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Current reconstruction techniques for air-shower radio emission generated by cos-
mic rays have shown great success, having been applied to several radio detectors
over the last decade. Nevertheless, they are limited by their high computational
cost, simplified approximations, and signal information used for reconstruction.
As such, advanced analyses are required to not only be able to perform a holistic
reconstruction of all parameters, but also to conduct near-field interferometry of
the air shower. This can be achieved through Information Field Theory (IFT), an
imaging reconstruction framework based on Bayesian inference that can extract
all available information within the signal to infer distributions of field-like quan-
tities. In this chapter, we highlight current novel approaches that use IFT for air
shower reconstruction, and the potential of their applicability towards SKA-Low.
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1 Introduction

Recently, the progress of radio detection of cosmic rays has grown signi cantly. Since the 1960s,
electrons and positrons produced within the electromagnetic component of the air shower, induced
by high-energy cosmic rays interacting with our atmosphere, have been shown to generate radio
waves at MHz frequencies. The dominant emission mechanism is called geomagnetic emission,
where radio waves are generated when positrons and electrons experience de ections from the
geomagnetic eld. The secondary e ect, sub-dominant in air, is the charge-excess emission, where
the continuous build-up of electrons in the shower-front stemming from atmospheric molecules
throughout the longitudinal evolution of the shower generates a net charge-excess. The combined
emission from the air shower can be readily observed through a multi-array of digital radio antennas,
where each antenna measures a single, non-repeating nanosecond pulse (Huege, 2016). With its
high duty cycle and inexpensive deployment costs, radio detectors have not only been utilized to
perform hybrid measurements in conjunction with current particle detectors such as the Pierre Auger
Observatory (Abdul Halim et al., 2025), but radio signals from air showers have also been measured
through existing radio telescopes such as the LOw Frequency ARray (LOFAR, van Haarlem et al.,
2013; Terveer et al., 2024), which uses particle detectors as an external trigger for cosmic ray
detection.

The measurements of the characteristics of cosmic rays through radio detection are currently
performed through simulation-based reconstructions. Here, typically the voltage-based uence, i.e.
the time integral of the squared voltage trace within a signal window, is used for the reconstruction.
This quantity, which only varies as a function of the antenna position, is compared thidugh
minimization against several outcomes generated from simulation frameworks. Among these are
CoREAS (Huege et al., 2013) and ZHAires (Alvarez-Muiiiz et al., 2012), which simulate the radio
waves generated from individual electrons and positrons with Monte Carlo algorithms, as well as
MGMR3D (Mitra et al., 2023), which semi-analytically calculates the macroscopic radio emission
from parameterizations of the charge distribution. Through this method, current radio observatories
such as LOFAR and the Auger Engineering Radio Array (AERA) have measured both the cosmic ray
energy and the atmospheric depth at shower maximuggy, with high resolution, independently
without explicitly relying on measurements from particle-based detectors (Corstanje et al., 2021;
Abdul Halim et al., 2024). Reconstructingmax precisely, in particular, is crucial, as it contains
valuable insights about the mass composition, i.e. the particle type, of cosmic rays. In a simulation
study, this method has also been applied to the Agdout of SKA-Low, showcasing an nax
resolution ofY 10g cm 2 at least a factor of 2 lower than the resolution obtained from LOFAR and
AERA (Corstanje et al., 202%).

However, this approach has limitations. Firstly, more than twenty simulations need to be performed
per measured air shower, which, due to the Monte-Carlo nature of the simulations, can take up to
one CPU day per simulation. Secondly, a simultaneous t for all cosmic ray parameters (energy,

- max arrival direction) is not possible with this method. The radio emission also depends on more
than these three parameters, namely characteristics that contain additional information about the
mass composition of the cosmic ray, that cannot be fully reconstructed with this current method
(Corstanje et al., 20238).
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Figure 1: Example of simulated electric eld traces from a cosmic ray with primary energy 106 eV

and zenith angle of 15at an antenn&.qe = 101 m (left) and 138 m (right) from the shower core. The
traces are shown for varying values-of,ax, indicated by the colorbar. The top and bottom gure show the
GandHpolarizations of the electric eld trace, respectively. Traces are band-pass ltered to [50, 350] MHz
to emulate the available bandwidth for SKA-Low.

Lastly, this approach only uses the signal uence for the reconstruction. To ensure that the method
remains bias-free, many events are cut through a strict selection criterion, which reduces the total
number of usable cosmic rays. Furthermore, the cosmic ray signal contains additional information,
such as its timing and pulse shape, which is not used with this approach. Fig. 1 shows an example
of electric eld traces with varying values 6fy,2x and antenna position, showcasing the wealth of
information that can be used in addition to the total energy uence in the pulses.

The time-varying charged currents of the radio emission can be described with a charged distribution
that behaves as a thin, pancake-like structure. This structure attens out rapidly as a function of
time, within "B (Scholten et al., 2018). As such, far- eld approximations of the radio emission
cannot accurately describe the structure of the air shower pro le. Indeed, interferometric techniques
that assume a coherent emission at each point in the atmosphere have been performed with idealized
antenna layouts (Schluter and Huege, 2021; Schoorlemmer and Carvalho, 2021) as well as with
the AA layout of SKA-Low (?), however they are currently not able to recover the time-varying
structure of the air shower pro le. Studies have shown that this can be performed by convolving
the observed electric elds (including considerations of the antenna geometry) with the expected
emission distribution (Scholten et al., 2024).

To circumvent and improve on these various limitations, we are now exploring novel methods

to reconstruct the cosmic ray properties through the use of information eld theory (IFT, Enylin,
2019). This approach utilizes Bayesian reasoning to not only include prior information based on our
physical understanding of air shower physics, but also to infer di erent realizations of the possible
parameters that can produce the observed data, while encompassing the detector response and noise
sources within the framework (see Section 2).

Such an improved reconstruction is highly relevant for cosmic ray observations with SKA-Low.
Due to its vast number of radio antennas, its large frequency bandwidth and low noise amplitude,
we expect to observe the signal from the radio emission of air showers in SKA-Low with un-
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precedented accuracy. Its large number of antennas is well-suited for an interferometric approach,
and the increased frequency bandwidth up to 350 MHz allows more signal to be captured. The
enlarged bandwidth is especially crucial for reconstruction of anomalous showers that can aid in
understanding the hadronic interactions involved within the air shower (De Henau et al.;?p025;

The potential for SKA-Low to reconstruct other mass-sensitive parameters has already been studied
through a likelihood-based approach (Corstanje et al., 2093a;

In this chapter, we showcase current approaches that utilize IFT in the context of reconstructing
cosmic ray air-showers with dense radio antenna arrays. The rst approach, highlighted in Section
3, uses the energy uence and signal timing from all antennas within the LOFAR antenna layout
to simultaneously reconstruct all relevant cosmic ray parameters. The second approach, shown in
Section 4, focuses on a near- eld interferometric approach to reconstruct the entire longitudinal
pro le of the air shower within an idealized star-shaped antenna layout. In Section 5, we discuss
the application of these methods towards the Aayout of SKA-Low.

2 Information Field Theory

Information Field Theory (IFT) provides a framework for signal reconstruction by treating physical
elds as continuous mathematical objects governed by probability distributions (Enylin, 2019).
This probabilistic approach makes it a powerful tool for analyzing complex, high-dimensional data.

Atits core, IFT applies Bayesian reasoning to infer an unknown signal eggléfom observed data,

3. This is achieved by Bayes' theorem, where the posterior probab#ity3° is proportional to

the likelihood %4 3jg° and the prior¥dqg°. The likelihood term models the entire measurement
process, from the instrument's response to its noise properties, while the prior incorporates existing
physical knowledge about the signal, such as its expected correlation structure. In many cases, these
relationships can be su ciently described with Gaussian distributions:

943jg° / exp %13 tigoovy 113t 1qoo @
%q°/ Lot 2
q°/exp Sa7( 7q )

Here,' 1q° represents the instrument response function (which can be non-likesrthe noise
covariance, and is the signal covariance. Combining these terms, the inference task is given by
determining the information Hamiltonianqj3° = In %4qj3°, which is the negative logarithm

of the posterior.

One of the main strengths of IFT is its rigorous handling of uncertainty. Rather than producing a
single point estimate, the IFT framework can characterize the full posterior probability distribution,
which encapsulates all statistical information about the signal. The challenge becomes to manage
this in high-dimensional and non-linear scenarios where the posterior is non-Gaussian and direct
computation is not possible. To address this, advanced computational methods were developed in
the context of IFT like Metric Gaussian Variational Inference (MGVI, Knollmuller and Enylin,
2020). MGVI works by approximating the true posterior with a Gaussian distribution, which
achieves a signi cant speedup and higher accuracy compared to traditional methods. This kind of
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scalability is essential for processing the large data volumes from next-generation observatories like
SKAO, where computational performance is a key constraint.

To overcome the limitations of a simple Gaussian approximation, more advanced methods like
Geometric Variational Inference (geoVI) were developed (Frank et al., 2021). The geoVI algorithm
uses tools like normalizing ows to learn a non-linear transformation from a simple base distribution
into a much more complex one. This allows the variational approximation to capture intricate
features of the true posterior, such as non-Gaussian posteriors or non-linear degeneracies. Although
geoVI is more computationally demanding than MGVI, it yields a more accurate and robust
uncertainty characterization and allows for more complex probability distributions.

The applications of IFT are diverse, ranging from the reconstruction of cosmological large-scale
structures (Jasche et al., 2010) to mapping the Galactic interstellar medium (Edenhofer et al., 2024a).
In the eld of astroparticle physics, it has been used to reconstruct radio pulses induced by cosmic
rays and neutrinos (Welling et al., 2021; Strahnz et al., 2024). Recent work has explored the use of
IFT for air shower reconstruction, using techniques such as parameterized forward models for radio
uence-based reconstructions (Terveer et al., 2025) and template synthesis for the full electric eld
(Watanabe et al., 2025). These highlight IFT's potential for cosmic-ray physics with SKA-Low.

For this work, we aim to highlight current and future cosmic-ray reconstruction approaches using
IFT. These approaches are currently tested on LOFAR and are being developed for use on SKA-Low
data. Our implementation relies on the Python framework Numerical Information Field Theory
(NIFTy, Edenhofer et al., 2024b; Arras et al., 2019; Steininger et al., 2019; Selig et al., 2013).
NIFTy simpli es the construction of IFT models and uses Google's JAX library (Bradbury et al.,
2018) as its computational backend. This combination is particularly powerful, as JAX provides
automatic di erentiation and just-in-time (JIT) compilation, enabling execution on GPUs a critical
requirement for processing data at the scale of the SKA-Low.

3 Holistic reconstruction using IFT for LOFAR

With prior reconstruction approaches tting shower parameters separately as introduced in Section
1, IFT allows us to reconstruct the shower as a whole based on a parametrized forward model. This
means we can use all information to reconstruct all parameters simultaneously, while keeping the
reconstruction runtime ad11 h° on 1 CPU. Ideally, we would reconstruct the whole electric eld

at all shower footprint positions, as this encodes all the shower parameters of interest. For now this
method has been developed for the direct application in LOFAR and in ti8® 80Hz band. The
strongly resonant antennas in LOFAR make the reconstruction of a frequency spectrum across its
bandwidth challenging. Instead, we reconstruct based on a combination of a uence model and a
wavefront model, to probe the feasibility of a holistic reconstruction with IFT, which could then be
further expanded to SKA-Low, requiring a thorough understanding of the system response.
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3.1 Fluence model

The uence is a measure of electromagnetic energy per unit area. At a given pditionthe
shower plane, it is de ned by Eq. (3), de ned within a signal windpwas shown below:
~ 1
1 0 — O 1 (o] 2
Bn = o2 ) pol!CBn® “dC — 3)
pol

where o is the electric eld trace in each polarization, which varies as a function of time and
antenna position.

Theradio uence footprint of an air shower exhibits radial asymmetry due to the interference between
the geomagnetic and charge excess e ects, resulting in the prominent "bean-shape" of the footprint
(see Fig. 2 top center). This behavior has been parameterized by the geoceLDF parameterization
for near-vertical showers withY 60 (Glaser et al., 2019a). The parameterization calculates both
emissions separately for a set of cosmic ray parametggg~ - ,.,— \— 0— core -core While

using information on the local magnetic eld strength and atmospheric conditions and returns the
radio footprint for the required observational height in shower coordindes{&.g o). We

modi ed the implementation, making the code di erentiable for the inference and adding convenient
transformations: For one, a transformation betweer),, and- max via the relation

~at
- max = Co;_r\no - max (4)
to make the model dependent epax rather than .. As the reconstruction will optimize the
angle of incidence simultaneously to th@ax and all other parameters, and the transformation
between- maxand . . depends on the zenith angle, including it in the forward model provides
more information for the inference.

Additionally, we added a transformation between the shower coordinites{& . ¢ o) and the

ground coordinates-€. ). This has two advantages: It means the forward model outputs ground
coordinates, so we can always use the antenna ground coordinates as reconstruction input, but it
also means the forward model contains even more information on the angle of incidence.

3.2 Wavefront model

The arrival time of the radio signal at the antennas depends on the angle of incidence of the shower,
however the wavefront is also subtly shaped by the shower maximwn(Apel et al., 2014). We
use the parameterization that was based on C(?REAS simulations for our forward model. We de ne
our arrival time at an antenr@of distance3g = 1GP2 , * HP2 from the shower core based on a
global time o set@, which de nes the arrival time at the shower core, and a geometric time delay
Gyeo-8

Grrivars= @, Ggec-8 %)

The time delay is then calculated, as in Apel et al. (2014), as

1P .
%90—8: E 1385'” d02 5 1 2 10 Setoz R |g_§0$d (6)
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Polynomial Term | Coe cient Value

723 G 8955 10 51igecnre 2

2, @& 1873 10 ligecno !

21 G 1302 17

20 5338 10*gcm 2
Table 1: Coe cients of the third-degree polynomial t 1@ = 23G | 2,&, ?:G, 2o, whereG= ___in
gcm 2,
where
d= —M  coglen) , 00 (7)
S

As in the referenceloset is xed at 3ns For Wep, - ...—dWe re- tted the values on LOFAR
simulations and found a Gaussian prior\§, = G11+465-0292, and for . ___q4in units of
gcm 2 we found a dependence on the slant distance to shower maximyyy, to which we t a
third-degree polynomial as represented in Tab 1.

Like the uence model, we implemented the wavefront model as a di erentiable forward model
which produces signal times at ground positions for a given parametegsetnbx \» 4, - core
. core) @nd can thus also optimize for these parameters.

3.3 Fluence-based reconstruction for LOFAR

First, we tested only the uence model. We used a set of pre-existing COREAS simulations for these
tests. The simulation set consists of 208 iron and 857 proton primaries with energies ranging from
1016 10'®5eV, - hax values from550 1050 gcm?, azimuth angles withi® - 360 and zenith
angles withinD - 45 .

Using the LOFAR implementation within the NuRadio-framework (Glaser et al.,, 2019b) and
Fourier-based interpolation (Corstanje et al., 2023b), we generate electric eld traces for all LO-
FAR antenna positions with a random core location uniformly distributed within [-100,100] m, from
which we calculate the uence per antenna. We then take measured uence noise from existing
LOFAR data and add this noise to the uence values to produce realistic uence data.

The ground positions of the antennas as well as the noisy uence values serve as data input for the
reconstruction. For the parameter priors we use information that, for real data, we would get from
the particle detectors. Based on data of the particle detectors at LOFAR (LORA) alone we know
the angle of incidence up @7 and the core location up tm, given a shower with a core within

150 mfrom the LORA center. We adopt a more conservative prior standard deviatbrf@fthe

arrival direction (zenith and azimuth) a8 mfor the core location (Thoudam et al., 2014). Within

this standard deviation we add a random uctuation to the truth arrival direction and core value to
simulate how real data might behave, and use the resulting value as mean value for our parameter
prior distribution. Furthermore, we use uninformative, uniform priors for the depth of shower
maximum and the radiation energymax U! 550-105@gcm 2and o U 10°-10%°eV.
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Figure 2: An example of the air shower reconstruction for a proton primary with an electromagnetic energy

( rad) Of 661 1CPeV and a shower maximum (ya,) at 7316 gcm 2. The shower arrived from a zenith

angle of37¢0 and an azimuth 0524 , with its core at'21s5 m-7¢7 n°. The event had a peak signal-

to-noise ratio (SNR) of 3.5. The top row displays the input data and compares the true CoREAS radio

footprint with the mean of the posterior reconstruction. The bottom row shows the point-wise absolute

di erence and the relative uncertainty of the reconstruction, respectively. The reconstructed parameters are
rad = 550142  10°eV and- max = 716t21°gcm 2.

As the mean of the uence noise primarily stems from the Galaxy and is per de nition always
positive, we model the Galaxy as an additional log-normally distributed signal sharply peaked at
the observed noise mean. Our noise model then remains a Gaussian distribution centered around 0
with the observed standard deviation of the LOFAR uence noise. This approximation su ciently
describes the nature of the uence noise.

We perform the inference using the geoVI algorithm (Frank et al., 2021). We Iter out 319 of the
reconstructed events with a peak signal-to-noise ratio (ratio between the maximum uence value
across all antennas and the noise standard deviation, SNR) less than 3, as for these events a pulse
would be almost impossible to nd within the noise. Furthermore, we reject failed reconstructions
with a strictj 2 2 »0+85-1:05%cut. This reduces our successful reconstructions further to 352
showers.

An example of a successful reconstruction is shown in Fig. 2. It showcases both the input data as
well as the true uence from CoREAS and the posterior mean uence in the top row. Additionally,
the posterior standard deviation (reconstruction uncertainty) and the absolute di erence between
ground truth and reconstruction are shown in the bottom row.

Our results are split into three signal classes: Low SNR events3wttBNRyeak Y 5, high SNR
events with SNReak | 5, and a third class of events where at least half of the antennas in each
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