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Black hole: metaphor of loss and despair?Black hole: metaphor of loss and despair?
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Look out for the wordingLook out for the wording
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stellar evolution depends on massstellar evolution depends on mass
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Planetary nebulae ��������������������

leave a white dwarf behind

white dwarf (������������)

white
dwarf

He+ (blue)
O+2 (green)
N+ (red)

Mz-3

dust

Hourglass nebula
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��������

��������
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��������

��������
(1935)(1935)

http://universe-review.ca/I12-21-cat.jpg
Erwin Schrodinger
Nobel Prize in 1933

alive or dead?
Only if you
open the box
will you know
for sure!
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��������������������������������(quantum mechanics)(quantum mechanics)��������������������������������

	
��	
��	
��	
��	
��	
��	
��	
��(uncertainty principle)(uncertainty principle)

����������������(��������������������������������				)
����
����
����
����
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≥∆∆

≥∆∆

tE
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������������������������������������

Fourier Analysis������������
Werner Heisenberg
Nobel Prize in 1932

I don’t believe it.
God does not play
dice!
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Chandrasekhar LimitChandrasekhar Limit

Albert Einstein & Sir Arthur Eddington
at Cambridge

S. Chandrasekhar
Nobel Prize in 1983

�������������������������������������������������������������������� !"�#$%��"&'()(*+���� !"�#$%��"&'()(*+���� !"�#$%��"&'()(*+���� !"�#$%��"&'()(*+,,,,
��-./01234560��-./01234560��-./01234560��-./01234560,,,,�
78609:�
78609:�
78609:�
78609:;;;;

I don’t believe 
Chandrasekhar’s 

theory.

Black holes 
should not 
exist! Btw, 
thanks for 
proving my 
theory in 
1919.
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Oppenheimer LimitOppenheimer Limit

�
�

�
�

�
�

�
�

�
�

�
�

�
�

�
�

�
�

�
�

��������������������������������<<<<=����=����=����=�����>??$ �$()$"&'()(*+�>??$ �$()$"&'()(*+�>??$ �$()$"&'()(*+�>??$ �$()$"&'()(*+,,,,����
�-./01234560�-./01234560�-./01234560�-./01234560,,,,�
78609:�
78609:�
78609:�
78609:;;;;

I didn’t believe 
Oppenheimer Limit, but 
now I am totally 
convinced. In 1967, I 
coined the term for this 
final collapsed state: a 
black hole.

John Wheeler
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Old high-mass stars (>8 Msun)

Fe is the most stable of all nuclei.
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Supernovae ���
core of a massive supergiant collapse ���� neutron star/black hole
outer layer hits the core and rebound ���� supernova

Note that about
99% of released
energy goes to
neutrino!

(disruption
of a white dwarf)

disrupts a
massive star but 
leaves a neutron star
or black hole behind
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supernova remnants

Gum Nebular in Vela (visible)
Occurred about 11000 years ago
Size: 2300 ly in diameter

Cassiopeia A (X-ray)
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Crab Nebula (�����M1)

Pulsar ( ! ! ! !) was thought to be a signal from
an advanced alien civilization ����

"#$%"#$%"#$%"#$%&&&&'()*'()*'()*'()*&&&&+,+,+,+,

-./01-./01-./01-./01&&&&�23�23�23�23&&&&

4567456745674567����89898989����::::
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Crab Nebula
http://chandra.harvard.edu/photo/2002/0052/movies.html

X-ray (Chandra telescope) visible (Hubble telescope)



2006/12/27 �����������	 16

Pulsar (��������) & Neutron star (��������)

White dwarf mass >
1.4 solar masses ����
p+ + e- ���� n + neutrino

Neutron star (a
city-size dying star):
Made of closely packed
neutrons (density is
as high as a nucleus!)
����

gravity is balanced
by the neutron
degenerate pressure
(the final defense against
gravitational collapse)

Pulsar is the evidence
of a neutron star!

very strong magnetic
field due to core
collapse which
compresses magnetic
fields.

http://astronomy.swin.edu.au/pulsar/reduction/p2.html
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Black Holes have no hair

If density
is high
enough
� Very 
strong 
gravity
����

Event 
horizon:
escape
velocity
= speed of 
light
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��������������������������������(special relativity)(special relativity)
@A�BCA@A�BCA@A�BCA@A�BCADDDD
EF@GHIJKBLMNOPEF@GHIJKBLMNOPEF@GHIJKBLMNOPEF@GHIJKBLMNOP,,,,QI
�RBQI
�RBQI
�RBQI
�RB;;;;

�������� ���������������������	�	�	�	
STSTSTSTUUUUIVIVIVIVWWWWX�=�YX�=�YX�=�YX�=�Y
Z[\Z[\Z[\Z[\,,,,]�^E_`]�^E_`]�^E_`]�^E_`
aaaaDDDD]bcdAefgh]bcdAefgh]bcdAefgh]bcdAefgh
iBLjiBLjiBLjiBLj,,,,klE]bJklE]bJklE]bJklE]bJ
KIVmnQIBhoKIVmnQIBhoKIVmnQIBhoKIVmnQIBho,,,,
pqr6Bstpqr6Bstpqr6Bstpqr6Bst;;;;



2006/12/27 �����������	 19

��������������������������������������������������������������������������������
uZvwQI
xyBuZvwQI
xyBuZvwQI
xyBuZvwQI
xyB,,,,zBhiLj{qZzBhiLj{qZzBhiLj{qZzBhiLj{qZ;;;;

v v vc c

Spaceship A Spaceship BFlagship

|}�~#�(?�&�?��$#�(?&��&|}�~#�(?�&�?��$#�(?&��&|}�~#�(?�&�?��$#�(?&��&|}�~#�(?�&�?��$#�(?&��&����
�?��$#�(?&�&�?��$#�(?&�&�?��$#�(?&�&�?��$#�(?&�&�@A]���@A]���@A]���@A]��
GHI�KGHI�KGHI�KGHI�K;;;;�?��$#�(?#&�&�?��$#�(?#&�&�?��$#�(?#&�&�?��$#�(?#&�&
�&�&�&�&�&�&�&�&�P�P�P�P�h�h�h�hm��O�m��O�m��O�m��O�
|}�~#�(?&|}�~#�(?&|}�~#�(?&|}�~#�(?&B2�����B2�����B2�����B2�����;;;;
�
]�u�
]�u�
]�u�
]�u �?��$#�(?&�&�?��$#�(?&�&�?��$#�(?&�&�?��$#�(?&�&����
�������� |}�~#�(?&|}�~#�(?&|}�~#�(?&|}�~#�(?&B��B��B��B������
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����������������������������������������������������������������

v=0
v>0

Time Dilation & Space Contraction
JKB����JKB����JKB����JKB��������JKB�:�ZJKB�:�ZJKB�:�ZJKB�:�Z

The twin paradox:
has been tested
using atomic clocks.

When v=c (ie light),

������������������������
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���������������������������������������� General Relativity General Relativity 

(mass (mass �������� time dilation)time dilation)

*+,-*+,-*+,-*+,-
Gravitational Redshift

2005/4/19
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���������������������������������������� General Relativity General Relativity 

(mass (mass �������� space warpsspace warps))
Geodesic: shortest path on a flat/curved space
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Space warps & density

http://imagine.gsfc.nasa.gov/docs/teachers/blackholes/imagine/page11.html

Event Horizon (��������������������)

Photon Sphere (����������������)
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General Relativity 
(mass � space warps)

������������������������

��� !"��� !"��� !"��� !"

#$%&'�#$%&'�#$%&'�#$%&'�

()*+()*+()*+()*+(,+,+,+,+
)----

./�,+012./�,+012./�,+012./�,+012

EEEE����������������,,,,�� �� �� �� �¡¢�¡¢�¡¢�¡¢B£�B£�B£�B£�
¤KIV23¥¦§0¨O¤KIV23¥¦§0¨O¤KIV23¥¦§0¨O¤KIV23¥¦§0¨O
©ª©ª©ª©ª;;;;

Einstein’s View
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Strong tidal force

As an astronaut is falling
Into a black hole, we 
(outside observers) will
see
1) terrible tidal tearing
2) the astronaut falls more 
and more slowly (time 
dilation)
3) harder and harder to see 
the astronaut (gravitational
redshift)

So my point about this is…
bloody but not very
interesting
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Black Hole has no hair

Price’s theorem: whatever can be radiated is 
radiated. After collapsing to a black hole, 
there are only three properties left: mass, spin, 
& charge.

But a black hole can wear a toupee. ����
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Stephen Hawking (1942Stephen Hawking (1942--))

http://www.hawking.org.uk/about/mgallery3.html

Lucasian Professor of Mathematics, University of Cambridge 
Amyotrophic Lateral Sclerosis;<=>?@ABC;<=>?@ABC;<=>?@ABC;<=>?@ABC(ALS)DEDEDEDELou 
Gehrig‘s Disease&&&&FGHIJKFGHIJKFGHIJKFGHIJKLMNLMNLMNLMN&&&&OPQ�RST�UVWXYOPQ�RST�UVWXYOPQ�RST�UVWXYOPQ�RST�UVWXY

LZB�[CLZB�[CLZB�[CLZB�[C Hawking was born 300 years to the 
day after Galileo died.
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Hawking Radiation: black holes are not so black �

holesblack  isolated normal""

for observed be  tolong  too

yr 10

energy loses holeblack  

particles seperate  toforce tidal

66

�

×��
�

�
��
�

�
≈

��

Sun

blackhole
nevaporatio

M

M
t

Uncertainty
Principle
���� nothing is
something
during very
short period
of time
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��(wormhole) & Time Machine
345345345345 Kip Thorne: Black Holes & Time Warps

Three puzzles need to be explained: 
1) tidal disruption (to survive),
2) “anti-gravity” energy (to open the wormhole),
3) Causality (to make us feel better!) 
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Kerr Black Hole & Ergosphere (��)
• Frame-dragging (�������), tap black 

hole’s rotational energy

http://www.faculty.iu-bremen.de/course/fall02/GeneralGeoAstro1/students/BlackHoles/AmruthaMehta.html

Kerr
Black Hole

����������������������������
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����������������������������������������������������������������

How to find/see a black hole?How to find/see a black hole?

� stellar-mass black holes (collapsed stars)
� super-mass black holes (at the center of a 
galaxy)

1. Hawking radiation is no use: too weak (no Nobel Prize for him ���� ).
2. If a black hole is not alone, we may observe its influence on its 

nearby objects to imply its existence.

��������	
�����������	
�����������	
�����������	
���
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X-ray from an accretion disk (���)

around a neutron star/black hole in a binary system

ray)-heat(X
1

energy nalgravitatio released

�∝≈
RR

GMm

Neutron stars
and black holes
have a small
radius R.

An indirect way
to find a black
hole (black
holes have no
hair).
neutron star
mass > 3 Solar
masses ����
collapse
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������������������������xx--rayray�����	
������	
������	
������	
������	
������	
������	
������	
�
http://heasarc.gsfc.nasa.gov/docs/asca/gallery/mcg6.html

����������������

��������������������������������(��������stellar-mass black hole)����������������

Fe K���� line: 6.4 kev

��� !"����� !"����� !"����� !"��
���#���#���#���#$$$$
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NGC 6240: two galaxies are merging
http://chandra.harvard.edu/photo/2002/0192/animations.html

Chandra X-ray image:
two black holes?
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Merging black holes �

“strong” gravitational waves (�	
)
http://lisa.jpl.nasa.gov/

Gravitational wave is still a 
million times less energetic 
than that in the cosmic 
microwave background 
radiation which, itself, is a 
billion times weaker than that 
in a household oven .
As the gravitational waves 
pass by, the change in 
distance between two 
detectors will be as small as 
a size of  proton!
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��������	
����

Kip Thorne:
Black holes
& time warps
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http://www.berkeley.edu/news/media/releases/2002/01/07_array.html

��������(pulsar)������	
�������	
�������	
�������	
�
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Measuring the mass of a super massive 
black hole at the center of the Milky Way

http://www.cfa.harvard.edu/~narayan/NJP/

Fast motion of stars
� Mass of Sagittarius A*
� 2.5 x 106 solar masses
� Impossible to be stars
� the only known object
we know of to explain this
is…
Supermassive black hole!
(c.f. stellar-mass black
hole resulting from a
collapsed a massive star)
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no scattering ��������=0.6 mm ��������=1.3 mm

��������	
��������	
��������	
��������	
������������������������������������������������������������
http://www.mpifr-bonn.mpg.de/staff/hfalcke/bh/sld14.html
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scattering (��): street lamp in the rain
%&%&%&%&''''()*��+,��()*��+,��()*��+,��()*��+,��
-./0123-./0123-./0123-./0123''''45��45��45��45��
222266667�7�7�7�88889�:;9�:;9�:;9�:;<<<<
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The closest region to Sagittarius A* we can see so far

�1AU

��������������������������������
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Mass-Velocity Dispersion Relation for 
Super-massive Black Holes

Kormendy 2000

circle: stellar dynamics
square: ionized gas dynamics
triangle: maser disk dynamics

big scatter small scatter

Tell us about how galaxies & super-massive
black holes form?

����������������������������

(galactic bulge)�	�����	�����	�����	����
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�������	�������	�������	�������	�������	�������	�������	�������	(intermediate(intermediate--mass )mass )����������������

Can the mass of a black hole be between stellar mass (3-
20 solar masses) and super-mass (>106 solar masses)?

X-ray intensity ���� mass

Some x-rays sources seem to imply their mass lies in 
the intermediate mass range. For instance, an X-ray 
source in the starburst galaxy “M82 X-1”
http://www.nasa.gov/centers/goddard/news/topstory/2005/new_blackhole.html


