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Black hole: metaphor of loss and despair?

B8 2R
S48 2R
FHE R
B By 2 7R
1.9 A
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Look out for the wording

R4
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stellar evolution depends on mass

t 100p—= >
—_ o
< < Quark Planetary -
i stars? nebulae
] o - I &
E 10 e/ \\Nevtron —
& stars S é—*
v . > 2z.
5 % %
3 s . Helium W o
o1 L N Gy, flash -, e
a sequence (7R Y %‘
£ stars w v
s

- .

0.1
Time —
Figure 13-27a
Discovering the Universe, Seventh Edition
© 2006 W.H.Freeman and Company
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nee tell us that thelr T8
0.2 to 3 light-years.

Planetary nebulae fTE2REE 1000
leave a white dwarf behind o

y, we find
nebulae

ebulae in our

, we can conclude
ust be a common

Hourglass nebula e Gties

. (CET
Star——— S0 ejected

from the

star
hcess that produces planetary
e involves two stellar winds. First,
hging giant, the star gradually

way its outer layers in a slow

of low-excitation gas that is not
visible. Once the hot interior of the
cts a high-s
kes and compres
y wind like a snowplow,
adiation from the hot

Figure
Discovei
©2006V

Figure 13-5¢
Discovering the Universe, Seventh Edition
©2006 W. H. Freeman and Company
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Visual

Slow stellar wind
from a red giant

The gal
are not

This nearly spherical planey,
nebula has a low-luminogiy,
outer envelope and a highly
excited inner region.

He* (blue)
0+ (green)

The Ring Nebula i

the constellation L

is visible evenins
telescopes. Note the

the gas, suggesting outwd
motion.

Fast wind from
exposed interior



(2) Hgeiger counteris (1) Radioactive material has
L ] - I' g lg
Schn '-"h-ngﬂl s Cat mggered hammer falls 2 50:50 chance of riggering

e J-.,:-.:u mer

rwin Schrodinger - — _
Nobel Prize in 1933 http://universe-review.ca/l12-21-cat.jpg
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BT 72 (quantum mechanics)E A :
I 7 ¥ [ 3 (uncertainty principle)
BARF(HF 47 GF )R —EhER

AxAp =>h/?2
AEAt>H/2 N

H T 2Ry [ A 1E
Fourier AnalysisZ T fi#

Wuerner Heisenberg
Nobel Prize in 1932 |

dice!

| don’t believe it.
God does not play
7
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FH 8 & S EiEibhas «: Chandrasekhar Limit

ta®kEYE g AN 44KX% 8 & (Chandrasekhar Limit) °
%%ﬁﬁﬁ@i]ﬂ%ﬁ&«{:#&a‘*ii] ﬁ“fel%‘]%ii]*aa‘ﬁ

/Black holes\ &
should not
exist! Btw,
thanks for
proving my
theory in
1919.

“_‘;.f S g
| don’t believe

Chandrasekhar’s
theory.

i R
.

S. Chandrasekhar Albert Einstein & Sir Arthur Eddington
Nobel Prize in 1983 at Cambridge
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FH % E BRI 5: - Oppenheimer Limit
TP FEEEANIMEKSG Y & (Oppenheimer Limit) » ¢

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

enk J.mgr
o= thass
Ma t a Proj1e
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Old high-mass stars (>8 M)

1 .6 billion kilometers Fe is the most stable of all nuclei.

Hydrogen-fusing shell
/Helium-fusing shell
A supergiant star 4 Carbon-fusing shell
& — Neon-fusing shell

Oxygen-fusing shell

Silicon-fusing shell
regions of a* Iron core
supergiant star

.luplter s orbit

Figure 13-9
Discovering the Universe, Seventh Edition
© 2006 W.H.Freeman and Company
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Supernovae & £

core of a massive supergiant collapse - neutron star/black hole
outer Iayer hlts the core and rebound 9 supernova

= —19
10°}|- : ;
(disruption 4-17 g
t of a white dwarf) S
—_ =
10 1-15 g
£ g
4 =
=) 4-13 5
£ 107 ) = 8
§ massive star =
= leaves a neutron star 11
or black hole behind
106 l 1 | 1 | 1
0 100 200 300
Days after maximum brightness
2006/12/27 i 22 - HE - KB

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

11



supernova remnants

Figure 13-11
Discovering the Universe, Seventh Edition
© 2006 W.H.Freeman and Company

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

Discovering the Universe, Seventh Edition
© 2006 W.H.Freeman and Company
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Crab Nebula (%

BROTUE > AACH BE
HRBRRR » A8 | . o
R ERFETR <<7|<5E>> | ulsar i

“on” state

F/ 4 .
. 2 /4 ) -
* larcmin - .*- 7 A '/
- ¥ e F ‘;'. g
,

Pulsar in

“on”state | 1 arcmin

e

Pulsar in
“off” state
/
Pulsarin
- “off"” state 1 arcmin
The Crab Nebula The Crab pulsar in visible The Crab pulsar in X rays
light

Figure 13-18b N .
gsgggge\:n:;mum-versz,gevenmsdmm Pulsar (%) was thought to be a signal from
h.rreeman an ompany » - agm -
an advanced alien civilization ©

H
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Crab Nebula

http://chandra.harvard.edu/photo/2002/0052/movies.html

2006/12/27

X-ray (Chandra telescope)

visible (Hubble telescope)

15



MPIE-Bonn Pulsar Group

Pulsar (}22) & Neutron star (=1 2£)

http://astronomy.swin.edu.au/pulsar/reduction/p2.html

Radiation
— beamed along

Axis of rotation magnetic axis

Magnetic field

Figure 13-20
Discovering the Universe, Seventh Edition
© 2006 W. H.Freeman and Company

compresses magnetic

2006/12/27 e

White dwarf mass >
1.4 solar masses =
p+ + - 2 n + neutrino

Neutron star (a
city-size dying star):
Made of closely packed
neutrons (density is

as high as a nucleus!)
9

gravity is balanced

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

Pulsar is the evidence
of a neutron star!

16



Black Holes have no hair

— — If density

tar undergoing ~ White is high
fusion 4 _ enough

- Very

Boundary of strong
- i black hole gravity
-

Event

horizon:

escape

~star velocity

. d = speed of

Figure 14-8 Iig ht

Discovering the Universe, Seventh Edition
© 2006 W.H.Freeman and Company
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W& Em(special relativity)

A THEY
LAZAMFREGHBRAZRA » ARX —HKH -

e o

/zsi; B = FE&E/ v \ e N '

WwR TRE B—EFTH
TR B ARBEALRK

% RV YIRS LB
RleB S > ThefHME
3R B I IR B BFH4E
BAEREHBR -

o
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AR R EtH A Y

ATRERARRE LY MAFRBRSELT o

D SED ED

Spaceship A Flagship Spaceship B

///Eiagship, Spaceship A,\;;\\

Spaceship B #fA¥H KoL
#LF R 8 - Spaceships A
& B #REFEKBIRE
Flagship &9 & & 8k M3k -
{2 & £ 3% %A Spaceship A %
\\\fgid Flagship #35% !

2006/12/27 S 2A2 - H5E - K
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HsF [ A0 22 el & FH BT HY

Time Dilation & Space Contraction
EEHHEEFR  EHHRBEET When v=c (ie light),

o AAE KL
> O[22

The twin 'paradox
has been tested
using atomic clocks.
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=¥ 5w General Relativity
(mass - time dilation)
{  2005/4/19

FEhHha

Gravitational Redshift

VEE!
i B - N
L E H 5
=-'- | -:
RE = 1
£
= -1
H e
._-I-I'r—_;
B cm—

'_'.-l-—.—_|.I
—— ]
T ———r
= =

/

I

]
]

.

.Il!

|
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&% General Relativity
(mass - space warps)

Geodesic: shortest path on a flat/curved space

, Apparent direction
o of source

2006/12/27 2ihE 22 - HE - KB 23



Space warps & density

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

Event Horizon (4 &5 Z )
Photon Sphere (5t F3% &)
2006/12/27 BEELEEE - A% KB 24



General Relativity q
(mass > space warps) S

K B 4% B $hE

8 F $h 42 19 3b, =
AR EATH
T n(En /i
) ° 1
N
« Mercury Sn

Sun

FROEGHTER

Figure 14-7
Discovering the Universe, Seventh Edition
© 2006 W.H.Freeman and Company
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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

FIGURE 14-14

Leaping feet first into a black hole. A person of normal proportions
(left) would be distorted by tidal forces (right) long before reaching
the event horizon around a typical black hole of stellar mass. Tidal
forces would stretch the body lengthwise while compressing it
laterally. Friction from this distortion would heat the body to high
temperatures.

2006/12/27 2SR E o Hst o A



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. ©

2006/12/27 2iE  ERE - Hs - K5 27



Stephen Hawking (1942-)

Lucasian Professor of Mathematics, University of Cambridge
Amyotrophic Lateral Scleromsﬂmf’ﬁ%ﬁa{ﬂu%@% e (ALS) A Bl Lou

Gehrig‘s Disease » SiE S ETEEEIE A » BHEHIH 3 EBH R MEZE

j@f:@{tﬂ’:{%@ﬁz Hawking was born 300 years to the
day after Galileo died.
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Hawking Radiation: black holes are not so black ©

Pairs of virtual particles
made real by the black hole’s
gravitational tidal force

tidal force to seperate particles

Uncertainty
—> black hole loses energy =

Principle ot
9 nOthing is o ..Y t — Mblackhole X1066 r
h' — 'y @ evaporation y
something e o
d;:"":Q Ve_ryd \ \ = too long to be observed for
r Fi .
zf ?imge 2 "normal'isolated black holes
Event horizon
Figure 1'4-23 ) .
2006/12/27 =i 22 - B - K 29



)

&3JA (wormhole) & Time Machine

#% B # 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!)
2006/12/27 =S REE - 75 KB 30



Kerr Black Hole & Ergosphere (gE/&)
» Frame-dragging (7= [ = 2 ), tap black
hole’s rotational energy

e B B R o ek
BE RS

s LT

L e

Kerr
BlaCk HOle http://www.faculty.iu-bre
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ERMBE B
How to find/see a black hole?
BB ELEEE PR -EEH-

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.

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

galaxy)

2006/12/27
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|
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X-ray from an accretion disk (I f=#%)
around a neutron star/black hole in a binary system

gravitational energy

Orbit of neutron star

1
o< » = heat(X - ray)

Neutron stars
and black holes
have a small
radius R.

An indirect way
to find a black
— hole (black
Critical S holes have no
surface Gas escaping =~ hair).

from star neutron star
mass > 3 Solar
masses -
Figure 13.25 collapse

vering the Universe, Seventh Edition

Disco
2006/1 2/:_@_2006 W.H.Freeman and Company L e vt 33




PR FX-ray$R Yty E IR

http://heasarc.gsfc.nasa.gov/docs/asca/gallery/mcg6.htmi

REAREE R le) i L 5 4

Fe Ka line: 6.4/ kev

1.5%1074

1074

BRFERARY
FERE!

Line flux (ph em 2 g1 ke\)’_1}
5x 1077
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NGC 6240: two galaxies are merging

Chandra X-ray image:
two black holes?

http://chandra.harvard.edu/photo/2002/0192/animations.html
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Merging black holes =

“strong” gravitational waves (& J/Ji%)
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
2006/12/27 =ihm - 22 - A% - ddetectors will be as small ass6
a size of proton!
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Kip Thorne:
Black holes
& time warps
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A eSS F] IMEHIZIE T ©

http://www.berkeley.edu/news/media/releases/2002/01/07 array.html
MILLISECOND PULSAR TIMING ARERAY — 2001

% E (pulsar) & &k % ¥ #% 5 0

19
3
0oR04 0451
® @ ivigovay ®
DTS =750 ¢
» . 1744— 1134 U6 13-0=00
1811-1114
®. .  1456-3330 |5
g4 1821-24 ® S

04374715

1602720
e
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Measuring the mass of a super massive
black hole at the center of the Milky Way

10 hight days
http://www.cfa.harvard.edu/~narayan/NJP/ - -.

Fast motion of stars

- Mass of Sagittarius A*
=~ 2.5 x 105 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)

2006/12/27 =hE T ER - A% - K5
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ttp:// www.mpifr-bonn.mpg.de/staff/hfalcke/bh/sld14.html

,%ﬂ?é%ibé@‘&ﬁﬁ‘l’  EAWLFHERERS "BTF, !
1 1

gﬂa

—=(] 0 “0
no scattering
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“scattering () street lamp in the rain
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The closest region to Sagittarius A* we can see o f far
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Mass-Velocity Dispersion Relation for
Super-massive Black Holes

Tell us about how galaxies & super-massive

Korme:}dy 2000 black holes form?
N I P 1 & | F 0 T F | T ® @ T© § L T % 8 F T T & P EF [ T T & § F T 11 8 u 1ﬂ
- big scatter , T small scatter
af & {’t 1 o8 g
L | -] ¥ & ..’ | l:l': og
- + *T T .+' 8 - ;g-]
o 8F ) -8
= AL =
3 e e g ¥
= 7k folt * 1 ¢ ¢ T i7 =
¢ E i -
E B l LI. i1 8 1 v a4 ¢ 0 3 5 3 i 1 T L 0 8 ¥ i 1 & 8 8 1 9 1 & 0 ¥ ¢ 4.1 I_ E
8 a 10 11 18 20 22 24 28
log Lhurﬂeﬂ- log o (km 1)
R4 B Z B

circle: stellar dynamics

(galactic bulge) ey B 438 B

triangle: maser disk dynamics

I
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&8 8N EFE(intermediate-mass )IE ?

Can the mass of a black hole be between stellar mass (3-
20 solar masses) and super-mass (>10° 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

2006/12/27 s BE - H5 - AW 44



