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ABSTRACT

Context. Ultra-high energy (UHE) neutrinos and cosmic rays initjgdeticle cascades underneath the Moon'’s surface. Thesades
have a negative charge excess and radiate Cherenkov raidgi@min a process known as the Askaryfie&. The optimal frequency
window for observation of these pulses with radio telessapethe Earth is around 150 MHz.

Aims. By observing the Moon with the Westerbork Synthesis Radiest®pe array we are able to set a new limit on the UHE
neutrino flux.

Methods. The PuMa Il backend is used to monitor the Moon in 4 frequerayds between 113 and 175 MHz with a sampling
frequency of 40 MHz. The narrowband radio interference ggtalily filtered out and the dispersivéfect of the Earth’s ionosphere
is compensated for. A trigger system is implemented to &efmcshort pulses. By inserting simulated pulses in the ratedthe
detection éiciency for pulses of various strength is calculated.

Results. With 47.6 hours of observation time, we are able to set a lonithe UHE neutrino flux. This new limit is an order of
magnitude lower than existing limits. In the near future, thgital radio array LOFAR will be used to achieve an evendolimit.

Key words. Ultra-high energy neutrino limits; NuMoon; WSRT; Radio eltion lunar pulses

1. introduction tion, while CRs from distant sources pile up at the GZK engrgy
information about the CR spectrum at the source is consénved

The cosmic ray energy spectrum follows a power law distrihe GZK neutrino flux. Other possible sources of UHE neusino

bution extending up to extremely large energies. At therPierare decaying supermassive dark matter particles or tofmalbg

Auger Observatory (PAO) cosmic rays (CRs) are observed updéfects. This class of models is refered to as top-down msodel
energies around 10°° eV. Above the Greisen-Zatsepin-Kuzminsee for example Stanev (2004) for a review).

9 i i ic mi-
(GZK) energy of 610'° eV, CRs can interact with the cosmic mi Because of their small interaction cross section and low flux

crowave background photons. In the ma$itogent interaction, a tgle detection of cosmic neutrinos calls for extremely lafgkec-

A-resonance is produced which decays into either a protoaaq .
) o : ors. Assuming the Waxman-Bahcall flux (Waxman & Bahcall
neutral pion or a neutron and a positively charged pion. @atar 98: Bahcallg& Waxman 2001), even at(low energies in the

pions decay and produce neutrinos, The energy loss length eV range, the flux is not higher than a few tens of neutrinos

A-resonance production is 50 Mpc (Greisen 1966; Zatsepin 7P . . X
& Kuzmin 1966). per knt per year._KHometer-scaIe detectqrs are not ea_S|Iy built
) .. butcan be found in nature. For example, interaction of mneogr

Recent results of the PAO have confirmed a steepening in {i§ce or water can be detected by the Cherenkov light prodiuce
cosmic ray spectrum at the GZK energy (Abraham 2008). Thig the lepton track or cascade. The nearly completed IceCube
steepening is not necessarily a clear cfit-@s CRs from local getector (Ahrens 2003) will cover a Bwolume of South Pole
sources may arrive at Earth with super-GZK energies. B&cayse with optical modules, while Antares (Aslanides 1999 an
of their large energies, these particles will only deflegtgly jts successor KM3NET (Katz 2006) exploit the same technique
in the (extra-) Galactic field during their propagation, dheiir i, the Mediterranean sea. Even larger volumes can be covered
arrival directions correlate with their sources (Abraha00?2). by observing large detector masses from a distance. The ANIT

Sources at distances larger than 50 Mpc can be found by dadloon mission (Barwick 2006) monitors an area of a million
serving neutrinos that are produced in GZK interactionsc&i km? of South Pole ice from an altitude of 37 km and the
neutrinos are chargeless they will propagate in a straigkt | FORTE satellite (Lehtinen et al. 2004) can pick up radio sig-
from the location where the GZK interaction took place to theals coming from the Greenland ice mass. Alternativelyndos
observer, thus conserving the directional informationadidi- ray experiments like the Pierre Auger Observatory can possi
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bly distinguish cosmic ray induced air showers from newatiim increases due to fiifaction. For emission at the Cherenkov an-
duced cascades at very high zenith angles where the atmresphée, only those showers can be observed that hit the rim of the
is thickest and only neutrinos can interact close to theai@te Moon, under such an angle that the emission will not be inter-
The Moon dfers an even larger natural detector volumeally reflected at the Lunar surface. With a larger anguleza
When CRs or neutrinos hit the Moon they will interact with thén the emission a wider range of geometries is allowed and a
medium. CRs will start a particle cascade just below the tuniarger part of the lunar surface acts as a radiation sourtenV
surface, while neutrinos will interact deeper inside theodlo the wavelength is of the order of the shower length, seveeal m
also creating a hadronic shower. The negative charge erfesters, the emission becomes nearly isotropic and pulses €an b
a particle cascade inside a dense medium will cause the ensispected to come from the whole Moon (Scholten 2006). In our
sion of coherent Cherenkov radiation in a process known esperiment we exploit this optimal frequency range arous@ 1
the Askaryan ffect (Askaryan 1962). This emission mechanisriHz.
has been experimentally verified at accelerators (SaljZ2@01; The intensity of the radio emission from a hadronic shower
Gorham 2000) and extensive calculations have been pertbrmeth energyEs in the lunar regolith can be parameterized as (Zas
to quantify the fect (Zas et al. 1992; Alvarez-Muhiz & Zaset al. 1992; Alvarez-Mufiiz & Zas 1997; Scholten 2006)
1997). The idea to observe this type of emission from the Moon ) )
with radio telescopes was first proposed by Dagesamanskii B Fe? sing Es \?(dmoon
Zheleznyk (1989) and the first experimental endeavoursii t 0,v,BEs) =386-10e sing, (102°ev) d
direction were carried out with the Parkes telescope (Hanki 2
et al. 1996), at Goldstone (GLUE) (Gorham 2004), and with the ( v ) ( Av )Jy 1)
Kalyazin Radio Telescope (Beresnyak et al. 2005). LUNASKA vo(1+ (v/v0)+44) ] \100MHz/ "~
(Lunar UHE Neutrino Astrphysics with the Square Kilometer .
Array) is a project that is currently performing lunar Chetev wit

measurements with ATCA (the Australia Telescope Compact n 180
Array) with a 600 MHz bandwidth at 1.2-1.8 GHz (James et af. = (C0Osd — 1/n)( )(—) 2
2008). V2 - 1/\7hc

Falcke & Gorham (2003) suggested to use low-frequengyqereay is the bandwidthy the central frequency andy =
telescopes (like LOFAR) for su_ch an experiment. It is showis GHz. The average Earth-Moon distantdigoon = 3.844 -
by Scholten (2006) that observing at lower frequencies hes ¢ m d is the distance to the observer. The Cherenkov angle
distinct advantage that radio pulses have a much highercehap, given by cos, = 1/n, wheren is the index of refraction and
of reaching the observer, as will be explained in the next sefis the angle under which radiation is emitted relative todhe

tion. In this work we use data recorded with the WesterbogKction of shower propagation. The spread of radiation rdou
Synthesis Radio Telescope (WSRT) in the frequency rangetﬂg Cherenkov angle is given by

113-168 MHz to set a new limit on the flux of UHE neutrinos. A
first reporting of this limit is made in (Scholten et al. 2009) A2 320(
c =

1 L(10?%V) 3)
v[GHz])( L(Es) )
2. Detection principle whereL is the shower length depending on primary energy.
UHE neutrinos or CRs interact below the lunar surface. In the The regolith is the top layer of the Moon and consists of
case of a CR, all energy is converted into a hadronic showdust and small rocks. The properties of this layer are known
In a neutrino interaction, only about 20% of the energy is-cofrom samples brought from the Moon by the Apollo missions
verted into a hadronic shower, while the other 80% is carrié®lhoeft & Strangway 1975). The average index of refraction
off by a lepton (corresponding to the neutrino flavor), whicts n = 1.8 and the mean attenuation length is found to be
will not produce any observable radio emission. Muons woli n A, = (9/v[GHz]) m for radio waves (Olhoeft & Strangway 1975;
produce enough charge density, while electromagnetic sfsowHeiken et al. 1991). There are sizabl&eliences in, especially,
become elongated at energies ab&ey = 10 eV due to the reported values of the attenuation length. Tiiects of this
the Landau-Pomeranchuk-Migdal (LPMject (Alvarez-Mufiiz uncertainty on the extracted limits is discussed in Sectiorhe
& Zas 1998). For these showers the angular spread of the tlzickness of the regolith is known to vary over the lunar acet
dio emission around the Cherenkov angle becomes very smAll,some depth there is a (probably smooth) transition tadsoli
severely lowering the chance of detection. rock, for which the density is about twice that of the redolit
For proton energies exceeding?@V it is predicted that the Wieczorek & Zuber (2001) report that the density is almost ho
LPM effect will start to play a role since many of the leptons anshogeneous down to a depth of 20 km. In Scholten (2006) the
photons which are created as secondary particles haveiesereffects of pure rock and regolith are simulated and found to give
in excess of thé&, py. This has the fect of creating a lopsided very similar detection limits for low frequencies.
hadronic shower with a rather long 'tail’ (Alvarez-Mufiiz Zas As the radiation leaves the Moon it refracts through the sur-
1998). The bulk of the charged particles in the shower i$ stihce. In Gorham (2004) and James & Protheroe (2008) the ef-
present over a length which one would have obtained ignorifegts of this refraction for smooth and irregular surfacesde-
the LPM dfect and our estimates should thus apply also to tlseribed. It is shown that the angular spregtiincreases due to
hadronic part of showers initiated by neutrinos of energaeg- this refraction and that thisfiect is especially strong when the
ingup to 163 eV. angle at which the radiation approaches the lunar surfadtess
The lateral size of the cascade is of the order of 10 cm swthe angle of total internal reflection. The larger angsfaead
the radio emission is coherent up403 GHz. Former experi- increases the acceptance but also increases the energfydlare
ments, like GLUE, have observed at high frequencies (2.2)GHnr detection since the radiated power spreads out ovegarar
where the emission is strongest. For lower frequencieseliery area. Small scale irregularities of the lunar surface maie t
the angular spread of the emission around the Cherenkoe argffect stronger because variations in the surface tangeninwith
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the radiation beam will increase the angular spread byatdfma
even more. At the frequencies at which we observe, thiésets

are of less importance sine® is already large at the source due 10

to diffraction and thus the increase due to surface irregulariti

can safely be ignored.

3. Detection with WSRT

The Westerbork Radio Synthesis Telecope (WSRT) is an ar **f

telescope consisting of 14 parabolic telescopes of 25 m or

2.7 km east-west line. The NuMoon experiment uses the Lc 108'

Frequency Front Ends (LFFES) which cover the frequencyaan
115-180 MHz. Each LFFE records full polarization data. Fc
our observations we use the Pulsar Machine Il (PuMa Il) bac
end (Karuppusamy et al. 2006), which can record a maximt

bandwidth of 160 MHz, sampled as 8 subbands of 20 MHz ea

Only 11 of the 12 equally spaced WSRT dishes are used"
this experiment which means that when the telescopes asslad
in phase the resultant beam on the sky is a fan beam (Jan
2009). The phases required to add the dishes coherentheare

termined by observations of a known calibrator source, Wwhi
at these frequencies is Cassiopeia A. Adjusting the phdae re
tions between the 8 subbands they can be pointed to anydaca

within the primary beam of the 25 m dish.

We use two beams of 4 bands each, centered around 1
137, 151, and 165 MHz. The two beams are aimed fiedi o
ent sides of the Moon, each covering about one third of the |
nar surface, in order to enlarge thi@eetive aperture and create
the possibility of an anti-coincidence trigger. A lunar Ggkov
pulse should only be visible in one of the two beams. Becaugig- 1. Frequency spectra of 10 seconds of data for all bands and pola

of overlap in the subbands the total bandwidth per beam is &

MHz. The system has a real time automatic gain control (AG@
system, that stabilizes the average gain of the outputkigna

For each subband, the time series data is recorded at several
storage nodes with a sampling frequency of 40 MHz.

The data is processed in blocks of 0.1 s, each block being
divided in 200 traces of 20 000 time samples. The signal of in-
dividual WSRT dishes is 2 bit, limiting the dynamic range of
an 11-dish observation to 34. We will discuss the impliaagio
of this limited dynamic range in Sec. 4. There is data for two
beams, each containing 4 frequency bands and 2 polarizdtion

rections.

The data analysis is performed in the following steps:

— RFI background reduction Radio Frequency Interference
(RFI) is narrow band anthropogenic emission, which can be
responsible for a large part of the received power and hizl§- 2- Frequency spectra of 10 seconds of data for band Lxgot

to be filtered out of the data. For all time traces an FFT
produced and for each data block the 200 frequency spe
are added to obtain an integrated frequency spectrum.
baseline of this spectrum is fitted with & @rder polyno-
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rization after RFI removal. The spectrum is composed 6f djiectra

t have been subjected to RFI removal separately. In gesetiram a

eguency sample is set to zero when the amplitude exceedftted
%kground curve by more than 50%. When a certain samplaiosnt
an RFl line in all 100 spectra, it has value zero in this inkéen spec-

mial function and bins containing a value exceeding the fit Q4. Samples that have a non-zero value below the backgroune
50% are marked as RFI lines. In each individual frequenegrrespond to RFI lines that are only present in part of tliesh@ctra.
spectrum all bins that are marked as RFI lines are set to zero.
This procedure is carried out separately for each of the-4 fre

quency bands and the 2 polarizations. The number of RFI the overlap between theftkrent bands. Ourfkective band-

lines per spectrum varies with time and igfeient for all

width is 55 MHz, ranging from 113 to 168 MHz. An exam-

frequency bands and polarizations, but does seldom exceedple of a ten second frequency spectrum after RFI removal is
200. The corresponding loss in bandwidth~2% at max-
imum. Figure 1 shows frequency spectra of 10 seconds of lonospheric de-dispersiorAfter the RFI removal the data is
data before RFI removal. In the highest frequency band the still in the frequency domain. The de-dispersion is perfedm

shown in Fig. 2.

upper end of the spectrum is suppressed by a band pass filterpy applying a frequency dependent phase shift to the data be-
lowering the &ective bandwidth. In other frequency bandsa fore transforming back to the time domain. The Vertical TEC
similar suppression can be seen, but this is compensated byvalues, that are needed for the de-dispersion, are provided
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by the DLR Institut fiir Kommunikation und Navigatian
These were used to calculate the STEC by compensating for »

(5]

the Moon elevation. Because of variations in the thickness 5 .-
of the ionosphere on short timescales and over distance, we's
assume the presence of an error in the de-dispersion,result
ing in an increased time width of the pulses and #ised
between the arrival times of pulses inffdrent frequency
bands. The implications hereof for our analysis are further
discussed in Sec. 4.

— Evaluation of Ps After de-dispersion, an inverse FFT is per- 60
formed to transform the data back into the time domain. The 40
cutting of RFI lines increases the noise level in the time-sam
ples close to the edges of the time trace. The de-dispersion 00 1900015000 20000 25000 30000 85000
can move this increased noise further backward in time. To data block
avoid triggering on this noise the first and last 250 time sam-
ples are excluded from analysis, corresponding to 0.25% of , 220
the observation time. Next, we calculdg, the power inte- 200
grated over 5 consecutive samples normalized over one trace’s 18

160
Px Z Py 140

160
140
120
100

AANRARN AR AR RRRNRRRNE

80

ggers

5 samples 5 samples
Ps = , (4) 120
100
(X e (X ) .
5 samples 5 samples 60
where the averaging is done over one time trace (20000 time 4o
samples), and andy denote the two polarizations. The in- 20
tegration has been chosen to be over 5 samples, because_ thi - gRLl Lol ARL LI A LU UL L LU
is the typical number of samples over which the power is data block

spread for a bandwidth limited and Nyquist sampled pulse ) ) )

with a small dispersion (see Appendix A). the data block for one. hour of Gata of the Jne 7. 2008 Obsemiat
- .PU|Se SearChThe data IS scanned for values@f exceed- top) and for one hour of the second observations c,)f AugusPQo8

ing 5. The meaning of this threshold can b_e under§t00d fr ttom). Only values exceeding 20 are plotted. The maxinailwe of
Eqn. 4. If we definer? as the mean power in one time samyqg indicates completely saturated data.
ple (assuming for simplicity that it is equal for the and

y-polarizations), then the trigger condition can be writésn

Observations
3 oPr > Py 2502 (5) v
5 samples 5 samples Table 1 contains a list of the 22 observation runs perfornged b
tween June 9, 2007 and November 11, 2008. The number of raw

meaning that the total power in ten bins (five in thpolar- . ; :
ization and five in the polarization) must add up to a valueliggers per hour is much higher than usual for the runs oéJun

larger than 262, where the average is &8. The band with tgh 2007 gnd qutn_e/s, 2008. ghte tglp pl??el in Fi%ure 3fshowsf
the highest frequency is first scanned Ryrvalues exceed- the num er_?h rlggers, pe:c X ata bioc olr or:ett c()jur ﬁ or_1te o
ing 5. When such a value is found tRe values of the other €S€ runs. Ihe number of triggers IS only plotted when 1t ex-

3 frequency bands are evaluated near this position. A tirﬁgfﬁs 20. 'It')he rr;at\ximur.nznsjomg_ir. of triggers per ?JtOCk is eﬂugl
offset between pulses in thefidirent bands of o the number of traces: 200. This maximum is often reached,

which means the run is not reliable. The bottom panel shows th
_ 1 1 number of triggers per block for one hour of data of a regular

At=134-10°-0.30- STEC[V? - V_g) ©6) observation period. The observation runs for which the remb

is allowed based on an error of 30% on the STEC valuglt :ir:r?girasv%el;ede{ﬁaeglgsgfd?;((;:ripttrllznirlllglgls?: for a longipe

€ Figure 4 shows the distribution & for the triggered events.

When aPs value exceeding 5 is found in all bands the tim
trace is permanently stored, together with informationfun t The top curve corresponds to the raw triggers. Severaliaddit

RFI lines and the data of the corresponding time trace in t I
other beam. No search is done for a second pulse in the sarﬁteS are applied:
trace. An estimation of the resulting loss ifieetive obser- — Timer signal (T) The data contains short strong pulses that
vation time is given in Sec. 5. For each trigger the location, repeat at a regular interval. They can be visualized by plot-
maximum value, width andffsets between locations in the  ting a distribution of pulse times folded by an appropriate
different bands are stored. The width is defined as the num- time interval. Figure 5 shows the number of triggers in 10

ber of consecutivé®s values that exceed 5. The val@eis seconds of data against the number of the time sample folded
defined as the sum over the maxim&gwalues in the 4 fre- by 390,625. This corresponds to a frequency of 10224 s
quency bands The specific time interval of these pulses suggest a technica

origin. Cutting out the time intervals in which these pulses
occur corresponds to a loss-©10% of observation time.
— Ps width (W) We define the width of a puls&/ as the num-

S = Z Ps . (7)
4 bands

1 httpy/www.dIr.dgkn ber of consecutiv®s values exceeding the threshold. For a
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Date Hours STEC (i) No. raw triggers  No. triggers after cutS £23)  No. triggers Gaussian nois £23)

2007 Jun 9 4.7 11.916.6 200 427 49 679 8943
2007 Sep 21 2 15/69.5 668 917 26 812 13128
2008 Jan 13 13 18.024.3 119 032 6 951 6 001
2008 Jun 7 4.25 11.717.5 1961 907 170 672 21752
2008 Jun 8 5 9.8911.3 1313378 80 140 12 815
2008 Aug 24 5 3A.5 792 979 36 314 4029
2008 Aug 29 3 6.5.0 563 692 45 214 3331
2008 Aug 29 2 8.8.3 602 049 29554 4317
2008 Aug 29 4.8 6.59.7 1719 443 96 998 7425
2008 Sep 2 5 12/85.3 880 508 51 329 18 937
2008 Sep 16 3.75 5351.0 233192 23733 6616
2008 Sep 16 5 5/9.2 163 819 20138 4841
2008 Sep 21 4.5 338 244 276 27 388 3451
2008 Sep 21 5 4.012.8 1282 457 76 573 9728
2008 Sep 28 3.7 1082 65 725 67 910 10 345
2008 Sep 28 3.8 1183.7 622 598 47 580 11 958
2008 Oct 14 4.5 5/9.9 566 611 58 127 6 531
2008 Oct 14 45 5/9.4 217 113 30 346 4165
2008 Nov 11 3.7 35.4 941 369 27 160 2624
Total 51.1 3.324.3 6 681 880 430 646 100 274

a8 Excluded from analysis due to exceptional amount of ravgaig.
b Only single beam data available.
¢ Not counting excluded runs.

No. of triggers
=
2
HW

Gaussian noise

TWA largest value S=76

TWA second largest value S=68.5

No. of triggers

180
160}
140
120F
100[
80F
60|~
40F
20ft

I

cn e nauda cead e bena Mlan by o 11

50 100

150 200 250 300 350 400

Time (folded by 390625 bins)

Jx10°

Fig. 4. Distribution of S for several cuts. The top curve represents thEig. 5. Number of triggers vs. time sample folded by 390,625 samples
distribution of raw triggers. The other distribution regeet, in order of With this folding many triggers occur at the same time, pbipaaving
decreasing number of contained events, the T, TW, and TWATh& a local technical origin. Triggers that occur at the posiiof the peaks
black area corresponds to the distribution of triggers énatexpected are excluded in the timer cut.
for a background of pure Gaussian noise.

Figure 4 displays distributions & after application of only the
real lunar pulseW should be limited. However, for increas-timer cut (T), the timer and width cut (TW), and a combination
ingly tighter cuts oW, the probability of excluding a proper of all cuts (TWA). The line enclosing the black area in Fig. 4
pulse grows. The value for the cut &viwas determined by corresponds to the distribution of triggers that are exgrbiftthe
examining the #ficiency for recovering pulses in a simula-background is pure Gaussian noise (see Appendix B for detail
tion, as is explained in Section 4, showing a recovery rate of the calculation). After all cuts have been applied the ham
over 80% by choosingV < 12 for all four frequency bands. of triggers for whichS > 23 is a factor of 3-4 higher than the
Since this value is not obtained by optimizing the distribtamount of triggers expected for Gaussian noise, while tiyet

tion of S we have avoided to introduce a bias by following value in the distribution is about three times as large as the
this procedure. highestS value for Gaussian noise. Apparently, the background
Anti-coincidence (A)A lunar pulse should be visible in only includes pulsed noise that produces triggers and contaisep
one of the two beams. An anti-coincidence trigger is set wpat are narrow enough to survive the cut on width. The prop-
by excluding events for which a pulse was found in botarties of these pulses are further explored in Sec. 8. Duleeto t
beams in the same time trace. pulsed noise, the limit that we derive for the neutrino fluless
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Fig. 6. Distribution of highest values fd8 corresponding to a cW/ < Pulse strength
10 (dark) andW < 12 (light). Cut on timer and anti-coincidence is
applied in both cases. Fig. 7. The detection iciency is shown as function of pulse strength
for various settings of the trigger conditions as discusséioe text. The
colors correspond to fierent values for the pulse-strength thresholds
stringent than estimated in Scholten (2006), where theemds Sw and the line styles correspond tafdient maximum widths. The
of this background was not anticipated. dotted curve indicates thefiiency when no width cut is applied. All
For reference, Fig. 6 shows thefidrence between the ta”spulses are simulated with sSimTE€12 and analysed with TEE10.
of the distribution ofS for aW < 10 and aw < 12 cut. In the

latter case the highest value®fis larger, but the corresponding 1.0
decrease in detectiorfficiency makes this cut unfavorable (see 0.9
Section 4)
0.8
>
[S]
. . c 07
4. Simulations 2
£ 06
4.1. Pulse recovery i
c 05
The dficiency with which pulses are found by the analysis pro- -% 04
cedure and theffects of data cuts and ionospheric dispersionare @
simulated by adding pulses to raw data. The received powkr an S 03
the power after RFI reduction arefiirent for all bands and po- 02
larizations and change with time due to the dynamic gain matc — S>30
ing in the electronics of WSRT. To correct for this the pulaes 0.1 - 2:?8
normalized following the same procedure as in the analysis d 0.0 L ‘
scribed in the previous sections i.e. the pulse strengtotee 5 10 15
by S;, is expressed in dimensionless units as defined in Eq. (7). STEC

These pulses are delta peaks inserted at random times with a ) .

random phase. Because the pulses are band width limited, 8- The detection giciency for pulses of strengts; = 80 and

bulk of the power in such a pulse typically spreads out oversYnTEC=10 is shown as function of the STEC value used in the analy-

few time samples (see Appendix A). The pulse is dispersed cor The colors correspond tafiéirent thresholds.

responding to a particular TEC value, named simTEC, and the

amplitudes are roundedfatowards nearest integer within the

dynamic range, after adding it to the raw (i.e. before RFIgait Show width cutW < 10, whereas width clWv < 12 is shown by

tion) data. For the simulations we have inserted 1000 pisas dash-dotted lines.

few different 10 seconds segments of raw WSRT data. From Fig. 7 it can be seen that the DE tends to saturate to
We define the detectionfficiency (DE) as the fraction of unity forlarge pulses, as is to be expected. However onesalse

inserted pulses that is retrieved after applying the trigmas- that the width cut may severely limit the DE which even wossen

ditions and the cuts that are used in the analysis. Fig. 7 shomith increasingS;. The reason for this is that with increasing

the DE for inserted pulses of strength varying fr@&n = 36 pulse strength the width (as defined in this work) incredses.

to S; = 140. Each pulse is inserted in the x-polarization angally large pulses the signal may saturate causing aniaalalit

dispersed with a SImTEEL2. The de-dispersion is done withbroadening of the recovered pulse. In general one also saes t

STEC=10 to simulate a practically unavoidable error in thée input pulse has to be about 10 units in magnitude larger th

STEC value. The blue, red, and green lines in Fig. 7 show the [ threshold to be recovered with more than 5@#giency.

for recovering pulses with strength exceedsyg> 50,Si > 60 The dfect on the DE of the dlierence between the STEC

and Sy, > 70 respectively. Due to interference with the backsalue used in the generation of the pulse (simTEC) and thesval

ground the recovered pule strengtlfelis from the input value used in the analysis is studied in Fig. 8 for pulses of stte8gt

Si. The dotted lines show the DE without any width cut applie®0, width cutW < 12 and simTEE10. There are two féects

Solid lines represents the DE with width a¥t< 8, dashed lines playing a role here. Firstly, a larger error in the STEC rissinl
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. . . ._.Fig.10. The detection #iciency for pulses added with strength 25,
F}g. 9.. Sa.me as Elg. 7 however a Faraday rotation of the polarlzatlgnnTEC 12, STEC 10 to ferent data traces of 10 s each is plotted
direction is taken into account. v.s. the number of triggers in the data trace before additfdhe pulse.
The colors correspond to observation runs &edént dates.

a more dispersed pulse for which the power is divided oveemor ) ) )

time samples. Secondly, the range of time samples scanne@Rgctrum in a 0.1 s time trace generates a trigger, the chance

the diferent frequency bands after a trigger has been foundghrécovering the added pulse will be vanishingly small.

the first band, depends on the STEC value. If sSimTEC is much

smaller than the actual STEC value, the pulse may be loca : P

outside the scanning range and is not found. When simTECt‘gei'sﬁfectlve observation time

higher than the actual value, this problem does not occusing The dfective observation time is decreased by a number of ef-

an asymmetry in Fig. 8. fects. After we have excluded the two observation runs which
Due to the presence of the Earth magnetic field, the polarizearbour exceptionally large numbers of raw triggers, weehav

radio signal is subject to a Faraday Rotation in the ionosphé1.1 hours of dual-beam observation time left. In the datd-an

(see Appendix C.2) which induces a rotation of the anglersf liysis some files are missing or are not usable due to various rea

ear polarization across the frequency band. On Earth treepusons, such as hardware and software failures, correspptulén

will thus be polarized in the x-direction for certain frequées loss of 3.5 hours.

while in the y-direction for another frequency. In each piaka: When a trigger is found the rest of the time trace is not

tion direction the signal will thus cover a rather limitednda scanned for pulses. Per raw trigger this corresponds to @ mea

width causing a broadening of the pulse and thus to a possilsiet time of 250us (single beam). Because of the coincidence

decrease in the DE. Fig. 9 shows the DE as function of the pufg, the whole time trace in the other beam should also be

strength including thefect of Faraday rotation. A rather largecounted as lost time, resulting in another %80(single beam).

decrease in the DE is seen when width cuts are applied. This ber 7.6 million raw triggers this adds up to 0.8 hours (dual

havior is observed for all values &,. We therefore adopt the beam).

W < 12 cut to be used on the analysis of the data. The cut on the timer pulses should be regarded as cutting out
We have observed a sizable dependence of the determifbgervation time, but this has already been accounted fiiein

DE on the data trace which was used. First we have investigagevious step. Each time the system triggers on the timirtgepu

a possible correlation of the DE value with RFI-power bus thi750us (single beam) is lost, as is the case for any other trigger.

was not conclusive. We found however a very pronounced cor- After RFI removal the first and last 250 samples of a time

relation between the DE and the number of raw triggers in thi@ce have to be neglected due to FFT edgects, correspond-

time trace. To show this we have determined the DE for a widfed to a 0.25% loss of observation time.

selection of raw time traces. We concentrated on the caseewhe The total observation time is therefore (6% 3.5 — 0.8) x

pulses of strengtls; = 100, siMTEG12, STEG10, were 0.9975= 46.7 hours of dual beam data. Each beam covers about

added to time traces taken from observations of Jithaaog, a third of the lunar area.

June & 2008, and Nov. 1% 2008. We have processed 12 con-

secutive traces each of 10 s. The pulses above a threshol% oé K d

Sih = 65 were recovered using a width ot < 12. We found ™ ackgroun

a clear anti-correlation between the DE and the raw triggier; r For a radio antenna, theslnoise power densitf,, [Jy] is given

see Fig. 10. On the basis of this analysis the data of 12078 by

and June 8 2008, have been excluded from analysis because

of the large number of triggers. Other observations showa ra. 2KTsys 10783 ®)

trigger rate of less than 40 per time trace of 0.1 s. The oleserv " ~ VAtAY Agt %

correlation can be understood from the fact that if the atlgor

finds a pulse in a spectrum, this spectrum will not be searchetierek is the Boltzmann constant @8 x 10723 Joules),Tsys

any further for the occurrence of another pulse. Thus if eachthe antennafiective temperature in Kelvingit and Ay are
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Fig. 11. The detection ficiency for a detection thresholl, = 77 is 10
shown as a function of pulse strength for various settingb®trigger
conditions as discussed in the text. The dotted curve itelidhe &i-
ciency when no width cut is applied. Th&ect of Faraday rotation has

been taken into account

. . 0
the time and frequency bins of the measurement,/aads the E [102 eV]
effective area of the telescope irfnfror the 14 Westerbork an-

tennas we usedier = 491 n¥. For the measuring band WhiChFi .12. Neutrino flux limit currently established with 46.7 hours of

we need, the LFFE measuring between 113 and 170 MHz, RT data. The brown (red) line is calculated for a minimunts@u
has aTsys of 400 - 700 K. We use 11 antennas, yielding for thetrength ofs = 120 (S = 90), corresponding to a DE of 87.5% (50%).
noise power per Nyquist time samplgAy = 0.5, Limits set by ANITA (Gorham et al. 2009) and FORTE (Lehtinen
23 et al. 2004) are included in the plot as well as the WaxmanzBiah
_ 2x1.38x10° 1076 Tsys\ _ 349 Tsys J 9) flux (Waxman & Bahcall 1998) and a TD model prediction (Protiee
"o 1105 491) ~ 491)"”" & Stanev 1996).

which covers the range 286 - 500 Jy. In the following we have
adopted the value af* = 400 Jy as the average of the observingaversed. In the rest of this work we will therefore base &ll a
bandwidth. guments on th&; > 120 limit. In arriving at this limit the same
assumptions have been made as in Scholten (2006), in particu
lar that the neutrino cross sections equal the predictieangin
Gandhi (2000).
In 46.7 hours of data no triggers were found with a strength The current limits in the UHE region are established by
exceedingSy, = 77. To convert this into a probability for not ANITA (Gorham et al. 2009) and FORTE (Lehtinen et al. 2004).
observing the Moon we calculate the DE curve for a detectidtear the bottom of Fig. 12 two model predictions are plotted,
thresholdSy, = 77 including the &ects of Faraday rotation, seethe Waxman-Bahcall limit (Bahcall & Waxman 2001) and a top-
Fig. 11. From this figure it can be seen that the DE reachesl@wn model (Protheroe & Stanev 1996) for exotic particles of
value of 87.5% for pulses in excess®f > 120 and width cut massMx = 10°* eV.
W < 12. This corresponds to 128 x 5 = 240 kJy. For pulses  Calculation of the flux of UHECRs and UHE neutrinos
of lower strength the DE drops rapidly due to interferenceawifrom the decay of topological defects is very model dependen
the background. For comparison we will also consider the ca8arameters of such scenarios include, mass of the topalogic
for detecting pulses with a strength®f > 90 for which the DE defectMx, energy spectra, and final state composition of the de-
has dropped to 50%. cay products, and cosmological evolution of the injectiater
The lack of pulses stronger than a certain magnitude impliektopological defects. The freedom provided by the reastena
a new limit on the flux of ultra-high energy neutrinos. To dbta range of values of these parameters is constraint by limithe
the limit requires a calculation of the acceptance whictesakgamma ray flux at GeV-TeV energies and neutrinos at energies
into account the attenuation of the radio signal inside tlooiv) above 18%2! eV. The curve plotted in Fig. 12 corresponds to
the transmission at the lunar surface and the angle witteotspa Mx = 10?* scenario based on Protheroe & Stanev (1996). If
to the arrival direction of the neutrino. On basis of the simuduture limits can constrain the neutrino flux by another oafe
lations which are described in Scholten (2006), the 90% eonfilagnitude this will put constraints on the degrees of freedd
dence level flux limit has been determined. In arriving a¢ the  top-down models.
model-independent procedure described in Lehtinen e2@04) The acceptance calculations have been done at a frequency
has been followed. of 140 MHz which is central in the observing bandwidth. Since
In Fig. 12 the 90% confidence limits are given for the twthe acceptance depends on the third power of the frequency, i
cases we have analyze&®],> 120 correspondingto a B#B7.5% varies considerably over the bandwidth as shown in Fig. 13,
andS; > 90 (DE=50%). As can be seen the gain in DE is fahowever the average agrees with the calculation at 140 MHz.
more important in setting the neutrino flux limit than thedos  The systematic error on the acceptance is dominated by three
in sensitivity. Only at the lowest neutrino energies thaulteis  uncertainties: the density profile, attenuation lengtid siop-

7. Results
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Fig. 13. Same as Fig. 12. The limits are calculated for the central fr€ig. 14.[color online] Same as Fig. 12. The band shows the systematic
guency and the upper and lower limit of our band-width. error.

for Cherenkov radiation which is important for a shower fisat

ping power of the lunar regolith. Some of these errors haea becl0se to the lunar surface.
estimated in Ref. Scholten (2006). In particular tfieet of den-
sity was considered which is rather complicated as an iserga . .
the density reflects in an increased value for the index cécef 8- Discussion of the large peaks

tion, a shorter shower length and thus a larger angular 8preye have investigated the nine strongest pulses that suitvéve
more attenuation, and a lower mean neutrino interactiothdep, plied cuts. Figures 15 and 16 are typical examples of the ti
Many of these ffects appear to compensate each other res‘i@ces of such pulses. The pulses are froffedént observation
ing in an acceptance that is almost density independeny, oRlns and theiP5 values are plotted as a function of bin number
slightly raising the minimal energy for neutrino detectidie (bin size is 25 ns) for all frequency bands and both beams. At
error due to unknown variations in the density profile is €Rer ihig stage the RFI has already been mitigated and the sigsal h
fore estimated to be 10% in threshold energy (which is the djfeen de-dispersed.
ference between the 'full’ and the 'rock’ calculation in Fitp For both example events, the trigger was found in the right-
of Scholten (2006)). hand beam. For the event in Figure 15 the maxinRBrvalue
In Olhoeft & Strangway (1975) the loss tangent is expressgttreases with decreasing frequencies. This could be dae to
in terms of the FeO and TiOcontent of the samples. On thestronger signal at lower frequencies or an increase of gulse
basis of this we arrive an uncertainty in the attenuatiogtien background at higher frequencies (remember thaPhealue
for radio waves of about 40% which directly reflects in a simil is normalized over a 50@s time trace for each individual band).
error in the flux determination. Also the stopping power @& thAlthough the signal is clearly much smaller in the left beam,
regolith depends on the chemical composition where we havghould be noted that three out of four bands actually have a
used a radiation length of 22.fog?. An typical variation of pulse that exceeds trigger levé?g > 5). The event displayed
the radiation length for the lunar regolith amounts to §c&.  in Fig. 16 has a strong signal in both beams and the only reason
Since the angular spread is proportional to the shower lengis event was not discarded by the anti-coincidence itds
and the acceptance goes with the third power of the spreiad, that the highest frequency band has a very small signabisen
corresponds to a variation in the acceptance of 10%. As drgygtio. In this band, the signal is suppressed and happens to b
before, surface roughness is not very important at our waygst above threshold in the right-hand beam but below thuiesh
length and may contribute not more than 10% to the unceytaini the left-hand beam. This way, strong temporary increases
in determining the flux. The error in the Moon coverage of t|’1§ackground radiation are responsible for several of thgektr
two beams is estimated at 20%. Adding these errors in quadsgents that pass our criteria.
ture gives a Systematic error on the flux of 50% as indicated in A|th0ugh the eventin Figure 15 has a curious dependence on
Fig. 14. frequency, it has the properties of a proper lunar pulseefythe
From the non-observation of short radio pulses coming frome are looking for, which are: i) present in all frequency t&n
the Moon, limits can also be set on the flux of UHE cosmii§) strong polarization, iii) short after dispersion cactien, and
rays. This will be discussed in a future article as specteinat iv) presentin one beam only. In order to study the possjilft
tion has to be devoted to the calculation of the formatiogilen the pulse to originate from the Moon we can impose an addi-
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the STEC value. This criterion disqualifies the pulse in Fegu

ol 10 15 as originating from outside the ionosphere.
i . We have studied the nine strongest pulses WBith 62 and
W”de found that all of them are unlikely to come from the Moon, be-
5800 5650 5900 5950 6000 5800 5850 5900 5950 6000 cause they either have a Strong Signal in both beams or do not
or have the frequency dependent behavior expected from Rarada
— rotation. As a result we can safely state that we see no pulses
s - originating from a particle cascade in the Moon with a stthng
i ST larger tharS = 62. Because this analysis is done a posteriori, the
threshold used for the determination of the neutrino flwitlim
kept atS = 77. In future studies, additional cut criteria based on
“or temporary power surges in the background and Faradayanotati
i . of the signal in the ionosphere can be implemented to further
MJMMW | Lk MWMHM understand and reduce the background.
i 401~ 9 Out|00k
. The next phase in the NuMoon experiment will be to use
[ ‘ oot LOFAR, the Low Frequency Array (Falcke et al. 2006), that is
S w0 mw s oo 00 S0 S0 %0 000 under construction in the Netherlands. LOFAR is a network of

Fig. 15. Time traces of the power (polarizations added) for a typicd®W frequency omni-directional radio antennas commuiricat
large pulse seen in the data after applying the cuts. The RBsare OVver a fiber optics network. It will feature two types of antes
plotted for all bands (top: highest frequency, bottom: Istfeequency) Operating at dferent frequencies, the Low Band (LB) antennas
and both beams (left and right). The horizontal axis displeig number cover a band of 30—80 MHz while the High Band (HB) antennas
(bin size is 25 ns). The power on the vertical axis is expgsenean cover the regime 110-240 MHz. The latter will be used for the
P5 value, with the trigger level at 5 for all bands. A triggeassonly - NuMoon observations. LOFAR is organized in 35 stations each

found for the right beam. containing 48 LB and 96 HB antennas. Half of the stations are
located inside the 2 ks km core with a total collecting area
o of ~0.05 kn?. Multiple beams can be formed to cover the sur-
ol face of the Moon, resulting in a sensitivity that is aboutig®eis
10— .
better than the WSRT (Singh et al. 2008).

5 s
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Appendix A: Bandwidth limited pulses 10

To give an idea of the behaviour of bandwidth limited, Nyquis 0 S0 waD om0 SO S0 SO e
sampled pulses we show the sampling of pulse with the shape of
a delta peak. Like in our analysis we take a time trace of 20 000
timebins, where each timebin is 25 ns wide. We add a pulse at
a random location with a random phase by setting the ampglitud
of all frequency bins to the same positive value and the pthase

of the frequency bimto

®; = O + 2ni [1 - (ﬁoﬂ (A1)

where®g is a random phase arids a random time between 0
and 20 000. The shape of the pulse in time domain is found by 100
performing a reverse FFT. Fdr, = 0 and an integer value of 52008230 B2a0 %250 5260 5270 5280 290 8300
all timebins are zero except timekinwhich contains a positive e
value. For a randor® or a non-integer value dfthe pulse has

a complicated shape in the time domain.

The top panel of Figure A.1 shows how such a pulse typ-
ically spreads out over many timebins. In most cases the bulk
of the pulse power is inside 2 or 3 timebins. When the pulse is
dispersed the power is spread out over even more timebies. Th
middle and bottom panel show the pulse broadening for TEC
values of 4 resp. 10. In our analysis we have defined the width o
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the pulse as the number of consecuf¢evalues that exceed the 0

threshold. It should be noted that thigfdis in general from the 60

actual width of the pulse. For example, a very large ampditind e i s e i e
one single timebin can give 5 consecut®gtriggers, while the time

same pulse spread out over 5 timebins will maybe produce o

one threshold exceedirRy value 'I}% A.1.Top: Time sampling of a delta peak pulse at time 5257.96 with

phase 1.17. Middle: same pulse, dispersed with TEC value 4. Bottom:
Same pulse dispersed with TEC value 10.

Appendix B: Statistics

We carry out a statistical analysis to establish the exﬂect-ghe trigger chance for a single frequency band is therefore

amount of triggers and the distribution 8f the sum of thePs [ _ ~
values over 4 frequency bands, for Gaussian backgrounel.noﬁstrigger - f P(x k= 10)dx ~ 0.00535 (B.4)

When the amplitudes follow a Gaussian distribution, thebpro
bility density of the power is a chi-squared distribution

25

ConsecutivePs values have 8 overlapping timebins (4 in both
polarizations) and we have to distinguish the chance to find a
xK/2-1gx/2 trigger that comes after another trigg@y, and a trigger after a
W(I(/Z)’ (B.1) non-triggerPox. A trigger will be found after a non-trigger if:

wherex is the power in units of the standard deviatiorandk ~ — The eight overlapping bins add up to less than the trigger
is the number of degrees of freedom. The trigger conditiomfo  Vvalue by a certain valua.

single band iP5 > 5, wherePs is given by Eq. 4. For Gaussian — The two bins for the non-trigger add up to a vatwealler
noise with the same standard deviatiorin both polarizations than A.

P(x, k) =

this condition becomes — The two bins for the trigger add up to a valaeger than A.

X To find the total probability we integrate over all possibddues
bi 1 of A
P5 = & = g Z X > 5, (BZ) 25 A
< Z x> 10 bins Pox = f P(25- Ak = 8) U P(x,k = 2) dx]
5 bins 0 0
or [ f P(x, k = 2) dx} dA (B.5)
Z x> 25, (B.3) ~

Q

10 bins 0.00283~ O.53Ptrigger.
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Table B.1.Predicted and simulated trigger chance To arrive at the (not normalized) probability distributioh
S, we take 4 probability distributions of valuaghroughd,and
STEC  (N2,N3Ns) pred. chance sim. chance integrate to find the distribution of=a+b+c+d
5 (3.5.7) 15-10° 15-10°8
10 (5,7,11) %108 38-108 x-75 x-2-50 x-a-b-25
15 (5,9,15) 6-10° 6.0-10°° P(x) = f da f db f dc P(c,k = 10)
25 25 25

P(b,k = 10)P(a,k = 10)P(x—a-b-c, k= 10), (B.10)

The chance of finding a trigger after another trigger is where the limits of the integral are chosen in such a way that

_p. ~ ~ , a,b,c andd all exceed 25 individually. By normalizing the dis-
Pax = Prigger = Pox ~ 0.00252~ 0.4 7Prigger, B-6)  ibution P(x) with the total amount of triggers projected with
so about half of the triggers is found clustered togetherctvhiEd. B.9 and substitut® = x/5 (see Eq. B.2), we arrive at the
has consequences for our analysis. analytical noise background prediction that is plotted iguiFe

For a complete trigger the trigger condition has to be met th
all 4 frequency bands. In bands 2, 3, and 4 a rang@sofalues
will be scanned based on the STEC value. Suppose in the first o _
band a trigger is found after a non-trigger. The chance todindPPendix C: lonospheric effects

trigger in band noi is The ionosphere is a plasma where the density of free electron
o . 2 affects the propagation of electromagnetic waves which may
Pi = Puigger + (Ni = 1) - Pox + O(Ptrigger)’ (B.7) show as a dispersion of the signal or a frequency-dependent r

whereN; is the number of values scanned in banterms of the tation of the linear polarization.
order ofPtZrigger arise from properly adding the chances of finding

a trigger in one of theé\; bins and deviations in the chance ofC.1. Dispersion
finding a trigger in a certain bin depending on the numberoé bi L s ;
without a trigger than precede it. The chance to find a trigyer S the radio signal propagates through the Earth’s ionagphe
the three upper bands®s - P5 - P, for this case. is dispersed by

When, however, the trigger in band 1 came after another trig-
ger in band 1, the chance to find a trigger in the three upper v%
bands is smaller because we know that for the previous Wigg’g") =2 fdz" 1- 2 1}/c, (C.1)
in band 1, not all upper bands had a trigger. If that were the
case the pulse search would have skipped the rest of the tin]$ _ . . :
trace. The range of timebins that is scanned in the uppersiand”/€réA¢ is the phase shift at frequeneyThe integral is taken
overlaps with scan after the previous trigger in band 1. Al OVer the traversed distanegc is the speed of light in vacuum,
in each band only one new timebin is scanned. The chance®ffl¥r is the the plasma frequency
find a trigger in the upper bands is therefore now reduced to
P2 - P3 - P4 - (1 — Preducd, WherePrequceis the chance that there 2 _ ne€”
was also a trigger in the previous scan. To not have a trigger i 4r2eome

the previous scan, at least one of bands should have theitrig . .
in the last timebin, because this is the only bin that is ueityu \%herene is the electron number densigthe elementary charge,

the new scan. In other words, the previous scan also had-a tffthe Permittivity of vacuum, and the electron mass. For the

ger when for each upper band the trigger is located in any Bafosphere, ~ 3MHzand
the last scanned timebin. The chance for the trigger to beent
last timebin of bandlis Poy/P;j, so we find Edz — 1.34% 10°STEC, (C.3)

2c
POX POX POX

Preduce= (1 - p_z) (1 - p_s) (1 - p_g) + O(Prigger), (B-8)  where we use the Slanted Total Electron Content (STEC),lwhic

is the electron density integrated along the distance tisehas
where we neglect terms of ordBfigger that arise from the pos- traveled through the ionosphere. The STEC is givenin TE@uni
sibility that a trigger is in the last timebin, but also in thest (TECU) where 1TECU= 10'¢ electrongm?. The phase shift is
timebin of the previous scan. The complete chance of findinggaproximately
trigger in all four bands is given by

=8.07-10YSTEG/AzZ, (C.2)

1.34- 10°STEC

Patig = PoxP2P3Ps + PocP2PsPa(l — Pregucd + O(PSge)- (B.9)  #0) = 27 (C4)

In Table B.1 the values oP4yig are given for diferent STEC corresponding to a timefiset of

values. In the calculation higher order terms are incoreoka

The rightmost column shows the simulated trigger chandasha ; _ 1 34. 1¢°. STEC(i _ i] (C.5)
found by applying our data analysis code on generated Gaussi yi vg

noise. In the code the Gaussian noise is roundi&d the nearest

of the 34 values that are part of the dynamic range of the PuMzetween two frequency componemtsandv,. For an interval

Il system. This is the main reason for the discrepancy betweef 20 MHz (140-160 MHz) and STE€L10 the diterence in time
analytic predictions and the simulation results, whichmsber delay isAt ~ 1.6x107" s, which corresponds to 6.4 time samples
than 5%. for a 40 MHz sampling frequency.
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C.2. Faraday rotation

In the presence of a magnetic field the linear polarizatioaddi
tion of an electromagnetic signal will rotate over a finiteyken

This Faraday rotation is usually expressed in terms of dioota
measure (RM)

Be = RMA% = RMc?/»? . (C.6)

In units of radians per square meter (iraé), RM is calculated
as

el d i ¢
RM = mﬁ neBds=262x 10 foneBdS

2.62x 10° x STEC x B, (C.7)

with B in teslas (T), anahe in m=3.

The diference in the Faraday rotation angle for two fre-
quency components andv, can be related to the fiierence
in time delay ad\3r = %CCA'[ = 5.27x 10PAt. For an interval of
20 MHz (140-160 MHz) and an STECO0 [tecu] we obtain for
the diference in Faraday rotation angles

ABr = 3x 10%/50% At = 0.96

which is appreciable.
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