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The future SKA-low will provide an extremely dense and very homogeneous antenna array on an
area of roughly 0.5km? and with a large bandwidth of 50 — 350MHz. With minor engineering
changes it would be ideally suited to detect extensive air showers initiated by cosmic rays in the
Earth’s atmosphere via their pulsed radio emission. The very precise measurements of individual
cosmic-ray air-shower events allows detailed studies of the mass composition in the energy range
around 10'7 eV where the transition from a galactic to an extragalactic origin could occur. We
present a simulation study on cosmic-ray detection with focus on the potential to reconstruct the
depth of shower maximum for individual showers to be measured with SKA-low, resulting in an
expected intrinsic uncertainty on the Xmax reconstruction of less than 10 g/cm?. We will discuss
the dependencies of the uncertainty on the direction and energy of the primary as well as the

parameters of the antenna array, e.g. the analysed bandwidth and antenna density.
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1. Introduction

In the past decades, radio detection of cosmic-ray air showers has made huge progress [1]. It
can provide additional information to classical cosmic-ray observation techniques. One question
which can be addressed is the mass composition of cosmic rays in the energy range of the transition
from Galactic to Extragalactic origin. Since the radio emission from particle showers contains the
information of the complete longitudinal air-shower development, it is possible to reconstruct the
shower maximum, a parameter which is correlated to the mass of the primary cosmic ray. The cur-
rent best measurements of Xy, achieving a resolution of 20 g/cm?, are performed by fluorescence-
and Cherenkov-light detection (see e.g. [2]).

The radio-antenna array LOFAR acts not just as a pathfinder for SKA, it also was enabled to
perform cosmic-ray detection. The impressive mean Xy« resolution of about 17 g/cm2 [3], ob-
tained for the reconstruction of the shower maximum in the energy range of 10'7 — 10'73 eV, gives
an indication of the potential for cosmic ray detection with the future SKA-low. This resolution was
achieved by using a top-down analysis approach where each air-shower measurement is compared
to a large number of simulated air showers induced by protons and iron-nuclei as primaries.

In this contribution, we present a simulation study and its results on the potential of SKA-low
to perform ultra-precise air-shower measurements on the depth of the shower maximum, demon-
strating that a a reconstruction of the shower depth Xj,x of individual showers with a mean intrinsic
uncertainty of well below 10 g/cm? seems feasible.

The low-frequency core of the future Square Kilometre Array (SKA-low) will be located in
West-Australia. It will consist of almost 70.000 antennas on an area of less than 0.5km?. The
dual-polarised antennas will be sensitive to frequencies from 50 — 350 MHz. Phase 1 of the low-
frequency part of SKA (SKA-low) will be built as of 2018 with the planned completion in 2023.
The first operation is planned for 2020 while cosmic-ray measurements could already start ear-
lier. Some technical design modifications in the data-acquisition system and the deployment of a
simple particle-detector array for triggering are necessary to enable SKA-low for cosmic ray de-
tection. More details can be found in [4]. Information on the preliminary design of the SKA-low
core, which we include in this study, can be found in the configuration report by the SKA organi-
sation [5].

2. Reconstruction of the shower maximum and its dependencies

Reconstruction method: The method for the reconstruction of the shower depth of individual
detected showers we present in this contribution was developed and already successfully applied
in the context of cosmic ray detection with LOFAR [3]. As basis for the simulation study to
determine the possible uncertainty on the shower-maximum reconstruction, we prepared sets of
air-shower simulations, induced by 50 protons and 25 iron nuclei for each energy and zenith angle.
We performed the air shower simulation with CORSIKA [6] while the corresponding radio signal
of the shower was calculated by CoREAS [7], a plug-in of CORSIKA. We chose 160 antenna
positions as observers for which the radio signal is calculated in the shower plane defined by vxB
and vx (vxB), the so-called star-shape pattern, as shown in fig. 1 (left). The vector v represents
the velocity of the air-shower front, B the Earth’s magnetic field. For each position in the star-
shape pattern, the East-West and the North-South components of the electric field were filtered to
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Figure 1: Left: Total over time integrated power at the simulated antenna positions (circles) and the inter-
polated radio footprint in the frame of the shower plane, defined by the axes v x B and v x (v x B). Shown
here is the simulated result for a proton-induced air shower with a primary energy of E = 10'7eV and a
zenith angle of 36.84°, filtered to a frequency band of 50 — 350 MHz. Center: The SKA-low antenna posi-
tions rotated into the shower plane (power normalised to the maximum value). At each antenna position, a
value for the total received power is interpolated. Right: The example radio footprint on ground as detected
by the SKA-low array, with North pointing upwards. The different colour scheme is chosen to underline the
change of the coordinate system. Reprinted from [8].

the frequency band of 50 —350MHz. An antenna model was not included. Afterwards, the time
integral of the total received power was computed for each antenna. The footprint of the radio
signal can be reconstructed by interpolation between the rays of the star-shape pattern (see fig. 1,
left), including also its asymmetry due to the interference of the Askaryan and the geomagnetic
effect. To estimate the power received by the SKA-low antennas, the complete antenna array is
rotated into the shower-plane frame and each antenna is assigned a total power corresponding to the
interpolated value at its position (see fig. 1, center). This procedure is applied to every simulation in
a set. Finally, each simulation acts once as “fake” data with random noise added to the interpolated
total power of each antenna: 5% of the total power of each antenna as uncertainty on the antenna
calibration and 1% of the maximum power in the whole array as an approximation for Galactic
noise. This approximation yields a noise scaling with the energy of the primary particle for the
reconstruction. A more realistic assumption has to be used in future calculations. The remaining
simulations of the set are then compared to the “fake” data on the basis of a y? fit:

2=Y <Pfake_Psim>2 .1
antennas O fake
with Prye as the total power, integrated over time, of a single antenna in the “fake” data set, Ogke
denoting the assumed uncertainty due to noise, and Py, as the simulated power for the same po-
sition. This fit returns a x> value for every comparison of the “fake” data to one of the remaining
simulations in a set, to which one can then connect the corresponding Xi,, known from the simula-
tion. This leads to a distribution to which a parabola function can be fitted. One example is shown
in fig. 2 (left). The parabola fit returns the “reconstructed” shower depth X;eco as the Xpax value
for which the parabola achieves its minimum. For this study, we chose the shower-core position
on ground to be at 100m east and 50m north w.r.t. the center position of SKA-low, to guarantee
a study of a general example of SKA-low ’contained’ events as well as to avoid the effects of the
radial symmetry of SKA-low. The absolute difference of the reconstructed shower maximum Xieco
to each “real” shower depth Xie, of the simulation which works as “fake” data is filled into a his-
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Figure 2: Left: An example x2 distribution for the comparison of one “fake” event for SKA-low with the
remaining simulations of a set with a primary of E = 10'7 eV and a zenith angle of 36.84°. Right: Histogram
for the absolute differences of the reconstructed and the “real” shower depth for a complete simulation set
with a primary energy of E = 10! eV and a zenith angle of 36.84°. Outliers beyond a difference of 20 g/cm?
are not shown, but included in the calculations of the reconstruction uncertainty.

togram, as shown in Fig. 2 (right). In that histogram the 10 uncertainty is defined by the value of
| Xreco — Xreal| Which contains 68% of entries. The value is interpreted as the statistical uncertainty
of the shower reconstruction by the method itself when adopting all simulations in a set once as a
“fake” event. For the example given in fig. 2 (right), the resulting mean reconstruction uncertainty
achieves a value of 6.8 g/cm? for a simulation set of 50 proton and 20 iron showers with a primary
energy of E = 10'7 eV, an azimuth angle of 225° and a zenith angle of 36.84°.

The impact of the antenna density: In this simulation study only every 8th antenna of the
SKA-low array is included in the comparison to simulations, which can be also interpreted as a
reduced number of antennas read out for an air-shower event or a reduced antenna density w.r.t.
the whole SKA-low antenna array. To prove that this has no significant impact on the results, we
include in the applied reconstruction method all SKA-low antennas for the same simulation set
of 50 proton and 20 iron-induced air showers. The results are shown in fig. 3 (left). Since the
background noise is randomly added to the simulated signal, the histogram is slightly different
compared to fig. 2. Nevertheless, the resulting uncertainty for the depth of the shower maximum
of 6.8 g/cm? has not changed when for including all SKA antennas. This shows that reducing the
number of antennas in the reconstruction to every 8th antenna is valid and does not affect the result.
However, we also studied the effect of a further thinning of the antenna array. A further thinning
by including only every 16th antenna leads to an uncertainty of 7.2 g/cm? which is slightly worse
than in the former result. Reading-out only every 32nd antenna as shown in fig. 3 increases the
reconstruction uncertainty to a value of 7.4 g/cm?. The results are summarised in Tab. 1. A further
reduction of the numbers of antennas would lead to a much worse precision in the reconstruction.
In general, reasonable thinning of the antenna array, i.e. just reading out a subset of the antennas,
leads to a slightly worse reconstruction uncertainty, but does not affect the precision on the shower
maximum reconstruction significantly as long as the read-out is homogeneously distributed over
the radio footprint. Not to read out all antennas can therefore be used to reduce the amount of
data which have to be transferred and analysed for the individual detected air-shower events. This
study shows that SKA-low significantly profits from the high antenna density with which the radio
footprint on the ground is sampled. However, the examination of the impact of the number of the
read-out antennas is closely connected to and therefore limited by the number of simulated antenna
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Figure 3: Histogram for the absolute differences of the reconstructed and the “real” shower depth for the
air-shower detection with the SKA-low array. Left: including all antennas in the reconstruction, leading to
a reconstruction uncertainty of 6.8 g/cm?, right: including every 32nd antenna in the reconstruction, leading
to a reconstruction uncertainty of 7.4 g/cm”. Some outliers beyond a difference of 20 g/cm? are not shown
but included in the calculations of the reconstruction uncertainty.

Table 1: Summary of the uncertainties of the reconstruction of the depth of the shower maximum in depen-
dence on the antenna density for primary energy of E = 10!7 eV and a zenith angle of 36.84°.

antenna thinning factor | mean antenna density | mean antenna distance | uncertainty

all 0.16ant./m” 2.5m 6.8 g/cm?
every 8th 0.02 ant./m? 7.0m 6.8 g/cm?
every 16th 0.01 ant./m? 10.0m 7.2 g/cm?
every 32nd 0.005 ant./m> 14.1m 7.4 glem?

positions, whose impact has to be explored in another study.

Impact of the frequency band: Besides the much higher antenna density of SKA-low, the
array differs from LOFAR especially in the frequency range it covers. While LOFAR measures in
the frequency band of 30 — 80 MHz containing a large part of the radio energy [10], SKA-low covers
frequencies from 50 — 350 MHz. The reconstruction of the shower maximum could therefore profit
from the fact that for higher frequencies the structure of the Cherenkov cone becomes prominent.
In the frequency band of 30 — 80 MHz, a bean-like structure is visible in the radio footprint (see
fig. 4, left) instead of a clear Cherenkov ring as for the higher frequencies as for the frequency band
of 50 —350MHz. It is observable that the received power integrated over time in the frequency
band of 50 —350MHz is higher than the one at 30 — 80 MHz. In addition, the galactic noise level
drops at higher frequencies so that a separation from noise will be easier. For the same simulation
set and antenna density as used for the results in fig. 2, we obtain a much larger reconstruction
uncertainty of 16.5g/cm? for the depth of the shower maximum when filtering the signal to 30 —
80MHz, as illustrated in Fig. 4 (right). In comparison to 50 — 350 MHz, the parabola for 30 —
80MHz is wider so that the minimum of the ¥ distribution is less accurately defined (compare
fig. 4 (center) and fig. 2 (left)). This leads to the conclusion that besides a received power which
is higher in the SKA-low frequency band, in comparison to LOFAR, SKA-low seems to profit
for the Xpax reconstruction from the measurements of the higher frequencies by the prominent
Cherenkov cone structures. It has to be investigated in a future study whether additional parameters
characterising the footprint can be found in the higher and larger frequency band which could be
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Figure 4: Left: Total integrated power at the simulated antenna positions (circles) and the interpolated radio
footprint in the shower plane for a proton-induced air shower with a primary energy of E = 10!7eV and a
zenith angle of 36.84°, filtered to a frequency band of 30 — 80MHz. Reprinted from [9]. Center: The x>
distribution for the SKA-low array layout for a frequency band of 30 — 80MHz. Right: Histogram for the
absolute differences of the reconstructed and the “real” shower depth for the air-shower detection with the
SKA-low array being sensitive to 30 — 80 MHz, leading to a reconstruction uncertainty of 16.5 g/cm?.

Table 2: Summary of the uncertainties of the reconstruction of the depth of the shower maximum in depen-
dence on the energy of the primary particle with a zenith angle of 36.84°.

energy ‘ 10'%ev ‘10]6'56\7‘ 10"7ev ‘10]7'56\7‘ 10'8ev
uncertainty ‘ 9.8 g/cm? ‘ 8.3g/cm’® ‘ 6.8 g/cm? ‘ 4.5 g/cm? ‘ 3.5g/cm?

added as additional information to the existing method for X;,,,x reconstruction.

Dependence on the primary energy: For a fixed zenith angle of 36.84°, we prepared a com-
plete simulations set for different primary energies. Fig. 5 (left) shows the power distribution for
one proton event in the shower plane for a primary energy of E = 10'®eV and E = 10'® eV, respec-
tively, which can be directly compared to fig. 1. It is observable that the radius of the Cherenkov
ring, which becomes prominent in the radio footprint for f > 100MHz [1], depends on the primary
energy, as expected from geometrical considerations according to the Heitler model: for air show-
ers induced by lower energetic primaries the source of radiation is on average further away from
ground than for air shower induced by higher energetic primaries, leading to a larger ring size. In
addition, one can also notice that the power of the radio signal increases with rising energy of the
primary particle emphasizing the narrow structure of the Cherenkov ring. The results, listed in
Tab. 2, give evidence for a tendency of a decreasing reconstruction uncertainty with rising primary
energy. This is not an effect of the rising signal-to-noise ratio since in this study the included noise
scales (unrealistically) with the energy of the primary particle. In other words, the signal-to-noise
ratio does not increase with higher primary energy. Indeed, for low energetic events this assumption
could be too optimistic. The decreasing uncertainty could be explained by a possible better reso-
Iution of structures at the Cherenkov cone due to smaller geometrical distance and larger signals.
Consequently, the more prominent the structures in the two dimensional profiles are, the better the
simulation which fits best can be identified. The example x? distributions in the fig. 5 (bottom)
support this theory. They are showing the trend that the jitter of the points around the parabola
function decreases with higher energies. The uncertainty on the determined minimum decreases
since the minimum of the parabola can be determined more precisely. For primary particles with
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Figure 5: Top: Example simulated footprints of the radio signal in the shower plane for a proton-induced
air shower, filtered to the frequency band of 50 — 350MHz. Left: for a primary energy of E = 10'%eV,
right: for a primary energy of E = 10'8eV. Reprinted from [9]. Bottom: Example x? distributions for a
proton-induced air shower with different primary energies. Left: for a primary energy of E = 10'6eV, right:
for a primary energy of E = 10'8eV.
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Figure 6: Example x? distribution for a proton-induced air shower with a primary energy of E = 107 eV
and a zenith angle of 25.84° (left) and of 45.58° (right), respectively.

high energies, SKA-low will be able to reconstruct the depth of the shower maximum on individual
air shower events extremely precisely.

Dependence on the zenith angle: In the following, we study the impact of the zenith angle
on the reconstruction uncertainty. We produced complete simulation sets for a primary energy
of E =10'7¢eV and a zenith angle of 25.84° and 45.58° which will be compared to the previous
results gathered at 36.84°. Fig. 6 displays a zoom in the x2 distributions (+150g/cm? around
the minimum) for example events with a zenith angle of 25.84° and 45.58°, respectively. The
comparison of the plots shows that for the higher zenith angle fewer simulations lead to a small
x%/ndf in the comparison to the “fake” data. In addition, the scatter of the points around the
parabolic function gets larger. This could be explained geometrically: the source of the radio
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emission is further away from the ground for larger zenith angle so that the structure in the footprint
get less prominent. Here, we have to set the previously chosen value of 5 for x2/ndf, below which
the points are included in the parabola fit for finding the minimum, to 9 to ensure that for all
comparisons a significant number of points are included in the fit. The result is that for the zenith
angle of 25.84° a reconstruction uncertainty of 6.1 g/cm? is achieved, while for the zenith angle of
45.58° the reconstruction uncertainty is determined to 17.3 g/cm?. The increase of the uncertainty
could be originating in the decrease of the maximal power and the effect that the power distribution
gets slightly broader as well as the asymmetry of the signal on the Cherenkov cone gets smaller for
increasing zenith angles. A more refined approach in the reconstruction procedure could potentially
achieve a significantly improved precision.

Another observation we made is that for the larger zenith angle a slight offset between the
points of the proton and the iron induced shower appears in the y? distribution. The origin and
whether this include additional information to distinguish between individual primary particles has
yet to be studied.

3. Conclusion

Within this presented simulation study, we demonstrated that a LOFAR-like approach for the
reconstruction of the shower depth for single events is applicable to SKA1-low data. We could
show that SKA will be able to reconstruct the depth of the shower maximum on individual air
shower events with an extreme precision of 10g/cm?, given by the reconstruction method itself,
and therefore surpass classical detection techniques. We could demonstrate that the reconstruc-
tion will profit from the high antenna density while on the other hand an inclusion of just a subset
of antennas into the reconstruction procedure, e.g. to reduce the amount of transferred data, will
not affect the precision on the shower maximum reconstruction significantly as long as the anten-
nas are homogeneously distributed over the radio footprint. In comparison to LOFAR, SKA-low
seems to profit from the measurements at higher frequencies where the Cherenkov ring becomes
the prominent pattern in the footprint. In a future study it has to be investigated whether additional
parameters characterising the footprint can be found in the higher and larger frequency band which
could be added as additional information to the existing method for X;,,x reconstruction. The in-
fluence of experimental uncertainties (realistic background noise, impact of the dynamic range,
uncertainty in the atmospheric properties, ...) has to be evaluated as well.
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