Hands-On General Relativity Part 2: Spacetime is Curved
Bowls and Tape: The tape represents a beam of light and the bowl represents curved space.
1) Sketch the path that light will take passing near the sun.

2) What if the bowl is right side up? Compare the path with the one above. Explain it.

3) The light can create a double image. Model this with a second piece of tape.
4) The light can go also form a cross. Try to model this with two more pieces of tape. 

A Hole in a Box: This is similar to and different from an astronomical black hole.
5) A black hole will look like a black hole from all directions. How is that possible?
Spacetime Fabric: The warping of spacetime can be modelled with spacetime fabric.
6) How does this model how gravity can exert a force without touching?
7) Why does the ‘planet’ slow down and spiral in? Why do a pair of pulsars? 
Paper clips, Elastics: Stretch a chain of elastics and paper clips.
8) Why are all the galaxies moving away from Earth?
9) Why are the more distant galaxies moving faster?
10) How can astronomers calculate when the universe started?
Balloon Geometry:
11) Draw a triangle with three right angles.


12) Does the circumference of a circle = 2 r?
13) What else is different?

Answers: 

1) The light bends toward the sun – as if the space were acting like a converging lens.
2) The light still bends toward the sun. The curving of the space is not really ‘up’ or ‘down’ in this model but ‘out of’ the two-dimensional space of the table-top. We should really be looking at a three-dimensional space curving into a fourth dimension, but we can’t. When Einstein first calculated the deflection of star light he only used the equivalence principle and did not consider the effect of curved spacetime. This deflection had already been calculated in 1784 by John Michell using Newton’s law of gravity and Newton’s particle model of light. Einstein revised his calculation in 1915 to include the effect of curved space and got a result that was twice as big. It is this larger deflection that was confirmed during the eclipse of 1919 and which made Einstein world famous overnight.

3) This is easy to do. Just repeat number one from the other side.

4) This requires that the bowl be placed sideways on the table. This is awkward but not that hard to do. What we really need is another dimension so space can stick out in all directions. The model can’t do this and it certainly can’t form a ring the way real gravitational lenses can. Gravitational lensing lets astronomers detect mass that would otherwise be very difficult. They have been used to help astronomers detect extra solar planets and map out the distribution of dark matter which does not interact with light. The Perimeter has a great resource for grade 9 astronomy or grade 12 physics on The Mystery of Dark Matter. You can view it online or order as free copy at http://www.perimeterinstitute.ca/Perimeter_Explorations/The_Mystery_of_Dark_Matter/The_Mystery_of_Dark_Matter/ 

5) Consider a hole in a box. It looks black because the light bounces around and has little chance to escape before it is absorbed. It looks like a black hole from only one direction. However, a black hole looks the same from all directions. This is because the hole is into a fourth dimension.

6) We aren’t surprised that things fall down until we start to think about it. The Earth is able to pull on objects without touching them. How is this possible? Einstein explains this by saying that mass curves space and curved spacetime tells mass how to move. 

7) The spacetime fabric is a great way to give students a feel for orbital motion. The ball must be launched tangentially and at the right speed. Too slow and it will spiral in and too fast and it spirals out. It shows how planets that orbit closer must also move faster. The best material for this is neoprene or rubber but these are expensive and hard to find. The next best is fabric that stretches in all directions and has lots of spandex. You can find this in any large fabric store for about $15 for a square that is 1.5-m a side. If you attach a marble in the middle it makes it easier for a student underneath to pull down. A large sheet will also do the trick. To create the gravity well, you need to place about 5 kg of metal weight in the center. The planet will orbit longer if the fabric is kept as taut as possible. This ensures that the kinetic energy of the planet doesn’t go into the fabric as quickly. It is the warping of the spacetime fabric that is causing two pulsars to lose energy and spiral into each other. Large experiments (LIGO and LISA) are underway to try and measure gravitational waves directly. 

8) This model shows how the galaxies (paper clips) don’t expand but the space (elastics) in between them do. All of the galaxies are all moving away from each other – it only looks like our galaxy is special. 

9) The relationship between speed and distance is clearly shown on a graph of Hubble’s law. The distant galaxies are moving fastest because there is more space (elastics) being stretched in between. The slope of the graph is called Hubble’s constant.

10) If we can assume a steady expansion, you just need to divide the distance by the velocity, t = d/v and all galaxies will give the same time. This time is just the inverse of Hubble’s constant. There is good reason to believe that this expansion has not been steady so the calculation is actually more complicated. The present estimate of the age of the universe is 13.75 ± 0.17 billion years.

11) From the North Pole, travel south, then west and then north until you are back where you started. 


12) The circumference will be less than 2 r, if you measure the radius along the curved surface.
13) A straight line is the shortest distance between two points and in this space it is curved. Parallel lines will cross. The four sides of a square set at right angles will not join up. This last one is similar to how elliptical orbits will not repeat but precess. Explaining this aspect of Mercury’s orbit was the first success of general relativity.

Further Information about General Relativity:

· The PowerPoint slides that accompany this lesson can be found at http://roberta.tevlin.ca , where you will also find lots of stuff about how to teach modern physics to high school students. If you have any questions or suggestions please email me at roberta@tevlin.ca 
· http://www.einstein-online.info/ A great place to start learning or go really deep into relativity.

· "Einsteins' Mirror" by Tony Hey and Patrick Walters 1997. This is the best all-round resource for special and general relativity. There are lots of pictures, diagrams, history, experimental evidence and depth to the discussion.

· A short clip “Dr. Quantum in Flatland” illustrates the difficulty of imagining more dimensions at http://www.youtube.com/watch?v=BWyTxCsIXE4 

