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Abstract: The physical attributes of a black hole and what types of physical evidence astronomers use the locate them.<br> L earning Outcomes.<br>
&€¢ What are the physica requirements for a star to become a black hole, and what properties of that star remain after the black hole is
formed?<br>&€¢ The types of black holes, including: the Schwarzschild black hole, the Reissner-NordstrAfm black hole, the Kerr black hole, and
the Kerr-Newman black hole.<br>&€¢ What a traveller would experience if he orbited one of these more genera black holes, or fell through to the
singularity.
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The Anatomy Summary

If you calculate the size of an object whose escape

velocity 18 the speed of hight, you get the

“Schwarzschild radus™, which defines the “event

horizon”. This 18 the formal size of a black hole S
(even though there i1s nothing at that location). It 18
given by R =3km(M./M,_ ). It is the horizon over

which you can see no more events. Outside that at RS

1.5 R, photons would orbit the hole (the photon

sphere).

=
Far from the hole, the gravity is the same
as it would be 1if the star were still there (so
no “vacuum cleaner” effect). If the Sun
collapsed to a BH. the Earth’s orbit would
be unaffected.




Types of Black Holes




Reissner-Nordstrom
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An electrically Charged Black Hole et / Do




Rotating Black Holes

Rotation also leads
to “frame-dragging™




A Rotating Black Hole
(The Kerr Black Holes)
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Why is it called a rotating black
hole? The event horizon doesn 't
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Kerr-Newman Black Hole

Same Structure as Kerr Black Hole.
But now i™has a charge as well as a
rotation.
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No-hair theorem (well maybe 3 hairs)

A black hole has no hair;
its only ‘hair” are its
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Stars of all Shapes and Sizes




Types of black holes

Schwarzschild (1916)

K

Reissner-Nordstrom (1916, 1918)

Kerr (1963)
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Kerr-Newman (1965)
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Entropy of Black Hole

sBlack hole presents us with a problem: What happens to the
information when a particle falls inside a Black Hole?

«Remember only 3 parameters are required to describe a Black Hole
(charge, mass, and angular momentum).

In order to describe a physical system, we need entropy (a
measure of disorder).

eHawking had no problem with this "entropy eater”

«Hawking (after changing mind) and Bekenstein produced laws of

Black Hole mechanics that bore an amazing resemblance to laws of
thermodynamics. .

eThe 2"¢ law of thermodynamics “I op mness) increases

«You replace "Horizon Area™ with “"Entropy™

3
kAc

S(entropy )=
4hG




Entropy of Black Hole

New problem: if the Black Hole has an entropy,

Worse Problem: If is has a temperature it must radiate,
but in classical definition, nothing can escape a Black Hole.

Crisis:
e Several ways to picture how a black Hole evaporates

eSome ways correspond to different ways of
formulating laws of quantum fields.

eSome ways correspond to String Theory
eSome ways correspond to Quantum Gravity

eSome ways make no sense at all.



Vacuum Fluctuations

*A vacuum is a place which is anything but empty.

oIt is a place of continuous creation and
destruction. Pairs of virtual particles are born — live
a short but happy life — then die.

e Possible by Heisenberg’s uncertainty principle:

The energy of a vacuum, that we suppose to be
zero, can be defined with an uncertainty of AE

during at AT.
e ATx AE =h L

o Therefore particles/antiparticles, with + AF are
constantly being created.

*One particle has positive energy, one particle has
negative energy.

o The particles live momentarily on fluctuational
energy "borrowed” from neighbouring regions of
space.




Hawking radiation

Virtual photon is

Its own f
antiparticle
virtual
particles

Black Holes Ain't So Black




For Example: A black hole of 2 Solar Masses with a

Hawking Radiation

king Radiation theory states that virtual particle-antiparticle pairs
netimes created outside the e e-‘:“ I"r|—‘r| of a black hole. Three

Both particles are pulled mt-:} the bEack hole.
Both particles escape from the black hole.

One particle escapes while the other is pulled into the black
hole.

cle that has escaped becomes real and

efore be observed from Earth. The energy to separate the two
particles (thus making them real particles) is taken from the
on, thus reducing the energy of the Black Hole
velength of the particle/wave that enters the a hole will be of 25%
ole’s circumference

EL A

F 35K will emit a wavelength of




Hawking Radiation

oThe larger (more massive) the Black Hole the lower the
temperature and the longer it takes to evaporate.

k\
e 6x10°8
M.

lemp,

=

rime ~10°° [ Mg |

sRemember the age of the Universe is 10%° years
give or take 3 days.




Superstring Method

Open String
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One of the most dramatic recent results in string theory is the
derivation of the Bekenstein-Hawking entropy




Are Black Holes Real

X What are we going to Jook for if Black Holes are Real

Observational Evidence for




Finding Black Holes
Ultraviolet and X-rays

Seeing Matter Disappear
E
Hubble observed pulses of UV
light emitted by material as it fell
into a black hole.

* Pulses arise from material

orbiting around intense gravity of
the black hole.

» Light pulses, lasting 0.2 s, are
red-shifted from X-ray to UV, as
they fall into gravity of the black
hole.




- Zel'dovich speculated that if a black hole was surround by gas and this gas
was orbiting the black hole in an accretion disk, it Would give of f x-rays

- The U.5. then used WWZ2 V-2 rockets with a simple x-ray machine in the
40's to see if it could detect x-rays
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Seeing Holes

= Can’'t see black hole itself,
but can see matter falling

:‘t | into a hole.

S > = Gravitational forces stretch
S and rip matter: heats up.

= Very hot objects emit in X-

f' rays (interior of Sun)

rrrrr
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Cygnus X-1

30 Soilar mass star
orbiting with period of
5.6 days



NGC 6240 Chandra XRay Images
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Lens
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Black Holes can act like a lens. Almost all of the
bright objects in this image are galaxies in the
cluster known as Abell 2218..
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Radio Jets from Black Holes

= Many black holes emit jets.
Material in jet moving at 0.9c.

Jet likely composed of electrops




Jets




Core of Galaxy NGC 426l

Hubble Space Telescope

Wide Field Planetary Camera

Ground-Based Optical/’Radio Image HST Image of 2 Gas and Dust Disk

380 Arc Seconds 17 Arc Seconds
88000 LIGHTYEARS 400 LIGHT¥EARS
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Core of Galaxy NGC 426l

Hubble Space Telescope

Wide Field / Planetary Camera

Ground-Based Optical/Radico mage HST Image of a2 Gas and Dust Desk

380 Arc Seconds 17 Arc Seconds
88000 LIGHTYEARS 100 LIGHTYEARS
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What about inside our own Galaxy?




3 700 000 solar masses
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2

Pariod 152 yeors
incinction 45 Deog
Eccentricity 0.37

Samimajor Axia 0.1197




-

. . .
- -
- - - - .
- N
- s &
™ ™
5 A '
» 8 .




. - . .
. . . :
) » »
.
- - ™
- N ™
» -" : ”
» . .
- -




® . .

e
. ..'- ’ ...

. .




.. /
a -
. o &
-
-
. -.. t.
» = -
.-.' - .
. - -
- -




.. .
» * -
-
s "5
. -
. - »
.-". .
. - -




.. .
o) - °.




! _-- . " . _.
" ._
a .
L] . .
¥ - - v g
m ..- . ¢
0 R ~
L]
® -
» » s »
_ .
L
»




q_.,. .-.

C . .

r f 0 ‘el |

b .’-. .
®) . P
WU » ..-

.c.-..

»







SgrA*
* ”'.
. -
-~'

. -




R .
q - .
C . .
T ' o
< »e '
ﬁw.d - . -0
.
\ L ] '_I_..
»

e
[




$ oo
i & |
. et
N SO
.




® » .
. ® : . »
5
= 4
» A "
¢ ) . »










-



















SgrA*
’ ::
%

.




SgrA*
i
.




12.8 ' ht days
. - . .
- ¢ . <
) . "
.
. s &
. ™
» A .
a -
» > &




.. .
N

D e: Y.
L N




.. _ .
. - e
. 0 -
-
. ..0..
.ﬁ
. * »
.l.-. ¢
. - -




.. .
» * -
L ]
. ...‘.
... -
s -.' r .
. - -




. - .

. . '.’ & ’
. ..' .- . . .

- . .




s B -.
q » "
P L
e ® ’ ™
< .ot
- .
ch o. oo.
- »
.o s »
»




. - . »
q » "
C .
¥* B .
< - ¢\. * .
| -
-) . » \ ”
0 » » *
. - -
. a :
»




.. .
o.."- w_
- ® o .







R ¢
q . .
- » o

I AT v
b " sﬁﬁo .
) \ L ' B

. N, $

.




Black Hole Evidence

Qe

The object is known as 6RS51915, a * “micro-quasar "’ irf the constellation of

Aguila the Eagle at a distance of 40000 light years on the other side of the
Milky Way. Scientists believe this object contains a black hole and a normal
star and that theses images show energetic explosions at the center of the

system.
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Speed of Gas and Black Holes

Correlation Between Black Hole Mass
and Bulge Mass

One
bellson
FQlar

masses

One

muilhon
solar

masses

Black hole mass

MNo
Slack e

hale

Increasing

Mass of central bulge
It discovered a correlation between a Black Hole's mass and the average speed of the
stars in the galaxy's central bulge.
The faster the stars are moving, the larger the black ho
The central Black Hole comprises 0.5% of mass of stars in the spheroid of the galaxy

M

(Magorrian Relation) N

Previously, black holes were seen as the endpeints of evelution, the final resting state of
most or all of the matter in the universe. Now we believe black holes also play a critical role
n the birth of galaxies."
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Frame Dragging and Gravitational Waves
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Strange Energy Out-Bursts

1655 js a binary system that harbors a black hole with a mass seven
times that of the sun, which is pulling matter from a normal star about
fwice as massive as the sun. The Chandra observation revealed a bright

X-ray source whose specitrum showed dips produced by absorption
from a wide variety of atoms ranging from oxygen to nickel. A detailed

study of these absorption features shows that the atoms are highly

jonized and are moving away from the black hole in a high-speed wind.
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1655 js a binary system that harbors a black hole with a mass seven
times that of the sun, which is pulling matter from a normal star about
twice as massive as the sun. The Chandra observation revealed a bright

X-ray source whose spectrum showed dips produced by absorption
from a wide variety of atoms ranging from oxygen to nickel. A detailed

study of these absorption features shows that the atoms are highly

jonized and are moving away from the black hole in a high-speed wind.




i

Wormhole

ey :
y
= u
" oy
o
~_ X
=
——
N— -
-
5 T

ENERGY




Wormholes are tunneis that connect two areas of space

Black hole p White hole

‘|'I

Can wormholes lead to time travel?




Naked Singularity

Such a naked singularity would be a breakdown in the laws
of physics. After that, you could no longer guess what
would come out of the black hole--it could be anything (to
quote William H. Press) "from television sets to busts of
Abraham Lincoln.”

A singularity that is not inside a black hole (not surrounded by an
event horizon), and therefore can be seen by someone outside it.
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Energy extraction from
a Kerr black hole

Ergosphere

Hubbish going to
ergosphere to collect
energy

Heturning
rubbish brings
back energy




Quantum Foam




By GARY LARSON

Suddenily, through forces not yet fully
undersicod, Darren Belsky's apartment
became the center of a new black hale.
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