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THE GeV EXTRAGALACTIC SKY
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ACTIVE GALACTIC NUCLEI

Point-like source of photons in galaxy center

The brightest ones can outshine the galaxy itself (=quasar)
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ACTIVE GALACTIC NUCLEI

Current understanding
effect of accretion of matter onto a super-massive black hole
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First image of a black- © Y. Kim et el (2920)
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Jet launching
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ACTIVE GALACTIC NUCLEI

Radio-loud / radio-quiet dichotomy

NGC 3147 ¢+

Radio-galaxy Seyfert galaxy
with its relativistic jet
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ACTIVE GALACTIC NUCLEI

Radio-loud dichotomy: Fanaroff-Riley I and FRII
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https://ui.adsabs.harvard.edu/abs/1991AJ....102..537L/abstract

THE GeV EXTRAGALACTIC SKY

NI ’ *other AGN
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THE TeV EXTRAGALACTIC SKY
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BLAZARS

Blazar: radio-loud AGN whose
é relativistic jet points towards the
/FRII(NI.RG) Observer

SSRQ

—» Radiative emission from the jet
=== dominates over all other components
(non-thermal emission from radio to
gamma-rays and fast variability)

FR I (NLRG)

Flat-spectrum-radio-quasars : optical/UV spectrum with broad emission lines
BL Lacertae objects : featureless optical/UV spectrum
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Log vL, [erg s7!]

BLAZAR SPECTRAL ENERGY DISTRIBUTIONS
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FSRQs show a peak in the IR
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BL Lacs are classified into:

-IR peak: low-frequency peaked (LBLS)

- optical peak: intermediate (IBLs)
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https://ui.adsabs.harvard.edu/abs/1991AJ....102..537L/abstract

BLAZARS EMISSION MODELS

Synchrotron-Self-Compton

SSC

The low-energy SED component is
synchrotron emission by electrons

High-energy emission?

Leptonic models: inverse Compton

Same leptons that radiate synchrotron
+ their own synchrotron photons (SSC)
+ external photon fields (EIC)

State-of-the-art models:
HBLs —» SSC
LBLs / FSRQs —» EIC
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synch inverse Gompton

External-Inverse-Compton

EIC

synch inverse Jompton
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BLAZARS EMISSION MODELS

Why adding hadrons if
leptons work??
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2) Natural link with
cosmic-rays and neutrinos
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BLAZARS EMISSION MODELS

Hadronic models
Simplest hadronic model:

Hadronic model The high-energy component is proton
synchrotron radiation

(Mannheim 1993, Aharonian 2000, Mucke & Protheroe 2001)
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secondaries } synch jnverse Gompton
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http://adsabs.harvard.edu/abs/1993A&A...269...67M
http://adsabs.harvard.edu/abs/2000NewA....5..377A
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BLAZARS EMISSION MODELS

Proton-photon interactions complicate the modeling

Photo-meson
pry=p+n’—=p+2
p+y=n+nx"
pry=p +a-+a

Hadronic model

synch from
secondaries } synch jnverse Gompton

+ + + -
T uTty, ety +u,t+u,

Bethe-Heitler pair production

pty=p+e+e”

S Injection of secondary leptons in the emitting region,
triggering synchrotron supported pair-cascades

Synchrotron emission by muons can be important
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BLAZARS EMISSION MODELS

Leptonic and hadronic models can both work!
Example for Mrk 421 in 2011

10-8=| LI N N N N O N N N Y N N N B B N B B _8:H,d. — . ,
5 - : -Hadronic _
o[ Leptonic : of i
10§ i~ e syn 4 syn :
o 10-10; 1- Nm —102_ =
5 1 £ _
- g ] © -11E E

o 107 7 9 g
N 1 N -12¢ 3
SR 4 K LT
= 10 r \;1 -13F ;’, \ Pion cascz‘;des_;
ok 1= - L3
i ] -14f |
10-14- | (AN N NN N N S N N SN SN S AN N N N I  | ] _15; L 0 T I e B
10° 10" 10* 107 10* 107 10° 107 10 15 20 25 30
v [Hz] log (v/Hz)

Abdo et al. 2011

AN
15 Matteo Cerruti @ [T "“7
s L


https://ui.adsabs.harvard.edu/abs/2011ApJ...736..131A/abstract

TXS 0506+056: the 2017 flare

Why is Bethe-Heitler important?
Injection of pairs at lower energy (compared to photo-meson)
Can dominate the X-ray band and fill the SED valley
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https://ui.adsabs.harvard.edu/abs/2015MNRAS.447...36P/abstract

lceCube-170922A / TXS 0506+056

Most significant association (30)
of a high-energy (290 TeV) neutrino with an astrophysical source
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original GCN Notice Fri 22 Sep 17 20:55:13 UT
refined best-fit direction IC170922A

IC170922A 50% - area: 0.15 square degrees
IC170922A 90% - area: 0.97 square degrees
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TXS 0506+056: the 2017 flare

Keivani et al. 2018
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Proton synchrotron solutions exist,
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but the expected neutrino rate is very low

‘expected neutring
events N>0.001

100 GeV photon
able to escape source
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Gao et al. 2018


http://adsabs.harvard.edu/abs/2018ApJ...864...84K
http://adsabs.harvard.edu/abs/2018arXiv180704275G
http://adsabs.harvard.edu/abs/2018arXiv180704335C
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TXS 0506+056: the 2017 flare

Lepto-hadronic solutions
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Ly, = (9 — 60) x 1047erg/s L, ~ X 10506rg/s
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They can work: neutrino rates of the order of 0.1 / yr
But rather high energetic requirement: L, > L;,, ~ x 10%%7 erg/s
Solved if p-y interactions on external field AN
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http://adsabs.harvard.edu/abs/2018arXiv180704275G
http://adsabs.harvard.edu/abs/2018arXiv180704335C

HADRONIC CODE COMPARISON

Comparison of five numerical hadronic codes in the literature:
AM3 (Gao et al. 2017), Athena (Dimitrakoudis et al. 2012),

B13 (Bc‘jttcher et al. 2013), LeHa-Paris (Cerruti et al. 2015), LeHaMoc (Stathopoulos et al. 2024)

- run tests from simple ‘artificial’ cases
(Mono-energetic protons on black-body)
to ‘realistic’ ones
(proton-synchrotron or lepto-hadronic)

- Compute systematic uncertainties from theoretical simulations
- Release all files as benchmark for future developments

Take home message: spectral shapes are ok; 40% spread in normalization
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https://iopscience.iop.org/article/10.3847/1538-4357/aa7754
https://www.aanda.org/articles/aa/full_html/2012/10/aa19770-12/aa19770-12.html
https://iopscience.iop.org/article/10.1088/0004-637X/768/1/54
https://academic.oup.com/mnras/article/448/1/910/991979
https://ui.adsabs.harvard.edu/abs/2024A&A...683A.225S/abstract
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https://ui.adsabs.harvard.edu/abs/2024arXiv241114218C/abstract

COMPACT SYMMETRIC OBJECT

A new class of transient TeV emitters

Like a radio-galaxy, but with much smaller
jets (<1 kpc)

Probably a young, jetted AGNSs.

First discovery by LHAASO in 2024: TeV flare
from NGC 4278 (Cao et al. 2024, ApJ, 971)

One year ago: HESS discovery of a TeV flare
from PMN J1603-4904

(paper in preparation, to be presented at
Gamma 2026)
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