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The heart of a jetted AGN

Accretion flow

Relativistic jet

Super massive  
black hole

M ∼ 108 − 109M⊙



Powerful radiogalaxy: 
Cygnus A Jet

Radiogalaxy

Blazars: relativistic jets pointing at us



Powerful radiogalaxy: 
Cygnus A Jet

Blazar
Beaming

Radiogalaxy

Blazars: relativistic jets pointing at us

θv~few deg



(Special) relativity at work

Aberration

� =
1

�(1� � cos ✓v)

� ⇡ 10� 20 νobs = ν′ δ
Lobs = L′ δ4

Δtobs = Δt′ /δ

δ = Γ for θv = 1/Γ

Relativistic Doppler factor

ω′ = − kμuμ = ωγ − γk ⋅ v = ωγ(1 − n ⋅ β) = ω/δ

k =
ω
c

n

Doppler effect+Beaming =



Jet physics  

Particle acceleration
Plasma and B-field physics
Reconnection vs shock 
Hadronic vs leptonic emission
Location of emission region
...

Propagation effects 
  
Extragalactic background light
Intergalactic magnetic field
Hadronic beams
LIV and ALPs-induced effects and 
other anomalies

CMB

EBL

CR

photo B 



Abdo et al. 2011

The spectral energy distribution
Extended over the whole EM spectrum

Extremely variable 

Important observational effort

Leptonic

Multiwavelength sources



Blazars: basic phenomenology

Blazars occur in two flavors:

FSRQ: high power, thermal 
optical components (broad lines)

BL Lacs: low power, almost
purely non-thermal components

The “blazar  
sequence” 

FSRQ

BL Lacs

Fossati et al. 1998
Donato et al. 2002
Ghisellini et al. 2009

But see several papers 
by Giommi & Padovani



Blazars in a nutshell

Synchrotron-self Compton

External Compton



The full problem

Acceleration/collimation 
 region

PB � Pkin
<latexit sha1_base64="Fa5xGc/o6HFULOP1Kglbj7mN3jQ=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgKiSltc2u1I3LCPYBbQiT6aQdOpmEmYlYQn/FjQtF3Poj7vwbpw9BRQ9cOJxzL/feE6aMSmXbH0ZhY3Nre6e4W9rbPzg8Mo/LXZlkApMOTlgi+iGShFFOOooqRvqpICgOGemF06uF37sjQtKE36pZSvwYjTmNKEZKS4FZ9oL2cDyGXpAPRQynlM8Ds2JbVaduN+rQtmo1t1F1NHHdZu3ShY5lL1EBa3iB+T4cJTiLCVeYISkHjp0qP0dCUczIvDTMJEkRnqIxGWjKUUykny9vn8NzrYxglAhdXMGl+n0iR7GUszjUnTFSE/nbW4h/eYNMRU0/pzzNFOF4tSjKGFQJXAQBR1QQrNhME4QF1bdCPEECYaXjKukQvj6F/5Nu1XJsy7mpVVrtdRxFcArOwAVwQAO0wDXwQAdgcA8ewBN4NubGo/FivK5aC8Z65gT8gPH2Ca5dlDo=</latexit><latexit sha1_base64="Fa5xGc/o6HFULOP1Kglbj7mN3jQ=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgKiSltc2u1I3LCPYBbQiT6aQdOpmEmYlYQn/FjQtF3Poj7vwbpw9BRQ9cOJxzL/feE6aMSmXbH0ZhY3Nre6e4W9rbPzg8Mo/LXZlkApMOTlgi+iGShFFOOooqRvqpICgOGemF06uF37sjQtKE36pZSvwYjTmNKEZKS4FZ9oL2cDyGXpAPRQynlM8Ds2JbVaduN+rQtmo1t1F1NHHdZu3ShY5lL1EBa3iB+T4cJTiLCVeYISkHjp0qP0dCUczIvDTMJEkRnqIxGWjKUUykny9vn8NzrYxglAhdXMGl+n0iR7GUszjUnTFSE/nbW4h/eYNMRU0/pzzNFOF4tSjKGFQJXAQBR1QQrNhME4QF1bdCPEECYaXjKukQvj6F/5Nu1XJsy7mpVVrtdRxFcArOwAVwQAO0wDXwQAdgcA8ewBN4NubGo/FivK5aC8Z65gT8gPH2Ca5dlDo=</latexit><latexit sha1_base64="Fa5xGc/o6HFULOP1Kglbj7mN3jQ=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgKiSltc2u1I3LCPYBbQiT6aQdOpmEmYlYQn/FjQtF3Poj7vwbpw9BRQ9cOJxzL/feE6aMSmXbH0ZhY3Nre6e4W9rbPzg8Mo/LXZlkApMOTlgi+iGShFFOOooqRvqpICgOGemF06uF37sjQtKE36pZSvwYjTmNKEZKS4FZ9oL2cDyGXpAPRQynlM8Ds2JbVaduN+rQtmo1t1F1NHHdZu3ShY5lL1EBa3iB+T4cJTiLCVeYISkHjp0qP0dCUczIvDTMJEkRnqIxGWjKUUykny9vn8NzrYxglAhdXMGl+n0iR7GUszjUnTFSE/nbW4h/eYNMRU0/pzzNFOF4tSjKGFQJXAQBR1QQrNhME4QF1bdCPEECYaXjKukQvj6F/5Nu1XJsy7mpVVrtdRxFcArOwAVwQAO0wDXwQAdgcA8ewBN4NubGo/FivK5aC8Z65gT8gPH2Ca5dlDo=</latexit><latexit sha1_base64="Fa5xGc/o6HFULOP1Kglbj7mN3jQ=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgKiSltc2u1I3LCPYBbQiT6aQdOpmEmYlYQn/FjQtF3Poj7vwbpw9BRQ9cOJxzL/feE6aMSmXbH0ZhY3Nre6e4W9rbPzg8Mo/LXZlkApMOTlgi+iGShFFOOooqRvqpICgOGemF06uF37sjQtKE36pZSvwYjTmNKEZKS4FZ9oL2cDyGXpAPRQynlM8Ds2JbVaduN+rQtmo1t1F1NHHdZu3ShY5lL1EBa3iB+T4cJTiLCVeYISkHjp0qP0dCUczIvDTMJEkRnqIxGWjKUUykny9vn8NzrYxglAhdXMGl+n0iR7GUszjUnTFSE/nbW4h/eYNMRU0/pzzNFOF4tSjKGFQJXAQBR1QQrNhME4QF1bdCPEECYaXjKukQvj6F/5Nu1XJsy7mpVVrtdRxFcArOwAVwQAO0wDXwQAdgcA8ewBN4NubGo/FivK5aC8Z65gT8gPH2Ca5dlDo=</latexit>

PB . Pkin
<latexit sha1_base64="kYjfIt/zeT+du4KUsLnL8I/+350=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaL4KokIuiy1I3LCLYVmhAm05t26MwkzEyEErLxV9y4UMStn+HOvzF9CPV14MLhnHu5954o5Uwbx/mwKkvLK6tr1fXaxubW9o69u9fRSaYotGnCE3UbEQ2cSWgbZjjcpgqIiDh0o9HlxO/egdIskTdmnEIgyECymFFiSim0D7yw5XPQWjOBvTD3lcAjJovQrrsNZwrs/CJfVh3N4YX2u99PaCZAGsqJ1j3XSU2QE2UY5VDU/ExDSuiIDKBXUkkE6CCfPlDg41Lp4zhRZUmDp+riRE6E1mMRlZ2CmKH+6U3Ev7xeZuKLIGcyzQxIOlsUZxybBE/SwH2mgBo+LgmhipW3YjokilBTZlZbDOF/0jltuE7DvT6rN1vzOKroEB2hE+Sic9REV8hDbURRgR7QE3q27q1H68V6nbVWrPnMPvoG6+0TYsyWQw==</latexit><latexit sha1_base64="kYjfIt/zeT+du4KUsLnL8I/+350=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaL4KokIuiy1I3LCLYVmhAm05t26MwkzEyEErLxV9y4UMStn+HOvzF9CPV14MLhnHu5954o5Uwbx/mwKkvLK6tr1fXaxubW9o69u9fRSaYotGnCE3UbEQ2cSWgbZjjcpgqIiDh0o9HlxO/egdIskTdmnEIgyECymFFiSim0D7yw5XPQWjOBvTD3lcAjJovQrrsNZwrs/CJfVh3N4YX2u99PaCZAGsqJ1j3XSU2QE2UY5VDU/ExDSuiIDKBXUkkE6CCfPlDg41Lp4zhRZUmDp+riRE6E1mMRlZ2CmKH+6U3Ev7xeZuKLIGcyzQxIOlsUZxybBE/SwH2mgBo+LgmhipW3YjokilBTZlZbDOF/0jltuE7DvT6rN1vzOKroEB2hE+Sic9REV8hDbURRgR7QE3q27q1H68V6nbVWrPnMPvoG6+0TYsyWQw==</latexit><latexit sha1_base64="kYjfIt/zeT+du4KUsLnL8I/+350=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaL4KokIuiy1I3LCLYVmhAm05t26MwkzEyEErLxV9y4UMStn+HOvzF9CPV14MLhnHu5954o5Uwbx/mwKkvLK6tr1fXaxubW9o69u9fRSaYotGnCE3UbEQ2cSWgbZjjcpgqIiDh0o9HlxO/egdIskTdmnEIgyECymFFiSim0D7yw5XPQWjOBvTD3lcAjJovQrrsNZwrs/CJfVh3N4YX2u99PaCZAGsqJ1j3XSU2QE2UY5VDU/ExDSuiIDKBXUkkE6CCfPlDg41Lp4zhRZUmDp+riRE6E1mMRlZ2CmKH+6U3Ev7xeZuKLIGcyzQxIOlsUZxybBE/SwH2mgBo+LgmhipW3YjokilBTZlZbDOF/0jltuE7DvT6rN1vzOKroEB2hE+Sic9REV8hDbURRgR7QE3q27q1H68V6nbVWrPnMPvoG6+0TYsyWQw==</latexit><latexit sha1_base64="kYjfIt/zeT+du4KUsLnL8I/+350=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaL4KokIuiy1I3LCLYVmhAm05t26MwkzEyEErLxV9y4UMStn+HOvzF9CPV14MLhnHu5954o5Uwbx/mwKkvLK6tr1fXaxubW9o69u9fRSaYotGnCE3UbEQ2cSWgbZjjcpgqIiDh0o9HlxO/egdIskTdmnEIgyECymFFiSim0D7yw5XPQWjOBvTD3lcAjJovQrrsNZwrs/CJfVh3N4YX2u99PaCZAGsqJ1j3XSU2QE2UY5VDU/ExDSuiIDKBXUkkE6CCfPlDg41Lp4zhRZUmDp+riRE6E1mMRlZ2CmKH+6U3Ev7xeZuKLIGcyzQxIOlsUZxybBE/SwH2mgBo+LgmhipW3YjokilBTZlZbDOF/0jltuE7DvT6rN1vzOKroEB2hE+Sic9REV8hDbURRgR7QE3q27q1H68V6nbVWrPnMPvoG6+0TYsyWQw==</latexit>

Coasting region

shock

Magnetic  
reconnection

turbulence

in
st

ab
il

it
ie

s

E.g. Blandford et al. 2019
Matthews et al. 2020

The real stuff is a mess!!

10-3–1 pc

10–104 Rs



A modest model

Γ

θ

RB
e“One zone”

Historically supported  
by correlated variability Fossati et al. 2004

A drastic simplification!!



Γ

θ

RB
e“One zone”

-Magnetic field is tangled (turbulent) 

-Leptons have an isotropic pitch angle distribution 

-For BL Lacs the only relevant photons for IC are the 
synchrotron ones

Additional standard assumptions:

But see Sobacchi et al. 2020, 2021

A drastic simplification!!

A modest model



Γ

θ

RB
e

Hadrons not relevant for the emission (but not for energetics!)

“One zone”

A drastic simplification!!

A modest model



Γ

θ

R

Log γ

Log N(γ)

n1
n2

γb

B
e

Log ν

Log νL(ν)

α1 α2

νs

Synchrotron emission

A modest model



Log γ

Log N(γ)

n1

n2

γb

Log Usyn(ν)

+
Log ν

α1
α2

Log ν

Log νL(ν)

α1 α2

νs
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A modest model



Log γ

Log N(γ)

n1
n2

γb

+

“Klein-Nishina regime”

Log νL(ν)

Log ν

α1 α2

νs

α1 αKN

νC

Log ν

Log Usyn(ν)

α1
α2

h⇥�
s�b > mec

2

= 2�2 � �1

��
s

A modest model



In principle, in this simple version of the 
Synchrotron-Self Compton (SSC) model, all 
parameters can be constrained by quantities 

available from observations:

     R   B   No   γb   n1    n2    δ   

  νs   Ls    νC  LC   tvar   α1   α2

7  free parameters

7  observational quantities

Tavecchio, Maraschi & Ghisellini 1998



Tavecchio and Ghisellini 2016

Application: BL Lacs

Mkn 421

One zone models are 
optically thick here!  

Produced by larger, more 
extended jet regions

Modest but effective!



Application: BL Lacs

Tavecchio et al. 2010



Spine

Layer/sheath

Γ=15-20

Γ=3-5

Ghisellini, FT and Chiaberge 2005
Tavecchio & Ghisellini 2008

An improved model

Structured jets

“Two zones”



Simulations predict spine-layer structure

Entrainment/instability e.g. Rossi et al. 2008
Acceleration process e.g. McKinney 2006 

Structured jets in BL Lacs

Laing 1996
Giroletti et al. 2004

Piner & Edwards 2014

Chiaberge et al. 2000
Meyer et al. 

Sbarrato et al. 2014

Unification requires 
velocity structures

Limb brightening
Mkn 501, Mkn 421, M87, 

NGC 1275 
Pushkarev et al. 2005
Clausen-Brown 2011
Murphy et al. 2013

Kovalev et al. 2007



★  The spine “sees” an enhanced Urad coming from the layer 

                    

�rel = �s�l(1� �s�l)

U 0 ' U�2
rel

An improved model

Rates of processes involving 
soft photons are enhanced 

w.r.t. to the one-zone model



Pause: synchrotron polarization

Πuni =
p + 1

p + 7/3

For uniform field:

Electron slope

Πuni ≃ 70 % for p = 2

Magnetic domains with different orientation  
(e.g. turbulence)  determine a lower Π



Di Gesu et al. 2022

Liodakis et al. 2022

Mkn 501
Mkn 421

IXPE pointed several HBL 
during the first two years, 

usually in low/quiescent flux 
states, with consistent results.Strong “chromaticity” of Π

ΠX > ΠO

Some new clues from polarimetry



Hints from IXPE

HSP in low/quiescent flux states
Kim et al. 2024



Hints from IXPE

HSP in low/quiescent flux states
Kim et al. 2024

Π less than for uniform field
Turbulent component
Globally structured field

Π_x/Π_o larger than for uniform field Non cospatial
Globally structured field

p=2
p=5

Πuni ≃ 70 % for p = 2



νs ∝ γ2B

S
ho

ck

Stratified shock: a toy model

Tavecchio et al. 2018, 2020

vadvtcool ∝ γ−1

Electrons do not  
occupy the same volume ≠ One-zone



Mkn 501

Lisalda et al., 2025

Γ = 22, θv = 1.3∘

Phenomenological law for the field

Just two possible realizations!
A full exploration of the parameter 

space is required (MCMC)

e.g. Lemoine 2013

Stratified shock: a toy model



Emission profiles
Electron distribution  
at different distances

Radiative cooling only

Stratified shock: a toy model

Effective “two zone” model



Hints from IXPE

HSP in low/quiescent flux states
Kim et al. 2024

Π less than for uniform field
Turbulent component
Globally structured field

Π_x/Π_o larger than for uniform field Non cospatial
Globally structured field



Shocks & energy stratification? Not necessarily!
Bolis et al., 2024

Toroidal/poloidal Lorentz factor

MHD solutions of confined,  
magnetically dominated  
jets (Lyubarsky 2009) 

Strong dependence  
on the electron slope  
(hence frequency)!

Electrons with different energy  
fill the same volume (no stratification!) 

Polarization depends on the global 
(ordered) B-field structure

Unspecified acceleration mechanism



Time dependent models



Time dependent models

Continuity equation

cooling injection

escape



Time dependent models

Chiaberge and Ghisellini 1999

Continuity equation

cooling injection

escape



Final thoughts 

Jets are very complex systems but …

(Leptonic )One zone models are surprisingly successful!

We can infer clues one particle acceleration, evolution etc…

Polarimetric measurements suggest that more complexity must be added

Not clear which kind of scenario …  



Katarzyński et al. 2005
FT et al. 2009

Very low B 
Large e energiesLarge minimum  

electron energy

FT et al. 2010,2011

Extreme accelerators?

➤ Acceleration process? 
➤ Why cooling so small? 
➤ Why weakly/slowly variable?



Application: BL Lacs



Leptons or hadrons?

UHECR
IceCube Neutrinos

Hadrons are accelerated to very-high and ultra-high energy 
somewhere in the extragalactic space 

Jets offer ideal conditions (B, radius,power)



Leptons or hadrons?



Leptons or hadrons?



Leptons or hadrons?



Lepto-hadronic models

Cerruti et al. 2015

Mkn 421



MAGIC Coll. 2018

Higher VHE

Lower VHE

τγγ~1 + KNConstraint to cascade

29
0 

Te
VSheath
Synch.

SSC

EC

BH cascade

pγ cascade

Ep,max = 1016 eV

Rate = 0.17 events in 0.5 years

Rate = 0.06 events in 0.5 years

IC on sheath photons

Lepto-hadronic models
TXS 0506+056



Prospects for CTA

SS
T

PKS 2155-304

Hard tail

Zech et al. 2017

Lepto-hadronic models



CMB, EBL

UHE p + possible cascades
VHE 

Essey & Kusenko 2010 
Murase et al. 2012

Tavecchio 2014, 2019

⇡0

Hadron beams?

Scenario for “extreme Bl Lacs”



Observed  
spectrum

Hard de-absorbed 
spectrum

Extreme BL Lacs
Hard X-ray 
spectrum

after Costamante et al. 2001

Small radio flux Bonnoli et al. 2015



Tavecchio et al. 2019

Protons

Photons 
(+EBL 

absorption)

Hadron beams?



Tavecchio et al. 2019

Protons

Photons 
(+EBL 

absorption)

SS
T

Hadron beams?



Tavecchio et al. 2019

Hadron beams?



Aharonian et al. 2007

PKS 2155-304@TeV

tvar ⇡ 200 s

Variability

Bonnoli et al. 2011

Short time-scales

Large amplitudes

Small spatial scales 
Close to the BH



Quasi-stationary SED

Tavecchio et al. 2001



Mankuzhiyil et al. 2011

B~γ-2

Quasi-stationary SED



Ahnen et al. 2018

Quasi-stationary SED



McKinney, Tchekhovskoy, and Blandford 2012

Producing the jet



FSRQs: the general scenario

Accretion disk



X-ray corona

FSRQs: the general scenario



BLR

FSRQs: the general scenario



D
U

ST
Y 

TO
RU

S 
FSRQs: the general scenario



e γ

e
e γ
γ

B

FSRQs: the “canonical” scenario
Dermer et al. 2009

Ghisellini, FT 2009

Sikora et al. 2009


Accretion disk

X-ray corona

BLR
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Ghisellini and Tavecchio 2009
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Log γ

Log N(γ)

n1
n2

γb +
Log ν

Log νUext(ν)
Broad line region, 

Torus 
νo

ν’o

Γ

Γ2

Log ν

Log νF(ν)

α1 α2

νs

α1 α2

νC

A more modest model - 2



Bonnnoli et al. 2011

Within the BLR

4C454.3

Absorption (20 GeV)



Acciari et al. 2018

Within the Torus Beyond the Torus

TorusDisk

1ES 1510-089



(Special) relativity at work

Doppler beaming

� =
1

�(1� � cos ✓v)

Lobs = L0�4
� ⇡ 10� 20

νobs = ν′ δ
Amplification

Blueshift

tobs = t′ /δShortening 
of timescales



Jet speed,  
composition,  
power, impact  

on the environment

Magnetic fields,  
particle acceleration (?) 
emission mechanisms

Formation, collimation,  
acceleration, stability

A wealth of astrophysical issues  

e.g. Blandford et al. 2019 
Blackman and Lebedev 2022

Huge range of spatial and temporale scales 
(from electron gyroradius to Mpc!)

105 − 1024 cm


