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Generalities



Newton and the
GGravitation Law




Newton and the
GGravitation Law

Fgrav

Gravitational force

F, g M
= myYy——= —
grav 2 avec 4
R R?
(gravitational) Constant gravitational acceleration

G =6.67384x 10" "'m’ kg~".s7>  On Earth g®10 m.s



Escape Velocity

The escape velocity can be computed from the Newton theory:

Vesc = \/@\/ %
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—g€ape Velocity

The escapé’velocity can be computed from the Newton theory:

Vesc = \/@\/ %

Numerical application
- for the Earth:

Mearth:6 1024 kg, Rearth: 6400 km — vesc —_ 11 km/S

- for the sun:

Msun:.z 1030 kg, Rsun: 700 OOO km = Oesc — 615 km/S




Black Hole Concept

An astrophysical object of mass M has a escape velocity vesc=c if its
radius R is smaller than

M
Vese — E — R < Rlim — M = 2Rg

Rim=Schwarzschild radius
Ry=gravitationnal radius

(same limit found from GR equations)



Black Hole Concept

An astrophysical object of mass M has a escape velocity vesc=c if its
radius R is smaller than

M
Vese — E — R < Rlim — M = 2Rg

Rim=Schwarzschild radius

Ry=gravitationnal radius

Then even light cannot escape ! (same limit found from GR equations)

Numerical application

= for the Earth, Rim =9 mm

= for the Sun, Rim =3 km



Gravitation
A huge source of energy




Gravitation
A huge source of energy

To lift a masse m at a height h above a celestial body of radius R and mass
M, we need to provide:




Gravitation
A huge source of energy

To lift a masse m at a height h above a celestial body of radius R and mass
M, we need to provide:

GMm
RZ
Ryim 1
Egrav = Fgravh = i :
7 7 2R 1

Fg'ra/v —




Gravitation
A huge source of energy

To lift a masse m at a height h above a celestial body of radius R and mass
M, we need to provide:

Fpay = 2T
R2 R
b rav — F rafuh _— bm -
7 I R

Numerical applications: m=1kg, h=1m

* Egrav = 10 Joules on Earth

* Egrav = 300 Joules on the Sun

For a black hole R=Riim:

* Egrav = 1072 Joules on a black hole of 10 Msun



Gravitation
A huge source of energy

To lift a masse m at a height h above a celestial body of radius R and mass

M, we need to provide: AT

The more compact the object (R—Riim) the
! larger Egrav!

<, /I/\A"J____';:_?m(i’ ZIU

Some astrophysical objects radiate a so
large luminosity that the presence of a
black hole appears very likely!

* Egrav = 1072 Joules on a black hole of 10 Msun



Rotating Black Hole

A rotating BH is smaller than a non rotating one...

Non rotating Rotating

_Event horizon

Ergosphere

Schwarzschild Kerr
Ren=Riim Riim/2<Ren<Riim

The more the BH rotates, the larger Egray!



Funny effects...

Gravitational lensing




Funny effects...

Gravitational lensing Amplified close to a black hole
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Gravitational lensing Amplified close to a black hole




A wrong ldea...

Black hole does not always mean extreme density
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A wrong ldea...

Black hole does not always mean extreme density

1015 T T T T T
I MgH ~ 108 Msun

Z > 1010 kg/cm3
= 10" Strong tidal effects -
g o
D E
o O 10°F -
5 2
- R
FO RO T L. SR S ]
® | density
M i

10_5 I M 1 1 1 1 1 1 1 1

10° 102 10* 10° 108 10"

Black hole mass (Msun)



A wrong ldea...

Black hole does not always mean extreme density

Mgn ~ 10S Msun
> 1010 kg/cms3
Strong tidal effects

MgH > 108 Msun
L ess dense than water

Small tidal effects
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The Ditferent Types of
Astrophysical Black Holes



Two Main Types of Black holes

Courtesy: Colpi (2018)
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Two Main Types of Black holes

Courtesy: Colpi (2018)
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Two Main Types of Black holes

Microquasar e Binary system black hole + (donor)
star
Stellar mass BH °
Origin: Final 2
product of dead IS
stars % RGG118  SgA* S50014+813
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Two Main Types of Black holes

Microquasar e Binary system black hole + (donor)
star

e The matter of the star spirals around
the black hole

Stellar mass BH °
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Microquasar e Binary system black hole + (donor)
star

e The matter of the star spirals around
the black hole

e | arge amount of energy released at
high energy, close to the black hole
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Two Main Types of Black holes

Microquasar e Binary system black hole + (donor)
star

e The matter of the star spirals around
the black hole

e | arge amount of energy released at
high energy, close to the black hole

e Part of the matter feeds the black
hole but part of it is ejected

Stellar mass BH °

Origin: Final 2

product of dead IS
stars % RGG118  SgA* S50014+813

Z
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Two Main Types of Black holes

Courtesy: Colpi (2018)
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Two Main Types of Black holes

e Most of the galaxies have a super Active Galactic Nuclei‘
massive black hole in their center

- Super Massive BH
; Origin: Not
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Two Main Types of Black holes

-
e Most of the galaxies have a super Active Galactic Nuclei
massive black hole in their center

¢ 10% of them have a strongly luminous
nucleus (Lmiky way in region of the size
of the solar system): AGN
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Two Main Types of Black holes

Courtesy: Colpi (2018)
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Two Main Types of Black holes

Intermediate mass black holes.
Their existence is still uncertain
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Courtesy: Colpi (2018)
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Fiduclal numbers

Stellar Super
mass massive

Microquasar Super massive BH [ =18 1EES

COMPANION (M

Gravitational 10
radius (km)

Typical
Timescale 0,001 100-1000

(sec)

Distance
from earth 10 000 10
(light year)

BLACK HOLE

RIS from quiescence to L

L=LEdo .
Black hole’s ' ‘ Black hole’s LEgdd = 10" Lsun for 10Msun
radiation expels gravity pullsin = 1., ~ 103 L,,,.for 105M.,,,,



How do we measure their mass?

General idea:

1. Observe something which rotates

2. Determine its velocity v

3. Determine the radius R of its orbit
4. Deduce the mass of the massive central object using a formula

M(v,R)

Body in circular orbit of radius R around an object v gM
K — 1y

of mass M moves at the Keplerian velocity R

(Rem: see talk for mass measurement thanks to gravitational waves)



How do we measure their mass?

Keplerian velocity

' iod f the planet
3rd Kepler law ~ ©rbital perio /o e plane

(in case of circular orbit, no Mpar Orbvg,planet/zwg
inclination, Mstar»Mpianet)



How do we measure their mass?

Keplerian velocity

' iod f the planet
3rd Kepler law ~ ©rbital perio /o e plane

(in case of circular orbit, no Mpar Orbvg,planet/zwg
inclination, Mstar»Mpianet)



How do we measure their mass?

Numerical application: the case of the earth and the sun

Eart orbital period: 1 year ' Msun = 2 1030 kg
Orbital radius: 150 millions of km



How do we measure their mass?

Microquasars

Period and velocity
from spectrometry

In general, objects of similar mass, on inclined orbit, ...
A Sin/g'i/(l + Ma/M1)*= Py Vi ap, /270G

Binary inclination < My
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How do we measure their mass?

Microquasars

Period and velocity s oL I
from spectrometry Ve St

Compact object mass (M,)

In general, objects of similar mass, on inclined orbit, ...
A Sin/g'i/(l + Ma/M1)*= Py Vi ap, /270G

Binary inclination < My



How do we measure their mass?

Microquasars

Period and velocity < O B e

. : Sun Mercury
|accreliaon ‘

from spectrometry b -

| black hole

« T r—y
5 |

GRS 1915+105

L 13
XTE 31650-500

- - O
XTE J1118+480 XTE J1859+226 - {
- - SAX J1819.3-2525

GRS 1009-45 GRS 1124-883

S 2000425 H1705-250

In general, objects of simii ™ .. s GRO 11655-40

A0620-00 GRO J0422+32 - <]
. 3. 2 XTE J1550-564

M, 81n/z/(1+M2/M1) = P, * Qe o o0
Binary “elination < Ml 20234338 GS 1354-64 CX 339-4 4U 1543-47



How do we measure their mass?

Super Massive Black Holes
« Reverberation Mapping »
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How do we measure their mass?

Super Massive Black Holes
« Reverberation Mapping »

Emission close to the BH

Biran ('

.\‘

Emission from '
remote material

\

>
=
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How do we measure their mass?

Super Massive Black Holes
« Reverberation Mapping »




How do we measure their mass?

Super Massive Black Holes
« Reverberation Mapping »

From the line width » Velocitys




How do we measure their mass?

Super Massive Black Holes
« Reverberation Mapping »

eSMBH in almost all
galaxies...

eSuper massive black
holes already In place
INn the early universe

E.g. ULAS J1342 + 0928 has
a 10% Msun at a lookback time
of 13 billions of years...

B _
T &

7))
EU)
O o
o=
T
_5&5
3R
mv

123 4 5 6 7 8
Lookback time (Billions of years)

Grier et al. (2017)




How do we measure their mass?

Super Massive Black Holes

Via direct measurements...
... €.g. Interferometry (GRAVITY)




How do we measure their mass?

Super Massive Black Holes

Via direct measurements...
... €.g. Interferometry (GRAVITY)

~10? light year from earth

Sturm et al. (2018)



How do we measure their mass?

Super Massive Black Holes

Via direct measurements...
.. .g. Interferometry (GRAVITY)

30
2178
20 '
o 2.176
10 e
m ._.-",. 2.174
3 . ..~ blueshifted
g 2.172
=
10 2.170
| 20 2.168
~10? light year from earth » M ~ 3x108 Msun
30

30 20 10 o0 -10 -20 -30
Sturm et al. (2018) ARA (pas)

observed wavelength (um)



How do we measure their mass?

Super Massive Black Holes
Phenomenological Relationship

Correlation Between Black Hole Mass

and Bulge Mass | BH mass related to
T bulge mass of the host
galaxy

eBH growth and galaxy
evolutions are related

Mass of central bulge




Astrophysical Black
Hole Environment



Broad Band Emission
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Broad Band Emission
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Luminosity

Luminosity

Broad Band Emiss!

radio IR-Opt-UV X-ra ray

v

Microquasar:

Cyg X-1
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Powerful Accretion



Powerful Accretion
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Powerful Accretion

® [he accreted matter I1s heated . ~
to large temperature and radiates | X-*mv emission
in X and gamma-rays |

20

/

.{é\ ((‘?‘l‘ . ‘ ,I 'il ‘I.l‘:
(7, - -} il (T }
. o o) N ¥V R i 0 1
® T[he fastest variabilities are E o A | 1‘”, T
. AN W ! LAY '
observed at high energy (X, 3 VWY ple——"T T M
gamma) | V AT
) R ‘ - e | 2 TJ 410" A 6x10° 810"
) < — \
AT .« Time (s)
/' R < CATvar
Corona T Accretion Disk
(infalling material)
Black Hole

=> Emitting regions are small, ~kms in microquasars,
~light-minutes (distance earth-Sun) in AGN



Reflection Component

X-ray reflected
off the disk



Reflection Component

e Part of the X-ray emission is " X-ray reflected
reflected on the accretion disk ) | “  off the disk



Reflection Component

e Part of the X-ray emission is " X-ray reflected
reflected on the accretion disk X , ¢ offthe disk
® The nature (ionisation, geometry) of
the corona-disk is imprint in the ( / ? s

(infalling material)
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Reflection Component

e Part of the X-ray emission is " X-ray reflected
reflected on the accretion disk , *  offthe disk
® The nature (ionisation, geometry) of Ty |

the corona-disk is imprint in the ( I Accretion Disk
reflection components nfaling marerial

Black Hole



Reflection Component

e Part of the X-ray emission is

. A X-ray reflected
reflected on the accretion disk ) 5 o ¢ offthe disk
li' B i ) ,_) "
® [he nature (ionisation, geometry) of Ve e .
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reflection components || e
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Reflection Component

No Black Hole
rotation

X-ray luminosity
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Reflection Component

No Black Hole
rotation
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Powerful Ejections

Microquasar

1E 140.7-2942
s 30
(\ . M

YLA Gam imaae (¢) NRAD 996

eX-ray binaries show powerful
ejection during their outburst

¢e10% of active galaxies have
powerful jets

eRadio-Gamma ray emission
indicating highly relativistic particles



Powerful Ejections

Microquasar eX-ray binaries show powerful
1E 140.7-2942

ejection during their outburst

¢e10% of active galaxies have
powerful jets

eRadio-Gamma ray emission
indicating highly relativistic particles

—
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J
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2% 4 GBH(10Mg -
/ Sgr A* (10° M,) ]
+ LLAGN (10" My ]

: o FRI(10%*M,) o
» SDSS HBLs (10*°M,)

- .

(accretion)

|

X-ray Luminosity

™~

>

Radio Luminosity (ejection)
eAccretion and ejection processes

Quwscrs are intimately related
» talk by J. Ferreira




Superluminal motions

Microquasar
Radio galaxie M87 GRS 1915+105




Superluminal motions

Microquasar
Radlo galaxie M87 GRS 1915+105

March 27
April 03
April 09
April 16

April 23

April 27

6.0c 55¢ 6.1¢ 6.0c 1.7c

Projection effect when material
moves close to speed of light
close to the line of sight

P T T T T

0

10 20 30 40
Maximum apparent jet speed [C]



Smooth Winds

eBlueshifted absorption lines
signature of outflowing material
at 1000s to 10 000s of km/s

Velocity (km s-7)
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eCould have strong influence on
the compact object evolution




Anatomy of an AGN in NGC 5548




Anatomy of an AGN in NGC 5548




Are Microgquasars and AGN the
same but on different scales”
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Are Microgquasars and AGN the
same but on different scales”

eSame physical components but on

light year

MICROQUASAR QUASAR
different (spatial/temporal) scales
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Are Microgquasars and AGN the
same but on different scales”

eSame physical components but on
different (spatial/temporal) scales
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Are Microgquasars and AGN the
same but on different scales”
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" Microquasar outburst eSame physical components but on
| - different (spatial/temporal) scales

eMicroguasars evolve from
) S - quiescent to luminous states
~ (outburst)

Luminosity

\ -.'-vl-d]u(f -'QAA:

e Accretion-Ejection properties vary
Days during the outburst

« Hard » X-ray spectrum
powerful jet

”
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Luminosity

V4

Energy



Luminosity

Are Microgquasars and AGN the
same but on different scales?

fome  ww E i e5agme physical components but on
M|, Microquasar outburst -
> [ Y - different (spatial/temporal) scales
é |\ ~ eMicroquasars evolve from
E 1’ quiescent to luminous states
" . (outburst)
N TN A : . . .
* il e Accretion-Ejection properties vary
Days during the outburst
« Hard » X-ray spectrum « Soft » X-ray spectrum
powerful jet no jet but wind.. '
7 I _é\ p S
,- ’ E
| £

Eneray  EhArA



Are Microgquasars and AGN the
same but on different scales”
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Are Microgquasars and AGN the
same but on different scales”

el sec. of a microquasar lifetime
corresponds to month/years of an
AGN lifetime...

eAGN could be different snapshots
of microquasars evolution during
outburst
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A Promising ruture



Black holes under the

« Microscope »
 The SMBH of our Milky Way

» Multi wavelength observation of its environment
= talk by M. Clavel

» GRAVITY on VLTI
= talk by K. Perraut

« GRAVITY, XMM, NuSTAR,... currently at work!




Black holes under the
« Microscope »

 New instruments (a few examples):

» Gravitational waves experiments open a new
window to learn about BH properties in the
Universe = see tomorrow's talk




Black holes under the
« Microscope »

 New instruments (a few examples):

» Event Horizon Telescope (radio)

eSpatial resolution to
resolve the event horizon
of close SMBH

e Targets: SMBH of our Milky
| Way, Messier 87

e Goal: direct image of the
BH shadow...




Black holes under the
« Microscope »

 New instruments (a few examples):

» Event Horizon Telescope (radio)

eSpatial resolution to
resolve the event horizon
of close SMBH

e Targets: SMBH of our Milky
| Way, Messier 87

e Goal: direct image of the
BH shadow...




Black holes under the
« Microscope »

 New instruments (a few examples):

» Extremely Large Telescope (Optical/IR)

e | arge collecting area

e Targets: Spectroscopy of
large samples of high-z AGN

eGoal: understand the
formation of the SMBH

e First light: 2024




Black holes under the
« Microscope »

 New instruments (a few examples):

» Athena satellite (X-ray)

e | arge collecting area, high
spatial, spectral and timing
resolution

e Targets: High-z AGN

eGoal: understand the
formation of the SMBH.

e First light: 2030...



Stay Tuned!
Thanks!



