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cosmic rays interact with the 

microwave background

0ppg ++­+ + pandnp

TeV102E 6³²u

cosmic rays disappear, neutrinos with

EeV (1018 eV) energy appear

 

p­m+um­{e+um+ue}+um

1 event per cubic kilometer per year

...but it points at its source!



cosmic rays

neutrinos produced in

interactions with

microwave photons

~1 event per year in

IceCube, PAO and ARA
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the sun constructs an accelerator

coronal mass

ejection

09 Mar 2000



Hillas formula :

Ådimensional analysis, difficult to satisfy

Åaccelerator must contain the particles
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ms-pulsar Fermilab

R 10 km km

B 108 Tesla Tesla

T-1 103 105 (#rev/s)

E 107 TeV 1012 eV

= 1 TeV !

still a very open problemé
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galactic 

cosmic rays
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410 photons

of 2.7 K per cm3

or 

10-12 erg cm-3 

~ 0.5 eV cm-3 

galactic 

cosmic rays

10-12 erg cm-3 

extragalactic 

cosmic rays

3x10-19 erg cm-3 



supernova

remnants



cassiopeia A supernova remnant in X-rays

gravitational energy

released is trans-

formed into

acceleration

Ą

E-2 spectrum

acceleration when

particles cross

high B-fields



neutrinos

from 

supernova

remnants :

molecular

clouds in star-

forming 

regions where 

super-nova 

explode: beam 

dumps!



Galactic plane in 10 TeV gamma rays :

supernova remnants in star forming regions

Southern 

Hemisphere

Sky

S
ta

n
d
a
rd

 D
e
v
ia

tio
n
s

30°

210°

90° 65°

milagro



nmm
+n    m-

m+

p+ p-

e+ ne

e+    e-

e+

g

p0

g

g e-

e+ g

nm

neutral pions

are observed as 

gamma rays

charged pions

are observed as 

neutrinos

ggnn mm +=+



Cygnus region : Milagro

translation of

TeV gamma rays

into

TeV neutrinos :

3 ± 1 n per year in IceCube per source





supernova

remnants



éand if the star collapses to

a black holeé

gamma ray burst

V happens in seconds

not thousands of year

V beamed along the spin

axis of the black hole

V simulation not image



collapse of massive

star produces a

gamma ray

burst

neutrinos are

produced in the

interactions of 

fireball protons

(cosmic rays)

with synchrotron

photons

spinning black hole



decays to PeV neutrino

decays to cosmic ray

Åone neutrino per cosmic ray observed

Åruled out by IceCube

GRB fireball model



active galaxy

particle flows near

supermassive

black hole





parameters:

energy electron

beam:

ge 
max

magnetic field B 

Doppler factor g



Galactic:

supernova 

remnants?

extragalactic:

Ågamma ray

bursts??

Åactive

galaxies?

sources accommodating the observed energy budget



Cosmic Rays & SNRs

supernova remnants: 

1050 ergs every 30 years

~10-12 erg/cm3

for steady state of CR

with lifetime 106 years

SNRs provide the environment and energy

to explain the galactic cosmic rays!

observed energy 

density of galactic CR:

~ 10-12 erg/cm3

galactic
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total flux = velocity x density 
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300 GRB per Gigaparsec3 per year

for 1010 years (Hubble time)

2´ 1051erg´
300

Gpc3 yr
´ 1010 yr =3´ 10- 19 erg

cm3

yearstimeHubblecmGpc 103823 10109.21 =³=

Åcorrect cosmology: same answer

ÅFermi: photon (electron) energy less than this ?

Åchallenged by IceCube limits



Cosmic Rays & GRBs

Extragalactic

Gamma-Ray Bursts: 

2x1051 ergs x 300/Gpc3

x 1010 yr

~ 10-19 erg / cm3

GRBs provide environment and energy

to explain the extragalactic cosmic rays!

observed energy 

density of 

extragalactic CR:

~ 10-19 erg / cm3



Cosmic Rays & SNRs

supernova remnants: 

1050 ergs every 30 years

~10-12 erg/cm3

for steady state of CR

with lifetime 106 years

SNRs provide the environment and energy

to explain the galactic cosmic rays!

observed energy 

density of galactic CR:

~ 10-12 erg/cm3

galactic
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radiation
and dust

black hole

Ą p + p0

~ cosmic ray + gamma

NEUTRINO BEAMS: HEAVEN & EARTH

NeutrinoBeams: Heaven & Earth

p + gĄ n + p+

~ cosmic ray + neutrino

nand gbeams : heaven and earth
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59 strings, 1 year

Åsensitivity

Åñlimitò

before

AMANDA



IceCube 59: the last limit ?

Sterile neutrinos? More about neutrino physics later
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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.



m

Ålattice of photomultipliers

Åshielded and optically

transparent medium
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photomultiplier

tube





93 TeV muon



energy measurement( > 1 TeV )

convert the amount of light emitted

to measurement of the muon

energy (number of optical modules,

number of photons, dE/dx, é)



improving angular and energy resolution 



why did it take so long ?



Amundsen-Scott south pole station

South Pole
Dome

1500 m

2000 m

[not to scale]

AMANDA

south pole 2000



IceCube / Deep Core

Digital Optical Module (DOM)

Å5160 optical sensors

between 1.5 ~ 2.5 km

Å10 GeV to infinity

Å< 0.5 degree on-line

< 0.3 degree off line

for muons

(10~15 degrees for

showers)

Å< 15% energy resolution

completed December 2010



2 days per hole

3.5 cm/second

drilling and deployment

51





IceCube Site

nozzle delivers Ą

Å200 gallons per minute

Å7 Mpa

Å90 degree C

Ą 4.8 megawatt heating plant



DeepCore

Dec 2010

January 20, 2010



absorption length           ă 220m Ą

most transparent solid

in Nature...or laboratory



scattering length        ă 47m Ą





moon shadow

> 10s

<1 deg





architecture of independent DOMs

main 
board

LED 
flasher 
board

HV board


