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An introduction to 

Active Galactic Nuclei. 1.    
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September 17, 2013 P. Padovani − Black Holes at all scales 

•  The beginning �

•  AGN main properties�

•  The AGN zoo: radio-quiet and loud AGN, Unified Schemes, and 
relativistic beaming �

•  AGN masses and physical evolution �
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September 17, 2013 P. Padovani − Black Holes at all scales 2 

z = 0.158 �
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z = 0.158 �

Quasar = quasi-stellar radio source�



It all started fifty years ago … 
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z = 0.158 �

Minkowksi 1960 



Quasar luminosities 
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�
•  3C 273: Lbol ≃ 1047 erg/s ≃ 3 x 1013 L⊙ ≃ 1,000 bright galaxies �

Vestergaard 2009 



�
•  Quasars belong to the Active Galactic Nuclei (AGN) class�
•  AGN main characteristics include: �

1.  High powers: most powerful “non-explosive” sources in 
the Universe �
ü  visible up to large distances: current record z = 7.1 �

2.  Small emitting regions: ≈ a few light days                 
(1 lt-day = 2.6 1015 cm ≈ 1 millipc); R ≤ c tvar/(1+z)�
ü  extremely large energy densities�

3.  Broad-band emission: from the radio- to theγ-ray band �
4.  Strong evolution: higher powers in the past, with peak 

at z ≈ 2 �
•  AGN phenomenon relatively rare: it affects ≈ 1% of galaxies 

(at a given time)�
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Active Galactic Nuclei 

Tavecchio et al. 2001 

Hopkins et al. (2007) NED 
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AGN energy source 
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�
•  What could explain the enormous and concentrated 
powers of AGN? �
•  Consensus reached (after a while) on supermassive 
black holes �



P. Padovani − Black Holes at all scales 

Gravitational power 
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η≃ 0.06 non-rotating BH �
η≃ 0.42 maximally rotating BH �
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1.  L ≤ LEdd à gives lower limit to BH mass (M3C 273 > 8 108 Mo)�
2.  L/LEdd measures how close to maximum accretion a BH is�
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Gravitational power and the Sun  

Eddington 1920 
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Accretion spectrum 
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•  Simple assumptions: �
ü matter and radiation in equilibrium: thermal radiation 

à black body emission �
ü most of the emission from deepest part of potential 

well à single blackbody radiating at T of innermost 
stable circular orbit (ISCO)�

•  Matter supposed to have some angular momentum: cannot 
fall radially à accretion disk �
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Observed quasar spectra 
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Elvis et al. 1994 
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The AGN Zoo 
�
AGN come in a large (and scary!) number of sub-classes: �
 $�
 Radio-quiet AGN �
�
 Type 1 & 2, QSO, QSO2, Seyfert 1, Seyfert 2, Seyfert 1.5, Seyfert 1.8, 
Seyfert 1.9, Narrow-line Seyfert 1, Liners �
 �
 Radio-loud AGN �
�
 Type 1 & 2, blazars, flat- and steep-spectrum radio quasars, core-
dominated, lobe-dominated, optically violent variable quasars, BL Lacertae 
objects (high-peaked, low-peaked, radio-selected, X-ray selected), high- 
and low-polarization quasars�
�
 Radio-galaxies: Fanaroff-Riley I & II, narrow-lined, broad-lined, high-
excitation, low-excitation, GHz-peaked�
 �
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The first quasars    
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quasar = quasi stellar radio source�

3C 273  

Tavecchio et al. 2001 



1965: not all quasars are radio sources
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The radio-quiet – radio-loud dichotomy 

17 September 17, 2013 
Kellerman et al. 1989 

R = fr/fB  

jet 

disc 

Only applies to  
quasars! 

Radio-loud à R > 10   
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Radio quiet AGN 

~ 1,000 x 
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•  Radio-loud AGN: most energy non-thermal: 
powerful relativistic jets (can also have a thermal 
component [accretion disk]) �

•  Radio-quiet AGN: jets not present or insignificant 
w.r.t total energy budget à thermal energy 
dominates �

19 

The radio-quiet – radio-loud distinction 
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“Seyfert” galaxies 
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Why the Seyfert 1 – Seyfert 2 distinction? 
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Seyfert 1 

Narrow lines: 
FWHM < 1,000 km/s 



The importance of orientation 

22 

NGC 1068, Antonucci & Miller (1985)�



The importance of orientation 

23 

NGC 1068, Antonucci & Miller (1985)�

Nagao et al. 2004 �
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Antonucci & Miller (1985) �

September 17, 2013 



�
•  The fraction of Sey 1’s depends on the “torus” half 

opening angle θ; extreme cases: �
ü θ = 0° à no Sey 1’s (covering fraction = 

100%) �
ü θ = 90° à all Sey 1’s (no torus) �
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radio data by Laing et al. 

The “torus” opening angle 

θ 
Schartmann et al. (2008) �•  θ estimated from the observed fraction of 

Seyfert 1’s: 1 - cosθ = NSey1/(NSey1 + NSey2) �
•  tricky à selection needs to be done on isotropic 

properties�
•  Sey 1’s fraction ≈ 30 – 50% à θ ≈ 45° - 60°    �
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radio data by Laing et al. 

Barthel (1989)�

radio quasars�

radio galaxies �

Radio galaxies and radio quasars 



Γ = (1 - β2)-1/2 (Lorentz factor), β = v/c                              
δ = 1/[Γ(1 - βcosθ)] (Doppler factor) �

νobs = δνem + Iν/ν3 relativistic invariant à �

Lobs = δ3Lem  (but energy is conserved); Lobs = δp+αLem, p ~2 - 3 �

•  Strong evidence that jets are relativistic (v ～ c): �

1.  Superluminal motion �

2.  Synchrotron self-Compton emission (Marscher et al. 1979) �
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Relativistic Beaming: evidence and effects 

radio data by Laing et al. 



September 17, 2013 P. Padovani − Black Holes at all scales 28 

Superluminal motion 

θ

vt �vt cosθ �

vt sinθ �

A 

B 

Rees (1966) 

tA - tB = t (1 - v/c cos θ)�
$�

vapp = Δr/(tA – tB) =                            
v sinθ/(1 - v/c cos θ)�
�
For v ≥ 0.7c, vapp > c for some θ

e.g.,: v = 0.95c, θ = 18°, vapp ～ 3c�
�
Γ > [(vapp/c)2 + 1]½

If vapp = 5c à Γ > 5.1, v > 0.98 c�

ϑ≈1/Γ 

=
 v

ap
p
/c
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Superluminal motion 

vt �

B 

(Wehrle et al. 2001) 

vapp ～ 5c  
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Superluminal motion 

vt �

Lister et al. (2009) 



In practice in radio sources: �

•  fX-ray is predicted from fradio using the SSC formalism�

•  fX-ray is compared to observed values�

•  turns out that fX-ray,predicted >> fX-ray,observed �

•  simplest explanation: assumption of isotropic emission in radio 
band is wrong à energy density much smaller than we think     
(Lobs = δ3Lem ); lower limit on Doppler factor δ  � 32 

Synchrotron self Compton basics 

e- + γlow-energy à γhigh-energy �



Γ = (1 - β2)-1/2 (Lorentz factor), β = v/c                              
δ = 1/[Γ(1 - βcosθ)] (Doppler factor) �

νobs = δνem + Iν/ν3 relativistic invariant à �

Lobs = δ3Lem  (but energy is conserved); Lobs = δp+αLem, p ~2 - 3 �

•  Strong evidence that jets are relativistic (v ～ c): �

1.  Superluminal motion �

2.  Synchrotron self-Compton emission (Marscher et al. 1979)  
à X-ray flux too large if isotropic emission �

3.  Powerful and variable γ-ray emission (Maraschi et al. 1992) 
à high L/R ratios, γ-rays would annihilate with X-rays 
through photon-photon collision if isotropic emission    �
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Relativistic Beaming: evidence and effects 

•  Large Doppler factors à large speeds + small angles �
•  Amplification: small θ, δ ～ 2Γà Γ = 10, δ～ 20, Lobs ～ 400 – 
8,000 Lem; Γ = 30, δ～ 60, Lobs ～ 4,000 - 200,000 Lem�



 

•  Smooth, broad, non-thermal continuum (radio to γ-rays) 

•  Compact, strong radio sources 

•  Rapid variability (high ΔL/Δt), high and variable polariz. (Popt > 3%) �

•  Strong indications of “relativistic beaming” (e.g., superluminal 
motion): “fast” jets forming a small angle with the line of sight �

BL Lacs and Flat-Spectrum Radio Quasars 
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Blazar Properties 

Sites of very high energy phenomena:                                              
Emax ~ 20 TeV  (5 x 1027 Hz) and vmax ~ 0.9998c 

 
Nature’s  free accelerators  
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Jet 

Black 
Hole 

Obscuring 
Torus 

Narrow 
Line 
Region 

Broad 
Line 
Region 

Accretion 
Disk 

Urry & Padovani (1995) 

AGN Unified Schemes 

ëbroad line sources 
(Type 1) 

ë

narrow line sources 
(Type 2) 

blazars 
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The AGN Zoo: Unified Schemes 

decreasing angle to the line of sight 

face-on edge-on 

Type 2                         Type 1 �

Radio-quiet  Seyfert 2                       Seyfert 1 �
                   QSO 2                           QSO 

Radio-loud  high-excit. RG1/FRII2    SSRQ3     FSRQ4          �
                  low-excit. RG1/FRI                  BL Lacs�} blazars �

1 radio galaxies �
2 Fanaroff-Riley�
3 steep-spectrum radio quasars (also LPQs, lobe-dominated)�
4 flat-spectrum radio quasars (also HPQs, core-dominated, OVVs, …)  �

≈ 40° – 90° ≈ 15° – 40° < 15° 

≈ 45° – 90° < 45° 



�
•  The full AGN variety can be explained by only 
three (four?) parameters: �
ü angle; Seyfert 1 – 2, radio quasars – radio 

galaxies, etc.�
ü presence (or lack of) jets; radio-loud – radio-

quiet �
ü accretion rate: L/LEdd < 0.01 à no broad line 

region or obscuring torus �
ü power (?): opening angle might depend on it �
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AGN “Really” Fundamental 
Parameters 
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AGN “Really” Fundamental 
Parameters 

Trump et al.  2011 

Simpson 2005 

Bianchi et al. 2012 

broad-lined AGN narrow-lined AGN 
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AGN “Really” Fundamental 
Parameters 

Simpson 2005 

Bianchi et al. 2012 



�
•  Estimated through the virial theorem applied to the 
broad line clouds�
•  <T> = -<U>/2: mv2/2 = GmM/2r à M = rv2/G �
•  Two parameters needed: �
ü velocity à from Doppler line broadening �
ü distance à through “reverberation mapping”�

•  Bound motion required: rv2=const à v ∝ r-½ ∝ τ-½ 

�
•  Mass range: 106 – 109 Mo �
•  Almost always L ≾ LEdd  �
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AGN masses 
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AGN masses 
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Peterson 2001 

MRK 335 
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AGN masses 
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Peterson 2001 

MRK 335 

M = f
rv

2

G
Bentz et al. 2010 



Broad line region sizes 
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RBLR ∝L½   

Bentz et al. 2013 

41 local AGN  
(z ≤ 0.158) 
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AGN physical evolution. 1. 
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•  Large AGN samples indicate activity times          
≈ a few % of the Hubble time (Cavaliere & Padovani 
1989)   �

�



�
•  ρ(Macc) >>ρ(MAGN,local) à remnants of past activity 

need to be present in much larger number of 
galaxies à activity is recurrent �

•  Comparison with ρ(Mgalaxies) gives reasonable 
agreement à black holes in currently NORMAL 
galaxies were grown during a phase of AGN 
activity�

!(Macc ) =
(1!")
"c2 " L(t)#(L, t)dLdt" +!(Mi ) Soltan (1982)�
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AGN physical evolution. 2. 

45 September 17, 2013 Padovani et al. 1990 
Marconi et al. 2004 

ρ(MAGN) ≈ 1012  Mo/Gpc3 
 

ρ(Macc) ≈ 2 1014  Mo/Gpc3 



�
•  AGN are powered by black holes �
•  Accretion power peaks in the UV band�
•  The radio-loud － radio-quiet AGN distinction reflects 

different ratios of jet (non-thermal)/disk (thermal) 
power�

•  The profusion of AGN classes is an illusion (mostly) due 
to the non-spherically symmetric inner structure of 
AGN �

•  Know your AGN classes (please!!!)�
•  Jets in blazars are moving close to c and to the line of 

sight (relativistic beaming)�
•  AGN have been active only for a small fraction of the 

life of the Universe�
•  Most bright galaxies have been through an AGN phase�

September 17, 2013 P. Padovani − Black Holes at all scales 46 

Things to remember 


