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- SMBHs in other galaxies 
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Lecture 2

- BH accretion, energy release, efficiency, Eddington limit, BB emission and IC

- BH transients (X-ray binaries): states. BH spin from thermal BB disc

- IMBHs: the special case of HLX-1 in ESO 243-49



Black Holes: observational evidences (some)

Stellar-mass (~10 solar masses) 
The most massive stars end their lives leaving 
nothing behind their ultra-dense collapsed cores 
which we can observe when accreting from a 
companion star [X-ray binary]  

Super-massive (106-109 solar masses)
The centers of galaxies contain giant black holes, 
which we can observe when accreting the 
surrounding matter / gas [AGN]

Intermediate-mass (102 – 104 solar masses)
A new class of recently-discovered black holes
could have masses on the order of hundreds or 
thousands of stars although the debate is open 
[ULX ?]

?
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The current working model is that of a central Bh surrounded by an accretion disc

Energy is generated by gravitational infall and dissipation
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Emission from accreting BH

€ 

L = GM ˙ M 
r ≈ 0.1 ˙ M c 2

This is the by far the most energy efficient process we know (except annihilation)

The efficiency can vary from 5.7% up to 42% depending on the BH spin
(complete nuclear fusion of H into He only reaches 0.7 %)
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disc is in differential rotation with its neighbours



Emission from accreting BH

As mentioned, gas in the accretion disc spirals in via a succession of circular orbits

The orbital angular velocity increase inwards (Ω ~ r-3/2), so that each annulus on the 
disc is in differential rotation with its neighbours

Because of turbulence and chaotic motions, viscous stresses are generated
pruducing a loss of local energy which is converted into heat (and thus, potentially, 
into radiation

For simplicity, let us consider that all the accretion luminosity is emitted as a black
body (BB): the BB temperatue is (by definition) 



Emission from accreting BH

As mentioned, gas in the accretion disc spirals in via a succession of circular orbits

The orbital angular velocity increase inwards (Ω ~ r-3/2), so that each annulus on the 
disc is in differential rotation with its neighbours

Because of turbulence and chaotic motions, viscous stresses are generated
pruducing a loss of local energy which is converted into heat (and thus, potentially, 
into radiation

For simplicity, let us consider that all the accretion luminosity is emitted as a black
body (BB): the BB temperatue is (by definition) 

4/1

÷
ø
ö

ç
è
æ=

sA
LTBB
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we can then use the Eddington luminosity derived before
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we can then use the Eddington luminosity derived before
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~    0.6  keV (X-rays) for a typical BH X-ray binary
~    0.01 keV (UV) for a tpical AGN
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Emission from accreting BH

In the real world, the temperature of the accretion disc is a function of radius, i.e. the 
accretion disc can be though of as an ensable of annuli each emitting its own BB 
spectrum with temperature increasing inwards

The local dissipation rate due to viscous stresses can be writen as

D(r) = 3GM m
.
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BB emission from accreting BHs is indeed observed, although this is not the end of 
the story
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Emission from accreting BH

As seen, BH binaries are often dominated by BB emission peaking (as expected) in 
the soft X-rays (~ 1keV)

On the other hand, accreting SMBHs (AGN) are characterized by BB emission
peaking (again, as expected because of the much higher BH mass) in the UV 
portion of the EM spectrum

High-energy emission in the form of a ~ power law is however ubiquitously seen in 
accreting BHs and cannot be explained by BB emission
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increase in energy of at least 2 decades even in the case of X-ray binaries

Where does this further high-energy emission come from ?

Inverse Compton is the answer



Emission from accreting BH

The accretion flow is thought to be surrounded by hot plasma (basically electrons) 
which we call corona (in analogy with the similar stellar structure)

The hot electrons in the corona interact with the photon field from the accretion flow 
(mainly soft X-rays for X-ray binaries and UV photons for SMBHs)

Assuming for simplicity a non-relativistic thermal distribution of electrons with 
temperature Te the averaged energy exchange in a given scattering event between
photon and electron is
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Emission from accreting BH

And, after a series of say N scattering events, the final photon energy will be 
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Which depends on the initial photon energy, on the electron temperature, and on 
the number of scattering events (basically function of the optical depth) 

Inverse Compton is not effective anymore when the photon energy reaches ~ 4kTe
so that a high-energy cutoff is reached for this kind of energies (the electron 
temperature in the corona has to reach extremely high temperatures of the order of 
108-109 K to explain the observed power law and cutoffs)
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Which depends on the initial photon energy, on the electron temperature, and on 
the number of scattering events (basically function of the optical depth) 

Inverse Compton is not effective anymore when the photon energy reaches ~ 4kTe
so that a high-energy cutoff is reached for this kind of energies (the electron 
temperature in the corona has to reach extremely high temperatures of the order of 
108-109 K to explain the observed power law and cutoffs)

In analogy with the solar corona, magnetic fields are though to play a major role for 
heating the electron plasma up to such high temperatures
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One application: measuring BH spin in BH X-ray binaries



One application: measuring BH spin in BH X-ray binaries

During each outburst the X-ray spectra evolve with a rather complex
phenomenology

The X-ray spectrum can be roughly described in terms of hardness ratio H/S

S H

Hard spectra are 
dominated by power law 
emission from the hot 
corona

Soft spectra are dominated
by accretion disc BB 
emission
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One application: measuring BH spin in BH X-ray binaries

When X-ray spectra are completely dominated by the thermal BB disc emission one
can attempt to measure the BB area from the data

But the area depends on how close you can approach the BH along stable circular
orbits, namely it depends on the ISCO (=6rg for a non-rotating Schwarzschild BH 
and =1.24 rg for a maximally rotating Kerr one)
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This is however expected and it is
the result of electron scattering
which can be corrected for by 
introducing the so-called color 
correction factor (a corrections that
depends on the luminosity)



One application: measuring BH spin in BH X-ray binaries

4/1

÷
ø
ö

ç
è
æ=

sA
LTBB

In order to be sure to measure BB, 
one has to check that the BB 
luminosity scales as T4

Well … not really at high T

This is however expected and it is
the result of electron scattering
which can be corrected for by 
introducing the so-called color 
correction factor (a corrections that
depends on the luminosity)



One application: measuring BH spin in BH X-ray binaries



One application: measuring BH spin in BH X-ray binaries



One application: measuring BH spin in BH X-ray binaries



What about IMBHs ? Do they really exist ?

Intermediate-mass (102 – 104 solar masses)
A new class of recently-discovered black holes
could have masses on the order of hundreds or 
thousands of stars although the debate is open 
[ULX ?]

?
ULXs are X-ray sources that are found off the nuclei of other galaxies (i.e. they are 
not associated with central SMBHs) and exceed the Eddington limit for 10-20 Msun
accreting BHs
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ULXs are off-axis X-ray sources with L > 1039-1040 erg/s



What about IMBHs ? Do they really exist ?



What about IMBHs ? Do they really exist ?



What about IMBHs ? Do they really exist ?



What about IMBHs ? Do they really exist ?



What about IMBHs ? Do they really exist ?

Detection and methods



What about IMBHs ? Do they really exist ?

Detection and methods

LX ~ 2.3x1041 erg/s and since LEdd ~ 1.3x1038 erg/s (M/Msun)
very simplistic arguments would imply a BH with mass MBH > 2300 Msun

This however assumes the distance of the apparent host: z info is crucial



What about IMBHs ? Do they really exist ?

Detection and methods

VLA (21cm)
DSS (4680 A)
MOS (0.3-10 keV)

+
20”
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Detection and methods

MCG-03-34-63

IRAS 13197-1627
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Detection and methods
a higher angular resolution X-ray position is necessary to be sure of the optical
counterpart (which can then be the target of spectroscopic follow-up to derive z) 

Chandra



What about IMBHs ? Do they really exist ?

Detection and methods
a higher angular resolution X-ray position is necessary to be sure of the optical
counterpart (which can then be the target of spectroscopic follow-up to derive z) 

If optical spectroscopy confirms that the source has the same z as the apparent
host, the ULX nature is confirmed



What about IMBHs ? Do they really exist ?

One interesting case study: the ULX in ESO 243-49

HLX-1

Assuming that the source is associated with the apparent host, an X-ray luminosity
of ~ 1042 erg/s is observed (1000 times higher than the Eddington limit for a typica ~ 
10 Msun accreting BH in a standard X-ray binary)

Large amplitude and short timescale X-ray variability rules out the idea that the 
large observed luminosity is in fact the result of the emission from multiple distinct
X-ray sources



What about IMBHs ? Do they really exist ?

The most important aspect in this game, is to confirm that the source is indeed
associated with the apparent host (a distance is necessary to convert fluxes into
luminosities)

If this was not the case, HLX-1 could well be a background AGN of higher
luminosity with no implications for IMBHs

A faint optical counterpart was detected, so that an 
optical spectrum could be taken

The shift of an Hα emission line is
consistent with the redshift of the 
galaxy à confirmation of the observed
large X-ray luminosity



What about IMBHs ? Do they really exist ?

Large amplitude X-ray variability suggests cycles of activity similar to those seen in 
BH X-ray binary transients in the Milky Way (but with orders of magnitude more 
luminosity released at X-ray emergies) 

In fact, the source appears to cycle through the same spectral states as stellar-mass 
BH transients in X-ray binaries
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~0.03LED

~0.8LED

~1.0LED

LED ~ 1.1 x 1042 erg s-1, MBH ~ 8,500 M¤



What about IMBHs ? Do they really exist ?

The spectral evolution allows to select
some representative states that are 
completely dominated by thermal BB-
like emission from the accretion disc

Servillat et al. (2011)



What about IMBHs ? Do they really exist ?

As done for BH binaries one can fit these spectra looking for constraints on both BH 
spin and, most importantly in this case, BH mass



What about IMBHs ? Do they really exist ?

Adding the IR/optical/UV data to the X-ray ones increases robustness and suggests
an IMBH of ~ 104 Msun in this ULX à an IMBH population may well exist, although
only very few cases appear to be robust enough to be really trusted
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HLX-1

What about IMBHs ? Do they really exist ?


