General Relativity Part II: Gravity is Curved Space – Teacher’s Notes

This is an Interactive Lecture that should take 30 minutes.  

For each pair of students you need a multiple-choice booklet, worksheet, balloon, marker and ruler. You need at least one sheet of stretchy fabric (at least 1m x 1m) and a dense, high friction ball like a superball.
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1) You walk 10 km south, 10 km west and then 10 km north and you are back where you started. What colour is the bear?

a) brown



b) black

c) white

This route is only possible because we live on a curved object. This route could only have occurred at the North Pole. This question is just to get the students to start thinking about other geometries than Euclidean flat space. 
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Give students a balloon and a marker and challenge them to make a triangle with three 90( angles. If you were an ant on this balloon, with only a direct experience of two dimensions, no up and down, you could convince other ants that there were three dimensions by this demonstration. 
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2) 
Suppose that there is a light at the North Pole. The light radiates in all directions and follows the straightest lines in this space. What will an ant at the South Pole notice?

a) Nothing, the space is in the way.
b) A bright spot
c) A bright ring.
The ant will sense the light coming from all directions – what we would call a ring. Images like this have been found - they are called Einstein’s rings.
http://upload.wikimedia.org/wikipedia/commons/c/c8/SDSSJ0946%2B1006.jpg
There is no ring-shaped object causing this image. Instead a large mass between the object and us is warping the space, causing the path of the light to bend. 
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We can only imagine the curved space by reducing the number of dimensions. The best fabric for this demonstration would be a rubber sheet. However, any fabric that stretches in all directions will do and is easy to find.  You can add a mass to the middle, but it can get in the way a really tight curvature at the center. Instead, provide a ‘handle’ by putting a large marble or mouseball in the center and attaching it tightly by wrapping an elastic around it. Have a student lie on the floor underneath and pull on the ball.  

3) Try to get a planet to orbit for more than a dozen times on the fabric. How do you do this? 

The best orbits will occur when the fabric is 1) really taut (less energy loss), 2) with a large curvature (greater orbiting force), 3) level and 4) when the ball is propelled slowly at right angles to the slope. Challenge your students to come up with 4 different points. 

An ant watching the motion would either conclude that there is a force toward the center or that space was curved that way. The ball should have lots of mass, so it has lots of momentum and can afford to lose a little.

4) How would an ant explain this motion?

It would either evoke a central force like gravity or say that the space is curved.
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This is just is just an extreme example of what was seen in the eclipse in 1919. When Einstein first worked out the amount of deflection, he only got half the amount because he had only considered gravity as an accelerating frame. Once he recognized that gravity also warps space, he had to double the deflection and that is the amount that was found. Rings are rare, because it requires a spherically symmetric mass directly inline between the earth and the object. More usual are arcs or double images.
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This curved space can act like a lens and it allows astrophysicists to see really faint distant objects. It also is used to detect and measure mass that is hard to see. It is providing a strong second line of evidence for Dark matter. The first slide is a simulation and the second is real. It shows the Abel cluster of galaxies and distorted arcs of galaxies beyond it. http://spaceimages.northwestern.edu/p29-abel.html
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Make sure that students measure carefully, especially the angles. Fifteen cm was chosen to make sure that the object is large enough to show the effect of curved space. The fourth line should intersect and not meet up with the first one.
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Some precession was expected because of the effects of other planets on the orbits. However, that wasn’t able to account for all of it.

Slide 13The end of the fourth line does not meet up with the starting point. The square is precessing, like the orbit of Mercury

5) The planet with the greatest precession will be

a) Jupiter because it is biggest

b) Mercury because it is smallest

c) Mercury because it is closest to the sun
d) Neptune because it is farthest

Mercury is closest to the sun and therefore in the strongest gravitational field and therefore the most curved spacetime. The amount of precession is small but was noticed well before General Relativity. Careful measurements have also found the effect for Venus and Earth where it had not been seen earlier.

http://upload.wikimedia.org/wikipedia/commons/c/c8/SDSSJ0946%2B1006.jpg
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An ant is on an expanding balloon. How could it tell that the balloon was expanding?       

It could notice that the distances to objects are increasing no matter where it stands. The farther away the objects are, the faster they are retreating. This is what astronomers see when they look at distant galaxies. If the velocities are run backwards from those distances, it looks like everything in the Universe was in one place slightly less than 15 billion years ago. Then there was a Big Bang. 
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6) Gravity should cause this expansion to


a) slow down b) speed up c) remain constant. 

It was expected to slow down because of gravity, but it appears to be speeding up! The ‘explanation’ for this is called Dark Energy, but no one knows what it is.
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7) 
As a star’s life ends, it collapses and gets much denser. What would you see if you got close to dense star whose escape velocity was almost c?

a) Light rising and falling

b) Faint radio waves

c) Faint gamma rays

The light will not follow the paths in the diagram. That’s what a material object would do. Instead, the light will be faint because most of it will not be able to escape. As well, the light that does leave will be seriously red shifted and will appear as radio waves. This is just an extreme version of a gravitational red shift, which is different from the Doppler red shift that is used to measure the speeds of objects. Have students draw a diagram of what light that escapes would look like. The wavelength should get progressively longer and longer. Light that doesn’t escape will orbit (at 1.5 times the Schwartzchild radius) or fall back to the center.
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8) 
What happens if the escape velocity on a star is greater than c?

a) only gamma rays escape


b) only radio waves escape

c) nothing escapes 



d) nothing escapes so it can’t be detected

As nothing can travel faster than c, nothing escapes. However, the black hole can still be detected by a number of techniques. It can be detected if there are objects nearby orbiting it. Measurements of speed and radius allow you to calculate the mass of the object inside the orbit. If there is a disk of dust and gas, it will tend to spiral in faster and faster. It emits very strong x-rays as it falls in. As well the disk produces jets of matter going at nearly the speed of light. However, none of these can prove that it is a black hole – an object of infinite density.  For example it can be difficult distinguishing between a neutron star and a black hole. However, if the mass is over about 3 solar masses and is a collapsed star, our models say that it can’t be a white dwarf or a neutron star. We have no other models.
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Gravity waves are ripples in the spacetime fabric. If masses can curve space, then moving masses will move curved space and the movement will propagate like a wave. This should be most evident for the collapse of black holes and neutron stars and their spiraling orbits. One and only one has been found. 
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We would like to detect them directly. This has not happened yet and it will be extremely hard to detect. The larger the device, the more likely the detection will be. The shapes of the waves will provide details of the objects that formed them and might provide direct evidence for black holes. 


The facility at LIGO has provided a couple of activities to illustrate how this information can be teased out. The first is a very simple, conceptual matching of curves to given templates. The second provides an opportunity to do some calculations to get a feel of what the astrophysicists would do. These two and a short film can be found at 

