A) What is a black hole? (Theory)
“Einstein was not only sceptical; he was actively hostile to the idea of black holes. He thought the black hole solution was a blemish to be removed from the theory by a better mathematical formulation, not a consequence to be tested by observation. He never expressed the slightest enthusiasm for black holes, either as a concept or a physical possibility.” 

Freeman Dyson quoted in ‘Just Six Numbers’ by Martin Rees p. 110. 
1) Write a definition of a black hole according to your present understanding. Make it precise, concise and clear.
This question is to help you assess what they already know and ready them to learn more. Write a sampling of these on the board without comment. Most black hole definitions mention that “not even light can escape”, which is true but is not really the most interesting part about black holes. This is where we will start.
2) In 1783 Rev. John Michell recognized that a large enough mass in a small enough space would result in a dark star – an object whose escape velocity was greater than the speed of light. He calculated the radius of such a star using Newton’s law of gravity. Suppose we shrink the sun. How small would the radius get before the sun turned into a dark star? (The mass of the sun is 1.99 x 1030 kg, the radius is 6.96 x 108 m, G = 6.67 x 10-11 Nm2/kg2, c = 3.00 x 108 m/s)
Conservation of energy requires that  [image: image2.png]



Setting the escape velocity to c and solving for the radius gives [image: image4.png]


 = 2.95 km!
3) In 1919 Karl Schwartzschild used Einstein’s equations of general relativity to find the radius at which a star would become dark. His answer was exactly the same as the calculations made 136 years earlier! Why is this radius called the Schwarzschild radius and not the Michell radius?
a) Michell’s results were forgotten when the wave model of light became the accepted model. 

b) Michell got the right answer for the wrong reason. He assumed that the light particles have mass. However, light has no mass and so won’t be affected by gravity.

c) Michell got the right answer for the wrong reason. He assumed that the light particles have mass but they don’t. However, light is affected by gravity as Einstein first realized with the equivalence principle. 
Why do the two theories give the same result? This is isn’t the only time Newton and relativity give the same result. Newton’s law of gravity is able to correctly calculate the gravitational time dilation through conservation of energy and it was only off by a factor of two for starlight bending near the sun. Newton’s gravity generally does better if the effects being explored are parallel to the field lines and not perpendicular so the curvature of space isn’t as critical. (Thanks to Phillip Freeman from B.C. for this piece of insight.)
The Schwarzschild radius is only valid for a black hole that doesn’t rotate. Rotation involves motion perpendicular to the. In 1963 Roy Kerr successfully calculated the size and shape of a rotating black hole. The orbit of a particle near a black hole depends on the curvature of space around the black hole, which also depends on how fast the black hole is spinning. A spinning black hole drags space around with it and allows atoms to orbit nearer to the black hole than is possible for a non-spinning black hole. The tighter orbit means stronger gravitational effects, which can be detected by stronger red-shift of light coming from near the event horizon. 
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4) Whether spinning or not, a black hole has a surface that hides its interior from the rest of the universe – it is called the event horizon. Suppose the sun was shrunk until the escape velocity was almost the speed of light. Sketch what Newton’s gravity predicts you would see just outside the event horizon. Make another sketch for general relativity. 


Michell would predict that the light particles would get some distance off the sun and then fall back. The ones heading straight up would manage to get farther from the surface. If you moved in close enough you could see a faint star – it would not be perfectly black. Schwarzschild would predict that the light that did escape was very strongly red-shifted. The light that does escape the surface keeps escaping and doesn’t turn back.

5) What is found within the event horizon according to each theory?
Newtonian physics would say that it is just a very dense mass. 
Relativity says that spacetime collapses to a singularity – a point of infinite density. The mass curves the space and the space tells the mass how to move. In this case the mass is told to move closer together. This further warps space which pulls the mass in closer and so on. This singularity is why Einstein rejected the possibility of black holes and why they were largely ignored for decades after Schwarzschild made his calculations. This singularity still bothers physicists and there is hope that quantum physics will prevent this from happening.
6) Suppose the sun became a black hole. What would happen to Earth?
a) It would spiral rapidly into the sun.
b) It would spiral slowly into the sun.

c)   It would fall straight in.


d) It would orbit as usual.
Most students think that black holes ‘suck’ like some kind of super powerful vacuum cleaner. Earth’s orbit depends on the mass of the sun and how far away it is from the center of that mass. These two factors do not change if the sun becomes a black hole.
7) The gravitational field close to a black hole is so strong that light can orbit. You could see the back of your head! The place where this occurs is called the photon sphere. Use Newton’s laws to calculate the ratio of the photon sphere’s radius divided by the Schwarzschild radius. (Hint: You don’t need a calculator.) 
a) 0.5  

b) 1 

c) 1.5 

d) 2
The circular acceleration must be equal to the force of gravity [image: image7.png]GMm





Therefore the radius should be given by r  [image: image9.png]


 , which is half the Schwarzschild radius. It turns out that the answer from general relativity is three times that value and so the ratio is 1.5. This is another example where Newton’s laws are close, but off by some simple factor.

8) The spacetime around a black hole is very strongly curved and will give rise to extreme tidal forces due to the seriously non-uniform gravitational field. Suppose you were falling foot first into a black hole. Draw vectors to show how the field on your left differs from the field on your right and how the field at your feet differs from that at your head. Draw another diagram to show how it feels in your freefall frame of reference.  


9) The spacetime around a black hole is very strongly curved. If you are near a black hole and have your back to it so that you are looking away from it, you will see
a) more stars and they will be red-shifted
b) more stars and they will be blue-shifted
c)  fewer stars and they will be red-shifted 
d) fewer stars and they will be blue-shifted

You will be able to see more stars because the curved spacetime means you can see more than 180o. Starlight from behind the black hole is bent into the hole. As it falls it gains gravitational potential energy. Light can’t gain energy by going faster, so its frequency increases.

10) The gravitational field around a black hole is very strong. If you are near a black hole and look out at the rest of the universe you will see it pass 
a) in slow motion 



b) in fast motion
You are in a very strong gravitational field, so your time passes slowly compared to the rest of the universe. Play the one-minute cartoon from the Perimeter Institute - Alice and Bob: Can we travel through time?http://q2cfestival.com/play.php?lecture_id=8242&talk=alice

11) A box has a hole in it. The hole looks black. Below is a computer simulation of what a black hole should look like. How do astronomical black holes differ from the black hole in the box?
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http://www.aei.mpg.de/einsteinOnline/en/spotlights/descent_bh/index.html 
The box should be light-tight except for the hole. Use a box with a lid, like a shoe box, so you can show that it is white inside. Most of the light is trapped and can’t escape because it is reflected many times in the wrong direction and eventually absorbed. (The trapping will be most effective if the side opposite the hole is far away and not perpendicular to the hole’s wall, the wall is thick and the hole is small. )The hole looks blacker than any black paint. It is a good model for a blackbody, but not really for a black hole. This question is to help them review all the properties of a black hole besides trapping light.
An astronomical black hole is truly one-way. Whatever goes in does not come out. (Except possibly Hawking radiation.) However, the box will warm up and radiate all the energy as infrared. It not only traps light, it traps time and information. The black hole warps the spacetime near it. It acts as a lens for objects behind it. The black hole looks black from all directions. This is impossible to illustrate properly because it requires a fourth dimension.
B) Evidence for Black Holes (Experiment)

12) How can you find a black hole if no light can escape it?

This is an opportunity to assess what they already know. Some techniques used to detect dark matter, like orbiting matter and lensing, are also good for black holes. We can also detect the black hole by observing the energy emitted when matter spirals or falls into it. Once we have located a possible candidate, we need to assess whether they are black holes or something else.  
The first strong candidate for a black hole was Cygnus X-1. It was discovered in 1964 by an x-ray detector carried on a rocket. It is one of the strongest x-ray sources seen from Earth. In 1975 Hawking bet Kip Thorne that it was not a black hole and conceded the bet in the 1990’s when he became 95% certain. Let’s examine the evidence. 
Cygnus X-1 is a binary system consisting of a blue super giant with a mass 20 to 40 times that of the sun and an object that is not visible which has a mass of almost 9 solar masses. These two objects are 3 x 1010 m apart. They orbit in nearly circular orbits once every 5.5998 days. The radius of the supergiant is 1.4 x 1010 m.
13) Let’s compare this to Mercury orbiting the sun. Sketch a diagram of Mercury orbiting the sun and another of the Cygnus X-1 system. Make them to the same scale. How are these two systems different? (The radius of Mercury, the Sun and Mercury’s orbit are respectively: 2.44 x106 m, 6.96 x 108 m, and 5.79 x 1010 m.)

Basically, the orbit of Cygnus X-1 is half as big as Mercury’s orbit and the blue super giant is half as big as that. The sun and Mercury are too small to be shown on this scale. Imagine the amount of mass packed into this space. Cygnus X-1 has 30 to 50 more mass!

In both systems, the two objects orbit their mutual centre of gravity. However, for the Mercury-sun system, that point is inside the sun and it appears as if Mercury orbits a motionless sun. The centre of gravity for Cygnus X-1 is about 1/3 from the centre of the blue super giant. 

14) Why is Cygnus X-1a strong source of x-rays? The x-rays are
a) energetic enough to escape a black hole
b) caused by material falling into the black hole 
c) blue-shifted emissions from material orbiting the black hole
d) from an x-ray source behind the black hole
Students should realize that a) is wrong because all electromagnetic radiation travels at the speed of light and will be equally trapped by a black hole. They should realize that c) is wrong because light leaving the space near a black hole will be red-shifted. Answer d) is reasonable and astrophysicists are trying to detect black holes through lensing but it hasn’t been very successful so far. 

Material is pulled off the blue giant by tidal forces from the black hole. This material collects and orbits in an accretion disc. The material heats up as it spirals in, eventually reaching temperatures of 100 MK, which is almost ten times hotter than the sun’s core, and emitting lots of x-rays. 
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Clearly, there is a lot of stuff packed into a small space. Is it packed tightly enough to form a black hole? The unseen companion has a mass nine times greater than the sun, so the Schwarzschild radius is nine times the result for the sun - 9 x 2.95 km = 27 km. This is a million times smaller than the orbital radius. 
Fluctuations in signals from Cygnus X-1 can help us narrow the radius further. These fluctuations occur several times a second. This means that the objects diameter must be less than the distance that light can travel in this time – around 108 m. This is 300 times smaller than the separation and less than a tenth of the diameter of the sun. However, it is still three thousand times bigger than the Schwarzschild radius.
Analysis of iron spectral lines have shown that there is matter orbiting as close as 160 km. This analysis uses the gravitational red-shift to measure the gravitational strength which allows them to determine how compact the object is.  This is only six times bigger than the Schwarzschild radius. 

15) If the unseen companion is not a black hole, what else could it be?

a) white dwarf
b) neutron star

c) black giant

d) something else
If the sun turned into a white dwarf it would be about the size of Earth. White dwarfs are dim but they do emit light. They are limited to 1.4 solar masses by theory which has been supported by lots of evidence. This object is four times too heavy.

Neutron stars are made of an even denser form of matter – as dense as an atomic nucleus, 1017 kg/m3. If the sun formed a neutron star, it would be about the size of a large city. They have radii that are just a few times larger than the Schwarzschild radius and so are hard to distinguish by this. They don’t emit much light. However, they usually have very strong magnetic fields and black holes cannot have a magnetic field. They are also by theory to 3 solar masses. This object is three times too heavy. The flicker of their x-ray signal is much more regular than that of a black hole. 

16) Neutron stars also have accretion disks. However, when a bit is knocked out of stable orbit and falls in, it should look differently for neutron stars and black holes. How can you make a physical model to illustrate the difference using a bucket, ball, water and crumpled paper? 
Matter falling onto a hard surface should give a signal with final burst, but a black hole will have a signal that trails off. Two of these events have been measured. The ball will splash water in a bucket (neutron star) but sink into a pile of crumpled paper (black hole). 
A simulation from NASA which shows a bit of the accretion disk falling into a black hole. Note the fred shift.  http://oposite.stsci.edu/pubinfo/pr/2001/03/content/CygnusXR-1.mpg   
Cygnus X-1 is neither a white dwarf nor a neutron star.  A black hole is presently the best candidate because there are no others.

There are many other black hole candidates that are very similar to Cygnus X-1. However, the strongest candidate for a black hole is the supermassive black hole Sagitarius A* at the centre of our Milky Way galaxy. Stars orbiting around it show that it has a mass of 3.3 million suns. The closest approach of one of these stars has been measured as 3.6 x 1011 m. 
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http://www.aei.mpg.de/einsteinOnline/en/spotlights/milkyway_bh/ an animation from experimental data.

17) What object has an orbit similar in size to the Schwarzschild radius for this mass?
a) Mercury (~1010 m)     b) Mars (~1011 m)    c) Uranus (~1012 m)     d) Eris (~1013 m)
The radius will be 3.3 million times the one calculated for the sun or 1010 m. The radius of Mercury’s orbit is six times bigger than this! The closest approach, 3.6 x 1011 m, is slightly greater than Mar’s orbital radius, but less than Jupiter’s.
18) The closest approach is 3.6 x 1011 m. How close to the Schwarzschild radius is that?
This is only 36 times bigger than the Schwarzschild radius. Is it a black hole? It’s hard to imagine how else you can pack 3.3 million suns into a space that is smaller than Jupiter’s orbit. However, it isn’t proof. It is expected that in the next few years we may be able to get an image of the event horizon!
Similar supermassive black holes are expected to reside in all galaxies and they have been detected in many. Ours is closest, so we have the clearest data on it. However, it is not the most spectacular. 
Some supermassive black holes have masses equivalent to billions and trillions of suns.  Some of these have matter falling into them and form huge accretion discs just like Cygnus X-1. They are incredibly efficient at transforming gravitational energy into radiation. These discs emit 1000 times more energy that the galaxies’ star light, from a diameter that is one millionth that of the galaxy. They are called active galactic nuclei –AGN.
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About 10% of the AGN also form enormous jets that emit particles at close to the speed of light for thousands of light years. If these jets are pointed towards us, they are the most luminous objects in the sky and are called quasars and blazars. Because they are so luminous, they are also the most distant, red-shifted objects that can be seen.
19) Einstein died in 1955. Strong evidence for stellar-mass black holes wasn’t available until the launching of the x-ray satellite Uhuru in 1970. Observations of the stars orbiting the core of our galaxy were not possible until 2000. Would Einstein be convinced? Are you?
There is is a lot of experimental and theoretical work supporting black holes. In the next few years we may get an image of the event horizon of the black hole at the centre of the Milky Way.
The field is strongest at the feet, weakest at the head and points a bit inwards on the sides. In the freefall frame, you subtract the acceleration of your centre of mass from these vectors and are left with a head-to-toe stretch and a side-to-side squeeze. You will become spaghettified. 








Matter is being pulled toward the black hole on the left. The matter does not fall directly in but forms an accretion disk. As the matter spirals in it gains energy, heats up and radiates energy. There is so much rapidly moving matter trying to get into the small Schwarzschild radius that a lot of it sprays out in jets at right angles to the disk. The jets are directed by magnetic fields generated by the accretion disc.








