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The radio detection technique has successfully been applied to the measurement of cosmic-ray in-
duced air showers with energies above 10'® eV. A majority of these measurements are performed
in the frequency band of 30-80 MHz, by the existing radio air-shower experiments. Recent results
of a simulation study with CoOREAS show that the optimisation of the frequency band improves
the signal-to-noise ratio. This in turn lowers the energy threshold of detection by an order of
magnitude. This talk will focus on the universal application of such a frequency optimisation
for all future radio air-shower arrays, which will improve the performance of these future arrays.
For this, a simulation study performed for the locations of IceTop, GRAND and the Pierre Auger

Observatory using air showers generated by cosmic rays, gamma-rays and neutrinos is utilised.
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1. Introduction

Since the early 2000’s, the field of radio detection of extensive air showers has seen incredible
progress. With the help of several radio air-shower experiments, today we understand the radio
emission in detail. Most of these experiments using the radio technique operate/operated in the
frequency band of 30-80 MHz. So far, the expected emission is seen to be in agreement with all
experimental data [1][2]. Also, the existence of a Cherenkov ring where the emission is amplified
and coherent up to a few GHz has been established [3]. With this better understanding of the
emission mechanism today, it is natural to revisit the frequency band of operation for future radio
arrays.

The motivation for revisiting this problem was derived from the necessity to lower the energy
threshold of detection using the radio technique for a future radio array at the South Pole [4], which
will be used for the enhancement of IceTop (the surface array of IceCube that measures cosmic ray
air showers)[5][6]. This enables the search for PeV energy gamma rays approaching the South Pole
from the centre of the Milky Way using the technique of radio detection of air showers [7]. Here,
we will discuss the study on the frequency band of operation conducted for the location of IceTop,
followed by a similar study done for the locations of the Pierre Auger Observatory and GRAND.

2. IceTop

IceTop consists of 162 ice-Cherenkov tanks, grouped into sets of two, forming 81 stations.
This particle-detector array cannot measure PeV gamma rays coming from the Galactic Centre,
since it always lies at a zenith angle of 61° at the South Pole. A majority of the particles from these
inclined showers do not reach the ground. Hence, we move to the usage of the radio detection
technique, since the radio signals are not absorbed in the atmosphere, and can therefore reach the
ground. In the simulation study that was focused on this problem, an array of 81 antennas, each
lying at the centre of each IceTop station, was used, resulting in a total area of 1 km? [7] [8] [9].
These air showers were simulated using CoOREAS [10].

Since the detection of air showers with the radio technique has been successfully done only for
showers with primary energies well above 10'¢ eV, the energy threshold needs to be lowered for
the detection of PeV energy showers. A major challenge for this is the ability to observe the signal
above the level of noise that is seen in radio air-shower experiments. Therefore, the behaviour
of the signal and the noise were studied within different frequency bands of operation. Such a
comparison between the signal and the noise was done for all the antennas in the array, in order
to have an optimal detection in the entire radio array. The noise used for this study includes both
Galactic noise, which arises from all the sources within our Galaxy, and thermal noise (from the
antenna characteristics and the surroundings). An average behaviour of the Galactic noise was
obtained from the Cane model [11] and a constant, conservative level of thermal noise (300 K)
was added to this at all frequencies, as described in references [7] and [8]. The typical thermal
noise of state-of-the art antennas (SKALA antennas developed for SKA) is ~ 40 K within its
frequency band of operation [12]. Since these antennas are planned to be used for the IceTop radio
enhancement, a thermal-noise case of 40 K is also considered for the study done for IceTop.



Frequency-optimised radio arrays Aswathi Balagopal V.

Figure 1 shows the amplitude of the simulated signals at three different stations in the radio
array. These signals are obtained for a shower of zenith angle 61°, produced by a gamma-ray
primary with an energy of 10 PeV. The three stations are located at the Cherenkov ring (i.e. a station
lying at an off-axis angle angle of 1.01° with respect to the shower maximum at an observation level
of 2838 m above the sea level, giving a distance to the core of 155 m), inside the ring (at an off-axis
angle of 0.6°, core distance 92 m) and outside the Cherenkov ring (at an off-axis angle of 3.16°,
core distance 484 m). The signals are shown here in the frequency domain. At the Cherenkov
ring, the signal has a flat frequency spectrum and is seen to be coherent throughout the frequency
range shown here (a few MHz to a few GHz). On the other hand, the signals inside and outside the
Cherenkov ring are not coherent in the entire frequency range shown here. The amplitudes of these
signals go down at higher frequencies. The fluctuations seen at very high frequencies occur due to
thinning artifacts in the simulations.
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Figure 1: Frequency spectra of signals at three different positions in the shower footprint for a
gamma-ray shower with zenith angle 61° simulated for the location of IceTop. The black dashed
curve shows the total noise (Galactic + thermal). The left panel shows the scenario where the
thermal noise is 300 K and the right panel depicts that for a thermal noise of 40 K. Also shown is
the ratio of the amplitudes of the signal and the noise at each frequency shown here. Figure adapted
from [8].

Also shown in Figure 1 is the amplitude of the noise (with the same normalisation as the signal)
in the frequency domain, where a combination of Galactic and thermal noise has been considered,
as described above. At lower frequencies the Galactic noise is dominant and at higher frequencies,
the constant thermal noise takes over. This results in the initial decreasing nature of the total noise,
followed by a flat behaviour at higher frequencies. In Figure 1a, the thermal noise is at a level of
300 K, resulting in a crossover between the Galactic and thermal noise at ~ 150 MHz. Figure 1b
depicts the scenario when the thermal noise is 40 K, and the cross-over occurs at ~ 350 MHz.
The signal also goes down in its amplitude as the frequency increases, especially for the stations
inside and outside the Cherenkov ring. Therefore, there is a sweet spot between 100 MHz and 200
MHz, where the noise is going down and the signal is still high enough to give an optimal level of



Frequency-optimised radio arrays Aswathi Balagopal V.

signal-to-noise ratio at all the stations shown here, which represent different regions of the radio
footprint. To show this more clearly, Figure 1 shows the ratio of the amplitude of the signal and
the amplitude of the noise within each frequency bin. This is done for each of the representative
stations shown in the figure. Note that this is not the same as the parameter signal-to-noise ratio,
which is defined later in this document. The amplitude ratio is shown here only for clarification of
the sweet spot seen between 100 MHz and 200 MHz. It can be seen that the amplitude ratio is small
at lower frequencies due to the higher level of noise. The traditional frequencies between 30 MHz
and 80 MHz have lower levels of amplitude ratio than that seen at frequencies between 100 MHz
and 200 MHz. This is true for the signal at the Cherenkov ring also (Figure 1a). In Figure 1b where
the thermal noise level is lower, since the flattening of the noise occurs only above ~ 350 MHz,
the ratio is high for the station at the Cherenkov ring until this cross-over frequency, after which
it starts going down. However, the signals at other regions of the footprint start losing coherence
at these higher frequencies. This is especially true for the signal inside the Cherenkov ring. So it
still has a higher level of amplitude ratio between 100 MHz and 200 MHz. The station outside the
Cherenkov ring has a desirable amplitude ratio until ~ 300 MHz.
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Figure 2: Signal to noise ratio (SNR) obtained in different frequency bands for a 10 PeV 7y-ray
shower of 8 = 61°. The x-axis shows the lower cutoff frequency of the band and the y-axis shows
the upper cutoff frequency. Each bin represents a frequency band. E.g. the lower left bin shows
the band 30-80 MHz. Shown is the frequency scan for a station at the Cherenkov ring that has an
oft-axis angle of 1.1° to the shower maximum and a core distance of 187 m. The optimal band is
seen to be 100-190 MHz. For lower thermal noise (b), the upper cutoff frequency can be extended
to frequencies > 200 MHz and we can still get a high level of SNR. Figures from [7] and [8].

With such an interplay of the signal and the noise, we can look at the parameter signal-to-
noise ratio (SNR) defined in the time domain as SNR = §2 /N2 where S is the maximum of the
signal envelope and N is the rms noise. Such a parameter is looked at in different frequency bands
of operation. This exercise, done for a station at the Cherenkov ring is shown in Figure 2, and
reported in detail in references [7] and [8]. For 300 K thermal noise, it is seen that the SNR has
a maximum value in the frequency band of 100-190 MHz. This is true at all locations of the
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shower footprint [7]. For a lower thermal noise (here 40 K), the upper cut-off frequency can be
extended even beyond 200 MHz to obtain a high level of SNR. This is the case for the stations at
the Cherenkov ring, and outside the Cherenkov ring. However, the station inside the Cherenkov
ring has lower levels of SNR if the upper cut-off frequency is increased beyond 200 MHz [8].

It was seen in this simulation study that the restriction to this frequency band of 100-190 MHz
improved the overall efficiency of the radio array. This was especially studied for the case of
gamma ray and proton showers with a zenith angle of 61° arriving at the South Pole. With this
optimal frequency band the energy threshold can be lowered to 1.4 PeV (with 100% efficiency for
obtaining SNR>10 in 3 or more antennas), which is lower by an order of magnitude than what has
been achieved so far [7]. The efficiency in the optimal band becomes better in the case where the
thermal noise is 40 K, which lowers the threshold further down to 1.1 PeV [9]. Therefore such an
optimum frequency band allows us to access lower energy ranges for the radio detection technique
compared to what was possible until now. For the first time, this can allow us to search for PeV
energy gamma rays coming from the Galactic Centre. The sensitivity for such a source for a radio
array at the South Pole is given in Figure 3.
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Figure 3: The integral sensitivity of a surface radio array at IceTop to a flux of gamma rays from
the Galactic Centre, assuming various scenarios of the cut-off energy for a source that lies within
a sky of 0.1°. The source flux is extrapolated from [13]. The shown integral sensitivity is for a
period of 5 years for a gamma-hadron separation factor of 100. Also shown is the sensitivity when
the radio array has a lower level of thermal noise [8].

The flux of the source is extrapolated from the observed gamma-ray flux of a candidate
PeVatron at the centre of our Galaxy by the H.E.S.S. telescope [13]. The extrapolated flux to PeV
energies included the absorption losses that arise due to the interaction of the incoming gamma rays
with the photon field of the CMB. Also, different scenarios where the PeVatron has a cut-off in its
spectrum are considered (eg. cutoff energy at 1 PeV, 10 PeV, 50 PeV). Assuming a gamma-hadron
separation factor of 100, the sensitivity to observe these gamma rays with 5o within a period of 5
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years, if they approach a frequency-optimised surface radio array at the South Pole, is shown for
each possible source spectrum in Figure 3. Here, the cosmic ray flux measured by IceTop scaled to
a sky of 0.1° has been used as the background [8]. It is clear that such a measurement is possible
only due to the frequency optimisation of this future radio array, which thereby improves the SNR
and lowers the energy threshold.

The future surface enhancement of IceTop using radio antennas will therefore include this
optimal frequency band [4]. Prototype antennas have been deployed at the South Pole which will
be used to study the conditions at the South Pole [14]. These antennas operate in the frequency
band of 50-350 MHz [12] which includes the optimum band of 100-190 MHz.

3. Frequency optimisation for other locations

In a manner similar to that done for IceTop, we can perform a frequency optimisation for radio
signals from air showers that can be observed at other locations also. Here, such an optimisation
done for the locations of GRAND and the Pierre Auger Observatory are reported. This is done in
the light of the upcoming projects at these locations. GRAND will operate with the objective of
measuring neutrinos and cosmic rays of the highest energies [15], while the radio upgrade of the
Pierre Auger Observatory will attempt to detect ultra-high energy cosmic rays [16].

The simulations of radio signals from air showers that were used for the study reported in
[17] were used for performing the frequency optimisation at the site of the Pierre Auger Obser-
vatory. These CoREAS simulations were generated with a magnetic field, observation level and
atmosphere as that seen at the Pierre Auger Observatory, using a star shaped pattern for the anten-
nas. The resulting scan of the SNR at various possible frequency bands of observation is shown in
Figure 4a. The same procedure as that followed for the study of the radio enhancement at IceTop
is used here. This is for a station inside the Cherenkov ring (off-axis angle of 0.9° from the shower
maximum, core distance of 978 m and observation level 1564 m above the sea level), for a proton
shower with an energy of 7.5 EeV and arriving at the ground with a zenith angle of 80°. We see that
for the location of the Auger Observatory also, the optimal band turns out to be 100-190 MHz, sim-
ilar to what is obtained for IceTop. This is seen for the stations inside, outside and at the Cherenkov
ring [8].

This result is quoted over here with the assumption that only the Galactic noise and the thermal
noise of the antenna will be the major contributors to the total noise. However, this is not the case
for the location of the Pierre Auger Observatory. A significant amount of man-made noise is re-
ported at this location by the Auger Engineering Radio Array (AERA) within the band 30-80 MHz
[18]. It is possible that this RFI noise level is more prominent in the optimal band 100-190 MHz
seen in this study, when compared to the traditional frequency band of measurement (30-80 MHz).
Within 30-80 MHz, AERA measures the overall behaviour of the noise as the Galactic noise, over-
ridden by man-made noise peaks at certain frequencies. Therefore, a careful study of the noise at
higher frequencies at the AERA site is needed to weigh the advantages of one band over the other.

For studying the frequency optimisation for GRAND, the simulations of the air showers were
generated using ZHAires [19], with the environment (magnetic field, observation level) similar to
that of the TREND location, in China [20]. Proton and iron initiated air showers with inclinations
of 65°-85° with respect to the vertical, and neutrino generated showers that are horizontal or up-
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going were simulated. These showers were generated such that they were approaching an array of
antennas with a spacing of 1 km between them, oriented along a slope within a range of of 5°-20°.

The SNR was looked at in each possible frequency band of operation, for both cosmic ray
and neutrino induced showers. This scan was performed similar to the manner done for IceTop, for
stations inside, outside and at the Cherenkov ring. It was found in all cases, that the maximum SNR
was obtained at a frequency band of 100-180 MHz, which is consistent with the results obtained
for IceTop [15]. Figure 4b shows the SNR scan for an event from an upgoing neutrino producing a
tau lepton that decays in flight and generates a shower, which is detected by an antenna array that
lies on a mountain slope of 10°. A station that lies outside the Cherenkov ring with a distance of ~
11 km to the shower core, and has an off-axis angle of 1.9° from the shower maximum is shown.

With this understanding of the optimal frequency band, it has been decided that GRAND will
operate in the frequency range of 50-200 MHz [15]. Setting the lower cutoff frequency at 50 MHz
allows the inclusion of the well-studied lower frequencies in the measurements. With this, it will
also be possible to cross-check with existing radio air-shower experiments, for consistency. From
measurements with TREND, the predecessor of GRAND, it is understood that the level of man-
made noise at Tianshan valley, the location of TREND, is very low [20]. Since such radio quiet
environments will be available for GRAND also, it can be safely said that Galactic noise will be
the main source of noise in this case. Therefore, the noise considered in this study is valid for
conducting a frequency optimisation for GRAND. This will enable the enhancement of the SNR
for GRAND with the optimal band, and thereby improve its performance.
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Figure 4: Signal-to-noise ratio at different frequency bands for showers simulated at AERA and
GRAND. (a) Proton shower with energy 7.5 EeV and 6 = 80°. (b) An upgoing neutrino event
with energy 0.5 EeV that originates from 3° below the horizon. Plots adapted from [8]. A noise
temperature of 300 K is used for both cases. The maxima of the colour scales show the maximum
values of the SNR that is obtained at the Cherenkov ring for these sample showers.

4. Summary

A frequency band optimisation performed for the radio enhancement of IceTop showed the
optimum band to be 100-190 MHz. This optimisation done for the locations of GRAND and the
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Pierre Auger Observatory reveals the optimal band to be consistent with that obtained for IceTop.
This implies that this optimum frequency band is universal and an operation in this band will im-
prove the performance of all future radio arrays, especially for areas with low levels of RFI. This
result is not surprising since the nature of radio emission is similar at all places. The only differ-
ences between the considered locations are the magnetic fields, the observation levels, and the local
atmosphere. Furthermore, the same model of noise is used for studying the SNR at all locations.
It has also been shown that ZHAires and CoREAS give consistent results for the observable radio
emission [21]. Therefore, as expected, we obtain consistent results for the optimum frequency
band at all the studied locations using the simulations shown here. The radio enhancement of Ice-
Top plans to use antennas that operate in the frequency band 50-350 MHz, while the foreseen band
of operation is 50-200 MHz for GRAND. Both of these experiments will therefore include the
optimal band, to which a digital filter can be applied.
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