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neutrino astronomy
• cosmic neutrinos: four independent 

observations

 muon neutrinos through the Earth

 starting neutrinos: all flavors

 tau neutrinos

 Glashow event

multimessenger astronomy
• Fermi photons and IceCube neutrinos

• the first extragalactic cosmic ray accelerator

icecube.wisc.edu



10,000 times too small to do 

TeV-PeV neutrino astronomy…





the IceCube neutrino observatory

5160 PMs

in 1 km3



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



muons detected per year:

• atmospheric*    m  ~ 1011

• atmospheric**  n  m          > 105

• cosmic              n  m          ~ 120

* 3000 per second ** 1 every 5 minutes

separating signal and “background”
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total energy measurement

all flavors, all sky

neutrinos interacting 

inside the detector

astronomy: angular resolution

superior (<0.4o)

muon neutrinos

filtered by the Earth





IC190331: 5300 TeV deposited inside the detector

initial neutrino energy 10~20 PeV



atmospheric vs cosmic neutrinos



neutrinos interacting inside the instrumented volume



starting events

• three methods are consistent

• excess cosmic flux < 100 TeV?

upgoing muons Glashow



flux of electron and tau neutrinos



high-energy starting events – 7.5 yr

oscillations of PeV neutrinos over cosmic

distances to 1:1:1
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tau decay length:

50m per PeV



a cosmic tau neutrino: livetime 17m 



event found in 3 different analyses
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partially contained event with energy of 6.3 PeV



the first Glashow resonance event:

anti-ne + atomic electron  real W at 6.3 PeV



• partially-contained PeV search

• deposited energy: 5.9±0.18 PeV

• visible energy is 93%

•  resonance: En = 6.3 PeV

work on-going

Glashow resonance: anti-ne + atomic electron  real W





muon

DOM

• hadronic (quark-antiquark decay of the W) versus 

electromagnetic shower radiated by a high energy 

background cosmic ray muon?

• muons from pions (v=c) outrace the light propagating in ice 

that is produced by the electromagnetic component (v<c)



• IceCube observes a diffuse flux of neutrinos from 

extragalactic (see later) sources



icecube.wisc.edu

neutrino astronomy

• cosmic neutrinos: four independent observations

 muon neutrinos through the Earth

 starting neutrinos: all flavors

 tau neutrinos

 Glashow event

multimessenger astronomy

• Fermi photons and IceCube neutrinos

• the first extragalactic cosmic ray accelerator



multimessenger astronomy

p + g  n + p+

~ cosmic ray + neutrino

 p + p0

~ cosmic ray + gamma
o



e+

e-

g

GeV

PeV

g + gCMB e+ + e-



cosmic

neutrinos

Fermi

gammas

E-2.15

p + = p - = p 0



cosmic

neutrinos

Fermi

gammas

E-2.15

p + = p - = p 0



dark sources below 100 TeV not seen in g’s ?

gamma rays cascade in the source to lower energy



Multi-year cascade (ne+nt) analysis: dark sources ?



• energy density of neutrinos in the non-thermal 

Universe is the same as that in gamma-rays

• origin of events from opaque sources < 100 TeV ?

• where do the comic neutrinos come from ? 



I. Taboada | Georgia Inst. of Tech. 35
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Junction
Box

Interlink cables

Running since 2007
885 10” PMTs 
12 lines
25 storeys/line
3 PMTs / storey
2500 m deep

ANTARES

40 km to
shore



ANTARES – Diffuse flux

Sample:
• 2007 – 2015, 2450 days of livetime
• All-flavour analysis (track+showers)

Event selection chain + energy-related cut 
applied to
• obtain a high-purity neutrino sample
• maximize sensitivity

Signal modeled according to the IceCube flux

Result:  
33 events (19 tracks + 14 showers) in data
24 ±7 (stat.+syst.) events background in MC

1.6σ excess, null cosmic rejected at 85% CL 

ApJ 853, (2018) L7



Fermi photons originate (mostly) in blazars

neutrinos?

supermassive black hole in

active galaxy



120 cosmic neutrinos

~12 separated from atmospheric background with E>60 TeV

structure in the map results from neutrino absorption by the Earth





10 years of IceCube data: evidence non-uniform

skymap, mostly resulting from 4 source candidates



10 years of muon neutrinos



10 years of muon neutrinos

Tessa Carver
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Fermi sources

are mostly

blazars

common sources?



multimessenger

astronomyo



M. Richman
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IceCube Trigger

43 seconds after trigger, GCN notice was sent
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IceCube 170922 
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IceCube 170922 

Fermi

detects a flaring

blazar within 0.1o
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IceCube 170922 

Fermi

detects a flaring

blazar within 0.1o

MAGIC

detects emission of

> 100 GeV gammas





• we do not see our own Galaxy

• we do not see the nearest extragalactic

sources

• we find a blazar at 4 billion lightyears!



• 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 (7x 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



search in archival 

IceCube data:

• 150 day flare in 

December 2014 of

19 events (bkg <6)

• 2.10-5 bkg.probability

• spectrum E-2.1



Why not seen before?



this is the case for larger detectors with better angular resolution



we identified a source of high energy cosmic rays:

the active galaxy (blazar) TXS 0506+056 at a 

redshift of 0.33

at ten times further distance, it outshines nearby

active galaxies: is it special?

extensive multiwavelength campaign will allow us

to study the first cosmic accelerator



we know that this one is a cosmic ray source



diffuse nm flux TXS luminosity

a special class of blazars that undergo 110-day duration flares like 

TXS 0506+056 once every 10 years accommodates the observed 

diffuse flux of high-energy cosmic neutrinos (selected by evolution?) 

density of blazars

5%

relation between flaring sources and the diffuse flux ? 



a target that produces > 12 neutrinos in 110 days is opaque to 

gamma rays that lose energy in the source  before entering the EBL

• the energetics of cosmic rays and neutrinos dictates

• is this compatible with the gamma ray observations?

• observed CRs energy injection rate

• high opacity for p-gamma interactions

• gamma ray opacity is connected to pion efficiency 

the gamma rays that 

accompany the neutrinos 

lose energy in the source

p-beam

g-target density



the multimessenger picture

neutrino flux 

multimessenger

relation gamma ray flux cascades to 

lower energy in the source

EBL absorption observed flux 

@ Fermi

*Fermi data from S. Garrappa+, TeVPA2018



LIGO-VIRGO

neutron star-neutron star merger



merger of neutron stars about to launch a jet

Rosswog and Ramirez-Ruiz





very weak short GRB

seen by Fermi

(off axis? choked jet?)

MeV neutrino emission:

• ~ 0.01 Msun material 

ejected

• ~ supernova



high-energy neutrinos:

from collimation (TeV) and 

internal shocks (PeV):

protons photoproduce neutrinos

• on photons from leakage of

the collimated jet

• on synchrotron photons from

electrons (internal shock)



Kimura et al.
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neutrino astronomy 2019

• it exists

• more neutrinos

• more telescopes



overflow slides



DeepCoreIceCubeNGIceCube (1/2/3)

Spacing 1  (120m): 

IceCube (1 km3) 

+ 98 strings (1,3 km3) 

= 2,3 km3

Spacing 2 (240m): 

IceCube (1 km3)  

+ 99 strings (5,3 km3) 

= 6,3 km3

Spacing 3 (360m): 

IceCube (1 km3) 

+ 95 strings (11,6 km3) 

= 12,6 km3

(increase in threshold not important: only eliminates energies 

where the atmospheric background dominates)

measured optical properties  twice the string spacing



120 strings

depth 1.35 to 

2.7 km

80 DOM/string

~250 m spacing
(Claudio Kopper)

• ~10 times the instrumented volume

for the same budget as IceCube

• better angular resolution



A. Kouchner, Neutrino 2016



http://arxiv.org/pdf/1601.07459v2.pdf

http://arxiv.org/pdf/1601.07459v2.pdf


High energies ARCA







Multi-year cascade (ne+nt) analysis



tau decay length:

50m per PeV



ongoing upgrade
• neutrino oscillation at PeV energy

• test of the 3-neutrino scenario

• neutrino physics BSM


