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• 20% of the Universe is opaque to the EM spectrum
• non-thermal Universe powered by cosmic accelerators
• probed by gravity waves, neutrinos and cosmic rays
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photons interact with microwave photons
(410/cm3) before reaching our telescopes

enter: neutrinos
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Neutrinos?  Perfect Messenger
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• electrically neutral
• essentially massless
• essentially unabsorbed
• tracks nuclear processes
• reveal the sources of cosmic rays
        
• … but difficult to detect: how large a detector?
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flux < 1% of astrophysical 
neutrino flux observed
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atmospheric neutrinos
(… and muons!)
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 ultra-transparent ice below 1.5 km



IceCube

5160 PMs
in 1 km3



photomultiplier
tube -10 inch



muon track: color is time; number of photons is energy




radius ~ number of photons
time    ~ red  purple

89 TeV

time

a neutrino?



muon

• lattice of photomultipliers neutrino

interaction



…K, charm



muons detected per year:

• atmospheric*    m +  +               ~ 1011

• atmospheric**  n  m +  +  +  +  +  +  +  +  +  + ~ + 105

• cosmic              n  m +  +  +  +  +  +  +  +  +  + ~ + 10-102

* 3000 per second               ** 1 every 6 minutes

separating signal and “background”



total energy measurement
 all flavors, all sky

isolated neutrinos interacting 
inside the detector (HESE)

up-going muon tracks
(UPMU) 

astronomy: angular resolution
superior (<0.5o)
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2.6 ± 0.3 PeV
inside detector



~ 550 cosmic neutrinos in a background of ~340,000 atmospheric

atmospheric background: less than one event/deg2/year
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total energy measurement
 all flavors, all sky

isolated neutrinos interacting 
inside the detector (starting)

up-going muon tracks
(upgoing) 

astronomy: angular resolution
superior (<0.5o)



GZK neutrino search: two neutrinos with > 1,000 TeV 




electron showers versus muon tracks 

PeV ne and nt 
showers:

• 10 m long
• volume ~ 5 m3

• isotropic after  
     25~50 m



• > 300 sensors
• > 100,000 pe reconstructed to 2 nsec



high-energy starting events – 7.5 yr

starting

upgoing

two methods are consistent



high-energy starting events – 7.5 yr

oscillations of PeV neutrinos over cosmic
distances to 1:1:1



high-energy starting events – 7.5 yr



high-energy starting events (starting) – 7.5 yr

Double cascade Event #1 Double cascade Event #2

“Bright” DOMs not used in reconstruction
Direction and two reconstructed cascades shown 
in dark gray



every astrophysical
model ends up in

the triangle

if not…
new physics!



Partially contained event with energy 5.9 PeV



• partially-contained PeV search
• deposited energy: 5.9±0.18 PeV
• typical visible energy is 93%

•  resonance: En = 6.3 PeV

work on-
going

Glashow resonance: anti-ne + atomic electron  real W
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• we observe a diffuse flux of neutrinos from 
extragalactic sources

• a subdominant Galactic component cannot be 
excluded (no evidence reaches 3s level)

• where are the PeV photons accompanying PeV 
neutirnos?
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Fermi sources
are mostly

blazars

common sources?


multimessenger

astronomyo

one neutrino (or 
antineutrino) per 

gamma ray



radiation
and dust

black hole
neutron star

                 p + p0

~ cosmic ray + gamma

NEUTRINO BEAMS: HEAVEN & EARTH
Neutrino Beams: Heaven & Earth

p + g  n + p+

~ cosmic ray + neutrino 

n and g beams : heaven and earth
accelerator is powered by
large gravitational energy
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gamma rays accompanying IceCube neutrinos interact
with interstellar photons and fragment into multiple lower

energy gamma rays that reach earth
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• energy density of neutrinos in the non-thermal 
Universe is the same as that in gamma-rays

(and cosmic rays!)
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similar energy density in the Universe in extragalactic cosmic rays
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more than 80%
blazars

 blazars?

p + p - p 0



Fermi sky: mostly blazars
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IceCube Trigger

43 seconds after trigger, GCN notice was sent



IceCube 170922 



• neutrino: time 22.09.17, 20:54:31 UTC
                   energy 290 TeV
                   direction RA 77.43o Dec 5.72o

• Fermi-LAT: flaring blazar within 0.1o (6x steady flux) 

• MAGIC: TeV source in follow-up observations

• follow-up by 12 more telescopes

•  IceCube archival data (without look-elsewhere effect)

•  Fermi-LAT archival data

multiwavelength campaign launched by 
IC 170922



MAGIC atmposheric Cherenkov telescope
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Further Observations I
• 17/09/23 09:31:27 GMT (GCN 21917), INTEGRAL, upper limit

• 17/09/24 19:34:55 GMT (GCN 21923), ANTARES, upper limit (+/-1h, +/-1d)

• 17/09/25 01:55:22 GMT (GCN 21924), HAWC, upper limit

• 17/09/26 14:34:30 GMT (GCN 21930), Swift (3.25h after the neutrino trigger, 800s per 
field, 19-point tiling), 9 sources identified

• 17/09/27 14:33 GMT (ATel 10787), HESS, observation 4h after neutrino trigger (for ~1h) 
and consecutive night (1h), no detection

• 17/09/28 10:10 GMT (ATel 10791), Fermi-LAT, known gamma-ray source TXS 
0506+056 (3FGL J0509.4+0541) in error circle, in flaring state, redshift unknown

• 17/09/28 11:58:48 GMT (GCN 21941), further Swift observations, additional 5ks of TXS 
position, possible spectral evolution

• 17/09/28 18:00 GMT (ATel 10794): ASAS-SN finds enhanced optical flux of TXS 
0506+056

• 17/09/29 13:00 GMT (ATel 10799): Liverpool telescope takes optical spectrum, no redshift 
measurement possible

• 17/09/29 15:41 GMT (ATel 10801): AGILE confirms gamma-ray flare

• 17/09/30 02:10 GMT (ATel 10802): HAWC, no detection in 12day window
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Further Observations II
• 17/10/04 17:17 GMT (ATel 10817): MAGIC, VHE gamma-ray detection, 5 sigma 

detection above 100 GeV was achieved after 12 h of observations from Sept. 28th till 
Oct. 3rd

• 17/10/07 13:26 GMT (ATel 10830): SALT-HRS, optical spectrum, no redshift 
measurement possible

• 17/10/07 18:58 GMT (ATel 10831): Kapteyn optical telescope, decline of the flare reported 
from ASAS-SN data continues

• 17/10/09 22:32 GMT (ATel 10833): VERITAS, observations started 12.2h after neutrino 
trigger, total time of 5h, no detection

• 17/09/11 02:36 GMT (ATel 10838): MAXI/GSC, no significant X-ray enhancement

• 17/09/11 08:44 GMT (ATel 10840): VLT/X-Shooter spectrum, no lines, non-detection of 
Lyman alpha absorption  z<1.6

• 17/09/12 15:50 GMT (ATel 10844): Kanata optical follow-up, intrinsic polarization

• 17/09/12 16:54 GMT (ATel 10845): Joint Swift and NuSTAR observations, Jointly 
analyzed, the spectra are not consistent with any single power-law fit 

• 17/09/17 14:08 GMT (ATel 10861): VLA radio observations, significant variability, radio 
spectrum is typical of emission from a compact jet

• 17/09/25 04:36 GMT (ATel 10890): Subaru/FOCAS, spectrum, no redshift measurement 
possible



 although at 10 times larger redshift than nearby blazars (like the Markarian
sources), TXS 0506+056 has the same flux  probably special subclass







extensive multiwavelength campaign centered on 
the active galaxy (blazar) TXS 0506+056 at a 

redshift of 0.33

analysis of the data in progress



Conclusions

•discovered cosmic neutrinos with an energy density similar to the one of 
gamma rays.

•neutrinos (protons and nuclei) are essential for understanding the non-
thermal universe.

•results of multimessenger campaign involving neutrinos forthcoming

•from discovery to astronomy: more events, more telescopes 

    IceCube-Gen2 (phase 1 approved), KM3NeT and GVD (Baikal)
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