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As seen by the outfielder, the ball is approaching
her at (30 m/s) + (10 m/s) =40 m/s.
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Incorrect Newtonian description:
As seen by the astronaut in the spaceship, the light is
approaching her at (3 X 108 m/s) + (1 X 108 m/s) =4 X 108 m/s.
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Correct Einsteinian description:
As seen by the astronaut in the spaceship,
the light is approaching her at 3 X 108 m/s.

(b)

Figure 22-1
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© 2008 W.H.Freeman and Company




The curvature of space-time

3. In Einstein’s picture of gravity
1. A massive object curves other objects sense the curvature
the spacetime around us. and are drawn into the “well.”
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2. Far from the object, spacetime is nearly “flat”;
close to the object, the curvature forms a“well.”

Figure 22-4
Universe, Eighth Edition
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Deflection of light

Actual 1.75 arcsec
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2.Because of the
deflection, the star
appears to be here.

1. A ray of starlight is
deflected by the Sun’s gravity.

Figure 22-5
Universe, Eighth Edition
© 2008 W.H. Freeman and Company
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1. A black hole sharply
curves the spacetime
around it.

3.0bjects that venture too
close to the black hole cannot
escape from the “well.”
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2. Far from the black hole,
spacetime is nearly “flat”;
close to the black hole, the
curvature forms a “well”
that is infinitely deep.

Figure 22-9
Universe, Eighth Edition
© 2008 W.H.Freeman and Company
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Escape velocity

Frcinetic + Epotential =0
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The radius of a black hole
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The larger the black
hole, the smaller
the gravity at its

Event Horizon!
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Falling into a black hole

Probe far from black hole Probe approaching black hole

horizon

Figure 22-22
Universe, Eighth Edition
© 2008 W.H.Freeman and Company




Falling into a black hole

7222 '
Y

/4
I[[[II /I//I/IIII‘I"”””;",

lll Hiregy,
LM
(ANANAAANY MR
\\\\\\\\\\\\\\\\\\\\\\\\\\\\ RN
Tt n NN

T

T

AT
N

s AN
it es
T RN
LA RR RN
SRR TR
r 1'" LI]]]]
’,,1///1”////5;;;/;;;; IIIIIII/I/I/,/I//I
Y

Lottty
% ////////////;//// ///

7
77
7
/////

==

~—

-~

Sfe

_ 2GMmd
’AFgrav — 7“8

\‘\
—

T~< _ 2GM
T'Horizon — o2

—~



As a Iight wave
climbsina
| gravitational field,

Conﬁpared to a clock
on the top floor, a clock

| on the ground floor is | its frequency
' deeper in the Earth’s . decreases and
__ gravitational field and its wavelength
so ticks more slowly. increases.

Light
source

(a) The gravitational slowing of time (b) The gravitational redshift

Figure 22-7
Universe, Eighth Edition
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1. Pairs of virtual particles spontaneously appear
and annihilate everywhere in the universe.

2. If a pair appears just outside a black hole’s
event horizon, tidal forces can pull the pair apart,
preventing them from annihilating each other.

Event horizon

3. If one member of the pair crosses the event
horizon, the other can escape into space, carrying
energy away from the black hole.

Figure 22-23
Universe, Eighth Edition
© 2008 W.H.Freeman and Company
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~ The Milky Way
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The centre of our Galaxy

- ® 10Dy 15 degrees
® View to centre blocked by dust

® Baade’s window is dust free
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Zooming in...

-l

R

3

A Total exposure for mosaic
24 x 5 seconds ( 2 minutes)

Average resolution:
(brightest stars): 60 mas

Strehl: 25~30 %
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Guiding on V=132
reference star, 30" away
from center of field
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¥ 15 years of tracking stellar orbits

MPE (VLT) -
Univ. California Los Angeles (Keck)
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Some of the measured orbits of Astronomers were able to map an entire orbit

stars close to Sagittarius A* at of less than 16 years for one of the stars,
the centre of the Milky Way. S2 (or S-02). The closest it came to Sagitta-
rius A* was about 17 light hours (more than
\ 10,000 million kilometres).
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The S2 star’s radial velocity increases as it approaches Closest to Sagittarius A* (in 2002
Sagittarius A* and decreases as it moves away along its and 2018), S2 reaches its maximum
elliptical orbit. Radial velocity is the component of the star’s velocity of 7 000 km/s.

velocity that is in our line of sight.
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. The Acceleration of Stars Orbiting
Year: | 9 9 5 ' 0 the Milky Way's Central Biack Hole

Data: Andrea Ghez, Jessica | u (UCI A)
Visualizotion: Dinoj Surendran, Randy Londsberg,

m Mark SubbaRae (UChicage / Adler / KICP) UCLA/Keck Galogtit Cintier Gramr



A |
supermassive
black hole
shooting from

the centre of

galaxy




A
supermassive
black hole .
shooting from
the centre of
the-M87
galaxy







The first ‘image’ of a black hole
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Supermassive black holes




Inner Structure of an Active Galaxy

| | Shock
0.1 lightyears |

Relativistic Jet

Supermassive
Black Hole

Accretion Disk

Opaque brus
(Inner Regions)



Some stars end up as black holes

Life Cycle of a Star
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Exploding stars leave black holes behind
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https://youtu.be/I_88S8DWbcU










