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Newton and the 
Gravitation Law
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Fgrav

Gravitational force!

(gravitational) Constant

Fgrav = m G M

R2 avec g = G M

R2

gravitational acceleration

G = 6.67384⇥ 10�11m3.kg�1.s�2 On Earth g≈10 m.s-2
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The escape velocity can be computed from the Newton theory:

Numerical application!
- for the Earth: !

Mearth=6 1024 kg, Rearth= 6400 km ⇒ vesc = 11 km/s !

- for the sun:

Msun=2 1030 kg, Rsun= 700 000 km ⇒ vesc = 615 km/s !
R

M

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

➙ R < Rlim =
2G
c2

M

Rlim=Schwarzschild radius 
Rg=gravitationnal radius

= 2Rg

(same limit found from GR equations)
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Black Hole Concept
An astrophysical object of mass M has a escape velocity vesc=c if its 
radius R is smaller than                  

Then even light cannot escape !

➙ R < Rlim =
2G
c2

M

➡ for the Earth, Rlim = 9 mm!

➡ for the Sun, Rlim = 3 km

Numerical application

Rlim=Schwarzschild radius 
Rg=gravitationnal radius

= 2Rg

(same limit found from GR equations)
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To lift a masse m at a height h above a celestial body of radius R and mass 
M, we need to provide:
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Gravitation 
A huge source of energy

R

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

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

• Egrav = 10 Joules on Earth 

• Egrav = 300 Joules on the Sun 

• Egrav = 1012 Joules on a black hole of 10 Msun

M
For a black hole R=Rlim: 
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Gravitation 
A huge source of energy

R

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

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

• Egrav = 10 Joules on Earth 

• Egrav = 300 Joules on the Sun 

• Egrav = 1012 Joules on a black hole of 10 Msun

M
For a black hole R=Rlim: 

Some astrophysical objects radiate a so 
large luminosity that the presence of a 

black hole appears very likely!

The more compact the object (R→Rlim) the 
larger Egrav!             



Rotating Black Hole
A rotating BH is smaller than a non rotating one…

Event horizon

Ergosphere

Schwarzschild Kerr
REH=Rlim Rlim/2<REH<Rlim

Non rotating Rotating

The more the BH rotates, the larger Egrav! 



Funny effects…
Gravitational lensing
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Funny effects…
Gravitational lensing Amplified close to a black hole



A wrong Idea…
Black hole does not always mean extreme density
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A wrong Idea…
Black hole does not always mean extreme density

Black hole mass (Msun)
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density

MBH > 108 Msun
Less dense than water 

Small tidal effects

MBH ~ 10s Msun
> 1010 kg/cm3 

Strong tidal effects



The Different Types of 
Astrophysical Black Holes
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Stellar mass BH!
Origin: Final 

product of dead 
stars
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Stellar mass BH!
Origin: Final 

product of dead 
stars

Microquasar • Binary system black hole + (donor) 
star 
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Stellar mass BH!
Origin: Final 

product of dead 
stars

Microquasar

• The matter of the star spirals around 
the black hole

• Binary system black hole + (donor) 
star 
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Stellar mass BH!
Origin: Final 

product of dead 
stars

Microquasar

• The matter of the star spirals around 
the black hole

• Large amount of energy released at 
high energy, close to the black hole

• Binary system black hole + (donor) 
star 
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Stellar mass BH!
Origin: Final 

product of dead 
stars

Microquasar

• The matter of the star spirals around 
the black hole

• Large amount of energy released at 
high energy, close to the black hole

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

• Binary system black hole + (donor) 
star 
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Super Massive BH!
Origin: Not 
completely 
understood
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Active Galactic Nuclei

Super Massive BH!
Origin: Not 
completely 
understood

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

Super Massive BH!
Origin: Not 
completely 
understood

• Most of the galaxies have a super 
massive black hole in their center

• 10% of them have a strongly luminous 
nucleus (Lmilky way in region of the size 
of the solar system): AGN
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Active Galactic Nuclei

Super Massive BH!
Origin: Not 
completely 
understood

• Most of the galaxies have a super 
massive black hole in their center

• 10% of them have a strongly luminous 
nucleus (Lmilky way in region of the size 
of the solar system): AGN

• Large amount of energy released at 
high energy, close to the black hole
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Active Galactic Nuclei

Super Massive BH!
Origin: Not 
completely 
understood

• Most of the galaxies have a super 
massive black hole in their center

• 10% of them have a strongly luminous 
nucleus (Lmilky way in region of the size 
of the solar system): AGN

• Large amount of energy released at 
high energy, close to the black hole

• Part of the matter feeds the black hole 
but part of it is ejected
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Intermediate mass black holes. 
Their existence is still uncertain



Fiducial numbersAnsatz: Characteristic time scales for jet-
accretion coupling linearly proportional     
to BH mass: 

▪ 1e+7 yrs (~quasar duty cycles) for 1e+9 
solar mass BH correspond to a fraction of a 
year for a stellar mass BH. Hence:

XRBs as tools for probing (some aspects of):
– Jet & accretion physics
–AGN phenomenology/accretion modes
–BH-driven aspects of galaxy evolution 

All ON HUMAN TIME-SCALES,

“A form of quasars for the impatients” 

(cf. Roger Blandford)

Scale-invariant physics (inner ~10 Rg)

http://www.sc.eso.org/~fmirabel

Ansatz: Characteristic time scales for jet-
accretion coupling linearly proportional     
to BH mass: 

▪ 1e+7 yrs (~quasar duty cycles) for 1e+9 
solar mass BH correspond to a fraction of a 
year for a stellar mass BH. Hence:

XRBs as tools for probing (some aspects of):
– Jet & accretion physics
–AGN phenomenology/accretion modes
–BH-driven aspects of galaxy evolution 

All ON HUMAN TIME-SCALES,

“A form of quasars for the impatients” 

(cf. Roger Blandford)

Scale-invariant physics (inner ~10 Rg)

http://www.sc.eso.org/~fmirabel

Microquasar Super massive BH

Stellar 
mass

Super 
massive

BH Mass !
(M 10 10

Gravitational 
radius (km) 10 10

Typical 
Timescale 

(sec)
0,001 100-1000

Distance 
from earth 
(light year)

10 000 10

Luminosity from quiescence to L

LEdd ' 106Lsun

LEdd ' 1013Lsun 108Msun

10Msunfor
for➧

➧

Black hole’s 
radiation expels

Black hole’s 
gravity pulls in

L=LEdd



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 
of mass M moves at the Keplerian velocity

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

VK =

r
GM
R

How do we measure their mass?!
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of the planet

How do we measure their mass?!
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Nuit des Equinoxes, 23 Mars 2013

M
star

' P
orb

V 3
K,planet

/2⇡G
3rd Kepler law

(in case of circular orbit, no 
inclination, Mstar≫Mplanet)

Orbital period
Keplerian velocity 

of the planetNumerical application: the case of the earth and the sun

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

How do we measure their mass?!
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Binary inclination
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3 i/(1 +M2/M1)
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In general, objects of similar mass, on inclined orbit, …

Period and velocity 
from spectrometry
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How do we measure their mass?!
Microquasars

Binary inclination

= M1 sin
3 i/(1 +M2/M1)

2

< M1

In general, objects of similar mass, on inclined orbit, …

Excursus: Low vs. High mass XRBs

Low vs. high refers to the 
companion (i.e., donor) star

Low mass XRBs are fed by 
Roche lobe overflow, 
leading to the formation of 
an accretion  disk; typically 
transients

High mass XRBs are wind 
fed, tend to be persistent. 
Ultimately, an inner disk 
forms there, too.

NO MAJOR DIFFERENCE IN 
TERMS OF JET-ACCRETION 
COUPLING

Period and velocity 
from spectrometry
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How do we measure their mass?!
Super Massive Black Holes

Emission close to the BH

Emission from 
remote material

Lu
m

in
os

ity
Time

delay

From the delay ➤ Distance

« Reverberation Mapping » 



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



How do we measure their mass?!
Super Massive Black Holes

From the line width ➤ Velocity

« Reverberation Mapping » 



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

Grier et al. (2017)

•Super massive black 
holes already in place 
in the early universe

•SMBH in almost all 
galaxies…

E.g. ULAS J1342 + 0928 has 
a 109 Msun at a lookback time 
of 13 billions of years… 
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… e.g. Interferometry (GRAVITY)
Via direct measurements…
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How do we measure their mass?!
Super Massive Black Holes

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

~109 light year from earth

3C 273

Sturm et al. (2018)

jet

5 

 5 

We infer a position angle of 210  deg (with a 180 deg ambiguity), and an  108 

inclination of 12 ±  2 deg (all intervals at 90% confidence) for the rotation axis of the 109 

BLR. Measurements of the radio jet inclination angle from superluminal motion range 110 

from 7-15 deg17,18,19. The close 2D alignment of the rotation axis and the radio jet 111 

confirms that the kinematics are dominated by ordered rotation. The half opening angle 112 

of the gas distribution is 45  deg.  113 

The mean Pa D emitting region radius is found to be R  =  46 ±114 

 10 μas (0.12 ± 0.03 pc), with an inner edge at R =  11 ± 3 μas (0.03 ± 0.01 pc), 115 

Figure 1: Main observational and modelling results. (a) Observed GRAVITY 3C 273 Pa D line profile (black points) 
and differential phases averaged over three baselines (blue points) showing the S-shape typical for a velocity 
gradient. The error bars represent 1 sigma. A thick disc model (pink lines, see also panels c and d) of the broad line 
emitting region provides an excellent joint fit to the data. (b) Observed centroid positions at several wavelength 
channels (symbol size proportional to signal-to-noise) show a clear spatial separation between red- and blue-shifted 
emission: a velocity gradient at a position angle nearly perpendicular to that of the radio jet (solid black line). The 
centroid track of the model is shown as the dashed line. (c) Schematic representation of the model parameters. (d) 
Velocity map of the best fitting model, a thick disc geometry viewed nearly face-on. Disorder in the velocity map 
reduces the observed photo-center shifts (b) compared to the angular size (d) of the broad Pa D emitting region. 

blueshifted

redshifted

➧ M ~ 3x108 Msun

Jet axis
0.4

 ly



MBH ~ 0.1% MBulge

•BH growth and galaxy 
evolutions are related

How do we measure their mass?!
Super Massive Black Holes

Phenomenological Relationship

•BH mass related to 
bulge mass of the host 
galaxy



Astrophysical Black 
Hole Environment



Microquasar: !
Cyg X-1

AGN: 3C 273

Broad Band Emission

•From Radio to gamma-rays

•Luminosity dominated by 
high energy bands

•Several spectral components
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Microquasar: !
Cyg X-1

AGN: 3C 273



Broad Band Emission

Corona
Black hole

Accretion!
disk emission

X-ray 
emissionUV/X-ray
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Microquasar: !
Cyg X-1

AGN: 3C 273



Broad Band Emission
Jet!

(Radio-gamma)

Corona
Black hole

Accretion!
disk emission

X-ray 
emissionUV/X-ray
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Cyg X-1

AGN: 3C 273



Powerful Accretion
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Powerful Accretion
• The accreted matter is heated 
to large temperature and radiates 
in X and gamma-rays

• The fastest variabilities are 
observed at high energy (X, 
gamma)
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X-ray emission

ΔTvar

Powerful Accretion
• The accreted matter is heated 
to large temperature and radiates 
in X and gamma-rays

• The fastest variabilities are 
observed at high energy (X, 
gamma)

R < cΔTvar

R

➩ Emitting regions are small, ~kms in microquasars, 
~light-minutes (distance earth-Sun) in AGN
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Reflection Component
X-ray reflected 

off the disk
• Part of the X-ray emission is 
reflected on the accretion disk

• The nature (ionisation, geometry) of 
the corona-disk is imprint in the 
reflection components

970 G. Miniutti: Light bending models in AGNs

Fig. 1 The main components of the X-ray spectra of unobscured
accreting BH are shown: soft quasi-thermal X-ray emission from
the accretion disc (red); power law from Comptonization of the
soft X-rays in a corona above the disc (green); reflection contin-
uum and narrow Fe line due to reflection of the hard X-ray emis-
sion from dense gas (blue).

represented by a reflection continuum (characterised by the
“Compton hump”) and the Fe Kα line at 6.4 keV that we as-
sume here to be narrow, i.e. emitted from a distant reflector
such as the putative molecular torus of unification models.

The reflection spectrum shown in Fig. 1 is only a
schematic view and assumes neutral matter. The real situ-
ation is much more complex. A first step towards a more
accurate modelling of disc atmospheres is made by consid-
ering thermal and ionization equilibrium. Results of such
computations have been published in the past (e.g. Ross &
Fabian 1993; Matt, Fabian & Ross 1993, 1996; Zycki et al.
1994; Nayakshin, Kazanas & Kallman 2000; Rózańska et
al. 2002) and one of the most recent work (Ross & Fabian
2005) is now available to all xspec users as a grid of mod-
els (the REFLION model) with variable illuminating power
law slope, Fe abundance, and ionization. In Fig. 2 (top)
we show X-ray reflection spectra produced by the Ross &
Fabian (2005) code for three different values of the ioniza-
tion parameter (all other parameters being fixed).

In the bottom panel of the same figure we show two
versions of a model with ionization parameter of ξ =
2 × 102 erg cm s−1. The blue one is the X-ray reflection
spectrum in the absence of any relativistic effect, whereas in
red we show the relativistically-blurred version of the same
model, i.e. the spectrum that is observed at infinity if re-
flection occurs from the accretion disc. All sharp spectral
features of the unblurred spectrum (blue) are broadened by
both special and general relativistic effects (Doppler effects,
light aberration, light bending, and gravitational redshift).
Below about 2 keV the spectrum is often affected by the
presence of absorption/emission features due to photoion-
ized gas complicating the soft part of the spectrum. Thanks
to its strength and isolation, the broad skewed Fe line is
however clearly seen. This is what makes this particular

Fig. 2 Top panel: computed X-ray reflection spectra as a func-
tion of the ionization parameter ξ (from the code by Ross & Fabian
2005). The illuminating continuum has a photon index of Γ = 2
and the reflector is assumed to have cosmic (solar) abundances.
Bottom panel: we show the intrinsic rest-frame reflection spectrum
(dotted blue) and its relativistically blurred version (solid red), i.e.
the reflection spectrum emitted from the accretion disc as seen by a
distant observer. Newtonian physics produces double-peaked pro-
files of the narrow (originally monochromatic) features, and spe-
cial relativity (transverse Doppler shift and light aberration) shifts
the profiles to the red and boosts the blue peak with respect to
the red one, depending on the orbital velocity of the emitting gas.
General relativity, most effective at small radii, shifts further all
features to the red (gravitational redshift) and enhances the contri-
bution of the far side of the accretion disc (light bending).

emission feature a remarkable and unique tool that allow us
to investigate the dynamics of the innermost accretion flow
via relativistic effects in accreting BH systems.

3 The puzzling variability of MCG–6-30-15

The X-ray spectrum of the Seyfert 1 galaxy MCG–6-30-
15 is characterized by a broad emission feature stretching
from below ∼4 keV to about 7 keV, first clearly resolved
with ASCA by Tanaka et al. (1995). The profile is consistent
with that predicted from iron fluorescence from an accretion
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970 G. Miniutti: Light bending models in AGNs

Fig. 1 The main components of the X-ray spectra of unobscured
accreting BH are shown: soft quasi-thermal X-ray emission from
the accretion disc (red); power law from Comptonization of the
soft X-rays in a corona above the disc (green); reflection contin-
uum and narrow Fe line due to reflection of the hard X-ray emis-
sion from dense gas (blue).

represented by a reflection continuum (characterised by the
“Compton hump”) and the Fe Kα line at 6.4 keV that we as-
sume here to be narrow, i.e. emitted from a distant reflector
such as the putative molecular torus of unification models.

The reflection spectrum shown in Fig. 1 is only a
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Fabian 1993; Matt, Fabian & Ross 1993, 1996; Zycki et al.
1994; Nayakshin, Kazanas & Kallman 2000; Rózańska et
al. 2002) and one of the most recent work (Ross & Fabian
2005) is now available to all xspec users as a grid of mod-
els (the REFLION model) with variable illuminating power
law slope, Fe abundance, and ionization. In Fig. 2 (top)
we show X-ray reflection spectra produced by the Ross &
Fabian (2005) code for three different values of the ioniza-
tion parameter (all other parameters being fixed).

In the bottom panel of the same figure we show two
versions of a model with ionization parameter of ξ =
2 × 102 erg cm s−1. The blue one is the X-ray reflection
spectrum in the absence of any relativistic effect, whereas in
red we show the relativistically-blurred version of the same
model, i.e. the spectrum that is observed at infinity if re-
flection occurs from the accretion disc. All sharp spectral
features of the unblurred spectrum (blue) are broadened by
both special and general relativistic effects (Doppler effects,
light aberration, light bending, and gravitational redshift).
Below about 2 keV the spectrum is often affected by the
presence of absorption/emission features due to photoion-
ized gas complicating the soft part of the spectrum. Thanks
to its strength and isolation, the broad skewed Fe line is
however clearly seen. This is what makes this particular

Fig. 2 Top panel: computed X-ray reflection spectra as a func-
tion of the ionization parameter ξ (from the code by Ross & Fabian
2005). The illuminating continuum has a photon index of Γ = 2
and the reflector is assumed to have cosmic (solar) abundances.
Bottom panel: we show the intrinsic rest-frame reflection spectrum
(dotted blue) and its relativistically blurred version (solid red), i.e.
the reflection spectrum emitted from the accretion disc as seen by a
distant observer. Newtonian physics produces double-peaked pro-
files of the narrow (originally monochromatic) features, and spe-
cial relativity (transverse Doppler shift and light aberration) shifts
the profiles to the red and boosts the blue peak with respect to
the red one, depending on the orbital velocity of the emitting gas.
General relativity, most effective at small radii, shifts further all
features to the red (gravitational redshift) and enhances the contri-
bution of the far side of the accretion disc (light bending).

emission feature a remarkable and unique tool that allow us
to investigate the dynamics of the innermost accretion flow
via relativistic effects in accreting BH systems.

3 The puzzling variability of MCG–6-30-15

The X-ray spectrum of the Seyfert 1 galaxy MCG–6-30-
15 is characterized by a broad emission feature stretching
from below ∼4 keV to about 7 keV, first clearly resolved
with ASCA by Tanaka et al. (1995). The profile is consistent
with that predicted from iron fluorescence from an accretion
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Fe lines and BH spin

XMM-Newton reveals the detailed shape of Fe line profiles.         GX

339-4 requires a > 0.9, Cygnus X-1 does not require spin.
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Microquasar!

1E 140.7-2942
•X-ray binaries show powerful 
ejection during their outburst

•10% of act ive galaxies have 
powerful jets

AGN!
3C 175

•Accretion and ejection processes 
are intimately related
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 Radio  Luminosity (ejection) 

•R a d i o - G a m m a r a y e m i s s i o n 
indicating highly relativistic particles

➨ talk by J. Ferreira
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Superluminal motions
Radio galaxie M87

Microquasar	
 GRS 1915+105

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

1.7c



Smooth Winds
•Blueshifted absorption lines 
signature of outflowing material 
at 1000s to 10 000s of km/s

AGN

Microquasar

•Could have strong influence on 
the compact object evolution
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Ansatz: Characteristic time scales for jet-
accretion coupling linearly proportional     
to BH mass: 

▪ 1e+7 yrs (~quasar duty cycles) for 1e+9 
solar mass BH correspond to a fraction of a 
year for a stellar mass BH. Hence:

XRBs as tools for probing (some aspects of):
– Jet & accretion physics
–AGN phenomenology/accretion modes
–BH-driven aspects of galaxy evolution 

All ON HUMAN TIME-SCALES,

“A form of quasars for the impatients” 

(cf. Roger Blandford)

Scale-invariant physics (inner ~10 Rg)

http://www.sc.eso.org/~fmirabel
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Are Microquasars and AGN the 
same but on different scales?

Des binaires X qui 
sursautent…
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Microquasar outburst •1 sec. of a microquasar lifetime 
corresponds to month/years of an 
AGN lifetime…

•AGN could be different snapshots 
of microquasars evolution during 
outburst



A Promising Future



• 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)

• Targets: SMBH of our Milky 
Way, Messier 87

• Spa t i a l reso lu t i on t o 
resolve the event horizon 
of close SMBH

• Goal: direct image of the 
BH shadow…
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Black holes under the 
« Microscope »

• New instruments (a few examples): 

‣ Extremely Large Telescope (Optical/IR)

39 m diameter telescope
• Targets: Spectroscopy of 

large samples of high-z AGN

• G o a l : u n d e r s t a n d t h e 
formation of the SMBH

• Large collecting area

• First light: 2024



• New instruments (a few examples): 

‣ Athena satellite (X-ray)

• Large collecting area, high 
spatial, spectral and timing 
resolution

• Targets: High-z AGN 

• G o a l : u n d e r s t a n d t h e 
formation of the SMBH.

• First light: 2030…

Black holes under the 
« Microscope »



Stay Tuned! 
Thanks!


