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multiwavelenghts

images of the

Crab supernova 

remnant



multiwavelenght images of the Crab supernova remnant

not a cosmic ray source: no neutrinos observed by IceCube (electron accelerator)



from

multiwavelength

to

multimessenger

astronomy:

towards longer

(gravity waves)

and shorter

(neutrinos)

wavelengths



the Universe turns opaque to light at TeV energies: enter neutrinos

energy in photons in the Universe as a function of their frequency
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g

the opaque extreme Universe:

p

e+

e-

TeV~ PeV photons interact with extragalactic 

background light (CMB and higher energy 

background photons pervading the Universe) 

before reaching our telescopes

g+gEBLĄ e+ + e -



p

by Standard model particle physics neutrinos reach Earth from

the edge of the Universe and from the beginning of time

without absorption or deflection

n

neutrinos as perfect messengers

e+

e -



high energy and

high luminosity

Flyôs Eye 1991

300,000,000 TeV

where do cosmic rays come from

and how are they accelerated?



cosmic ray challenge

both the energy of the 

particles and the total 

luminosity of the 

accelerators are large

gravitational energy from 

collapsing object

is converted into

particle acceleration?



Hess 1912: the sources of the cosmic rays? 

theoretical ideasé.
active galactic nuclei gamma ray burst

starburst galaxies

merging galaxies
magnetars

cosmic strings

tidal disruption
Shapley supercluster



nearby
radiation

supermassive

black hole

Ą p + p0

p + gĄ n + p+

nand gbeams : heaven and earth cosmic accelerators powered by gravity



cosmic ray sources:

a gamma ray for

every neutrino

neutrino sources are 

cosmic ray sources



cosmic accelerators:

Åprotons accelerated near

a black hole are

submersed in 

a target of radiation

and produce pions

Åone photon for every

neutrino

Åneutrinos track cosmic

ray (proton) accelerators

making pions



extragalactic 
cosmic rays

energy (eV)

flux

1969

the ñguaranteed neutrinosò

Å the pions decay

into ñGZKò neutrinos

Åobservation requires

cubic kilometer detector
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10,000 times too small to 

do neutrino astronomyé



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 .



Å muon

Ålattice of photomultipliers Å neutrino

Å nuclear interaction

with ice nucleus

the invisible neutrino

turns into charged
particles that emit

light



muon

Å muon travels for kilometers

through the water at the

speed of light emitting blue

light along its track

muon -neutrino

Åspeed of light in water is only
three quarters of the speed of light Ą shockwave



ñIn summary, this is a detector that requires a number of    

happy accidents to make it feasible. But if these should 

come to pass, it may provide the least expensive route to 

a truly large neutrino telescope. Exploratory studies may

begin at the South Pole Station within the next few yearsò

First Venice Meeting on Neutrino Telescopes (1988).



Å 3 km ice sheet below South Pole

Å ultra-transparent ice below 1.35 km

Å absorption length: 100 m ~ 250 m+



light signals from 10 inch photomultiplier

embedded in the deep ice are

digitized and sent to computers at surface 



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





electrical cables supply the

voltage to the photomultipliers

and return their digitized signals

which are assembled into 

neutrino events at the surface





Å each Digital Optical 

Module independently 

collects light signals like 

this, digitizes them and

Å time stamps them with 2 

nanoseconds precision, 

and sends them to a 

computer that sorts 

them in eventsé

digitized light signals

(waveforms)



What does IceCubeñseeò?



10 msec movie of

IceCube taking data

muons detected per year

Åcosmic ray muons ~ 1011

(3000 per second)

Åatmospheric neutrinos ~ 105

(1 every 5 minutes)

Åcosmic neutrinos ~ 200



1 km3 of Antarctic ice

instrumented with 5160 PMT 

(10inch) below 1450m



nm

m

Look through the Earth:

Å upgoing muon  11o  below surface

Å produced by 8,700 TeV neutrino

Å 2,600 TeV deposited energy

Å not atmospheric

Å reconstructed < 0.3 degree

Å astronomy



muon neutrino events

[filtered by the Earth]:

atmospheric vs 

cosmic

number of events

cosmicatmospheric

reconstructed energy (GeV)



Glashow

event
electron and tau

neutrinos (showers)

muon neutrinos through

Earth (tracks)

Flux =F= dN/dE ~  E-2.5



(throughgoing muon)

(recoil nucleus)

(electron or tau shower)

other neutrino flavors
8.7 PeV muon neutrino



(throughgoing muon)

(recoil nucleus)

(electron or tau shower)

other neutrino flavors
8.7 PeV muon neutrino

PeV electron neutrino



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



energy measurement of muon tracks

convert the amount of Cherenkov

light emitted and its stochasticity

to a measurement of the energy

muon track



1.1 km

improving energy and angular resolution



strings of

optical

sensors


