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Performance of SKA as an air shower observatory
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The low frequency segment of SKA in Australia will have an extremely dense antenna array
spanning an area of roughly 0.5 km?. It offers unique possibilities for high-resolution observations
of air showers. Compared to LOFAR, it will have a much more homogeneous ground coverage,
an increased frequency bandwidth (50-350 MHz), and the possibility to continuously observe
with nearly 100% duty cycle. SKA will observe air showers in the range 10'¢ eV — 10'8 eV
with a reconstruction resolution on Xpax of around 10 g/cm?. This allows for a high-precision
study of mass composition in the energy regime where a transition is expected from Galactic
to extragalactic origin. In addition, SKA will be able to put constraints on hadronic interaction
models, which is crucial for interpreting the data in this complex energy range. In this talk, we will
show the results of a full detector simulation and demonstrate the capabilities of SKA, including
energy and Xp,x reconstruction, as well as more advanced methods to constrain the shape of the
longitudinal development of air showers.
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1. The Square Kilometer Array

On 29 June 2021 the start of the construction of the Square Kilometer Array (SKA) was
officially approved. The SKA will consist of two telescope arrays: a mid-frequency site in South
Africa, and a low-frequency site in Australia. It will support a broad range of science, including
cosmology, the high-energy universe, magnetism, pulsars, and the search for extraterrestrial life [1].

The compact core of SKA-low, where 57,344 antennas will be constructed in a circular area
with a diameter of 1 km offers excellent conditions for the radio detection of extended air showers
[2]. The site is located 700 km north of Perth in a remote area with a very low level of anthropogenic
radio frequency interference. The array will consist of dual-polarised log-periodic antennas that
operate in the 50-350 MHz range.

The extremely densely populated core sets SKA apart from other cosmic-ray radio observato-
ries, which instead focus on maximizing the antenna spacing to cover a large area, required to reach
the highest energies [3, 4]. Like LOFAR, the strength of SKA lies in performing high-resolution
observations at energies below the ankle [5, 6]. However, SKA can surpass LOFAR on many fronts.

The core of SKA is slightly larger than that of LOFAR, but more importantly it has a much
more homogeneous antenna coverage. The antennas have a larger bandwidth reaching up to 350
MHz, compared to 80 MHz for LOFAR. The combination of using shorter wavelength with more
antennas naturally leads to a higher resolution reconstruction of the shower properties.

Figure 1 demonstrates the dramatic difference between LOFAR and SKA. At LOFAR, showers
are observed with hundreds of antennas simultaneously. However, because they are arranged in
circular stations, the coverage is inhomogeneous. The shape of the radiation pattern on the ground
can be obtained by fitting the data to simulations [7]. At the SKA, on the other hand, the full pattern
will appear directly. This will allow the most precise test imaginable to current state-of-the-art radio
simulation codes like CoOREAS [8] and ZHAireS [9].

Unlike LOFAR, SKA will be able to perform shower observation continuously with a duty cycle
of near 100%, stretching the energy range to higher values. At the same time, the homogeneous
and dense layout allows for interferometric techniques that make it possible to have good detection
efficiency down to much lower energies [10, 11]. The SKA will observe from the ankle down to at
least 10'® eV, and possibly even close to the knee.

Another advantage is that the SKA is in the southern hemisphere. Although large-scale
anisotropies at sub-ankle energies are not generally expected, there currently exists tension between
mass composition results of the Pierre Auger observatory in the south, and the Telescope Array
and LOFAR in the north [6]. A combined analysis of LOFAR and SKA data will determine if the
discrepancy is of astrophysical origin or due to currently unknown systematic uncertainties.

The vast amount of data — SKA observes individual showers with thousands of antennas — can
be used to reconstruct not only the shower energy and Xp,x but also the shape of the longitudinal
evolution of the shower. This has importance both for the analysis of mass composition of cosmic
rays and to constrain the uncertainties in the hadronic physics governing the shower evolution.
While the current generation of simulation codes is simply not fast enough to study all these
possibilities in detail, we demonstrate that radio observations can indeed be used to measure the
shape of longitudinal evolution of the shower.
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Figure 1: Left: Visualization of a typical air shower detection at LOFAR. The shower footprint is sampled
by hundreds of antennas which are grouped in circular antennas stations. This data is fitted to radiation
patterns simulated with COREAS. Right: At the SKA, individual showers will be observed with thousands
of antennas distributed much more homogeneously. The complete radiation pattern immediately becomes
apparent.

2. The SKA particle array

The core of SKA-low is organized in 224 groups of 256 antennas. Between these groups, there
is space to construct the SKA particle array. To achieve complete coverage of the core area with a
spacing of roughly 100 m, the array should consist of 80 — 100 particle detectors. The exact number
and spacing will depend on the final design of the antenna layout. Within these constraints the array
configuration should be as homogeneous as possible.

The array is primarily used for triggering, and an initial reconstruction of the arrival direction
and energy to check for consistency with the radio data. The final reconstruction of air showers
will be purely based on the radio measurements. However, for composition studies, it will still be
crucially important to have a precise understanding of the sensitivity of the detectors, in order to
calculate trigger efficiencies.

A prototype detector has been deployed at the Murchison Radio-astronomy Observatory near
the SKA-low site [12]. It consists of a scintillator plate of ~ 1 m? and four connected silicon
photomultipliers. Communication is done through fiber optics cables to keep the production of
radio interference below the limitations set by the observatory. The station has been operational for
more than a year and runs stably. The performance is being studied to optimize the final design.

An improvement that is under consideration is to add muon-separation capability to the particle
array by shielding some of the scintillators. This will further enhance the prospect of constraining
hadronic physics in the air shower with the SKA [13].

3. Ultra-high precision air shower observations

To evaluate the performance of SKA as a cosmic-ray observatory, we did a simulation study
following the same approach used at LOFAR [14]. That approach consists of the following steps.

For a shower with a specific arrival direction and energy, we run 30 full CORSIKA+CoREAS
simulations. The random seeds were preselected with CONEX to ensure a good coverage of the
entire naturally occuring range of Xp,.x. In these simulations, we use a star-shaped grid of reference
antennas, which we use to generate two-dimensional maps of the intensity of the radio signal through
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Figure 2: Left: simulation of radio intensity profile. The small white circles indicate the positions for
which the full radio pulse was simulated with CoOREAS. The complete picture is obtained through an
interpolation method based on Fourier modes. Middle: this simulated event is observed with ~8,500
antennas simultaneously. Right: each simulated shower is fitted to the (mock) data. The reconstructed Xpax
is found by fitting a parabola through the data points in a plot of the reduced y? versus Xpax.

interpolation. All these maps are fitted to the data (either real data or a simulated shower with added
noise) using as fit parameters the core position of the shower and a radio intensity scaling factor.
In the final step, the reduced y? of the fits is plotted against X;,.c. This yields a distribution with a
clear minimum that can be fitted to obtain the reconstructed value for Xp,.x.

Several checks and improvements were needed to apply this technique to SKA conditions. For
example, the use of interpolation to generate the two-dimensional shower profile is suspect. It
can smooth out small-scale features to which the SKA will be very sensitive or introduce artifacts
that degrade the performance. Furthermore, the difference in frequency range between SKA and
LOFAR results in differently shaped radio profiles.

We simulated showers with very dense grids of reference antennas to quantify these effects.
The details of this analysis will be provided in a forthcoming publication. The main conclusion is
that an 8-arm star-shaped pattern with atenna spacing of 12.5 m (or larger at further distance from
the core) can still be used, but a more accurate interpolation strategy is required which is based on
Fourier modes! instead of radial basis functions.

For the antenna layout of the SKA we used a randomly generated map of 60,000 antennas
inside a circle of 500 m radius. This corresponds to the correct average antenna density and reflects
the very homogeneous coverage of the actual design. We generated mock data by adding noise
based on the galactic background radio emission and system noise (dominant above ~200 MHz).

The simulation study yields a resolution of 6 — 8 g/cm? on Xpax (compared to 20 g/cm? for
LOFAR), an energy resolution of 3% (LOFAR: 9%) and a core resolution of 50 cm (LOFAR: 3
— 10 m). While these values are already impressive, they are currently limited by the amount of
simulated showers in the sample and can be improved further. In practice, the resolution will likely
be determined by how well uncertainties of the current atmosphere and the antenna model can be
constrained.

'We have made this code available via https://github.com/acorstanje/interpolation_fourier
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4. Hadronic Physics

The largest complication in determining the mass composition of cosmic rays is due to funda-
mental uncertainties in the hadronic interactions in the shower. Even with perfect knowledge of the
Xmax distribution, the inferred mass composition depends strongly on the adopted model [15].

Interestingly, different hadronic interaction models (e.g. QGSJETII.04, EPOS-LHC, and
Sibyll2.3c) do not only predict different average X« for specific nuclei, but also produce differently
shaped longitudinal evolutions. These differences become most evident when expressing the
longitudinal profile in terms of the R and L parameters, which describe the asymmetry and width of
the profile respectively[16]. The Pierre Auger observatory has measured average values for R and
L based on fluorescence measurements [17]. With a densely populated radio array, it is possible to
reconstruct L for individual showers [18].

The shape of the radio intensity profile on the ground is sensitive to L, but much less to R
as demonstrated in [18]. This can be understood heuristically by realizing the radio emission is
coherent, so the radiated power is proportional to the square of the particle density. That means the
total emission is not strongly affected by the edges of the longitudinal profile where the effect of
asymmetry (R) is strongest. The width of the profile, on the other hand, has direct consequences
for the coherence conditions that apply to observers that see the shower under different angles.

The left panel in Fig. 3 illustrates how simultaneous reconstruction of L and Xp,x can put
strong constraints on hadronic physics in the shower (see caption for details). The question is if the
effect of L on the radio profile is strong enough to detect.

In fact, the sensitivity of the radio signal to L has been hiding in plain sight for a while. The
reduced )(2 curves that are used at LOFAR to reconstruct X,x are not perfect parabolas but have
notable scatter. We have argued before that this could be due to ‘shower-to-shower fluctuations
other than X,,x’. When the data points are colored to indicate the longitudinal width L, it becomes
clear that L is actually the dominant factor causing this scatter. This is shown in the right panel of
Fig. 3.

While the effect of L on the quality of fit is striking, it will be very hard to actually reconstruct
L with LOFAR. The reason is that the best y? value is not necessarily found for one particular
value of L. Rather, it seems that a change in L can be compensated with a shift in Xy, leading
to a similar quality of fit. This compensation requires some freedom in moving around the core
position, which suggests that the SKA - with a core resolution of 50 cm - is the ideal instrument to
reconstruct L. It is, however, not possible to draw definite conclusions with the limited amount of
simulated showers available so far. A simultaneous fit of both L and Xy« requires a much larger
set of reference showers.

A fast way to generate many showers is to use macroscopic simulation codes. MGMR3D
[19] calculates radio pulses from an input longitudinal profile using a set of parametrizations that
is based on CORSIKA simulations. While MGMR3D is many orders of magnitude faster than
microscopic codes like CoOREAS and ZHAireS, it is less detailed by design and it is not a priori
clear whether it correctly predicts the influence of L.

We have studied the capabilties of MGMR3D by using it to reconstruct radio data generated
with CoREAS. It was found that the values for Xpn.x and L reconstructed by MGMR3D have
zenith-dependent offsets with respect to the true CORSIKA values. After introducing some simple
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Figure 3: Left: each dot in this plot represents the average Xi,.x and L of a set of 5000 simulated shower
using a specific mass composition consisting of proton, Helium, Nitrogen and Iron. For simulations of one
particular energy and hadronic interaction model, a triangular shape is found when points are plotted for all
different mixing ratios of elements. Some points on those triangles correspond to pure composition and are
indicated in the plot. The four triangles correspond to two different energies and two hadronic interaction
models. Even if the mass composition is completely unknown, QGSJETII-04 and Sibyll2.3c occupy different
region in this plot, so recontructing L will strongly constrain the models (Figure from [18]). EPOS-LHC
has strong overlap with QGSJETII-04 and is omitted from this plot for clarity. Right: LOFAR data is fitted
to simulations with different values for X,x. The reconstructed Xp,x is found by fitting a parabola to the
reduced y? values. By indicating the value of L of each simulated shower with a color, it becomes clear that
the fit quality strongly depends on L. This proves that L can be reconstructed with a radio array of sufficient
antenna density. This plot uses real LOFAR data.

scaling corrections, we achieve a resolution on Xp.x and L of ~ 10 g/cm? using a densely populated
antenna grid. It is likely that this resolution will be further improved with microscopic simulations.
A promising avenue is to use the template synthesis method that produces fast simulations while
still maintaining the level of accuracy of a full COREAS simulation [20].

Fig. 4 demonstrates the impact of reconstructing L on astrophysical interpretation of the data.
The plot contains a large variety of models, each a different combination of a Galactic component,
extragalactic component, and hadronic interaction model. Details of the models can be found in
[21]. In the L-Xy,x parameter space, the models occupy different areas. Without L it is hardly
possible to disentangle the contributions of astrophysics and the particle physics in the shower.

Note that Fig. 4 corresponds to a specific energy. Studying the evolution of these models with
energy will provide additional constraints on the hadronic interaction models. Moreover, this plot
is based on only the average values of Xp.x and L while the shapes of their distribution will contain
further information. For example o-(Xmax) could be included in the analysis.

5. Conclusion

The extremely dense core of SKA will be a unique instrument for the observation of air showers.
It can test radio simulation codes much more precisely than is currently possible, providing a
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Figure 4: Simulation of average Xn.x and L observations with SKA at 10'® eV. Each dot represents a
possible outcome after observing 1000 showers including statistical uncertainties on Xy and L of 10 g/cm?.
The different colors indicate hadronic interaction models. Each label indicates a different assumption for
the extragalactic component (MIN, PCS, UFA). For the galactic component a prediction for Wolf-Rayet
supernovas is used. Two extremes (C/He = 0.1 and C/He = 0.4) were used in the calculation. Intermediate
values are indicated with the colored bars connecting these two extremes. The grey arrow indicates which
end of the bars corresponds to what element ratio. The different models occupy different regions in L-Xpax
space, but are highly degenerate in traditional measurements of only Xp,x. Details of the models can be
found in [21].

foundation for all future radio-based cosmic ray observations. It will be able to measure energy and
Xmax With unprecendented precision between 10 eV (or lower) 10'8 eV. In addition, the shape of
the longitudinal development of the shower can be reconstructed providing further constraints on
source astrophysics as well as hadronic interactions in the shower. In order to achieve this potential,
new reconstruction and simulation techniques need to be developed.
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