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Arguments for Relativity in VCE

· The relativistic framework for physics has been around for one hundred years and shaped much of the progress in physics during that time. Our courses should give students a sense of physics now. 

· Relativistic ideas often appear in the press and science fiction and are therefore relevant to the students and of interest to them. 

· Relativity is a topic that can really engage the students because it intrigues them; it is counter-intuitive and provides them with a new world-view.

· Many teachers who have asked their students what detailed study they want, report that relativity is the one most choose.

· Without relativity physics does not make sense of the world. Students should be given this insight into the nature of physics.

· Students have an opportunity to see that much of the progress in physics relies on thought experiment.

Arguments Used Against Relativity in VCE

· Physics should be relevant to the students and only a very small proportion of them will use relativity in their working lives.

· Students will not be able to directly experience relativistic effects. 

· Relativity is too difficult for secondary school students and the teachers do not understand it properly. 

· The Physics course should be practical based and this is not possible in relativity. 

I believe in teaching relativity because of the arguments above. I think that there are many applications of relativity that they hear about and we are teaching not just knowledge and skills but understanding. Knowledge of physics is very limited without relativity. Some aspects of relativity are experienced by people today, and this is increasingly the case. Relativity has a reputation for being difficult but so are all topics before people learn how to teach them to novices. It is our job to open up the world of physics, not close it off saying that it is too hard. One topic without practical work is not a problem. The rest of the course can be filled with practical work. In relativity the focus needs to be on thought experiments, an essential part of physics, but one given little attention, with the emphasis being on experiment. Doing experiments does not guarantee understanding anyway, especially experiments designed by someone other than the student.

It is vital as with any topic that we teach relativity for understanding and this session focuses on activities for the classroom for developing some understanding of the key ideas in relativity before using algebra.

Galileo and the Principle of Relativity

Relativity (and the power of physics to explain so much of the universe) began with Galileo about 400 years ago. It would be difficult to explain the principle of relativity much better than Galileo (although you might want to talk about planes and cars rather than ships).

· Galileo’s relativity – the parable of the ship (handout)

· Galilean transformations

Use masking tape on the floor marked in metres. This is the x axis. Place an object at a particular point and ask for two student volunteers to stand at the origin. One student is at rest with respect to the x axis. Ask him or her for the coordinates of the object. Write this down and call it x. Ask the other student to walk at 2 metres per second (v) (move forward two metres then stop, take coordinates (x’,t) and then move on two more metres.) Compile a table of position and time for the object from the moving student’s point of view. The students then use the data to construct an equation (x’ = x + vt)

Set tasks where students walk at known speeds relative to each other, determine their relative velocities and the velocity transformation. Worksheet (thanks Russell Downie)

· Exercises in Galilean relativity. Worksheet.
Falling Balls, Coils and Magnets

· A thought experiment using projectiles
· A demo using coils and magnets - the standard moving a magnet near a coil producing an electric current and the equivalent moving the coil near the magnet to produce an electric current as a prelude to the next thought experiment.

· A thought experiment using electromagnetic induction
Electromagnetism Tests Galileo

Relativity shows that if electromagnetism is going to abide by the principle of relativity then the laws of mechanics need modification. This can be seen when we consider the consequences of the second postulate of relativity, that light has the same speed for observers in all inertial reference frames. See the animation at http://casa.colorado.edu/~ajsh/sr/paradox.html#c 
Relativistic Consequences

The animation, referred to on the previous page, depicting the two inertial observers whom must both observe light radiating in spheres around them, demonstrates that measurements of both time and space are affected by the observer’s reference frame. Events that are simultaneous in one frame are not necessarily simultaneous in another, lengths may change and the rate that time passes may also change.

Time Dilation

All clocks, any indicators of the passage of time, in a reference frame in relative motion to the observer appear to run slow.

A thought experiment using light clocks.
Length Contraction

· In reference frames that are in motion relative to the observer, the length of objects are measured to be shorter in the direction of the motion.

· Worksheet activity 

Galileo’s Parable of the Ship

SALVATIUS: 

Shut yourself up with some friend in the main cabin below decks on some large ship, and have with you there some flies, butterflies, and other small flying animals. 

Have a large bowl of water with some fish in it; hang up a bottle that empties drop by drop into a wide vessel beneath it. 

With the ship standing still, observe carefully how the little animals fly with equal speed to all sides of the cabin. 

The fish swim indifferently in all directions; the drops fall into the vessel beneath; and, in throwing something to your friend, you need to throw it no more strongly in one direction than another, the distances being equal; jumping with your feet together, you pass equal spaces in every direction. 

When you have observed all of these things carefully (though there is no doubt that when the ship is standing still eveything must happen this way), have the ship proceed with any speed you like, so long as the motion is uniform and not fluctuating this way and that. 

You will discover not the least change in all the effects named, nor could you tell from any of them whether the ship was moving or standing still. 

In jumping, you will pass on the floor the same spaces as before, nor will you make larger jumps toward the stern than towards the prow even though the ship is moving quite rapidly, despite the fact that during the time that you are in the air the floor under you will be going in a direction opposite to your jump. 

In throwing something to your companion, you will need no more force to get it to him whether he is in the direction of the bow or the stern, with yourself situated opposite. 

The droplets will fall as before into the vessel beneath without dropping towards the stern, although while the drops are in the air the ship runs many spans. 

The fish in the water will swim towards the front of their bowl with no more effort than toward the back, and will go with equal ease to bait placed anywhere around the edges of the bowl. 

Finally the butterflies and flies will continue their flights indifferently toward every side, nor will it ever happen that they are concentrated toward the stern, as if tired out from keeping up with the course of the ship, from which they will have been separated during long intervals by keeping themselves in the air.... 
SAGREDUS: 

Although it did not occur to me to put these observations to the test when I was voyaging, I am sure that they would take place in the way you describe. 

In confirmation of this I remember having often found myself in my cabin wondering whether the ship was moving or standing still; and sometimes at a whim which I have supposed it going one way when its motion was the opposite.... 
------------------------------------------------------------------------

Galileo Galilei, Dialogues Concerning the Two Chief World Systems (February 1632) 

This text has been copied without permission from Taylor/Wheeler Spacetime Physics, p 176. This translation is by Stillman Drake (University of California Press, Berkeley, 1962, pp186-). 

Taken from http://physics.syr.edu/courses/modules/LIGHTCONE/galileo.html 

Exercises in Galilean relativity.

1. You and a friend move toward each other with speed v and meet at the midpoint. Make your frame of reference rather than the floor the stationary frame of reference. Describe the motion again.

2. You walk North at speed v while your friend walks East at the same speed. Make your friend’s frame the stationary frame of reference and describe the motion.

3. A projectile follows a parabolic path. If you walk alongside the projectile with constant speed, compare the shape of the trajectory of the projectile from your perspective with the perspective of the stationary reference frame.

4. What happens to the trajectory of the projectile if you move up with constant speed?

5. What happens to the trajectory of the projectile if you accelerate past the projectile horizontally?

6. Could this trajectory be obtained according to the laws of physics in a stationary reference frame, given that gravity is the only force acting on the projectile? If not you are not in an inertial frame of reference.

7. A ball is swung around in a vertical circle. What is the trajectory of the motion to an observer moving past at constant speed?

This is similar to the situation where you have a mark on a wheel rim rolling past at constant speed. 

8. What happens to the shape if you accelerate past the ball? Can you achieve the same result with a rolling wheel? If not you are not in an inertial reference frame as the laws of physics do not work for the ball.

[image: image1.bmp]
Obtain a compass, a stop watch and a tape measure or trundle wheel and go to a pleasant outdoor spot with plenty of space.

Each of the following tasks should be described in your logbook and be accompanied by a vector diagram.

Please note that this is a qualitative exercise and your calculations are only designed to give you sensible approximate values to work with.

Apart from the first task, each journey should begin from positions as shown by the two circles.

For your memory, when facing north, east is always on your right.
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1 Each person should measure their personal walking speed and a repeatable jogging speed. Both measures should have not more than 2 significant figures. Present these as north directed velocities.

2 Let one person be the observer and let the other jog. The observer should draw a vector of the velocity of the other on an easterly trip.








         observer

3 Let the jogger travel north and the walker also travel north. What is the velocity of the jogger from the frame of reference of the walker?
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4 Let both observer and observed jog west. What is the velocity of the observed wrt the observer?





      
observer


5 The observer walks east and the observed walks west. What is the velocity of the observed relative to the observer?



     observer

6 The observer walks north and the observed walks east. What is the velocity of the observed relative to the observer?

observer

7 The observed jogs west and the observer walks south. What is the velocity of the observed relative to the observer?

    Observer

Choose your own pronumerals and define them and write a vector equation that always gives the velocity of the observed relative to the observer.

What alternative words can be used instead of “relative to”?

Galilean Relativity And The Equal Fall Time of Projectiles.

Relativity makes sense of how a falling vertical ball and a ball projected horizontally falling from the same height reach the ground in exactly the same time (neglecting air resistance). 




One way of stating the principle of relativity is: if it is possible to view two apparently different motions as having the same trajectory by simply choosing the velocity that you move past, then the two motions are equivalent. The ball on the left is falling straight down in the reference frame of the page while that on the left falls in the path of a parabola. 

Imagine a world where they did not fall at the same time. If we assume (as many do) that the ball on the right takes longer to reach the ground than the ball on the left, we have an interesting situation when we change reference frames. If we move to the right at a speed equal to the horizontal component of the ball on the right we would observe the following trajectories. 



Assuming that time is absolute then we now have the ball on the right falling straight down but it falls more slowly than the ball on the left did in our initial reference frame. Looking back at the left hand ball we now see a parabolic trajectory. In spite of being a having a parabolic trajectory, it falls to the ground faster than the projectile we see falling straight down. Does this make sense? 

In the world imagined here there is no simple rule such as all falling objects accelerate to the ground at about 9.8 ms-2 in the absence of air resistance.  Falling objects, even identical objects could fall to the ground at different rates. It is probably no coincidence that the two key figures in the development of relativity were fascinated by the fact that all objects, regardless of mass, fall at the same rate in the absence of air resistance. I regard this observation by Galileo as a foundation moment in the history of physics. Without it physics is not really able to make sense of the world. Newton’s laws and everything else follow Galileo’s insight.
Introducing Electromagnetism

A moving magnetic field induces a changing electric field. This is the basis of electromagnetic radiation, including light. The changing electric field can result in a current through a conductor.

What if the magnetic field is stationary? Move the wire and the magnetic flux through the coil changes, inducing a changing electric field.

Einstein pointed out that these phenomena are the same thing, in fact, if we apply the principle of relativity of Galileo’s mechanics, they must be the same thing. Whether a magnetic field is ‘stationary’ or moving with constant velocity there is no difference. How could there be? Both situations are equivalent, both resulting in the same change in magnetic flux through the coil. 

Maxwell, who developed the theory of electromagnetism, found that electromagnetic waves and fields must travel at c, the speed of light. As waves, they were assumed to require a medium, called the ether, to propagate through. Mechanical waves travel at a speed that is determined by the medium and that is therefore relative to the medium, so presumably c was the speed of light relative to the ether. Michelson and Morley thought that as the earth moved while the ether stayed still, the speed of light would be slower as it was shone into the ‘ether wind’ than when the light went with the ‘ether wind’. This idea led to the famous Michelson-Morley Experiment, which confounded the experimenters with its null result.

Standing on the shoulders of giants like Galileo and Newton, should they have been surprised?

If the speed of light were relative to the ether, would the situation where the magnet is moved near the coil be equivalent to the situation where the coil is moved near the magnet?

If the field speed was relative to the ether, moving the magnet would cause changes through the ether to occur at c, but moving the coil at v would cause the changes in flux to occur at c+v. We can think of the coil as the observer, because it is the one that produces the current we measure. A field changing faster will produce a greater current so the two situations would not be equivalent.  So we see that the principle of relativity does not allow the speed of light to be relative to an ether like sound is relative to its medium. You will note that the Doppler effect for sound with a moving source is different to the effect for a moving detector.

So, if as Einstein assumed “the same laws of electrodynamics and optics will be valid for all frames of reference for which the equations of mechanics hold good” then the ether is dead. This explains the, in retrospect, unsurprising result of the Michelson - Morley experiment.

What is the speed of light relative to then, the source? If the speed of light is relative to the source but not the receiver of the light, would moving the coil and moving the magnet be equivalent?

Consider the magnet and coil again. The magnetic field is radiating out at the speed of light. If you move the magnet in the direction of the coil and the speed of light was relative to the source, the speed that the field reaches the coil will increase to ‘c+v’. If you move the coil towards the magnet the interaction will be at ‘c+v’. Okay, equivalent so far.

However, for the electromagnetic induction to be the same whether the coil approaches or recedes from the magnet, the speed of the field must be the same at the receding coil as for the approaching coil. For this to be true then the speed of light must be the same for all coils (observers): quite a strange result as we shall see.

Why does it need to be the same for the coil moving away from the magnet as moving towards? Conservation of energy is one way of answering this question. While the magnet is moving away from the coil the magnitude of the Lorenz force would be different to the magnitude of the force when it was moving in. While moving away the speed would be less so the force would be less. If the force is less it can travel further before coming to rest. As it falls back in with a greater force, it will be accelerated further; you would have an ever-increasing oscillation, with no source for the extra energy.

If the principle of relativity of Galileo is going to hold true for electromagnetism, as demonstrated by electromagnetic induction being dependent on the relative motion of the coil and the magnet, rather than either’s absolute motion, we have a constant speed of light for all observers, Einstein’s second postulate.
Time Dilation

Imagine a light clock. In this clock light is emitted from one end, reflects off the far end to return to the place from which it was emitted. 



Now set this light clock in uniform motion perpendicular to the light path. 



According to Einstein’s realization that light travels at the same speed for all observers, the light between the two mirrors travels at the same speed in the clock regardless of the reference frame of the observer. The length of the clock has not changed but in the moving reference frame, the light has further to travel. In order for the speed of light to remain unchanged while the distance traveled has increased, the light in the moving clock must take longer to complete its journey. This must be true of all measures of time in the moving frame or the first postulate would not hold, so time in the moving frame has slowed down. To those stationary within the frame of the clock, however, all appears to be normal. Although if they looked back at the observer they would see that her time had slowed. 

Time dilation is an outcome of the two postulates of relativity. We demand that the speed of light be the same for all observers so that electromagnetism obeys the principle of relativity and we find that clocks in relative motion will not agree. There is no absolute time.
Length Contraction

Consider the Michelson - Morley experiment. In the experiment the observer is at rest with respect to the apparatus. We could represent the apparatus as two light clocks perpendicular to each other like the diagram below. Measurement showed that the time for the two light pulses did not vary with the motion of the apparatus through space. This is consistent with what we have seen, that light must travel at c relative to source and observer, not some independent medium.



What happens if we set the apparatus in motion parallel to one light beam and perpendicular to the other? The perpendicular one is the same as our moving light clock in the time dilation thought experiment. What about the parallel one?

Light in both clocks is moving at the same speed by Einstein’s postulates. They must both keep the same time (though dilated) in the moving frame. To do this, light must cover the same distance in each clock.

Let’s choose a clock length of 1 light second and make the clocks move at 2/3c relative to the observer. 

How far have the clocks moved in one tick? The answer to this question is complicated by time dilation. A space-time diagram is a geometric way of determining this distance. A space-time diagram is like a t vs x graph and is a very useful tool in relativity. With the t axis in seconds and the x in light seconds, we can easily examine the motion of the clock that is aligned parallel to the motion. We will start with the assumption that the parallel clock is 1 light second long even when in motion. If we are wrong we can correct our answer by changing the scales on our axes at the end.

Use a sheet of graph paper to complete the following.

1. Draw a time axis up the left hand, long edge of the page. Mark a scale where 1 second equals 4 centimetres. Draw the space axis along the bottom of the page, with four centimetres representing 1 light second. 

2.  A world line is a line on a space-time diagram depicting the position of an object at various times. Draw the world line for the back end of the parallel clock, starting at the origin. (Across 2 and up 3 to get the correct gradient.)

3. Draw the world line for the front end of the clock, starting at x = 1 light second. 

4. Draw the world line for the light beam until it intercepts the world line of the front end of the clock. Light on these axes is always represented by lines at 45 degrees (it travels 1 ls in 1 s). You can see how the light journey, from the observer’s reference frame, is much longer than it is from the rest frame of the clock. 

5. Now draw the world line for the light reflected back to the back of the clock. It is still at 45 degrees (travelling at c) but is travelling in the negative x direction. The graph paper makes it very easy to draw this line precisely. Notice that the return journey of the light is much shorter than the outward journey. This may seem surprising, but it is entirely consistent with the laws of physics for an object in relative motion. The observer at rest with the clock sees two equal journeys for the light but the two observers would not agree on the timing of events, such as when the light reached the ends of the clock.

6. There are many ways to determine how far the light has travelled in this clock. Perhaps the simplest is to read off the time scale of the graph when the light completes its journey. You should find this to be 3.6 seconds. So the light must have travelled 3.6 light seconds. Notice that it is also easy to determine how far the of the clock has moved in this time. Reading the distance scale it is 2.4 light seconds. 

7. Consider the perpendicular clock. It must have moved the same distance in this time as the parallel clock (they are fixed together). This distance is greater than we expect using Galilean relativity for an object but this should not surprise us, as we know that time is dilated and we have suspicions about the length.

8. Now that we know how far the clocks have moved, we can compare the lengths of the two clocks in the moving frame. Using graph paper with a scale of 4 centimetres equals 1 light second draw the path of the light as it travels from one mirror to the other and back. To do this you will need to know the distance the clock has moved (2.4 light seconds). We also know that the light travels a distance of 3.6 light seconds, so it must be 1.8 light seconds there and 1.8 light seconds back (this corresponds to 7.2 cm on the scale we have used on the graph paper). Use a ruler to find the light’s journey. 


9. You should instantly see that the length of the light clock must be longer than the light clock parallel to the motion. Our assumption that they would be the same length is proved wrong. As the perpendicular clock does not change its length (the y coordinates are not a function of speed or time and so are unaffected by the motion along the x axis) we have shown that the parallel clock (or any object) in motion will, on measurement, be found to be contracted.   

10. How long would the parallel clock appear if the stationary clocks were 1 light second long? We must rescale our drawing because we know that the perpendicular clock’s length is unchanged. Simply divide the lengths of both clocks by the length of the perpendicular clock in the construction in 8 above (1.34 light seconds) and we find that the parallel clock should have been drawn 0.74 light seconds long. This is in complete agreement with the result you will obtain using the Lorentz contraction equation. 

Lengths are relative. Length measurements will depend on the frame of reference in which they are measured.
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