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In the past two decades, the radio detection of cosmic-ray extensive air showers (EAS) has devel-
oped into a technique with a resolution on cosmic-ray properties that is competitive with other ob-
servation techniques, at relatively low cost and high uptime. The results of existing radio cosmic-
ray experiments have shown good agreement with other measurements as well as predictions from
particle-level Monte-Carlo simulations. However, to date, almost all radio measurements have fo-
cussed on the frequency range below 100 MHz. While the emission generally is expected to be
weaker at higher frequencies, both analytic coherence considerations and detailed simulations also
predict the presence of a new polarization pattern due to synchrotron radiation. This contribution
will present some arguments for and a preliminary study into the feasibility of detecting cosmic-
ray radio emission in the 350 MHz to several-GHz frequency range using SKA-Mid.
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Figure 1: CoREAS simulations of the radio footprint of a 10 PeV proton air shower incoming at a zenith
of 45◦ and azimuth 0◦, i.e. magnetic East, in shower coordinates. The simulated site is the location of the
SKA-Mid telescope in South Africa. Footprints are obtained by interpolation from the simulated positions
at the grey dots. From top to bottom: i) total emission, ii) ®E × ®�-component, iii) ®E × (®E × ®�)-component.
From left to right, the radio footprint is shown for different frequency bands, starting with the LOFAR LBA
band (30–80 MHz), SKA-Low, and Bands 1 through 5a of SKA-Mid. Note that the fluences on individual
subplots are rescaled as indicated in the top-right corner to improve visibility.

1. Introduction

The radio detection of cosmic-ray extensive air showers (EAS) has established itself as a pow-
erful technique for measuring the properties of cosmic rays. Both dedicated cosmic-ray detectors
as well as observatories built for radio astronomy have been successfully used to detect cosmic rays.
Several simulation tools exist to model the cosmic-ray radio signals, whose predictions are both
consistent with each other as well as with observations at the level of a few percent. They have
enabled the development of reconstruction algorithms which have demonstrated a level of precision
that is compatible and competitive with that of other cosmic-ray observation techniques.

However, the vast majority of radio measurements of EAS have been at lower frequencies, espe-
cially within the 30 to 80 MHz range. Simulations predict radio emission also at higher frequencies,
extending up to several GHz. In particular, they also predict several changes in the radiation pattern
at these frequencies, such as the appearance of ’geosynchrotron’ emission. Figure 1 shows some of
the predicted features of the radio footprint of a 10-PeV proton-primary cosmic-ray air shower in dif-
ferent frequency bands. As the frequency increases, the emission becomes weaker, the Cherenkov
ring becomes narrower and moves away from the shower core, and there is a dip in the emission
around the ®E × (®E × ®�)-axis.

While some experiments (e.g. CROME [1], EASIER) have already attempted to detect GHz
radio emission of EAS, and found good qualitative agreement with CoREAS simulations, no at-
tempts have been made since to expand this to larger data sets, to perform a more quantitative eval-
uation of the match between simulation and data, or to investigate the potential additional benefits
of this frequency range in terms of reconstructing cosmic-ray properties or disentangling competing
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Figure 2: Left and centre: The AA* layout of SKA-Mid, showing both MeerKAT (blue squares) and SKA
dishes (black circles). Right: expected sensitivity for a single SKA dish, over the different frequency bands.

(hadronic) models.
More recently, there has been the suggestion to use a technique similar to that used by Imaging-

Atmospheric Cherenkov telescopes (IACT) to detect cosmic rays at multi-GHz frequencies [2].
However, this would involve the construction of a dedicated telescope. Here, we investigate instead
the feasibility of observing cosmic-ray extensive air showers with the SKA-Mid array in South
Africa. As this telescope is being constructed for radio-astronomical observations regardless, it is
worthwhile to investigate its potential use case for cosmic-ray science, especially if (commensal)
observations turn out to be possible at limited additional cost. Although the strength of the radio
emission from EAS drops off quickly at higher frequencies (cf. Figure 1), this is counterbalanced at
least in part by the higher sensitivity at these frequencies due to the simultaneous reduction of the
noise temperature )sky.

2. SKA-Mid

The SKA-Mid telescope is an array of radio dishes currently under construction in Karoo,
South Africa, at an altitude of 1062 m. The magnetic field at this location has a magnitude of 26 `)

and an inclination of -64 ◦. The telescope design encompasses both 64 existing MeerKAT dishes
with a 13.5-m diameter, as well as 133 new 15-m dishes. These are located along three spiral arms
at increasing separations, except in the dense core region of the array, which contains about half
of the total number of dishes randomly distributed within the central ∼ 2-km radius. More details
about the design of the SKA-Mid telescope can be found, e.g., in [3]. Figure 2 shows the design
layout of the SKA-Mid array in its AA* configuration, which is currently expected to be completed
and ready for science science operations by 2032.

Each dish uses multiple feeds to cover a frequency range from 0.35 to 15.4 GHz. The sensitivity
of a single dish1, taken from [4], is shown in the right-hand side of Figure 2. Note that bands 3 (1.65
to 3.05 GHz) and 4 (2.80 to 5.18 GHz) are supported but not currently funded yet. The field of view
of a single dish decreases with increasing frequency; for this study, the antenna gain will be modelled
as a radially symmetric Gaussian [3]:

1The published sensitivities are given in units of m2/K; the sensitivity in terms of fluence is obtained by multiplication
by the Boltzmann constant :�.
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Figure 3: Peak fluence within a 10 ns window for all simulated air showers. Each marker represents one fre-
quency band, with the exception of the first marker which shows the frequency range of SKA-Low. Overlaid
is the single-dish sensitivity from Figure 2.

� (\, 5 ) = exp
[
−4 log(2)\2/\2

FWHM
]
, (1)

where \ is the angle away from boresight, and the full-width half-maximum beam size \FWHM =

_/� depends on the wavelength _ = 2/ 5 and dish diameter �. This is a simplified description of
the true antenna gain pattern, but should be sufficiently accurate for the purposes of this study.

3. Method

To estimate the feasibility of detecting radio emission from cosmic rays, CORSIKA 7.8050
[5] with CoREAS [6] was used to simulate the expected radio emission from a proton primary at
1 and 10 PeV for several zeniths, ranging from vertical (\ = 0◦) to strongly inclined (\ = 60◦). In
order to capture the emission up to several-GHz frequency, a time resolution of 30 ps was used, and
thinning was turned off. Figure 3 shows the peak fluence (i.e. the maximum fluence over all antenna
positions) in a 10 ns window for each simulated air shower. Overlaid is the same sensitivity of a
single SKA-Mid dish as shown in Figure 2. As expected, the peak fluence scales approximately
as the square of the cosmic-ray primary energy, also for the higher frequency bands. The effect of
different zenith angles on the peak fluence is comparatively smaller, with all showers within a factor
of ∼ 2 in fluence; in most frequency bands, the fluence seems to increase slightly with increasing
zenith angles, but this tendency is not entirely consistent across both simulated shower energies,
and may be subject to significant random fluctuations considering only one shower was simulated
at each energy and zenith. In most bands, the energy threshold for detection (a signal-to-noise ratio2

(SNR) > 1) lies somewhere between 1 and 10 PeV, with the possible exception of Band 1, where
the fluence from the 1 PeV shower is already similar to the sensitivity.

The next step in order to determine the expected detection rate is to consider not only the
peak fluence, but the entire footprint: if most of the radio emission is concentrated around a very

2The SNR is defined here as the ratio of the peak fluence divided by the mean sensitivity in the frequency band.
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small area, the probability of obtaining a signal above the sensitivity is reduced. The cr-pulse-
interpolator package [7] is used to interpolate the fluences from the simulated star pattern to the
antenna positions. Although the interpolation procedure was designed for (and tested) only at lower
frequencies, and therefore in particular the full time-domain interpolation of electric fields may
be less reliable for the frequencies used here, the total fluence seems to vary slowly and smoothly
enough along the shower footprint for the interpolation to be sufficiently accurate for the purposes
of this study.

In addition, the radio emission obtained from the CoREAS simulation and interpolation needs
to be multiplied by the direction- and frequency-dependent antenna response. For antennas in the
typical frequency range for radio detection of cosmic rays (i.e. � 1 GHz), this is straightforward,
as the radio emission all arrives within a relatively small solid angle compared to the field of view
(beam width) of the antenna. At higher frequencies, this is no longer the case. The full-width
half-maximum (FWHM) of the dish response can be approximated as \FWHM ≈ _/�, where _ is
the wavelength and � the dish diameter. At 1 GHz, this implies a FWHM of O(1◦), dropping to
O(0.1◦) at 10 GHz. At these frequencies, even if the dish is pointed close to -max, only part of
the shower will fall within the field of view. However, the radio footprint produced by CoREAS
does not allow us to disentangle radiation emitted by different parts of the shower. Therefore, as
for the low-frequency case, the emission is treated as originating from -max. This should still give
fairly accurate results at the lowest-frequency band (Band 1); at higher frequencies, the real footprint
after including the antenna response would likely have a (significantly) lower peak fluence but be
spread out over a wider area. Although this is not a small effect, and may modify the cosmic-
ray energy threshold for detection naively by the inverse of the fraction of the shower contained
within the beam FWHM, this is argued to be an acceptable caveat for this initial study. Note that
including the dish response properly, taking into account the different signal arrival directions along
the shower development, would involve modifications of the CoREAS code (or the use of CORSIKA
8), increase the computational time and make the interpolation of the footprint (and therefore the
ability to use a single simulation for multiple random core positions) much more challenging.

The results for a single proton-primary air shower, with an energy of 10 PeV and a zenith of
45◦, impacting the centre of the SKA-Mid array, are shown in Figure 4. The top row shows the
raw CoREAS footprint, with a dashed grey circle indicating the size of the beam width, assuming
all dishes are pointed in the same direction. As expected, the area on the ground that sees -max

within one FWHM decreases with increasing frequencies. It additionally strongly depends on the
zenith angle, as -max is further away for more inclined showers. The bottom row of Figure 4 shows
the detected radio fluence after including the radially-symmetric Gaussian antenna beam pattern
from Equation 1. The signal-to-noise ratio, defined as the detected fluence divided by the single-
dish sensitivity, is indicated by multiple contours. For this particular geometry (core impacting the
centre of the array, dishes offset from shower direction by ∼ 1◦), several antennas in the lower two
frequency bands should detect radio emission significantly above the sensitivity threshold. As the
frequency increases, the rapid decrease of the field-of-view of a single dish results in a much smaller
footprint, and the probability of exceeding the sensitivity in one or more antenna dishes is reduced.

Finally, to estimate the rate at which cosmic rays would be detected above threshold, we need
to include the cosmic ray flux Φ(�). At 10 PeV, the all-flavour cosmic-ray flux is approximately
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Figure 4: Detected fluence from a 10 PeV, 45◦-zenith air shower, for frequency bands 1 through 5a. Note
that the fluences in higher frequency bands have been rescaled as indicated in the top-right corner to improve
visibility. Top: total fluence at ground level. The dashed grey line indicates the area for which -max is within
the beam FWHM, assuming the dishes point in a random direction ∼ 1◦ away from the air shower arrival
direction. Bottom: the fluence at the dishes after convolving with the dish beam pattern. Contours indicate
where the fluence reaches an SNR of 1, 2 and 10.

4 · 10−24 m−2eV−1sr−1 [8]. The approximate detection rate at this energy is given by:

d#
dC

(�, \, SNR > SNRmin) = � · Φ(�) · (�Ω)eff · cos(\), (2)

where � is the cosmic-ray energy and \ is its zenith angle. The factor cos \ is a consequence of
projecting the SKA-Mid area onto the cosmic-ray flux direction. The effective product of field
of view and area (�Ω)eff is computed as follows: Within a given area (angular offset), the core
position (dish pointing) is repeatedly sampled from a uniform distribution. The effective field-of-
view-multiplied area is then given by the product of the sampled area, field of view, and the fraction
of events exceeding a given SNR.3

The resulting detection rates for the 10 PeV, 45◦ cosmic ray air shower as a function of SNR
are shown in Figure 5. The shower core positions are sampled randomly within a 2×2-km square
around the centre of the SKA-Mid array; if an external trigger (e.g. particle detectors) is to be used
with a smaller coverage, expected rates may be reduced below the results reported here.

As expected from the smaller beam size at higher frequencies, the highest detection rates are
obtained for the lowest frequency bands, with O(1) − O(10) detections per day in the lowest fre-
quency band, depending on the desired SNR threshold and number of dishes. In particular, note
that in principle simultaneous detection in multiple dishes is required to fully constrain the shower
geometry, a condition which is regularly satisfied in the first two bands only. In contrast, the smaller

3Formally, the effective field of view should be computed by varying the cosmic-ray direction while keeping the dish
pointing constant; for small angular offsets, varying the dish pointing instead should be equivalent while avoiding the
need for computationally costly additional cosmic-ray simulations.
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Figure 5: Expected event rate at a cosmic-ray energy of 10 PeV and dishes pointing at 45◦ from zenith, as a
function of SNR. The colour of each curve indicates the number of dishes above the given SNR.

beam size for band 5a reduces the detection rate to < 1/day for all SNR thresholds even for a single
dish.

4. Conclusion and outlook

Radio antennas have successfully been used to detect cosmic-ray air showers for over twenty
years. The vast majority of observations have been performed in the 30 to 80 MHz range, with only
a limited number of qualitative analyses at higher frequencies, despite simulations predicting the
appearance of several distinct features at higher frequencies (e.g. ’geosynchrotron’ emission).

This work has presented a first order-of-magnitude estimate of the expected cosmic-ray detec-
tion rate in the 350 MHz to several GHz range used by SKA-Mid. As this telescope is currently
being constructed for radio-astronomical observations, it could potentially be used to detect cosmic
rays at limited additional cost, especially compared to the construction of a dedicated cosmic-ray
facility. Using CoREAS simulations, the energy threshold for cosmic-ray detection was shown to
lie somewhere between 1 and 10 PeV. Using the 10 PeV threshold as a starting point, and includ-
ing the beam width of the SKA-Mid dishes, we have demonstrated that SKA-Mid would plausibly
detect O(1) − O(10) cosmic rays per 24 hours well above the sensitivity threshold (SNR > 10).
In the lower frequency bands, this SNR is commonly obtained for multiple dishes simultaneously,
allowing to reconstruct the shower geometry and other properties from radio data only.

In future work, some of the limitations in the present analysis should be addressed, including
performing additional simulations at different energies and azimuth angles. It would also be in-
teresting to see how a proper treatment of the antenna response, integrating it within the CoREAS
simulation to take into account radiation emitted from different parts of the shower separately, af-
fects the results obtained, especially for the higher frequency bands.

Finally, relevant not only for potential cosmic-ray observations with SKA-Mid, but also for
other experiments intending to use higher frequencies and/or larger bandwidths, is to study the
implications for the reconstruction quality. In particular, as model predictions in these frequency
ranges are relatively untested, it is valuable to know if and to what extent high-quality observations
at these frequencies could provide additional sensitivity to cosmic-ray properties, hadronic models,
or differences in simulation codes.
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