
Active Galactic Nuclei:
What’s in the name?



Active Galactic Nuclei: definition

• The term Active Galactic Nucleus (AGN) was first used by Ambaratsumian (1971) 
to describe violent motions of gaseous clouds, considerable excess radiation in the 
ultraviolet, relatively rapid changes in brightness, expulsion of jets and 
condensations. Originally intended to describe radio galaxies, then extended to 
encompass also the related phenomena of Seyfert galaxies and quasars

• Peterson 1997: existence of energetic phenomena in the nuclei, or central regions, 
of galaxies which cannot be attributed clearly and directly to stars

• More recently: AGN are objects emitting radiation which is fundamentally powered 
by accretion onto supermassive (>108 M⊙) black holes (actually, wide range of 
masses!)

• Observationally: (a) strong X-ray emission, (b) relatively strong (non-thermal) radio 
emission (and extended structures), (c) non-stellar UV through IR emission, (d) 
broad emission lines over a wide wavelength range  - Not necessarily all these 
properties at the same time à overall, large variety of properties (depending 
also on the AGN classification, see AGN unified model)



Active Galactic Nuclei: energy output

E & 1047erg/s⇥ 107yrs ⇠ 3⇥ 1061erg

E = ✏mc2
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If ε=efficiency=0.7%=0.007 as from thermonuclear fusion (not true!), then

m =
E

✏c2
⇠ 4⇥ 1042g ⇠ 2⇥ 109M�
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i.e., the matter “transformed” into radiation to provide the energy reported above 
would be of the same order of that contained in the Schwarzschild radius.

The gravitational binding energy is far higher than the energy released from nuclear 
burning in virtue of a higher efficiency à gravitational energy production is the 

basis of the emission from AGN (full explanation later in the course)
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q What is the bolometric output of an AGN?

q What is the favourable band to pick up most of its emission?

Ø Capability of detecting accretion-related phenomena (survey flux limits, 
etc.) vs. dilution effects (from the host galaxy) à proper choice of the 
observing band

Ø Capability of summing up all the emissions due to accretion and count 
them in the proper way [spectral energy distribution (SED), i.e. photon flux 
vs. wavelength/frequency/energy studies are  important!]

Ø Effects of obscuration: the “best” band is not necessarily the most 
appropriate one to derive a proper estimate of the accretion power

AGN Emission



Harrison (2014)

AGN Spectral Energy Distribution

q What is the bolometric output of an AGN?
q What is the favourable band to pick up most of its emission?



SED of Seyfert 1 galaxy vs. SED of a normal galaxy (peaking at ~1 μm because of the old 
stellar population)

Optical/UV continuum in an AGN has non-stellar origin

Alloin et al. (1995)



Stars

AGN (Type 1, unobscured, see following lessons) typically are blue objects
U-B<-0.44 was the selection of Palomar-Green (PG) quasars, similar colors for SDSS quasars



Fath E.A., 1909

Strong emisison lines in galaxies – mid ‘40: K. Seyfert’s work

Active Galactic Nuclei: a brief historical overview

Fath & Slipher detected strong emission lines similar to those of Pne, 
with witdth of several hundred km/s, in NGC1068





M87, Curtis 1918



“Nebulae” (Galaxies) are Extra-Galactic

1926 – Hubble finds that “nebulae”

           are extragalactic (galaxies)

Chepeid Distances showed

that Nebulae were well

outside our Milky Way.



1943

Class of spiral galaxies with high-excitation optical emission lines



1959

Objects must have very large masses (M/L arguments)



Some calculations (and interpretation) based on Woltjer et al. (1959) 
observational results

• Size of the narrow-line emitting region (unresolved): <100 pc
• If gas is gravitationally bound:

R =
GM

v2
< 100pc ! M <

Rv2

G
=

3⇥ 1020(108)2

6.7⇥ 10�8
⇠ 1010M�
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• The density of the clouds emitting narrow line is <106 cm-3
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• If L(Hβ)~1041 erg/s à R>0.5 pc à M>108 M⊙

~1000 km/s



High-excitation and broad emission lines à nuclear mass should be 
very high if emission-line broadening is caused by bound material: 

M~v2R/G



1963

Schmidt et al. (1963; paper on Nature): 3C 273: z=0.158 (vr = 47500 km/s)
à This object is far away

1955: radio emission from NGC1068 and NGC1275
First radio surveys and discovery of quasars  



Rees 1978, 1984
Lynden-Bell 1969

Energy output not 
explained by stellar 

processes è accretion 
onto compact sources 

is the solution 

Gravitational radiation is the solution

How do massive black hole form?



One way is via gravitational effects on 
nearby stars (but only for the Galactic 

Center, SgrA*). 

Another way via its “hot” accretion disc 
and consequent high-energy emission

How can we infer the presence of a BH?



Variability

Almost all AGN were found to be variable, depending on the sampling and the 
intrinsic power of the AGN

Large-amplitude variations require that most of the source is involved in the process 
(i.e., the source is varying coherently) 

The variability signal can propagate through a region with v~c à upper limit to the 
size of the source (light days in case of quasars)



A super-massive black hole (SMBH) is present in most galaxies 

• BH mass vs. galaxy bulge luminosity/velocity dispersion have confirmed this 
paradigm over the last 20 years (Magorrian relation; e.g., Gebhardt et al. 2000)

• The width of the broad emission lines reflects the presence of a deep potential

• Galaxy mergers/encounters may drive matter to the inner regions, thus 
providing the fuel for the SMBH, but “secular” (smooth) evolution is likely 
fundamental for most active galaxies

The super-massive black hole paradigm



The Soltan argument in a nutshell
complete treatment later in the course

• It deals with the BH mass density in the Universe derived by considering the 
radiation emitted by all AGN across cosmic times (the mass in black holes today is 
simply related to the AGN population integrated over luminosity and redshift, i.e., 
the AGN luminosity function)

• Integrated AGN luminosities give                                (terms described in the following 
slides)

• Lower limit to the overall L due to accretion processes in the history of the 
Universe, since we cannot observe the faintest AGN

• à Lower limit to density of all mass accreted by AGN
• à lower limit to BH mass M per galaxy
• à Big galaxies must have MBH>108 M⨀

• Need to grow masses

L = ⌘ Ṁ c2
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A super-massive black hole (SMBH) is present in most galaxies 



Some pills on accretion onto BHs 
(in-depth discussion later in the course)



ASSUMPTION: spherically symmetric steady-state radial infall of ionized H 

e-

p

Frad

Fgrav

How luminous can an accreting BH be?
Eddington luminosity and related quantities
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Outward momentum flux = radiation pressure
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Outward radiation force on a single electron

(σT=Thomson cross section)
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Gravitational energy acting on a proton 
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max luminosity allowed
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there are cases where this luminosity is likely exceeded (e.g., note the input conditions –
e.g., spherical accretion vs. disc accretion, discussed later in the course)
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Rg = 1.5⇥ 1013 M8
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[cm]

[cm] [cgs system]
mp=1.7×10-24 g
M¤=2×1033 g
σT=6.65×10-25 cm2

G=6.67×10-8 cm3/g/s2

M8=MBH in units of 108 M¤

The gravitational radius = ½ × Schwarzschild radius, is the radius below which 
the gravitational attraction between the particles of a body must cause it to undergo 

irreversible gravitational collapse (mv2~GMm/R, where v=c)

Gravitation radius as a sort of “boundary” for the accretion 
(Schwarzschild vs. Kerr BH solutions discussed later)

Gravitational radius



Accretion luminosity: luminosity released by gravitational energy due to gas falling 
onto a star/compact object with mass M and radius R

    

€ 

L =
GM M

•

R
=ηM

•

c 2 η=efficiency of the conversion of gravitational energy into radiation
(ε is also often used with the same meaning)

[cgs system]
mp=1.7×10-24 g

M¤=2×1033 g
σT=6.65×10-25 cm2

G=6.67×10-8 cm3/g/s2

1 yr =3.1536 ×107 s
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ṀEdd ⇠ 0.2 (
R

Rg
) M8 M�/yr
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The Eddington accretion rate for a BH of 108 M¤ is of 
the order of a solar mass/yr (after converting g/s into 

M¤/yr). Consider that the efficiency is not considered 
here
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LEdd =
4⇡GcmpM

�T
=

GMṀEdd

R
! ṀEdd =

4⇡cmp

�T
R

Eddington accretion luminosity and accretion rate



M8= M in units of 108 M¤

η0.1=η/0.1

Eddington accretion rate in a SMBH
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The case of accretion onto a NS: calculations for R=10 km
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, 
-  Msun /yr for X-ray binaries

(with a NS at the center) 

Similarities in the accretion processes between X-ray binaries (either with a neutron 
star at the center, i.e., with a “surface”, or with a BH à compact object in any case ) 

and SMBHs



v, ρ: wind velocity and density if accretion is spherical 
and from a uniform ambient windM

•

= π  racc
2 vρ

racc =
2GM
v2

The effective accretion (capture) radius is linked to the 
escape velocity at a distance r from the BH

M
•

≈
4πρG2MBH

2

v3

cs: sound speed of the local medium; v: BH 
velocity relative to the local medium; α: 
adimensional parameter from simulations 
(≈100−300)

actually

M
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≈ 5×10−9 MBH  
108  Msun
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'
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)
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 Msun /yr vs. MEdd

•

≈ 2.2 MBH  
108  Msun

"

#
$

%

&
' /η0.1  Msun /yr 

à accretion via a disc is more efficient 

Powering the AGN: disc vs. Bondy-Hoyle 
accretion see Prof. L. Ciotti lessons on 

Bondi accretion
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M
tEdd

→ tEdd =
M

M
•

Edd

=
M

2.2M8/η0.1

=
108

2.2
η0.1 = 4.5 ×107η0.1 yr 

Eddington time: time taken by a body to radiate its entire mass at the Eddington rate

Often the Eddington time is reported without the efficiency term η
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tEdd =
�T c

4⇡ G mP
⇠ 0.45 Gyr

Eddington time for accretion
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Eddington time
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Salpeter time
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tEdd =
⌘�T c

4⇡GmP
⇠ 4.5⇥ 107⌘0.1 yr

e-folding timescales typically associated to black hole growth 

Characteristic timescales for BH growth



Lacc = ⌘Ṁaccc
2 ! Ṁacc = Lacc/⌘c

2

Ṁ• = (1� ⌘)Ṁacc =
1� ⌘

⌘
Lacc/c

2
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Accretion onto the BH 
(‘what is not radiated is accreted’, i.e. 
matter is the fuel for BH mass growth 

and emission) 

�Edd =
Lacc

LEdd
! Lacc = �Edd LEdd
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Eddington ratio=Lbol/LEdd
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t
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BH growth: mass increase over time. I

How the BH mass 
evolves over time due 
to accretion

Accretion of matter is 
onto the BH is 
responsible for energy 
production (hence, 
radiation) and BH 
growth
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MBH(t) = MBHseed exp

✓
(1� ⌘) �Edd

t

⌧Salp

◆

M0=M●(0) is often referred to as the mass of the BH seed (see lesson on the 
high-redshift AGN and the topic concerning the nature of their progenitors)

Often you may find the Salpeter time (Eddington time) without the efficiency 
value η=0.1. In such cases the previous formula becomes
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In some cases λEdd may be implicitly assumed equal to 1 (BH radiating at the 
Eddington limit)

BH growth: mass increase over time. II



The central engine – few introductory steps
As described later in the lesson on accretion discs, the mass-energy conversion in 

small volumes on compact objects is highly efficient to produce energy: the gas in the 
disc loses angular momentum through viscosity and can fall onto the SMBH

Image: G. Risaliti

Potential gravitational energy à kinetic energy of the infalling gas à heat (through 
viscosity among disc annuli) à thermal emission from the disc

UV for SMBHs, X-rays in binaries



Ø The disc due to gas in accretion has a circular motion, 
with the rotation axis parallel to the angular momentum 
of the accreting gas

Ø Each gas element interacts with the surrounding 
elements, thus redistributing the energy and placing at 
the minimum state of energy corresponding to the 
circular orbit 

Variation of the thermal energy of the mass 
element dm in going from the orbit r+dr to r = 
half of the potential energy (Virial theorem)

The accretion disc. I

dEth = �1

2
GMdm (

1

r + dr
� 1

r
) =

1

2
GMdm (

dr

r(r + dr)
)
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Half of the potential gravitational energy 
goes into kinetic energy (rotational 
energy) and half in heating the disc

ΔE=release of energy: half of this 
goes into heat (thermal energy)Eheat=Eth=

1/2 ΔE
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Basic principles (further discussed in the standard accretion disc lesson)

• The gas has angular momentum, which should be brought in the outer part of the 
disc to allow gas accretion (i.e., gas moving to the inner parts of the disc)

• Through friction with other gas particles and by the resulting momentum transfer, 
the gas will assemble in a disc oriented perpendicular to the direction of the 
angular momentum vector

• The disc will locally rotate with approximately the Keplerian velocity (differential 
rotation: the angular velocity depends on radius) à heating of the disc by 
dynamical friction

• Conversion of potential energy into kinetic energy and internal (heat) energy 
(blackbody emission)



A little degression: the virial theorem. I
In its simplest form, the virial theorem says that, for an isolated dynamical system 
in a stationary state of equilibrium, the kinetic energy is half of the potential energy
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2Ekin + Epot = 0 ! Ekin = �1

2
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2 T + U = 0
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Etot = Ekin + Epot = �1

2
U + U =

1

2
U = �Ekin



A little degression: the virial theorem. II
Derivation in the case of stellar structure (basic principles + hydrostatic equilibrium: 
the inward pull of gravity is balanced by the upward force due to the gradient of the 

gas pressure)
<latexit sha1_base64="sizECvqr4wt5sn6jsXexfd24iFA=">AAACGXicbZBPS8MwGMbT+W/Of1WPXoJDmAdnOwZ6EYYe9CJMcG6w1pGm6RaWNiVJhVH6Mbz4Vbx4UBCPevLbmG096OYLCT+e531J3seLGZXKsr6NwsLi0vJKcbW0tr6xuWVu79xJnghMWpgzLjoekoTRiLQUVYx0YkFQ6DHS9oYXY7/9QISkPLpVo5i4IepHNKAYKS31zGMnEAinPmxm+hIZPINT5ejSgdcVcehARwy4hiwV97WsZ5atqjUpOA92DmWQV7Nnfjo+x0lIIoUZkrJrW7FyUyQUxYxkJSeRJEZ4iPqkqzFCIZFuOlksgwda8WHAhT6RghP190SKQilHoac7Q6QGctYbi/953UQFp25KozhRJMLTh4KEQcXhOCXoU0GwYiMNCAuq/wrxAOlclM6ypEOwZ1eeh3atatertn1TLzfO8zyKYA/sgwqwwQlogCvQBC2AwSN4Bq/gzXgyXox342PaWjDymV3wp4yvH6wFnrc=</latexit>

dP

dr
=

�G M(r) ⇢(r)

r2

<latexit sha1_base64="InVcLGBe4yKwNMdjKrNExVlCHrU="></latexit>

V (r)dr =
4

3
⇡r3dr ! V (r)dP = �1

3

GM(r)

r
[4⇡r2⇢dr] = �1

3

GM(r)

r
dM

mass of a shell of matter dM

Epot of the shell 
dM at radius r 

Epot of the all shells 
divided by 3

Detailed treatment in H. Bradt, Astrophysical Processes

integration over the 
volume of the star

<latexit sha1_base64="FWjUPwNDf5FqnVu+jc2e1MAashM="></latexit>Z

star
V (r)dP = �1

3

Z

star

GM(r)

r
dM =

U

3



A little degression: the virial theorem. III
<latexit sha1_base64="VkckwWDo3N2tli+b9NsBnpPQpJA="></latexit>

d(PV ) = PdV + V dP ! (PV )|R0 =

Z

star
PdV +

Z

star
V dP

Integrate over the volume 
of the star (R=radius of the star)

<latexit sha1_base64="16OViWrAd1+sHMg+oqtSYvgouYQ=">AAACAnicbVBNS8NAEN3Ur1q/ol4EL4tF8GJJtKAXoejFYwXTFtoQNtttu3SzCbsToYR68a948aAgXv0V3vw3btsctPXBwOO9GWbmhYngGhzn2yosLa+srhXXSxubW9s79u5eQ8eposyjsYhVKySaCS6ZBxwEayWKkSgUrBkObyZ+84EpzWN5D6OE+RHpS97jlICRAvvgFJ/jDpcQZBqIGuM67jbwFfYCu+xUnCnwInFzUkY56oH91enGNI2YBCqI1m3XScDPiAJOBRuXOqlmCaFD0mdtQyWJmPaz6QdjfGyULu7FypQEPFV/T2Qk0noUhaYzIjDQ895E/M9rp9C79DMukxSYpLNFvVRgiPEkDtzlilEQI0MIVdzciumAKELBhFYyIbjzLy+S5lnFrVZc965arl3neRTRITpCJ8hFF6iGblEdeYiiR/SMXtGb9WS9WO/Wx6y1YOUz++gPrM8fPKiVSA==</latexit>

�3

Z

star
PdV = U

<latexit sha1_base64="RRKmPyQFiujo1nLnG/ZZJFIPvBY=">AAACJ3icbVBPS8MwHE39O+e/qkcvwSHMy2jnQC+DoRePE5wbrLOkWbqFJW lJ0sEo/TRe/CpePEwQPfpNzLYedPNB4OW99yP5vSBmVGnH+bLW1jc2t7YLO8Xdvf2DQ/vo+FFFicSkhSMWyU6AFGFUkJammpFOLAniASPtYHQ789tjIhWNxIOexKTH0UDQkGKkjeTb9SasQy+UCKfVLL3MoPBgeXF3MyNBDsdP1Qs/ReNsKZn4I98uORVnDrhK3JyUQI6mb0+9foQTToTGDCnVdZ1Y91IkNcWMZEUvUSRGeIQGpGuoQJyoXjpfM4PnRunDMJLmCA3n6u+JFHGlJjwwSY70UC17M/E/r5vo8LqXUhEnmgi8eChMGNQRnHUG+1QSrNnEEIQlNX+FeIhME9o0WzQluMsrr5J2teLWKq57Xys1bvI+CuAUnIEycMEVaIA70AQtgMEzeAVT8G69WG/Wh/W5iK5Z+cwJ+APr+wfwtaQQ</latexit>

P =
2

3
n (

1

2
mv2)av =

2

3
uk

For a perfect nonrelativistic gas
uk=kinetic energy density [J/m3]

<latexit sha1_base64="t0D+kSB9FCTZuPOa6BRoyJUXbJs=">AAACK3icbVDLSgMxFM3UV62vqks3wSK4KjO1oBuh6sZlhb6gLUMmzbShmcyQ3BHKMN/jxl9x04WiuPU/TNtZ1NYDgcM553JzjxcJrsG2P63cxubW9k5+t7C3f3B4VDw+aekwVpQ1aShC1fGIZoJL1gQOgnUixUjgCdb2xg8zv/3MlOahbMAkYv2ADCX3OSVgJLd41+MS3EQDUSmu40EL3+JlqecrQpNKmlylOHbHWWBJbLjFkl2258DrxMlICWWou8VpbxDSOGASqCBadx07gn5CFHAqWFroxZpFhI7JkHUNlSRgup/MT03xhVEG2A+VeRLwXF2eSEig9STwTDIgMNKr3kz8z+vG4N/0Ey6jGJiki0V+LDCEeNYbHnDFKIiJIYQqbv6K6YiYHsC0WzAlOKsnr5N2pexUy47zVC3V7rM+8ugMnaNL5KBrVEOPqI6aiKIX9Ibe0Yf1ak2tL+t7Ec1Z2cwp+gPr5xehWaaJ</latexit>Z

star
PdV =

Z

star

2

3
ukdV =

2

3
T

<latexit sha1_base64="ZQm+gKjsWXgaL/Dt+IyJ52OGu9g=">AAACHnicbVDLSsNAFJ3UV42vqEs3g0VwVRKpj41QdOOyin1AE8pkOmmHTjJh5kYppV/ixl9x40IRwZX+jUmbhbY9cOFwzr3ce48fC67Btn+MwtLyyupacd3c2Nza3rF29xpaJoqyOpVCqpZPNBM8YnXgIFgrVoyEvmBNf3Cd+c0HpjSX0T0MY+aFpBfxgFMCqdSxThvYVbzXB6KUfMS2iwm4WF3a2HXN2mLvzuxYJbtsT4DniZOTEspR61hfblfSJGQRUEG0bjt2DN6IKOBUsLHpJprFhA5Ij7VTGpGQaW80eW+Mj1KliwOp0ooAT9S/EyMSaj0M/bQzJNDXs14mLvLaCQQX3ohHcQIsotNFQSIwSJxlhbtcMQpimBJCFU9vxbRPFKGQJpqF4My+PE8aJ2XnrFy5rZSqV3kcRXSADtExctA5qqIbVEN1RNETekFv6N14Nl6ND+Nz2low8pl99A/G9y8eoJ/8</latexit>

V ! 0 at r = 0

P ! 0 at r = R
Left term of eq. =0 because:

T=kineric energy



A little degression: the virial theorem. IV
<latexit sha1_base64="K1djF96Warvxq5perG5wvRn62dk=">AAACK3icbZDLSsNAFIYnXmu9RV26GSyCIC1JWtBNoerGZYXGFppQJtNJO3RyYWailJDnceOruOlCUdz6Hk7bLLTtDwM/3zmHM+f3YkaFNIxPbW19Y3Nru7BT3N3bPzjUj44fRZRwTGwcsYh3PCQIoyGxJZWMdGJOUOAx0vZGd9N6+4lwQaOwJccxcQM0CKlPMZIK9fSbctWBjs8RTq0srWawBevQhg6ng6FEnEfPsGytgFYLXipUh0ZPLxkVYya4bMzclECuZk+fOP0IJwEJJWZIiK5pxNJNEZcUM5IVnUSQGOERGpCusiEKiHDT2akZPFekD/2IqxdKOKN/J1IUCDEOPNUZIDkUi7UpXFXrJtK/dlMaxokkIZ4v8hMGZQSnucE+5QRLNlYGYU7VXyEeIpWbVOkWVQjm4snLpm1VzFrFNB9qpcZtnkcBnIIzcAFMcAUa4B40gQ0weAFv4B18aK/aRPvSvueta1o+cwL+Sfv5BT+aoz8=</latexit>

�3
2

3
T = U ! �2T = U ! 2T + U = 0

In the case of a stable collection of particles (galaxies…)

<latexit sha1_base64="Ny5xf6Sf1+rRc2xVc+oZFKzq4Ww="></latexit>
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The accretion disc. II

L =

Z Rin

Rout

dL =
1

2
GMṀ [

1

r
]Rin
Rout

=
1

2
GMṀ(

1

Rin
� 1

Rout
) ⇠ 1

2

GMṀ

Rin

<latexit sha1_base64="+kygG9l6OpxoaPu1Qjlz1AFhKnc="></latexit>

L = ⌘Ṁc2

<latexit sha1_base64="om75sDKkAcF3BsbvMnJqtE5oSP0=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgqsyUgroQim5cKFSwD2jHkknTNjSTGZI7YhnmV9y4UMStP+LOvzFtZ6GtBwKHc+7h3hw/ElyD43xbuZXVtfWN/GZha3tnd8/eLzZ1GCvKGjQUoWr7RDPBJWsAB8HakWIk8AVr+eOrqd96ZErzUN7DJGJeQIaSDzglYKSeXby56DIguNsPIblNMX2o9OySU3ZmwMvEzUgJZaj37C+TpnHAJFBBtO64TgReQhRwKlha6MaaRYSOyZB1DJUkYNpLZren+NgofTwIlXkS8Ez9nUhIoPUk8M1kQGCkF72p+J/XiWFw5iVcRjEwSeeLBrHAEOJpEbjPFaMgJoYQqri5FdMRUYSCqatgSnAXv7xMmpWyWy2f31VLtcusjjw6REfoBLnoFNXQNaqjBqLoCT2jV/RmpdaL9W59zEdzVpY5QH9gff4AxkyTpQ==</latexit>

L =
1

2

GMṀ

Rin

<latexit sha1_base64="G1UONgyBiM7RWsEW+Qdu/C2s+yg=">AAACE3icbVBLSwMxGMzWV62vVY9egkUQD2W3FNSDUPSgBwtVbC20y5JNs21o9kGSFUrY/+DFv+LFgyJevXjz35ht96CtA4Fh5vuSzHgxo0Ja1rdRWFhcWl4prpbW1jc2t8ztnbaIEo5JC0cs4h0PCcJoSFqSSkY6MSco8Bi590YXmX//QLigUXgnxzFxAjQIqU8xklpyzaPrs57PEVZ2qqopnPJL2IC9fiRVI03VratomKaw5Jplq2JNAOeJnZMyyNF0zS99CU4CEkrMkBBd24qloxCXFDOSlnqJIDHCIzQgXU1DFBDhqEmmFB5opQ/9iOsTSjhRf28oFAgxDjw9GSA5FLNeJv7ndRPpnzg6UpxIEuLpQ37CoIxgVhDsU06wZGNNEOZU/xXiIdK1SF1jVoI9G3metKsVu1Y5vamV6+d5HUWwB/bBIbDBMaiDK9AELYDBI3gGr+DNeDJejHfjYzpaMPKdXfAHxucP9y2dnQ==</latexit>

⌘ =
GM

2c2Rin

<latexit sha1_base64="43W6kzFlx+zzYvH/EWy93mDriZI=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiSloC6EogvdCFXsA5oYJtNJO3QyCTMToYSs3Pgrblwo4tZvcOffOG2z0NYDA4dz7uXOOX7MqFSW9W0UFhaXlleKq6W19Y3NLXN7pyWjRGDSxBGLRMdHkjDKSVNRxUgnFgSFPiNtf3gx9tsPREga8Ts1iokboj6nAcVIackz9x2i0JkTCITTS3idpVWI76vw1kspzzLPLFsVawI4T+yclEGOhmd+Ob0IJyHhCjMkZde2YuWmSCiKGclKTiJJjPAQ9UlXU45CIt10EiODh1rpwSAS+nEFJ+rvjRSFUo5CX0+GSA3krDcW//O6iQpOXB0oThTheHooSBhUERx3AntUEKzYSBOEBdV/hXiAdCVKN1fSJdizkedJq1qxa5XTm1q5fp7XUQR74AAcARscgzq4Ag3QBBg8gmfwCt6MJ+PFeDc+pqMFI9/ZBX9gfP4A8Y+YLQ==</latexit>

Efficiency conversion factor 
matter à energy

Schwarzschild BH: Rin=6 GM/c2: ⌘ =
1

12
⇠ 0.08

<latexit sha1_base64="hvVT6Jxtf3nGOTv55C8V3x9ZaBc=">AAACA3icbVDLSgMxFM3UV62vUReiboJFcFVmimBdCEU3LivYB3SGkkkzbWiSGZKMUIaCG3/FjQtF3PoP4k43bv0M08dCWw9c7uGce0nuCWJGlXacDyszN7+wuJRdzq2srq1v2JtbNRUlEpMqjlgkGwFShFFBqppqRhqxJIgHjNSD3sXQr98QqWgkrnU/Jj5HHUFDipE2Usve84hGZ14oEU7dQeoWB56iHDoFp9Sy86aNAGeJOyH5cunrbefze7fSst+9doQTToTGDCnVdJ1Y+ymSmmJGBjkvUSRGuIc6pGmoQJwoPx3dMICHRmnDMJKmhIYj9fdGirhSfR6YSY50V017Q/E/r5nosOSnVMSJJgKPHwoTBnUEh4HANpUEa9Y3BGFJzV8h7iKThzax5UwI7vTJs6RWLLjHhdMrk8Y5GCML9sEBOAIuOAFlcAkqoAowuAX34BE8WXfWg/VsvYxHM9ZkZxv8gfX6A6+Dmqo=</latexit>

vs. ~0.007 for nuclear processes

Radius of the Innermost Circular stable orbit (ISCO), depending of BH kind (Schwarzschild 
vs. Kerr, i.e., static vs. maximally rotating disc, discussed later in the course) 



Black holes: basics
Ø ISCO depends on spin angular momentum J=G MBH a/c (a=dimensionless 

angular momentum)

Ø BHs are characterized completely by mass MBH and spin parameter a, 
where a=[-1,1]

Ø a<0 means that the spin is in opposite sense wrt. the angular momentum 
of a test particle orbit (the orbit is prograde)

RISCO = z
GM

c2

<latexit sha1_base64="rQF8/oRFpMLxPL/282D11wwpMaA=">AAACA3icbVDLSsNAFJ34rPUVdaebwSK4KkkpqAuh2IW6EOujD2hjmUwn7dDJJMxMhBoCbvwVNy4UcetPuPNvnLZZaOuBC4dz7uXee9yQUaks69uYmZ2bX1jMLGWXV1bX1s2NzZoMIoFJFQcsEA0XScIoJ1VFFSONUBDku4zU3X556NfviZA04LdqEBLHR11OPYqR0lLb3L5ux+c35cvk+AG2PIFwfAovkhjfFZK2mbPy1ghwmtgpyYEUlbb51eoEOPIJV5ghKZu2FSonRkJRzEiSbUWShAj3UZc0NeXIJ9KJRz8kcE8rHegFQhdXcKT+noiRL+XAd3Wnj1RPTnpD8T+vGSnv0IkpDyNFOB4v8iIGVQCHgcAOFQQrNtAEYUH1rRD3kE5C6diyOgR78uVpUivk7WL+6KqYK52kcWTADtgF+8AGB6AEzkAFVAEGj+AZvII348l4Md6Nj3HrjJHObIE/MD5/AL0hlvg=</latexit>

⌘ = 1� [1� 2

3z
]1/2

<latexit sha1_base64="HSagr79GWXPW5vyRbDIn8XpnCx8=">AAACBnicbVC7SgNBFJ2Nrxhfq5YiDAbBJnEnBtRCCNpYRjAP2KxhdjKbDJl9MDMrxGUrG3/FxkIRW7/Bzr9xkmyhiQcuHM65l3vvcSPOpLKsbyO3sLi0vJJfLaytb2xumds7TRnGgtAGCXko2i6WlLOANhRTnLYjQbHvctpyh1djv3VPhWRhcKtGEXV83A+YxwhWWuqa+x2q8AUq2ajU8QQmSSVNTh5S5y5Bx5W0axatsjUBnCcoI0WQod41vzq9kMQ+DRThWEobWZFyEiwUI5ymhU4saYTJEPeprWmAfSqdZPJGCg+10oNeKHQFCk7U3xMJ9qUc+a7u9LEayFlvLP7n2bHyzpyEBVGsaECmi7yYQxXCcSawxwQlio80wUQwfSskA6zTUDq5gg4Bzb48T5qVMqqWz2+qxdplFkce7IEDcAQQOAU1cA3qoAEIeATP4BW8GU/Gi/FufExbc0Y2swv+wPj8AVxzl88=</latexit>

Link between ISCO and radiative efficiency



η=radiative efficiency
J=angular momentum=IΩ, where Ω=angular velocity
J/M=specific angular momentum
j=a/M=dimensionless angular momentum per unit mass
a=dimensionless angular momentum (sign=direction of rotation)

a z=risco/rg η

-1.0 9.0 0.038
0 6.0 0.057

0.1 5.67 0.061
0.5 4.23 0.082
0.9 2.32 0.156

0.998 1.24 0.321
1.0 1.00 0.423

Non-rotating 
(Schwarzschild) BH

Rapidly-rotating 
(Kerr) BH

j = Jc /GM 2
BH = a /MBH  →  a = Jc /GMBH = J /MBHrgc“SPIN” of the BH

high η means less
mass available for

MBH growth

maximal retrograde

maximal prograde



• Friction between adjacent layers which converts gravitational potential energy
of the accreting matter into radiation
• Gas in differential rotation, viscosity transports angular momentum 
outward, while matter is driven inward
• Multi-color blackbody (MCD) emission=BB from layer at different temperatures

“Stratified” emission in the accretion disc



Log ν

Lo
g 

ν 
×

Fν

Total disk spectrum

Annular BB emission

MBH=10 M¤: 1 keV, 107 K
MBH=108 M¤: 10 eV, 105 K

Multi-color blackbody

Why?
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L =
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R
Half of the Egrav is radiated
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L = 2πR2σ SBT
4 πR2=area of the disc (×2: both surfaces) 

σSBT4: flux passing through the surface
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Proper treatment
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T(R) =
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64πσ SBG
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see also Done (2010, arXiv:1008:2287); Peterson (2008) 

Rin ≈ RS = 2GM / c2

R >> Rin →1− (Rin / R)
1/2 ≈1

€ 

R−3 / 4 = (R /RS )
−3 / 4 × (2GM /c 2)−3 / 4

Stefan-Boltzmann 
law

Temperature T(r) in the AD and its dependences.I
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Temperature in the AD and its dependences.II



M
•

Edd = 2.2M8 /η0.1      [Msun /yr]
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T(R) = cost × (108M8Msun )
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η=0.1

€ 

T(R) ≈ 2.1×105  M8
−1/ 4  (M

•

/M
•

Edd )1/ 4  (R/RS)-3/4  K

∝ M -1/4  (M
•

/M
•

Edd )1/ 4

TBB(R)∝M-1/4: thermal (disk) emission mostly emitting in UV for AGN (big blue bump), 
in soft X-rays in BHBs

T = cons ×  M −1/2 M 1/4
• R

RS

#

$
%

&

'
(

−3/4

M-1/2 Mdot1/4=(Mdot,Edd×Mdot/Mdot,Edd)1/4

Temperature in the AD and its dependences.III

TBB(R)∝R-3/4


