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• Neutrino astrophysics

• Astronomical counterparts of IceCube neutrinos 

• Strong synergy with very high-energy astrophysics

1P. Padovani - OAS Very High Energy meeting



P. Padovani - OAS Very High Energy meeting

• 1 eV ≡ 2.42 1014 Hz ≡ 12,400 Å
• 1 GeV (109) ≡ 2.42 1023 Hz (γ-rays) ≡ 1.24 10-5 Å
• 1 TeV (1012) ≡ 2.42 1026 Hz (VHE γ-rays) ≡ 1.24 10-8 Å
• 1 PeV (1015) ≡ 2.42 1029 Hz

• 1 GeV ≡ 1.602 10-3 erg
• 1 TeV ≡ 1.602 erg
• 1 PeV ≡ 1.602 103 erg

Energy notations

2



3

Cherenkov Telescope Array (CTA)
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• Italian for ”little neutral one”
• Tiny mass: < 0.8 eV/c2 (KATRIN Collaboration 2022),   

< 1/640,000 me (= 9 10-28 g)
• Electrically neutral, weakly interacting elementary 

subatomic particle
• Three types: electron (νe), muon (νμ), and tau (ντ)
• Everywhere:

ü∼ 340 cosmic neutrinos/cm3 in the Universe   
[E ∼ 0.0002 eV]  

ü∼ 1011 solar neutrinos/cm2/s on Earth à
∼ 1014 s-1 through our bodies [E ≲ 1 MeV]

• Probably the second most common particle in the 
Universe (dark matter?)
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Neutrinos in a nutshell 
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Amaldi FermiSegrè
D’Agostino

Rasetti
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Neutrino astrophysics 
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The Sun

SN 1987A

E < 1 MeV (nuclear fusion) 

E ~ 10 MeV (Supernova explosion) 



The IceCube Neutrino Observatory

P. Padovani - OAS Very High Energy meeting 8

> 150 astrophysical neutrinos
above 60 TeV and up to 10,000 TeV
(≈30x higher than CTA) IceCube collaboration
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Neutrino sky distribution 
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The first (extragalactic) neutrino source
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TXS 0506+056, 
a blazar in 𝛾-ray outburst 
(a BL Lac) at z = 0.3365; 
p−value (post-trial)         
~ 3 − 3.5σ

Paiano et al. (2018)

EW = fline/fcontinuum
~ 0.05 – 0.17 Å
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Eγ ≈ 2 x Eν and Fγ ≈ 2 x Fν

or photons

High-energy neutrino physics 
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What is a blazar?
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What is a blazar?
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blazarsë

Urry & Padovani 1995

Less than 1 galaxy out of 
100,000 is a blazar!
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u 2.9σ detection from NGC 1068 (Aartsen et al. 
2020)

u 3.3σ combined excess in the northern sky due to 
NGC 1068 and three blazars: TXS 0506+056, 
PKS 1424+240, and GB6 J1542+6129 (Aartsen
et al. 2020)

u 3.0σ cumulative time-dependent excess in the 
northern sky due to NGC 1068, M87, and two 
blazars: TXS 0506+056, and GB6 J1542+6129 
(Abbasi et al. 2021)

The status of IceCube detections
after TXS 0506+056. 1. IceCube results



u 3.2σ correlation excess for 47 γ-ray blazars
[intermediate- and high-peaked sources (IBLs and 
HBLs): νpeak,synch > 1014 Hz] (Giommi et al. 2020)

u 2.9σ correlation excess for strong very-long-baseline 
interferometry (VLBI)-selected AGN; four brightest 
associations are all blazars [low-peaked sources (LBLs: 
νpeak,synch < 1014 Hz)] (Plavin et al. 2020)

u 3.0σ correlation excess for strong VLBI-selected AGN, 
different IceCube sample (Plavin et al. 2021)

u 2.6σ association between 5 neutrinos detected by  
ANTARES and an IceCube event for the blazar MG3 
J225517+2409 [HBL] (Albert et al. 2021)
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The status of IceCube detections
after TXS 0506+056. 2. other results
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The status of IceCube detections
after TXS 0506+056. 2. other results

E2
dN

/d
E

BL Lac



1. Additional ≳ 3σ associations (still missing the 
“magical” 5σ!)

2. Blazars keep popping up
3. Strong hints that only somewhat rare blazar 

sub-classes are involved (our group)
4. Consistent with overall result that blazars can 

explain only < 17 – 27% of the IceCube
signal (IceCube collaboration 2017, 2019 + 
our group)

The status of IceCube detections
(after TXS 0506+056). 3. take home messages
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EW = 
fline/fcontinuum

Why TXS 0506+056?
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• Real BL Lacs: lines are intrinsically weak (EW low because lines are weak) à
low-excitation galaxies (radiatively inefficient accretion)

• Masquerading BL Lacs*: lines are intrinsically strong but swamped by the jet 
(EW low because continuum is high)  à intrinsically FSRQs, hence high-
excitation galaxies (radiatively efficient accretion)

• TXS 0506+056 IS a masquerading BL Lac!

EW = 
fline/fcontinuum

Why TXS 0506+056?
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* Giommi, PP, et al. (2012)

BL Lacs                                                          Flat-Spectrum Radio Quasars
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Landt, PP, & Giommi (2002)

Heckman & Best 2014
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Masquerading BL Lacs

Padovani et al. (2022a)

control sample
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More masquerading BL Lacs
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And more…
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ABSTRACT
PKS 0735+178 is a bright radio and W-ray blazar that is possibly associated with multiple neutrino events observed by the IceCube,
Baikal, Baksan, and KM3NeT neutrino telescopes. The source was found to undergo a major flaring activity in W-ray, X-ray,
ultraviolet (UV) and optical bands. We present a long-term detailed study of this peculiar blazar to investigate the temporal and
spectral changes in the multi-wavelength emission when the neutrino events were observed. The analysis of Swift-XRT snapshots
reveal a flux variability of more than a factor 2 in about 5⇥103 seconds during the observation on December 17, 2021. In the W-ray
band, the source was in its historical highest flux level at the time of the arrival of the neutrinos. The observational comparison
between PKS 0735+178 and other neutrino source candidates, such as TXS 0506+056, PKS 1424+240, and GB6 J1542+6129,
shows that all these sources share similar spectral energy distributions, very high radio and W-ray powers, and parsec scale jet
properties. Moreover, PKS 0735+178, like all the others, is a masquerading BL Lac. We perform comprehensive modelling
of the multiwavelength emission from PKS 0735+178 within one-zone lepto-hadronic models considering both internal and
external photon fields and estimate the expected accompanying neutrino flux. The most optimistic scenario invokes a jet with
luminosity close to the Eddington value and the interactions of ⇠ PeV protons with an external UV photon field. This scenario
predicts ⇠ 0.067 muon and antimuon neutrinos over the observed 3-week flare. Our results are consistent with the detection of
one very-high-energy neutrino like IceCube-211208A.

Key words: neutrinos – gamma-rays: galaxies – X-rays: galaxies – radiation mechanisms: non-thermal

1 INTRODUCTION

The discovery of a flux of very high-energy (VHE; > 100 GeV) neu-
trinos of astrophysical origin by the IceCube South Pole observatory1

(Aartsen et al. 2013, 2020) and the first reliable association of Ice-
Cube neutrinos with a cosmic source, the blazars TXS0506+056 (Ice-
Cube Collaboration 2018; Padovani et al. 2018), paved the way for
the beginning of (extra-galactic) neutrino astronomy. Recent works
reporting hints, at various level of significance, of several other pos-
sible associations between IceCube neutrinos and blazars have been
published (Aartsen et al. 2020; Plavin et al. 2020; Giommi et al.
2020b; IceCube Collaboration 2021a) strengthening the connection

¢ E-mail: narek@icra.it
† Mercator Fellow
1 https://icecube.wisc.edu/

between VHE neutrinos and blazars (see Giommi & Padovani 2021,
for a recent review).

Blazars, a rare type of powerful Active Galactic Nuclei (AGN,
Padovani et al. 2017) with a relativistic jet pointing at the Earth
(Urry & Padovani 1995), are known to be e�cient and powerful
cosmic accelerators, and for this reason have long been consid-
ered potential sources of astrophysical neutrinos (e.g. Stecker et al.
1991; Mannheim 1993; Halzen & Zas 1997; Murase & Stecker
2022). Blazars are sub-classified depending on their optical spec-
trum and on their radio to X-ray Spectral Energy Distribution (SED):
sources showing broad emission lines are called Flat-Spectrum Radio
Quasars (FSRQs), while sources with featureless optical spectrum, or
displaying very weak emission lines, are called BL Lacs (e.g. Falomo
et al. 2014); the SED classification originally divides blazars into
low- (LBLs), intermediate- (IBLs) and high-energy (HBLs) peaked
sources (Padovani & Giommi 1995) or LSP, ISP and HSP (Abdo
et al. 2010). These definitions have recently been refined into LBLs

© 2022 The Authors
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So what?

With neutrinos we are now exploring 
an energy range which is, and will 
always be, inaccessible with photons 
at any redshift 

à New window on very high-energy 
astrophysics
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Extragalactic Background Light

Credit: NASA's Goddard Space Flight Center

E = 100 TeV 

Cross-section is max when
Etarget ~ (TeV/E𝛾) eV
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Photon Horizon

IceCube collaboration (2021) TeV PeV EeV



The mystery of cosmic rays 
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CTA (300 TeV)
ICeCube (10 PeV)

William Hanlon’s 
web page

Exa eV = 1000 PeVGeV TeV PeV

Record: 320 Exa eV!
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Open issues
u No “smoking gun”! 

u Blazars appear (have, I think!) to be involved but 
other classes have to be as well 

u Still not clear which process is producing the 𝛾-ray 
photons in blazars 

u Still no hard evidence of high-energy protons



The synergy with VHE astrophysics: 
the issue of 𝛄-ray photons 
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Padovani et al. (2017)

MKN 421



The synergy with VHE astrophysics: 
the issue of 𝛄-ray photons 
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Inverse Compton emission

e- + 𝛄low-energy à 𝛄high-energy

31

Leptonic models



The synergy with VHE astrophysics: 
the issue of 𝛄-ray photons 
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or γ

or γ
32

Hadronic models



Leptonic vs. hadronic emission
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Rodrigues et 
al. 2021

PKS 1502+106

electron 
inverse 
Compton 

proton 
synchrotron 



CTA: leptonic or hadronic? 
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CTA collaboration 2018

PKS 2155-304

Fermi-LAT & H.E.S.S. data

CTA simulations
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CTA and blazars 
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MAGIC

89% of extragalactic sources @ TeV (92) are blazars
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CTA and blazars 
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HESS

MAGIC
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CTA and blazars 
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Our knowledge of blazar very high energy 𝛾-ray 
emission is very biased and patchy 
ØCTA will provide a systematic approach and will detect ~ 

10 times more sources reaching higher energies 
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We are witnessing the birth of extragalactic Neutrino 
Astronomy 

Various ≈ 3σ IceCube associations largely with 
blazars 

Neutrinos are providing a new window on very high-
energy astrophysics (blazar jet physics) at energies 
forever inaccessible with photons

CTA will be invaluable to prove (or disprove) the 
existence of hadronic processes in blazars and to 
provide an unbiased view of their ≈ TeV properties

Summary
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