PROCEEDINGS

OF SCIENCE

Prospects of detecting PeV gamma-rays with SKA-Low

P. Laub,”* S. Bouma,” J.D. Bray, S. Buitink,”¢ A. Corstanje,”¢ V. De Henau,?
E. Dickinson,” T. Gottmer,® B. Hare,”* H. He,’ J.R. Hoérandel,® T. Huege,**

C.W. James,’ M. Jetti,*" M. Lourens,’** H.J. Mathes,* K. Mulrey,* A. Nelles,""
S. Saha,*? O. Scholten,’ F. Schliiter,” R.E. Spencer,‘ C. Sterpka,* S. ter Veen,*
K. Terveer,” T.N.G. Trinh,? P. Turekova,”-* D. Veberi¢,* K. Watanabe,”

M. Waterson,” C. Zhang,*' P. Zhang* and Y. Zhang""
E-mail: philipp.laub@fau.de

The detection of astrophysical photons of the highest energies is an important goal of modern
gamma-ray astronomy and will improve our understanding of sources of cosmic ray acceleration
in our Galaxy. While current generation gamma-ray observatories have barely reached the PeV
energy range, higher energies still remain elusive, as they require large areas and efficient gamma-
hadron separation. Furthermore, ultra-high energy (UHE) gamma rays were so far only detected
using optical or particle detectors while radio detection of UHE photons is still missing. This
might change with the SKA-Low observatory which is currently under construction.

The SKA-Low detector will be the most dense radio antenna array in the world, encompassing
approximately 60,000 broadband antennas (50 MHz — 350 MHz) in its dense core. Currently,
the energy threshold for radio detection of extensive air showers lies in the tens of PeV range
for the signal to be visible in single antennas. However, this threshold can be lowered to a few
PeV by exploiting SKA-Low’s unprecedented antenna density using near-field beamforming. This
contribution presents results that point to the possibility of a first detection of UHE gamma rays
with radio and discusses the associated challenges.
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1. Introduction

The question to detect PeV gamma-rays to reveal the most powerful sources of particle acceler-
ation in our Galaxy, drives an number of experimental efforts. To this day, no gamma-ray induced
extensive air shower (EAS) has been detected with radio techniques. In this contribution we want
to investigate the prospects of such a first-detection with SKA-Low, as it will be the instrument with

the highest antenna density per m?

soon available to scientific observations. The question whether
SKA-Low will be able to detect gamma rays was already asked in [1] with some very preliminary
but promising result and further explored in [2]. [2] also extensively discusses the possible sources
of ultra-high-energy (UHE) gamma rays and sketches already the accompanying challenges that
arise. In these proceedings we take one step further towards a more realistic simulation scenario
and focus more on the underlying method and one challenge in particular: the triggering.

SKA-Low is a planned radio detector array currently being deployed in Western Australia.
It will comprise a dense core of about 60,000 broadband antennas (50 MHz to 350 MHz) within
~ 1 km? and three spiral arms for long-baseline experiments. The array is divided into stations,
where each station contains 256 antennas. Among SKA-Low’s many science cases is the radio
detection of UHE cosmic particles. The focus here is mostly hadronic cosmic rays at energies of
10'°eV to 10'8 eV. Once construction is finished, SKA-low will be the most dense and antenna-
rich radio detector in the world, opening the door for science analyses that were not possible with
previous-generation experiments[3]. With SKA-Low we may have the unique opportunity for a first
detection of gamma-rays using radio techniques.

2. Gamma-ray flux

Potential sources of UHE gamma-rays are already discussed in [2]. Their flux decreases rapidly
at UHE energies, thus we will have to search for gamma-rays as close to the detection threshold as
possible, which is believed to be at low PeV energies, as elaborated later. In this regime we focus
on Galactic sources as the attenuation of photons through interaction with the CMB is strongest at
around 1 PeV, heavily reducing the flux from extra-galactic sources. The highest energy gamma-rays
so far were detected by LHAASO [4], proving that a gamma-ray flux beyond 1 PeV exists. We found
that there are several LHAASO sources in the SKA-Low field-of-view (see [2]). Furthermore, some
sources in the SKA-Low field-of-view seen by observatories operating in a slightly lower energy
regime (such as H.E.S.S.) might also be of interest.

3. Challenges

We have seen that in order to have a chance of detecting a gamma-ray within a reasonable
observation time, we have to search at low PeV energies. However, as illustrated in [2], the
typical and experimentally shown energy threshold for radio is ~ 1 order of magnitude above that.
So, conventional reconstruction methods that require a visible signal above the noise in several
individual antennas are not suitable here. Even more important is the question of how the triggering
on such signals might be realized. For LOFAR, a particle detector array (LORA) is used to trigger
an antenna readout. Such a particle trigger is also planned for SKA-Low, but it is unclear where
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the energy threshold and efficiency will be. Given the lack of remaining particles at the SKA-Low
altitude (378 m), we assume that a particle trigger alone will not be sufficient and that a hybrid or
even radio-only trigger will be required.

Another challenge is gamma-hadron separation. Even under the assumption of very high angu-
lar precision, the background of hadronic cosmic rays will be overwhelming. Radio is furthermore
only sensitive to the electromagnetic component of an EAS, so photon- and hadron-induced EAS
are very similar in radio. One possibility would be to discriminate gammas and hadrons based on
secondary muons, as only very few muons are expected in photon-induced EAS. This would require,
for instance, adding a lead shielding to some of the particle detectors, so that electrons/positrons
and photons are absorbed and only muons may trigger a scintillator. This possibility is currently
being explored using simulations.

The possibility of discriminating the primary based on the radio signal alone is also subject
of ongoing investigation. As has been shown in [2], a shower parameter such as X,,,,, alone is not
sufficient for effective gamma-hadron separation, but including other Hillas parameters may help
here.

4. Simulations

The simulations used in this study were produced at fixed azimuth and various zenith angles
with CORSIKA 7 [5] and the radio extension CoREAS [6]. Although these codes are already
heavily optimized for performance, simulating tens of thousands of antennas would take many days
on an HPC cluster (on a single core). To circumvent this, we use the method from [7] that allows us
to simulate only a small number of receivers, arranged in a star-shape pattern, and then interpolating
to arbitrary positions based on the simulated signals in these receivers. After interpolation, we add
simulated Galactic noise (model: GSM2016), where we randomize the measurement time per event
to account for the time-dependent strength of Galactic noise. We estimate the effect of thermal
noise to be subdominant for the SKA-Low design and therefore neglect it. The array core is always
positioned at (0, 0,378) m. Per COREAS simulation, five random shower core locations are drawn
and the shower is shifted by this core location before interpolation. Thus, we can test the same
shower multiple times with different core positions.

We use a framework called NuRadioReco [8] that incorporates the interpolation, allows us to
define an SKA-Low detector and add Galactic noise to the signals.

5. Method

We have developed a beamforming-based method to specifically target the low-energy gamma-
ray showers.

5.1 Beamforming

Beamforming is a technique that combines waveforms of many observers at different positions.
It has been and is widely used in radio astronomy, in particular for pulsar detection. An advanced
version of this is the Radio-Interferometric Technique (RIT) developed in [9] and explored in [10].
Essentially, the algorithm for one point in space is as follows: pick a potential point of emission
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in 3D space, calculate arrival times from this point to each observer (use mean atmospheric index
of refraction), shift observer waveforms accordingly and build the coherent sum of time-shifted
observer waveforms,
B(1) = Z Si(t — At;),
observers i
and calculate a quantity of choice (SNR, power, ...) from the beamformed waveform B(t).

The shower axis is then determined by scanning horizontal planes at different altitudes/depths,
determining the plane maxima and fitting a straight line through these maxima. This is sketched
in Figure 1 (right). Each plane is first only coarsely sampled, followed by a finer sampling around
the maximum. For the axis fit in our case, only plane maxima around the maximum of the plane
maxima are selected with a selection radius of 100 g/cm?.

One key feature of beamforming is that the signal-to-noise ratio (SNR) of the beamformed
signal ideally scales with the square root of the number of observers, which in principle allows us to
detect a signal even in completely noise-dominated data given that enough observers are available.
This property is also the main reason why beamforming is chosen for the reconstruction of low-PeV
gamma rays. In theory, SKA-Low’s unmatched antenna density should allow us to boost the SNR
by a factor of the order of V10000 = 100, thus lowering the energy threshold for radio by ~ 2
orders of magnitude. However, this VN scaling only holds if all antennas see the same signal with
the same pulse shape and signal strength, which is not true for radio footprints. In fact, depending
on the zenith angle and X, the footprint might effectively only illuminate a small fraction of the
entire array. In such a case, beamforming with all antennas would effectively add up more noise
than signal and would not improve the SNR at low signal strengths. This can be circumvented by
only using antennas within a chosen radius around the shower core. However, this constitutes a
problem, as we may not have any knowledge of the location of the shower core in reality.

5.2 Blind core reconstruction

In the SKA-Low scenario, we will likely not have any information about the shower’s core
location on the ground, but at the same time have to carefully select antennas (based on the shower
core) to be able to get a sufficiently high SNR at low PeV energies. Fortunately, since we want to
detect gamma-rays from a given source, we can assume that we know the direction of the incoming
shower to high precision as gamma-rays are not deflected by magnetic fields and thus propagate
on straight trajectories from source to Earth. This narrows down the search space for the shower
axis reconstruction significantly. To reconstruct the shower core we employ, for the current lack of
a smarter method, a brute-force scan of a grid of possible core locations. For each grid point we
perform a fast RIT axis reconstruction with an antenna selection based on this grid point and note the
best beamformed quantity of choice (SNR, power, amplitude) that we got from this reconstruction.
The antenna selection occurs in the shower plane to account for the zenith angle of the shower.
After repeating this for all grid points we obtain a heat map that ideally shows a clear maximum.
We choose the top ten highest-valued grid points to compute a weighted average that is then used
as the shower core location found by the grid search. An example for such a grid search is shown
in Figure 1 (left). After computing the best shower core from the grid search, we perform one final
RIT reconstruction where we again first make an antenna selection, this time based on the shower
core found by the grid search, and use this shower core and the initial direction guess as the initial
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Figure 1: Left: Example of the blind grid core search for a 1 PeV gamma-ray simulation. Shown is the core
grid colored with the best beamformed SNR obtained using the respective grid point as core. The true and
best found core from the grid search are marked. The antenna positions are also shown with the selected
antenna positions for the best core highlighted in darker shading. One can clearly see the heatmap that
peaks around the true core. Right: Illustration of the shower axis reconstruction for a noiseless gamma-ray
simulation. Shown are beamformed planes at different depths as well as their maxima. The true and fitted
shower axis are also plotted.

values for the final reconstruction. For the final reconstruction, we choose a finer sampling of the
RIT planes. We then scan along the final shower axis and save the profile and best beamformed
waveform to assess the reconstruction quality. Per simulation, we also perform a reference RIT
axis scan under the ideal condition that we know the shower geometry. We then compare the best
beamformed SNR of the blind core reconstruction to the ideal reference SNR in order to quantify
how well the optimal signal is retrieved.

The blind core reconstruction is computationally very expensive, especially on CPU cores, as
effectively up to millions of points in space are sampled in total, where for each point the arrival
times to ~ 10, 000 antennas are calculated. So, depending on how fine the sampling is chosen, this
can take days on a single CPU core. However, all of these computations are completely independent
and thus the grid search can be parallelized. We therefore implemented the RIT code such that it
can heavily benefit from being run on GPUs using the python library cupy [11]. We have used
NVIDIA A100 GPUs with 40 GB of VRAM. A full reconstruction now takes only 30 to 60 seconds,
depending on fit parameters (e.g. the sampling density), which are subject to constant improvement.

5.3 Aperture effects

We found that there are some artifacts created in the beamformed signal that are suspected to
originate from the fact that the SKA-Low array is finite. When investigating noise-less showers
whose core is near the edges of the SKA-Low array, the beamformed axis seems to be tilted against
the true shower axis. A behavior like this has already been predicted in [12]. Mitigating this effect
is subject of ongoing research.
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Figure 2: Left: Absolute shower core reconstruction error (2D on ground) as function of the primary energy.
Shown are the median values per energy and the 68 % and 90 % containment bands. The core error seems to
converge to ~ 10 m already at 2 PeV to 3 PeV. Right: Core reconstruction error as function of primary energy
before (initial, after grid search) and after the final reconstruction fit. For lower energies, the improvement is
minimal, but for energies > 2 PeV one can see a factor ~ 2 improvement with the final fit.
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Figure 3: Left: Reconstructed best beamformed SNR as function of primary energy. Shown is the median
with 68 % and 90 % containment bands. Right: Ratio of the reconstructed best beamformed SNR vs. the
best SNR from the true shower axis (the ideal scenario. Values greater than 1 may come from random noise.
The SNR ratio has already converged to the optimum at 2 PeV.

6. Results

We used CoREAS showers with gamma-ray primaries at energies of [0.5, 1,2, 3, 5] PeV with
fixed azimuth of 0° and zenith angles of [15, 20, 25, ...,50] °. For this contribution we applied a
quality cut to reduce the effects of the suspected aperture artifacts already discussed above: we
only included showers with core locations within 300 m from the array center (0, 0) m. To simulate
angular uncertainty, we used a Gaussian with a standard deviation of 0.5 ° to smear the true zenith
and azimuth as initial values for the direction of the reconstruction. We always used the v X B
component of the electric field per antenna.

Figure 2 shows the core reconstruction error of the blind core reconstruction. The plot on
the left shows the median (absolute) core reconstruction error on the ground as a function of the
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primary energy as well as 68 and 90 % containment bands. The plot on the right shows how much
the final RIT axis reconstruction improves the core reconstruction over the best core from the grid
search. The fit does not seem to offer an improvement for lower energies, but for slightly higher
energies (> 2 PeV) the core reconstruction error is reduced by a factor ~ 2 and appears already to
be converged.

Figure 3 (left) shows the best reconstructed beamformed SNR as a function of the primary
energy. One can see that for 0.5 PeV, the SNR is generally very low but increases rapidly toward
1 PeV. For energies > 1PeV the SNR seems to follow a power-law with constant index. The right
plot shows the ratio of the best reconstructed SNR obtained from a scan along the reconstructed
shower axis and the SNR obtained by scanning along the axis under the ideal scenario that we know
the true shower geometry. The SNR ratio indicates that the reconstruction deviates a lot from the
true geometry below 1 PeV, where on average only 40 % of the ideal SNR are recovered. This is
also visible when looking at the core reconstruction error in Figure 2 (left) where the reconstruction
misses the core on average by ~ 100 m, indicating that the reconstruction was not successful most
of the time. This is to be expected as these showers are at an energy ~ 2 orders of magnitude below
the energy threshold for radio. Still, a few showers are actually reconstructed very well as can be
seen by the violins. Investigating energies >1PeV, we can see that the core reconstruction error
decreases rapidly and converges to ~ 10 m already at £ > 2 PeV. This behavior is also observable
in the SNR ratio that seems to be fully saturated at 2 PeV. Values greater than 1 are here most likely
produced by noise. It is also possible that the strongest beamformed signal might not always lie on
the shower axis, either due to aperture effects or other mechanisms not yet investigated.

7. Conclusion and outlook

With ~ 60, 000 receivers in a dense core, SKA-Low will open the door to air shower recon-
structions with unprecedented accuracy. While most of the air showers detected by SKA-Low
will be hadronic cosmic rays, there might be the possibility to detect gamma-rays as well. The
steeply falling gamma-ray flux towards higher energies requires to search in the low-PeV regime, at
least one order of magnitude below the typical energy threshold for radio detection. Furthermore,
triggering and gamma-hadron separation render gamma-ray detection even more challenging. We
have developed a blind reconstruction method based on near-field beamforming that, given a target
source of known direction, can reconstruct the shower geometry using a brute-force grid search. We
heavily rely on GPUs for speedup so that one reconstruction finishes within only 30 to 60 seconds.
First results on gamma-ray induced air shower simulations show that the reconstructed shower core
is already close to the true shower core for energies > 1PeV with the core reconstruction error
plateauing for energies > 3PeV. This blind core reconstruction may be a step toward a future
(hybrid) trigger for low-energy air showers and hence a step towards a first detection of gamma-ray
with radio techniques.

References

[1] F. Schliiter, P. Laub, A. Nelles, S. Bouma, J. Bray, S. Buitink et al., Using SKA-low to detect
PeV gamma-rays from Galactic Sources, PoS ICRC2025 (2025) 835.


https://doi.org/10.22323/1.501.0835

Prospects of detecting PeV gamma-rays with SKA-Low P. Laub

[2] A. Nelles, P. Laub, H. He et al., Using SKA-Low to detect PeV gamma-rays from galactic
sources, in Advancing Astrophysics with the SKA — Il (AASKAII) (2026) [2606.25932].

[3] A. Bonaldi, T.L. Bourke, P. Hartley, T. An, M. Audard, O. Bayandina et al., Advancing
Astrophysics with the SKA 11 (2026), [2606.20366].

[4] LHAASO collaboration, The First LHAASO Catalog of Gamma-Ray Sources, Astrophys. J.
Suppl. 271 (2024) 25 [2305.17030].

[5] D. Heck, J. Knapp, J.N. Capdevielle, G. Schatz and T. Thouw, CORSIKA: A Monte Carlo
code to simulate extensive air showers, Tech. Rep. FZKA-6019 (1998), DOI.

[6] T.Huege, M. Ludwig and C.W. James, Simulating radio emission from air showers with
CoREAS, AIP Conference Proceedings 1535 (2013) 128.

[7] A. Corstanje et al., A high-precision interpolation method for pulsed radio signals from
cosmic-ray air showers, JINST 18 (2023) P09005 [2306.13514].

[8] C. Glaser, A. Nelles, 1. Plaisier, C. Welling, S.W. Barwick, D. Garcia-Ferndndez et al.,
NuRadioReco: A reconstruction framework for radio neutrino detectors, Eur. Phys. J. C 79
(2019) 464 [1903.07023].

[9] H. Schoorlemmer and W.R. Carvalho, Radio interferometry applied to the observation of
cosmic-ray induced extensive air showers, Eur. Phys. J. C 81 (2021) 1120 [2006.103438].

[10] F. Schliiter and T. Huege, Expected performance of air-shower measurements with the
radio-interferometric technique, JINST 16 (2021) P07048 [2102.13577].

[11] R. Okuta, Y. Unno, D. Nishino, S. Hido and C. Loomis, CuPy: A NumPy-Compatible
Library for NVIDIA GPU Calculations, in Proceedings of Workshop on Machine Learning
Systems (LearningSys) in The Thirty-first Annual Conference on Neural Information
Processing Systems (NIPS), 2017, http://learningsys.org/nips17/assets/papers/paper; 6. pdf.

[12] O. Scholten et al., Aperture correction for beamforming in the radiometric detection of
ultrahigh energy cosmic rays, Phys. Rev. D 110 (2024) 103036 [2411.12324].


https://arxiv.org/abs/2606.25932
https://arxiv.org/abs/2606.20366
https://doi.org/10.3847/1538-4365/acfd29
https://doi.org/10.3847/1538-4365/acfd29
https://arxiv.org/abs/2305.17030
https://doi.org/10.5445/IR/270043064
https://doi.org/10.1063/1.4807534
https://doi.org/10.1088/1748-0221/18/09/P09005
https://arxiv.org/abs/2306.13514
https://doi.org/10.1140/epjc/s10052-019-6971-5
https://doi.org/10.1140/epjc/s10052-019-6971-5
https://arxiv.org/abs/1903.07023
https://doi.org/10.1140/epjc/s10052-021-09925-9
https://arxiv.org/abs/2006.10348
https://doi.org/10.1088/1748-0221/16/07/P07048
https://arxiv.org/abs/2102.13577
http://learningsys.org/nips17/assets/papers/paper_16.pdf
https://doi.org/10.1103/PhysRevD.110.103036
https://arxiv.org/abs/2411.12324

Prospects of detecting PeV gamma-rays with SKA-Low P. Laub

Affiliations

< Institut fiir Astroteilchenphysik, Karlsruhe Institute of Technology (KIT), P.O. Box 3640, 76021 Karlsruhe, Germany

b Erlangen Centre for Astroparticle Physics, Friedrich-Alexander-Universitidt Erlangen-Niirnberg, 91058 Erlangen, Germany

< Jodrell Bank Centre for Astrophysics, Department of Physics and Astronomy, University of Manchester, Manchester M13 9PL, UK
@ Vrije Universiteit Brussel, Astrophysical Institute, Pleinlaan 2, 1050 Brussels, Belgium

¢ Department of Astrophysics/IMAPP, Radboud University Nijmegen, P.O. Box 9010, 6500 GL Nijmegen, The Netherlands

f International Centre for Radio Astronomy Research, Curtin University, Bentley, 6102, WA, Australia

8 Max-Planck Institut fiir Astrophysik, Karl-Schwarzschild-Str. 1, 85748 Garching, Germany

h Ludwig-Maximilians-Universitidt Miinchen (LMU), Geschwister-Scholl-Platz 1, 80539 Miinchen, Germany

J Kapteyn Astronomical Institute, University of Groningen, P.O. Box 72, 9700 AB Groningen, Netherlands

k Netherlands Institute for Radio Astronomy (ASTRON), Dwingeloo, The Netherlands

! Key Laboratory of Dark Matter and Space Astronomy, Purple Mountain Observatory, Chinese Academy of Sciences, No. 10 Yuanhua
Road, Nanjing, China

™ Nikhef, Science Park Amsterdam, 1098 XG Amsterdam, The Netherlands

" Deutsches Elektronen-Synchrotron DESY, Platanenallee 6, 15738 Zeuthen, Germany

¢ Department of Physics, Indian Institute of Technology Kanpur, Kanpur, UP-208016, India

4 Physics Education Department, School of Education, Can Tho University, Campus II, 3/2 Street, Ninh Kieu District, Can Tho City,
Viet Nam

" SKA Observatory, Jodrell Bank, Lower Withington, Macclesfield, SK11 9FT, UK

S School of Astronomy and Space Science, Nanjing University, Nanjing 210023, China

! Key Laboratory of Modern Astronomy and Astrophysics, Nanjing University, Ministry of Education, Nanjing 210023, China

* School of Electronic Engineering, Xidian University, No.2 South Taibai Road, Xi’an, China

Y School of Astronomy and Space Science, University of Science and Technology of China, Hefei 230026, China

W Université Libre de Bruxelles, Science Faculty CP230, B-1050 Brussels, Belgium

Acknowledgments

PL acknowledges support for this research by the German Research Foundation (DFG), Project 531213488. SBo, AN and KT
acknowledge funding through the Verbundforschung of the German Federal Ministry of Research, Technology and Space (BMFTR).
PL, KW and MJ are supported by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) — Projektnummer
531213488. MD is supported by the Flemish Foundation for Scientific Research (FWO-AL991). SB acknowledges funding from
the Medium-Scale Infrastructure program of the Flemish Foundation for Scientific Research (FWO). KM acknowledges funding from
the Netherlands Research School for Astronomy (NOVA) Phase 6 Instrumentation Call. The authors gratefully acknowledge the
scientific support and HPC resources provided by the Erlangen National High Performance Computing Center (NHR@FAU) of the
Friedrich-Alexander-Universitéit Erlangen-Niirnberg (FAU). The hardware is funded by the German Research Foundation (DFG).



	Introduction
	Gamma-ray flux
	Challenges
	Simulations
	Method
	Beamforming
	Blind core reconstruction
	Aperture effects

	Results
	Conclusion and outlook

