constant and fixed, here we find something that is fixed. Notice that c is central to this relationship in the sense that it relates the 'space' dimensions to the 'time' dimension. Again we see that c is more than 'just' the speed of light. It is a fundamental property of the universe and describes the nature of spacetime.

That equation!
As mentioned right at the start, the one thing that most people know about relativity is that E = mc5 . Where does it come from. Unfortunately, a rigorous derivation of the equation is definitely beyond the scope of school physics. However, that is not to say that we can't throw some light on the issue. The γ factor helps here. Clearly if v approaches c strange things happen; γ becomes infinite and so time dilation becomes infinite, and all lengths contract to zero. A very strange world indeed! It is not hard to accept the fact that the speed of light is therefore the ultimate speed limit. The obvious question arises: What happens if our spaceship is travelling at close to the speed of light and we turn on the engines? Won't we accelerate through c?

Here we simply have to anticipate another of Einstein's famous equations: p  =  γmov  As the speed v increases toward c, the factor γ increases rapidly toward infinity and so the momentum of our spaceship increases at a much faster rate than the speed, making it impossible to actually obtain the speed of light. It is a pity to pull this equation 'out of thin air', and I am sure that a reasonably simple 'feasibility argument' can be made for it. However, that will have to wait for the next installment! Given the momentum equation, it is clear that something strange must happen to the energy that is going into the spaceship. The answer is that it is going into the 'apparent mass' of the ship
.

We should not be too surprised that mass is also 'rubbery'. We have already found that the other basic dimensions, length and time are relative. Why should mass be immune? Although the algebra to actually derive E = mc5 is not beyond good high school students, it is not suggested that they should be asked to plough through it (although some will no doubt want to
). What is more important is that the students have a feel for the basic ideas and assumptions on which these results rest.

And now....
The purpose of this paper has been to show that Relativity has a place in a high school physics curriculum. I believe that the concepts discussed are not only quite comprehensible to the average student, but are also fascinating and intriguing. I hope I have shown that it would not be sufficient to simply 'tack on' some relativity to our current curriculum. It actually needs to be integrated into the major themes so that the student can gain some feel for the great adventure that physics really is. Certainly, we need to present physics as a way of understanding the many everyday objects and phenomena around us. But it is more than that. It is a way of investigating our world. It asks, and often answers, big questions. It may not give us all the answers, but whatever worldview, religion or philosophy we wish to adopt, it should at least be informed by the picture of the universe that has come to us from the efforts of the physicists of the last few centuries.

You may have felt that there is not enough 'mathematical rigor' in this approach. But wait a moment, what is maths if it isn't carefully reasoned argument? And what is the story of relativity if it isn't just that? I believe that in many ways, the exercise of bending one's mind around the concepts we have been discussing is a far more rewarding and challenging task than much of the 'number plugging' that often occurs in, say, the 'Materials' section of our present course.

The nature of relativity is such that it raises all sorts of historical interest and philosophical questions. Some would argue that Physics should simply concentrate on the present, and on 'explaining' the way our 'modern technological society' works. For all sorts of reasons I think we must question this approach. To imagine that somehow physics can be separated from philosophy seems to me ... well at least questionable. After all, not that long ago Physics was actually called 'Natural Philosophy'. To separate out just the 'dry' applications of physics for study in a school course would seem to me to miss the point of studying this most fundamental of the sciences. Physics is the subject that does ask the big questions, and to concentrate almost entirely on the 'small' ones is leaving our students short changed. And perhaps even more importantly, it would seem to be denying the human-ness of the interaction between our students and ourselves. There is little space here for more discussion of this issue, but I would strongly recommend Michael Matthew's book Science Teaching: The Role of History and Philosophy of Science
 as well worth reading on this issue.

In some ways the picture from physics at the beginning of the twentieth century was a rather 'dead' one. The universe, and life, had been reduced to a pile of building blocks. If nothing else, twentieth century physics has taught us to be very wary of simplistic answers to big questions. But it has also taught us that it is a lot of fun to ask them!
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�  Many of the arguments put forward for the teaching of relativity in school apply equally to quantum physics. Indeed the practical applications of quantum physics are even more significant. The place of quantum physics also needs to be considered carefully in our review of the course.


�  See Benchmarks for Science Literacy particularly section 10C: Relating Matter & Energy and Time & Space Available at  www.project2061.org 


�  See Advancing Physics at  http://post16.iop.org/advphys/


�  See Board of Studies, NSW, Physics Stage 6 Syllabus 1999, page 53.  Available at www.boardofstudies.nsw.edu.au .


�  "A serious but not ponderous book about Relativity" by Walter Scheider, Cavendish Press, Ann Arbor 1996. This book is the result of the author's many years of experience teaching Relativity to non-specialist College students. See www.cavendishscience.org for more details.


�  The Forum in the VicPhysics web site is ideally set up for this purpose. This whole paper is available on the web site and a discussion of it will be available on the 'Physics 2004' section in the forum..


�  A simple example is that of projectile motion. If it is seen as vertical free fall motion from a moving (horizontal) frame of reference it is simpler to explain and to understand.


�  We can see this if we imagine two separate identical forces F pulling two separate identical masses m. Now combine the masses and the forces so that we have a force 2F acting on a mass 2m. It is inconceivable that the masses would now accelerate differently. It is not hard to show that the only possible relationship between acceleration and force that will result in this same acceleration is a direct proportion between the two.


�  The logarithmic maths involved in sound intensity and levels is often difficult for students. It is questionable whether it is worth the effort at this point in the course and considerable time could be gained if it was treated in a more descriptive way. 


�  A mathematical treatment of electromagnetic waves was not actually beyond the scope of the original PSSC course! The concept of displacement current was used to link electric and magnetic fields, from which it was shown that electromagnetic waves would necessarily travel at 'c'.


�  As quoted in Scheider  (2000)  page 7.


�  Most students are quite happy to accept the potential energy equals GMm/r formula at this point, having done some integration in maths. If not, a simple area under the graph calculation can be done.


�  Quoted in Jones (1992) p.9  Apparently this was not so much his own opinion as that of many of his colleagues.


�  See Stachel (1998) p.123.  The summary follows Scheider's (2000) approach.


�  Here we are speaking of the speed of light in 'free space'. The speed of light in a material medium is of course less by the refractive index.


�  The picture is from, and the account is based on that in "The Matter Myth" by Paul Davies and John Gribbin. 


�  The real situation is a little more complex than suggested because the observer has to see the light, but the end result is the same.


�  Look back time is the time required for light to reach us from the source. For example the look back time to the Sun is the well known 8 minutes.


�  See for example Clifford (1986) "Was Einstein Right?"


�  Of course we could well say that the problems are already hereBbut our generation doesn't seem to know how to solve them!


�  Again, this is no problem. We only need to do thought experiments based on Einstein's two postulates to discover their implications. As we know, the practical consequences and predictions can be tested and all such tests have confirmed Einstein's theory.


�  This is not as simple as suggested here. The problem is that the astronaut was not in constant uniform motion. Suggestions as to how to clarify this situation are welcome!


�  There are different ways of interpreting this increase in 'apparent mass'. Some physicists don't like this way of looking at it. But the alternative ways of approaching the question seem to be more difficult for the novice. One of the important points to be made all the way through any study of relativity is that we must leave room for different interpretations!


�  Walter Scheider's treatment is quite comprehensible to a good student with a little calculus. Scheider (2000) chapters 10 and 11. 


�  Michael Matthews is a Professor in the School of Education at the University of NSW. The new NSW HSC Physics curriculum has clearly been influenced by his, and his colleagues, work.





