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Why & How we know there are black-holes?
Introduction to Einstein’s Relativity
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General Relativity

Physics of heavy objects
Gravity is produced by the warp of spacetime}

Special Relativity

Physics at near speed of light
'Time is relative,

Newton’s Mechanics

F = ma




Gravity is universal

Universal Force
=Every objects have attractive force



ENDIERFIE?

"hEs3IAbDHZ IS5, (Za—kY,1687)

L rgmohiae, L
http://hikingartist.com/ (74 y:/ 1 94 y . -I 9] 5)

— g TE XS IR
1 &
R,ul/ — §Rg,ul/ — Z—4T,u1/

2
2

dT? PO dr dt

d¢v d
&7 dE o




What is “acceleration”?
s

% In Special Relativity, only constant
velocity observer can be discussed.
% What is the acceleration ?




What is “acceleration”?

*

% In Special Relativity, only constant
velocity observer can be discussed.
% What is the acceleration ?

'Gravitational acceleration can be
compensated. |
=acceleration can be removed
(Equivalence Principle)

'Greatest idea in my life,




Zero Gravity by Free-Falling Airplane

ero Gravity
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What is “gravity”?
’

'Gravitational acceleration can be compensated. ;
=acceleration can be removed (Equivalence Principle)

WEREFLLBVDILAN—L2ZEBHDREHN BHHNT,
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=gravity cannot be removed
=gravity is the result of space-time bending.

Geometry of Curved Space = General Relativity,



General Relativity [metric)
’

Geometry of Curved Space=Riemannian Geometry




General Relativity [metric)
’

Geometry of Curved Space=Riemannian Geometry

Generalized distance
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General Relativity [metric)
’

Geometry of Curved Space=Riemannian Geometry

Generalized distance
DRI DER TR g,

YSIEAETIREY TS AD D> fcZE TERIIT DI
EEED‘BZD_LD =‘|EB§§Q'CEH%§'%

Z Z 9,11/( ) dxtde = g/“/dT'“d’L'
=0 r=>0

Jtx gl.y gtz

QM ‘ o 7? g
_/ /gJ g /

gﬂ?.l‘ 37

g;‘I_.';'I,? g:l.’y g;l.':
g yy g 22

»»MJ
T +y 2_22=0 (gme) +(9yyy) —(ga_,-yz) =

ey,
~

COEIC DY EEIIREE 9. (SHUN TR ENTES,
A2 a834 2 HFENIE IRTEE B DIRTOEAY g0
ERCHERTHA. In flat spacetime,

—c2dt? + dz® + dy? + d2°

—cdt? + dr® 4+ r*(df* + sin” Odp?)

Marcel Grossmann



General Relativity

[The Einstein equation]
Field equation (1915)

how spacetime is curved & how matters are distributed

4+

Riemann curvature Energy-Momentum tensor

Ricci tensor, Einstein tensor
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IMAGINGE THAT GPACE 1S A GIANT GUEET OF RUBBER..,

/ \
s
VA T = —————< =SSO\ TVE MORE MASS. THE MORE
NSSSSSSaT = S T R e TWAT SPACE. GETS, BENT AND
== — ———— CAUSE TUAT € ET :
— ———— TO BEND, LIKE A BOWLING DISTORTED BY GRAVITY.
BALL ON A TRAMPOLINE.
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r The field equation (The Einstein equation) N

The origin of the gravity is the curvature of space-time. The relation

is expressed as

1 (G

R;w — §g;wR — 6_4

e The left-hand side expresses how space-time is curved using
Riemannian geometry.

T, (2.18)

e The right-hand side expresses how the matter distributes in
space-time. (7),, is called the energy-momentum tensor, and
T,v = 0 if vacuum.)

e The indice u, v indicate the coordinate (¢,x,¥,2), so that
(2.18) consists of 10 equations.

This equation tells us that if the matter exists then the surround-
ing space-time curves. If space-time curves, then the matter moves
along the curve (geodesics).
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General Relativity (191 6)

o Motivation -
Relativity (1905) only treats observers
with constant speed.
What is the acceleration?

o

No gravity effects in free-falling elevator!
But we cannot erase the gravity in an
Earth-sized elevator (globally).

o

Gravity is space-time curvature.



Prediction of General Relativity

— Orbit of Mercury : rotation of perihelion
=Pt 22

Unexplained orbital change of Mercury (Le Verrier 1854)

Einstein’s theory explained this effect. (1919)



Prediction of General Relativity

TBending of Light: gravitational lens—

Apparent position of star Actual position of star

PG

Apparent /
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of star

Asymptotes

Apparent direction
of light ray




Taken from the 22 November 1919 edition
of the lllustrated London News.

Coverage|in the (more excitable)
New YorkLlimes.

LIGHTS ALL ASKEW
N THE HRAVRNS

Men of Science More or Less
Agog Over Results of Eclipse
Observations.

EINSTEIN THEORY TRIUMPHS

Stars Not Where They Seemed
or Were Calculated to be,
but Nobody Need Worry.

A BOOK FOR 12 WISE MEN

No More in All the Worid Could
Comprehend It, Said Einsteln When
His Daring Publishers Accepted It.
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He was an early advocate of Einstein's Genera
Relativity, and an Iinteresting anecdote wel
llustrates his humour and personal intellectua

Arthur Stanley Eddington
(1882-1944)

investment: Ludwig Silberstein, a physicist who
thought of himself as an expert on relativity,
approached Eddington at the Royal Society's (6
November) 1919 meeting where he had
defended Einstein's Relativity with his Brazil-
Principe Solar Eclipse calculations with some
degree of scepticism and ruefully charged
Arthur as one who claimed to be one of three
men who actually understood the theory
(Silberstein, of course, was Including himself
and Einstein as the other two). When Eddington
refrained from replying, he insisted Arthur not
be "so shy", whereupon Eddington replied,

"Oh, no! | was wondering who the third one
might be!"


http://en.wikipedia.org/wiki/Ludwig_Silberstein
http://en.wikipedia.org/wiki/Royal_Society

Prediction of General Relativity
—Pending of Light: gravitational lens—

Apparent position of star

K :
" : ."u : 3 .
» - ' - .
: » . " e
: R ‘ . -
: . . ¢
. . ke ‘ ‘
[ AW U T
: . 0.' ‘ & . | ‘ .
.. " A /
. - . . ;
. : . 3 " " - . : .
. ol ’ ) .
Galaxy Cluster Abell 2218 HST « WFPC2

NASA, A. Fruchter and the ERO Team (STScl, ST-ECF) * STScl-PRC00-08

Actual posi

t

ion of star



MAGINE TUAT GPACE 1S A GIANT GHEET OF RUBBER.,,

THINGS TUAT HAVE MASS THE MORE MASS THE MORE
CAUSE THAT RUBRER SMEET THAT SPACE GETS BENT AND
TO BEND, LIKE A BOWLING DISTORTED BY GRAVITY.
BALL ON A TRAMPOLINE,

—

GRAVITATIONAL WAVES ARE PRODUCED
MASSES ACCELERATE,
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Black-hole

Black Hole

Potential Singularity »
UtahFreePress.com




2.5 How and Why we know there is a black hole

~ Schwarzschild solution (black-hole solution) ~

The solution of the Einstein equation (2.18) of spherically symmet-
ric, static, and vacuum space-time.

2GM 2
ds® = -— (1 - 0027‘ )czdt2 + . dgGM +1r%(dh* + sin? 0 dyp?)
Tl
¢ (2.19) Figure 26: Karl

Schwarzschild

where G and c are gravitational constant and speed of light, M is (1873-1916)

the mass at the center, r is radial coordinate.

- J oz :\‘7 PR
Exercise 3 | The radius of black-hole, Rgyg can be given by .. v
2GM
Rpy = 2 (2.20) Figure 27:

Black-hole is the
where M is the mass of black-hole, G = 6.67 x 10~ !1[m? /kg/s?| is gravi-  bended trampoline to

tational constant, and ¢ = 3.0 x 10%[m/s] is the speed of light. Calculate infinity.
the size of

e an Earth-mass black hole (M = 6.0 x 10%*[kg])
e a Sun-mass black hole (Mg = 2.0 x 10%°[kg])

e a black-hole of the center of our galaxy (M = 4.2 x 10°M,)



Black hole =Too heavy object
Even the Light cannot escape

/ \



Black hole =Too heavy body
Even the Light cannot escape

Black holes, therefore, do not show themselves. Then, how
can we know there is a black hole? And why we believe there are black
holes? Let’s think on these issues at the session.




BH candidate: Cygnus X-1
GG USPXE

The fifst black hole candidate discovered
in 1972, is part of an x-ray binary system,
orbiting its visible companion HDE 226868.
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Black holes, therefore, do not show themselves. Then, how

can we know there is a black hole? And why we believe there are black
holes? Let’s think on these issues at the session.




Black holes, therefore, do not show themselves. Then, how

can we know there is a black hole? And why we believe there are black
holes? Let’s think on these issues at the session.

Gravitational Lensing
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https://www.youtube.com/watch?v=qZZ9jRan9eo

Black holes, therefore, do not show themselves. Then, how

can we know there is a black hole? And why we believe there are black
holes? Let’s think on these issues at the session.

Kepler motion



Suqermassive BH in the center of Galaxy
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Zooming in the center of the Milky Way

://www.youtube.com/watch?v=XhHUNVEKUY8 (1:15)


http://www.youtube.com/watch?v=WBo7ygrND0s

Supermassive BH in the center of Galaxy
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http://hirise.lpl.arizona.edu/ESP_026461_2080

Black holes, therefore, do not show themselves. Then, how

can we know there is a black hole? And why we believe there are black
holes? Let’s think on these issues at the session.

Gravitational Wave



IMAGINE THAT SPACE 1S A GIANT GHEET OF RUBBER...

THINGS TUAT HAVE MASS THE MORE MASS, THE MORE
CAUSE THAT Rm% THAT SPACE GETS BENT AND
TO BEND, LIKE A BOWLING DISTORTED BY GRAVITY.

BALL ON A TRAMPOLINE.

WWW.PHDCOMICS.COM

CREATED BY: UMBERTO CANNELLA, DANEL WHTESON AND JORGE CHAM
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“gravitational waves explained”
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http://www.phdcomics.com

LIGO (Laser Interferemeter Gravitational-
Wave Observatory)
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Collision of BH-BH binary
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NCSA-AEI group (1998)
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David Reitze, LIGO Director
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“We had detected gravitational waves. We did it. ”
“Bald, EAREHELELE. POXITEDIE. ”

https://www.youtube.com/watch?v=aEPIwEJmZyE



https://www.youtube.com/watch?v=aEPIwEJmZyE
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Hear the sound of BH-BH collision,
12 billions yrs ago
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https://mediaassets.caltech.edu/gwave
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Black holes, therefore, do not show themselves. Then, how

can we know there is a black hole? And why we believe there are black
holes? Let’s think on these issues at the session.

Gravitational Lensing

Kepler motion
Gravitational Wave

After 100 years, we are finally in the era of
Astronomy with General Relativity.



