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Abstract. The Lunar Cherenkov technique is a promising method for UHE neutrino and cosmic ray detection which aims to
detect nanosecond radio pulses produced during particle interactions in the Lunar regolith. For low frequency experiments,
such as NuMoon, the frequency dependent dispersive effect of the ionosphere is an important experimental concern as it
reduces the pulse amplitude and subsequent chances of detection. We are continuing to investigate a new method to calibrate
the dispersive effect of the ionosphere on lunar Cherenkov pulses via Faraday rotation measurements of the Moon’s polarised
emission combined with geomagnetic field models. We also extend this work to include radio imaging of the Lunar surface,
which provides information on the physical and chemical properties of the lunar surface that may affect experimental strategies
for the lunar Cherenkov technique.
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1. INTRODUCTION

Lunar Cherenkov experiments employ ground-based ra-
dio telescopes to search for nanosecond radio pulses pro-
duced through the Askaryan effect. This effect has been
confirmed in a variety of media including silica to ap-
proximate the lunar regolith [1] . Due to the limitations of
terrestrial accelerators, these experiments can not be per-
formed in the ultra-high energy (UHE) range, however,
the Cherenkov emission spectra for UHE particle inter-
actions have been described analytically in a number of
publications (for e.g. [2]) and the resulting pulse prop-
erties can be related to medium-dependant parameters
through these spectra. UHE particle detection using the
lunar Cherenkov technique is essentially a pulse detec-
tion problem and an accurate knowledge of the expected
pulse characteristics can be used to optimise experimen-
tal strategy and increase the received pulse amplitude.
Here, we explore how lunar surface properties affect
pulse production at the lunar surface and how knowl-
edge of these properties may also be used to improve
ionospheric calibration techniques. We review how lunar
surface properties have historically been studied through
the radio astronomy techniques of profiling, visibility fit-
ting and imaging and provide some initial calculations
for imaging at low radio frequencies.

2. PULSE CHARACTERISTICS

A high energy particle interacting in the lunar dielectric
produces a cascade of secondary particles with a charge

asymmetry due to Compton scattering and positron an-
nihilation. This results in coherent Cherenkov emission
as the time-varying charge excess moves through the
dense lunar medium. The angular diffraction pattern of
the emission peaks at the Cherenkov angle where emis-
sion along the length of the shower is compressed and
the pulse width is determined only by the lateral dimen-
sion of the shower [2]. Away from the cone, decoher-
ence effects along the length of the shower contribute
to a widening pulse and a loss of high frequency com-
ponents in the spectrum. High frequency experiments
are therefore limited in their detection geometries but
have a lower energy detection threshold (geometrically
favourable events peak at a few GHz). At lower frequen-
cies, where the wavelength is comparable to the shower
length, the emission is nearly isotropic. Experiments at
these frequencies are less sensitive to interaction geome-
try and have a larger detection volume. However, this is
at the cost of a higher energy detection threshold.

A good understanding of the expected emission and
pulse properties can drive experimental strategy and in-
crease the chances of detection. However, while the
expected emission has been parameterised, there are
still some contributing factors which are poorly under-
stood (for a good summary see [3]). These factors in-
clude surface roughness which, depending on its spa-
tial scale, may destroy the coherence of the emission
or bias events toward unfavourable geometries, and the
radio-absorbency depth profile of the regolith and sub-
regolith layers, all of which affect the detector volume.
Simulations are also sensitive to uncertainties in lunar
dielectric properties and surface composition as impor-



tant characteristics of the emission spectra such as the
Cherenkov angle, turnover frequency and the angular
diffraction width are determined by the electrical prop-
erties of the interaction medium.

Once a pulse has left the lunar surface, more uncertain-
ties are introduced into the pulse characteristics during
propagation. Propagation through the Earth’s ionosphere
introduces dispersion which reduces coherency within
the pulse and subsequent chances of detection. Full pulse
amplitude can be recovered using matched-filtering tech-
niques and this requires an accurate knowledge of the
dispersion characteristic which is parameterised by the
instantaneous Total Electron Content (TEC) of the iono-
sphere. Our main motivation for studying the lunar sur-
face is to understand the Moon’s polarisation properties
so that the dispersive effect of the ionosphere can be cal-
ibrated via lunar Faraday rotation measurements com-
bined with geomagnetic field models. We also extend
this work to include radio imaging of the lunar surface,
which may provide further information on the physical
and electrical properties of the lunar surface relevant to
the lunar Cherenkov technique.

3. LUNAR ASTRONOMY

The observed lunar intensity and polarisation are related
to the thermal and electrical properties of the lunar sur-
face [4]. The Moon can be considered as a smooth, ho-
mogenous spherical planet with a power reflection co-
efficient (and hence emissivity) which is a function of
the dielectric constant of the surface material and the an-
gle between the direction of propagation and the surface
normal. Deviations from an ideal, smooth sphere can be
caused by surface roughness, changes in the lunar sur-
face composition and variations of temperature, density
or electrical properties of the lunar material with depth.

Lunar intensity and polarisation distributions exhibit a
strong dependence on the radial axis which favoured lu-
nar profile scanning for early investigations of the Moon.
Since then, three main methods for obtaining informa-
tion about lunar emission via radio astronomy techniques
have emerged: lunar profile scanning, visibility data anal-
ysis and interferometric imaging.

3.1. Model Fitting

The strong radial dependence and angular symmetry
of lunar emission [4] has made lunar profile and visibility
fitting an attractive method for investigating the lunar
surface using radio astronomy techniques. A lunar profile
is obtained by taking a scan each in right ascension and
declination through the centre of the Moon to obtain a

profile of the intensity or polarisation distribution across
the disk.

The lunar intensity profile shows limb darkening due
to surface roughness effects [5] while the intrinsic ther-
mal radiation of a planetary object appears increasingly
polarised toward the limb, when viewed from a distant
point such as Earth [4]. The polarised emission is radially
aligned due to the changing angle of the planetary sur-
face toward the limb combined with Brewster angle ef-
fects. This effect is known as ‘Brewster angle highlights’
or limb brightening and is sensitive to changes in the di-
electric constant through the power reflection coefficient.
An increase in the dielectric constant increases the de-
gree of polarisation (ratio of polarisation to brightness
temperatures) as the difference between the parallel and
perpendicular Fresnel reflection coefficients is increased.
Surface roughness effects will also modify the polarisa-
tion response, therefore the observed polarisation is re-
lated to the effective dielectric constant which is a mix of
the true dielectric constant and surface roughness effects
(6] [4].

Properties of lunar sub-surface material may also be
inferred from lunar profile analysis. Measurements taken
at longer wavelengths will probe greater depths of mate-
rial and help to build a depth profile of the sub-surface
thermal and electrical properties. An increase in the ob-
served dielectric constant with wavelength has been at-
tributed to a higher density of lunar material at greater
depths [5], while attempts to determine the subsurface
heat flow may also reveal information about the sub-
surface layers as temperature gradient estimates (based
on limb-darkening models) conflict with those measured
at the Apollo site suggesting either inhomogeneities with
depth or a solid rock layer at about 10m [6].

Alternatively, asymmetries in the Moon’s brightness
distribution can be measured in the visibility function
which is the response of an interferometer antenna pair
or baseline. The visibility function samples the two-
dimensional Fourier transform of the spatial brightness
distribution, however, it reduces to a one-dimensional
Hankel transform for a circularly symmetric object such
as the Moon. The visibility function is also sensitive to
the value of the dielectric constant and surface rough-
ness effects in both the polarisation distribution [4] and
intensity limb darkening [6] .

Radar measurements and analysis of samples from
Apollo missions provide complementary measurement
techniques, however, historically there has been some
disagreement between the measurements obtained from
these techniques and radio astronomy data. These dif-
ferences have been attributed to inhomogeneities in the
electrical properties of the lunar surface and different
wavelengths probing different depths of near-surface lay-
ers (radar wavelength relates differently to observation
depth and this relation is sensitive to grazing angle for



any instrument) [5]. The possibility of inhomogeneities
in the lunar surface makes mapping more important, par-
ticularly at a variety of wavelengths, and observing the
lunar surface through radio telescopes offers the oppor-
tunity to observe the lunar emission with the same geom-
etry, propagation effects, calibration and instrumentation
issues as during the lunar Cherenkov experiments.

3.2. Imaging

There are few examples of lunar mapping in the lit-
erature. In 1965 Heiles and Drake [4] used the NRAO
300-ft telescope to produce a map of the lunar polarised
emission at 1.4 GHz. They used a "wobbling’ technique
(i. e. scanning back and forth across the Moon in decli-
nation) and produced a contour map of the difference in
brightness temperature measured by two cross-polarised
feeds. They found the Moon to be very smooth — in
agreement with radar maps — but noticed asymmetry in
the peaks of the polarisation most likely caused by sur-
face inhomogeneities. In particular, some mare regions
had reduced polarisation indicating either an increase in
surface roughness or a decrease in dielectric constant. In
1972 Moftat [7] produced polarimetric maps, also at 1.4
GHz, using aperture synthesis techniques. He found that
the Moon is well described by a simple model except
for local deviations in fractional polarisation and inten-
sity brightening toward the limb. These polarisation de-
viations were not consistent with uniform dielectric con-
stant and surface roughness although the noise level in
the map was considered too high to draw any definite
conclusions. More recently, in 2002, Poppi et. al. [8] in-
vestigated the Moon as a polarised calibrator at centime-
tre and millimetre wavelengths. They produced maps of
the polarised lunar emission at 8.3 GHz with the Medic-
ina 32-m radio telescope. They found that the the po-
larised emission was not homogenous and noted a de-
crease in the expected linearly polarised signal which
was attributed to surface roughness effects and antenna
pattern averaging. An excess of the Stokes U param-
eter in integrated polarisation also suggested inhomo-
geneities of the lunar regolith physical properties on a
large scale. In each case, polarisation defects were ob-
served which may be related to lunar surface features or
regions of varying thermal and electrical properties with
further lunar mapping.

3.3. Using Lunar Observations for
Ionospheric Calibration

A good understanding of the expected thermal emis-
sion from the lunar surface can also help to calibrate the

effects of pulse propagation. In particular the frequency-
dependent refractive index of the Earth’s ionospheric
plasma causes a differential additive delay across the
bandwidth of a propagating pulse which results in a loss
of coherency and reduction of the received pulse ampli-
tude. This effect is most dramatic for low frequency ex-
periments such as the NuMoon experiments which op-
erate in the 100-200 MHz range. A reduction of the re-
ceived pulse amplitude not only affects the chances of
pulse detection but also the neutrino energy threshold.
The amplitude of the pulse at the lunar surface is re-
lated to the charge excess in the particle shower which
is roughly proportional to the number of particles in the
electromagnetic cascade which in turn is proportional to
the energy of the shower and the energy of the origi-
nal neutrino. Therefore as the minimum detectable pulse
height is increased, the minimum detectable neutrino en-
ergy is also increased.

Pulse amplitude can be recovered using coherent
dedispersion techniques which require knowledge of the
real-time ionospheric conditions. Current Ionospheric
TEC products available online include Global Posi-
tioning System (GPS) satellite data and ground-based
ionosonde data. Ionosondes probe the peak transmission
frequency (fo) through the F2-layer of the ionosphere
which is related to the ionospheric TEC, however, there
are known inaccuracies in TEC estimates obtained from
ionosonde measurements as they are empirically derived
[9]. TEC measurements can also be derived from dual-
frequency GPS signals and maps of this data are avail-
able online from several sources [10] [11]. These maps
contain estimates derived from GPS measurements pro-
cessed with Kalman filters and combined with the IRI-
2007 [12] ionospheric model which is driven by real-
time foF2 observations from ionosondes [11]. They dis-
play a total delay from GPS satellites (at an altitude of
~ 20000 km) to the ground, mapped to a vertical path.
Mapping includes both ionospheric and plasmaspheric
components, modelled separately, and combined to pro-
duce an estimate of total delay. The ionosphere can be
modelled as a single layer model which assumes all free
electrons are concentrated in an infinitesimally thin shell
and removes the need for integration through the iono-
sphere. This is scaled according to the standard Gal-
lagher model to account for the plasmaspheric contribu-
tion to the TEC [13]. While the time resolution and avail-
ability of ionospheric products has improved a lot in the
last few years, there are still inaccuracies associated with
using these products to calibrate the ionosphere for the
lunar Cherenkov technique. In particular there are sig-
nificant errors associated with mapping to and from ver-
tical paths. New methods of ionospheric monitoring are
required particularly for the current low-frequency lunar
Cherenkov experiments and, as the solar cycle enters a
more active phase, accurate pulse dedispersion will be-



come a more important experimental concern at all fre-
quencies.

We are continuing to investigate a new technique to
obtain TEC measurements that are both instantaneous
and line-of-sight to the Moon [9]. Ionospheric TEC can
be deduced from the Faraday rotation measurements of
a polarised source combined with a geomagnetic field
model, which are more stable than ionospheric models
(IGRF magnetic field values are accurate to better than
0.01% [14]). We propose to use this method with lunar
thermal emission as the polarised source.

Initial investigations of this technique were performed
with the LUNASKA collaboration using the 22-m tele-
scopes of the Australia Telescope Compact Array with
a center frequency of 1384 MHz [9]. At these frequen-
cies, planetary synthesis imaging and polarimetry require
a complete set of antenna spacings and enough observing
time for earth rotation synthesis. Faraday rotation mea-
surements obtained through synthesis imaging will there-
fore be averaged over the entire observational period and
not contain any information on short-term ionospheric
structure. Depending on the chosen experimental strat-
egy, the lunar imaging baseline requirements may also
conflict with the unique constraints of a lunar Cherenkov
experiment. For UHE particle detection, long antenna
spacings may be preferred to minimise the level of lu-
nar noise correlation between antennas or short spac-
ings may be used to minimise the relative geometric de-
lays between antennas. To overcome these limitations
we developed a method of obtaining lunar Faraday ro-
tation estimates in the visibility domain which makes
use of angular symmetry in the lunar polarisation dis-
tribution. Preliminary comparison of this technique to
GPS data show that both data sets exhibit similar features
which can be attributed to ionospheric events, however,
more observations are required to investigate this tech-
nique further. Ionospheric dispersion effects are more
significant for low frequencies experiements such as Nu-
moon which is currently using the Low Frequency Ar-
ray (LOFAR) for UHE neutrino detection experiements
[15]. LOFAR’s increased sensitivity and more compli-
cated baseline geometry (compared to the ATCA’s east-
west configuration) make imaging techniques more suit-
able than visibility function analysis for lunar studies.

3.4. Initial Calculations for Low Frequency
Lunar Imaging

We first want to map the low frequency lunar emission
to determine brightness temperature in different regions
and any correlation to surface features such as mare or
highland regions. Mapping at low frequencies will probe
a different surface scale and depth to the existing lunar

maps. The LOFAR telescope operates low band antennas
(LBA) at 10-80 MHz and high band antennas (HBA) at
120-240 MHz. At these frequencies, the sky brightness
temperature is dominated by galactic radiation which has
a strong frequency dependence given by, Tyy = WA
where Tyy = 60 + 20 K for galactic latitudes between
10 and 90 degrees. Assuming a lunar temperature of
241 K, there is a turnover frequency at approximately
174 MHz where the Moon is the same temperature as
the background sky and can not be detected. Below this
frequency, the Moon is a negative source or sink and
above, the Moon becomes an increasingly strong positive
source. Choice of observation frequency in the LOFAR
bands is therefore non-trivial.

The effective lunar flux density (see Figure 1) was cal-
culated for the LOFAR observing bands using just the
core LOFAR stations, which correspond to a maximum
baseline of approximately 2 kilometres. The lunar flux is
stronger at lower frequencies, however, LOFAR has sig-
nificantly better sensitivity in the HBA band. Therefore
there is an optimal window to observe the Moon at the
lower end of the HBA band (i. e. =~ 110 MHz). At this
frequency, the resolution for a maximum baseline of 2
kilometres is 3.5’ (see Figure 2) and the Moon is a sink
with an expected flux density of —.2 Jy per pixel beam.
The instrumental sensitivity is inversely proportional to
the square root of observing time-bandwidth product. For
a one hour, one sub-band (for technical reasons, this is ~
.2 MHz) observation, a sensitivity equivalent to ~ 30°
K is possible. To improve this to ~ 3° K requires a fac-
tor of 100 in time and frequency for example, 10 hours
observation and 10 sub-bands (=~ 2 MHz).

Extension to polarimetric imaging introduces some
additional complications. Polarisation at the limb of the
Moon is only an 8% effect [4] and this is further re-
duced by beam smearing. The Medicina observations
had a resolution of 4.8 (FWHM) and the observed po-
larisation was consequently reduced to approximately
5%. The LOFAR resolution of 3.5’ is only slightly more
optimistic, therefore we can anticipate to lose a factor
of ~ 20 (with respect to the imaging case) due to in-
complete polarisation. Detailed polarimetric maps at low
frequencies therefore require careful calibration and im-
proved imaging techniques to achieve the sensitivity re-
quired for mapping surface features, however, it is pos-
sible to attempt ionospheric calibration without produc-
ing full lunar maps. Lunar polarisation is radially aligned
around the limb of the Moon, therefore limb pixels can
be stacked to improve the sensitivity provided that each
pixel is rotated according to its position on the limb
so that the radial polarisation vectors would be aligned.
Any deviations from the modelled polarisation can then
be attributed to Faraday rotation and converted to iono-
spheric TEC measurements. At 110 MHz, approximately
30 beams can be fit around the limb of the Moon offer-
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FIGURE 1.
Moon is the same temperature as the background sky.

FIGURE 2. Pixel beams of the LOFAR core stations super-
imposed onto an image of the Moon. Beams (in increasing size)
correspond to 150, 100 and 50 MHz.

ing a gain of 30. Measurements could be also taken at
different frequencies so that Faraday rotation measure-
ments can further be constrained across the frequency
range offering additional gain. Due to phase screening
effects, the polarised background is less well understood
therefore this will also have to be carefully considered.

4. FURTHER WORK

Further radio astronomical observations of the lunar sur-
face may assist UHE neutrino detection using the lu-
nar Cherenkov technique by revealing more about the
lunar surface properties which affect pulse production
and propagation. We are continuing our efforts to opti-
mise low frequency lunar imaging and calibration tech-
niques with a view to producing a lunar intensity image,
determining Faraday rotation to assist ionospheric cali-
bration and to explore the polarisation defects previously
observed with radio telescopes.
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Lunar flux density relative to the sky temperature, per LOFAR core station pixel beam. The minima occurs when the
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