
Jetted AGN (radio loud AGN)
Partly following RL AGN lesson by P. Grandi for the Astrophysics Laboratory course



RQ: radio quiet - RL: radio loud

AGN classification: jetted vs. not-jetted AGN

Kellerman et al. (1989)
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Not perfect agreements
Limitations in both definitions



Jetted AGN. I

Blandford et al. (2019, ARA&A)

RL (jetted) AGN mostly in elliptical and RQ-AGN mostly in spirals

M87 jet on all scales

EHT



Radio lobes

Elliptical 
galaxy

Central engine 2-3 pc

Fornax A

VLA/VLT

BLR

NLR

Credits: R. Morganti

1 million light years

Jetted AGN. II



Jetted AGN. III

Extended emission, a lot of spatial 
components and spectral 

complexities

Cen A, Chandra data



AGN optical classification. I
Already discussed in the AGN classification lesson

Broad-line (Type 1) AGN
Typically, blue optical continuum (big blue 

bump, emission from the accretion disc) and 
broad permitted emission lines (several 

thousand km/s)

Narrow-line (Type 2) AGN
Typically, weak continuum (the disc emission 
is largely suppressed because of extinction), 

significant host-galaxy contribution in the 
optical, narrow permitted emission lines 

(several hundred km/s)

LINERs
Typically, weak continuum, dominant 

emission from the host galaxy, strong low-
ionization emission lines (e.g., [OI]6300A), 

[OIII]/Hβ<3 (>3 in Type 2 AGN)



AGN optical classification. II

RL (jetted) AGN follow a similar classification as RQ AGN
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Radio-quiet (Type 1 and Type 2)

Radio-loud (Type 1 and Type 2, 
i.e., BLRG and NLRG)



New optical classification for RL AGN. I
Linking emission-line ratios (related to the NLR) to the efficiency of the engine

Buttiglione et al. (2010)
Best & Heckman (2012)

EI>0.95: High-Excitation Radio Galaxies (HERGs)
EI<0.95: Low-Excitation Radio Galaxies (LERGs)

Buttiglione et al. (2010)

Previously: EW([OIII]>3Å as HERGs (Laing et al. 1994)

NLRG

BLRG

LERGs HERGs
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New optical classification for RL AGN. II

Buttiglione et al. (2010)

BPT diagnostic diagrams

HERGs
LERGs



New optical classification for RL AGN. III

Best & Heckman (2012)

LERGs
HERGs



New optical classification for RL AGN. IV

HERGs: efficient engine (‘standard’ Shakura Sunyaev 1973 - SS73 - disc)

LERGs: inefficient engine (ADAF)

QUASAR MODE: large 
amounts of gas flow inwards, 
feeding the BH hole through a 
radiatively efficient SS73 disc. 
This mode may have a role in 
reducing star formation at high-
redshift and setting up the 
observed MBH-Mbulge relation
through radiative feedback

RADIO MODE: the material is 
accreted onto the BH in a 
radiatively inefficiently way, 
leading to limited radiation. The 
bulk of energy is kinetic through 
radio jets (mechanical feedback,  
bubbles and cavities often 
observed)

Further insights in the accretion disc lesson



Tadhunter (2016); see also Padovani et al. (2017 review)

Radio

Optical



FRI vs. FRII classification: source morphology. I

FRI
FRII

WAT X-shaped

Environment and mergers have a role in shaping radio galaxies

Radio galaxies  
have different 
morphologies.

Main classification 
include FRI and FRII

(Fanaroff & Riley 
1974)



Hardcastle & Croston 
(2020 review)

3C 31 (FRI) 3C 98 (FRII)

3C 465 (WAT) NGC 6109 (NAT/HT)

WAT: wide-angle tail
NAT: narrow-angle tail
HT: head tail

3C 219 (double RG)
3C 315 (core-restarting, 

X-shaped RG)



FRI vs. FRII classification: source morphology. II

FR I – 3C47

FR II – 3C449

R=ratio of the separation of the highest surface brightness regions on opposite 
sides of the central galaxy and the extent of the source measured from the lowest 

surface brightness contour

• FRI: R<0.5
• L178MHz≲1025 W/Hz/ster
• Dominated by the compact core and the jets (2-sided) 

Diffuse lobes in the outer regions fading with distance
• Parent population of BL Lacs?  
• FRII: R>0.5
• L178MHz≳1025 W/Hz/ster
• Radio lobes dominate over 1-sided jet (Doppler boosting of approaching jet and 

deboosting of receding jet) − swept-back material or backflow from the shocked 
region due to the advance of the head of the jet. Hot spots coincident with the 
location of the working surface of the beam

• Typically, in poorer environments
• Parent population of FSRQs?



Extended radio structures well beyond the size of the host galaxy 
à possible feedback up to Mpc scales 

FRI vs. FRII classification: source morphology. III

FR IFR II



FRI vs. FRII classification: source morphology. IV
FRI are referred to as jet-

dominated and edge-darkened

FRII are referred to as lobe-
dominated and edge-brightened

In FRI the jets are though to be decelerated 
and become sub-relativistic on scales of 
hundred of pc to kpc
Their nuclei are powered by an inefficient 
engine

In FRII the jets are at least 
moderately relativistic and 
supersonic from the core to the 
hot spots
Most of their nuclei are powered 
by an efficient engine



FRI vs. FRII classification: source morphology. V

FRI  = LERG FRII  = HERG (mostly)

Different engine: ADAF vs. standard (efficient) accretion disc



Jets. I

Spine-heath structure for jets

the outer layers of the relativistic jets 
form the sheath, have slower bulk 

velocity along the jet axis than do the 
inner layers (Ghisellini+05) à

consistent with relative fractions of 
AGN that are γ-ray bright and radio 

bright if spine is predominantly 
gamma-ray emitting and the sheath is 

predominantly radio emitting

Structured jets



Jets. II

Boccardi et al. (2017)Courtesy of Marscher

Deceleration in jets 
entrainment of external gas 

(FRI jets more prone to 
this effect; Bicknell 1994)

Extended lobes are a reservoir of the 
energy provided by jets over years



Jets. III

Boccardi et al. (2017)

Jet base studies require high angular 
resolution and reduced synchrotron + 

free-free opacity à mm band to 
probe acceleration and collimation  



Jets. IV

Jet Formation and properties: some considerations

Relativistic jets form when the BH spins and the accretion disc is strongly magnetized. AGN jets are 
collimated close to the BH by magnetic stress associated with a disc wind (produced by magnetic 

instabilities at the surface of the disc, giving rise to flares, hence a wind) 
The twisting of the magnetic field lines, tied to the rotation of the BH, can lead to highly collimated 

jets

Their power relies either on the gravitational energy of accreting matter onto the
BH (Blandford & Payne 1982) and/or by the Blandford-Znajek (1977) process (see also Penrose 

1969), i.e. extraction of rotational energy from the rotating BH: the accreting material transports the 
magnetic field down to the event horizon where it can be twisted by the rotation of space-time close 

to the BH
In other words, the work done in generating the jet comes directly from the rotation of the BH

Both mechanisms can generate jet powers of ~1045-47 erg/s (Blandford et al. 2019) à E~1059-61 erg 
into lobes (assuming t~107 yrs)

Upot,grav is transformed into heat and radiation and can also amplify the magnetic field, allowing the 
field to access the large store of BH Erot and transform part of it into Emech,jet (Ghisellini et al. 2014)

Link of radio activity with stellar mass (above ~1011 M☉ to have power jets)? 
‘Underlying’ relation with halo density?

Still many open issues in jet formation and theory vs. observations



Jets. V
• Magnetic field anchored to the 

accretion disc (spinning BH) and to 
a stationary, perfectly conducting, 
‘ceiling’ (i.e., the ambient medium) –
Panel (a). 

• After N rotations, the field develops 
N toroidal loops. Bφ pushes the 
‘ceiling’ with an effective pressure 
PM~B2/8π and accelerates the 
plasma along the rotation axis 
forming a jet – Panel (b).

• The poloidal electromagnetic flux of 
energy (Poynting flux, PF) 
accelerates the magnetospheric 
plasma and plasma from the disc 
along the poloidal magnetic field 
lines, converting the PF into kinetic 
energy of bulk motion, reaching 
relativistic speeds at extended 
scales – Panel (c).

• The rotation of the BH continuously 
twists the poloidal field into new 
toroidal loops at a rate which, in 
steady state, balances the rate at 
which the loops move downstream –
Panel (d).

Slices of the vertical and horizonal direction
Essential role of the accretion disc

Blue: low density

Red: high density

Tchekhovskoy+12; see also MartÍ 2019 and Davis & Tchekhovskoy 2029 reviews

m
agnetic

“ceiling” (ambient 
medium)

Ω and B are the main parameters

(poloidal)

toroidal loops



Jets. VI

Dimensionless spin parameter (J=angular momentum)
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rH = rg [1 + (1� a2)1/2] BH horizon radius

BH angular frequency
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PBZ =
k

4⇡c
�2

BH

a2

16r2
g

Rate of extraction of rotational energy from the BH 
(Blandford & Znajek 1977)

Low-spin limit: a2<<1
k~0.05; ΦBH=magnetic field flux across the BH horizon
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BZ6 formula, accurate for all a values
F(ΩH)~1+1.38(ΩH rg/c)2–9.2 (ΩH rg/c)4

(Tchekhovskoy et al. 2012)



Jets. VII

Pjet vs. BH angular frequency 
(both normalized to maximum 
achievable power from BZ77 

original solution - green curve).
The standard BZ77 solution 

remains accurate up to a~0.3; for 
maximally rotating BHs it under-
predicts Pjet by a factor ~3 (wrt. 

BZ6 solution).

In case of thick discs, Pjet has a 
stronger dependence on the BH 
angular frequency à high BH 
spins significantly enhance the 
possibility of having AGN with 

high radio-loudness parameters 
(factors x100−x1000 higher in RL 

AGN than in RQ AGN)

Tchekhovskoy+12



Jets. VIII
When a BH is surrounded by a thick 

disc/corona, equatorial field lines from 
the BH at lower latitudes pass through 
the disc/corona, become turbulent and 

produce a slow baryon-rich wind, 
whereas polar field lines at higher 

latitudes lie away from the disc gas 
and produce a Poynting-dominated 

relativistic jet (McKinney 2005) 

Tchekhovskoy+10; see also McKinney05

Pjet ∝ Ω4H (even Ω6
H for very thick 

discs)
Changes in the solid angles subtended 

by the jet (via changes in the disc 
thickness) could change the steepness 

of Pjet as a function of a.

The different spin distribution of RQ and 
RL AGN may reflect different accretion 

and mergers histories of SMBHs in 
spirals and ellipticals



Jets. IX

Strongly Doppler-boosted radiation in jets

Doppler factor
ϑ angle between the jet axis and the line of sight 

Lorentz factor

The Doppler factor relates intrinsic and observed flux
for a moving source at relativistic speed v=β c

For an intrinsic power law spectrum:  F’(ν’) = K (v’)-α

the observed flux density is

Fν(ν)= δ3+α F’ν’ (ν)

Blazar Radio Galaxy/SSRQ
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Small angles: blazars. I

BL LAC
No/weak lines in the optical 

spectrum (featureless continuum)

Flat spectrum radio quasars (FSRQ)
Can show emission lines overimposed 

on a strong continuum  

Both classes are 
compact in radio 
images   

Both classes are 
extremely variable 
at all frequencies

OJ 287 (Agudo et al. 2011)

BL LACs are almost 
featureless



Blazars. II
Towards a revision of the Unified model for jetted AGN

FSRQs: efficient accretion = stardard disc

BL Lacs: inefficient accretion flow = 
ADAF solution
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LERG: non-thermal radiation dominates the spectrum (inefficient accretion flow)

The overall “picture”. I

HERG: th
ermal ra

diation dominates the spectrum in the IR
/optical/UV/X-ray

HERG (BLRG): thermal and non thermal radiation are ‘rival’

BLAZAR: non-thermal radiation dominates throughout the spectrum 

In HERG spectra, accretion disc and jet 
emission are in competition

Angle~0 deg: jet radiation dominates
Angle~90 deg: accretion disc dominates

BLRG (Type 1)

NLRG (Type 2)
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The overall “picture”. II

Jet

Accretion disc

Jet

Accretion disc

Courtesy of P. Grandi

3C273 (FSRQ): generally, the spectrum in this FSRQ at small inclination angle is dominated by the jet (A). 
However, when the jet is less bright, the accretion disc (including the IC emission due to the primary AGN 

emission) and the iron line emerge (B, as in radio-quiet sources)

AD

AD
Iron line Iron line



The overall “picture”. III

Courtesy of P. Grandi

Torus Blue Bump 
Iron Line at 6.4 keV

3C120 (BLRG): the torus and the blue bump are evident in the SED
The X-ray spectrum shows the presence for a significant iron Kα emission line 

à looking at objects at inclination angles >> 0 deg wrt. the jet axis in RL AGN allows to observe emission 
properties similar to those of radio-quiet AGN (here: disc emission-Blue Bump and iron Kα emisson line)



Non-thermal radiation coming from the 
core region dominates the SED if the 
jet intercepts the line of sight of the 

observer (blazar) and/or the accretion 
is inefficient (LERG)

The observed SED consists of two 
peaks of emission

The core emission



Double-peaked SEDs.I

Fossati’s sequence (1998 paper)
Ghisellini et al. (2016) review

Product of the jets in blazars: the blazar sequence

The first peak is in the IR à X-ray
The second peak is in the MeV à TeV

- High-power and strong-line blazars have 
radiatively efficient discs and are able to 
ionize the clouds of the BLR. Part of the disc 
luminosity is reprocessed by the torus in the 
IR à seed photons (produced externally to 
the jet) for the IC à powerful high-energy 
emission
- SED is red, peaking in the submm 
(synchrotron) and in the MeV (IC) bands 
- The IC emission dominates over the 
synchrotron emission (Compton dominance) 

- Low-power and lineless BL Lacs have a 
radiatively inefficient disc à little ionization of 
the BLR à fewer seed photons to be 
scattered at high energies
- Radiative cooling rate is weaker, allowing 
the electrons to reach high energies à blue 
SED (peaking at higher energies)
- Almost equal synchrotron and IC 
luminosities

10x



BL LAC
SSC (Synchrotron Self-Compton)

Relativistic electrons in a magnetized region à synchrotron 
à The same electrons will upscatter the synchrotron-

generated photons and produce the IC peak

FSRQ
IC via external photons

Relativistic electrons in a magnetized region can also 
interact with photons external to the jet produced in the 

accretion disk, in the BLR/NLR and the torus via IC

Double-peaked SEDs.II

synchrotron

synchrotron self-
compton (SSC)

NLRG

Torus

Torus

Esternal Compton

BLR



Double-peaked SEDs.III

Blandford et al. (2019, ARAA review)

FSRQ
LBL

IBL

HBL

E-HBL

BLL: BL Lac object
HBL: high-energy peaked blue BLL
IBL: intermediate-energy peaked BLL
LBL: low-energy peaked BLL

The energy ‘dissipated’ into radiation is only a 
minor fraction of the jet power, at least in 

FSRQs

Provides a sort of sequence for the high-
energy peak as a function of energy à the 
second peak (IC) is progressively moving 

to lower frequencies (thus becoming 
redder) from HBL to LBL

Link with neutrino emitters?
(the case of TXS 0506+056; 

Paiano et al. 2018)



Double-peaked SEDs.IV
Phenomenological SEDs à implications for possibility of detecting the 

various classes of blazars at very high energies (e.v. TeV, CTA…)

Ghisellini et al. (2016) review

IR/optical upturn in observed SEDs 
likely due to visible AD emission

Balance between cooling rate and acceleration rate of the electrons à the most powerful sources 
(FSRQs) have a large amount of magnetic and radiation energy density, hence strong cooling, not 

reaching the highest energies of the SEDs (compared to lower-cooling sources as BL Lacs)



Superluminal motions. I
3C273 (z=0.158)

VLBI obs. (Pearson+81,82)
~25 ly over 3-yr

6-yr period motion

3C120 (z=0.033)
VLBA observations, 16 epochs

v~4.1−5 times the speed of light 
(Marscher+02)



Superluminal motions. II

• Very fast motion of the source components at velocity v

Angle of motion wrt. 
the line of sight (observer)
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Superluminal motions. III



Equipartition. I

Total energy of a radio source irradiating via synchrotron: 
energy content in relativistic particles and magnetic field

<latexit sha1_base64="FD5JtMg15FOa/saz3OnK0xi4nXM=">AAACCHicbZC7SgNBFIZn4y0mXlYtLRyMgiCEXUG0EYI2NkIEc4EkhNnJbDJk9sLM2UBYtrTxVWwsvGCrb2Dng2jtbJJCE38Y+PjPOZw5vxMKrsCyPo3M3PzC4lJ2OZdfWV1bNzc2qyqIJGUVGohA1h2imOA+qwAHweqhZMRzBKs5/Yu0XhswqXjg38AwZC2PdH3uckpAW21zp9KOIYAEn2FNTCT4MIVQjuGqbRasojUSngV7AoXS3tfz+yD/XW6bH81OQCOP+UAFUaphWyG0YiKBU8GSXDNSLCS0T7qsodEnHlOteHRIgve108FuIPXzAY/c3xMx8ZQaeo7u9Aj01HQtNf+rNSJwT1sx98MImE/Hi9xIYAhwmgrucMkoiKEGQiXXf8W0RyShoLPL6RDs6ZNnoXpUtI+L1rVO4xyNlUXbaBcdIBudoBK6RGVUQRTdonv0iJ6MO+PBeDFex60ZYzKzhf7IePsBJPmcjA==</latexit>

Utot = Uel + Upr + UM

<latexit sha1_base64="9567A++yTX3a+amNLtUg70n2yrY=">AAACCHicbZDLSsNAFIYn9VZbL1GXLhysQqVQEkF0IxTduKxg2kIbwmQ6aYdOLsxMCiVk6cZXcePCC271Ddz5ILp22nShrQcGPv7/HM6c340YFdIwPrXcwuLS8kp+tVBcW9/Y1Le2GyKMOSYWDlnIWy4ShNGAWJJKRloRJ8h3GWm6g8ux3xwSLmgY3MhRRGwf9QLqUYykkhx9z3ISwlJYgQoinsJzWDYrg6MOzAxHLxlVY1JwHswplGoHX8/vw+J33dE/Ot0Qxz4JJGZIiLZpRNJOEJcUM5IWOrEgEcID1CNthQHyibCTySEpPFRKF3ohVy+QcKL+nkiQL8TId1Wnj2RfzHpj8T+vHUvvzE5oEMWSBDhb5MUMyhCOU4FdygmWbKQAYU7VXyHuI46wVNkVVAjm7Mnz0DiumidV41qlcQGyyoNdsA/KwASnoAauQB1YAINbcA8ewZN2pz1oL9pr1prTpjM74E9pbz+Jepwu</latexit>

Uel + Upr = (1 + k) Uel
Electrons and B produce the observable radiation. We 
assume that protons have an energy proportional to Uel

Energy density of relativistic electrons in the energy 
range Emin to Emax

Number density of electrons in the energy E, E+dE

In the case of synchrotron, we have seen that electrons with energy E emit most of the radiation at a frequency  
<latexit sha1_base64="9GnU86g0rDGn8Z7PxV9j6VxcAQg=">AAAB+3icbVDLSgMxFM3UVx1ftS7dBIvgqswURDdiqQguK9gHdGrJpJk2NJOEJCOWob/ipgtF3PoN7t2If2P6WGjrgQuHc+7l3ntCyag2nvftZFZW19Y3spvu1vbO7l5uP1/XIlGY1LBgQjVDpAmjnNQMNYw0pSIoDhlphIOrid94IEpTwe/MUJJ2jHqcRhQjY6VOLh/wBAZSCWlEAK/vS7DSyRW8ojcFXCb+nBQuP9wLOf5yq53cZ9AVOIkJN5ghrVu+J007RcpQzMjIDRJNJMID1CMtSzmKiW6n09tH8NgqXRgJZYsbOFV/T6Qo1noYh7YzRqavF72J+J/XSkx03k4pl4khHM8WRQmDRsBJELBLFcGGDS1BWFF7K8R9pBA2Ni7XhuAvvrxM6qWif1r0br1CuQJmyIJDcAROgA/OQBncgCqoAQwewRN4Bi/OyBk7r87brDXjzGcOwB847z/qRpay</latexit>

⌫ / E2B

The electron energy corresponding to the radiation at frequency ν is
<latexit sha1_base64="HlbTrgTMSMyCCPzioputtZYw/9I=">AAAB+3icbVDLSgMxFM3UVx1fY126CRbBjXWmILoRS0VwWcE+oB1LJk3b0EwmJBmxDPMrbrpQxK3f4N6N+Demj4W2HrhwOOde7r0nEIwq7brfVmZpeWV1Lbtub2xube84u7maimKJSRVHLJKNACnCKCdVTTUjDSEJCgNG6sHgauzXH4hUNOJ3eiiIH6Iep12KkTZS28ldw5aQkdARLN8nx95JMW07ebfgTgAXiTcj+csP+0KMvuxK2/lsdSIch4RrzJBSTc8V2k+Q1BQzktqtWBGB8AD1SNNQjkKi/GRyewoPjdKB3Uia4hpO1N8TCQqVGoaB6QyR7qt5byz+5zVj3T33E8pFrAnH00XdmEHz6TgI2KGSYM2GhiAsqbkV4j6SCGsTl21C8OZfXiS1YsE7Lbi3br5UBlNkwT44AEfAA2egBG5ABVQBBo/gCTyDFyu1Rtar9TZtzVizmT3wB9b7D5Mylnw=</latexit>

E / B�1/2

<latexit sha1_base64="3sXF0xw+Zx2vyqE0MjDBzdRLb08="></latexit>

Uel =

Z Emax

Emin

E N(E) dE

see lessons on emission processes



Equipartition. II
<latexit sha1_base64="bgyNSOj0mk++qPJtJCKdIXvNM5o=">AAACCHicbVC7SgNBFJ2NrxhfqxYiFg4GwcawGxBThkjAMoJ5QLIJs7OzyZDZBzOzQli2tPFXbCwUsfULxE4bWz/D2SSFJh4YOJxzL3fOsUNGhTSMDy2zsLi0vJJdza2tb2xu6ds7DRFEHJM6DljAWzYShFGf1CWVjLRCTpBnM9K0hxep37whXNDAv5ajkFge6vvUpRhJJfX0w9OOyxGOnWoSOzKBnZAHoQxgpVuE1W4x19PzRsEYA84Tc0ry5dLX297n936tp793nABHHvElZkiItmmE0ooRlxQzkuQ6kSAhwkPUJ21FfeQRYcXjIAk8VooD3YCr50s4Vn9vxMgTYuTZatJDciBmvVT8z2tH0i1ZMfXDSBIfTw65EYMqadoKdCgnWLKRIghzqv4K8QCpYqTqLi3BnI08TxrFgnlWMK5UGxUwQRYcgCNwAkxwDsrgEtRAHWBwC+7BI3jS7rQH7Vl7mYxmtOnOLvgD7fUHWEecoQ==</latexit>

�dE

dt
/ B2E2 Synchrotron power emitted per electron

<latexit sha1_base64="q0g1oNMWUn7BE0OkvrfZH7WSsgg=">AAACAXicbVDLSsNAFJ3UV62vqBvBzdAiVMSSCKLLohRcSQX7gCaWyWRSh04yYWYihFA3/oKf4MaFIm79C3f9G6ePhbYeGDiccy93zvFiRqWyrKGRW1hcWl7JrxbW1jc2t8ztnabkicCkgTnjou0hSRiNSENRxUg7FgSFHiMtr3858lsPREjKo1uVxsQNUS+iAcVIaalr7l2Xa4fQiQWPFYe1u+zY8QlTaNA1S1bFGgPOE3tKStWic/Q8rKb1rvnt+BwnIYkUZkjKjm3Fys2QUBQzMig4iSQxwn3UIx1NIxQS6WbjBAN4oBUfBlzoFyk4Vn9vZCiUMg09PRkidS9nvZH4n9dJVHDuZjSKE0UiPDkUJAzqsKM6oE8FwYqlmiAsqP4rxPdIIKx0aQVdgj0beZ40Tyr2acW60W1cgAnyYB8UQRnY4AxUwRWogwbA4BG8gDfwbjwZr8aH8TkZzRnTnV3wB8bXDwv9mPw=</latexit>

N(E) / E�� Electron energy distribution as a powerlaw
δ was reported as p in the synchrotron lesson (it is not 

the Doppler factor described few slides before) 

Luminosity of a synchrotron source

<latexit sha1_base64="ozbeR6zelQi/VdXYAaURfW2gxDQ="></latexit>

L =

Z ⌫max

⌫min

L⌫ d⌫ /
Z Emax

Emin

�(dE/dt)N(E) dE

<latexit sha1_base64="8Oa+RYxA96WmWwk5wrAEIw56cO8="></latexit>

Uel

L
/

R Emax

Emin
E1��dE

B2
R Emax

Emin
E2��dE

/
E2��|Emax

Emin

B2E3��|Emax
Emin

Ratio of the electron energy density 
over the emitted luminosity via 

synchtrotron emission

Emax and Emin are proportional to B-1/2

<latexit sha1_base64="UmCPw4wpI6io2HSabQmYFBDA9+c="></latexit>

Uel

L
/ (B�1/2)2��

B2(B�1/2)3��
=

B�1+�/2

B2 B�3/2+�/2
= B�3/2



Equipartition. III

Electron energy density needed to produce a given 
synchrotron luminosity

<latexit sha1_base64="MITZvQzjq7IfVXuFxFVUS5E9NDo=">AAACAXicbVDLSsNAFJ34rPUVFURwM1gEN9akIrosdeOyBfuAJobJdNIOnWTCzEQoIW78FTcuKuLWrV/gzo3f4vSx0NYDFw7n3Mu99/gxo1JZ1pexsLi0vLKaW8uvb2xubZs7uw3JE4FJHXPGRctHkjAakbqiipFWLAgKfUaafv965DfviZCUR7dqEBM3RN2IBhQjpSXPPKh7KWEZdGLBY8UdWLlLT8/PSplnFqyiNQacJ/aUFMr7tW86rHxUPfPT6XCchCRSmCEp27YVKzdFQlHMSJZ3EklihPuoS9qaRigk0k3HH2TwWCsdGHChK1JwrP6eSFEo5SD0dWeIVE/OeiPxP6+dqODKTWkUJ4pEeLIoSBhUHI7igB0qCFZsoAnCgupbIe4hgbDSoeV1CPbsy/OkUSraF0WrptOogAly4BAcgRNgg0tQBjegCuoAgwfwBIbgxXg0no1X423SumBMZ/bAHxjvPxFVma4=</latexit>

Uel / B�3/2

<latexit sha1_base64="hn819W3Oqq0IeQ7ApwR+4rUgaOs=">AAAB/XicbVDLSsNAFJ34rPUVH7hxM1gEVyUpiC5L3bgRWjBtoYlhMp20QyeZMDMRagj+ihsXirr1B/wCd278FqePhbYeuHA4517uvSdIGJXKsr6MhcWl5ZXVwlpxfWNza9vc2W1KngpMHMwZF+0AScJoTBxFFSPtRBAUBYy0gsHFyG/dEiEpj6/VMCFehHoxDSlGSku+ue/42VUO3UTwRHEX1m6ySu6bJatsjQHniT0lpepB45u+1j7qvvnpdjlOIxIrzJCUHdtKlJchoShmJC+6qSQJwgPUIx1NYxQR6WXj63N4rJUuDLnQFSs4Vn9PZCiSchgFujNCqi9nvZH4n9dJVXjuZTROUkViPFkUpgwqDkdRwC4VBCs21ARhQfWtEPeRQFjpwIo6BHv25XnSrJTt07LV0GnUwAQFcAiOwAmwwRmogktQBw7A4A48gCfwbNwbj8aL8TZpXTCmM3vgD4z3H7qRmHM=</latexit>

UM / B2 Magnetic energy density

<latexit sha1_base64="cV8zRAc7jsnfmqswuJ/hzTY37Rk="></latexit>

Utot = Uel + Upr + UM = (1 + k)Uel + UM / (1 + k)B�3/2 +B2

The total energy density Utot has a fairly sharp minimum near equipartition (=same energy 
content in particles and in magnetic field)

<latexit sha1_base64="UCkroLuRnw6fb08152G4G173M2M="></latexit>

dUtot

dB
=

d[(1 + k)Uel + UM ]

dB
= 0

<latexit sha1_base64="phNSLBt6pv5wyowdHhQzSuj9jX8="></latexit>

dUel

dB

1

Uel
= �3

2
B�5/2B3/2 = � 3

2B
! dUel

dB
= �3Uel

2B
<latexit sha1_base64="ScpRfSZ+Nnm8Ih9ECnxY5PmqBVo="></latexit>

dUM

dB

1

UM
=

2B

B2
=

2

B
! dUM

dB
=

2UM

B



Equipartition. IV

The total energy is minimized when 

Particle energy density

Magnetic field energy density

<latexit sha1_base64="kFbhgr7hXrpeS1IPgCAq0oeZ2yM=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0WoCCXRim6UqiAiCBVMW2hDmEwn7dDJg5mJUEJ+wY0Lf0QQF4q4defOv3H6ELT1wIXDOfdy7z1uxKiQhvGlZaamZ2bnsvO5hcWl5RV9da0qwphjYuGQhbzuIkEYDYglqWSkHnGCfJeRmts96/u1W8IFDYMb2YuI7aN2QD2KkVSSoxeOYNPjCCcFc6e7DS0nISxNE8u5SuGPVUqTvdTR80bRGABOEnNE8uXj89LD08llxdE/m60Qxz4JJGZIiIZpRNJOEJcUM5LmmrEgEcJd1CYNRQPkE2Eng49SuKWUFvRCriqQcKD+nkiQL0TPd1Wnj2RHjHt98T+vEUvv0E5oEMWSBHi4yIsZlCHsxwNblBMsWU8RhDlVt0LcQSoFqULMqRDM8ZcnSXW3aO4XjWuVxikYIgs2wCYoABMcgDK4ABVgAQzuwCN4Aa/avfasvWnvw9aMNppZB3+gfXwD/TCe0w==</latexit>

=
(1 + k)Uel

UM
=

4

3

The particle energy is close 
to the magnetic field energy 

B

U
to

t

Energy equipartition: 
condition of minimum energy

Approximately the same energy in 
particles and magnetic field à

Equipartition magnetic field

Utot=Upart+UM

Upart∝B-3/2 UM∝B2

<latexit sha1_base64="7qjWeeCO2GmZZS2eXN1vGNvxSoM="></latexit>

dUtot

dB
= 0 ! �3(1 + k)Uel

2B
+

2UM

B
= 0



FRI 

More on extended structures in RL AGN. I
FRII 

Synchrotron process

For low-luminosity (FRI) radio sources, there is strong 
support for the synchrotron process as the dominant 

emission mechanism for the X-rays, optical, and radio 
emission of jets

see Harris & Krawczynski (2006, ARAA review)

CMB

Synchrotron + IC/CMB

High-luminosity (FRII) radio sources require multi-zone 
synchrotron models or synchrotron + IC models (where 

seed photons are from CMB). Most popular model 
postulates very fast jets with high bulk Lorentz factors



More on extended structures in RL AGN. II

Pictor A (FRII, z=0.035)

Lobes Hot spots 

20cm data

Migliori et al. (2007)

XMM-Newton

IC scattering by relativistic electrons. Seed photons from 
either CMB or nuclear photons (the latter case mostly in 

powerful and compact, R<100 kpc,  RGs) 

Localized volumes of high emissivity produced by strong 
shocks. Generally consistent with SSC predictions with 
B~Beq; cases excess X-ray emission (B<Beq? additional 

component?)

Cygnus A - SSC does work

Pictor A - SSC does not work


