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Introduction

A bit of History Neutrinos and other messengers

Introduction

@ Fermion

@ Weak Interactions : exchange of Boson
W, Z

escapes dense regions

4

Elementary particle : no
compositeness, no decay

Mass close to zero

velocity ¢

Neutral particle

I e | o

no effect of magnetic fields
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Introduction

A brief history of neutrinos...

@ 1930 : Pauli invents the neutrino to explain S decay.../ have done
something very bad today by proposing a parti-
cle that cannot be detected ; it is something no theorist should ever do.

neutron proton

P-F-be-Bs-H o

@ 1933 : Fermi develops the theory of the little neutron (neutrino),
discovered in 1932 by Chadwick

@ 1953 : Experimental observation at Savannah River (Reines &
Cowan) through 7+ p — et +n
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Introduction

A brief history of neutrinos...

@ 1968 : Solar Neutrinos observed at Homestake (Davis) - only the
third of expectations...(see A. Meregaglia’s lecture yesterday)

1987 : SN1987A in Large Magellanic Could

Galliu _ Chlorine ___Superk. SN0,

expected flux ‘ ‘
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Introduction

A brief history of neutrinos...

1968 : Solar Neutrinos observed at Homestake (Davis) - only the
third of expectations...(see

@ 1987 : SN1987A in Large Magellanic Could
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Birth of Neutrino Astronomy ! )
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Introduction

A bit of History Neutrinos and other messengers

Neutrinos as Cosmic Messengers...

N
408 MHz - Bonn, Jodrell Banks & Parks Photomosaic - Lausten et al. >100 MeV - CGRO / EGRET

Optical Gamma ray

o If E, ~ 10GeV — 10%2EeV, same span as Radio-X-rays in EM
radiation !
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Introduction

A bit of History Neutrinos and other messengers

Neutrinos as Cosmic Messengers...

@ Protons : deflected by magnetic fields (E, < 10°GeV); UHE
interact with CMB photons (£ ~ 30Mpc)

e Neutrons : decay (£ ~ 10kpc at E ~ EeV/)

@ Photons : interact with ExtraGalactic Background Light
(£ ~ 100Mpc) and CMB (L ~ 10kpc)

@ Neutrinos : neutral, weakly interacting...
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Introduction

A bit of History Neutrinos and other me:

Neutrinos as Cosmic Messengers...
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A bit of History

Neutrinos and other mess:

Neutrinos as Cosmic Messengers...

10**19eV 10**20eV
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Introduction Neutrinos and Cosmic-Rays Neutrino Telescopes IceCube and Antares Surprises !

A bit of History Neutrinos and other messengers

Neutrinos as Cosmic Messengers...

@ Requires large volume of detection...
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Introduction

A bit of His

Sources of neutrinos...

Under rock

Giant Air Shower

@ CuB:Nwm4m x W xE~

10 x 102em=2.s7 g~ Mev—1 x
10~ 9MeV ~ 104cm—2.s—1

Sun: N &~ 1012cm—2.5—1

Cosmic : N < 10~ 0cp—2 s—1

GZK: N ~ 10~ 15cm—2.5s—1

Neutrinos and other messengers

Cosmological v
Solarv
Supernova burst (1987A)
__-Reactor anti-v.
/ ¢ Background from old supernova
Terrestrial anti-v
Atmospheric v
v from AGN
GZK v
10° 1 107 10° 10° 107 10" 10"
eV  meV eV keV MeV  GeV TevV PeV/ EeV
Neutrino energy

Th. Pradier (Universi

of Strasbourg)

ESC 2011 - Neutrino Astrophysics



Introduction

A bit of History Neutrinos and other messengers

The far end of the spectrum...

102R
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@ Guaranteed source of UHE neutrinos...
e [Exercise] Threshold yomB + p — A — 7+ N =~ 102%eV
@ Flux : less than 100/km?/yr !
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A bit of History Neutrinos and other messengers

Atmospheric neutrinos

r;l'— T T T TTT TT T T
E 10 limits to extragalactic contributions: |
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- Superk -+
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log(E, /GeV)
Background for detection of astrophysical neutrinos ! J
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High-Energy Neutrinos :

The Cosmic-Ray Connection




Neutrinos and Cosmic-Rays

Fermi Mechanism erent Scenarios > Ga c Sources Galactic Sources

The Cosmic-Ray Connection

ST Leptonic Production of HE ~ :

Synchrotron Radiation Inverse Compton Scattering
y-ray

Low E photon

Eynchrntrﬂ""‘i “Fray

hots -
PIoN a7 Magnetic Field y-ray
Ambient Proton-induced o

photon or Shock cascade

synchrorr% y e-

phaton ~

e-

hock

Inverse-Compton
scattering

Hadronic Production of HE ~/CRs

p/A+p/y — m w
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Neutrinos and Cosmic-Rays

Fermi V a Different xtra-G So actic Sourct

The Cosmic-Ray Connection
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Neutrinos and Cosmic-Rays

Fermi Mechanism Different Scenarios Extra-Galactic Sources Galactic Sources

The Cosmic-Ray Connection

1031 T T T T I T T T | T T T T ] | T |
- Xrays
visible soft
1030}= ‘ hard gamma rays
i,  from space 7

1029 '
. radio -
E 1028
>

1020
Frequency v (Hz)

Multi-wavelength /messenger analysis = Modelling of the source

)

Th. Pradier (University of Strasbourg)
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Neutrinos and Cosmic-Rays

Fermr chanism Different Scenarios Extra-Galactic Sources Galactic Sources

The Cosmic-Ray Connection

:» SNR origin Galactic origin Extra
S 1 particle per m? . Galactic
ot i (several theories) .
w10 - Origin
! Fa :
g iy
. s
4 | p
i
@ 10
=

. Fe

10| Balloon Borne

- Instruments
el pal |
wooowt o W wt o w®
Energy per nucleus E  (GeV)
See lecture on Cosmic-Ray Physics by R. Engel on Monday )
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Fermi Mechanism

Neutrinos and Cosmic-Rays

Fermi processes for Acceleration

2nd oz:l

Galactic S
Fermi Acceleration Mechanism
plasma clouds

Stochastic energy gain in collisions with
domly distributed magnetic mirrors
E'<E

1st order

acceleration in strong shock waves

(supernova ejecta, RG hot spots
_~ E'>E . -

N = oY
i ’.%v — =

/ T \ 1
E’ Plasma cloud E
AE 2 A o |
e [ B= 10

[Slow and inefficient]

B
° dEo<E 7, with 1.5 <y <25

@ [Exercise] Demonstrate Gain of Energy and Power-Law
Th. Pradier (University of Strasbourg)
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Neutrinos and Cosmic-Rays

Fermi Mechanism Different Scenarios xtra- c Sources Galactic Sources

Fermi processes for Acceleration

Hillas-plot
(candidate sites for E=100 EeV and E=1 ZeV)

Maximum Ener

@ From Maxwell

(100 Eev)

Trosen VxE=-9 o F=Bc

White
dwars

w
I

log(Magnetic field, gauss)

| re (100 Eev) "’::' (] |mpose L < RL = Emax ~ ZBL
Al with L size of accelerating
e region

= Compact sources...

@ Ultra-Relativistic shocks :
Epax ~ TZBL

| 1 1 | 1
3 3 Ts 12 15 18 21
1 au 1pe 1kpe 1 Mpe
log(size, km)
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Neutrinos and Cosmic-Rays
Fermi \ nism

Different Scenarios

Leptonic/Hadronic ?

black holes,
merging neutron stars,...

Leptonic scenario

@ e¢— accelerated via Fermi
mechanism

@ X-Rays, observed, produced via
synchrotron : etB — ety

@ HE ~v-rays by Inverse Compton :
ei’Ylow E — ei%igh E

@ No neutrinos!

u}
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I
il
it
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Neutrinos and Cosmic-Rays

Fermi N\ nism Different Scenarios alactic Sources Galactic Sources

Leptonic/Hadronic ?

black holes,
merging neutron stars,...

Hadronic scenario

@ Protons and Heavy nuclei
(observed !) accelerated via
Fermi mechanism

@ Interaction with ambient
photons :

o pty/A= AT -7’ +p
o p+y/A—= At 7t 4+ n
® ~v-rays via 70 — vy
o Neutrinos via
nt — pty, — ety

Th. Pradier (University of Strasbourg) ESC 2011 - Neutrino Astrophysics



Neutrinos and Cosmic-Rays

Fermi Mechanism Different Scenarios Extra-Galactic Sources Galactic Sources

A Hadronic origin for ~ emission ?

eV /{cm?s)
10

¥

1

oF /de

2
€
7

Compressed
shell of hot gas.

Inverse Compton
scattering— y-rays

The case of RXJ 1713-3946

@ Purely leptonic models not satisfactory

@ Proton acceleration + beam dump on nearby molecular clouds?
Berezhko & Volk, arXiv-08100988v2

Th. Pradier (University of Strasbourg) ESC 2011 - Neutrino Astrophysics



Neutrinos and Cosmic-Rays
Galactic

Fermi s Different Scenarios

A Hadronic origin for ~ emission ?

T 4
- ]
—
A= HGRET 3
£ HESS ]
“ ]
~ O Suzaky
= = E
w 3
-
o
o -
Shock
= ~.
[Ty
o
Supernova o =~ T T
remnant " 1 ; B i
Compressed

shell of hot gas
Inverse Compton

scattering— 1-rays
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Introduction Neutrinos and Cosmic-Rays

Fermi Mechanism Different Scenarios

Active Galactic Nuclei...

Core of Galaxy NGC 4261
Huskle Sy W

Th. Pradier (University of Strasbourg)

Neutrino Telescopes IceCube and Antares Surp

rises |

Extra-Galactic Sources Galactic Sources

High Luminosity compact
region at the centre of some
galaxies...

Supermassive Black Holes
accreting matter?

Same object with different
features, depending of angle of
jet : Blazars (BL Lac,
FSRQs,...) have jet towards
earth

Results of the Pierre Auger
Observatory...

ESC 2011 - Neutrino Astrophysics
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Neutrinos and Cosmic-Rays

Fermi Mechanism Different Scenarios Extra-Galactic Sources Galactic Sources

Active Galactic Nuclei...

AGNs -

High Luminosity compact
region at the centre of some
galaxies...

@ Supermassive Black Holes
accreting matter?

[ 5cSrmgeman @ Same object with different

10-12 |:| Koersme;:é'ﬁmglgsoumeevo\ features, depending Of angle Of
10 [ Koers- Tryskovnosaunsitn, | jet : Blazars (BL Lac,
10714 . 5 5 10 = 1p FSRQs,...) have jet towards
log(E, [GeV])
earth

@ Results of the Pierre Auger
Observatory...

Th. Pradier (University of Strasbourg) ESC 2011 - Neutrino Astrophysics



Fermi

m

Neutrinos and Cosmic-Rays

Different Scet
Active Galactic Nuclei...

Extra-Galactic Sources

@ 20 out of 27 CRs with E > 57EeV correlate within 3.2° with
D < 75Mpc)

AGNs from Véron-Cetty&Véron Catalogue (292 AGNs with

@ ...VCV Catalogue incomplete

nearby

@ Significance of effect has decreased with time...(68% to 38%)
o Correlation is not a proof of causality !
Th. Pradier (University of Strasbourg)
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Neutrinos and Cosmic-Rays

Fermi Mechanism Different Scenarios Extra-Galactic Sources Galactic Sources

Active Galactic Nuclei...

@ 20 out of 27 CRs with E > 57EeV correlate within 3.2° with nearby
AGNs from Véron-Cetty&Véron Catalogue (292 AGNs with
D < 75Mpc)

e Significance of effect has decreased with time...(68% to 38%)
@ ...VCV Catalogue incomplete

o Correlation is not a proof of causality !

Th. Pradier (University of Strasbourg) ESC 2011 - Neutrino Astrophysics



Neutrinos and Cosmic-Rays

Fermi Mechanism Different Scenarios Extra-Galactic Sources Galactic Sources

Gamma-Ray Bursters...

2704 BATSE Gamma-Ray Bursts GRBs as neutrino sources

Fireball model for long GRBs
External Shock

[h2=E E | “The Flow decelerating |Vln
m?=E,E, Internal Shock

E,—~ small

.s E,—large
by -180
B ,,-;7'4«
e 3be B/,
Wy s
e
~10"cm
PeV neutrinos from internal shock
MeV neutrinos at collagse .
EeV neutrinds from external
- —— TeV neutrinos from inside the star shacks

-
107 10° 10° 10*
Fluence, 50-300 keV (ergs cm?)

PeV-EeV neutrinos from flares

Gamma-Ray Bursts

@ Isotropic in Distribution...
@ Cosmological : most distant z ~ 9, D ~ 13Gpc
@ Energy released up to 10%°erg ~ 10%L

Th. Pradier (University of Strasbourg) ESC 2011 - Neutrino Astrophysics 15 / 49



Introduction Neutrinos and Cosmic-Rays Neutrino Telescopes IceCube and Antares Surprises !

Fermi Mechanism Different Scenarios Extra-Galactic Sources Galactic Sources

Gamma-Ray Bursters...

Short GRBs Long GRBs

Binary Mergers : BH or NS Collapsars - massive star collapse

Th. Pradier (University of Strasbourg) ESC 2011 - Neutrino Astrophysics 15 / 49



Neutrinos and Cosmic-Rays

Fermi Mechanism Different Scenarios Extra-Galactic Sources Galactic Sources

Upper Bounds
Bounds for extra-galactic sources

@ Waxman-Bahcall upper bound :

o E*9Y ~ 10*erg/Mpc®/yr from observed CR fluxes
o Assume optically thin sources and evolution with z

@ Mannheim, Protheroe, Rachen (MPR) Bound :

o Different injection spectra, optically thin/hidden sources

-4

T

'

]

T -5 Frejus 1
@« present work:
b TPl

§ A
>

3

(&)

§ W&B Bound
-

X

50

2

k]
log(E/GeV)
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Neutrinos and Cosmic-Rays

Fermi Mechanism Different Scenarios Extra-Galactic Sources Galactic Sources

Upper Bounds

Bounds for extra-galactic sources

@ Optical depth é = e~ 7, measures how opaque is a medium to a
radiation

e dl = —rkpldl, with k opacity in cm?/g, p density of medium
o Finally £ = Hip and 7 = [ kpdl = [ nodl, with n number density, o
cross-section

= 7 = number of mean free paths through medium
@ Optically thin 7 < 1
o 1 km of Earth atmosphere : k ~ 10~ *cm?/g, p ~ 10~ 3g/cm’,
7~ 1072
= Double the material, double the exctinction
@ Optically thick 7> 1
o 1 km of polluted city atmosphere : k ~ 0.1cm?/g, p ~ 10~ 3g/cm®,
7~ 10
= No radiation, except outer layers and blackbody

Th. Pradier (University of Strasbourg) ESC 2011 - Neutrino Astrophysics



Neutrinos and Cosmic-Rays
Fermi Mechanism Different Scenarios Extra-Galactic Sources Galactic Sources

Upper Bounds

Bounds for extra-galactic sources

o Controversial but E2¢, <107 8GeV.cm2.s71.sr71

o ®ITP(E > 1TeV) ~ 10 Hem 2571

@ With a v cross-section € 10735 —10733cm? for E ~ 1TeV — 1PeV ...
= Needs large detection volumes!

10°
10°
" 10°
o
f 10 -
=) L. ’\Charged Current
s 5 o
. 10 Neutral Current
2\ 10
3
Il G.

1 L i i
10" 10" 10" 10" 10" 10" 10" 10" 10" 10"

FE, (eV)

Th. Pradier (University of Strasbourg)

ESC 2011 - Neutrino Astrophysics



Introduction Neutrinos and Cosmic-Rays Neutrino Telescopes lceCube and Antares Surprises !

Fermi Mechanism Different Scenarios Extra-Galactic Sources Galactic Sources

The TeV Gamma-Ray Sky

Th. Pradier (University of Strasbourg) ESC 2011 - Neutrino Astrophysics 17 / 49



Neutrinos and Cosmic-Rays

Fermi Mechanism Different Scenarios Extra-Galactic Sources Galactic Sources

The TeV Gamma-Ray Sky

How to compute a v Flux from ~-Ray Observations

Hypothesis : TeV emission dominated by 7° decay...

Parametrisation of 7 production in hadronic interactions

Proton Injection Spectra —Z =k (lTeV) e (cut-off)

Results in :

£

- _ /v
Ny K, (E,y/l,> +/ . e

E./\ 17eV

k, ~ (0.71 — 0.16a)k,, I, =T, =~ a— 0.1, ¢, = 0.59%, ~ €,/40
AssumEtions : no 7y absorption, low radiation and matter density,
weak B...

Th. Pradier (University of Strasbourg) ESC 2011 - Neutrino Astrophysics



Neutrinos and Cosmic-Rays

Fermi Mechanism Different Scenarios Extra-Galactic Sources

Galactic Sources

The TeV Gamma-Ray Sky

How to compute a v Flux Ray Observations

N E, \
'Y/ L k / 'Y/ v e
= Ky /v
E 1TeV
TN RX J1713.7-3946 T Vela X
s ESQ " HESS data K * HESS. data
: r ~N ------- fitted y spectrum : ~ - fitted y spectrum
CIRT i \\ — calculatedv spectrum e N calculated v spectrum
E ; ~ — — mean atm. v spectrum E — — mean atm. v spectrum
i3 L %
“ W
10"
1012
10—13 Il
10" 1 10° 10*
E (TeV) E (TeV)

Th. Pradier (University of Strasbourg) ESC 2011 - Neutrino Astrophysics



Neutrinos and Cosmic-Rays Neutrino Teles es IceCube ntares Surprises !

Fermi Mechanism Different Scenarios Extra-Galactic Sources Galactic Sources

In the Galaxy...

Superior
njienetion
o

Inferior

conjunetion
L]
$=0.716

observer

Studied at Observatoire de Strasbourg
Compact Object (BH or NS) fed by a massive star
Particles accelerated in jets or in accretion disk
Nature or primary particles unknown !
A few of them observed in v : HESS, MAGIC, VERITAS

LS5039 : Phasogramm shows orbital motion in flux and spectrum

Th. Pradier (University of Strasbourg) ESC 2011 - Neutrino Astrophysics 17 / 49



Neutrinos and Cosmic-Rays

Fermi Mechanism Different Scenarios Extra-Galactic Sources Galactic Sources

In the Galaxy...

-
w =10
i [ F INFC
g 'E L o . .4 D45<$=09
< s | :
= 8
o 8 L
) @
= "“- r
3 W
- 107
A E SUPC
- F $=0.45 and p=> 0.9
10 Ll Ll
10" 10" w0 0+
ElaV}

Studied at Observatoire de Strasbourg
e Compact Object (BH or NS) fed by a massive star
@ Particles accelerated in jets or in accretion disk
@ Nature or primary particles unknown !
@ A few of them observed in ~ : HESS, MAGIC, VERITAS
@ LS5039 : Phasogramm shows orbital motion in flux and spectrum

Th. Pradier (University of Strasbourg) ESC 2011 - Neutrino Astrophysics



Introduction Neutrinos and Cosmic-Rays Neutrino Telescopes lceCube and Antares Surprises !

Fermi Mechanism Different Scenarios Extra-Galactic Sources Galactic Sources

In the Galaxy...

The Galactic Plane - visible with Antares !
@ Lots of New Sources discovered by HESS

Th. Pradier (University of Strasbourg) ESC 2011 - Neutrino Astrophysics 17 / 49



Neutrinos and Cosmic-Rays

Fermi Mechanism Different Scenarios Extra-Galactic Sources Galactic Sources

In the Galaxy...

<
o
=
P g
E - : ] .
% L 1 | 3-23"53
> 4001 ! !
& 4007 i
. iy
300 : : 2900
g il |
r 1 I
200 i
r | 29°02]
100
b EI T
o ™, S T Ty e ey e Py
0.4 0.7 0 . & 17457500 17°45M40°  17°45730°
Galactic Longitude (%) Right Ascension

The Galactic Centre - only visible with Antares

@ Sgr A* (radio source) on the position of a SuperMassive Black
Home (M ~ 3 x 10°M)

@ Sgr A* emits X-rays - HESS J1745-290 very close !

@ No coincidence of X-Ray flares and ~-rays observed
Th. Pradier (University of Strasbourg) ESC 2011 - Neutrino Astrophysics




IceCube and Antares Surprises !

ion Neutrinos and Cosmic-Rays Neutrino Telescopes

Fermi Mechanism Different Scenarios Extra-Galactic Sources

Galactic Sources

In the Galaxy...

-~ 03 e
w2 025

e 025 |

o -

> 02

K]

bl 1+

X 0.5 Blazar 1E51959+650
= -

“;J 01 | &

<
® 005 | ﬁ.& | |
-2
x10" | | | | |

o 1 2 3 4
Whipple Flux (Crab Units)

Dark Sources?
@ Several sources observed only in 7, no radio, no X-Rays

@ Orphan Flares
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High-Energy Neutrinos :

Neutrino Telescopes, How they
work...




Neutrino Telescopes

Detection Principles Neutrino Interaction Muon Propagation Muon Detection Reconstruction and Analysis Radiation Media

Detection of Cosmic Neutrinos

atmospheric muons

muons induced
by atmospheric
.. Meutrinos

08 06 04 02 0 02 04 06 08 1

Cos(©,)

|dea of Markov (1960)

@ we propose getting up an apparatus in an underground lake or deep in the ocean in order to separate charged particle direction

by Cherenkov radiations
@ Interaction v, + N — p+ X with R, ~ 1 — 10km in 1 TeV-1 PeV
o Effective volume of detection increases with energy

o Colinearity of p with v increases with energy = astronomy

Th. Pradier (University of Strasbourg) ESC 2011 - Neutrino Astrophysics



Neutrino Telescopes

Detection Principles Neutrino Ir ! Muon ation Muon Detection struction and Analysis 3 ion Media

Detection of Cosmic N

Optical Cherenkov Atmospheric showers Radio Acoustic
In lce In water Earth based  In space Earth based  In space
AMANDA B-10  Baikal Auger EUSO RICE ANITA SAUND
AMANDA I OWL GLUE  FORTE SADCO (Greece)
ANTARES SalSA ANTARES R&D
IceCube NEMO CODALEMA IceCube
NESTOR : ARIANNA AUTEC
M AGAM
KM3NeT
Lectures on CRs

E~TeV - PeV E~1-10EeV E~EeV - ZeV

u}
L)
I
il
it
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Neutrino Telescopes

Detection Principles Neutrino Ints ] Muon P ation Muon Detection Reconstruction and Analysis Radiation Media

Detection of Cosmic Neutrinos
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Neutrino Telescopes
Detection Principles Neutrino Inter

Muon pagation Muon Detection

struction and Analysis

Acoustics and Radio

Attenuation Lengths :

water ice salt

optical EM optical
Cerenkov (Cerenkoy) ~50 m ~100 m -0
EM radio
~0 ~fewkm | ~1km(?)
(0.1-1.0 GHz)
radio acoustic )
?(la ?(la
Cerenkov (10kHz) (large) (large)

= hadronic shower (or
EM shower for v, CC
interactions)
o ) v v,
—~((((((F))))))- s
-\ d i W.Z
i
: L N hadrons
! incoming neutrino
[} = =
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Neutrino Telescopes

Detection Principles Neutrino Inte o uon Propagation Muon Detection Reconstruction and Analysis diation Media

Acoustics and Radio

1200

1000

4—(100 TeV pions in sea—watel‘)

A)ISudp A319ud dAD B[

o
01519
LY = T00TeV 1
F [\ — 100TeV_2
F — 100TeV_3
0.1 — 100TeV_4
3 w0 2 — 100TeV 5
S E 1=
" 05—
< 0.
=~ o
N E
5 F
400 S n
N B
005k
w0 g M
01 i
0 b i Y, i
20 15 10 5 0 5 10 15 20 0.6643 0.66435 0.6644 0.66445 0.664%
Flew) Time/s

@ R&D in Antares (Germany, Marseilles)
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Neutrino Telescopes

Detection Principles Neutrino Inte o Muo opagation Muon Detection nstruction and Analysis diation Media

Acoustics and Radio

0.50 T T T
R=2km R=1 km
< 000 L .|“‘
\n_)/ Ll
-
g
B om0 1 f f 1
2 =05 km R=0.25 km
8
=
0.00 ' % T ¥ “; +
o 125 250 0 125 250
time (ns) fime (ns)
Askaryan Effect - used in Codalema, LOPES
@ Coherence length Az along Oz axis of shower : fields arrive simultaneously at distance R if % =vcosf = £

2 i
@ But I varies : %2 =2 75'??29

B -2
Coherence implies AR = %wAtZ <A
R2

("]
_ ~ MAR
@ Az = vAteop & Sno
= Optical domain : Az < a, emitting zone around maximum
=

Radio domain : Az > a
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Neutrino Telescopes

Detection Principles Neutrino Interac Muon Propagation Muon Detectio Reconstruction and Analy

Acoustics and Radio

Radiation Media

balloon at ~37km altitude

cascade produces
UHF-microwave EMP antenna array
?‘/ on payload

N J
{01100 EqY neutrings v, #a"

~T700km to horizon

observed area:
~1.5 M square km

neutrino

enters
moon

ANITA - GLUE

Th. Pradier (University of Strasbourg) ESC 2011 - Neutrino Astroph:



Neutrino Telescopes

Detection Principles Neutrino Interaction ropagation Muon Detection Reconstruction and Analy Radiation Media

Event Rate & Detector Size

Event Rate N, & Luminosity needed

N, o @, X Papsorption (8, E) X o, X R, x A,

cross-section 4 range  Effective Area for u

®  Ang(v.jiep)<1.0deg Events —
= B ANG(¥,jir)<0.3 deg Events s
E 4 Selected Events --
E == e
F . E e
Ay, [KmT] - ==
— -
o -
.
- -
; o
o =D
=‘.=—-—_q_ 1 1 L 1 =
2 3 4
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Neutrino Telescopes

Detection Principles Neutrino Interaction Muon Propagation Muon Detection Reconstruction and Analysis Radiation Media

Event Rate & Detector Size

Event Rate N, & Luminosity needed

Nl/ X ¢u X Pabsorption(ea E) X Oy X R,u, X A,u,
~ ~~
cross-section W range Effective Area for p
v

d 2 E 11—« AT —1
L, = 4nd?*®d, ~ 10N, Y z ore/s
" 4Gpc ) \100TeV km2yr /

@ aw~1for E, <100TeV, o ~ 0.5 above 100 TeV
e Blazars ~ Gpc, L ~ 10" erg/s = A, ~ 1 km?
@ Galactic Sources L, ~ 103 erg/s for A, ~ 0.1 km?

Th. Pradier (University of Strasbourg) ESC 2011 - Neutrino Astrophysics



Track :

Good angular resolution
(<0.3° @ E>10TeV),
poor energy resolution
(factor 2-3)

Shower :

Good energy

resolution ~30%,

poorer angular
resolution >1°




Neutrino Telescopes

De Principles Neutrino Interaction Muon Propagation Muon Detection Reconstruction and Analysis Radiation Media

Number of detected muons...

For area A and observation time T
o Nu(0)=AT. [ &,(E,0)dE,P,.Ps

e ®,(E,,0) neutrino spectrum

e P,_,, Probability to produce a detectable muon with E,, > Ej,
@ Pg Earth transparency to HE neutrinos

Producing a detectable muon
® Py [ SERI(E), Emin)dE

@ R; range of muon of energy E; before it reaches Eiy

° g—g differential interaction cross-section...

Th. Pradier (University of Strasbourg) ESC 2011 - Neutrino Astrophysics



on Neutrinos and Cosmic-Rays Neutrino Telescopes IceCube an ares Surprises !

Detection Principles Neutrino Interas Muon Propagation Muon Detection Reconstruction and Analysis Radiation Media

Interaction in Rock/Water/Ice

(1-yE=E
Q =-(k-KY ~M,

YE

Deep-Inelastic Scattering

e 2G2mnE, [ M2, \2 _
=T (ﬁ) [xq(x, @) + x@(x, Q*)(1 — y)?]

@ my, My, nucleon and boson mass
@ Q transfer momentum, v = E,, — E; hadronic energy in lab-frame

2 . .
o X = 20 momentum fraction carried by parton
myv
4
Y=g
”
24 / 49
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Neutrino Telescopes

Detection Principles Neutrino Interaction Muon Propagation Muon Detection Reconstruction and Analysis Radiation Media

Interaction in Rock/Water/Ice

v, and anti-v, CC Cross Sections

2,

log,o[c (m7)]

-37

8
T T T T

- CTEQ3D

7 8 -
log,[E. (GeV)]

Deep-Inelastic Scattering

@ o,y x E, below 5 TeV
@ o,y x E%* above 5 TeV

e Pointing : /< 07, >~ \/E" :><9>%%

@ Colinear at high energy !

Th. Pradier (University of Strasbourg) ESC 2011 - Neutrino Astrophysics



Neutrino Telescopes

Principles Neutrino Interaction Muo agation Muon Detection wstruction and Analysis Radiatio

Interaction in Rock/Water/Ice

ansmission through Ear

@ Py =e !/} where \=* = pNao,(E,)
12 ! ' ' ' ' Absorption probability in the Earth vs E,
(for CC interactions only)
—~ 10 B T T T T T T T T T
? 1 b 4
£ 8 E i
v,

ENE : e
Qa4 E R vu,e

SF Earth density profile 1

001000 2000 3000 4000 ‘5000 6000 -

R (km) Tl |
. S 2

—~ 1f a” " @ cos(6)=0.1
g o.8f @ cos(0)=0.4
g o | Earth thickness vs nadir angle ® cos(9)=0.7
o @ cos(6)=1.0
o o.4f 1 2
Zo.2f E 0 - E

%0 5.10.20.30.40.50.60.70.80.9 T2 3 4 5 6 7 8 9

cos(6) log,o(E,, GeV)
v

[} = =
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nciples

Neutrino Intes

Neutrino Telescopes

Muon Propagation

Muon Detection

Reconstruction and Analysis

iation Media

Energy Losses

@ lonization and atomic
excitation : interactions with
electrons in the media
(continuous) - minimum at

2MeV /g /cm? T g
o Radiative - discrete and 3
stochastic s
T
e Bremmsstrahlung : g

accelerated particle through
field of atomic nuclei oc 1/m?

e Pair production : ¥ T —TTT
w+N—ete”

o Photonuclear : inelastic
interaction of muon with
nuclei, produces hadronic
shower

10000

PRI |
X 100 1000
Muon momentum (GeV/c)

PR BRI B

ESC 2011 - Neutrino Astrophysics
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Neutrino Telescopes

Muon Propagation Muon Detection struction and Analysis Radiz

10 SRELLLERIL R AL |¢| 10 E T T T T T T T T T T
= E total E
§ [ Rock 3 _ £ Water total /
= L i ] £ - g
& % /! 2L -
= - | B E 3
5 créatich de pairg f’ 3 [} E 3
§ £ % / 7 = ]
10 /- ] gw E 3
E 7 E E
E Photonuclé ai r hotonucléaire 7
L J 2
10° L .—‘ onisatiy 10 % ionisation
r A g | ] 10° L i
10° E 3
? _‘_ L breemsstfahiung ]
£ ] 10 H
10 ¢ vl ol vl vl o u_ ?lrw v ol ol o 8
100 0t 107 10° LA [V [ A
E, (GeV) E, (GeV)

Energy Losses and muon range

o —% — 3(E) + b(E)E

u}
L)
I
il
it
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Neutrino Telescopes

Det n Principles Neutrino Intes o Muon Propagation Muon Detection Reconstruction and Analysis Radiation Media

Energy Losses

- Decay length, T

— R,yin standard rock, ©
++ Ry in sea water, ©

— R, in standard rock, u

10 - Ryyin sea water, i

10’ 10°
E (GeV)

Energy Losses and muon range

@ Muon Range R, = fOE%dEz E_dE__ 7 log <1+ E£> with

0 at+bE
E. = a/b critical energy
@ For upgoing muons, the interaction volume is much larger than
instrumented volume !

Th. Pradier (University of Strasbourg) ESC 2011 - Neutrino Astrophysics



Det n Principles Neutrino Inte

Cherenkov Effect

Neutrino Telescopes

Muon Pr o Muon Detection 1struction and Analysis

Radiation Media

[
\

e . /Nfucz of Mach cone
woo S
IV > O\
/ // (ﬁ\.\ } )(‘ s i

Al
<b>\(‘/(

e

™

Charged Particle with velocity > phase velocity of light

o = speed of particie

£ opesi of radiat

® v > < or 3> 1 refraction index

@ Coherent emission along a cone of 6¢ ~ constant

@ Oc ~ 1° in air, ¢ ~ 43° in water, 0¢c ~ 41° in ice

Th. Pradier (University of Strasbourg)
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Neutrino Telescopes

Detection Principles Neutrino Interaction Muon Propagation Muon Detection Reconstruction and Analysis Radiation Media

Cherenkov Effect

Charged Particle with velocity > phase velocity of light

c 1 . .
@ v > = or 3> . refraction index
@ Coherent emission along a cone of f¢ ~ constant
@ Oc ~ 1° in air, ¢ ~ 43° in water, O¢c ~ 41° in ice

Th. Pradier (University of Strasbourg) ESC 2011 - Neutrino Astrophysics



Neutrino Telescopes
Dete Principles Neutrino Interaction Muon Pr Muon Detection construction and Analysis Radiatic

Cherenkov Effect

Number of Photons
d2N 2ro 1 2T
= = (1 —— ) ~ S sing?
dxd) N2 ( n252) sin?

@ Between 300-600 nm, 9¥ ~ 350 photons/cm
LN~ 370sin? Oc(E)eV Lem™! ~ 1074 x 2MeV/ /cm
@ But directional effect!

Th. Pradier (University of Strasbourg)

ESC 2011 - Neutrino Astrophysics



Neutrino Telescopes

Detection Principles Neutrino Interaction Muon Propagation Muon Detection Reconstruction and Analysis Radiation Media

Event Topologies

Muon neutrino

a) E,=10 TeV ~ 90 hits

b) E,=6 PeV ~1000 hits

E ~dE/dx, E> 1 TeV

Energy Res. : log(E)~0.3
Angular Res.: 0.8 -2 deg

Electron neutrino

E=375TeV

Energy Res. log(E)~0.1-0.2

Poor Angular Resolution

Tau neutrino

E=10PeV

: T— v thadrons

Double-bang signature
above ~ 1 PeV

Very low background
Pointing capability

Best energy measurement

Th. Pradier (University of Strasbourg)
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Principles

Neutrino Intera

Neutrino Telescopes

Muon Detection

Reconstruction of the track

Muon Track

Reconstruction and Analysis

Optical Module

ttheory -

t0+%(/— &

tan O¢
1 k

+7g (Sin 95)
@ 5 parameters :

to, 97 ¢a X0, Y0
Th. Pradier (University of Strasbourg)

Radiation Media

]
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Neutrino Telescopes
Muon Detection Reconstruction and Analysis

Radiation Media

ation

10°L
2 joi
z [ E,=TeV
s
5107
s F
2 F Scattered e- and photons o Few of phOtOﬂS are
- direct !
. @ Impact on angular
resolution

Q 20 40 60 80 100 120 140
t(reco)-t(true)=residual (ns)

Optical Background

ESC 2011 - Neutrino Astrophysics
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Neutr

Detection Principles Neutrino Interaction

Neutrino Telescopes

Muon Propagation Muon Detection Reconstruction and Analysis

Atmospheric 1 (downward) event

Zenith: 1443
Fiton 11 line(s)

FTITITE

Run 34457 Frame 40952
MonJun 203:30:15 2008
Trigger bits 80002020

Line 1-12 Physies Trigger (t

58 phoons

¥

PR )
e

-

7
i

yuyu b4

PEERE RN

NTTTTITT N,

siiyey kY
b

TITITI G

Th. Pradier (University of Strasbourg)
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Neutrin “osm s Neutrino Telescopes “ube and

Detection Principles Neutrino Interaction Muon Propagation Muon Detection Reconstruction and Analysis Radiation Media

Atmospheric v (upward) event

pra T o Run 34927 Frame 7155

= G I o e Wed Jun 18 00:08:10 2008

o + * o R Trigger bits 80002020

Zenith: 34.8 oo -t 1 Line 1-12 Physics Trigger (th{
Fiton 5 line(s) = i + e

ped LR

- = 123456 photons
P P hi4 e i o
P +, o SO o By o .
P = + P ot i
P 0 ) e 7t e e s 2 e e e S 3
- - palEs N [ [ 0 x
o P J " o
o 3 i 3
[ 0 - oz = n it 52 o
p p - o p i
. e - 2 o U 72 .
e i e 1 e Jor :
= & = S |13 P o O
- + + ... + - - =
o P / " o

H ¥ Fal

= =

P i o

= - o

P - SEE

7
. - .
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Detection Principles Neutrino Inte Muon Prs o Muon Detection Reconstruction and Analysis Radiation Media

Atmospheric or Cosmic?

v"lalm o E-3,7

log (dN/dE)

Vpcosm o | DR

Cut on Energy

Energy

~TeV

Look for an excess at high energies...= need good energy resolution

ESC 2011 - Neutrino Astrophysics
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Neutrino Telescopes
Radiation Media

Detection Principles  Neutrino Interaction ~ Muon Propagation  Muon Detection  Reconstruction and Analysis

Atmospheric or Cosmic?

Methods to distinguish between Atmospheric and Cosmic Neutrinos... J

Tibet-ll

lceCube-22

20 TeV

Look for anisotropies/excess around chosen J Confirmation with other

sources = need good angular resolution messengers : GRBs, optical
follow-up, gravitational

waves...

Th. Pradier (University of Strasbourg) ESC 2011 - Neutrino Astrophysics 30 / 49



Neutrino Telescopes

Detection Principles Neutrino Interaction Muon Propagation Muon Detection Reconstruction and Analysis Radiation Media

Different radiators...

1
I(r) o — e R/ ase

@ Note the 1/R because light on a cone, not on a sphere! (not so
easy to demonstrate!)

; 11 1
@ Here Attenuation length : p vl v sl wswn

Medium Attenuation  Absorption  Scattering Af 10 TeV

Sea water 40-50m 50-60m >200m 0.2°
Lake Baikal 20m 15-30m >100m 1.5°
Polar Ice 100m 25m 3°

@ Ice : no current, no bioluminescence, no § decay from salt

o Water : less scattering, better angular resolution

Th. Pradier (University of Strasbourg) ESC 2011 - Neutrino Astrophysics



High-Energy Neutrinos :

Neutrino Telescopes - IceCube and
Antares




Introduction Neutrinos and Cosmic-Rays Neutrino Telescopes IceCube and Antares Surprises !

Structures Selected Results Multi-Messenger Approaches

Neutrino Telescopes in the World...

Antares ) . . .
Baikal (Siberia)
complete 2008}
) 2 PF

7

IceCube (South Pole)

Th. Pradier (University of Strasbourg) ESC 2011 - Neutrino Astrophysics 33 /49




IceCube and Antares

Structures Selected Results

Multi-Messenger Approaches

Neutrino Telescopes in the World...

ANTARES
E>75%

O 25%-75%
O<25%

TeV y-Sources
@ galactic
® extragalactic

IceCube
= 100%
O 0%

@ 0.57 sr instantaneous overlap

@ 1.57 sr integrated overlap

Th. Pradier (University of Strasbourg) ESC 2011 - Neutrino Astrophysics



IceCube and Antares

Structures Selected Results Multi-Messenger Approaches

lceCube

P R

IceCube Lab

IceToy
‘/91 Stations, each with
2 lcaTop Charenkov detector tanks
2 aptical sensors per tank
324 optical sensors

‘ | IceCube Array
86 strings including 8 DeepCore strings .
60 optical sensors on each string

| | 5160 optical sensors

December, 2010: Project completed, 86 strings

1450m

DeepCare
B strings-spacing oplimized for lower energies
480 optical sanaors

Eiffel Tower
L |324m

2450m

2820m

1C59:2008-9
1C79:2009-10
1C86:2010-11

Th. Pradier i ity of Strasbourg) ino Astrophysics



IceCube and Antares

Structures

lceCube

Amundsen-Scott South Pole Station

runway

South Pole AMANDA—H/

Th. Pradier (University of Strasbourg) ESC 2011 - Neutrino Astrophysics 34 /49




IceCube and Antares

Structures Selected Results Multi-Messenger Approaches
Antares

* 12 lines
« 25 storeys/line

* 3 PM / storey @@ANTARES 9 arXiv:1104.1607v]]

*885PM g L " Acgepted in NIM-
o3
+&

Instrumentsifor

* positions of PM_— O(j] Ocm)#
* orientation of PM

*Time caliration™~O(ns)

1
Junction Box

2500m below sea level

Th. Pradier (University of Strasbourg) ESC 2011 - Neutrino Astrophysics 35/ 49



IceCube and Antares

Structures Selected Results Multi-Messenger Approaches

Antares

Th. Pradier (University of Strasbourg) ESC 2011 - Neutrino Astrophysics 35 / 49



IceCube and Antares

Structures Selected Results Multi-M; ger Approaches

Antares
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IceCube and Antares

Structures Selected Results Multi-Messenger Approaches

Antares

Th. Pradier (University of Strasbourg) ESC 2011 - Neutrino Astrophysics



Structures

Selected Results

Some “Calibration” Results...

[[iceCube preiminary

28000

275001

Events

27000

IceCube and Antares

Multi-Messe

Z+ +

y 4 H

TR

f

+

L
-20 -10

n
0 10
(@evt = @Moon) €OS Ooon  (degrees)

Vertical Intensity (cm™® s sr')

100 =

¥
&+
o

LIEN )

Gl SN

ANTARES § ines-tns ananain
ANTARES 1 line

ANTARES S ines-urenergy
oI peram.

Amanon

AmanDan
BakAL
U
NESTOR
HEMD

==

Th. Pradier (University of Strasbourg)
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IceCube and Antares

Structures Selected Results Multi-Messenger Approach

Some “Calibration” Results...

—— Frejus

— Superk

—— AMANDA Il Forward
—— AMANDA Il Unfolding
—— IC40 Unfolding

3 -8 -
B E 17 :ﬁ
- ‘v
>
3 8 *,
8 3
.%._ 1¥ g _H—
R

ol oo ol ol cod ool ol o

17

5
Log, (E,/GeV)

@
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IceCube and Antares

Structures Selected Results Multi-

Diffuse Fluxes

Ay :II\I'IIII‘I\\IIIII\\\\II\II\\I\II\\II\\:
- = =
w — -
F'm 10° 1) AMANDAI Atmospheric v, 138Td = ===« Bartol + Naumov RGPM

o 2) W  AMANDAIIv, unfolding (2000-2003] —....... Henda + Enberg Min o
g 10-4 3) — AMANDA-Y 807 d = = = Waxman Bahcall Prompt GRE(10 3
% 4) mm— ANTARES v, 0709 -7(-- Blazars Stecker SRR
(U] 1075 5) ——— IC40 Atmospheric v —— - Waxman Bahcall 1938 x 12 (12 _:
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IceCube and Antares

Structures Selected Results Multi-Messeng

Diffuse Fluxes

Antares 2007+2008 preliminary

E,': F + data
©10°; —total MC
g o —vMC
= Antares + relimina
g 10 % —LL MC nt: 2007+2008 pi ry [
Q C
10°-
10%
105
1
Al [
10 -1 -0.5 0 0.5 1
cos(zenith angle)
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IceCube and Antares

Structures Selected Results 1ger Approach:

Diffuse Fluxes

—_
0107 preliminary (205 days) jivity
qE E o ico2(sdays) o MACRO (2300 days)
; v Superk(2623days) - Amandall (1357 days)
©10° .
o E ¢
N ) F . .
- - - ] e F .
imi o =06
‘ preliminary | c 10
o8 o B
a8 = . d
A N s o Tdbgl =107 -
ul' 'N\J_;_"' et
W N ‘2l L
-0.5 - w7
: 10°¢ b
1.5 F
2E B S I S S A B
~20 40 60 80 100 120 140 160 180 -80 -60 -40 -20 0 20 40 60 80
angular distance A Q [deg] declination (deg)
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IceCube and Antares

Structures Selected Results Multi-Messenger Approaches

Extremely-High Energies

¥
107 = GZK 1
J— I GZK2
in
5l --- GIZK3
=107
- I - GZK 4
5] --- GZK 3
& 106 GZK 6
o 10
5]
S T
é yVB bound
e
ﬁ 1078 — 1C40 3335 days) =
= —— c-22
r;e“ = ANITA
& 107 = PAO ]
> RICE i
Lol == AMaNDa
1074 6

logm(Energy/GeV)
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IceCube and Antares

Structures Selected Results Multi-Messenger Approaches

Anisotropies ?

Milagro + IceCube TeV Cosmic Ray Data (10° Smoothing)

EE : S |
-12 -8 -4 0 4 8 12
significance [«]
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IceCube and Antares

Structures Selected Results Multi-Messenger Approaches

Gamma-Ray Bursts and Supernova SN2008D

~— AMANDA
== ICECUBE-22 -
= ICECUBE-40 'aa
— 100}/ -~ Waxmen &Bahcall ~
T - IC40 Guetta et al. 10 'n
g 0
z g
o 2
8 <2
B =
% 10 @;
B
o
=)
o 37
10 10° 10° 10" 10 1 10
E, [GeV] E/Es s
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IceCube and Antares

Structures Selected Results Multi-Messenger Approaches

Flare of the Crab Nebula in September 2010

X

-~

=)
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-
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L L L L L L O

Flux [ phs'cm?]
) ©
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nN

o by by v by by w o by v by by ay
55440 55445 55450 55455 55460 55465 55470 55475
Time [MJD]
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IceCube and Antares

Structures Selected Results Multi-N ger Approach:

Flare of the Crab Nebula in September 2010
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IceCube and Antares

Selected Results Multi-

Time-(In)Dependent Point Source Searches
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IceCube and Antares

Structures Selected Results Multi- er Approaches

Time-(In)Dependent Point Source Searches
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IceCube and Antares

Structures Selected Results Multi-Messenger Approaches

Correlations with other messengers...

GeV-TeVy-rays
Fermi/HESS...

in Strasbourg

In Marseilles (CPPM) in Strasbourg (IPHC)| -
+ Paris (APC)

Th. Pradier (University of Strasbourg) ESC 2011 - Neutrino Astrophysics



High-Energy Neutrinos :

Perspectives...




Introduction Neutrinos and Cosmic-Rays Neutrino Telescopes IceCube and Antares

Cosmological Neutrinos Neutrino Masses

Relic v and UHE v

Neutrino Cosmological Background : 10s after Big-Bang !

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern  Dark Ages Development of
400,000 yrs. |

Inflation

1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years

Th. Pradier (University of Strasbourg) ESC 2011 - Neutrino Astrophysics
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Cosmological Neutrinos

Relic v and UHE v

Neutrino

Surprises !
P R R R B T e R P R e R R
KoleV] KoleV] KoleV]
1 _ 1 1
0.9 0.9 0.9
08¢F 08¢ 0.8F
0.7 07 0.7F
P R R R S WSRO P T R By
KoleV] Ko[eV] Ko[eV]
Dip in Neutrino Spectrum...
m] = = =
Th. Pradier (University of Strasbourg) ESC 2011 - Neutrino Astroph:




Cosmological Neutrinos Neutrino Masses

An example of GW-v Coincidences : Type Il SN

G ravitational
Waves

\/\M\/\,W

Neutrinos

melsec)

SN de type Il

Surprises !

Conclusions

2 2
. ~ L myc? 10MeV
e m, 7é 0: 5tpr0pagation ~ 5.15ms (m) ( TeV ) <E_V)
° EVSN ~ MeV, 5tGW_V£1ash < 0.5 ms
= Limits on v absolute mass scale from Atew_.

N. Arnaud,..., Th. P. - Phys.Rev. D65 (2002) 033010

Th. Pradier (University of Strasbourg) ESC 2011 - Neutrino Astrophysics




Cosmological Neutrinos

Neutrino Masses

Conclusions

An example of GW-v Coincidences : Type Il SN

\ 7
I

i

A

i

m=0,5,6.1,10,15 eV
!

Collapse of NS into BH induced by accretion
=- Sudden stop of neutrino signal
= Strong GW Signal

= Limits on v absolute mass scale from Atcw_.

J. F. Beacom et al. - Phys.Rev. D63 (2001) 073011
Th. Pradier (University of Strasbourg)
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Surprises !

Cosmological Neutrinos Neutrino Masses Conclusions

Fundamental Physics at High Energy

Eqc

@ Quantum Gravity : ¢’p® = E? [1 +¢ (L) +0 (
QG

= |Atgs| ~ 0.15ms (ﬁ) (1 TeV) (mlz%) forz <1

S. Choubey & S. F. King - Phys. Rev. D 67, 073005 (2003)
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S s Neutrino Tel s E s Surprises !
Cosmological Neutrinos Neutrino Masses Conclusions

Expect the Unexpected...

The Fermi

AT 1FGL Source Catalog

1 hiess graszs0

st By o oy,

ASNel SNR
-Blazar .

AGN-Non Blazar PSR < PWN
No Association Starburst Galaxy PSR wiPWN
Possible Association with SNR and PWN | Galaxy Globular Cluster
Possible confusion with Galactic diffuse emission HXB or MQO

@ New instruments bring new sources !

o Neutrino Astronomy =  — ray astronomy 20...or 30 7 years ago !

Th. Pradier (University of Strasbourg) ESC 2011 - Neutrino Astrophysics




Surprises !

Cosmological Neutrinos Neutrino s Conclusions

Expect the Unexpected...

Instrument User Date Intended Use Actual Use
Optical Galileo 1608 Navigation Moons of Jupiter
Optical Hubble 1929 Nebulae Expanding

Universe
Radio Jansky 1932 Noise Radio
Galaxies
MW Penzias, Wilson 1965 Radio-Galaxies 3K CMB
X-Ray Giacconi 1965 Sun, Moon Neutron Stars
Binaries
Radio Hewish, Bell 1967 lonosphere Pulsars
y-rays Military 1960 Nuclear Tests GRBs
v Davis, Koshiba...  '50-'00 Sun v Oscillations
SN1987A
v

Th. Pradier (University of Strasbourg) ESC 2011 - Neutrino Astrophysics
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