
IceCube revealed:

• the large diffuse flux of  gamma rays accompanying 

high energy neutrinos are not seen by Fermi: they appear 

at MeV energies, or below

• a Galactic neutrino flux that is an order of magnitude 

smaller than the flux in a typical galaxy contributing to the 

extragalactic diffuse flux: what is missing in our Galaxy?

• first sources: neutrinos are produced in the dense cores of 

active galaxies

IceCube.wisc.edu

IceCube: the First Decade of Neutrino Astronomy
francis halzen



in the extreme universe neutrinos are unique astronomical messengers

energy in the Universe as a function of the color of light

neutrinos

CGB

cosmic rays



nearby
radiation

supermassive

black hole

→ p + 0

p +  → n + +

 

 and  beams : heaven and earth
accelerator is powered by
large gravitational energy



• ultra-transparent ice below 1.35 km

• absorption length: 100 ~ 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 



South Pole surface

1450 m

2450 m

bedrock

 

ground-penetrating radar

from airplane



• 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 architectureIceCube construction

(new upgrade 2025)



10 msec movie of

IceCube taking data

muons detected per year

• cosmic ray muons ~ 1011

  (3000 per second)

• atmospheric neutrinos ~ 105

 

  (1 every 5 minutes)

• cosmic neutrinos            ~ 200



1 km3 instrumented with 5160 PMT (10inch) below 1450m 



muon neutrino events

[filtered by the Earth]:

atmospheric vs 

cosmic

Number of Events

Data/MC

cosmic

atmospheric



Glashow

event
electron and tau

neutrinos (showers)

muon neutrinos through

Earth (tracks)

 = dN/dE ~  E-2.5



superior total energy

measurement

 to 10%, all flavors, all sky

neutrinos interacting 

inside the detector

superior angular resolution 0.3o

including systematics

muon neutrinos

filtered by the Earth



Glashow

event
electron and tau

neutrinos (showers)

muon neutrinos through

Earth (tracks)

 = dN/dE ~  E-2.5



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

• high energy (> PeV) nutau neutrinos are of cosmic origin

starting events 

(medium energy)
machine learning

PMT signals



two surprises:

• cosmic neutrinos sources originate in a target from 

which gamma rays do not escape

• powerful accelerators produce neutrinos in other 

galaxies that do not exist in our own 



in the extreme universe the energy in neutrinos is larger than

 the energy in gamma rays observed by Fermi

neutrinos
• Fermi does

not detect the

gamma rays of

0 origin

• they lose

energy in the 
dense target that

produces the

neutrinos

neutrinos



e+

e-



~10 GeV

PeV

 + CMB → e+ + e-



 

gamma rays from 

neutral pions are 

not seen by 

Fermi: they lose 

energy in the 

sources (not just 

in the EBL)

EBL only









typical neutrino 

sources 

contributing to 

the diffuse flux 

are opaque to 

gamma rays

or

pionic gamma 

rays 

accompanying 

neutrinos appear 

at MeV energies 

or below
2205.03740 [astro-ph.HE]

o photons

EBL only

EBL + absorption in source

https://arxiv.org/abs/2205.03740


PoS-ICRC2023-1064, 2308.00191

global analysis of the spectral shape of astrophysical neutrinos
(more than a million neutrinos)

https://arxiv.org/abs/2308.00191


→ p + 0

~ cosmic ray + gamma

NEUTRINO BEAMS: HEAVEN & EARTH

Neutrino Beams: Heaven & Earth

p +  → n + +

~ cosmic ray + neutrino 

 and  beams : heaven and earth where are the gamma

rays from 0 ?

pionic gamma rays

are absorbed in the

target that produces

the neutrinos



IceCube revealed:

• a diffuse extragalactic neutrino flux from gamma-ray 

obscured sources: gamma rays accompanying high 

energy neutrinos appear at MeV energies, or below

• a Galactic neutrino flux that is an order of magnitude 

smaller than the flux in a typical galaxy contributing to the 

extragalactic diffuse flux: what is missing?

• first sources: neutrinos are produced in the dense cores of 

active galaxies

IceCube.wisc.edu

IceCube: the First Decade of Neutrino Astronomy
francis halzen



where is the 

neutrino Galactic 

plane?

visible

166 neutrino

starting events

by geometry the flux 

from your own 

Galaxy should 

dominate

the diffuse flux from 

all other galaxies 

combined!



• populate all galaxies in the Universe with neutrino sources

• seen from Earth you should see the sources in your own 

galaxy first; this is geometry

• the Milky Way should dominate the sky, as is the case for 

all wavelengths of light

 

→ powerful accelerators operate in other galaxies that do not 

exist in our own

→ our supermassive black hole has not been active for

    a few million years?



measured IceCube fluxes

factors of order unity

(cosmology)

(geometry)

neutrino flux in

active galaxies 

from diffuse flux 

observed

neutrino flux in

Milky Way 

from flux at 

Earth e-Print: 2306.17275 [astro-ph.HE]

https://arxiv.org/abs/2306.17275


IceCube revealed:

• a diffuse extragalactic neutrino flux from gamma-ray 

obscured sources: gamma rays accompanying high 

energy neutrinos appear at MeV energies, or below

• a Galactic neutrino flux that is an order of magnitude 

smaller than the flux in a typical galaxy contributing to the 

extragalactic diffuse flux: what is missing?

• first sources: neutrinos are produced in the dense cores of 

active galaxies

IceCube.wisc.edu

IceCube: the First Decade of Neutrino Astronomy
francis halzen



Lessons from the diffuse cosmic neutrino flux:

• neutrino sources originate in a target from which

    gamma rays do not escape

• powerful accelerators operate produce neutrinos 

in other galaxies that do not exist in our own

→ dense cores of active galaxies with the     

     central supermassive black hole

     cannibalizing its own galaxy 



~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

• usually, add energy 
term to the signal 

likelihood S



• maximize the (model 

agnostic) likelihood L 

at each point in the 

sky

• usually, add energy 
term to the signal 

likelihood S



alternative search in the directions of 110 preselected source candidates:

hints of sources!
Phys.Rev.Lett. 124 (2020)



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



Grid 0.03° x 0.03°

0.09°

40.69°

the brightest location in full sky scan:

➡ astrophysical neutrino events = 81

➡ spectral index = 3.2

local significance 5.3 

Grid 0.2° x 0.2°

Equatorial Coordinate System

NGC 1068 is also the hottest spot in the new 
IceCube neutrino map



-0.01°

40.67°

Grid 0.03° x 0.03°

is the hot spot coincident with one of the 110 preselected sources?

Equatorial Coordinate System

at the NGC1068 location

➡ astrophysical neutrino events = 79  

➡ spectral index = 3.2 ± 0.2

➡ single source significance 5.2

➡ (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

comes 

into focus

0.35 deg        →         0.1 deg        →          0.04 deg         





80 high-energy neutrinos

from the direction of the

active galaxy NGC 1068

update:

80→100 

neutrinos

10→13

years

10 years



NGC 1068: an obscured cosmic accelerator 

Fermi-
LAT

MAGIC

(2) K. Murase et al., PRL’20

(1) Y. Inoue et al., 
ApJL’20

where are the

0 gamma rays ?

a gamma ray for every neutrino?



• target: the neutrinos are produced 

in the optically thick core with a 

high density of gammas (corona 

X-rays) and dense clouds of 

hydrogen (protons)

• 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 +   → p + 0

~ cosmic ray + gamma

p +  → n + +

~ cosmic ray + neutrino 

 and  beams : protons on target

• pionic gamma rays are absorbed in the target 

that produces the neutrinos

• optical depth  = cross section x target density

R



NGC 1068 core: large optical depth in photons (X-ray) and matter

R

neutrinos must originate within 10~102 Schwarzschild radii from the BH



sub-leading sources: binomial analysis

also the 3 top sources

now 3.4 p-value



TXS 0506+056 detections
• multimessenger
• IceCube archival data
• observation optical flash



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

X-ray vs neutrino flux

• hint from NGC 1068

• a correlation between the

    X-ray and neutrino flux of

    active galaxies producing

    neutrinos?

• X-ray flux of TXS 0506+056

    is consistent with this

    pattern: neutrinos are

    produced in the core, not

    the jet ?  



more sources …

• two brightest active 

galaxies discovered 

by Seyfert in 1943



multimessenger astronomy with X-ray sources



→ 2022 Evidence for Neutrino Emission from NGC 1068 

    Binomial analysis TXS 05060 and PKS 1420

The emergence of a new class of sources: high X-ray active galaxies

→2024: IceCube Search for Neutrino Emission from X-ray Bright Seyfert Galaxies

              Northern sky NGC 4151 and CGCG 420-015

     arXiv:2406.07601

→2024 Search for neutrino emission from hard X-ray AGN with IceCube

  NGC 4151

    arXiv:2406.06684

→2024 Starting event search for Seyfert galaxies

     TeVPA 2024

Circinus (not cenA)

→2024 Binomial excess from 12 X-ray bright non-jetted AGN (update)

    TeVPA 2024





2 alerts!

binomial test of X-ray bright (non-jetted) active galaxies 



maximum likelihood:

point source template
→

Fermi GeV Galactic plane 
data as template

→

match with a P-value

of 4.2 



13/32

||||||||||

Fermi-LAT 12-year Survey, E > 1 GeV

2 years of data
  Galactic Plane p-value: 65%

7 years of data
  Galactic Plane p-value: 2.1% (2𝝈)

Science 380 (2023) 1338

10 years of data
  Galactic Plane p-value: 0.0004% (4.5𝝈)

Courtesy Naoko Kurahashi Neilson (ICRC 2023)  

2017 paper 2019 paper

Deep learning improved resolution 
by ~2, sensitivity ~3



the Galactic flux is only at the 10% level of the total flux at 30 TeV !



• Galactic flux dominated

    by hadronic sources

• (unresolved) sources



Galactic sources?

neutrino flux(red) calculated
from HAWC and LHAASO data
is compared to the IceCube 
upper limit(orange)

→ no observation

→ a few sources constained  →

we need better neutrino
sensitivity



icecube.wisc.edu

neutrino astronomy 2025

• it exists

• more neutrinos, better 

neutrinos, more telescopes

• closing in on cosmic ray 

sources a century after

    their discovery?

• Galactic sources?



+ NEON + HUNT







IceCube’s Highest Energy Event:

 11.4 PeV (3 with E >10 PeV)

*Most probable neutrino energy when assuming a 

BPL spectrum (𝛄1 ,𝛄2)=(1.72,2.84) [Data Release]

https://dataverse.harvard.edu/file.xhtml?fileId=7314001&version=2.0


Glashow

event
electron and tau

neutrinos (showers)

muon neutrinos through

Earth (tracks)

 = dN/dE ~  E-2.5



Glashow resonance event with energy 6.3 PeV

q

q
_

resonant production of a weak

intermediate boson by an anti-

electron neutrino interacting with

an atomic electron



• energy measurement understood

• shower consistent with the hadronic decay

     of a weak intermediate boson W

• identification of anti-electron neutrino

• SM cross section known → measure flux 



in the extreme universe the energy in neutrinos is larger than

 the energy in gamma rays observed by Fermi

energy density in the Universe as a function of frequency

→   neutrinos

• Fermi does

not observe the

gamma rays of

0 origin

• the sources are

-ray obscured



MASTER robotic optical telescope network: observing within 73 seconds

optical flash after 2 hours: highest statistical association of TXS 0506 with IC170922



“MASTER found the blazar in the off-state 

after one minute and then switched to on-

state two hours after the event. The effect is 

observed at a “50-sigma significance level”

optical flashes may 

originate from 

magnetohydrodynamical 

instabilities triggered 

     by processes 

modulated by the 

magnetic field of the 

accretion disk 



TXS is an obscured source in 2014 and, possibly, also in 2017  
2411.14598 [astro-ph.HE]
2411.17632 [astro-ph.HE]

https://arxiv.org/abs/2411.14598
https://arxiv.org/abs/2411.17632


MASTER
robotic network

optical observations

TXS 0506+056
since 2005

blue panels:
expanded time axis

years → seconds

seconds after

2014-15 burst

seconds after

IC170922

time variation of flux

times
signal-to-noise

hour-scale

variability of the

source after

neutrino emission



energy in neutrinos in the Universe determined by the turnover at low energies:

starting event and starting track analyses track analyses



density of target to produce neutrinos

and absorb gamma rays from neutral pions?

at 10 Schwarzschild radii from the black hole

Neutrino Beams: Heaven and Earth

• black hole
• accretion disk
• … 

• hydrogen 
clouds

• X-rays
• … 



gamma ray flux from the Galaxy

neutrino flux 

from the Galaxy

IceCube
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