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The lunar Cherenkov technique is a method to detect ulgh-bhergy (UHE) cosmic-rays and
neutrinos with Earth-based radio-telescopes. When an UHticlgahits the Moon, it initiates a
hadronic cascade below the surface. The cascade has avaegaige excess that propagates
faster than the local speed of light in the medium, produeirghort pulse of radio Cherenkov
emission. The NuMoon project aims to detect these lunamoradises on Earth with low-
frequency radio telescopes. In the first phase a measureamaanperformed with the Wester-
bork Synthesis Radio Telescope array, resulting in an uppéron the neutrino flux an order of
magnitude better than previous existing limits. We areently preparing to perform this mea-
surement with LOFAR. The expected sensitivity of LOFAR teagflux limits within the range of
some theoretical production models. With SKA it should begilnle to detect neutrinos that are
the decay products of pions produced in the interaction oEWdbismic particles with the cosmic
microwave background (GZK neutrinos).
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1. Ultra-high-energy cosmic raysto radio telescopes

The origin of the highest-energy particles in nature, the ultra-high-gmagmic rays, remains
unknown. The production mechanism of these energetic nuclei is unigdngifimarily because,
being charged, their trajectories are bent in cosmic magnetic fields. Atrexirdaigh energies, the
bending is small enough that a correlation of arrival directions with eateatjc objects has been
detected[J1]. However, here the flux is of order one pef ker century, so that even the largest
detectors (of 3000 kieffective area) are too small. Thus even larger detectors such as Auge
North [3] and JEM-EUSO[]3] of up to 10000 kn? effective area have been proposed to increase
our knowledge of the source of these patrticles.

An alternative approach is to observe ultra-high energy neutrinosmggenic’ neutrinos are
expected from interactions of the highest-energy cosmic rays with bawkdrphoton fields, in
particular the CMB, since protons above5 x 10'° eV see these background photons as gamma-
rays sufficient for pion photo-production. The resulting energy lésiseocosmic rays is known as
the ‘GZK cut-off’ [H]. Cosmic rays in excess of the the GZK-thresholgehtong been observed
(B, B], and the flux falls sharply near the GZK cut-off in a manner consistéth such a cut-off
[A], so that a flux of UHE neutrinos is almost guaranteed. Since neutigosncharged and rarely
interact, they will travel directly from their source to an observer unimgemted undeflected.
Major experiments searching for such neutrinos include IceCube, RAGIETA, and the Pierre
Auger experiment. However, while the UHE neutrino flux is predicted to letathan that for
UHE cosmic rays, they are nonetheless rare, and since they interalgt (@enetrating of order
100 km of water), a large volume detector is also required.

Directly implementing large areas/volumes for UHE particle detection is prohilyitxgen-
sive, and thus a remote-detection method must be devised. In this contrjbugadiscuss the
lunar Cherenkov technique, by which ground-based radio-telesaipserve the Moon to search
for UHE particle interactions in its outer layefs$ [8].

2. Principle of detection using the Moon

In the interaction of an UHE neutrino with the material in the lunar regolith (theulgyer
of dusty Lunar ‘soil’), about 20% of its energy is converted inthadronic shower consisting of
large numbers of energetic hadrons, leptons and photons all movingythtioel regolith with the
light velocity. For a UHE cosmic ray, 100% of its energy is converted intodadrac shower. Due
to scattering processes and positron annihilation with regolith electrons excess of electrons
is formed in the shower, resulting in a charge excess that moves with a vaargigy than that of
light in the medium, and, therefore, in the emission of Cherenkov radiatioa tyftical width of
the charge cloud is-10 cm. At wavelengths larger than this typical size (i.e. frequencies aftabo
3 GHz and below), the emitted Cherenkov radiation is coherent, a procegslas the Askaryan
effect [9]. The emitted Cherenkov radiation can be observed with senséilio telescopes on
Earth.

The maximum intensity of the coherent Cherenkov emission is reached afrégpiancy of
about 3 GHz, where the emitted radiation is concentrated in a narrow comedathe Cherenkov
angle. The intensity drops at lower frequencies, but the angulardspfahe emission increases.
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For a shower parallel to the surface of the Moon, the Cherenkov anglesponds to that of total
internal reflection. While UHE neutrinos may penetrate the Moon, interdapasoming’ events,
and allow high-frequency radiation from the Cherenkov angle to escagenic rays will always
interact immediately. Therefore, for high frequencies, only the few cosagig that skim the rim
of the Moon, directed towards Earth, can be detected. For lower fnetpse(between 100 and 200
MHz), even at large incoming cosmic-ray angles the radiation can esaaparfiace of the Moon,
and as a result, the total surface of the Moon may emit detectable sifijalé\[&Gjjor advantage
of using the Moon for the detection of UHE neutrinos, is the rather long atamulength of
Ar = 9m/v[GHZ for radio waves, which makes a very large detection volume. As a result the
detection efficiency increases with about the third power of the wavelerfgtinade-off for the
larger detection probability at low frequencies is the lower intensity of theabmymd therefore the
loss of sensitivity at lower energies.

The idea of using the Moon as a detecting volume to measure cosmic rayssiasdjosed
by Dagkesamamnskii and ZheleznyRh[8], while the first experiments wammed out with the
Parkes telescopé [l11] and subsequently at Goldstone (GIUE) [a8}akin [18], ATCA [14] and
Westerbork[[15]. Of these, the first are all performed at relativelr figquencies (2 GHz). We
will discuss the Westerbork measurement in more detail in the next sectionoughhnone of
these experiments have recorded any signal, simulations indicate thatemexttjon telescopes,
such as SKA, could probe the flux of UHE neutrinos and will likely be samstth the currently
observed flux of UHE cosmic rays. Currently, an initiative to perform thiEUheutrino measure-
ment using the lunar Cherenkov technique at low frequencies with the ROBAio telescope is
under development. This will be discussed in sedtlon 4.

3. WSRT Observations

The emission of 3 m radio waves from impacts of high energy neutrinos okldloa is ex-
ploited in our observations with the Westerbork Synthesis Radio Teles¥¢8&T) and has re-
sulted in the most stringent flux limit at the highest energleb [15]. The WSRiBists of an
array of 14 parabolic antennas of 25 m diameter. Only 11 of the 12 equelbed WSRT dishes
were used for this experiment. In the observations we employed the Layuémey Front Ends
(LFFEs) which cover the frequency range 115-180 MHz with full psétion sensitivity, sampled
as 8 sub-bands of 20 MHz each by the Pulsar Machine Il (PuMa lliydrat[16]. We used 4
frequency bands centered at frequencies of 123, 137, 151 &MdHB for each of two different
beams aimed at different sides of the Moon. This created the possibility aftagoincidence
trigger since a lunar Cherenkov pulse should only be visible in only oneeofvibh beams. The
total bandwidth per beam was 65 MHz. The time series data was reconmdeacto sub-band with
a sampling frequency of 40 MHz. The data was processed in blocks sf@Here each block was
divided in 200 traces of 20,000 time samples.

In an effective observation time of 40 h no pulses were observedtingsin the 90% confi-

dence upper limit on the neutrino flux shown in fig{lre 1. The limit is almost aeratimagnitude
better than previous limits in the UHE region set by ANITA][17] and FOR[TH.[18
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Figure 1. The limit @] on the flux of UHE neutrinos obtained from obsaions with the WSRT is com-
pared with those of other experiments and some model céilmoda see text.

4. LOFAR

We are currently setting up an experiment with the high-band antennaf(D0BIHz) of the
LOFAR radio-telescope. LOFAR provides many advantages over WRBTonly can a higher
sensitivity be reached due to the larger collecting are® times that of WSRT for the core of
LOFAR), but also the pointing accuracy will allow us to determine the locati@navent position
on the Moon with much better precision, important for RFI discrimination. The rbelim pos-
sibility allows for the formation of sufficiently many coherent beams to covectmplete lunar
surface. A third advantage are the Transient Buffer Boards. Thilsgtore the raw antenna data
for a short time, which allows the implementation of an advanced self triggenthigo Further-
more, once a trigger is issued, the full resolution, full-bandwidth time-sdetscan be stored for
off-line analysis.

We are currently developing the trigger algorithm, in order to considerallyae the raw data
rate of~ 1 Th/s. For the trigger itself, only data from the core stations will be considebout
half the bandwidth of the station data will be send to the Blue-Gene/P supeutemipGroningen,
where the data will be coherently added to forn®0 beams to cover the full surface of the Moon.
A short time (few ns) peak will be searched for in the time-series data, wittetheérement that a
peak will only be visible in one or few of the beams. Once a trigger is issuddms of raw data
from all stations will be written to disk for off-line analysis.

An important issue, especially at low frequencies, is the frequencgrdkgmt dispersive effect
of the ionosphere. At LOFAR-frequencies a typical ionospheric alactontent of 10 TECU
causes a dispersion which spreads the original input signal of a fewensseveral time-bins, as
illustrated in figurd 2. In order to still be able to extract the signal the daidsrtecbe de-dispersed.
To accomplish this, the absolute electron content of the ionosphere ndassli&town online with
an accuracy of about 1 TECU. This can be improved in the off-line aisal$shemes to calibrate
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Figure 2: Time-series of a dispersed pulse, for a typical ionosph&t® @ECunits. The original ns band-
width limited pulse is spread over several bins due to theedson.

the absolute ionosphere are currently being developed.

So calledtransient noise, i.e. short-time noise pulses, is of major concern since it may mimic
our signal. To reduce the trigger rate and therefore the dead-time of skensyit needs to be
identified and ignored with good accuracy in the online trigger. In the offlimedysis noise pulses
need to be fully eliminated. We are investigating the properties of this noise.expiscted that
the resolution of LOFAR, which will be even better when the longer basetirescluded in the
off-line analysis, will be sufficient to discriminate signals from the Moomfrman-made noise.

E? dN/E [GeV/cri/sr/s]

Figure 3: Expected sensitivities on the neutrino flux of LOFAR and Skolnpared to earlier experimental
upper limits and some models. The LOFAR sensitivity is shdamn30 days of data taking. Also shown
are the expected sensitivity curves of the SKA for IdwF B, 100-300 MHz) and intermediate frequencies
(MFB, 300-500 MHz).
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5. Outlook

In figure [8 the neutrino flux sensitivity is indicated that can be reached withnaonth of
observation with LOFAR. The sensitivity is such that one month of accumutimedshould result
in a large number of observed events for a neutrino flux at the level dMthenan-Bahcall limit
[Ld]. In the same figure the expected SKA sensitivities are shown, bothddow ‘LFB’ (100-
300 MHz band) and intermediate ‘MFB’ (300-500 Mhz) frequenciespdeted SKA sensitivities
are such that neutrinos from decay products of GZK interactions — tisingredictions by{[30] —
can be observed.

The predicted (and promising) sensitivities of this next generation of mstnts for the
detection of both UHE cosmic rays and neutrinos highlight the importancevefajamental work
such as that we have described in secllon 4 with LOFAR. Harnessing distlirrays of
detectors optimised for imaging to a search for nanosecond pulses frdfplitticle interactions
is a great technical challenge. However, projects such as NuMoootheds have pointed the
way towards accomplishing this goal, and in the near future will begin to ggeaadented limits
on the flux of these elusive UHE particle — or detect a new flux and beghimy the
highest-energy astrophysical phenomena.
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