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The lunar Askaryan technique is one of the few ways to obtain a large enough collecting area
to detect ultra high energy cosmic rays and neutrinos at the highest end of the known spectrum,
above 1021 eV. The flux of these particles is unknown, but if they are found they either point back
to the best cosmic accelerators or they can be the products of the decay of exotic particles such as
cosmic strings. Using the lunar Askaryan technique means searching for radio signals created by
a particle shower that is induced when an ultra high energy particle collides with the Moon. The
large collecting area that the Moon offers can especially be used at frequencies between 100-200
MHz, where the radiation is spread out over a wider angle and thus more of the lunar surface
can be used for a possible detection. The NuMoon project therefore observes the Moon at these
frequencies to search for nanosecond pulses. A first project with the Westerbork Synthesis Radio
Telescope has placed the most stringent upper limits on the flux of ultra high energy cosmic rays
and neutrinos. The next step is to observe with LOFAR, currently one of the most sensitive low
frequency telescopes. In this contribution I will present the status and plans of the project.
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1. Introduction

Two of the main open questions in astroparticle physics are: to what energy can particles be
accelerated and what is the origin of the most energetic particles? To answer these questions it is
required to measure the spectrum to higher and higher energies. An alternative source of particles
with the highest energies would be the decay from heavy exotic particles, such as predicted by
extensions to the standard model. The highest energy cosmic rays detected so far have energies
of more than 1020 eV [1], but it is not clear if this is at the fundamental acceleration limit, or
because of the GZK effect [2, 3]. In the latter case it is possible to search for ultra high energy
neutrinos instead, that would have been formed in the GZK interactions. Unfortunately, both of
these particles are very rare at less than 1 per km2 per century. And therefore detection requires
monitoring a large quantity of air [4], ice [5, 6] or the Moon to detect such particles.

2. The lunar Askaryan technique

When a high energy particle interacts with the Moon, it creates a cascade of particles. The
creation and annihilation of particles in this shower creates a coherent radio signal at frequencies
of more than 3 GHz down to below 100 MHz that can be observed with a radio telescope. This
was first suggested by [7]. The source of the radiation is also known as the Askaryan effect [8, 9],
and therefore this method is known as the lunar Askaryan technique. At gigahertz frequencies the
radiation is beamed, giving geometrical constraints on particle direction with respect to the Moon
surface. At 200 MHz frequency, the radiation is spread out over a larger angle, increasing the
effective aperture for particle detection [10], at the cost of a lower signal. To have the highest
aperture, the NuMoon project observes at frequencies between 100 and 200 MHz. A first project
with the Westerbork Synthesis Radio Telescope has produced the most stringent upper limits for
neutrinos above 4 × 1022 eV [11] and cosmic rays above 1022 eV [12]. The next step is to
observe with the Low Frequency Array (LOFAR [13]), a new telescope that has been built in
the Netherlands over the last years and is one of the largest low frequency telescopes currently
available.

3. LOFAR implementation of the lunar Askaryan technique

The lunar Askaryan method requires a sensitive radio telescope to be pointed at the Moon and
be able to detect signals of only a few tens of nanoseconds, while rejecting any false positives.
This is a demanding operation for a low frequency radio telescope, but for LOFAR it builds upon
different aspects of the system that are used for other types of observations. This section describes
the requirements of the method as applied to the LOFAR radio telescope [13] with examples from
different sciences cases.

To detect a weak signal, the antennas need to be added coherently in the direction of the
Moon. This process is called beam forming and is used for high time resolution astronomy such as
the study of pulsars and solar emission. Beam forming with LOFAR is a two stage process. First
the 48 antennas within a station are added together to form a sub-array pointing, separately for each
polarization. To do this a poly phase filter and Fourier transform are applied to the data to create
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Figure 1: Left: Example of a multi-beam observation: Pulsar B0329+54, showing signal to noise ratio in
all beams. The highest signal is found at the centre. Right: Dispersed pulses from pulsar B0834+26.

512 frequency channels or subbands. The geometrical delay and any calibration values are added
as a complex weight to each subband of each antenna. These are then summed together to form the
beam. A maximum of 488 subbands can be selected1 to do the beam forming in a certain direction.
In this case 488 consecutive subbands are beam formed towards the Moon in the range 110-190
MHz. The beam is wide enough to cover the complete Moon. The second step is to combine the
different stations. For this only the 24 core stations are selected. There are three reasons for this.
One is that they are connected to a single clock. Therefore coherent addition is easier, because
there are no clock drift. The second reason is that the beam size depends on the distance between
the stations. The further they are apart, the smaller the beam size. To cover a significant fraction of
the lunar surface too many beams are required if the stations are too far apart. The third reason is
that the core stations see a similar part of the sky, which makes ionospheric corrections relatively
easy.

The beam size of combining the core stations is smaller than the Moon, at around 4 arc min-
utes. Therefore 50 beams are used to cover the Moon surface. In pulsar observations, such a setup
is already used successfully to determine the position of newly discovered sources [14]. An ex-
ample for the long known pulsar B0329+54 is shown in figure 1, this time with 6 of the 24 core
stations, and therefore a larger beam size. With NuMoon we can do the same, and also use an anti-
coincidence trigger to detect instrumental problems or (terrestrial) interference, that would appear
in multiple beams. For example, a signal because of a malfunction in one of the station beams
may appear in all tied array beams. For a real signal we have to take into account the relative
signal in other beams for signals that come from the Moon. The pulsar in figure 1 is for example
detectable in all beams, but the signal to noise ratio is different. An anti-coincidence signal was
also previously applied successfully at the WSRT [15, 11] and Parkes [16] telescopes.

To observe and find pulsars a correction is required for the dispersion in arrival time for the
different frequencies, because of the different refraction index for different frequencies because of
free electrons in the interstellar medium, as shown in Figure 1. A similar effect appears for the
ionosphere. The duration of this effect is of course much smaller, but it is still significant for the

1when using 8-bits per sample
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Figure 2: Raw data of the antennas of one polarisation of one station showing the radio signal of an extensive
air shower from a cosmic ray. The data has been aligned in time for the arrival time of the pulses.

duration of the pulses. An accurate correction is required. Therefore we try to predict or measure
the current Total Electron Content (TEC) value, and also dedisperse at a few surrounding values.
The inner stations are usually under the same ionospheric bubble, such that we do not have to apply
different values for the different stations.

The signal from a cosmic particle is of the order of 10 ns. The normal time resolution after
beam forming is at least 5 microseconds. Therefore we need to go back to the full time resolution of
5 ns. This was lost by the poly phase filter applied in the station beam forming. A poly phase filter
inversion needs to be applied to data to restore this time resolution. The effect of this processing
step is detailed in [17]. But since that publication, more subbands have been made available in the
LOFAR system, such that all RFI-free subbands can be selected in this process.

There is another project that deals with such short signals with LOFAR. This is the detection
of very high energy cosmic rays with energies of 1016.5 eV - 1017.5 eV and higher [18]. These
create extensive air showers in the Earths atmosphere. In this case the trigger comes from a particle
detector array (LORA[19]). The radio signal comes from the charged particles in this air shower,
and its interaction with the earth’s magnetic field. The signal is read out from buffers for each
individual dipole. An example of such a signal is shown in figure 3. This project is collecting data
and can detect the composition of the primary particle [20]. The first results have been published
in several journals [21, 22, 23, 24] and are also presented at this conference.

Each of the 50 beams will be searched for short signals. For this the power is added for
N consecutive samples using a sliding window. This was investigated in [17], but needs to be
revised now that more subbands are available, and depending on how well the TEC value can be
determined. If a signal is found, a read out is requested for the same buffers used for the extensive
air shower experiment. Data is requested not only from the core stations used for triggering, but
also from the remote and international stations that are further away and are more sensitive. This
data can be used to verify the signal, using the higher signal to noise ratio and a precise localisation
to show that it is not local and not instrumental but actually originates from the Moon. It is then
also used to reconstruct where on the Moon is was emitted, such that the direction of the signal can
be linked to a position on the sky and thus to the source of ultra high energy particles.
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Figure 3: Left: The dynamic spectrum showing a peculiar event detected with the FRATS real-time trigger.
Right: The spectrum of one misbehaving antenna [red] compared to the median spectra of all antennas in
the LOFAR station [blue]. This antenna caused the signal on the left.

This is not the only project that searches for a signal in real time on LOFAR beam formed
data and then reads out the buffers to analyse the signal. The FRATS (Fast Radio Transient Search
[25, 26]) project uses millisecond time-resolution data to search for dispersed pulses. These can
come from pulsars, but more interestingly may be Fast Radio Bursts (FRBs [27]), highly dispersed
pulses that are likely originating from outside our galaxy. Apart from detecting several known
pulsars, the FRATS project has also identified a broken antenna and a solar burst through the
buffered data [26]. This shows the use of the buffered data for identification, and that such a real-
time trigger project is feasible.

3.1 Status of the project

As described above, many of the requirements for the NuMoon project are ready. However,
there are still some essential parts missing, such as the online implementation of the inverse poly
phase filter and the trigger itself. The next step is to test and try these steps off-line. The upcoming
off-line cluster for LOFAR with an increased bandwidth will be very useful for this, by being able
to record close to 50 beams to disk, instead of 7 currently. The sensitivity for a total of one week
observing time, according to [17] are presented in figure 4.

4. Conclusion

The lunar Askaryan technique is one of the few ways to obtain enough collecting area to
detect ultra high energy cosmic rays and neutrinos. It does this by observing the Moon with a radio
telescope. At low frequencies (150 MHz) the effective area is even larger, because the radiation
spreads out. A project with the WSRT resulted in the most stringent limits at energies above 1022

- 1023 eV. The more powerful LOFAR, will be able to lower the energy threshold. To do this
it requires multiple, very high time resolution beams to be pointed at the Moon. On each beam
a trigger runs to detect pulses of only a few 10s of nanoseconds. A coincidence trigger can be
used to distinguish between signals and interference. To verify / falsify triggers, the data from
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Figure 4: Sensitivity in a one week LOFAR observation is compared with data from other experiments
(WSRT, Auger, ANITA, FORTE), neutrinos expected from the GZK cut-off, the Waxmann-Bahcall limit
(WB) and a top-down model (TD). (left) cosmic rays; (right) neutrinos.

the individual antennas can be used to reconstruct the signal off-line. The project has not been
able to take data yet, because essential parts are missing in the telescope software, such as the
inversion to time domain. However, many parts of the system have been demonstrated by other
scientific applications, such as multi-beaming to find the position of pulsars, high time resolution
data processing to detect cosmic rays air showers, and on-line detection and off-line verification to
search for dispersed millisecond signals from pulsars and fast radio bursts.
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