Vol. 36 (2005) ACTA PHYSICA POLONICA B No 2

HIGH-ENERGY NEUTRINO ASTRONOMY
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Kilometer-scale neutrino detectors such as IceCube are disvery in-
struments covering nuclear and particle physics, cosmologand astronomy.
Examples of their multidisciplinary missions include the sarch for the par-
ticle nature of dark matter and for additional small dimensions of space. In
the end, their conceptual design is very much anchored to th@bservational
fact that Nature accelerates protons and photons to energie in excess of
10?° and 10' eV, respectively. The cosmic ray connection sets the scale
of cosmic neutrino uxes. In this context, we discuss the rst results of
the completed AMANDA detector and the reach of its extension IceCube.
Similar experiments are under construction in the Mediterranean. Neu-
trino astronomy is also expanding in new directions with e orts to detect
air showers, acoustic and radio signals initiated by supeieV neutrinos.

PACS numbers: 13.85.Tp, 95.55.Vj, 96.40.Tv

1. Neutrinos associated with the highest energy cosmic rays

The ux of cosmic rays is summarized in Fig. 1(a), 1(b) [1]. The energy
spectrum follows a broken power law. The two power laws are parated by
a feature dubbed the knee ; see Fig.1(a). Evidence has beatcumulating
that cosmic rays, up to EeV energy, originate in galactic suprnova rem-
nants. Any association with our galaxy disappears, howevelin the vicinity
of a second feature in the spectrum referred to as the ankle Above the
ankle, the gyroradius of a proton exceeds the size of the gadgand it is gen-
erally assumed that we are witnessing the onset of an extraggctic compo-
nent in the spectrum that extends to energies beyond 100 Ee\Experiments
indicate that the highest energy cosmic rays are predomindly protons or,
possibly, nuclei. Above a threshold of 50 EeV these protonsieract with
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Fig. 1. Atthe energies of interest here, the cosmic ray speaim consists of a sequence
of 3 power laws. The rst two are separated by the knee (left side), the second
and third by the ankle . There is evidence that the cosmic rays beyond the ankle
are a new population of particles produced in extragalacticsources; see right panel.

cosmic microwave photons and lose their energy to pions beto reaching
our detectors. This is the Greissen Zatsepin Kuzmin cuto that limits the
sources to the local cluster of galaxies.

Models for the origin of the highest energy cosmic rays falhto two cat-
egories, top down and bottom up. In top down models it is as sumed that
the cosmic rays are the decay products of cosmological remmta with Grand
Uni ed energy scaleMgyr  10°*eV. These models predict neutrino uxes
most likely within reach of rst-generation telescopes subh as AMANDA,
and certainly detectable by future kilometer-scale neutmo observatories [2].

In bottom up scenarios it is assumed that cosmic rays origi/te in cosmic
accelerators. Accelerating particles to TeV energy and ab@ requires mas-
sive bulk ows of relativistic charged particles. These ardlikely to originate
from the exceptional gravitational forces in the vicinity of black holes. Ex-
amples include the dense cores of exploding stars, in ows tmsupermassive
black holes at the centers of active galaxies and annihilatig black holes or
neutron stars. Before leaving the source, accelerated pactes pass through
intense radiation elds or dense clouds of gas surroundinghie black hole.
This results in interactions producing pions decaying intosecondary photons
and neutrinos that accompany the primary cosmic ray beam asllustrated
in Fig. 2.
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NEUTRINO BEAMS: HEAVEN & EARTH
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Fig. 2. Diagram of cosmic ray accelerator producing photonsnd neutrinos.

How many neutrinos are produced in association with the cosio ray
beam? The answer to this question, among many others [2], pvales the
rationale for building kilometer-scale neutrino detectos. We rst consider
a neutrino beam produced at an accelerator laboratory; seei§. 2. Here the
target absorbs all parent protons as well as the secondary eddtromagnetic
and hadronic showers. Only neutrinos exit the dump. If natue constructed
such a hidden source in the heavens, conventional astronay will not reveal
it. It cannot be the source of the cosmic rays, however, becae in this case
the dump must be transparent to protons.

A more generic transparent source can be imagined as follss: protons
are accelerated in a region of high magnetic elds where theinteract with
photons via the processep+ ! ' O4+p p+ ! I "+ n. While
the protons may remain trapped in the acceleration region, gual numbers
of neutrons, neutral and charged pions escape. The energyceping the
source is therefore equally distributed between cosmic ragamma rays and
neutrinos produced by the decay of neutrons and neutral andi@arged pions,
respectively. The neutrino ux from a generic transparent @smic ray source
is often referred to as the Waxman Bahcall ux [3]. It is easy to calculate
and the derivation is revealing.
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Fig. 1(b) shows a t to the observed spectrum above the ankle that
can be used to derive the total energy in extragalactic cosmirays. The
energy content of this componentis 3 10 °erg cm 2, assuming anE 2
energy spectrum with a GZK cuto. The power required for a population
of sources to generate this energy density over the Hubblertie of 10'° years
is 3 10%erg s ! per (Mpc)® or, as often quoted in the literature,

5 10*TeV per year per (Mpc)®. This works out to [4]

3 10®¥erg s ! per galaxy,
3 10*%erg s ! per cluster of galaxies,
2 10*erg s ! per active galaxy, or

2 10°?erg per cosmological gamma ray burst.

The coincidence between these numbers and the observed outpn elec-
tromagnetic energy of these sources explains why they havenerged as the
leading candidates for the cosmic ray accelerators. The awidence is con-
sistent with the relationship between cosmic rays and photos built into
the transparent source. In the photoproduction processs roughly equal
energy goes into the secondary neutrons, neutral and chargepions whose
energy ends up in cosmic rays, gamma rays and neutrinos, resgively.

We, therefore, assume that the same energy density ot 3 10 ®erg
cm 2, observed in cosmic rays and electromagnetic energy, endp in neu-
trinos with a spectrum E dN=dE ~ E cm 2s lsr ! that continues up

a maximum energy Emax. The neutrino ux follows from the relation

E dN=dE = cg=4 . For =1 and Enax = 108GeV, the generic
source of the highest energy cosmic rays produces a ux & 2dN=dE
6 10 8GeVcem 2s lsr !ofall avors.
There are several ways to modify this simple prediction:

The derivation fails to take into account the fact that there are more
cosmic rays in the universe producing neutrinos than obseed at earth
because of the GZK-e ect and neglects evolution of the souss with
redshift. This increases the neutrino ux by a factor 3.

Only 1/3 of the neutrino energy at earth will be in the form of neutrinos
of muon avor.

For proton interactions the pions receive only 1/4 of the energy of
the neutrons; in p-p interactions this fraction is close to unity.
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We, therefore, estimate the muon neutrino ux associated wth the
sources of the highest energy cosmic rays in the range 2dN=dE =1 5
10 8GeVem ?s tsr !yielding 50 250 detected muon neutrinos per knd
per year. This number depends weakly orEax and the spectral slope .
The observed event rate is obtained by folding the predictedux with the
probability that the neutrino is actually detected in a high energy neutrino
telescope; the latter is given by [2] the ratio of the muon ancheutrino inter-
action lengths in the detector medium, =

This ux has to be compared with the sensitivity of 10 ' GeV cm 2
s 1sr ! reached with the rst 4 years of data collected with the AMAND A
detector [5]. The analysis has not been completed but a pretiinary limit of
29 10 “GeVcm ?s lsr !has been obtained with a single year of data [6].
On the other hand, after three years of operation IceCube wiilreach a di use
ux limit of E2dN=dE =1 3 10 °GeVcm 2s lsr ! depending on the
magnitude of the dominant high energy atmospheric neutrinobackground
from the prompt decay of atmospheric charmed particles [7].The level of
this background is small but di cult to predict.

2. Kilometer-scale detectors

Arguing that a generic cosmic accelerator produces equal ergies in
cosmic ray, photons and neutrinos, we derived the Waxman Bécall ux.
A kilometer-scale detector is required to detect the rought 50 250 events
per km? year. Model calculations assuming that active galaxies oramma-
ray bursts are the actual sources of cosmic rays yield similaor even smaller
event rates.

The case for kilometer-scale detectors also emerges frometttonsider-
ation of guaranteed cosmic uxes. Neutrino uxes are guaanteed when
both the accelerator and the pion production target can be i@énti ed:

The extragalactic cosmic rays produced:1  a few events per km
year in interactions with cosmic microwave photons. Furthemore,
these cosmic rays are magnetically trapped in galaxy cluste and may
produce additional neutrinos on the X-ray emitting gas in the cluster.

Galactic cosmic rays interact with hydrogen in the disk prodicing an
observable neutrino ux in a kilometer-scale detector.

Air shower arrays have observed a directional ux of cosmt rays
from the galactic plane, unlikely to be protons whose diredgbns are
scrambled in the magnetic eld. The ux appears only in a narrow
energy range froml 3EeV, the energy where neutrons reach typical
galactic kiloparsec distances within their lifetime of mirutes. Both the
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directionality and the characteristic energy make a compding case
for neutron primaries. For every neutron reaching earth, a alculable
number decays into electron antineutrinos before reachingis. Their
ux should be observable in neutrino telescopes [8]: from tb Cygnus
region at the South Pole and from the galactic center for a Meiter-
ranean detector.

In conclusion, guaranteed sources also require kilometesize neutrino de-
tectors, preferably operated over many years.

Finally and most importantly, thanks to recent observations [9] of the
supernova remnant RX J1713.7-3946 with the Cangaroo and Hssatmo-
spheric Cherenkov telescopes, gamma-ray astronomy may hawdetected
atruly guaranteed source of cosmic neutrinos [10]. The obsations of TeV-
gamma rays from the supernova remnant RX J1713.7-3946 may tea iden-
ti ed the rst site where protons are accelerated to energies typical of the
main component of the galactic cosmic rays. The signal can besadily ex-
plained by the decay of neutral pions produced by protons, stck accelerated
in the supernova remnant, interacting with molecular clouds. The resolved
image of the source (the rst ever at TeV energies!) ostensig shows that
the gamma rays trace the known molecular clouds. Furtherma, the high
statistics Hess data for the ux are power-law behaved over darge range of
energies without any signature of a cuto characteristic of synchrotron or
inverse-Compton sources. The most natural explanation ishat the signal is
of pion origin although other interpretations are not ruled out [11]. Higher
statistics data is forthcoming.

From the fact that equal numbers of neutral and charged pionsare pro-
duced, it is straightforward to calculate the high-energy reutrino ux asso-
ciated with this source to be at least 20 muon-type neutrinoper kilometer-
squared per year. From a variety of such sources we can theoeé expect
event rates of cosmic neutrinos of galactic origin similar @ those estimated
for extragalactic neutrinos in the previous section. Superovae associated
with molecular clouds are a common feature of the OB associ@ns that
exist throughout the galactic plane. They have been suspeetl to be the
sources of the galactic cosmic rays.

It is important to realize that the relation between the neutrino and
gamma ux is robust. The + neutrino ux ( dN =dE ) produced by
the decay of charged pions in the source can be derived from&hobserved
gamma ray ux by imposing energy conservation

I:ZmEdeE—KEandeE' 1
dE B dE ’ @

E min E min
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where EMN (E M) js the minimum (maximum) energy of the photons that
have a hadronic origin. E™M" and E™ are the corresponding minimum
and maximum energy of the neutrinos. The factorK depends on whether
the ©'s are of pp or p origin. Its value can be obtained from routine
particle physics. In pp interactions 1/3 of the proton energy goes into each
pion avor on average. In the pion-to-muon-to-electron deay chain 2 muon-
neutrinos are produced with energye =4 for every photon with energyE =2
(on average). Therefore the energy in neutrinos matches thenergy in pho-
tons and K =1. This ux has to be reduced by a factor 2 because of oscil-
lations. The estimate should be considered a lower limit beause the photon
ux to which the calculation is normalized, may be partially absorbed in the
source or in the interstellar medium.

3. Neutrino telescopes: rst light

While it has been realized for many decades that the case foremtrino
astronomy is compelling, the challenge has been to developraliable, ex-
pandable and a ordable detector technology to build the kilometer-scale
telescopes required to do the science. Conceptually, the denique is sim-
ple. In the case of a high-energy muon neutrino, for instangehe neutrino
interacts with a hydrogen or oxygen nucleus in deep ocean wat and pro-
duces amuon traveling in nearly the same direction as the neérno. The
Cerenkov light emitted along the muon's kilometer-long trgectory is de-
tected by alattice of photomultiplier tubes deployed on stings at depth
shielded from radiation. The orientation of the Cerenkov coe reveals the
roughly collinear muon and neutrino direction.

The AMANDA detector, using natural 1 mile-deep Antarctic ice as
aCerenkov detector, has operated for more than 4 years in it:al con-
guration of 667 optical modules on 19 strings. The detectoris in steady
operation collecting roughly 7 10 neutrinos per day using fast on-line anal-
ysis software. The lower number will yield a background-fre sample all the
way to the horizon. AMANDA's performance has been calibratel by recon-
structing muons produced by atmospheric muon neutrinos in ie 50 GeV to
500 TeV energy range [12].

Using the rst 4 years of AMANDA Il data, the AMANDA collabora tion
is performing a search for the emission of muon neutrinos fro spatially lo-
calized directions in the northern sky. Only the year 2000 d& have been
published [13]. The skyplot is shown in Fig.3. A 90% upper lirt on the
neutrino uency of point sources is at the level of6 10 8GeVem 2s tor
10 %erg cm ?s 1, averaged over declination. This corresponds to a ux of
6 10 °cm 2s ! integrated above 10GeV assuming afE 2 energy spec-
trum typical for shock acceleration of particles in high enegy sources. The
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most signi cant excess is 3.4 from the Crab with a probability of close to
10% given the trial factor for 33 sources searched. IceCubs needed to
make conclusive observations of sources.

Preliminary 3369 events

Fig.3. Skymap showing declination and right ascension of ngrinos detected by
the AMANDA Il detector during four Antarctic winters of oper ation in 2000 2003.

The AMANDA Il detector has reached a high-energy e ective tdescope
area of 25,000 40,000n?, depending on declination. This represents an
interesting milestone: known TeV gamma ray sources, such abe active
galaxies Markarian 501 and 421, should be observed in neuties if the num-
ber of gamma rays and neutrinos emitted are roughly equal asxpected from
cosmic ray accelerators producing pions [10]. Therefore AMNDA must de-
tect the observed TeV photon sources soon, or, its observains will exclude
them as the sources of cosmic rays.

4. Mediterranean telescopes

Below PeV energy, South Pole neutrino telescopes do not covre South-
ern sky, which is obscured by the large ux of cosmic ray muonsnd neutri-
nos. This and the obvious need for more than one telescope acelerator
physics has clearly demonstrated the value of multiple detgtors provide
compelling arguments for deploying northern detectors. Wth the rst ob-
servation of neutrinos by a detector in Lake Baikal with a telescope area
of 2500nt for TeV muons [14] and after extensive R&D e orts by both
the ANTARES [15] and NESTOR [16] collaborations in the Mediterranean,
there is optimism that the technological challenges to buid neutrino tele-
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scopes in deep sea water have been met. Both Mediterranean latlorations
have demonstrated their capability to deploy and retrieve @tical sensors,
and have reconstructed down-going muons with optical modds deployed
for R&D tests.

The ANTARES neutrino telescope is under construction at a 280m
deep Mediterranean site o Toulon, France. It will consist of 12 strings,
each equipped with 75 optical sensors mounted in 25 triplets The detec-
tor performance has been fully simulated [15] with the follaving results:
asensitivity after one year to point sources of 0.45 10 ®cm 2s ! (note
that this is the ux of secondary muons, not neutrinos) and to a di use ux
of 09 10 “GeVcem ?s ! above 50 TeV. As usual, anE 2 spectrum has
been assumed for the signal. AMANDA I data have reached sinar point
source limits (0:6 10 ®cm ?s 1sr 1) using 4 Antarctic winters of data,
or about 1000 days [13]); this value depends weakly on decétion. Also the
di use limits reached in the absence of a signal are compardb [5]. We have
summarized the sensitivity of both experiments in Table I, where they are
also compared to the sensitivity of IceCube.

TABLE |

Given that AMANDA and ANTARES operate at similar depths and
have similar total photocathode area (AMANDAII is actually a factor of
2 smaller with 667 8-inchversus900 10-inch photomultipliers for Antares)
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the above comparison provides us with a rst glimpse at the cmplex ques-
tion regarding the relative merits of water and ice as a Chenekov detec-
tor. The conclusion seems to be that, despite many di erence in optics
of the medium and the background counting rates of the photonaltipliers,

the telescope sensitivity is approximately the same for ecal photocathode
area. The comparison is summarized in Table | where the poirgource limits
are tabulated for secondary muon rather than neutrino ux. In the same
context, the NEMO collaboration has done the interesting eercise of simu-
lating the IceCube detector (augmented from 4800 to 5600 ojital modules;
see next section) in water rather than ice. One nds a reducedensitivity

in water, but not by more than 50% [17].

5. Kilometer-scale neutrino observatories

The baseline design of kilometer-scale neutrino detector®aximizes sen-
sitivity to  -induced muons with energy above hundreds of GeV, where the
acceptance is enhanced by the increasing neutrino cross seno and muon
range but the Earth is still largely transparent to neutrinos. The mean-free
path of a  becomes smaller than the diameter of the earth above 70 TeV

above this energy neutrinos can only reach the detector from angles closer
to the horizon. Good identi cation of other neutrino avors becomes a pri-
ority, especially because are not absorbed by the earth. Good angular
resolution is required to distinguish possible point soures from background,
while energy resolution is needed to enhance the signal froastrophysical
sources, which are expected to have atter energy spectra #m the back-
ground atmospheric neutrinos.

Overall, AMANDA represents a proof of concept for the kilomeer-scale
neutrino observatory, lceCube [7], now under construction IceCube will
consist of 80 kilometer-length strings, each instrumentedwvith 60 10-inch
photomultipliers spaced by 17 m. The deepest module is 2.4 krbelow
the surface. The strings are arranged at the apexes of equitaal triangles
125m on a side. The instrumented (not e ective!) detector vdume is a cubic
kilometer. A surface air shower detector, IceTop, consistig of 160 Auger-
style Cherenkov detectors deployed over 1 kfabove IceCube, augments the
deep-ice component by providing a tool for calibration, bakground rejection
and air-shower physics, as illustrated in Fig. 4.

The transmission of analogue photomultiplier signals fromthe deep ice
to the surface, used in AMANDA, has been abandoned. The photaulti-
plier signals will be captured and digitized inside the optcal module. The
digitized signals are given a global time stamp with a precisn of < 10ns
and transmitted to the surface. The digital messages are seéro a string
processor, a global event trigger and an event builder.
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Fig. 4. Relative sizes of the IceCube, AMANDA, and SuperKamokande neutrino
detectors. AMANDA will be operated as a lower threshold subgstem of IceCube.
As the size of the detector grows, so does the threshold engrgf neutrinos detected.

Construction of the detector is expected to commence in the Astral
summer of 2004/2005 and continue for 6 years, possibly les3he growing
detector will take data during construction, with each string coming online
within days of deployment. The data streams of IceCube, and MANDA I,
embedded inside IceCube, will be merged o -line using GPS mestamps.

IceCube will o er advantages over AMANDA Il beyond its larger size: it
will have a higher e ciency and superior angular resolution in reconstruct-
ing tracks, map showers from electron- and tau-neutrinos (eents where both
the production and decay of a produced by a can be identi ed) and,
most importantly, measure neutrino energy. Simulations, enchmarked by
AMANDA data, indicate that the direction of muons can be determined
with sub-degree accuracy and their energy measured to bettehan 30% in
the logarithm of the energy. The direction of showers will bereconstructed
to better than 10 above 10 TeV and the response in energy is linear and bet-
ter than 20%. Energy resolution is critical because, once @nestablishes that
the energy exceeds 1PeV, there is no atmospheric muon or newmo back-
ground in a kilometer-square detector and full sky coveragef the telescope
is achieved. The background counting rate of IceCube sigmalis expected to
be less than 0.5kHz per optical sensor. In this low backgrowhenvironment,
IceCube can detect the excess of antiz events from a galactic supernova.



492 F. Halzen

NEMO, an INFN R&D project in Italy, has been mapping Mediterr anean
sites and studying novel mechanical structures, data traner systems as well
as low power electronics with the goal to deploy a next-genation detector
similar to IceCube. A concept has been developed with 81 strgs spaced
by 140m. Each consists of 18 bars that are 20 m long and spaceg BOm.
A bar holds a pair of photomultipliers at each end, one lookig down and one
horizontally. As already mentioned, the simulated perfornance [18] is, not
unexpectedly, similar to that of IceCube with a similar total photocathode
area as the NEMO concept.

Recently, a wide array of projects have been initiated to detct neutri-
nos of the highest energies, typically above a threshold of01EeV, exploring
other experimental signatures: horizontal air showers andacoustic or ra-
dio emission from neutrino-induced showers. Some of theseperiments,
such as the Radio Ice Cerenkov Experiment [19] and an acoustarray in
the Caribbean [20], have taken data; others are under consiction, such
as the Antarctic Impulsive Transient Antenna [21]. The more ambitious
EUSO/OWL project aims to detect the uorescence of high enegy cosmic
rays and neutrinos from a detector attached to the Internatonal Space Sta-
tions.

I thank my AMANDA/IceCube collaborators and Teresa Montaru li for
discussions. This research was supported in part by the Nainal Science
Foundation under Grant No. OPP-0236449, in part by the U.S. Bepartment
of Energy under Grant No. DE-FG02-95ER40896, and in part by he Univer-
sity of Wisconsin Research Committee with funds granted by lhe Wisconsin
Alumni Research Foundation.
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