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Outlook

SMBH in galaxies, AGNs

AGNs with jets

Blazars: cosmic accelerators



Active Galactic Nuclei

Every galaxy harbors a supermassive BH in its center

MW - 4ec Msuin

MEF - 6.5€9 Msuwn

Event Horizon Telescope images



Active Galactic Nuclei
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Active Galactic Nuclei

In about |% of the galaxies the BH is active (AGN)

Very bright galactic nuclei in nearby galaxies
High excitation emission lines
Very bright, distant (cosmological) sources

Non-thermal (radio, X rays, gamma rays) emission

AGNs are ultimately powered by the gravitational
energy lost by matter falling into the SMBH



Active Galactic Nuclei

Narrow Line Region (NLR)

@
SMBH
Broad v BLR
Line Region
(BLR) Accretion
disk

| | I
10-100
Few parsecs light days

The standard picture
(Unification scheme)



From galaxies to central black holes

Starbursts
AGN winds

| | Superwinds
Large-scale jets

_Jets/blazars

BH Magwnetosphere

Accretion flow




Relativistic jets in AGNs
About 10% of AGN are radio loud: relativistic JETS




Relativistic jets in AGNs

Superluminal motion

Jet asymmetries ,
~&0 light years

™
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-
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(Special) relativity at work

Doppler bea ming

v=0.99c

ancplification [ = L' @ 0 _@

Blueshift U p = U'o
SMOY’CCV\ILV\IQ Y
of timescales tObS =1 /5




Relativistic jets in AGNs

MultiA structures

MEF@Rpc scale

Chandra X-Ra

‘.0

opticaL

HST Optical



Relativistic jets in AGNs

Strong impact on the environment

X-ra Ys




Basic astrophysical issues

Jek spe_ed,
Composi,&iou,

F’ONQT’

Magnetic fields,
pom&i,cie acceleraktion

emission mechanisms

<
C e e R
s, S AR ™

Formation, collimation,

accelerakion




The central engine

GRMHD simulation by McKinney, Tchekhovskoy, and Blandford 2012




Blazars: pointed jets

Radiogalaxy

Compact radio core

Extreme variability

High polarization

Superluminal motion with extreme apparent speeds
Emission from radio to gamma rays




Blazars: pointed jets

IR—soft X-rays MeV—GeV

SED dominaked by khe relakivistically boosted
non-thermal continuum emission o«F the jet.

Synchrotron and IC in LEPTONIC models.



Multifrequency sources
The bulk of extragalactic gamma-ray (GeV-TeV) sources
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Variability
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Blazars: the interpretative framework




Log vF(v) [erg em-2 s-1]

Blazars: the interpretative framework

2 ) Y; Electrons with energies
% ‘\\ Vo up few TeV
— y

electron Inverse Compton
synchrotron scattering

Haodron not tmportant for the emission (but not for energetics!)



Energizing the particles

Despite the huge adiabatic (expansion) and
radiative losses emission by highly energetic particles is
detected at large distances.

WV

Dissipation and acceleration mechanism(s)?




Energizing the particles

Ooastiwg rég LOW

PBSJPkin

Acceleration/collimiation
region

Ps > Py

Contopoulos 1994

Komissarov et al. 2009
Tchekhovskoy et al. 2009



Energizing the particles

Magwnetic —> Rinetic —> shocks —> partiates
freld

Magwetic —> recomnection —> particles
fielol



Magnetic reconnection?

change i the topology of the lines
(“magnetic ﬁetd annhilation”)

P RAEAEIEY AEIEIEY FEICIET) IEICICLEACIET s "IEICIES FEICIS, 3

Zenitani & Hoshino 2001

Sironi & Spitkovsky 2014

7 dN/dy

Relativistic particles with
Power Law energy

distribution
10° m

0 500 1000 1500

1072}
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Magnetic reconnection from
jet (kink) instabilities?
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Particle acceleration at shocks

Inner Structure of an Active Galaxy

| 0.1 lightyears I

Relativistic Jet

Supermassive
Black Hole

Accretion Disk

Opaque brus
(Inner Regions)




Particle acceleration at shocks

Upstream Shock front Downstream 50 L
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First hints from IXPE

Di Gesu (+Tavecchio) et al. 2022

ng X-Ray Polarimetry Explorer WS

S 5
€ E o E =
€ E e O ©
n ™ T & S
(42) -— ) ~— .
o o 2 o o
= =2 £ = w
&’: é o O o
r a Z x

17.5¢ e
15}
. /
I /
Vs
i 7
12,5} P
. /
£ /
/
i P
/-o\ 10" ///
P L /
9—/ d //
. /
E 7.5" //
- /
| 7
. v / '
5" // |
- / B
! / |
- / -
L + o // 9
25 A i -
hQ—hﬂHﬂ—H*M{—O—MHﬂ—H—Hﬁ“'—hH—M‘l—hMM'—H—HM—O—H—W&

First IXPE observation of MRn 421 in April 2022
Similar results for Mkn 501 (Liodakis et al. 2022)

Shock acceleration?
Detailed modeling in progress



Leptons or hadrons?
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UHECR
lceCube Neutrinos

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

_ets offer ideal conditions (B, radius,power)



hadronic

proton
synchrotron

Leptons or hadrons?

BD\\ N/

Bethe-Heitler photopion photopion
pair production (n component) (N° component)
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Leptons or hadrons?
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synchrotron scattering pair production annihilation



Leptons or hadrons?
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Lepto-
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hadronic models

Mkn 421

Bethe-Heitler cascade

—_ total

-
o
I =8

]
—_—
e
Frrr?

. B8 X

‘IIIIIIY

-
W

log (v Fv [ergecm®s'])
Mo

-

kel
N

-
-—
=

llll

] 1/1]11""'111|111|111.'|1

/ ........... / y

10 12

s“‘.
-4 il Ll
14

16 18 20 22 24 26 28
log (v [HZ] )

Cerruti et al. 2015



Lepto-hadronic models
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Cownstraint to cascade
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Lepto-hadronic models

Prospects for CTA

PKS 2155-204
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o

hadronic scenario

leptonic scenario

28

Hard tatl

Zech etal. 2017



Hadron beams?

CMB, EBL VHE

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

Scenarto for “extreme Bl Lacs”
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Log E2¢(E) [erg cm~2 s-!]

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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E? dN/dE, eV cm’ s

Neutrinos from hadron beams?
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Difficult to detect single sources

Murase et al. 2012



A role for the accretion flow?

°
2 $

Powering low luminosity AGN

Kimura et al. 2015; Khiali et al. 2016

(R/R;)cosb

Magnetic energy in ¢ =0 plane

Particle accelerated through Fermi (1 processes
scattering off magnetic turbulence
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Protons up to few PeV expected

(no UHECR) Kimura et al.2018

Emission either through pp or py



A role for the magnetosphere?

High energy particles can
be accelerated by dirvect
electric fields tn gaps or centrifugally

e.g. Rieger 201 |

Black Hole




Final thoughts

Active Galactic Nuclei interesting after more
than 50 years

Potential MM role (neutrinos, UHECR)

Waiting for new HE facilities...






