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opticalmicrowave X-rays gamma-rays neutrinos       cosmic rays

terra incognita:

only revealed by

neutrinos

Gravitational waves - ripples in space-time

highest energy ñradiationò from the Universe:

neutrinos and cosmic rays

Universe beyond our Galaxy is opaque to gamma rays



in the extreme universe neutrinos are unique astronomical messengers

energy in the Universe as a function of frequency

neutrinos

CGB

cosmic rays
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the opaque extreme Universe:

p

e+

e -

g+ gEBLĄ e+ + e -

Å> PeV photons interact with extragalactic

background light (CMB and higher energy 

background photons) before reaching our

telescopes

Åtheir energy appears reprocessed in GeV photons
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neutrinos:  perfect messengers

e+

e -

Åelectrically neutral

Åmassless (in this talk) 

Ålike a photon but weakly interacting

Åtrack cosmic ray sources

Åé but difficult to detect



black hole accelerating

protons submersed in 

a target of radiation

produce pions

neutrino sources track

cosmic ray accelerators



10,000 times too small to 

do neutrino astronomyé
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muon

Ålattice of photomultipliers

muon neutrinonuclear

interaction

charged secondary

particles produced

as the neutrino

disappears



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





Å ultra-transparent ice below 1.35 km

Å 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







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 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

eventelectron and tau

neutrinos (showers)

muon neutrinos through

Earth (tracks)

F= dN/dE ~  E-2.5



Ålattice of photomultipliers neutrino

a muon neutrino 

produces a muon

with a range of 

kilometers



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

eventelectron and tau

neutrinos (showers)

muon neutrinos through

Earth (tracks)

F= dN/dE ~  E-2.5



two surprises:

Åcosmic neutrinos sources originate in a target from 

which gamma rays do not escape

Åpowerful 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

energy density in the Universe as a function of frequency

Ą neutrinos

Å Fermi does

not observe the

gamma rays of

p0 origin

Å the sources are

g-ray obscured



nearby
radiation

supermassive

black hole

Ą p + p0

p + gĄ n + p+

nand gbeams : heaven and earth
where are the photons

accompanying the neutrinos?
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neutrinos:  perfect messengers

e+

e -

gamma rays accompanying IceCube neutrinos interact

with interstellar photons and fragment into multiple lower

energy gamma rays that reach earth



e+

e -

g

~10 GeV

PeV

g+ gCMBĄ e+ + e-



gamma ray flux that

accompanies the

IceCube neutrinos is not

observed by Fermi

they appear below its

threshold, at MeV
energies, or below 

absorption on CMB
and infrared light



two surprises:

Åcosmic neutrinos sources originate in a target from 

which gamma rays do not escape

Åpowerful accelerators produce neutrinos in other 

galaxies that do not exist in our own 



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!


