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cosmic rays Interact with the
microwave background

p+g- n+p andp+p’

cosmic rays disappear, neutrinos with
EeV (108 eV) energy appear

1 event per cubic kilometer per year
...but It points at its source!



IC-86 (10yr) /& ..

9 9
~ 1077¢ “bestfit”

neutrinos produced in
Interactions with
microwave photons

|J" 1 1 II 1 1 II 1 1 II 1

107 108 109 1010 1ot

~1 event per year in E [GeV]
IceCube, PAO and ARA
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the sun constructs an accelerator

coronal mass
ejection
09 Mar 2000



Hillas formula :

Aaccelerator must contain the particles

Adimensional analysis, difficult to satisfy






E (eV)=B(Teslg R(m)

20 R

T
mspulsar Fermilab
R 10 km Km
B 10° Tesla Tesla
T 108 10° (#rev/s)
= 10’ TeV 102 eV
=1 TeV!
still a very
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Chandra
Cassiopeia A

supernova
remnants

Chandra
SN 1006




cassiopeia A supernova remnant in X-rays

gravitational energy
released Is trans-
formed into
acceleration

A i

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!

Dense
molecular 4 Shock
cloud < wave

P

Supernova

O
remnant T° decay

— Y-rays
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Compressed

shell of hot gas
Inverse Compton

scattering— y-rays
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neutralpions
are observed as

gamma rays

chargedoions
are observed as

neutrinos




Cygnus region : Milagro

translation of

™ eV gamma rays
INto

TeV neutrinos :

....

o

[=2]

Galactic Latitude (deg)
F =S
Significance

Galactic Longitude (deg)

3+ 1N peryear in lceCube per source
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eand i f t he s
a bl ack ho

gamma ray burst

SPL

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 /
/

spinning black hole

\_  neutrinos are
| produced in the
Interactions of
fireball protons
(cosmic rays)
with synchrotron
photons




GRB fireball model

decays to PeV neutrino

T

p+y—on+n
decays to cosmic ray

A one neutrino per cosmic ray observed
A ruled out by IceCube



active galaxy

particle flows near
supermassive
black hole



The M87 Jet

M87 Nucleus July 17, 2002
HST STISIMAMA

Nucleus

500 light-years N
" E
133 £ 4—[ Hubble
Heritage



parameters:
energy electron Jet -
beam: v=10

Y-ray

max

%“agnetic field B 1 |

Doppler factor g -1 0_2
pC .I:V

\Z

Y

black accretion disk
hole




sources accommodating the observed energy budget

Galactic:
supernova
remnants?
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Scaled flux E=°

Cosmic Rays & SNRs

Equivalent c.m. energy Sp (GeV)

10° 10¢ 107

* ATIC o KASCADE (QGSJET 01) ¥ HiFes-MIA
o RUNIOB o KASCADE (SIBYLL 2.1) 4 HiRes |
x Sl & HiFes |

fixed target (p-A)

HERA tv-p)
RHIC {p-p) Tevatran (p-p)
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Enerc (eViparticle)

observed energy
density of galactic CR:

~ 1012 erg/cm?

supernova remnants:
10°9 ergs every 30 years
~1012 erg/cm?
for steady state of CR
with lifetime 10° years

SNRs provide the environment and energy
to explain the galactic cosmic rays!



ankle A one 10'° eV particle
per km squared per year per sr

- dN _ 10°eV
dE (10°cnr)(33 10" sec)sr

cosmic

accelerator & ; : h .
=3310"TeVcm *sectsr?



total flux = velocity x density

. dN
4p OWE(E—)=cr
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4p 3310 | _TeV
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300 GRB per Gigaparséper year
for 101%years (Hubble time)

- 100yr =3 102 FY

2 10> erg’ :
Gpc” yr cm

Acorrect cosmology: same answer
AFermi: photon (electron) energy less than this ?
Achallenged by IceCube limits

1Gpc’ =2.93 10%cnt  Hubbletime=10" years



Cosmic Rays & GRBs

Equivalent c.m. energy Sp (GeV)
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GRBs provide environment and energy
to explain the extragalactic cosmic rays!
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Scaled flux E=°

Cosmic Rays & SNRs

Equivalent c.m. energy Sp (GeV)
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Enerc (eViparticle)

observed energy
density of galactic CR:

~ 1012 erg/cm?

supernova remnants:
10°9 ergs every 30 years
~1012 erg/cm?
for steady state of CR
with lifetime 10° years

SNRs provide the environment and energy
to explain the galactic cosmic rays!
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n and gbeams : heaven and earth

» black hole

I _radiation
and dust

p +gA(NXP)

~ cosmic ray ¥ nettrin

A p

fields ~ COSMIC ray + gamme

Ey
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events

lceCube 59: the last limit ?
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Sterile neutrinos? More about neutrino physics later
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A shielded and optically
transparent medium

‘ L) ol TN Charged Current
»
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Alattice of photomultipliers



photomultiplier
tube







93 TeV muon

Type: NuMu
E(GeV): 9.30e+04

Zeny— 40 .45 ~deqg

Azi: 192.12 deg
NTrack: 1/1 shown, min E(GeV) == 9302646
NCasc: 100/427 shown, min E(GeV) == 7.99



energy measureme(t 1 TeV )

“photo-nuctear

NCasc: 100/1079 sho

-
Type: NuMu
remsstra g E(CeY): 5 33406
Zen: 36.43 deg
Azi: 120.51 deg
NTrock: 11/11 shown, mi (Ge =
wn, n E(Ge

convert the amount of light emitted %iﬁ[
to measurement of the muon fj /7
energy (number of optical modules, Hi/

number of photon \
Run 433700001 Event O [Ons, 40000ns]



Differential Energy Reconstruction of 5 PeV Muon in 1C-86

Monte bam} Truth
Reconstructed

Total True Energy Logs: 107.9 TeV
Total Reconstructed Boergy Loss: 108.8 TeV

100000 | ﬂq

€
L.
D
)
3
w
=

AL AR,

1000 1500 2000 2500 3000
Time (ns)

Improving angular and energy resolution







f,w;fi Amundsen-Scott south pole station



IceCube / Deep Core u—

A 5160 optical sensors “wn IceTop @

between 1.5 ~ 2.5 km completed December 2010
A 10 GeV to infinity
A < 0.5 degree on-line
< 0.3 degree off line |
for muons [ e AMANDA
(10~15 degrees for SRR P /
showers) e R

A < 15% energy resolution

/g | é 324m
: i Eiffel Tower

Deep Core

Digital Optical Module (DOM)



drilling and deployment

P 2 days per hole
——=— 3.5 cm/second

i ] e

—







nozzle delivers A

A200 gallons per minute

A7 Mpa

A90 degree C

A 4.8 megawatt heating plant




January 20, 2010

DeepCore

20078,
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scattering length a 4/mA
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Optical Signal
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Hole
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LED
flasher
board

main
board

architecture of independent DOMs

HV board



