General Relativity Part I: Gravity is Acceleration

This is an Interactive Lecture that should take 30 minutes.

Each pair of students needs a multiple-choice booklet, a worksheet, spring balance and a mass to hang on it. 

You will need:

· a candle on the lid of a large plastic jar and matches to light the candle.

· a bottle of water with a small hole at the top and bottom.

· a cafeteria tray with strings attached to the four corners and a glass of water

· a rubber ball attached to a long (4-m?) string.

· a device like the diagram to the right. A film canister filled with lead is suspended from two elastics attached to a frame. It has a thumb sticking up and there is a balloon attached to the top edge.
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1) You are in an elevator. Suddenly, the cable snaps and the elevator starts to fall. What happens to you while the elevator falls? You
a)      stay the same


b)      stay on the floor but feel weightless


c)      slowly rise to the top
d)      accelerate to the top
After some initial discussion, have the students stand on their chairs and then step off while holding a spring scale with a mass hanging from it. It’s hard to see what happens, but the weight, as registered on the scale, definitely changes. (You could challenge the students to film this from the falling frame of reference as a homework project.) 

The first level answer is that you and the elevator fall together. The floor is no longer pushing up on you - so you feel weightless. So, it looks like b) should be the right answer and you might want to leave the discussion there.

You can get to the more subtle answer of the next level by dropping the frame with the suspended weighted as described at the top.  What will happen when you drop it? The pin will puncture the balloon. In the Earth’s frame, the mass didn’t fall as fast as the balloon because the elastics provided an upward force. In the frame’s frame - the mass accelerated upwards. So, in the elevator your body was in compression before the cable snapped. You were squeezed like a spring and therefore when gravity stops pushing from the top, the compressive forces will push you up. As a result you will slowly, very slowly, rise to the top. 
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2) What will happen to the 
candle? 
The candle will 



a)      stay at the bottom. The flame will stay lit



b)      stay at the bottom. The flame will go out



c)      rise to the top. The flame will stay lit
d) rise to the top. The flame will go out

This demonstration gives another chance to consider the effects of weightlessness. The students will recognize that the candle stays at the bottom, but why would the flame be affected? Turn off the lights and do the demonstration from as high a height as you can and get your most coordinated student to catch it. The candle dims on the way down and goes out at the bottom. The first explanation goes as follows: Normally, air doesn’t fall to the floor. (This is because the air molecules at room temperature have so much kinetic energy.) Therefore, when the jar is released, the air tends to stay in place in the Earth’s frame and piles up at the top in the jar’s frame – removing needed oxygen from the candle. When the jar stops suddenly at the bottom of its fall, the air at the top keeps moving down and blows out the candle.  The candle will go out before suddenly stopping if the fall is long enough. This will be because the lack of gravity means there is no convection current bringing fresh oxygen to the candle.
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3)  A bottle of water has a small hole in the top and bottom. It is thrown above volunteer A with a large parabolic arch to volunteer B. 

What happens?



a)      A gets wet as the bottle goes up.



b)      A gets wet as the bottle is near the top.



c)      A gets wet as the bottle descends.



d)      B gets wet as the bottle is caught.

This is another example of weightlessness due to freefall and it is very important because it points out that freefall does not just occur when things are falling down. It occurs throughout the whole parabolic flight of the bottle. Volunteer B gets wet because the bottle is no longer in freefall - in fact the battle experiences extra gravity when it is caught.

Slide 6 and 7

4) Why are the astronauts on the International Space Station weightless? They



a)
are further from the Earth


b)
are in freefall.



c)
aren’t weightless, they are in microgravity. 
d) aren’t weightless, it’s an illusion.

This is another example of weightlessness due to freefall and it is very important because it points out that orbital motion is freefall. The most important part of this answer is that it is not a). The force of gravity is over 90% of what it would be at sea level. The first level answer is b) but the more correct answer is c) as is explained in the next few slides. Answer d) is really getting into semantics. What do we mean when we use the term ‘weight’. The everyday use refers to a perceived force – that results when gravity is being opposed. You feel the chair pushing up and you infer that gravity is pushing down.  The conflict arises when you try to make the word ‘weight’ mean the same thing as the ‘force of  gravity’.  
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These slides point out how freefall only results in weightless if the variation in g is negligible in the space you are considering. What constitutes ‘negligible’ depends on how precise you need to be and how extreme a gravitational field you are in.
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5) A tray with a glass of water is whirled rapidly in a vertical circle. What happens to the glass at the top? 
The glass stays on the tray because of

a)      centrifugal force 
b)      centripetal force
 
c)      inertia
d)      something else
The previous slides looked at how gravity disappears in freefall and these slides look at how ‘gravity’ can be created by an accelerating frame. The extra 2 g’s experienced by the astronauts is similar to why the volunteer catching the bottle got the wettest. Three g’s is not really very much. It is about the highest that you will experience on a roller coaster ride.

Explaining the orbiting tray is easiest if you use the tray’s frame of reference – that’s answer a). The centrifugal force pushes the glass of water into the tray. If you were on the tray, you would feel this force very clearly. At the top it balances the downward force of gravity. High school teachers are generally encouraged to treat centrifugal force as a ‘wrong’ explanation and yet they are encouraged to refer to the Coriolis forces – another fictitious force caused by a rotating frame of reference. Fictitious forces are not as ‘fundamental’ as electromagnetism or the nuclear forces. They are frame dependent. They give all objects, regardless of mass, the same acceleration and so by a change of frame they can disappear. It sounds like gravity is fictitious doesn’t it? Most astrophysicist will give answer a). For an example of this, see Kip Thorne’s “Black Holes and Time Warps: Einstein’s Outrageous Legacy” 1994.  

We should be able to explain the demonstration and the difference between centripetal and centrifugal forces in the Earth’s frame. For me, the clearest demonstration involves attaching a dense rubber ball to a long string and swinging it in a circle near a long straight wall. If you release the string when the ball is closest to the wall, will it go toward the wall (accelerating under the centrifugal force) or will it travel parallel to the wall (constant velocity once we remove the centripetal force that was accelerating the ball)? 
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6) A laser beam is fired horizontally in a frame on the Earth’s surface .It then


a) continues horizontally


b) curves up


c) curves down

If the frame is accelerating upwards at g - the light will appear to curve downward. This accelerating frame is equivalent to a frame that is stationary on the Earth, so light should be affected by gravity. Einstein did not do many experiments. He preferred thought or ‘gedanken’ experiments like this. However, he believed that experiments were important and he suggested three cways to test his theory of General Relativity. 1) The precession of the perihelion of Mercury (see GR II) was a known problem with Newtonian gravity,  which GR was able to account for. 2) The curvature of light during an eclipse was the first prediction to be confirmed.  3) The gravitational red shift  - slides 21 to 25 was confirmed in 1960. Later predictions of were gravitational lensing, gravitational waves and black holes. These are covered in GR II)
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The curving of light was first demonstrated in 1919 and has been shown more and more clearly and dramatically since then. The sun is a weak source of radio waves, so radio telescopes can show this without having to wait for an eclipse.
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7) Light is bent. What happens to time? Once every second, Ali at the head of an accelerating rocket sends a signal down to Brenda at the tail. Brenda receives these signals separated in time by

a) 1 s 

b) more than 1 s

c) less than 1 s

Brenda is moving faster and faster toward the pulses, so the time between pulses is less and she says that Ali’s clock is running fast. 

8) Now Brenda sends a signal up to Ali every second. 
Ali receives these signals separated in time by


a) 1 s 

b) more than 1 s

c) less than 1 s

The analysis is just the reverse of question number seven. Thus, a gravitational field slows time. This has not only been demonstrated, it is necessary to make the GPS work.
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9) As light rises in a gravitational field, it gains gravitational potential energy. Therefore as it rises, the light must also

a) travel slower    b) travel faster    c) become red shifted
d) become blue shifted

Another thought experiment from Einstein. Light cannot travel faster or slower. As it rises it must lose energy, E =hf, so it must shift to lower frequencies, which means higher wavelengths, or red shifting. This is different from the Doppler shift of light that occurs the source is moving even at a constant speed. Pound and Rebka first accurately tested the gravitational red shift in 1960, when they measured the shift that occurred between the top and bottom of a 74-foot tower at Harvard.  It confirmed the predictions of GR to 10 % and five years later that was improved to 1%. The red shift is used by astrophysicists to determine the strength of gravitational fields at the surface of stars. This allows them to determine the star’s radius.

10) You are talking to some friends about the falling elevator. Your friends say that if they were ever in that situation, they would jump before they hit the ground and prevent getting hurt. 

a) Explain to your friend why they might have trouble jumping.

In order to jump, you need to bend your knees and lower your center of mass. This move, needs gravity to pull you down. If there is a railing in the elevator, you could use it to pull you down. 
b) Suppose they did manage to jump up just before hitting the ground after a 25-m drop. How effective would this be? Hint: How high can you jump? 

You are pretty good is you can jump and raise your center of mass by just 1-m. The easiest way to test this is to give students a piece of chalk. Have them make a mark as high as they can on a wall while standing. Now have them jump and make a mark.

11) Draw a series of diagrams showing why the balloon popped 

      a) in the Earth’s frame



b) in the Frame’s frame

The Earth’s frame should have the frame accelerating downward with the balloon and the pin accelerating down less. The Frame’s frame should show the pin accelerating up and everything else stationary. 

12) The International Space Station orbits at a radius of 350 km above the Earth. The Earth’s radius is 6.38 Mm.

a) How much bigger is the orbital radius than the Earth’s radius?

(6.38 + 0.35)/6.35 = 1.05(5) times larger

b) What percentage of normal g is the gravitational field strength in orbit?

1/(1.055 x 1.055) = 89.9%
c) Why do the astronauts on the ISS feel weightless?

They are accelerating with the spacecraft, so the it doesn’t push back on them.

13) The astronauts on the ISS will experience weightless for long periods of time. This can cause health problems, what are these?

Half of them experience space sickness, but it usually goes away within 3 days. The muscles and bones and cardiovascular system start to degenerate. There is a decrease in red blood cells and a weakening of the immune system. There is also an increase in flatulence. Most of the effects are similar to aging and can be reduced by exercises.

14) You have been asked to design a space station with artificial gravity produced by having it rotate. It will have a radius of 10 m.

a) Draw a scale diagram of the space station assuming that the rooms are 6-m long and ceilings of the rooms are 3-m above the floors. Draw a 2-m stick person in a room. Show how far the person could see in the hallways that run all around the station if they look horizontally. 

You will be able to fit 10 rooms along the circumference. You will see noticeable curvature on the floor – you will only see about 6-m ahead. This seems similar to the station in 2001.

b) How fast will the space station have to rotate to produce a gravity that feels like being on Earth? 
It will rotate once every T = 2 sqrt(r/a) = 6.3 s
c) How big will the tidal forces be between your feet and head?
The above calculation used the radius at your feet. At your head the radius is reduced by 8/10 and therefore so is the circular acceleration. Your feet are pulled down with 1 g and your head with 0.8 g’s. You feel as if your head is being pulled up with 0.2 g’s - mild case of spaghettification.
d) Will you recommend putting the parking bays at the center or on the circumference and why?
There is more room on the circumference. The ships would dock by having their speeds match those of the station - about 10 m/s. 

15) What is the difference between the gravitational red shift and the Doppler red shift? Where is there evidence for the two shifts?

The gravitational red shift is a consequence of time being in an accelerating frame of reference or the equivalent – a gravitational field. It has been measured between the top and bottom of a tower at Harvard. Its effects must be used in the GPS. Then Doppler red shift is due the source moving – not accelerating. It is part of Special Relativity and will be seen in more detail in GR II.

