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nearby 
radiation

supermassive 
black hole

                 p + π0

p + γ  n + π+

 

ν and γ beams : heaven and earth cosmic accelerators powered by gravity



cosmic ray accelerators: 

• protons accelerated near 
    a black hole are 
    submersed in  
    a target of radiation 
    and produce pions 

• the gamma ray-neutrino  
    interface: one photon for 
    every neutrino 

• neutrinos track cosmic 
    ray (proton) accelerators 
    making pions
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• 3 km ice sheet below South Pole 
• ultra-transparent ice below 1.35 km 
• absorption length: 100 m ~ 250 m+



IceCube: 
5160 10-inch photomultipliers, 

60 per string on 86 strings, 
instrument one km3 of 
Antarctic ice between 
1.4 and 2.4 km depth 

  as a Cherenkov detector  



muons detected per year 

• cosmic ray muons       ~ 1011 

  (3000 per second) 

• atmospheric neutrinos ~ 105 

  

  (1 every 5 minutes) 

• cosmic neutrinos            ~ 200



1 km3 of Antarctic ice 
 instrumented with 5160 PMT 

(10inch) below 1450m 



νµ

µ

Look through the Earth: 

• upgoing muon  11o  below surface 

• produced by 8,700 TeV neutrino 

• 2,600 TeV deposited energy 

• not atmospheric 

• reconstructed < 0.2 degree 

• astronomy



muon neutrino events 
[filtered by the Earth]: 

atmospheric vs cosmic number of events

cosmicatmospheric

reconstructed energy (GeV)



Glashow 
eventelectron and tau 

neutrinos (showers)

muon neutrinos through 
Earth (tracks)

Flux = Φ = dN/dE ~  E-2.5 νµ = νe = ντ



(throughgoing muon)

(recoil nucleus)

(electron or tau shower)

other neutrino flavors
8.7 PeV muon neutrino



two surprises: 

• we observe larger neutrino and associated gamma 
ray fluxes than anticipated 

• the Milky Way is not a dominant feature in the 
neutrino sky (powerful accelerators produce 
neutrinos in other galaxies that do not exist in our 
own)



there are sources 
of neutrinos in 

other galaxies that 
do not exist in our 

own

visible

166 neutrino 
starting events

by geometry the flux 
from your own 
Galaxy should 

dominate 
the diffuse flux from 

all other galaxies 
combined!

where is the neutrino Galactic plane?
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in the extreme universe the energy in neutrinos (and π0 gamma rays) 
is larger than the (cascaded) energy in TeV gamma rays observed by Fermi

Fermi and IceCube do not observe the same gamma ray sources

      
neutrinos

     
Fermi NASA gamma- 

ray satellite



• the dominant flux of pionic 
gamma rays observed by IceCube 
escapes Fermi sensitivity  

• gamma rays lose energy in 
the sources to appear below 
Fermi’s sensitivity (threshold?) 

• Fermi gamma rays are 
produced by blazars that are 
not neutrino sources ApJ 835 45 

• Fermi and IceCube do not 
see the same sources



• we observe larger neutrino and associated gamma ray 
fluxes than anticipated from gamma ray observations 

• the gamma rays lose energy in the dense target that 
     produces the neutrinos even before entering the extra- 
     galactic background light (like at Fermilab) 

•   there is more…



the delta resonance in the neutrino sky

gamma ray target 
consistent with first sources observed



K. Murase

neutrino spectrum: p-gamma versus pp interactions



the delta resonance in the neutrino sky

gamma target: 1~10 KeV X-rays

30 TeV



Milky Way 
viewed in 
neutrinos

with the help of machine 
learning we did find the 
Galactic plane at a flux  

level of 10% of the astro- 
physical flux at 30 TeV 

NEW



2023 2026
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the first cosmic accelerator 
 in the IceCube neutrino skymap: 

the active galaxy NGC 1068 

neutrinos originate in the dense core within ~ 10 Schwartzschild radii of the 
supermassive black hole--- the source is opaque to gamma rays



 ~200 cosmic neutrinos

one year of IceCube neutrinos >100 GeV 
 (reaches neutrino purity of 97% but overwhelmingly atmospheric)



• maximize the (model 
agnostic) likelihood L at 
each point in the sky

search for clusters of neutrino events with on average higher energy



search in the directions of 110 preselected gamma ray sources 
Phys.Rev.Lett. 124 (2020)



after 10 years: interesting fluctuations or neutrino sources? 
                      crash program to upgrade the performance of 

IceCube 

• improved detector geometry 
• each photomultiplier calibrated individually 
• improved characterization of the optics of the ice 
• improved muon angular resolution and 
     energy reconstruction using machine learning 
• point spread function consistent with simulation 
   abandon Gaussian approximation 

     applied to 10 years of archival data (pass 2), 
   data unblinded



NGC 1068 (Messier 77)

pre-trial p-value for clustering of high energy neutrinos 

IceCube, PRL 124, 051103 (2020)

• search in a preselected list of 110 gamma-ray sources [5.3(4.2)σ pre(post) 
trial] 

• also the hottest spot in the skymap



80 high-energy neutrinos 
from the direction of the 
active galaxy NGC 1068

update: 
80100 
neutrinos 
1013 
years

10 years



 NGC 1068 
comes  

into focus
     0.35 deg                 0.1 deg                  
0.04 deg         



NGC 1068: an obscured cosmic accelerator 

where are the 
π0 gamma rays ?

a gamma ray for every neutrino?



target: the neutrinos are produced in   
• the corona of X-rays (UV photons 

upscattered by electrons)  
• dense clouds of hydrogen 
• … 

accelerator(s): electrons and 
protons are accelerated 
• in the turbulent magnetic fields 
    associated with the accretion disk 
• in the infall onto the black hole 
• …



       p + γ   p + π0

~ cosmic ray + gamma

p + γ  n + π+

~ cosmic ray + neutrino 

ν and γ beams : protons on target

• in terms of X-ray luminosity measured at Earth 

• pionic gamma rays are absorbed in the target 
that produces the neutrinos with

• optical depth τ of protons in target

R

R

• 2305.07086 [astro-ph.HE]

https://arxiv.org/abs/2305.07086


R

accelerated 
proton

number of target X-rays 

size of the target

optical depth of target



the AM3 version

Chen Li



(Emma Kun et al., Neronov et al.)A. Neronov et al., E. Kun et al.

• hint from NGC 1068 

• there is a correlation between 
the X-ray and neutrino flux 

• select active galaxies with large 
X-ray fluxes



search for X-ray bright sources
• two brightest active 

galaxies discovered 
by Seyfert in 1943




we observe an excess from an ensemble of 3 (gamma ray) sources

now 3.4σ p-value



TXS 0506+056 detected in 2017 
• multimessenger 
• IceCube archival data 
• observation of optical flash 

2hours after IC170922 
associates the neutrino with 

      the source at the 50σ level



• we observed an excess from an ensemble of 3 sources 
• after selecting bright X-ray instead of γ-ray sources 

now 3.4σ p-value



2 alerts!

excess from an ensemble of X-ray bright (non-jetted) active galaxies



• directions of cosmic 
neutrinos are shared 
with other telescopes 
in less than one minute 

• one alert repeated 
since 2016 (from the 
direction of NGC 7469)



Binomial test of X-ray-bright source list





IceCube 13 yrs source list: 48 
2602.10208 [astro-ph.HE]	

 Public data 14 yrs source list: 735 
2602.02390 [astro-ph.HE]

https://arxiv.org/abs/2602.10208
https://arxiv.org/abs/2602.02390


• neutrino emisson 
     from black hole 
• jets do not point 
• same for TXS 0506 
     even though the jets 
     point at us

Cygnus A at 5 GHz



more X-rqy bright and 
gamma ray-obscured 
sources:


NGC 1068


TXS 0506+056


NGC 4151


CGCG 420-015


Circinus


NGC 7469


[PKS 1425+240

NGC 5610]



fitting the diffuse neutrino flux requires

a number of  ~ 800 active galaxies like

the 6 sources fitted


consistent with the number of agn 
with                             [NGC 1068]
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neutrino astronomy 2025 

• it exists 

• more neutrinos, better 
neutrinos, more telescopes 

• closing in on cosmic ray 
sources a century after 

    their discovery 

• Galactic PeVatrons? 



• from discovery to astronomy and neutrino physics: rapid progress!

~ 1 km3

≧ 10 km3

• evidence for cosmic
	 	    neutrinos

• EeV detectors 

IceCubeUpgrade 
IceCube-Gen2, 10 km3

• megaton GeV detectors: IceCube Upgrade, ORCA, HUNT





5618 Jun 2024

Uncharted Territory: Eν = 220 PeV 



techniques mature (and improving): detectors agree on the muon neutrino spectrum



and there is more…



electrical cables supply the 
voltage to the photomultipliers 

and return their digitized signals 
which are assembled into  

neutrino events at the surface





superior total energy 
measurement 

 to 10%, all flavors, all sky

neutrinos interacting 
inside the detector

superior angular resolution < 0.2o 
including systematics

muon neutrinos 
filtered by the Earth



particle physics:

• neutrino oscillations over cosmic
    baselines: νµ = νe = ντ 

• dark matter

• next Galactic supernova

• quantum decoherence of very
    high energy neutrinos traveling
    over cosmic distances

• … 







the π0 gamma rays lose energy in the target and escape Fermi detection

best guess: 
they appear at MeV energy



cosmic ray sources: 
a gamma ray for 
every neutrino

neutrino sources are  
cosmic ray sources



• muon

• lattice of photomultipliers • neutrino

• nuclear interaction 
   with ice nucleus

the invisible neutrino 
turns into charged 
particles that emit 

light



light signals from 10 inch photomultiplier  
embedded in the deep ice are 

digitized and sent to computers at surface 



What does IceCube “see”?

Kajita



extragalactic  
cosmic rays

 energy (eV)

 flux 

1969

the “guaranteed neutrinos” 

• the pions decay 
    into “GZK” neutrinos 

• observation requires 
    cubic kilometer detector







• instrument 1 cubic kilometer of natural ice below 1.45 km 
with 5160 10-inch photomultiplier tubes 

• totally stable detector after deployment: 1 failure every 2 years

IceCube architecture IceCube construction 

(Upgrade 2026)



 -0.01°

40.67°

Grid 0.03° x 0.03°

• most significant of 110 preselected sources 
• leading hotspot in the neutrino sky

Equatorial Coordinate System

at the NGC1068 location 
➡astrophysical neutrino events = 79   
➡spectral index = 3.2 ± 0.2 
➡single source significance 5.2σ 
➡ (offset 0.110)  
➡1 in 100,000 scrambled data sets have object ≥ 5.2σ = 4.2σ 
➡p-value <10-5 including all trials 

NGC 1068



interesting fluctuations or neutrino sources? 
                      crash program to upgrade the performance of 

IceCube 

• improved detector geometry 
• each photomultiplier calibrated individually 
• improved characterization of the optics of the ice 
• improved muon angular resolution and 
     energy reconstruction using machine learning 
• point spread function consistent with simulation or, 
    we were partially blind 
• … 
     applied to 10 years of archival data (pass 2), 
   data unblinded, result …



• point spread function consistent with simulation 
• insensitive to systematics

muon direction



NEW! energy spectrum of cosmic neutrinos: a break at 30 TeV



in order to produce neutrinos 

therefore 

 gamma-obscured source

R ~ 10 Rs

R



 the pγ efficiency dilemma 

• efficiency for producing the neutrinos 
in the photon target: 

• likelihood of the multimessenger 
photons to be absorbed in target 

à therefore, with 

à do not expect high energy gamma 
     rays to accompany cosmic neutrinos 

 blazar jets are out 

NEUTRINO BEAMS      



                 p + π0

~ cosmic ray + gamma

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

p + γ  n + π+

~ cosmic ray + neutrino 

ν and γ beams : heaven and earth where are the gamma 
rays from π0 ? 

pionic gamma rays 
lose energy in a 

target that produces 
neutrinos

ratio of  
optical depths



(Emma Kun et al., Neronov et al.)Emma Kun

• hint from NGC 1068 

• there is a correlation between 
the X-ray and neutrino flux 

• select active galaxies with large 
X-ray fluxes





neutrinos produced in Galactic cosmic rays 
interactions with interstellar medium

unresolved sources?



gamma ray flux from the Galaxy

84

IceCube



Fermi γ
IceCube ν to γ

Tibet γ to ν

IceCube ν

2306.17275 [astro-ph.HE]

https://arxiv.org/abs/2306.17275


extragalactic gamma 
background

extragalactic neutrino flux

Galactic neutrino flux

Galactic gamma ray flux



• the accretion disk tabs the
    gravitational energy of the
    black hole very efficiently
    producing radiation with
    accretion rate
     

• velocity of particle falling
    into a black hole

• magnetic reconnection



M 87



neutrino-X-ray correlation ? 

Kun+ 2025

TXS 0506+056
NGC 1068



the Shapley cluster of superclusters

clusters of superclusters

• neutrinos produced in individual 
active galaxies

• higher energy cosmic rays 
produced over the larger 

complex à la Hillas
• neutrino fluxes lower because of 

low target densities of larger 
scales

• need the next-generation 
detectors

solution to the extragalactic cosmic ray problem?






