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Active Galactic Nuclei: 
supermassive black holes accreting at high(er) rates 

Radio-loud Active Galactic Nuclei: 
AGN with prominent radio-emitting jets 

AGN jets: 
collimated relativistic outflows of magnetised plasma 

production mechanism (Blandford & Znajek 1977):  
extraction of a rotational energy of a spinning black hole  

via magnetic fields supported by accretion disks

“Radio-loud” = jetted



Spinning black hole +  
magnetic field (accretion) = outflows

magnetic fieldblack holes



magnetic fieldblack holes

Spinning black hole +  
magnetic field (accretion) = outflows



magnetic fieldblack holes

jets

Relativity & plasma physics



magnetic fieldblack holes

cosmology

Co-evolution of supermassive 
black holes and their host galaxies

jets



• well collimated (down to <a few deg) 
• relativistic bulk velocities (Γ ~ 3-10) 
• MWL non-thermal emission from radio up to TeV 
• variable on timescales from minutes to 100s years 
• variety of sizes and large-scale morphologies 

Phenomenology of AGN jets
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OJ 287

DRAGNs



plasma physics: kinetic (PIC and hybrid) codes (e.g., 
Spitkovsky et al.)

jet formation: 3D GRMHD codes  
(e.g., McKinney et al.)

long-term jet evolution: MHD codes  
(e.g., Aloy et al.)

Numerical simulations of AGN jets



Jet plasma moves with highly relativistic bulk velocities, and the 
overall radio structures (“lobes”) expand with mildly/sub-relativistic 

velocities v ~ 0.01-0.3 c (inferred either from the direct imaging, 
radio spectral ageing analysis, or dynamical modelling) 

-> the older the larger! 

Evolving AGN jets



From babies to giants

PKS 1718-649 
       ~ 100 yr

J1420–0545 
   ~ 100 Myr

17.4 as ~ 4.7 Mpc



Recurrent jet activity

Cen A
how common? 

-> LOFAR!



RL AGN in a cosmological context

• Jet power should depend on the main parameters of 
the central engine (SMBH+disk) 

BH mass: MBH, BH spin: a, accretion power: Lacc 
  

• The overall appearance of AGN jets may be shaped 
by the galactic and extragalactic environments. 
Jets, in turn, may also affect host galaxies and 
galaxy groups/clusters, by depositing large amount 
of energies extracted from SMBHs (up to Erot~ 
0.3MBHc2 ~ 1062 [M/108M⊙] erg) into the ISM/IGM 

• SMBHs co-evolve with host galaxies over 
cosmological timescales!



Questions
• Why are the majority of AGN “radio quiet”? 
• What is the AGN jet duty cycle? 
• Do the main parameters of the central engine (e.g., BH spin) 

depend on the host galaxy morphology? 
• How relevant is the jet-related feedback in galaxy evolution? 
• Does the jet production efficiency evolve with redshift?



though remember that: 

• “radio quiet” does not mean “radio silent” — very often AGN 
classified as “radio quiet” do posses radio-emitting jets, maybe 
only lower-luminosity ones… 

• the total radio continuum emission of galaxies may not be 
exclusively due to the jet activity, as it may be contributed (or 
even dominated) by the starformation activity… 

• there is a wide range of BH activity: from very sub-Eddington 
(LINERs), to ~Eddington (quasars), and possibly even super-
Eddington (high-z quasars)…

Questions
• Why are the majority of AGN “radio quiet”? 
• What is the AGN jet duty cycle? 
• Do the main parameters of the central engine (e.g., BH spin) 

depend on the host galaxy morphology? 
• How relevant is the jet-related feedback in galaxy evolution? 
• Does the jet production efficiency evolve with redshift?



Quasars: spectra

Quasar spectra at optical frequencies 
are dominated by the direct and  

re-processed emission of an accretion 
disk (with a possible jet contribution 

in the case of radio-loud objects)



Quasars: broad-band spectra

Quasar spectra at optical frequencies 
are dominated by the direct and  

re-processed emission of an accretion 
disk (with a possible jet contribution 

in the case of radio-loud objects)

RL vs RQ quasars:  
broad-band spectral energy 

distributions (SEDs)



RL vs RQ quasars:  
broad-band spectral energy 

distributions (SEDs)
jets? 
disk outflows?  
starformation?

jets!

Quasars: RL vs RQ



Quasars: host galaxies

Mostly elliptical galaxies; in some cases  
spiral structure or on-going merger  

can be seen (e.g., Bahcall et al. 1997).

Starlight of a typical luminous,  
non-active elliptical galaxy



Radio galaxies: types & spectra

FR IIs with high-ionization broad 
and/or narrow lines do possess 
quasar-like accretion-related UV 

emission, which may be only 
absorbed by dusty tori (obscured 

nuclear UV component is observed 
indirectly via polarized scattered light 

or via intense re-emission of the 
obscuring matter at MFIR). 

FR Is or weaker FR IIs possessing 
only low-ionization emission lines 

seem to lack strong accretion-related 
optical/UV radiation (weak MFIR 

emission is consistent with marginal 
nuclear obscuration).



Radio galaxies: host galaxies
FR I and FR II radio galaxies are  

typically hosted by luminous ellipticals; 
extended dust lanes can be seen; 

hosts of FR Is are often cD galaxies  
in rich clusters (e.g., Martel et al. 1999). 

Virgo A / M 87



Seyferts (& LINERs): spectra

In Seyferts, bright nuclear  
continuum is present in addition  

to the starlight of the spiral  
host; also, broad and/or narrow 

emission lines can be seen  
(Sy1s - Sy2s). 

LINERs are similar to Seyfert,  
except that their nuclear  

continuum is weaker, and the  
line ionization level is lower 

(„Low-Ionization Nuclear  
Emission-line Region”).



Circinus: NIR+radio

radio emission due the 
starformation actvity  

and the jets 

Seyferts: radio emission

NGC 4151



Starlight of a typical 
starburst galaxy M82 

Seyfert Galaxies are associated mostly with 
spirals and S0s; companions, distortions, 

dust lanes and patches, bars, rings, wisps, 
filaments, and tidal features such as warps 

and tails are often observed 
(e.g., Malkan et al. 1998). 

Seyferts: host galaxies



Two approaches

1) Comparing active galaxies of various types, in 
order to disclose some basic dependences and 
scaling relations between the jet, the central 
engine, and the host galaxy parameters 

+ a wide ranges of galaxy types, nuclear activity, and the jet 
power can be investigated 
- samples by definition very heterogeneous, composed from 
incomplete subsamples selected using different criteria  

2) Analysis of well-defined samples of AGN 
following from flux-limited surveys 

+ a more rigorous statistical analysis 
- probing typically narrow ranges of nuclear activity, or jet power



Approach #1

We want to confront the main jet parameter, i.e. the bulk kinetic 
power Lj, with the main parameters of the central engine, 
namely MBH and Lacc, for AGN covering many decades in 
radio (jet) and optical (disk) luminosities. 

We select sources (RL & RQ QSOs, BLRGs, Sy1s, LINERs, FRIs) 
for which:  

• the optical flux of the unresolved nucleus is known; 
• the total radio flux is known (including extended emission); 
• the black hole mass can be estimated. 

We want to avoid complications due to significant beaming or 
obscuration, and hence we exclude blazars (FSRQs, BLLacs) 
as well as type-2 AGN (NLRGs, Sy2s).



The main parameters

LB ≡ νB × LνB   ,   λB ≡4400 Å    
    nuclear B-band luminosity 
    by assumption Lacc~ 10×LB 

LR ≡ νR × LνR   ,   νR ≡ 5 GHz    
    total jet radio luminosity 
    by assumption Lj ∝ LR 

R ≡ LνR/LνB ≈ 105 × (LR/LB)          
    radio-loudness parameter 

LEdd = 4πGMBHmpc/σT ≈ 1046 × (MBH/108M⊙)erg/s 
    Eddington luminosity 

λ ≡ Lacc/LEdd ~ 10 × (LB/LEdd) 
    accretion rate



Two branches on the LB–LR plane

Sikora, LS & Lasota 2007



Same in the Eddington units…

Both sequences show similar increase LR/LEdd∝ λ at low λ, and some plateau 
LR/LEdd∝const at high λ .This indicates some Lj - Lacc correlation, different 

however (in normalization) for both branches.

The upper branch is almost  
exclusively populated with  
objects hosted by elliptical  
galaxies with MBH > 108 M⊙ 

The lower branch is populated  
with AGN hosted by both  
elliptical and disk galaxies  

with 106 M⊙ < MBH < 1010 M⊙ 



Galactic „microquasars”

In the case of XRBs, at low accretion rates the radio luminosity scales with the 
accretion (X-ray) luminosity like LR ~ LX

0.7 (Gallo et al. 2003).  

At high accretion rates, λ ≥ 0.01 , such scaling breaks down, and the 
jet production is highly intermittent (Fender et al. 2004).



What controls  
the jet production efficiency?

• It was proposed that in AGN a similar relation between LR and 
Lacc holds, i.e. that at low accretion rates LR is a monotonic 
function of Lacc, while at high accretion rates the jet production is 
highly intermittent (Merloni et al., 2003, Nipoti et al., 2005). 

• However, LR ~ Lacc (at low λ) trend is followed separately by both 
„spiral-hosted” and „elliptical-hosted” branches in the analyzed 
sample. This indicates that yet another parameter in addition to 
the accretion rate must play a role in determining the jet 
production efficiency in AGN, and that this parameter is related to 
the properties of host galaxies. 

• Why is the efficiency of jet production much larger in 
elliptical-hosted than in spiral-hosted AGN?



What does it mean  
„radio loud” or „radio-quiet” ?

Standard definition  
of radioloudness 

introduced for quasars 

R>10 

is often applied to other 
types of AGN.  

But is it meaningful?

(after removing the starlight, most of Seyferts and LINERs accreting at 
lower rates λ<0.01 becomes “radio loud” according to the R>10 criterium!)



MBH-related radio-loudness (?)

AGN with MBH > 108 M⊙ seem to reach values of radio-loudness 
>103 times larger than AGN with MBH < 108 M⊙ 



Contradicting Claims

Ho 2002:  

Sy1s-2s,  
LINERs,  
PG QSOs

Woo & Urry  
2002:  

Radio or  
optically  
selected  
QSOs

McLure &  
Jarvis 2004:  

Optically  
selected  
QSOs 
(SDSS/FIRST)



The Spin Paradigm
Blandford 1990:  
    assuming that a jet is powered by a rotating BH (Blandford-Znajek 1977), 

one may expect that the jet production efficiency is determined by the 
dimensionless spin of a BH, a = J/Jmax = cJ/G MBH

2. The approximate 
Blandford-Znajek solution obtained for small values of the spin parameter 
and thin disk gives Lj ~ a2. 

Wilson & Colbert 1995, Hughes & Blandford 2003:  
   („Classical Spin Paradigm”) Jet production efficiency depends on the BH 

spin. BH spin evolution is determined by BH mergers. BHs in all radio-
quiet QSOs spin slowly, and in all radio-loud AGN spin rapidly. This 
requires „bottom-heavy” distribution of BH spin, in order to account for a 
small fraction of radio-loud AGN. 

Sikora, LS & Lasota 2007: 
   („Modified Spin Paradigm”) Jet production efficiency depends on the BH 

spin. BH spin evolution is determined by the accretion. BHs in ellipticals 
have on average much larger spins than BHs in disk-galaxies. However, 
formation of a relativistic jet requires an efficient collimation of the 
magnetized outflow by the disk winds. Jet activity in elliptical-hosted 
(rapidly-spinning) BHs accreting at high rates can be intermittent due to 
the intermittent jet collimation, and this intermittency may explain the 
fact that majority of quasars are radio-quiet.



Accretion and BH spin

a) Spin evolution of SMBHs in spiral galaxies seems to be controlled by 
multiple accretion events with random orientation of angular 
momentum vectors and small increments of mass. If these mass 
increments are m << malign ~ a (RS/Rw)0.5 MBH where RS = 2GMBH/c2 
and Rw ~104 RS, then one can expect small BH spins in spirals on 
average (co-rotating and counter-rotating accretion disks will spin-up 
and spin-down BHs). This seems to be consistent with the observed 
short lifetimes of individual accretion events in Syfert galaxies (Kharb 
et al., 2006), and random orientation of Seyfert jets relative to the 
host galaxies (Schmitt et al., 2001). 

a) Unlike spiral galaxies, every elliptical underwent at least one major 
merger in its past, followed by the accretion of mass m >> malign 
(which will always spin-up BHs, since no counter-rotating accretion 
disks can survive for the whole accretion episode). Thus, all SMBHs 
in ellipticals may spin rapidly (a > 0.9 if m ~ MBH). This is consistent 
with large spin of black holes required for quasars (Soltan 1982).



Volonteri et al. (2007):  “Multi-Accretion Events” 
Distribution of BH spins in different mass ranges. The accreted mass m is randomly 

extracted from a distribution flat in m, with m < 0.1MBH (left) and m < 0.01 MBH (right). 
Initial parameters M = 105 M⊙, a = 10-3, and λ = 0.1

Is it a plausible scenario?



Is it a plausible scenario?

Volonteri et al. (2007):  “Merger-Driven Accretion” 
specific tracks, for a putative BH in an ‘‘elliptical’’ galaxy (upper panels), and one in a 

putative ‘‘disk’’ galaxy (lower panels); the morphological classification is purely based on 
the frequency of major mergers, i.e., mergers between comparable mass galaxy systems, 

which are believed to contribute mainly to the spherical component of galaxies. 



Soltan (1982)
The total accreted mass Macc during the quasar lifetime tQ 

ηd Maccc2 = ∫dt L ~ L tQ   

where L is the quasar luminosity and ηd is the radiative efficiency of the accreting 
matter. Meanwhile, the energy density produced by quasars with the 

luminosity L in the epoch t 

U(L,t) dL dt = L Φ(L, z) dL dt 

where Φ(L, z) = dN / dV dL is the quasar luminosity function. Thus, the total 
electromagnetic energy density produced by the whole quasar population is 

U = ∫dt ∫dL U(L,t) = ∫(dt/dz) dz ∫dL L Φ(L, z) 

Note that BH growth is  

MBH =(1-ηd) Macc 

so that the comoving BH mass density accreted during the quasar phases is 

ρBH(z0) = ∫z0(dt/dz) dz ∫dL (1-ηd) U(L,t) /ηdc2 

      = ∫z0(dt/dz) dz ∫dL (1-ηd) L Φ(L, z) /ηdc2



Accretion history of SMBHs

Knowing the total electromagnetic energy density produced by quasars 
(the X-ray background!), U, and the mass density of SMBHs in the 
local Universe, ρBH, one may estimate the average radiative efficiency 
of the accreting matter, ηd, and hence the average BH spin for the 
quasar population. 

ηd = 0.07   non-rotating BH accreting at the Eddington rate (a = 0)  
ηd = 0.42   maximally-rotating BH accreting at the Eddington rate (a = 1)  

 (ηd << 0.1 for BH accreting at the sub-Eddington rate) 

Thus, the luminosity function of quasars as a function of redshift, or 
equivalently the extragalactic background light, reflects the accretion 
history of local remnant SMBHs (Small & Blandford 1992).



Extragalactic Background Light

galaxies

AGN

AGN jets 
& galaxies (?)

AGN jets 
& ???



Graham & Driver 07

SMBH demographics

Soltan (1982), Fabian and Iwasawa (1999), Elvis et al. (2002), 
Yu and Tremaine (2002), Marconi et al. (2004):  

ηd >~ 0.1



Quasar radio dichotomy

bimodiality in the radio-loudness  
distribution for quasar sources?



Quasar radio dichotomy

Ivezic et al. 2002, 2004

bimodiality in the radio-loudness  
distribution for quasar sources?

~10% of quasars  
with R>10 („radio-loud”) 
(Kellermann et al. 1989)



Singal, Petrosian, LS & Lawrence 2013: 
FIRST & SDSS 

(analysis based on the method by  
Efron & Petrosian 1992, 1999).

Approach #2



Luminosity Function
If Lo, Lr and z are correlated, a tri-variate luminosity function  

Ψ(Lo, Lr, z) ≠ ρ(z) × φo(Lo) × φr(Lr)  

Particular care must be taken when investigating correlations between Lo, Lr and 
z because of truncations in a flux-limited sample in both bands. 

Density evolution ρ(z) 
Correlated luminosity Lcrr ~ Lr/Lo

α 

Luminosity evolutions go(z) ~ (1+z)ko, gcrr(z) ~ (1+z)kcrr, gr(z) = gcrr × go
α  

Independent luminosities L’o = Lo/go(z) ,  L’r = Lr/gr(z) 

Ψ(Lo, Lr, z) = ρ(z) × φo(L’o) × φcrr(L’crr) 

Local LFs  φo(L’o) = φo(Lo/go) / go(z)  ,  φr(L’r) = φr(Lr/gr) / gr(z) 

Intrinsic distribution of radio-loudness GR(R, z) =  ∫Ψ(Lo, R Lo, z) × Lo dLo  
Evolution of radio-loudness gR(z) = gr / go 

Local radio loudness distribution GR’ =  ∫φo(L’o) × φcrr(R’ / L’oα) × L’o1-α dL’o  



Luminosity evolutions
significantly greater radio evolution of quasars 

Lr ~ Lo
1.2 , go ~ (1+z)3.5 , gr ~ (1+z)5.5

In disagreement with Jiang et al. 2007,  
but in agreement with Miller et al. 1990, Donoso et al. 2009, 

Cirasuolo et al. 2006, Balokovic et al. 2012.



No bimodiality...

z=1 3

local

“naïve”

No evidence for a bimodiality in the distribution of radio-loudness parameter for 
the quasar population (in disagreement with Ivezic et al. 2002, 2004, but in 

agreement with Cirasuolo et al. 2006, Mahony et al. 2012, Kimball et al. 2011)
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Extragalactic Radio Background

ARCADE 2 collaboration has measured 
the extragalactic radio background 

between 100 MHz and 10 GHz 

T(ν) ~ (ν/GHz)-2.6 [K] 

(Fixsen et al. 2009, Seiffert et al. 2009, 
Singal et al. 2009, Kogut et al. 2009) 



Extragalactic Radio Background

The resolved radio sources may account 
for maximum 25% of the extragalactic 

radio background! 
(Singal et al. 2010)

ARCADE 2 collaboration has measured 
the extragalactic radio background 

between 100 MHz and 10 GHz 

T(ν) ~ (ν/GHz)-2.6 [K] 

(Fixsen et al. 2009, Seiffert et al. 2009, 
Singal et al. 2009, Kogut et al. 2009) 

Radio-loud AGN 
(~ 15% contribution)

Radio-quiet AGN 
and starforming galaxies 
(~ 10% contribution)
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Sources?

Extended (and low surface 
brightness) radio relicts, IGM/

ICM, etc., exluded by the observed 
level of the X-ray and gamma-ray 

background. 

Regular starforming galaxies 
(obeying the radio/FIR 

correlation) excluded by the 
observed level of the FIR 

background (see also Dwek & 
Barker 2002)

B = nG

B = µG

A plausible solution: the observed radio background is due to high-z spiral-hosted AGN 
characterized by the enhanced jet production efficiency (-> evolving FIR/radio correlation), 

due to larger spins of SMBH in high-z disk galaxies. 

Evolving FIR/radio correlation:  
Beswick et al. 2008, Seymour et al. 2009, Ivison et al. 2010a,b, Bourne et al. 2011, etc.
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Conclusions
1. AGN jets are fascinating objects: plasma physics, 

relativity, and cosmology! 

2. AGN jet evolution reflects the cosmological co-evolution of 
SMBHs and their host galaxies 

3. Jet activity more common and diverse than often 
considered (not only “radio-loud” quasars and radio 
galaxies!) 

4. Contradictory claims, competing models of the 
cosmological evolution of jetted AGN… Be aware of various 
selection biases! 

5. X-ray & radio (& gamma-ray) background radiation, 
SMBH demographics <-> AGN duty cycle and jet 
production efficiency


