More on black holes...
What are the various features for ablack hole? What attributes can it have?

Thefirst thing is Mass — it has to have that.

Electrical charge — could have that theoreticaly, but is actually quite unlikely.

Rotation — very likely since it probably formed from a rotating object — conservation of
angular momentum runs wild.

These attributes or combinations of them describe various types of black holes.
Schwarzschild Black Hole — has mass only.

Reissner —Nordstrom black hole — has mass and charge.

Kerr black hole — mass and rotation.

Kerr-Newman black hole — all three things.

A black hole (Kerr-Newman) exists in space-time, which can be defined by r, f, g, and t
(rather than x, y, z and t) and must satisfy the following metric —
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And Q=charge, M=Mass, and J=angular momentum.
So for the other black holes, just set Q=0 or J=0 and you’d get the corresponding metric
for those black holes. Not afun thing, but that’s how it works.

There are acouple of limitations on black holes based upon such ugly formula. Oneisa
requirement for the black hole to actually exist if there is angular momentum or charge.
Thisis

a’+Q*£M? 75
This puts alimit on the amount of charge and angular momentum that you can have for a
black hole — generally it is only the angular momentum that is significant.

If you do have arotating black hole (and odd are you will), you will have valuesfor M
and a and a side effect of the rotation — the dragging of space-time, aso known as frame

dragging.

The spacecraft GravityProbeB has just finished a preliminary study of the frame dragging
near the earth. They used the very precise gyroscopes to measure how much the earth’s
rotation alters the space around it. It also measured the amount of warping in the space
around the earth (the geodetic effect). The amount of shift in the gyroscopesis predicted
to be 6.606 arc-seconds due to the geodetic effect, and 0.039 arc-seconds due to frame
dragging over the course of oneyear. Soitisn’'t areally big effect but it isnow
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measurable. The preliminary result show that both effects are observed — more resultsin
late 2007.

One peculiar aspect of arotating black holeis that there are two event horizons for it
rather than just one.

Hereisaside view of such ablack
hole —

The ergosphere isthe region
around the black hole that gets
dragged around by the rotation.

Y ou can't remain stationary there,
you would be dragged along by the
moving space-time. On the
ergosurface, space-time is dragging
around at the speed of light. Inside
the ergosphere, space-timeis
moving around at greater than the
speed of light —thisislegal, sinceit is SPACE-TIME, not amaterial substance, like you
or your rocket. That’swhy you can’t stand still, to do so would require velocities>c.

Ergosphere

Inner Event
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The outer event horizon touches the ergopshere at the poles — those are the axes of
rotation for the black hole. Within the outer event horizon is another event horizon. And
then the singularity isin the very center- however it is screwed up. The singularity is
actually in aring shape, not in apoint! Below isaview of the black hole from above the
axes of rotation — al of the boundaries are
very symmetric from this perspective.
The rotation rates for the black holes have
an influence on the sizes and relative
locations for the event horizons. When the
rotation rate increases, the inner event
horizon gets larger, while the outer event
| ] . horizon gets smaller. Thereisapoint
e ) when the two event horizons can merge
' together and cause the two event horizons
\ Singularity to “vanish” — but this should not happen.
i3 Thisisbasicaly like saying you have a
R black hole but no event horizon (boundary
for escaping). This doesn’t make any
sense because the black hole would be
naked at that time — the so-called naked singularity. Thereis probably something that
prevents a naked singularity from existing, but we haven't figured that out yet.
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Also looking back at equation 75 we have alimit on the rotation there. So thereisalimit
to how fast a black hole can rotate, it just can’t be going infinitely fast.
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Looking at the black hole shown here, we see the ergosphere as the outer region. Thisis
aregion in which you can not sit still, but would be pulled around quite fast. You can’'t
prevent this, the space would drag you. Y ou can go towards or away from the black hole
freely in thisregion, but you can't go around it of your own accord.

Inside the ergosphere “time is space-like”. What does that mean?

Time and space can be viewed as vectors. Timeis supposed to go in one direction,
always increasing steadily for you. Space has multiple directions relative to you. You
can be stationary in space but not time.

In the ergosphere you can't stand still — you are always moving. To stand still you would
have to be moving at speeds greater than that of light, so that’s not possible. To an
outside observer, the motion of the ergosphere gives the appearance of time flowing like
space, so you can have the ability to change your time direction? Possibly — thiswould
be to an outside observer, you always go forward in your own time.

It isalso possible for you to have negative momentum or energy in this part of space —
your motion could be such that going in a certain way you would add negative energy to
ablack hole. What good isthis?

Let’s say you have an object with energy Eo.

Y ou break the object apart and send on part into the ergosphere with negative energy (-
Ee). The other part comes away from the black hole. What would be the energy of this
other part?

Eo = -Ee + Efinal, so Efinal = EotEe

So the energy of the object going away from the black hole is actually greater than the
energy that we started with —we gained energy! Thisisaway of obtaining energy from a
black hole!

How isit possible to have negative energy? One of the fun aspects of having space-time
isthat under certain conditions, space and time switch meaning — space becomes time-
like and time becomes space-like. Y ou can have negative space (down versus up) so
when you allow time to do that as well, you can get negative time and therefore negatives
of things you aren’t used to.

The only problem with extracting energy from a black hole in this manner isthat it will
lose angular momentum in the process — it will slow down its spin. If you take too much
energy then it will stop spinning.

As the rotation slows down the ergosphere will get smaller. Y ou need that for the
process, so you can't do this too much.

One of therulesfor black holesis the surface area—
2np 2 2
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Notes8- 3




Thisisfor arotating black hole (J=angular momentum). AsJ 0 you get the surface
area for a Schwarzschild black hole.

This also puts the limits on the angular momentum since the radical can’t go negative.
Angular momentum goes from 0 to GM?/c.

One of the rules about black holes is that the area can not decrease with time—it can
increase, but it can not decrease. This has some other interesting repercussions.

Let’s say you have two black holes, M1, and M2. And they have corresponding surface
areas, Al, A2. You are going to collide them together and form a new black hole with
mass M3, and surface area A3.

A3 must be greater than A1+A2.

If that is the case then (according to 76, with no rotation)

MZ3 MZ+M?

Note —thisisn’'t an equality, so you can have a situation where M;+M does not equal
M3! Also the square on the masses messes things up a bit in that respect.

So if M;=1 solar mass, and M,=2 solar masses then

1+4=5=M 3’

S0 M3=2.23 solar masses or up to 3 solar masses at most.

It is possible that some mass can be lost in the black hole merger.

How much?

Well just use good old E=mc? to determine the energy that comes off of it.

The energy that is given off by the merger would be in the form of gravitational radiation.
What isthat?

In electro-magnetism you can get EM radiation from a charged accelerated particle. This
isfrom ripplesin EM fields due to the motion of charged particles.

According to genera relativity an accelerated mass should also produce gravitational
radiation, aripplein space-time. Basically avery massive event can wiggle space time.

Gravitational radiation can come from events such as supernovae, accretion of large
amounts of mass into a black hole, or two close binary objectsin a strongly distorted
region of space-time.

Does this stuff actually occur?

In 1974, Russell Hulse and Joseph Taylor of Princeton University discovered a pulsar in
abinary system, PSR 1913+16. Thisinitself isn’t too unique, since other binary pulsar
systems had been discovered, but thisisthe first case that the two stars were both neutron
stars. When the stars are near one another, they are in aregion of extreme gravitational
fields, and this causes a distortions on the pul ses — the time between them is lengthened
according to the theories of relativity. So thereis adistortion due to binary motion on the
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pulses and a distortion due to the gravitational field of the objects. Thereisaso a
distortion on the orbits of each object since they are altering each others orbits when they
are close together. One orbit takes only about 8 hours. The orbits shift by a huge amount
though, about 4.2 degrees per year. Orbit shifting is not something new, since we've
seen Mercury’ s orbit shift due to the distortion of space near the Sun. But Mercury’s
orbit shifts by a measly 43" /century — much slower than the binary pulsar system!

The system islosing gravitational energy due to this interaction and with each orbit, the
orbital period isaso changing. Eventually the stars will merge together and go BOOM.
But that will probably not happen for about 300 million years.

PSR J0737-3039 is a binary pulsar system in which there are two pulsars. Thiswas
discovered in 2003 (too late for them to get the Nobel Prize, which Taylor and Hulse got
for their pulsar). The orbital period of the system is 2.4 hours, which is much smaller
than that of the previously described system. And as with PSR 1913+16, this one also
matches all of the predications of Einstein. With the stars losing energy via gravitational
waves, it is expected that these will coaesce in about 85 million years.

Okay, let’s go back to black holes. And let’s go back to the Kerr black hole (the rotating
one). Due to the presence of 2 event horizons, your death is not guaranteed if you fall
into thisone. How isthis possible? It has to do with the swapping of the space-time
characteristics inside the event horizons, and how things progress in space and time.
Below is a Penrose diagram, which shows how objects behave in space (one-
dimensional) and time. You can walk or stand still. You'll always advanceintime. The
speed of light is usually depicted by a45

A degree line in these diagrams and they
mark the boundary between what you can
A or can’'t do. For example you can't move
e Light with aslopein this graph that is shallower

than the one shown here, otherwise you'd
be moving a speeds greater than light.

If you cross an event horizon (aline
perpendicular to the light line), you'd have
to go avelocity > c to escape it.

But if the black hole is rotating, things
change, since the space between each
event horizon switches into a mode that
makes it possible to not only escape the
black hole but to also possibly go else where (if such realities exist).

The Penrose diagram for arotating black hole is shown here.
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maneuvering you could (theoretically) survive.
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Y ou can enter the outer
event horizon, but because
space and time “swap”, the
orientation of the inner
event horizon is
perpendicular to the first, so
you can pass into that as
well and then also pass out
of the inner event horizon
and so on without breaking
the rules— you never go at a
velocity greater than c.

Of course you could also
take awrong turn and head
into the singularity if you
don’'t watch out.

Odds are you will probably
be killed well before you get
any where near this sucker,
but with some careful



