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This, of course, is an artist’s conception, looking almost straight down into a black 

hole. The artist was careful about technical details however.  He depicted 

gravitational lensing effects, showing the Einstein Rings and duplication of images 

at 180 degrees from each other.  So now let’s ensure that we all have some basic 

facts in hand before we proceed to investigate some of the weird things mentioned 

here.
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Here are the sources I used in preparing this talk.  Read and comment.  Be aware 

that tonight’s show doesn’t have as many graphics as I would like to present.  But 

after all, pictures of black holes aren’t very interesting – they’re all black.  You will

see some graphics of the neighborhood of black holes, because lots is happening 

there.  Let’s get started.
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General relativity doesn’t rule out a stationary black hole, but the rotating ones are 

more interesting.  The smallest holes spin at about 12,000,000 rpm.  The bigger 

they get, the slower they rotate.  The diameter of the smallest possible black hole is 

about  2 miles. Really big ones can be several millions, even billions of miles in 

diameter. The detailed nature of the black hole depends on its ancestry. If its parent 

object (we’ll talk about black hole genealogy later) did not rotate, the hole will be 

stationary.  The parent object’s angular momentum, charge, and magnetic field also 

affect detailed structure of the hole.  The event horizon of a stationary hole is a 

sphere, and an oblate ellipsoid (a flattened sphere) for a rotating hole.  We’re not 

going to go further into these details this evening, however.   
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This depicts what the neighborhood of a super-massive black hole might look like. 

(I’ll define super-massive later). If this black hole lies at the center of a galaxy, 

astronomers call the galaxy an “active” galaxy and call this combination of black 

hole, accretion disk and jets a “quasar”.  The jets lie along the rotation axis of the 

black hole, and consist of particles accelerated to near light speed by the 

tremendous energy of the activity in the accretion disc.  Of course, the particles 

come from the accretion disc, not the black hole itself (although the picture seems 

to suggest that).  Most quasars (maybe all of them) occur in this kind of 

environment.  Let’s talk for a moment about the properties of a quasar.   
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Read and comment. Let’s get back to talking about black holes.
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LaPlace was a French mathematician/physicist/astronomer of the late 1700’s.  The 

equations of General Relativity can have many different solutions depending on the 

selection of parameters chosen.  Like most complex systems, Einstein’s equations 

can produce comparatively simple solutions for simple parameter sets, which often 

represent a very simplistic view of the system under consideration.  Over the years 

since 1916, several different solutions to Einstein’s equations have been achieved.  

I’m not going to talk about the differences – they are too complicated for the time 

allowed.  For the sake of simplicity, I’ll be using some valid generalities to describe 

some of the theoretical issues.  This Oppenheimer mentioned here is the same guy 

who later led the atom-bomb effort in WWII.  Existence of neutron stars and quasars 

implied the existence of black holes, too.
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Let’s look at some pictures that will help you see the ideas behind these three kinds 

of evidence.
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Sagittarius A*, abbreviated S-G-R-A-star, is an intense radio source at the center of 

the Milky Way.  Calculation shows the hole is about 6,000,000 miles across.  Plotted 

on top of this picture of that region, are the tracks of several stars orbiting Sgr A*.  

Each star track is represented by a different color.  The series of dots show 

successive star positions over time.  Adaptive optics and Hubble have made this 

level of detail possible.  This is a pretty confusing picture, but, happily, some very 

capable folks have simplified it for us.  Let’s look at the next slide.



9

Here are six of the orbits plotted together.  Clearly there is something very potent at 

the plot origin that drives all of these stars in their paths. S14 is orbiting at about 

12,000 km/sec.  The focus of all these stellar orbits is Sgr A*’s super-massive black 

hole.  It has a mass of three or four million solar masses.  Note down in the right 

corner, an ellipse of the size of the orbits of the Solar System’s outermost bodies is 

shown to give you an idea of the scale of the diagram.  BTW the coordinate axes 

are graduated in tenths of arc-seconds.  An arc-second is 1/3600 of a degree.  An 

arc second is about the size of a dime seen at two miles.  Very convincing evidence, 

right?  Let’s move on to the binary system evidence. 
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The black hole in this binary system was discovered because a periodic wobble was 

detected in the visible companion.  Further searches have found many more 

instances of this type.  If the mass of the unseen companion is 3 or more solar 

masses, it’s a good bet that it is a black hole. To go in this general direction a step 

further,…..
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Here we have a galaxy that has two active galactic nuclei with this pair of black 

holes waltzing around each other.  The bright spots are the radiation from the 

respective accretion discs.
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This is NGC 7052.  This accretion disc is about 3700 light years across.  The mass 

of the black hole in the center is about 300 million solar masses.  Probably this is 

the wreckage of an ancient collision of two galaxies in which the active galactic 

nuclei merged.
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Read and comment.  You may see in some references yet another type of black 

hole mentioned, the “primordial” kind, meaning a black hole formed at the time of 

the Big Bang.  It is likely that if there were any, they probably have fizzled out by 

now.   Examples of supermassive holes – M87 = 3,000,000,000 solar masses; 

Andromeda = 140,000,000; NGC 4258 = 40,000,000.  So our black hole is relatively 

puny at 3 or 4 million.  Central massive black holes have been detected in globular 

clusters also.  So how are black holes formed?
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Read and comment. Can we see the death of a star?  Novas and Supernovas are 

evidence some stars’ death. Let’s look at a less spectacular and more common 

death process.
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This is the Cat’s Eye Nebula, NGC 6543. It was called a nebula before it was known 

that it was a single dying star.  Note the concentric wave fronts.  These explosions 

probably happened about 1500 years apart.  With the resolution of this picture 

imaging you can see signs of 5 pulses (15 in Hubble’s original imaging) plus about 6 

irregular explosions.  Star death is quick on an astronomic scale but slow on the 

human scale.  Let’s move on to look at more images of the final throes of star death 

and consequently, the genealogy of stellar-weight black holes.
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The dying explosions show much variety.  What a way to go!
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Click through diagram with comments as necessary.  While I was designing this 

diagram I decided to check Google for information, so….
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Read
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Stardeath and the White Dwarfs is a rock group!  Several paragraphs down in the 

listing, I finally found some astronomically-related references.  Well, back to work!  

Can we tell when a black hole is formed? Yes!
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Read and comment.  Relating these bursts to specific sources has been difficult 

because of the shortness of the bursts and because we have to be fairly well 

aligned with the jets as the burst occurs.  In 2004 NASA put up a satellite called 

Swift which pinpoints the bursts and quickly passes their locations to other imaging 

systems that can observe the “afterglow’ of the bursts.
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This process is also accompanied by substantial X-ray emission. 
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Read and comment.  Let me show you what is meant by “elliptical” and “disc with 

bulge”.
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“Elliptical” more precisely means “ellipsoidal”, that is, it’s a 3-D ellipse.  This one is 

M32.  These types of galaxies tend to be older and so, perhaps middle-weight holes 

here are mostly born as stellar-weights and have had a long time to grow by 

accretion. A disc-with-bulge galaxy looks like this seen edge-on. Does it look familiar 

– it’s our galaxy.  Note the bulge. Probably hole growth works by the same 

mechanism as in ellipticals. One more slide on this subject. 
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ULXs were discovered 30 years ago, but we’ve learned only a little about them.  

They are too bright to be stars.  Not the same as X-ray binaries that we talked about 

a few slides back.  Most galaxies don’t have any – the Milky Way doesn’t.  When 

you find one it’s usually alone in the galaxy.  They have been found in galaxies 

where intermediate size black holes are found.  We know of one case (it’s in 

Andromeda) where we are pretty sure that the ULX radiation is likely coming from 

an intermediate black hole.  So the answer to the last question is “probably” .  Now 

you’ve been exposed to the black hole basics.  Let’s move on to the peculiarities 

and puzzles.
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Read and comment.
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It takes about 50,000,000 years for an average black hole in an average stellar 

neighborhood to double in mass by accretion – not enough time after the Big Bang 

for the early holes to get to be supermassive. The middle-weight holes provide a 

“jump start” towards supermassivity.  Maybe “puzzle solved” is a bit strong.  One 

different alternative has been offered.  It involves some assumptions about how 

dark matter behaved in the early universe and has generated valid questions from 

many skeptics.
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Point 3: This destruction implies that many physical states would evolve into the 

same state.  But (Point 4) quantum mechanics axioms and postulates don’t permit 

the loss of state information that occurs in the General Relativity case.   To settle 

this and other related messy problems we need a workable theory that integrates 

General Relativity and Quantum Mechanics – a Theory of Everything.  A lot of 

thought and speculation have been put into these problems.  A lot conjectures have 

been offered but so far no truly provable solutions have been achieved.  So, we 

need a Theory of Everything.  But let’s look at some related teasers.   
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Finding observational evidence of black hole shrinkage would require data collected 

over very, very long periods. Let’s take a look at Hawking’s idea
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This is a process called “vacuum polarization”.  It’s a bit hard to believe, but it has 

been demonstrated in the laboratory.  We’ll see it again in connection with black 

stars. 
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The vacuum polarization could take place near the event horizon. The resulting 

phenomenon is called “Hawking Radiation”
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This depicts the paradox.
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Some scientists question the validity of the experiment as a model for Hawking 

Radiation



34

We talk about the singularity as being a dimensionless point. Theory says that that 

is correct if the parent object did not rotate.  If the parent rotated, theory says the 

point is smeared out into a ring. The singularity existence within an imploding star 

was proven by Roger Penrose in 1964.  “Reluctantly” because processes involving 

infinite results are unsettling to think about.  
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Whoops! I thought I took that one out!
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Read and comment.
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Read and comment  
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Two scientists with impeccable qualifications.  One of Hawking’s predecessors as 

Lucasian Professor was Isaac Newton.  He is also the only cosmologist ever to 

appear on “The Simpsons”.  In the early 1980’s they made a bet on who was right 

on the “Information Paradox” issue. 
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Some book title!  When two gurus disagree, it can get pretty hairy!
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Maybe some of us will live long enough to see these puzzles solved.  I hope we all 

do.  Time for questions.
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