Francis Halzen

|| University of Wisconsin

’ e ;', : .

”.fhttp:a/:f icetube.wisc.edu
| -

b hl'

The real voyage is not to travel to new landscapes,
hut to see with new eyes. ..
Marcel Proust
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Multi-Messenger ASte@ ([]111

) : , gravitational waves as

probes of the high-energy Universe

protons: directions scrambled by magnetic fields

v-rays : straight-line propagation but

reprocessed 1n the sources, extragalactic
backgrounds absorb Ey > TeV

neutrinos: straight-line propagation,
unabsorbed, but difficult to detect




* v astronomy requires
kilometer-scale detectors

® neutrinos and gamma rays

e may as well do particle physics



cosmic heutrinos associated

with cosmic rays




Galactic and Extragalactic Gosmic Rays
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>>> energy in extra-galactic cosmic rays:

~ 3x10-19 erg/cm3 or
~ 1044 erg/yr per (Mpc)3 for 1010 years

3x103° erg/s per galaxy
3x104* erg/s per active galaxy
2x10°2 erg per gamma ray burst

>>> energy ih cosmic rays ~ equal
{o
the energy in light!

1 TeV = 1.6 erg



Neutrino Beams: Heaven & Earth

Y proton
0 accelerator P

o target

directional
beam
p, €~

i

magnetic
fields

p+y->n+xt
~ COSMIC ray + neutrino

->p + 7w’
~ COSMIC ray + gamma




black holes accelerate electrons: seen as synchrotron photon
e black holes accelerate protons: seen as cosmic rays

e black holes are surrounded by radiation fields and gases

> cosmic beam dumps exist

cosmic ray puzzle: which black hole ?
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®* heutrinos associated with the observed sources of
cosmic rays (and gamma rays)

e models of cosmic ray accelerators: 2 examples
e “guaranteed"” cosmic neutrino fluxes

- cosmic ray interactions with CMBR

- cosmic ray interactions in galactic plane,
in galaxy clusters, in the sun
- decaying EeV neutrons
- gamma ray burst
- RXJ 1713



Active Galaxy

*‘energy in protons ~
energy in electrons
 photon target observed
in lines
, >> few events per year km?

Radiation Field:
Ask Astronomers

Produces Cosmic Ray Beam?




Gamma Ray Bursts

Fireball: Rapidly expanding collimated jet of photons, elect
and positrons becoming optically thin during expat

Neutrinos produced:
- in external collisions with interstellar medium
- in interctions with the super'nova remnant
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Companion S

visible,
then radio

Stellar-mass up [ Stellar-mass
black hole 3 i / black hole

Accretion disk
(100 km)

Accretion disk = ! e
' 1 billion k
(1,000 km diameter) \ {1 billion km)

Host galaxy

Collapsar

%V Microblazar % Blazar j‘i?’ Gamma ray burst




log (E2(dI/dE)) (GeV cm=2 s~! sr-1)

Ultra High Energy Cosmic Ray Spectrum

AFly's Eye
OAGASA
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» Haverah Park
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e COSMoOgenic
heutrinos
are “guaranteed”

e 0.1- few events per
yvear in lceCube

P+ Yo @ T+n



2 X 1019 eV event in AMANDA and IceCube
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1.MACRO

2.AMANDA B10 v, (1997)

3. AMANDA-B10 UHE (1997)

4. AMANDA-II cascades (2000)
5. Baikal cascades 1998-2003
6. AMANDA-II v -analysis (2000)
7.AMANDA-Il UHE sensitivity !!

8. AMANDA v, -analysis (2000-
2003) sensitivity

preliminary!
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for oscillations!
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cosmic heutrinos associated

with gamma rays
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HESS: RK J1113 Spectrum

18 h 2003 data

resolution
~10 arcmin

where are
the electrons?




v-rays from =° decay discovered 2
[E,N,(E,)=¢] E N (E)

transparent 1 < 8 < ®

source
W=n"=m

v flux predicted

~ 20 per km
per year

accelerator
beam dump
hidden source)

observed y-ray fl

RX J1713-39
(galactic cent



2

Events per km

100

10

0.1

h

Neutrino event rate RX J1713. t;';“"‘: 10 TeV. E;'=50 GeV

1 LI I | 1 | 1 1 LI I 1 | 1 1 | 1 LI
HESS
3 CANGARO(O -————- E
- _"Ht.,‘l_-- .
: N :
~'~ ‘h-h
- ‘\ b -“-‘--‘--‘-\ 7
~_ -‘--“'-h
- . A g
: N : ]
C N, \.,_‘ i
— I.'\... -
Y
L \
. events per km2 per year Y
oo
1 1 1 1 l 1 1 1 1 1 1 1 1 l 1 1 1 1 1 “’. 1 |l

0.1 1
ES" [TeV)



Sensitivity of

Sensitivity to neutrinos

Gamm
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Air shower experiments
Cerenkov detectors in operation
Past experiments

Future experiments
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first-generation neutrino

telescopes
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detector e infrequently, a cosmic neutrino is
captured in the ice, i.e. the
neutrino interacts with an

ice nucleus

» -

e R e

e in the interaction a muon (or elect
or tau) is produced

uon or tau
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Baikal NT200

1100 m deep
data taking since 1998
new: 3 distant strings

Antares

March 17, 2003

2 strings connected
2400 m deep
completion: start 2006

Nestor

March 29, 2003

1 of 12 floors deployed
4000 m deep
completion: 2006



ANTARES

* 12 lines
e 25 storeys / line
* 3 PMT / storey

!
!

Junction /
box _/
1

40 km to
shore




“North”

Amundsen-Scott South Pole station

[not to scale]




e Up—going muon

e 61 modules hit

> 1 neutrinos/day
on-line

Color displays: LE
1009 4 |
1137

Primary Channels

2414
2542
2670
2798

2926

Size displays: ADC

<] <2 <3 <4 <5 <

Size scaling: Lin

6 <7 <3

<9 <I0

No cyiignal geometry file is opened.
Deteculy: amanda-b-11, 19 strings, 630 modules
Data fil§} events.f2k
File cont§ns 148 events.
Displayin}y data event 5676936 from run 199
Recorded W/dy: 2000/48

33373.796Q850 seconds past midnight.
Before cuts: 62 hits, 61 OMs
After cuts : 61 OMs

B hits,

Size ~Number of/ .
Photons



CC muon neutrino

interaction
— track

VM+N_>M+X

Colordispays: LE Prinaty Channels
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1968 050-3 (Kraushaar et al. 1972)

e effective area 4 cm? sources seen in

e 600 photons next mission!
SAS-2 100 cm?




at TeV energy
Neutrino area: 10~100 cm?

Muon area: ~ 10,000 m?

(geometric area 0.03—0.1 km?)

' [1000 m?]
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events from a flux ¢ (E,)
dN/AE = A ¢,

2 {Pearth 1 A } ¢

with Pu =3 Ru O, ~ 10°E

Tev

Av - Pear"l‘h Pu Au
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optimized for best sensitivity to E-3 — E-2 sources

3369 events




multiwavelength




Source: Makarian 421 (n,,(40d)=1 n,(4y)=6 nbg(4y) =5.58)
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Orphan flares

Only one orphan flare known

(1ES 1959+650, MJD 52429)
very short duration
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particle physics
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* Sun: resolution of solar neutrino puzzie

- v’s have mass
- John Bahcall understands how the sun shines

* Supernova 1987A: ~ 20 events only!

- confirmed basic scenario for the death of a star
- set records on neutrino properties

« Cosmic neutrinos? Discovery, but also
~ 10% atmospheric and ~ 102 supernova neutrinos

- origin of cosmic rays
- beam for particle physics



AMANDA performance
[ Antares, Nestor soon )

total statistics
10,000 in 00-05




iceCube -KM3NET

> 100 per aay

total statistics
> 10° over 10yr




IceGube : particle physics with

 Astronomy: new window on the Universe

measurement of the high-energy neutrino cross section
TeV-scale gravity, quantum decoherence

physics beyond 3-flavor oscillations

test special and general relativity with new precision
search for magnetic monopoles

search for neutralino (or other) dark matter

search for topological defects and cosmological remnants
search for magnetic monopoles



IceTop

shower array &

80 pairs of
Cherenkov tanks

IceCube

4800 optical modules
on 80 strings
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Neutrino Astronomy Explores Higher
Dimensions

atmospheric '
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168 10io
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TeV-scale gravity increases PeV v-cross section
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Cosmic neutrino heam from the decay of pions

Ve iV,iv, ~ 1:2:<10° @ the source

Ve 1V,ivy ~1:1:1 @ the detector
(maximal Vi Ve mixing)
or,
e Zero mass eigenstates in
vacuum

e neutrino decay
e neutrinos of varying mass



cosmic anti - v, heam from neutron decay

directional cosmic rays from the Cygnus region and
from the center of the galaxy

Ve @ the source
? @ the detector

*Measure sin’0 5 from flavor composition
at the detector

*Decoherence?
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WIMP search

R

Limits on muon flux from Earth

¢, (km? yr'")

J. Lundberg and J. Edsj6, 2004
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