
IceCube: the discovery of cosmic neutrinos

francis halzen

• some history, cosmogenic neutrinos

• cosmic ray accelerators

• IceCube a discovery instrument

• the discovery of cosmic neutrinos

• where do they come from?

• beyond IceCube

IceCube.wisc.edu



Cosmic Horizons – Microwave Radiation

380.000 years after the Big Bang

wavelength = 1 mm ⟺ energy = 10-4 eV



Cosmic Horizons – Optical Sky 

wavelength = 10-6 m ⟺ energy = 1 eV



Cosmic Horizons – Gamma Radiation

300.000 years after the Big Bang

wavelength = 10-15 m ⟺ energy = 109 eV



Cosmic Horizons – Highest Energies

wavelength = 10-21 m ⟺ energy = 103 TeV



?

opticalmicrowave X-rays gamma-rays cosmic rays

terra incognita

Gravitational waves - ripples in space-time

highest energy “radiation” from the Universe:

cosmic rays, not photons

Universe beyond our Galaxy is eventually opaque to gamma rays



g

The opaque Universe

p

e+

e-

g + gCMB → e+ + e-

PeV photons interact with microwave photons 

(411/cm3) before reaching our telescopes

enter: neutrinos



p

n

Neutrinos?  Perfect Messengers

e+

e-
• electrically neutral

• massless (in this talk) 

• unabsorbed

• unlike g rays, neutrinos are solely created

in processes involving cosmic rays

• … but difficult to detect



target

proton,

not electron, 

beam

NEUTRINO BEAMS: HEAVEN & EARTH

Neutrino Beams: Heaven & Earthn beams : heaven and earth
accelerator is powered by
large gravitational energy

p + target →

pions→

neutrinos



?

opticalmicrowave X-rays gamma-rays neutrinos       cosmic rays

cosmic

accelerators ?

Gravitational waves - ripples in space-time

highest energy “radiation” from the Universe:

cosmic rays and neutrinos

Universe beyond our Galaxy is eventually opaque to gamma rays



highest energy radiation from the Universe: not g-rays !

Fly’s Eye 1991

300,000,000 TeV

high energy

high luminosity



IceCube: the discovery of cosmic neutrinos
francis halzen

• cosmogenic neutrinos

• cosmic ray accelerators

• IceCube a discovery instrument

• the discovery of cosmic neutrinos

• where do they come from?

• beyond IceCube

IceCube.wisc.edu



populate the

Universe

Pamela

AMS

HAWC
IceTop

Kascade



cosmic ray challenge

both the energy of the 

particles and the 

luminosity of the 

accelerators are large

gravitational energy 

from collapsing stars

is converted into

particle acceleration?

origin of cosmic rays: oldest problem in astronomy 



active galaxy

NGC 1068



active galaxy

particle flows near

supermassive

black hole



acceleration of electrons and protons 

in the high field regions associated

with the accretion disk and the optically

thick corona (0.1 pc) emitting most of the X-rays

the core is the target for neutrino production

and gamma-ray obscured

cores of active galaxies as cosmic accelerators





cores of active galaxies

and jets

• some of the matter falling into 

a supermassive black hole

is accelerated in a jet along

its rotation axis

• fast spinning infalling matter 

comes in contact with the 

rotating black hole

• spacetime around spinning 

black hole drags on the field 

winding it into a tight cone 

around the rotation axes

• plasma from the accretion 

disk is then flung out along 

these field lines



image and helical motion of a jet





radiation
and H, 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



multimessenger astronomy

p + g → n + p+

→ p + p0

o

• gamma rays accompany neutrinos, but,

unlike neutrinos,

• gamma rays lose energy in interactions

with the extragalactic background light, 

and likely in the dense target that produces

the neutrinos.



extragalactic 
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cosmic rays interact with the 

microwave background

0ppg ++→+ + pandnp

TeV102E 6

cosmic rays disappear, neutrinos with

EeV (106 TeV) energy appear

p ®m +um ®{e+um +ue}+um

1 event per cubic kilometer per year

...but it points at its source!



the extragalactic accelerators: knobs to turn

• slope of power-law energy spectrum

• minimum energy

• maximum energy

• composition → assume protons

• cosmological evolution



input:

cosmic ray

protons

output:

neutrinos produced in

interactions with

microwave photons

0.7 events per year in

IceCube



10,000 times too small to 

do neutrino astronomy…





IceCube: the discovery of cosmic neutrinos
francis halzen

• cosmogenic neutrinos

• cosmic ray accelerators

• IceCube a discovery instrument

• the discovery of cosmic neutrinos

• where do they come from?

• beyond IceCube

IceCube.wisc.edu



M. Markov

1960

B. Pontecorvo

M.Markov :

we propose to install detectors 

deep in a lake or in the sea and 

to determine the direction of 

charged particles with the help 

of Cherenkov radiation.



• lattice of photomultipliers
neutrino

nuclear

interaction

charged secondary

particles produced

as the neutrino

disappears



muon

• lattice of photomultipliers

• muon travels from 50 m

to 50 km through the

water at the speed of light

emitting blue light along

its track

• speed of light in water

~ 3/4 c → shockwave

neutrino

interaction
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• IceCube a discovery instrument
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10,000 times too small to 

do neutrino astronomy…



• find an optically clear medium shielded from cosmic rays

• map its optical properties

• fill with photomultipliers with spacings ~ absorption length

• add data acquisition and computers

ice 1.4 kilometers below geographic South Pole



• 3 km deep South Pole glacier

• ultra-transparent ice below 1.35 km

• absorption length: 100 ~ 250+ m





IceCube

5160 photomultipliers

instrument one km3 of 

Antarctic ice between

1.4 and 2.4 km depth 





• muon produced by

neutrino near IceCube

• comes through the 

Earth

• 2,600 TeV inside 

detector

• not atmospheric

• angular resolution: 

astronomy



photomultiplier

tube -10 inch



main 

board

LED 

flasher 

board

HV board

architecture of independent DOMs

10 inch pmt



… each Digital Optical Module independently collects 
light signals like this, digitizes them,

…time stamps them with 2 nanoseconds precision, and 
sends them to a computer that sorts them events…







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



radius ~ number of photons

time    ~ red → purple

89 TeV

time



93 TeV muon: light ~ energy



energy measurement ( > 100 TeV )

convert the amount of light emitted

to a measurement of the muon

energy (number of optical modules,

number of photons, dE/dx, …)



1.1 km

improving energy and angular resolution



what does IceCube reveal ?

atmospheric muons and

atmospheric neutrinos



…K, charm





… you looked at 10msec of data !

muons detected per year:

• atmospheric*    m  ~ 1011

• atmospheric**   n → m          ~ 105

• cosmic              n → m         ~ 200

* 3000 per second ** 1 every 4 minutes



57
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selection cuts for on-line numu extraction

…as opposed to 35 in original AMANDA publication



59

most reconstructions are now neural net based



muon neutrino flux

filtered by the Earth:

atmospheric vs 

cosmic

Number of Events per Bin

Data/MC



electron and tau neutrinos (showers)

muon neutrinos through Earth (tracks)

flux F = dN/dE ~ E-2.5
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• IceCube a discovery instrument
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superior total energy

measurement

to 10%, all flavors, all sky

neutrinos interacting 

inside the detector

astronomy: superior 

angular resolution

superior (0.2~0.4o)

muon neutrinos

filtered by the Earth



cosmic rays interact with the 

microwave background

0ppg ++→+ + pandnp

TeV102E 6

cosmic rays disappear, neutrinos with

EeV (106 TeV) energy appear

p ®m +um ®{e+um +ue}+um

1 event per cubic kilometer per year

...but it points at its source!



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



Cherenkov radiation from PeV electron (tau) shower

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



size = energy                       color = time = direction





reconstruction limited by computing, not ice !



cascade reconstruction



• energy

1,041 TeV

1,141 TeV

(15% resolution)

• not atmospheric:

probability of

no accompanying 

muon is 10-3 per

event

→ flux at present

level of diffuse

limit



✓ select events interacting

inside the detector only

✓ no light in the veto region

✓ veto for atmospheric

neutrinos (which are

typically accompanied

by muons)

✓ energy measurement: to-

tal absorption calorimetry

events starting inside the detector



no 

accompanying

muon(s)



data: 86 strings one year

…and then there 

were 26 more…
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data: 86 strings one year

…and then there 

were 26 more…
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2004 TeV event in year 3



IC190331: 5300 TeV deposited inside the detector

initial neutrino energy > 10 PeV



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



tau neutrinos at Fermilab-- DONUT



tau decay length:

gct = 50m per PeV

tau neutrino production and decay



tau decay length:

50m per PeV

event found in 3 different analyses



light from nutau interaction and tau decay

a cosmic tau neutrino with 17m lifetime



oscillations of PeV neutrinos over

cosmic distances to 1:1:1

oscillating PeV neutrinos (7.5 years starting events)



oscillations of PeV

neutrinos over

cosmic distances to 1:1:1



DeepCore: 10 megaton with additional high efficiency PMT



imminent unblinding:

• analysis with a sample of 210,000 atmospheric neutrinos

• 9,600 tau neutrinos

(9.3 years and 99% purity with energies of 5~55 GeV)



→ recalibration IceCube to reach 0.10 degree ang.res.

(2022)





ongoing upgrade:

2024 deployment

• neutrino oscillation at PeV energy

• nutau: test of the 3-neutrino scenario 

• neutrino physics BSM

• IceCube Gen2 pathfinder



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



the first Glashow resonance event:

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

q

q
_



partially contained 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



• 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



• energy measurement understood

• shower consistent with the hadronic decay

of a weak intermediate boson W

• identification of anti-electron neutrino



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)



starting events

• three methods are consistent

• excess cosmic flux < 100 TeV?

upgoing muons Glashow



IceCube: the discovery of cosmic neutrinos
francis halzen

• cosmogenic neutrinos

• cosmic ray accelerators

• IceCube a discovery instrument

• the discovery of cosmic neutrinos

• where do they come from?

• beyond IceCube

IceCube.wisc.edu



2 year HESE



120 cosmic neutrinos

~12 separated from atmospheric background with E>60 TeV

structure in the map results from neutrino absorption by the Earth



the earth diameter is 1 absorption length at 70 TeV

horizon

vertically down





neutrinos with probable cosmic origin:

are they correlated to astronomical sources? 





evidence for non-uniform sky map in 10 years of IceCube data :

mostly resulting from 4 extragalactic source candidates

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

hottest spot coincident with 

NGC 1068 (M77)



limits and interesting fluctuations (?)

NGC 1068
TXS 0506

PKS 1424+240
GB9



avoid >105 trials → search 110 preselected source candidates



10 years of muon neutrinos

Tessa Carver



NGC 1068 (M77)



radiatively inefficient accretion flows:

acceleration of electrons and protons 

in the high field regions associated

with the accretion disk and the optically

thick corona (0.1 pc) emitting most of the X-rays

the core is the target for neutrino production

and gamma-ray obscured

cores of active galaxies as cosmic accelerators



neutrinos produced in the gamma-ray obscured core of NGC 1068

range of neutrino flux:

protons versus electrons
accompanying pionic

photons





interesting fluctuations or neutrino sources?

→ ongoing program to upgrade the performance of IceCube

• improved detector calibration and ice model (pass 2)

→ improved muon track reconstruction

• DNN (energy) and BDT (pointing) reconstruction

• point spread function consistent with simulation

• insensitive to systematics

• improved modeling of the optics of the ice

answer soon…



• point spread function consistent with simulation

• insensitive to systematics

very soon!                 



• we observe an isotropic diffuse flux of neutrinos from 

extragalactic sources

• the energy flux of neutrinos in the non-thermal 

Universe is similar to (larger than) that in gamma-rays

• extragalactic cosmic accelerators outshine nearby 

neutrino sources in our own Galaxy

• our Galaxy is a neutrino desert

• where are the PeV gamma rays that accompany PeV

neutrinos?



IceCube

francis halzen

• IceCube

• cosmic neutrinos: two independent 

observations

→ muon neutrinos through the Earth

→ starting neutrinos: all flavors

• where do they come from?

• Fermi photons and IceCube neutrinos

• the first high-energy cosmic ray accelerator

• cosmic neutrinos below 100 TeV?

iceCube.wisc.edu



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



neutrino → gamma independent of the beam !



multimessenger astronomy

p + g→ n + p+

~ cosmic ray + neutrino

→ p + p0

~ cosmic ray + gamma
o



energy in neutrinos similar to the energy in gamma rays and cosmic rays



g

p

n

• gamma rays accompanying IceCube neutrinos interact

with the target producing the neutrinos and with interstellar

photons on their way to earth

• the gamma rays fragment into multiple lower energy gamma 

rays that reach Earth

e+

e-

g



e+

e-

g

~10 GeV

or less!

PeV

g + gCMB→ e+ + e-



GeV photons: Fermi pair spectrometer g → e+ + e-



n
g

the neutrino sources are opaque to gamma rays



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



electron and tau neutrinos

muon neutrinos

events vs

truncated E

GeV:

>120 cosmic nm

102 104 106



muon neutrino flux

filtered by the Earth:

atmospheric vs 

cosmic

Number of Events per Bin

Data/MC



Multi-year cascade (ne+nt) analysis



multi-year starting nm track analysis



IceCube

francis halzen

• IceCube

• cosmic neutrinos: two independent 

observations

→ muon neutrinos through the Earth

→ starting neutrinos: all flavors

• where do they come from?

• Fermi photons and IceCube neutrinos

• the first high-energy cosmic ray accelerator

• what next?

iceCube.wisc.edu



flux < 1% of astrophysical 
neutrino flux observed

Nature 484 (2012) 351-353



multimessenger astronomy: wrong alerts?



from light in the ice to astronomer in less than one minute



M. Richman
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IceCube Trigger

43 seconds after trigger, GCN notice was sent



IceCube 170922 





IceCube 170922

290 TeV

Fermi

detects a flaring

blazar within 0.06o

MAGIC

detects emission of

> 100 GeV gammas





TeV

atmospheric Cherenkov

telescopes

HESS, MAGIC, VERITAS

gamma ray



MAGIC atmposheric Cherenkov telescope



MASTER robotic optical telescope network: after 73 seconds



• we do not see our own Galaxy

• we do not see the nearest extragalactic

sources

• we find a “blazar” at 4 billion lightyears!



search in archival

IceCube data:

• 100-day flare in 2014

• spectrum E-2.2

• 19 n (bkg < 6)

• no gamma ray flare!



• MAGIC, HESS and VERITAS: TeV flux is highly variable and there is no TeV

gamma ray emission at the time the neutrino is produced

• MAGIC: onset of the TeV flux 5 days after IC170922

• confirmed by MASTER: the blazar switches from the “off” to “on” state 2 hours

after the neutrino

gamma rays in 2017 at the time the neutrino is produced ?
consistent with an obscured source, not a blazar



1912.01743v1

[astro-ph.GA]

A&A. 630 A103

A&A. 632 C3

RADIO INTERFEROMETRY

• core brightening observed in a radio burst that 

started 5 years ago

• beyond 5 milliarcseconds the jet loses its tight 

collimation

• PARSEC-SCALE JET STRUCTURE

• jet found a target after tens of pc to

produce neutrinos

• obscures the gamma rays



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



?

super              

massive

star?

merging

galaxy?

warped jet?



  

Qinrui Liu TeVPA2021 33IceCube Highlights

TXS 0506+056

Garrappa et al. ApJ 880 (2019) 

Lipunov et al [2006.04918]optical

radio

neutrino

gamma

-ray

• multimessenger observations in the time domain          

• change of flux 2 hours after 170922 neutrino

• source is quiet 10 previous and 3 following years                                                 



global robotic network of

optical telescopes

connects TXS 0506+056

to IC170922A in the time

domain

“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”



TXS 0506+056

• two statistically independent observations above the > 3s level

• it is also the second source in the all-sky search

• supported by TeV gamma ray, optical observations and by

radio imaging of the core

• high-statistic association of IC170922 with optical variation in 

time domain

• we observe gamma-ray obscured neutrino flares, also from

TXS 0506+056

• radio interferometry images show that the jet loses its tight 

collimation after 5 milliarcseconds



IC 190730: 300 TeV
• coincident with

PKS 1502+106
• radio burst

highest energy alert so far



g-ray

radio

300 TeV

neutrino

produced

PKS 1502+106

target 

moves

through 

the jet:

blocks

photons

2009.09792 [astro-ph.HE]

https://arxiv.org/abs/2009.09792


the pg efficiency dilemma

• efficiency for producing the neutrinos 

in the photon target:

• likelihood of the multimessenger

photons to be absorbed in target

→ therefore, with

→ do not expect high energy gamma

rays to accompany cosmic neutrinos

→ blazar jets are out 

NEUTRINO BEAMS      



next attraction: gravitational waves + neutrinos?

(August 17, 2017 neutron star merger: jet not aligned ) 



LIGO-VIRGO

neutron star-neutron star merger



merger of neutron stars about to launch a jet

Rosswog and Ramirez-Ruiz



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.



very weak short GRB

seen by Fermi

(off axis)

neutron star mergers





supernova 1987a: 24 neutrinos, thousands of papers



supernova burst: light from 

 PMT noise low (280 Hz)

 detect correlated rate increase 

on top of PMT noise when 

supernova neutrinos pass 

through the detector

++→+ enpen



• equivalent detection volume

of a 2 megaton SuperK-style

detector

• 1 million events from 10 kpc

• neutronization electron

neutrinos

• energy measurement from

two-photon correlation  

starting points of neutrino showers from supernova



Livermore Garching

quark star black hole



gravitational wave with

fundamental frequency:



neutrino astronomy 2022

• it exists

• more neutrinos, better 

neutrinos, more telescopes

• closing in on cosmic ray 

sources

• [are active galaxies with 

obscured cores the sources 

of cosmic rays?]

• two beams for neutrino 

physics







IceCube: the discovery of cosmic neutrinos
francis halzen

• cosmogenic neutrinos

• cosmic ray accelerators

• IceCube a discovery instrument

• the discovery of cosmic neutrinos

• where do they come from?

• beyond IceCube

IceCube.wisc.edu



standing on the shoulder of giants

1987: DUMAND test string



Lake Baikal experiment observes atmospheric neutrinos di



120 m
~ 720 m

525 m

2020: 7 clusters
Planned for 2024:

14 clusters

single-cluster
neutrino event
(upward µ)



I. Taboada | Georgia Inst. of Tech. 183

70 m

450 m

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



184A. Kouchner, Neutrino 2016



High energies ARCA

185



186

KM3NeT LoI http://arxiv.org/pdf/1601.07459v2.pdf

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


• a next-generation IceCube with a volume of more 

than 8 km3 and an angular resolution of < 0.1 

degrees will detect multiple neutrinos and identify 

the sources in the “diffuse” extragalactic flux

• need 1,000 events versus 100 now in a few years

• discovery instrument → astronomical telescope



N

E
Ice flow direction

41o NW

Ice Layer tilt direction

225o SW

ice: step by step

• > 100 m

absorption length

limited by dust

• tilted ice layers

• anisotropy

~8% less scattering

410 NW

• ice layers

• hole ice ?

• some birefringence ?

• no air bubbles/hydrates

below 1350 m



 220m →

 >100m →

most transparent medium

in nature, and in the lab

absorption length of Cherenkov light



Toba eruption

we are limited by computing, not the optics of the ice



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





IceCube-Gen2



instrumented volume: x 8

same budget as IceCube

Upgrade infill

40 strings

GeV threshold



10 PeV 10 TeV 100 GeV 1 GeV

120 strings

1350-1600m

80 modules



did not talk about:

• Galactic sources

• searches for dark matter, monopoles,…

• search for eV-mass sterile neutrinos

• cosmic ray physics, muon asymmetry,…

• PINGU/ORCA

• ….



neutrino astronomy 2022

• it exists

• more neutrinos, better 

neutrinos, more telescopes

• closing in on cosmic ray 

sources

• [are active galaxies with 

obscured cores the sources 

of cosmic rays?]

• two beams for neutrino 

physics







Aya Ishihara  KPS Pioneering Symposium

overflow slides



Galactic sources?



neutrinos

from 

supernova

remnants :

molecular

clouds as

beam dumps

→

pion 

production



galactic plane in 10 TeV gamma rays :
supernova remnants in star forming regions

Southern 

Hemisphere

Sky
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emissivity (units: (note!) per unit volume per GeV

per second) in photons produced by a number 

density of cosmic rays Np interacting with a target 

density ngas per cm3

f
p 0 º Kp( ) =<

Ep

Ep
> and qg Eg( ) = 2qp

Ep

2

æ

è
ç

ö

ø
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dEg1TeV
ò Eg

dNg

dEg

=
1

4p d 2
Lg

Lg =V Qg =
W

rcr
Qg

energy in >TeV photons 

produced by cosmic 

rays per cm3 per sec

volume of the remnant

10-12 erg/cm3



g n flux of galactic cosmic rays

E
dNg

dE
(>1TeV ) =

³ 10-11cm-2s-1 W

1050erg

n

1cm3
(
d

1kpc
)-2

a SNR at d = 1 kpc transferring W = 10
50 

erg to cosmic

rays interacting with interstellar gas (or molecular clouds) 

with density n > 1 cm
-3 

produces a gamma-ray flux of

Milagro sources ?
RX J1713.7-3946??

should be observed by present

TeV gamma-ray telescopes
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neutral pions
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gamma rays

charged pions
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n flux accompanying TeV gammas

dNn

dE
@

1

2

dNg

dE

number of events = Area Time dE
dNn

dE
ò Pn®m

=1.5 ln (
Emax

Emin

) eventsper km2per year per source!

TeVE

backgroundreject

40→



Cygnus region at ~ 1kpc : Milagro

translation of

TeV gamma rays

into

TeV neutrinos

yields:

3 ± 1 n per year in IceCube per source



MGRO J1908+06: the first Pevatron?





5s in 5 years of IceCube …

IceCube image of our Galaxy > 10 TeV



Simulated sky map of IceCube in Galactic coordinates after five

years of operation of the completed detector. Two Milagro

sources are visible with four events for MGRO J1852+01 and three

events for MGRO J1908+06 with energy in excess of 40 TeV. 

supernova

remnant?

unidentified

PWN?



HAWC photons and

IceCube neutrinos

neutrino flux at the level

predicted, but not

significant yet









IceCube: the discovery of cosmic neutrinos
francis halzen

• cosmogenic neutrinos

• cosmic ray accelerators

• the discovery of cosmic neutrinos

• where do they come from?

• intermezzo on obscured cores or agn

• beyond IceCube

IceCube.wisc.edu



multimessenger astronomy

p + g → n + p+

→ p + p0

o

• efficient neutrino production sites are

likely to be optically thick to gamma

rays

• expect no correlation between gamma-ray 

and neutrino activity

• gamma rays lose energy on the target that

produces neutrinos even before reaching

the EBL



correlation between

cores of active galaxies

and

cosmic neutrinos

(g = -2.03; 2.6s post trial)

selection:

• X-ray catalogues 2RXS + XMMSL2

• IR WISE catalogue: X-rays associated with the core produce infrared

light on dust at the center of the galaxy



Radiatively inefficient accretion flows in active galaxies

• using NGC 1068 as a model we show that converting

the energy of cosmic rays in the universe into neutrinos

accommodates the observed diffuse flux

• dimensional analysis suggests that the core is compact and

the total number of sources of order 102



the pg efficiency dilemma

• efficiency for producing the neutrinos 

in the photon target:

• likelihood of the multimessenger

photons to be absorbed in target

→ therefore, with

→ do not expect high energy gamma

rays to accompany cosmic neutrinos

→ blazar jets are out 

NEUTRINO BEAMS      



neutrino → gamma independent of the beam !



dimensional analysis of the radiatively obscured core

of an active galaxy



generic obscured core of active galaxy

R

ng   

target density ng centered on black hole

ng → ug [energy density]



generic obscured core of active galaxy

R

ng   

alternative estimates of the target

density ng centered on black hole

• from the measured luminosity Lg

• replace c → free fall of the protons

over distance R on the black hole

ng → ug [energy density]



the source also absorbs the protons

→ essential to produce neutrinos

note the small value of R ~ 10-4 pc



energy density injected by cosmic rays in the Universe



equal energy in cosmic rays and neutrinos

√√



alternatively,

√√



IceCube: the discovery of cosmic neutrinos
francis halzen

• cosmogenic neutrinos

• cosmic ray accelerators

• intermezzo on effective area

• the discovery of cosmic neutrinos

• where do they come from?

• beyond IceCube

IceCube.wisc.edu



neutrino detection probability
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neutrino and muon area
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effective telescope area at 100 TeV

• AMANDA ~ ANTARES ~(1- 5) m2

• IceCube 86 strings     ~100 m2 at 100 TeV
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★

the earth as 

a cosmic ray

muon filter

and

absorber of

high energy 

neutrinos

a neutrino of 70 TeV

has an interaction length

equal to the diameter of

the earth ANn =



neutrino and muon area
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IceCube-Gen2


