Gravity Curves Space

A) Curved Geometry. 

1) The equivalence principle only deals with uniform gravitational fields. To explain all of gravity Einstein eventually realized that he needed to work with a curved 4-D spacetime. It’s hard enough to imagine a flat 4-D space – how can we picture a curved one? To gain an understanding of this curved space we are going to work with a number of two-dimensional spaces that curve in our three dimensional world. For this activity, imagine that you are Albert Amoeba and you live on the surface of a balloon. You suspect that your two-dimensional world is actually curved into a third dimension. You want to convince the other amoebas of your theory. What measurements could you make to do this? Hint: Think about the rules of geometry that you know are true for a flat two-dimensional surface. Are they true if it is curved? 

B) The Precession of Orbits 

Newton’s law of gravity was very successful. It matched the orbits of all the planets and when the orbits didn’t match it was used to predict the location of Neptune and Pluto. A similar anomaly in the orbit of Mercury led to the prediction of a new planet, Vulcan. However, there was no planet there. For over a hundred years astronomers knew that the orbit of Mercury did not fit Newton’s laws. The planet did not return to the same spot each orbit; the orbit was precessing. This precession is predicted by general relativity and was the first physical evidence confirming Einstein’s theory over Newton’s. To see how curved space can affect an orbit, fold the solid line on top of the dashed line. What will the orbit look like after several years?




This idea was inspired by “Relativity Visualized” by Lewis Carroll Epstein, Insight Press, 1981

2) How does the orbit change if you curve the space down rather than up? The orbit

a) precesses faster
b) precesses in the opposite direction

c) doesn’t change

3) Mercury was the only planet to show this behaviour. This is because Mercury is the

a) densest planet
b) smallest planet
c) fastest planet
d) closest to the sun

C) Gravity and Light Revisited 

Geodesics are the names given to ‘straight’ lines in a curved space. These lines are the shortest distances between two points and they are also the path that light takes. Physicists can use light to demonstrate that spacetime must be curved. To understand this, we use a model. Turn a shallow bowl upside down on the table. This represents the curved space caused by a mass. A long piece of masking tape will represent a beam of light. Take the piece of masking tape and have it head toward the bowl so that it will cross it near one edge. When the tape reaches the bowl, stick it as smoothly as possible up onto the bowl, along the bowl and then onto the table again.

4) This models how curved space can cause light to bend around a massive body like the sun. Einstein (and others) had already shown how gravity – without curved space – would bend the path of light. It turns out that these two causes result in the same amount of deflection. The total deflection caused by both effects should
a) be half the original amount
b) be twice the original amount
c) cancel

5) How would the deflection change if space curved down instead of up? The light would deflect

a) more 

b) less

c) the opposite direction
d) the same

6) Why did the eclipse measurements of 1919 make Einstein world famous instead of his explanation of the precession of Mercury’s orbit? The eclipse evidence

a) involved an arduous expedition of many people. 

b) came just after the First World War ended and people wanted good news stories. 

c) produced a visual image people could see and understand. 

d) confirmed a new prediction not an old observation.

7) When we look at objects whose light passes near the sun we will see those objects

a) further from the sun

b) closer to the sun

c) enlarged 

8) The bending of light that passes near the sun allows us to see

a) more objects

b) fewer objects

c) the same number of objects.
The bending of light by gravity is similar to the way refraction bends light in lenses. The pictures below show gravitational lens images of quasars. 
a) The first is from 1979. It is the first double image seen. 
b) The second is from 1985. The quadruple image is called an Einstein cross. 
c) The third is from 1988. It is called an Einstein ring.
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9) Use the tape and bowl to demonstrate how a double image can form.

10) Use the tape and bowl to show how the cross can form.

Initially gravitational lensing was just a theoretical curiosity. Einstein considered it in 1912 rediscovered it in 1936 and dismissed it both times because it couldn’t be detected. Lensing is now a tool used by astronomers to see things that would otherwise be hard or impossible.

D) Ripples in the Fabric of Spacetime 

11) You are going to try to get a ‘planet’ to orbit more than 2 dozen times. What will help you do this? Make a choice and explain your reasons for each of the following before trying them.

i) Should the fabric be taut, loose or something in between?

ii) Should the fabric have lots of curvature, very little or something in between?

iii) Should the ‘planet’ have a high, low or medium coefficient of friction?

iv) Should the ’planet’ be heavy or light? 

12) The most important concept that this spacetime fabric illustrates for general relativity is that orbiting bodies should lose energy and spiral in because of the

a) small but still present air resistance in space

b) interference from virtual particles formed by the vacuum

c) way moving masses cause waves in spacetime

Evidence of this orbital decay has been shown by a binary pulsar found by Taylor and Hulse in 1974 and now measured for over 30 years. They received the Nobel Prize in 1993 for their work. The pulsars orbit each other in elliptical orbits that vary from 1.1 to 4.8 solar radii. They have masses of 1.4 solar masses and a period of orbit of 7.751939106 hours.  The period of the orbit is decaying by 76.5 s per year and the length of the semi-major axis is decreasing by 3.5 m per year. The velocity varies from 450 to 110 km/s. 
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13) Many popularizations of general relativity use a sheet deformed by the weight of a mass on top of it as a helpful analogy. It is a model that is very easy to grasp and also very easy to apply incorrectly. What are some weaknesses in this model?

A number of experiments are trying to detect gravity waves directly. This has not happened yet and they 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. 

Gravity Curves Space
A) Curved Geometry. 

1) The equivalence principle only deals with uniform gravitational fields. To explain all of gravity Einstein eventually realized that he needed to work with a curved 4-D spacetime. It’s hard enough to imagine a flat 4-D space – how can we picture a curved one? To gain an understanding of this curved space we are going to work with a number of two-dimensional spaces that curve in our three dimensional world. For this activity, imagine that you are Albert Amoeba and you live on the surface of a balloon. You suspect that your two-dimensional world is actually curved into a third dimension. You want to convince the other amoebas of your theory. What measurements could you make to do this? Hint: Think about the rules of geometry that you know are true for a flat two-dimensional surface. Are they also true if it is curved? 
· Each group is provided with a balloon, bendy ruler, protractor and a marker. Let them explore for 7 minutes and then have each group briefly present one idea. Do not go into the details at this point about how this relates to specific effects of relativity. This question is primarily a chance for them to appreciate in general how geometry is different on a curved space.

· The sum of the angles of a triangle will be more than 180o.(This is related to a riddle: You walk 10 km south, 10 km west and then 10 km north and you are back where you started. You see a bear. What color is it? White, because you must have started at the North Pole.)
· The circumference will be more than 2 r. This difference will be relevant when you look at the event horizon and the radius of a black hole. 


· Parallel lines can meet. Objects that are initially following these paths will appear to be attracted to each other. The amoebas will probably develop some ad hoc theory about a force that causes all objects to be attracted to each other. This force gives all objects the same acceleration regardless of their mass. (Don’t they find this rather suspicious?) They call it gravity. They will not necessarily consider this a demonstration of curved space because they already have an explanation for it.

· If you keep going in one direction, you will come back to where you started. This is similar to the photosphere of a black hole. This is where light will orbit a black hole. It is found at 1.5 times the Schwartzchild radius. Similarly, a source of light on one side will refocus on the other side. We will see something like this with gravitational lenses.


· In all cases, the greater the distance the more likely it is that you will be able to detect the curvature. Flat space is a good approximation over short distances.
B) The Precession of Orbits 
Newton’s law of gravity was very successful. It matched the orbits of all the planets and when the orbits didn’t match it was used to predict the location of Neptune and Pluto. A similar anomaly in the orbit of Mercury led to the prediction of a new planet, Vulcan. However, there was no planet there. For over a hundred years astronomers knew that the orbit of Mercury did not fit Newton’s laws. The planet did not return to the same spot each orbit; the orbit was precessing. This precession is predicted by general relativity and was the first physical evidence confirming Einstein’s theory over Newton’s. To see how curved space can affect an orbit, fold the solid line on top of the dashed line. What will the orbit look like after several years?


This idea was inspired by “Relativity Visualized” by Lewis Carroll Epstein, Insight Press, 1981

2) How does the orbit change if you curve the space down rather than up? The orbit
b) precesses faster
b) precesses in the opposite direction

c) doesn’t change
It doesn’t change anything. It shouldn’t because we are really just curving a 2-D slice of our 3-D world (the plane of Mercury’s orbit) into a fourth dimension. This fourth direction is neither up nor down. Most illustrations draw the curvature downwards, probably because this fits the rubber sheet model and the phrase ‘gravity’ well. It’s probably a good idea to consider it popping upwards half the time to avoid this misconception.
3) Mercury was the only planet to show this behaviour. This is because Mercury is the
b) densest planet
b) smallest planet
c) fastest planet
d) closest to the sun
The curvature of space is greatest where the gravitational field is greatest, which is closest to the sun and Mercury’s orbit is closest to the sun. 
C) Gravity and Light Revisited 
Geodesics are the names given to ‘straight’ lines in a curved space. These lines are the shortest distances between two points and they are also the path that light takes. Physicists can use light to demonstrate that spacetime must be curved. To understand this, we use a model. Turn a shallow bowl upside down on the table. This represents the curved space caused by a mass. A long piece of masking tape will represent a beam of light. Take the piece of masking tape and have it head toward the bowl so that it will cross it near one edge. When the tape reaches the bowl, stick it as smoothly as possible up onto the bowl, along the bowl and then onto the table again.

4) This models how curved space can cause light to bend around a massive body like the sun. Einstein (and others) had already shown how gravity – without curved space – would bend the path of light. It turns out that these two causes result in the same amount of deflection. The total deflection caused by both effects should
b) be half the original amount
b) be twice the original amount
c) cancel

The deflections are both toward the sun, so they add not cancel. Einstein’s original calculations in 1911 only included half of this. An expedition for this year was cancelled and it was not until 1919 that the deflection as measured. By that time he had doubled his prediction and this value and not the smaller one was what was measured. This is the experiment that made him famous. 
5) How would the deflection change if space curved down instead of up? The light would deflect

b) more 

b) less

c) the opposite direction
d) the same
Once again, it doesn’t matter if it is up or down. What matters is that the space curves into another dimension. 

6) Why did the eclipse measurements of 1919 make Einstein world famous instead of his explanation of the precession of Mercury’s orbit? The eclipse evidence
e) involved an arduous expedition of many people. 
f) came just after the First World War ended and people wanted good news stories. 
g) produced a visual image people could see and understand. 
h) confirmed a new prediction not an old observation.

I don’t know, but it is an intriguing question. 

7) When we look at objects whose light passes near the sun we will see those objects

b) further from the sun

b) closer to the sun

c) enlarged 

The light is deflected toward the sun and so reaches us from a larger angle and appears further from the sun. 


8) The bending of light that passes near the sun allows us to see

b) more objects

b) fewer objects

c) the same number of objects
We will be able to see more objects for two reasons. Light that would otherwise be blocked by the sun can bend around it, so we will be able to see objects behind the sun. As well, the sun focuses the light which lets us see fainter objects. 
The bending of light by gravity is similar to the way refraction bends light in lenses. The pictures below show gravitational lens images of quasars. 
a) The first is from 1979. It is the first double image seen. 
b) The second is from 1985. The quadruple image is called an Einstein cross. 
c) The third is from 1988. It is called an Einstein ring.
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9) Use the tape and bowl to demonstrate how a double image can form.

This shouldn’t be too hard. The bowl needs to be placed halfway between the source and observer. This is similar to how a source of light on the balloon gets refocused on the far side.

10) Use the tape and bowl to show how the cross can form.

This should be very difficult. To get the images on the right and left, you need space to extend in the vertical direction. To get the top and bottom images, you need space to be curved in a horizontal direction. This point of this question is to remind the students that space is curved near a mass in all directions but we can’t show this. We can only represent this if we eliminate one direction. 

Initially gravitational lensing was just a theoretical curiosity. Einstein considered it in 1912 rediscovered it in 1936 and dismissed it both times because it couldn’t be detected. Lensing is now a tool used by astronomers to see things that would otherwise be hard or impossible.
D) Ripples in the Fabric of Spacetime 
11) You are going to try to get a ‘planet’ to orbit more than 2 dozen times. What will help you do this? Make a choice and explain your reasons for each of the following before trying them.

i) Should the fabric be taut, loose or something in between?

ii) Should the fabric have lots of curvature, very little or something in between?

iii) Should the ‘planet’ have a high, low or medium coefficient of friction?

iv) Should the ’planet’ be heavy or light? 
The fabric should be taut. This causes the fabric to absorb less of the planet’s kinetic energy. Think of a stable vs. wobbly roller coaster. The fabric should have lots of curvature so that the starting height and end are as far apart as possible. This increases the potential energy available to the planet. The planet should have a coefficient high enough to grip and avoid slipping. If it grips and rolls there will be no losses to friction. There is no advantage or disadvantage to having more than enough. If the planet is heavy it will show less effect from frictional losses. That’s why model roller coasters should use steel balls not glass marbles. However, a heavier ball will deform the fabric more and result in losses to the fabric through inelastic flexing. 

12) The most important concept that this spacetime fabric illustrates for general relativity is that orbiting bodies should lose energy and spiral in because of the

a) small but still present air resistance in space

b) interference from virtual particles formed by the vacuum

c) way moving masses cause waves in spacetime
Changing mass distribution will cause a changing spacetime curvature. This ripple will take energy away from the system. 
Evidence of this decay has been shown by a binary pulsar found by Taylor and Hulse in 1974 and now measured for over 30 years. They received the Nobel Prize in 1993 for their work. The pulsars orbit each other in elliptical orbits that vary from 1.1 to 4.8 solar radii. They have masses of 1.4 solar masses and a period of orbit of 7.751939106 hours.  The period of the orbit is decaying by 76.5 s per year and the length of the semi-major axis is decreasing by 3.5 m per year. The velocity varies from 450 to 110 km/s. 

13) Many popularizations of general relativity use a sheet deformed by the weight of a mass on top of it as a helpful analogy. It is a model that is very easy to grasp and also very easy to apply incorrectly. What are some weaknesses in this model?

· As we saw with the bowl model, up should be equivalent to down. In this model it isn’t. Up and down could be made equivalent if you sometimes pulled up on the fabric. However, pulling down is much easier and it allows the fabric to simulate orbits. 

·  As we saw with the bowl model, we also need to curve space time horizontally in order explain rings and crosses. This model, like the bowl, removes one dimension. 

· This model is most useful when doing Newtonian gravity! Students get a feel for what is required to make a stable orbit. The velocity must have the correct speed and direction for a given orbital radius. They can see how the orbits further out are slower. 
A number of experiments are trying to detect gravity waves directly. This has not happened yet and they 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. 

