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Overview 

Ø  AGN; what are they 

Ø  The power source 

Ø Accretion: high and low accretion rates 

Ø The SED: radio quiet – radio loud 

Ø The X-ray spectrum radio quiet 

Ø The X-ray spectrum radio-loud 

Ø Accretion: the “standard” model 

Ø Relativistic beaming 
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Overview 

Active Galactic Nuclei 
 
Black Hole Binary Systems/ Microquasars   
 
Gamma-Ray Bursts 

Black hole accreting systems: 

q  AGN: what are they?  

 q  The `paradigm’:  black hole 

             accretion 

        jets 

                   + torus, line emitting gas, …. 
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AGN: what are they? 

Active 

Galactic 

Nuclei 

‘always’ associated with host galaxies 

‘always’ at the very center 

non stellar emission:  

 high luminosity: L ~ 1046 erg s-1                        

 broad band spectrum: radio-gamma 

 rapid and intense variability:  t ~ 100 s 

 broad, high excitation emission lines… 

OPT    IR  OPT    IR  

M
archesini, C

apetti &
 C

elotti 04 

RQ 
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Elvis et al. �94
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Black holes (1) 

è compactness  L/R  

efficiency ε = E/ Mc2 

 εchem = 1 eV / 10 mp     ~ 10-10 

εnucl  = 8 MeV/nucleon ~ 8 x10-3 

εgrav  = G M /R mp c2     ~ 6 x10-2      Schwarzchild 
                          0.3-0.4        max Kerr  

 

Large luminosity from small volume 

è High photon density 

è Black holes 
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 Black holes (2) 

Masses? 

Direct estimates of BH masses: 

    stellar dynamics 

                 gas dynamics 

    reverberation mapping 

    Fe Kα X-ray line  

 

 Sgr A* 

NGC4258 

E ~ 1060 erg, ε ~0.1 

L~ 1046 erg s-1  ~ LEdd è MBH ~108 Msun 

è Mres ~ 107 Msun 

> Most (all?) galaxies host a supermassive BH 
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 Accretion (1) 

Energy = potential energy of gas in the BH gravitational field 

How is it converted into radiation? 

`Accretion’  
Low angular momentum è free fall 

Loss of angular momentum   è loss of energy 

            è dissipation heats gas 

            è radiation 

High angular momentum è disc 

due to ‘viscosity’ (MRI) 
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 Accretion (2) 

Reference (o.m.) values of physical parameters: 

BE = 8π (LEdd/4π Rs
2 c)1/2 ~ 4 x 104 M8

-1/2   G 

R ~ Rs = (2 G/c2) M ~ 1.5 x 1013  M8 cm 

t ~ Rs/c2 ~ 500 M8 s 

M ~ LEdd/c2 ~ 1025 gr s-1 ~ 0.2 M8 yr-1 

TE~ (LEdd/π σ Rs)1/4  ~ 5 x 105  M8
1/4 K 

Tvir ~ G mpM / Rs ~ 5 x 1012 K 

L ~ LEdd = (4p Gmp c / σT ) M ~ 1.5 x 1046 M8 erg s-1 

M8=108 Msun 
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 Accretion (3) 

H/R << 1 – ‘cold’ disc 

Stationary 
Local dissipation 
Optically thick è blackbody 

Shakura & Sunyaev 73 

H 

R 

Energy, momentum, mass conservation (vertically integrated)  

MBH 

M 

verified a 
posteriori çè M < 0.2 MEdd 

Keplerian orbits 

Pseudo Newtonian potential – relevant close to Rs 

α
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 Accretion (4) 

ν1/3 

exp (-hν/kT) 
ν2 

Log L(ν) 

Log ν 

multicolour BB 
T              R 

T(R) = [3G MBHMdot f(R) /8πσ R3] 1/4   ~ R -3/4  MBH 
1/4 

Tmax ~ 5x104 K- AGN 
      

Input parameters: MBH, Mdot , viscosity α  
è Analytic solutions for Q-

rad
 (R), T(R), H(R), … 

Simplified treatment !! 

GR effects,  
Radiative transfer 

Inclination… 
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Accretion (5) 

M << MEdd è tcoul < tinfall 

è tesc< tinfall   

`Inactive’ galaxies ? 

Early accretion phase ?  

è Ion supported torii  
 Radiative inefficient accretion flows 

 

è   Radiation trapping  

M >> MEdd 

 Radiation supported torii 
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X-ray emission (1) 

radio mm Opt-UV X-rays ~ 200 keV 

46 

44 

42 

Log ν L(ν) 
[erg s-1] 

dusty  
`torus’ 

X-ray 
corona 

disc 
emission 
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X-ray emission (1) 8.7. THE X–RAY CORONA 135

Figure 8.5: Left: The “Compton reflection hump”, together with the pro-
duced emission lines. Right: X–ray spectrum and its components: a power
law continuum, a soft excess, and a “Compton reflection”, together with the
Iron Kα line. From Fabian & Miniutti 2005 (astro–ph/0507409).

is a region above and below the disk, where the electrons are hot, much
hotter than the disk. It is something similar to the corona of our Sun, and
therefore this region is called X–ray corona. It cannot be located far from
the black hole for several reasons:

1. Its luminosity is comparable (even if smaller) than the luminosity of
the accretion disk. If its power depends on the release of the grav-
itational energy, it must be close to the black hole (i.e. remember
Eg ∝ 1/R).

2. The X–ray flux varies rapidly.

3. It must illuminate the disk and produce the ionization flux for the
production of the fluorescent Iron line. As we shall see, the Iron line
is sometimes very broad, as a result of Doppler broadening due to the
high Keplerian velocities in the inner regions of the disk. So also the
“illuminator” must be close.

Can we derive some more information from the spectral shape? We can
exclude bremsstrahlung as the main radiation process because it is too inef-
ficient, meaning that we would require too many electrons to produce what
we see. Variability tells us that the emitting volume is small, so the elec-
tron density would be large, and the Thomson optical depth would be much
larger than unity. In these conditions, Compton scatterings would be more
important. Therefore let us assume that the spectrum is due to thermal

Exponential cutoff ~ 40-300 keV 
Emission line ~6.4-6.7 keV 
Hump peak ~ 30 keV   è αx ~ 0.9-1 

Fabian & Miniutti 2005 
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 X-ray emission (2) 

Spectrum = superposition of Compton scattering spectra 

Different spectra depending on τT and T 

Hot corona? Where does the energy come from? 
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X-ray emission (3) 

8.7. THE X–RAY CORONA 135

Figure 8.5: Left: The “Compton reflection hump”, together with the pro-
duced emission lines. Right: X–ray spectrum and its components: a power
law continuum, a soft excess, and a “Compton reflection”, together with the
Iron Kα line. From Fabian & Miniutti 2005 (astro–ph/0507409).

is a region above and below the disk, where the electrons are hot, much
hotter than the disk. It is something similar to the corona of our Sun, and
therefore this region is called X–ray corona. It cannot be located far from
the black hole for several reasons:

1. Its luminosity is comparable (even if smaller) than the luminosity of
the accretion disk. If its power depends on the release of the grav-
itational energy, it must be close to the black hole (i.e. remember
Eg ∝ 1/R).

2. The X–ray flux varies rapidly.

3. It must illuminate the disk and produce the ionization flux for the
production of the fluorescent Iron line. As we shall see, the Iron line
is sometimes very broad, as a result of Doppler broadening due to the
high Keplerian velocities in the inner regions of the disk. So also the
“illuminator” must be close.

Can we derive some more information from the spectral shape? We can
exclude bremsstrahlung as the main radiation process because it is too inef-
ficient, meaning that we would require too many electrons to produce what
we see. Variability tells us that the emitting volume is small, so the elec-
tron density would be large, and the Thomson optical depth would be much
larger than unity. In these conditions, Compton scatterings would be more
important. Therefore let us assume that the spectrum is due to thermal

Photoelectric absorption  σph ~E-2-3  
 Compton scattering σT ~const + KN  

σph~ σT  at 30-40 keV è bump 

Reflection: coronal photons impinging on cold disk 

Inner e- kicked out of cold atomè Auger 
      è Fluorescence 

 
  Strongest line = High abundance x Fluorescent yield 

   
 è Ka Iron line – energy depends on ionization state 
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X-ray Emission (3) 

Fe Kα line is often broad 
138 CHAPTER 8. ACTIVE GALACTIC NUCLEI

0.5 1 1.5

Line profile

Gravitational redshiftGeneral relativity

Transverse Doppler shift

Beaming

Special relativity

Newtonian

Figure 8.6: The profile of an intrinsically narrow emission line is modified
by the interplay of Doppler/gravitational energy shifts, relativistic beam-
ing, and gravitational light bending occurring in the accretion disc. Upper
panel: the symmetric double-peaked profile from two annuli of a nonrela-
tivistic Newtonian disc. Second panel: the transverse Doppler shifts make
the profiles redder; the relativistic beaming enhances the blue peak with
respect to the red. Third panel: the gravitational redshift shifts the overall
profile to the red side and reduces the blue peak strength. Bottom panel:
The combination of all the effects gives rise to a broad, skewed line profile.
From Fabian & Miniutti (2005) (astro–ph/0507409).

and the blue peak will have more flux than the red one (second panel from
the top). If the emission takes place very close to the black hole (within a
few Schwarzschild radii) also the gravitational redshift is important: then
all frequencies are redshifted by an amount that is larger as the emitting
regions are closer to the black hole (third panel). Furthermore, we have to
account for gravitational light bending, changing the emission pattern and
thus the received flux.

All these effects have opened the way to the possibility to test general
relativity in the strong field case.

Besides this, there is another, crucial effect, related to the spin of the
black hole. This is conceptually simple: for a Kerr black hole fastly rotating
the innermost stable orbit is not 3RS (i.e. 6 gravitation radii = 6Rg), but
it moves closer to the hole, becoming equal to one gravitational radius for
a maximally rotating hole. The closer to the hole the emitting material is,

Fabian & Miniutti 2005 

Test of GR in 
strong field 

Kerr hole  
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X-ray emission (4) 

Estimate of BH spin 

Fabian & Miniutti 2005 

Kerr hole  

8.7. THE X–RAY CORONA 139

Figure 8.7: The Kα Fe line from a Schwarzschild (no spin) and a max-
imally rotating Kerr black hole. From Fabian & Miniutti (2005) (astro–
ph/0507409).

the larger the velocities, and the stronger the gravitational effects. So the
broadening of the line becomes larger, as it is illustrated in Fig. 8.7. We
can tell the spin of the black hole by observing the profile of the iron line.



Lorentz transformations: v along x  

x’ = Γ (x – vt)  

y’ = y 

z’ = z 

t’ = Γ (t – v x/c2) 

for Δt  = 0 è Δx  = Δx’/Γ     contraction of length 

for Δx’ = 0 è Δt  =  Γ Δt’   time dilation 

x = Γ (x’ + vt’)  

y = y’ 

z = z’ 

t = Γ (t’ + v x’/c2) 

Relativistic beaming with photons  (1) 
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Relativistic beaming with photons  (2) 

I.e. from rulers and clocks to photographs and frequencies 
Or : from elementary particles to extended objects 

Δte =  emission time in lab frame   

Δte’ = emission time in comov. frame  

Δte = Δte’ Γ 

CD = cΔte – cΔteβcosθ à   

 ΔtA= Δte (1-βcosθ)     

à ΔtA= Δte’ Γ(1-βcosθ)  
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Relativistic beaming with photons  (2) 

 δ = 
1 

 Γ(1-βcosθ) 

Relativistic Doppler factor 

2Γ for θ=0o   
Γ  for θ=1/Γ 

1/Γ for θ=90ο   

Eg    ΔtA= Δte‘/ δ 
 

“standard’ 
relativity –  
change of 
frame 

Doppler factor 
- no change of 
frame 
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Relativistic motion β=0.995    Γ=10 

     = energy / time/ solid angle 
                ~   δ-1      / δ     / δ2  

~ 104 

β

1/Γ aberration 

Relativity with photons (3)  

I(ν)/ν3 invariant à  I(ν) = δ3 I’(ν’) = δ3+α I’(ν) 

I(ν) dν  = δ4    I’ (ν’) dν’

I(ν) dν  = δ4    I’ (ν’) dν’

I(ν) ~  ν-α 
  ν= δ ν’ 

I(ν) =dN hν / dt dν dΩ dA =  

       =dN’ (hν’ δ) / (dt’/δ) / (dν’ δ) (dΩ’/δ2) dA’ 

       = I’(n’) δ3 

I(ν)   [erg s-2 cm-2 Hz-1 sr-1] 
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Relativity with photons (5)  

tobs = t δ-1 

Robs= R δ

νobs = ν δ

Iobs(νobs) = I(ν) δ3 

Tb,obs(νobs) =Tb(ν) δ

µobs(νobs) = µ(ν) δ-1                               absorption coefficient 

jobs(νobs) = j(ν) δ2    emissivity 

Fobs(νobs) =  Iobs(νobs) dΩ = δ2+α   dVobs j(ν) / dL
2 



Radio Power  
Radio-to-optical ratio: 
         R* ≡ Fr/F4400A        νr Lr/Lopt = 1.5  10-6 νGHz R* 

        

RQ 

RL 

~ 10% radio loud :  
> stronger radio  
> GeV-TeV energies 
> Flatter (harder) X-ray spectrum 

AGN dichotomy??? 

Emission Radio-loud AGN (1) 
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Emission Radio-loud AGN (3) 

 
3c31  
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Cyg A 

300 kpc 

optical 
galaxy 

lobes hot spots jets 
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M87 

Compact   - flat αr    

Extended - up to Mpc 

                 - steep αr  ~0.8 

Continuous (?) flows  

Different particle ageing 

200.000         0.2 l.y.  

Jets on all scales  
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radio  Opt-UV X-rays Γ-rays 

46 

44 

42 

48 

Log ν L(ν) 
[erg s-1] 

synchrotron  
inverse      
Compton ? 

More radio Flat X-ray spectrum Gamma-rays 

Intermediate objects – radio gal with broad lines… 

Emission Radio-loud AGN (4) 
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v < c : relativistic motion 

θ small 

Δ tobs  =  Δt – β Δt cos θ   

βapp =  β sin θ  
1 - β cos θ  

βapp~ 2θ/(θ2+γ-2) 

β ~ 1-1/2γ2    cos θ ~1-θ2/2 

θ << 1/γ      βapp à 2γ2θ

1/γ < θ <1    βapp ~  2/θ

NOTE: βs vs βj 

 pattern vs bulk speed 

No Γ factor in βapp 
Correct ??? 

Emission Radio-loud AGN (5) 
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Cyg A Where is the jet?  

Lj/Lcj ~ [(1+β cos θ)/(1-β cos θ)] (2+a) 

Current dynamic range  > 1000 

Consistent with relativistic motion 

Emission Radio-loud AGN (6) 
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• Superluminal motion  

• Tb > 1012 K – IDV  
• Excess Compton flux (νt, Ft, θ):   SSC >> observed 

• Pair opacity τγγ>>1 

• Efficiency limit ΔLx vs Δt  

• Jet one-sidedness in double sources 

• Very curved jets 

• Laing-Garrington effect 

• Efficiency energy transport 

• Unification  

• Core and lobe dominated sources 

 

 

• Superluminal motion  

• Tb > 1012 K – IDV  
• Excess Compton flux (νt, Ft, θ):   SSC >> observed 

• Pair opacity τγγ>>1 

• Efficiency limit ΔLx vs Δt  

• Jet one-sidedness in double sources 

• Very curved jets 

• Laing-Garrington effect 

• Efficiency energy transport 

• Unification  

• Core and lobe dominated sources 

 

An elegant explanation… 

Relativistic motion  

Γ ~ 3 – 50  

GRB ~ 300  
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  Jet “scales”  

resolved 

Rs ~ 3 1014 M8 cm  

arcsec  
VLA,HST,Chandra 

large scale jets 

milliarcsec  
VLBI 

2-3 

Log R/Rs 

4 9 10 

sub-pc pc 100 kpc 

blazars lobes/bubbles 
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Jets: what are they? 

Cyg A 

è   Jets: -  morphological definition = elongated flows 

               -  physically = energy and momentum carriers                                     
    from active nucleus to ISM ICM  

optical 
galaxy 

tadiab (γ) < tife  

trad  (γ) < tlife in hot spots 

total energetics 

&  
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Emission: lobes 

Power-law spectrum è non thermal process 

          +  

High linear polarization    

synchrotron emission: e+-, B 
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Timescales 

tcool  ~ 2.4 x 109 γ4
-1 BµG

-2  yr 

Ø  X-ray emission in hot spots: tcool<<tlife è in situ reacceleration 

Ø  Incomplete cooling è Lj >> Lr 

Beq ~ µ G  in extended structures 

ν 1GHz = 1.2 x 106 Beq γ2  à γ ~ 104 

Ø  Spectral ageing 
α + 0.5 

α  

Log F(ν) 

Log ν 

tcool(γb) ~ B-3/2 vb
1/2 

νb 
   tlife = tdyn=D/v 
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Log ν F(ν) Log ν F(ν) 

(Wehrle et al. 1998) (Macomb et al. 1995) 

1 - Broadband SED: radio-TeV  - 20 decades  
         non thermal equilibrium 
         two broad peaks [in νF(ν)] 

2- Highly polarized radio (several 10%)  and optical emission 

FSRQ BL Lac object 

TeV GeV 

Emission Radio-loud AGN (7) 
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Synchrotron Synchrotron self-Compton  ? Not enough… 

Gev-TeV IR-X 

Simplest model: same e- produce both peaks 

? 
often 
dominates    
the emission 
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Γ

External Compton  
Emission & dissipation 

BLR photons ~ isotropic 

Disc photons ~ anisotropic 

Ur : photon field produced 
‘outside’ the jet  

accretion disc 

broad line emitting 
gas ‘clouds’ 
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Synchrotron SSC +  
External Compton on BLR, disc, torus,… 

NOTE: Hadronic models: some difficulties,  but not ruled out  

         

Simplest model: same e- produce both peaks 



Unification Type 1 and Type 2 
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8.8 The torus and the Seyfert unification scheme

Seyfert galaxies are spiral galaxies with a bright core, that host an Active
Galactic Nucleus. They come in two flavors: the Type 1 and the Type 2.
Type 1 Seyferts have both broad and narrow emission lines, while Type 2
have only narrow lines. See Fig. 8.8.

Figure 8.8: The optical spectrum of a Seyfert Type 1 and Type 2. Note that
Type 1 Seyferts have both broad and narrow lines, while Type 2 Seyferts
have only narrow lines.

Antonucci & Miller (1985)6 made spectropolarimetry observations of
NGC 1068, a nearby and bright Seyfert 2 galaxy. In total light the broad
lines were not seen, but in polarized light they emerged. Therefore the broad
line clouds are there, but for some reason their emission is overwhelmed by
the unpolarized continuum, and in total light their emission is not seen.
Antonucci & Miller then argued that this is due to obscuration. Fig. 8.9
illustrates the point. If there is a big and dusty torus surrounding the accre-
tion disk, and the observer is looking from the side, the emission from the
disk and the BLR is absorbed by the dust in the torus. Instead the narrow
lines, coming from an extended region ∼100 pc in size, are not intercepted

6Antonucci R.R.J. & Miller J.S., 1985, ApJ, 297, 621
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by the torus, and can reach observers located at any viewing angle.
Furthermore, if the “funnel” of the torus is filled with free electrons, they

can scatter the emission of the disk and the broad lines also into the direction
of side observers. The amount of this scattered radiation can be tiny, but
it is polarized (remember: for scattering angles close to 90◦ the scattering
photons are maximally polarized). Observing the polarized light we select
these photons and discard the much more intense unpolarized light: as a
result the broad lines now appear. The free electrons act as a periscope.

Figure 8.9: Schematic illustration of the disk+torus system, with the broad
line clouds that are close to the disk, and the narrow line clouds external to
the torus. Narrow lines are then observable at all viewing angles, while side
observers cannot see the disk and the BLR. However, if a populations of
free electrons fill the region (black little dots), they can scatter the emission
line photons into the line of sight. Since the scattering angle is close to 90◦,
the scattered photons are polarized. Observing in polarized light the broad
emission lines emerge.

This simple idea implies that all Seyferts are intrinsically equal, but
their appearance depends on the viewing angle: observers looking face on

In rough agreement with NH 

Ghisellini 2015 



X-ray background 
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can see all the components (and thus also the broad lines): they see a Type
1 object. Observers looking from the side see only the narrow lines and
the emission of the torus. Being at some distance from the accretion disk,
the torus in fact intercepts part of the disk emission and re–emits it in the
infrared. We can even predict approximately at which frequencies the torus
emission will start to be important. This is because the dust cannot exist at
temperatures hotter than ∼2000 K. Taking this temperature as reference,
we have ν ∼ 3kT/h ∼ 1014 Hz, which corresponds to a wavelength of 3
µ. If we are correct, then we predict that all the radiation that the torus
intercepts from the disk comes out at frequencies smaller than 1014 Hz.

8.8.1 The X–ray background

Another very important consequence of the presence of the torus concerns
the X–ray emission, because also X–rays are absorbed by the torus, espe-
cially in the soft energy range (soft X–rays are much more absorbed than
hard X–rays). In addition, the walls of the torus will also “reflect” X–rays,
producing a “Compton reflection hump”, like the disk. The main difference
is that the fluorescent iron line will in this case be extremely narrow (since
the typical velocities of the torus material, located far from the black hole,
are very small).

INTEGRAL 
JEM-X

INTEGRAL
IBIS/SPI

Chandra

INTEGRAL 
JEM-X

INTEGRAL
IBIS/SPI

Chandra

INTEGRAL 
JEM-X

INTEGRAL
IBIS/SPI

Chandra

Figure 8.10: The X–ray background. The lines are synthesis models as-
suming some prescriptions about the intrinsic slope of the X–ray spectrum
and the ratio of “thick to thin” AGNs. From Gilli et al. (2007) (astro–
ph/0704.1376).

Sum Sey 1 and Sey 2 

Ghisellini 2015 



Jet energetics 
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are no protons. If instead the emitting plasma a is a normal electron–
proton one, than there is one proton per emitting electron.

• The jet transports a magnetic field. There is a Poynting flux.

All these components can be formally accounted for by writing

Pi = πR2Γ2β cU ′
i (8.35)

where U ′
i is the comoving energy density of the ith component: when dealing

with the emitting electrons we will have

U ′
e = mec

2
∫

γN(γ)dγ = ⟨γ⟩n′
emec

2 (8.36)

When dealing with the magnetic field we have

U ′
B =

B′2

8π
(8.37)

and when dealing with the radiation we have

U ′
rad =

L′

4πR2c
=

L

4πR2c δ4
(8.38)

For the protons, assuming them cold,

U ′
p = U ′

e
mp

me

n′
p

⟨γ⟩n′
e

(8.39)

The logic is the following: we sit at some place along the jet, cut a cross
sectional surface of it, and count how many photons, protons, electrons and
magnetic field are passing by in one second. One factor Γ accounts for the
different mass or energy as seen in the lab frame (i.e. a proton will have a
mass Γmp) and the other factor Γ comes because the density we see is more
than the comoving density (lengths are smaller in the direction of motion).
This is a flux of energy, i.e. a power.

It is found that the jet is powerful, often as powerful as the accretion
disk, and sometimes more. Furthermore, the jet of powerful blazars can-
not be dominated by the Poynting flux. This is to be expected, since the
synchrotron component in these sources is only a minor fraction of the bolo-
metric luminosity, dominated by the inverse Compton component. This
limits the possible values of the magnetic field.

8.9.4 Lobes as energy reservoirs

It is also found that the energy dissipated into radiation is only a minor
fraction of the jet power, at least in powerful FSRQs. Most of the power
goes to energize the lobes. There, we have a relaxed region, in the sense
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that the dimensions are huge, and the magnetic field must be small (i.e.
B ∼ 10−5 G). Large dimensions also means that the radiation energy density
is small. Therefore the radiative cooling timescales are very long. Particles
have not enough time to emit their energy, that instead goes to increase the
dimension of the region. Extended radio lobes are therefore a reservoir of
the energy that the jet has provided through the years. If we could measure
the energy content of the lobe and its lifetime, than we could measure (E/t):
the average power of the jet.

Lobes emit in the radio, through synchrotron radiation. They are so
big that we can easily resolve them. So we know their size. To produce
synchrotron radiation, there must be some magnetic field and relativistic
particles. For a given observed synchrotron luminosity, we could have rel-
atively large magnetic fields and fewer particles, or, on the contrary, less
magnetic field and more particles. These solutions are not energetically
equivalent, as we shall see. When the energy content in the magnetic field
and particles balance, then we have the minimum total energy. To see this,
consider a lobe of size Rlobe emitting Llobe by synchrotron:

Llobe =
4π

3
R3

lobemec
2
∫

N(γ) γ̇S dγ

=
4π

3
R3

lobe
4

3
σT c

B2

8π
⟨γ2⟩ne (8.40)

This gives ne:

ne =
9Llobe

2R3
lobeσTcB

2⟨γ2⟩
(8.41)

The energy contained in the magnetic field is

EB =
4π

3
R3

lobe
B2

8π
(8.42)

The energy contained in the particles depends if we have cold or hot protons.
We do not know. We can parametrize our ignorance saying that the proton
energy is k times the energy contained in the relativistic electrons. Therefore
the particle energy in the lobe is

Ee,p =
4π

3
R3

lobe⟨γ⟩nemec
2 (1 + k)

= 6π
⟨γ⟩mec2

⟨γ2⟩
Llobe

σTcB2
(1 + k) (8.43)

Note the dependence on B2: EB ∝ B2 , while Ee,p ∝ 1/B2.
Due to these scalings, the total energy Etot = EB+Ee,p will have a min-

imum for EB = Ee,p. This condition of minimum energy also corresponds
to equipartition. Fig. 8.16 shows an example, for which the equipartition
magnetic field is Beq ∼ 10−5 G: with this field we minimize the total energy
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that the dimensions are huge, and the magnetic field must be small (i.e.
B ∼ 10−5 G). Large dimensions also means that the radiation energy density
is small. Therefore the radiative cooling timescales are very long. Particles
have not enough time to emit their energy, that instead goes to increase the
dimension of the region. Extended radio lobes are therefore a reservoir of
the energy that the jet has provided through the years. If we could measure
the energy content of the lobe and its lifetime, than we could measure (E/t):
the average power of the jet.

Lobes emit in the radio, through synchrotron radiation. They are so
big that we can easily resolve them. So we know their size. To produce
synchrotron radiation, there must be some magnetic field and relativistic
particles. For a given observed synchrotron luminosity, we could have rel-
atively large magnetic fields and fewer particles, or, on the contrary, less
magnetic field and more particles. These solutions are not energetically
equivalent, as we shall see. When the energy content in the magnetic field
and particles balance, then we have the minimum total energy. To see this,
consider a lobe of size Rlobe emitting Llobe by synchrotron:

Llobe =
4π

3
R3

lobemec
2
∫

N(γ) γ̇S dγ

=
4π

3
R3

lobe
4

3
σT c

B2

8π
⟨γ2⟩ne (8.40)

This gives ne:

ne =
9Llobe

2R3
lobeσTcB

2⟨γ2⟩
(8.41)

The energy contained in the magnetic field is

EB =
4π

3
R3

lobe
B2

8π
(8.42)

The energy contained in the particles depends if we have cold or hot protons.
We do not know. We can parametrize our ignorance saying that the proton
energy is k times the energy contained in the relativistic electrons. Therefore
the particle energy in the lobe is

Ee,p =
4π

3
R3

lobe⟨γ⟩nemec
2 (1 + k)

= 6π
⟨γ⟩mec2

⟨γ2⟩
Llobe

σTcB2
(1 + k) (8.43)

Note the dependence on B2: EB ∝ B2 , while Ee,p ∝ 1/B2.
Due to these scalings, the total energy Etot = EB+Ee,p will have a min-

imum for EB = Ee,p. This condition of minimum energy also corresponds
to equipartition. Fig. 8.16 shows an example, for which the equipartition
magnetic field is Beq ∼ 10−5 G: with this field we minimize the total energy
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Figure 8.16: The energy contained in the lobe in magnetic field (EB) and in
particles (Ee,p). The black line is the sum. We have assumed that the lobe
of 100 kpc in size emits synchrotron luminosity Llobe = 1043 erg s−1 and
that protons have the same energy of the emitting electrons (i.e. k = 1).
For the particle distribution, we have assumed γmin = 1, γmax = 105 and
p = 2.5 [i.e. N(γ) ∝ γ−2.5].

requirement. In the specific case illustrated in Fig. 8.16, the minimum en-
ergy contained in the lobe is Etot ∼ 1060 erg. If we knew its lifetime, we
could calculate the average jet power. Assuming 10 million years ∼ 3× 1014

s, we have ⟨Pjet⟩ ∼ 3 × 1045 erg s−1. In this case the lobe synchrotron
luminosity is only a tiny fraction (i.e. ∼ 3 × 10−3) of the received power.
This estimates neglects adiabatic losses, likely to be important. Suppose to
include them: how they modify the estimate on the average jet power?

8.10 Open issues

Research in the AGN field is still active, because the open issues are many.
The previous notes tried to give a glimpse of the “common wisdom” picture

>= Pdisk 
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THE END 


