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“All humans […] have a 
genetically hardwired dip 
in alertness that occurs in 
the midafternoon hours.” 

“Should you ever have to 
give a presentation at 
work, for your own sake 
– and that of the 
conscious state of your 
listeners – if you can, 
avoid the midafternoon 
slot.”
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Talk outline:  

• Neutrinos in a nutshell and neutrino astronomy

• The astrophysical problem and our approaches

• The blazar TXS 0506+056 as the first cosmic neutrino source

• The “big picture”: why is this important?

• Recent results and outlook 

February 19, 2020
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Energy units
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• 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 TeV  ≡ 1.602 erg
• 1 PeV ≡ 1.602 103 erg



• Italian for ”little neutral one”
• Tiny mass: < 1/2,000,000 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 through our bodies [E ≲ 1 MeV]

• Probably the second most common particle in the 
Universe (dark matter?)

Neutrinos in a nutshell
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Amaldi FermiSegrè
D’Agostino

Rasetti
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• Only two astronomical neutrino sources known 
(until recently):
ü the Sun
ü SN 1987a 

Neutrino Astronomy
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e+ p→ n+νe

Janka 2017



IceCube (2013)
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IceCube
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IceCube
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IceCube (2019) [7.5 years]
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IceCube collaboration ICRC36 (2019)

> 6.5σ detection
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Sky distribution
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Sky distribution
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Galactic contribution < 15%



Neutrino energies
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High-energy neutrino physics
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Eγ ≈ 2 x Eν and Fγ ≈ 2 x Fν

or photons



Fermi

The 𝛾-ray sky (E > 0.1 GeV)
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Blazars 

ë
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Blazars 

blazarë

Urry & Padovani 1995

24eso0903a. Credit: ESO/WFI (optical); MPIfR/ESO/APEX/A.Weiss et al. 
(submillimetre); NASA/CXC/CfA/R. Kraft et al. (X-ray)
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• Smooth, broad, non-thermal continuum (radio to g-rays)

BL Lacertae objects and Flat-Spectrum Radio Quasars
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Blazars

Sites of very high energy phenomena:                                              
Emax ~ 20 TeV (5 x 1027 Hz) and vmax ~ 0.9998c

Nature’s free accelerators
26
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Blazars

BL Lac: Albert et al. (2007)ë
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HBL: νpeak,synch > 1015 Hz (PP & Giommi, 1995)
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HBL: νpeak,synch > 1015 Hz (PP & Giommi, 1995)
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Statistical analysis
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PP et al. (2016)



Results: Fermi-2FHL
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1

10

100

0.4%“real” counterparts =
16 – 10.4 ∼ 5.6 

post-trial ∼ 1.4% PP et al. (2016)



“Hybrid” spectral energy distribution 
(SED): MKN 421
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E2
dN

/d
E

(4 counterparts)

63 TeV
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PP & Resconi (2014)



“Hybrid” SED: PKS 2005-489
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(4 counterparts)

E2
dN

/d
E 104 TeV
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PP & Resconi (2014)

z=0.071
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Results: γ-ray counterparts
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≈ 5 “most probable” matches (plus ≈ 5 possible ones)
out of 51 IceCube neutrinos à

Blazar (HBL) component at 10-20%

34



Emission mechanism
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Emission mechanism
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Inverse Compton emission: 
e- + γlow-energy à γhigh-energy

(leptonic) 

p + γ à

𝜋0 à 2γ

(hadronic) 



MKN 421
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1H 1914−194

38February 19, 2020 P. Padovani − Bologna JAC



39P. Padovani − Bologna JAC

Can BL Lacs 
explain the 
neutrino 
background?

February 19, 2020



The big picture
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Giommi & 
PP (2015) {



Towards an IceCube direct detection: 
IceCube-170922A 
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Various evidence (statistical, theoretical, 
and population-related) pointing to 

blazars as neutrino sources! 
But no “smoking gun”



Towards an IceCube direct detection: 
IceCube-170922A 
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Gamma-ray Coordinates Network

Various evidence (statistical, theoretical, 
and population-related) pointing to 

blazars as neutrino sources! 
But no “smoking gun”

E ~ 290 TeV



Fermi MAGIC

Towards an IceCube direct detection: 
IceCube-170922A 
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The neutrino−γ-ray connection. 1.
the Sept. 2017 alert

IceCube collaboration et al., 2018
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The neutrino−γ-ray connection. 2.
the Sept. 2017 alert

IceCube collaboration et al., 2018

coincidence probability (post-trial):                                                 
p−value ~ 2.5 x 10−4 − 1.3 x 10−3 (3 − 3.5 σ)
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The Oct. 2014 – Feb. 2015 neutrino 
flare 

IceCube collaboration, 2018

13±5 neutrinos over 110 (+35,−24) days

energy range (68%): 32 TeV – 3.6 PeV

coincidence probability (post-trial):                               
p−value ~ 2 x 10−4 (3.5 σ)



The optical spectrum of                
TXS 0506+056
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Paiano et al. (2018)

EW ~ 0.05 – 0.17 Å

< 5 Å à BL Lac!



48February 19, 2020 P. Padovani − Bologna JAC

Open astronomical issues 
Relatively large Fermi Point Spread Function 
(response to a point source): ~ 2.8 deg [95% 
containment] at E = 1 GeV 

2 deg
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Dissecting the region around  
IceCube-170922A 

PP, Giommi, Resconi, et al. (2018)

90% IceCube containment ellipseradio sources X-ray sources

2 𝛾-ray sources!

blazars {
z=0.3365

z=0.954

www.openuniverse.asi.it
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γ-ray activity in the area. 1. 

PP, Giommi, Resconi, et al. (2018)

TXS 0506+056

PKS 0502+049

July 20 – Oct. 8, 2011

= “test statistic” map

TS = 30 ≡ 5 𝜎 significance
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γ-ray activity in the area. 2.
the neutrino alert period 

PP, Giommi, Resconi, et al. (2018)

TXS 0506+056

PKS 0502+049
June 4, 2017  – Sept. 22, 2017
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γ-ray activity in the area. 3.
the neutrino flare period 

PP, Giommi, Resconi, et al. (2018)

TXS 0506+056

PKS 0502+049
Oct. 9, 2014  – Feb. 6, 2015
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Light and photon index curves 

PP, Giommi, Resconi, et al. (2018)
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Light and photon index curves 
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neutrino flareE > 0.1 GeVAll the high-energy (> 2 GeV) 𝛾-ray activity in the 
area is related to TXS 0506+056!
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The hybrid SED of TXS 0506+056.
Neutrino flare period
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Lν= 3 x Lνμ ~ 1.4(+0.6,-0.5) x 1047 erg/s 
(32 TeV – 6 PeV) 
Lγ ~ 3 x 1046 erg/s 
(2 GeV – 1 TeV) 

PP, Giommi, Resconi, et al. (2018)
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Astrophysical implications 
1. with neutrinos we are now exploring an 

energy range which is, and will always be, 
inaccessible with photons at this (or any!) 
redshift                                         
à new window on blazar physics



LHC
ESO

APEX

Reaching the limits of              
“classical astronomy”  
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Fermi



Extragalactic Background Light 
absorption 

/mm

Credit: NASA's Goddard Space Flight Center

/IR

E = 100 TeV 

Cross-section is max when
Etarget ~ (TeV/E𝛾) eV
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Astrophysical implications 
1. with neutrinos we are now exploring an 

energy range which is, and will always be, 
inaccessible with photons at this (or any!) 
redshift                                         
à new window on blazar jet physics

2. the SED of at least one blazar has to be 
modelled using protons (lepto-hadronic 
scenario) 
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Astrophysical implications 
1. with neutrinos we are now exploring an energy 

range which is, and will always be, inaccessible
with photons at this (or any!) redshift                                         
à new window on blazar jet physics

2. the SED of at least one blazar has to be 
modelled using protons (lepto-hadronic scenario) 

3. the number of known neutrino sources has just 
jumped by 50% (from 2 to 3)! And we have 
found the first non-stellar neutrino source
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Astrophysical implications 
1. with neutrinos we are now exploring an energy 

range which is, and will always be, inaccessible
with photons at this (or any!) redshift                                         
à new window on blazar jet physics

2. the SED of at least one blazar has to be 
modelled using protons (lepto-hadronic scenario) 

3. the number of known neutrino sources has just 
jumped by 50% (from 2 to 3)! And we have 
found the first non-stellar neutrino source

4. at least one cosmic ray source has been 
identified
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William Hanlon’s 
web page

February 19, 2020

The mystery of cosmic rays

62

CTA (300 TeV)

Exa eV = 1000 PeV

Record: 320 Exa eV!

GeV TeV PeV

ICeCube
(10 PeV)
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CTA (300 TeV)

Exa eV = 1000 PeV

Record: 320 Exa eV!

GeV TeV PeV

ICeCube
(10 PeV)



Why TXS 0506+056?
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Giommi, PP, et al., 2020 (arXiv:2001.09355)  

Equatorial

*
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PP, Giommi, Resconi, et al. (2018)

Top 4% Fermi 3LAC

Top 0.3% NVSS (radio)

One of the most powerful
BL Lacs known 

z=0.3365

Why TXS 0506+056?



• Real BL Lacs: lines are intrinsically weak (EW low because 
line weak) à low-excitation galaxies (radiatively inefficient 
accretion)

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

Why TXS 0506+056?
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BL Lacs                    Flat-Spectrum Radio Quasars

* Giommi, PP, et al. (2012)
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BL Lacs                    Flat-Spectrum Radio Quasars

Landt, PP, & Giommi (2002)

Heckman & Best 2014

* Giommi, PP, et al. (2012)
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BL Lacs                    Flat-Spectrum Radio Quasars

Landt, PP, & Giommi (2002)

* Giommi, PP, et al. (2012)



1. it has quasar-like radio and OII/OIII powers 
(P1.4GHz ∼ 1.8 x 1026 W/Hz, LOII ∼ 2 × 1041

erg/s) 
2. its line ratios are Seyfert/quasar-like (Paiano et 

al. 2018) 
3. it has L/LEdd > 0.01 (and LBLR/LEdd > 5 x 10-4)   

à high-excitation source

à more target photons for neutrino production!

TXS 0506+056 is a masquerading BL 
Lac! 
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*Lucarelli et al. (2019)

• AGILE detections of 3 transient 𝛾-ray sources:  
ü within 1.5 deg from IceCube positions 
ü within 2 days from the neutrino event time

• Recovery of TXS 0506+056 plus two new 
associations, still unidentified 

• Joint post-trial p-value ~ 4.7 σ

71

More associations*
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More associations*
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BL Lac (HBL), 
z =0.31 
ATEL #12269
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New results 
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New results 

Excess of 15 𝛾-ray blazars (some TXS 0506+056-like) 

νpeak,synch > 1014 Hz νpeak,synch < 1014 Hz
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ESO and GTC meet IceCube 
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ESO VLT Gran Telescopio CANARIAS  



• looking for more neutrino sources 
ü why TXS 0506+056?

• stacking for selected astronomical catalogues 
(IceCube)

• other classes of sources
• dedicated funding 
• more neutrinos

78

Outlook 
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Agostini et al., submitted

blazars
AGN outflows



• looking for more neutrino sources 
ü why TXS 0506+056?

• stacking for selected astronomical catalogues 
(IceCube)

• other classes of sources
• dedicated funding 
• more neutrinos

82

Outlook 

February 19, 2020 P. Padovani − Bologna JAC

Agostini et al., submitted

blazars
AGN outflows
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The (near) future of Neutrino Astronomy

KM3NeT

Baikal Gigaton
Volume Detector

IceCube-Gen2

Courtesy KM3NeT

Pacific Ocean
Neutrino Experiment



• Blazars were thought to be very likely neutrino sources 
from various points of view: statistically, theoretically, 
and population-wise (but could not explain the whole 
IceCube signal)

• The IceCube-170922A event (1 neutrino) and the 
neutrino flare (∼ 13 neutrinos) have been linked to the 
same source, TXS 0506+056, a blazar (BL Lac object) at 
z = 0.3365

• We have carefully studied the complex area around it 
and ruled out any other possible sources

84

Summary 

February 19, 2020 P. Padovani − Bologna JAC



Astrophysical Implications

1. Neutrinos are providing a new window on blazar 
jet physics at energies forever inaccessible with 
photons!

2. Hadronic (high-energy proton) emission is present 
in at least one blazar jet 

3. The first source of cosmic rays has been found

4. The number of neutrino sources in the Universe 
has increased by 50%!  

85

Summary 
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• Why this source? Perhaps because TXS 0506+056 is 
not what it looks like … 

• We are looking for more such sources using ESO and 
GTC

• The case for blazars with 𝜈peak,synch > 1014 Hz as 
neutrino sources is growing! 

• More neutrinos are coming 

86

Summary 
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