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The heart of a jetted AGN

Relativistic jet
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Accretion flow




Blazars: relativistic jets pointing at us

Powerful radiogalaxy:
Cygnus A
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Blazars: relativistic jets pointing at us

Powerful radiogalaxy:
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(Special) relativity at work

Beaming =  Aberration
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Jet physics

Particle acceleration

Plasma and B-field physics
Reconnection vs shock
Hadronic vs leptonic emission
| ocation of emission region
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Propagation effects

-xtragalactic background light
ntergalactic magnetic field
Hadronic beams

| [V and ALPs-induced effects and
other anomalies
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The spectral energy distribution

Extended over the whole EM spectrum  multiwavelength sources
Extremely variable

Important observational effort Abdo et al. 201 |
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Blazars: basic phenomenology

poerey

Blazars occur in two flavors:

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

BL Lacs: low power; almost

purely non-thermal components
X J
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Blazars in a nutshell

Synchrotron-self Compton

External Compton

FSRQ: “dressed” jets

1/2
RBLR = 1017 Ld,/45 cm.

Rr=25x10%L



The full problem

The real stuff is a mess!!
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A modest model

A drastie smeLLﬁoatiow!!
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A modest model

A drastie simpLiﬁcatiow!!

llov\le ZOWCII

Additional standard assumptions:

-Magwnetic field is tangled (turbulent)

-Leptons have aw Lsotropie piteh angle distribution
But see Sobacchi et al. 2020, 2021

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



A modest model

A drastie smeLLﬁoatiow!!

llowe ZOWCII

O e \LH\ /.r'f e\ F/e*
s B° N
42 e e#
@ y
electron Inverse Compton photon-photon electron-positron
synchrotron scattering pair production annihilation

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



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

available from observations:
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Modest but effective!

AppLLcatiow: BL Lacs

_9 i I 1 I ] 1 I I I 1 1 I | | 1 1 I || 1 i
I MRWn 421 1
'-'-_' -10 r -
) : ‘.,. :
Y i ! W -
- , —
G 11 |- / ‘ \; -
o L/ I
2 = /I -
B / 1 -
S —-12 |- [ =
b ] =~ ] -
s /N :
- 5 t. =4 h -
gﬂ L/ @ ’I var i
- / t,..=24 h 1
2 14 . ‘ | | 1 I 1 | 1 1 I 1 1 1 1 I 1 1 i
OWne Zone mode?s are 15 <0 29 Tavecchio and Ghisellini 2016
op’cicaLLg thick here! Log v [HZ]
Produced by larger, more
extended jet regions Model  Ymin Vb Y max noom B K R 8
(1) (2) 3) 4) ) (6) (7 (8) ©) (10)
1 500 1.7x10° 2x10%® 22 48 0075 1.3 x10* 1 25
2 700 25x10° 4x10% 22 48 0.06 32x 100 3.6 14




T e
10 20 30 40 50
Doppler factor

AppLicatiow: BL Lacs
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An improved model

structuredjets

‘SPEM@.

“Two zownes”

Ghisellini, FT and Chiaberge 2005
Tavecchio & Ghisellini 2008



Structured jets in BL Lacs

Simulations predict spine-layer structure
Kovaley et aP2007

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

Laing 1996
Giroletti et al. 2004
Piner & Edwards 2014

32 Pushkarev et al. 2005
Clausen-Brown 201 |

Mkn 501, Mkn 421, M87,
NGC 1275

Murphy et al. 2013

T 30
Unification requires -
velocity structures w 8
Chiaberge et al. 2000 =
Meyer et al. g
Sbarrato et al. 2014 o

30 32 34
LOg Lr [erg s-1 HZ_I:I

C——
T —



An improved model
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Pause: synchrotron polarization

Radiation emitted from

any part of trajectory
Electron with acceleration

a (L to B), velocity v,
’% pitch angle o (not shown)
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Some new clues from polarimetry

IXPE pointed several HBL
during the first two years,
usually in low/quiescent flux
states, with consistent results.

Strong “chromatieity” of M
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Hints from IXPE

Kim et al. 2024
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Hints from IXPE

HSP in low/quiescent flux states

Kim et al. 2024
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Stratified shock: a toy model
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Stratified shock: a toy model
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A full exploration of the parameter
space is required (MCMCQC)
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Phenomenological law for the field
e.g. Lemoine 2013
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Log 7*N(7) [em~3]

Stratified shock: a toy model

Electron distribution

at different distances
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Hints from IXPE

HSP in low/quiescent flux states

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

Bolis et al., 2024
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Log vF(v) [erg ecm=2 s-!]
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Time dependent models
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Time dependent models

Continulty equation esclape
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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 ...



Extreme accelerators?
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Applicatiow: BL Lacs
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Leptons or hadrons?

A

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

UHECR
lceCube Neutrinos

_ets offer ideal conditions (B, radius,power)
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Leptons or hadrons?
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Leptons or hadrons?
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Leptons or hadrons?
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Lepto-hadronic models

Zech etal. 2017

PKS 2155-304

-9.5
hadronic scenario leptonic scenario
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Hadron beams?

CMB, EBL VHE

Essey & Kusenko 2010
Murase et al. 2012
Tavecchio 2014,2019

Scenarto for “extreme Bl Lacs”
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Hadron beams?

Tavecchio et al. 2019
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Log E2¢(E) [erg cm~2 s-!]

Hadron beams?

Tavecchio et al. 2019
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Hadron beams?

Tavecchio et al. 2019
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Variability
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Quasi-stationary SED
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log vF(v) [erg em™2 s71]
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Quasi-stationary SED

ol ;
; ol
: AR .
100 100 100 10" 10° 10° 10° 10' 10 10° 100 10 100 10"  10” F 2
T . MID d.o.f

B Yok D1 P2 U, n
(102G) (10% (103 ergem™)  [U./Ug]
56009 V (34.0/13) 226 085 190 287 11.96 589
56015 V (29.9/11) 234 081 190 2.87 9.27 425
56032 M (19.9/10)  2.99 049 1.88 2.77 5.20 146
56034 V (24.3/12) 222 090 1.86 290 6.88 350
56036 M (21.0/11)  2.00 1.07 193 296 10.50 659
56038 V (19.8/10) 255 063 178 282 4.50 173
56040 M (18.8/11)  3.00 051 191 293 5.98 166
56046 V (23.5/12) 326 041 1.81 282 4.30 102
56061 V (24.0/10) 2.65 0.65 178 2.82 4.66 166
56066 V (36.0/12) 3.39 042 170 273 5.11 112
56073 V (13.3/11) 2.00 128 193 296 11.70 736
56076 M (19.7/10)  2.13 0.81 1.69 2.70 6.57 361
56077 V (17.7/9) 1.96 1.07 1.80 2.82 9.29 607
56087 M (62.5/12)  1.64 1.70 1.89 291 21.30 1398
56090 V (32.7/10) 2.21 091 186 2.83 10.10 520
Ahnen et al. 2018 56094 M (18.0/10)  2.98 050 200 297 7.04 199

56095 M (16.8/10) 2.25 0.84 1.68 2.73 6.78 336




Producing the jet

McKinney, Tchekhovskoy, and Blandford 2012




FSRQs: the general scenario

Accretion disk



FSRQs: the general scenario




FSRQs: the general scenario
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FSRQs: the general scenario




FSRQs: the “canonical’ scenario

Dermer et al. 2009
Ghisellini, FT 2009
Sikora et al. 2009




_Jet frame!

Log U’ [erg cm™3]
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A more modest model - 2
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within the BLR

Log vF, [erg s7!' ecm~2]

-9

I
—
o

I
f—
—

-1

4C454.3

=

I 1 I
3C 454.3
z=0.859

2005 flare
Y

| Absorption (20 Gev)

15
Log v [Hz]

Bonnnoli et al. 201 |



1ES 1510-089

within the Torus Beyond the Torus
Log E [eV] Log E [eV]
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Log v [Hz]
Ymin Yb Y max ni np B K 0 I7 r R
Low state (close) 2.5 130 3x10° 19 35 035 3x10° 25 20 7.0x107 2.0x10'
Low state (far) 2 300 3x10° 19 37 0.05 80 25 20 3.0x10% 3.0x10"

Acciari et al.2018



(Special) relativity at work

Doppler bea ming

v=0.99c

ancplification [ = L' @ 0 _@

Blueshift U p = 'O
SVIOY’CCV\ILV\/@ Y
of timescales tObS =1 /5




A wealth of astrophysical issues

Jek s[z?e.ed,
comyos&im\,

power, impaa&
o the environmenkt

Magnetic fields, = "

. . . 77 “ 475 ;"// /} S
go\r&wi.e acceleration (?) E74L, E=2ss
emission mechanisms

Formation, collimation,
“ 7 acceleration, stability

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

10° — 10** cm e.g. Blandford et al. 2019
Blackman and Lebedev 2022



