Gravity Curves Light

For each of the following questions, choose the best answer and write a brief explanation.

1) You are in an enclosed box with the best physics equipment that money can buy. You can determine if you are in a gravitational field or not by

a) dropping your shoe and timing its fall
b) pointing a beam of light vertically

c)    pointing a beam of light horizontally

d) none of the above
This question reviews the implications of the equivalence principle. It tells us that an accelerating frame is equivalent to a constant gravitational field and so there are no tests that could distinguish the two situations.
2) You are in a spaceship moving at ½ c relative toward the Earth. You and an Earth bound observer measure the speed of your headlights.  You find that you

a) measure 1.5 c and they measure c

b) both measure 1.5 c

c)   measure c and they measure1.5  c

d) both measure c
This question reviews or introduces one of the two postulates of special relativity; the speed of light (in vacuum) is measured by all observers to be the same speed, c. 
3) You are in a space ship moving at ½ c past Earth. You point a flashlight at right angles to your velocity. Your careful measurements show that the beam travels
a) straight


b) slightly to the rear 

c) slightly to the front

This question reviews or introduces the second postulate of special relativity; all inertial frames are equivalent. There are no tests that you can do to determine if you are in a frame moving at constant velocity. Therefore, the beam’s path must be unchanged in the rocket’s frame. Th Earth observer will see a diagonal path. 
4) You are in a space ship accelerating past Earth. You point a flashlight at right angles to your velocity. Your careful measurements show that the beam 

a) travels straight

b) curves slightly to the rear 
c) curves slightly to the front

This question compares the accelerating frame to the previous inertial frame. Imagine that this frame is inside the frame from the previous question and that its walls are transparent. The frames are in different positions, so the light must appear to be in different positions relative to them.
5) You are in a spaceship parked on Earth. You point a flashlight perpendicular to the gravitational field. Your careful measurements show that the beam 
a) travels straight

b) curves slightly down 
c) curves slightly up
This question uses the equivalence principle to predict that light should bend in a gravitational field. It does this by connecting the accelerating frame in the previous question to the constant gravitational field in this question. The equivalence principle says that the light should behave the same way in each frame. If the light bends away from the direction of acceleration, it should bend toward the direction of the field. These three questions follow exactly the same pattern as questions 4, 5 and 6 in worksheet 5 of Everyday Einstein: The GPS and Relativity.
6)  A spaceship is at rest at the top of a tower on Earth. A beam from the tower enters the spaceship horizontally just as the spaceship goes into free fall. The beam of light exits the spaceship through a hole directly opposite the first hole. Describe the path of the light and explain it as observed in the

a) rocket frame




b) Earth frame

This question uses the other aspect of the equivalence principle - freefall is equivalent to no gravity - to make the same prediction that light should curve in a gravitational field. The beam should not curve in the frame of the falling spaceship because there is no reason for it to curve. This frame is equivalent to a frame that has no gravitational field. Imagine that the spaceship has one-way mirrors. People can see in but not out. If the light beam appears horizontal in the spaceship frame, then it must trace a parabola for observers in the Earth’s frame. What causes the curve? Gravity.

7) It easier to observe the effect of gravity on light in a strong gravitational field. Einstein proposed that astronomers look at stars during an eclipse. Draw a diagram showing how the light should bend and why you have to do this experiment during an eclipse.
This question lets the students figure out what sort of eclipse is needed and why. We want to observe starlight that passes very close to the sun and compare it to the same light without the sun. However, if we look at starlight that passes close to the sun, we are also looking toward the sun and the stars are not terribly visible in the daytime. A solar eclipse blocks the sunlight but not the effect of its gravity on the starlight.
This type of question gives the strong students a chance to really use their abilities and the weaker students get a private explanation.

[image: image1.emf] 


8) These days astronomers find it is much easier to measure the effect of the sun’s gravitational field using radio waves and quasars instead of visible light and stars. This is because the sun is a 
a) weak source of radio waves and quasars are a strong source
b) strong source of radio waves and quasars are a weak source
c) weak source of radio waves and radio waves are bent more easily
d) strong source of radio waves and radio waves are bent more easily
This question takes a fact and turns it into a question that students can figure out by applying what they already know. If the sun is a weak source of radio waves we don’t need to wait for an eclipse. If the quasars are strong sources of radio waves, they will be the easiest objects to see.


9) In 1801 Johann Georg von Soldner used Newton’s Laws of motion and gravity and Newton’s particle model of light to predict this very same deflection. His calculations were forgotten because Newton’s particle model of light was supplanted by the wave model of light. How are photons different from Newton’s particles? The photons do not have

a) momentum, definite paths

b) mass, momentum

c) mass, definite paths


The equivalence principle does not require that the object have mass, so it can be applied to light. Soldner got the same answer as Einstein by assuming that light has mass. Maxwell and Einstein showed that light, unlike most waves, has momentum. It is true that photons do not have definite paths, but the uncertainty is negligible at the scales we are dealing with here. Note: Neither Einstein nor Soldner got the right answer. It was half the correct value. Einstein corrected this when he completed general relativity and included curved space.

10) [image: image2.emf] 

You are in a very large space ship in orbit about Earth. With very precise equipment you can tell that you are not in a gravity-free frame through ‘tidal effects’. 
a) Using Earth as your reference frame, draw arrows to represent the gravitational field at the top, left, right and bottom of the spaceship.
b) Using the spacecraft as your reference frame, draw arrows representing the field you would measure at the top, left, right and bottom of the spaceship.



This question introduces the students to a limit of the equivalence principle. The first diagram has the students recognize that the gravitational field is not constant in direction or magnitude. The second diagram requires that the student subtract the acceleration of the satellite from the field vectors. Only the centre of the satellite will have no gravity. The residual gravitational forces are called tidal forces because the residual forces from the moon and sun cause the tides on Earth.
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