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1. Introduction

In these proceedings, we are exploring the possibility of detecting PeV gamma-rays with the

Square Kilometre Array Observatory (SKAO). SKAO will be the world’s largest radio telescope,

covering science cases from the Cosmic Dawn to extra-galactic and Galactic astronomy, to the local

neighborhood. SKAO consists of two sites, SKA-Mid in South Africa (350 MHz - 15.4 GHz) and

SKA-Low in Australia (50 MHz - 350 MHz). In particular the setup of SKA-Low with an extremely

dense array of about 60,000 individual antennas also offers intriguing prospects for the detection of

air showers.

The successful operation of an astronomical radio telescope as an air-shower detector has

already been demonstrated by the Low Frequency Array (LOFAR) [1]. In the last decade, the radio

technique has established itself next to traditional methods, such as particle detectors or fluorescence

telescopes, to detect extensive air showers. It is sensitive to all relevant properties of the primary

cosmic particle, i.e., the particle direction, energy, and type. It has been suggested before that

one could use sensitive radio arrays to detect PeV gamma-rays from sources, such as the Galactic

Center [2]. However, the comparatively high energy threshold remains an issue. The threshold is

determined effectively by the shower energy at which the radio pulse amplitude exceeds the thermal

fluctuations in the receiving system and becomes detectable. LOFAR has detected single showers

at 1016 eV, but composition measurements, for example, have been reported starting just below 1017

eV [3]. Since the amplitude scales linearly with shower energy, showers at 1015 eV will be buried

in the noise at LOFAR, requiring optimized detectors and advanced strategies.

The SKA-Low is an interferometric detector and the signals from the individual receiving

antennas will be combined using various techniques such as beamforming: signals across different

receivers are time-shifted according to the signal arrival direction to be aligned in time and summed

together. Coherent signals will add up linearly, incoherent signals will scale with the square root

of the number of receivers (#), which provides an improvement of the signal-to-noise ratio of
√
# .

This makes it possible to detect very faint, otherwise not detectable, coherent signals by combining

a large number of individual receivers and thereby lowering the energy threshold for the radio

detection of air showers. With SKA-Low, single air showers will be detected by thousands of dual-

polarized radio antennas, which is orders of magnitude more antennas than any other air-shower

experiment. With that, we hope to pioneer the radio detection of PeV air showers. This could open

a new window for the detection of ultra-high-energy gamma rays in the Southern Hemisphere to

study and potentially discover new Galactic PeVatrons.

While the order of magnitude estimates look very promising, technical, procedural, and al-

gorithmic work is needed to fully enable a gamma-ray observing mode. Particularly, challenging

are the triggering of SKA-Low, without disturbing on-going astronomical observations, as well as

sufficient gamma-hadron separation at these (for radio) low energies. These proceedings report on

the first steps towards simulating PeV showers in SKA-Low and highlighting the opportunities.

2. The SKA-Low detector

The Square Kilometre Array Observatory is an international, next-generation radio telescope

located in South Africa featuring a mid-frequency component (350 MHz to 14 GHz) and Australia
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3. Simulating PeV air showers for SKA-Low

To simulate the radio emission from extensive air showers, numerical Monte-Carlo codes, such

as CoREAS2, have become the gold-standard in recent years providing the best fidelity. However,

these codes are computational expensive and the very large number of receivers in SKA-Low

prevents simulating the signals for all or even a sizable fraction of all receivers with such codes.

To circumvent this limitation we are making use of a recently developed algorithm which allows

to interpolate the full electric field traces from a specific grid of simulated signals to arbitrary

receiver positions [5]. With this it is possible to use a single simulated air shower several times

while each time changing its position w.r.t. the detector array. This interpolation, as well as the

simulation of the instrumental response of an SKA-Low receiver as described in the aforementioned

section, is performed with NuRadio, an open-source, python-based simulation and reconstruction

framework framework for radio detection from neutrinos-induced in-ice particle cascades as well

as air showers [6]. In addition to the electromagnetic radiation from air showers, we simulate the

thermal radiation from the sky impinging on the antennas. For the radio brightness of the sky we

are using the GSM2016 model as implemented in NuRadio. We randomly vary the time, for which

we integrate the sky brightness at the location of SKA-Low. We are not simulating any electronic

noise contribution.

For this work, we use a set of 99 1 PeV gamma-ray showers with 15◦ zenith and 0◦ azimuth

angle. Different energies are simulate by scaling the Galactic noise by a factor of B, resulting in a

simulated energy (relative to noise) of �sim = B−1 · 1 PeV. This is motivated by the fact that the

signal amplitude and therefore the signal-to-noise ratio (SNR) scales in first order linearly with the

energy of the primary gamma ray. Per shower we simulate five positions, randomly distributed in

the range G, H ∈ [−500 m, 500 m]. To save storage space we only interpolate antennas within a

400 m radius. This is more than sufficient to contain the footprint, since the shower is very vertical.

4. Detecting PeV gamma rays with SKA-Low

To study the prospect of detecting gamma rays with SKA-Low, a couple of key questions have

to be addressed: I) Is the flux of gamma rays at PeV energies sufficiently strong to be detected by

a square-kilometer detector? II) Is it possible to detect gamma ray-induced air showers down to

PeV energies with SKA-Low? III) Can one identify gamma-ray induced air showers over a large

background of hadron-induced air showers?

4.1 Extrapolating fluxes from known TeV sources

The sky map in Fig. 2 (left) shows the position of potential sources observable by SKA-Low.

Those include the high energy LHAASO sources from [7] within the SKA-Low FOV of \ ≤ 65◦

around the zenith, as well as selected HESS sources from the galactic plane with a hard spectral

index [8]. The background color indicates the daily observation fraction at SKA-Low. To estimate

whether it is possible to detect PeV gamma rays with SKA-Low, we extrapolated the fluxes of the

LHAASO sources from TeV to PeV energies without a spectral break and neglecting any attenuation

due to propagation effects. This follows the analysis approach in [9], but extending it by taking

2The radio extension of the widely used air-shower simulation code CORSIKA.
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of the shower geometry, i.e., the shower direction and shower core. While the shower direction is

well constraint when searching for gamma rays from point sources, the shower core is generally not

well known. Later, we estimate the level of precision with which the core position is required.

To improve the SNR of the beamformed signal we are upsampling the receiver signals to

3.2 GHz. The radio emission from air showers is strongly forward-beamed, such that only a fraction

of the array is illuminated by a single air shower. Hence, removing receivers that lack a coherent

air shower signal increases the SNR of the beamformed signal. Here, only receivers within 300

meters around the shower axis are taken into account. Furthermore, we only use showers with a core

within 400 meters of the array core at (0 m, 0 m) to consider only contained events. Fig. 3 shows the

beamformed SNR for all showers in our aforementioned simulation set as a function of the shower

energy. The SNR is calculated using three different approaches: First the beamformed signal is

calculated along the shower axis, this produces a longitudinal profile of the shower development (see

Refs. [10, 11]) and allows to find the highest SNR. Second, instead of scan the entire longitudinal

space, we calculate the beamformed signal at a specific distance to the shower maximum (which is

obviously inaccessible for triggering). And third, you use a fixed depth in the atmosphere across

all showers. For the higher energies, the first two approaches yield very similar results. That

demonstrates that the beamformed, longitudinal profiles are well behaved and correlate well with

the shower development. For lower energies, the second method yields lower SNR, a result of less

well behaving profiles. The third method, which does not require any information about the shower

depth results in the lowest SNR. The dashed horizontal line indicates the mean SNR value when

intentionally beamforming off source. The plot only shows shower those core are within 400 m of

the station center.

Our preliminary results indicate a good core estimate of better than ® 20 m is required to

maintain ¦ 50% of the maximum signal. While extensive scans of the multi-dimensional parameter

space are possible in an offline reconstruction, options are limited at trigger level.

4.3 Gamma-hadron separation

At PeV energies, the diffuse cosmic ray background exceeds the potential flux of gamma rays

by many orders of magnitude. The flux of cosmic rays is so intense that it is not possible to trigger

and readout every single air shower which falls within the SKA-Low array. Hence, the rejection of

a large fraction of cosmic-ray induced air-shower at trigger level is necessary. This can be realized,

but is not limited to, by selecting events with a beamformed trigger arriving only from a narrow

patch in sky from the direction of a potential gamma-ray source. To provide a first estimation of

the pointing resolution with beamforming we are evaluation the beamformed signal distribution

for a 10 PeV gamma ray shower around its shower axis in Fig. 4. The spatial extend of the signal

distribution, in which the signal is strong is compared to angular deviations from the shower axis.

The gray dotted lines indicate a 0.1 ◦ and 0.5 ◦ deviation form the shower axis. It can be seen that the

latter fully envelops the signal distribution. The black lines indicate the same angular deviations for

an air shower with a 45 ◦ zenith angle (instead of 15 ◦). Since the spatial extend of the beamformed

signal does not strongly change with the zenith angle, the pointing resolution improves for more

inclined air showers as the shower develops further away from the detector.

The expected number of cosmic ray events with a pointing resolution of 0.1 ◦ and 0.5 ◦ is

already demonstrated in Fig. 2 (right). The reduced background flux should be sufficiently reduced
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to trigger and store all events. While the most optimistic gamma-ray flux models predict fluxes

at the same level than the cosmic ray background at 0.1 ◦ at ∼1 PeV, the background at 0.5 ◦ is at

least on order of magnitude higher. Furthermore, predicted fluxes from LHAASO sources would

require an additional background subtraction of ∼ 10−2 − 10−3. This has to be accomplished in an

offline analysis using more refined methods to investigate the longitudinal profile of the triggered

air showers and incorporate information of the auxiliary particle detector.

5. Conclusion and Outlook

We have presented the idea to detect PeV gamma rays with SKA-Low to study the acceleration

sites of the highest Galactic cosmic ray. We have demonstrated that the astonishing number of

radio antennas available at SKA-Low to detect air showers can be sufficient to detect air showers

with energies down to PeV, a novelty in radio detection of air showers. It is clear, that with the

here-presented preliminary feasibility study, a firm conclusion about the prospect of gamma ray

detection with SKA-Low can not be drawn yet. This is the goal for future work. We are anticipating

considerable potential to improve methods and analysis strategies.
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