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Extensive air showers that develop through the atmosphere emit radio signals that can be measured
by ground-based antennas. The resulting time-dependent electric fields contain information about
the longitudinal development of the shower.
We present a Bayesian reconstruction framework based on Information Field Theory (IFT) that
aims to recover the spatio-temporal structure of the macroscopic current densities responsible for
radio emission in an extensive air shower. The method combines a fast, differentiable forward
model for radio emission with probabilistic inference to reconstruct high-dimensional current-
density fields and approximate their posterior distributions.
We demonstrate this approach on synthetic and Monte Carlo simulated data and discuss its
performance, as well as the technical challenges and limitations encountered in this reconstruction
framework.
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1. Introduction

Radio emission of extensive air showers is produced throughout the shower’s development
and therefore carries information about its evolution. In this work, we investigate whether this
information can be used to reconstruct the three-dimensional macroscopic current distribution as
the shower propagates through the atmosphere. Such a reconstruction provides a spatially resolved
view of the radio-emitting components of the shower front, including its longitudinal development
and lateral structure. We develop an inference framework for this purpose and test it on simulated
radio emission from extensive air showers.

2. Information Field Theory

Information Field Theory (IFT) is a Bayesian framework for inference of high-dimensional,
field-like quantities, providing methods to construct non-parametric prior distributions and approx-
imate their posterior distributions [1]. Fundamentally, the inference problem can be described by
the measurement equation

𝑑 = 𝑅[𝑠] + 𝑛, (1)

where 𝑑 denotes the observed data, 𝑠 the quantity of interest, 𝑅 the response operator describing the
measurement process, and 𝑛 additive noise. In this work, 𝑑 represents the radio signals measured
at the observer positions, while 𝑠 describes the current density inside the air shower responsible
for their emission. The current distribution cannot be uniquely recovered by directly inverting this
measurement equation. Instead, it is inferred probabilistically using a likelihood describing the
measurement noise, a prior distribution over 𝑠 implemented through a generative model, and a
forward model representing the radio emission and its propagation to the observers. Variational
inference can then be used to approximate the posterior distribution of 𝑠 [2].

3. Generating Current Densities

The generator to sample plausible current densities is based principally on the Correlated Field
Model [3, 4]. Spatial correlations are introduced by weighting white-noise excitations with a power
spectrum. The spectrum is modeled as an approximate power law, similar to colored noise, with
deviations from the pure power law described by an integrated Wiener process.

The shower disk is represented in separable form by a vector field describing the current sheet
at the shower front and a weighting field that extends this two-dimensional front into a three-
dimensional current distribution. The latter describes the curvature and thickness of the shower
front. In this representation, the curvature and thickness profile are assumed to remain fixed during
the main development of the shower, while the polarization is determined by the front current.
These simplifications reduce the computational cost of the reconstruction. An example of the
generation of the front current field, including sampled power spectra, is shown in Fig. 1. Further,
a time-dependent masking radius is generated using an Ornstein-Uhlenbeck process [5], restricting
the rectangular correlated field to a circular region. To break the statistical homogeneity inherent
to the correlated field model, an additional free power-law dependence on radius is applied. The
thickness structure is predominantly parametric, and the radial behavior is encoded in a small set
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Figure 1: Example generation of the front current sheet. Left: White-noise excitation. Center: Sampled
power spectra for the longitudinal and transverse directions. Right: Resulting spatially correlated vector field
before masking.

of parameters. These parameters determine the parameters of Gamma-distributions describing the
current density behind the shower front as a function of distance to the shower front. A central tail
with a free mixing fraction is added. Overall, the generator combines parametric modeling with
non-parametric, spatially and temporarily varying vector fields to describe the evolving current
density.

4. Forward Model

The forward model mapping current densities 𝒋 to observed signals 𝑬 is described by the
Green’s function integral [6]

𝑬 (𝑡) =
∫
𝑉

d3𝑥′
∫

d𝑡′ 𝜅
𝑛2

𝑟
𝑃⊥𝛿

′
(︂
𝑡 − 𝑡′ − 𝑛𝑟

𝑐

)︂
𝒋 (𝑡′, 𝒙′). (2)

The Green’s function contains constants, summarized by 𝜅, a transverse projector 𝑃⊥, encoding the
far-field transversality of the electromagnetic field, and the retarded propagation time 𝑛𝑟/𝑐. This
expression holds for a homogeneous medium. Consequently, the atmosphere is approximated as
homogeneous along each line of sight between source and observer, using an effective refractive
index, which provides a good approximation in air [7].

Numerically, the shower is treated as a collection of moving one-dimensional rods perpendicular
to the shower plane. Each rod is divided into short segments that propagate with the shower. The
emission from each individual segment is treated as constant during its short propagation interval.
Both the motion and length of each rod segment affect the extent of the arrival-time interval at
the observer. The contribution is approximated as a box with constant height over that interval.
After application of the derivative represented by 𝛿′, the corresponding electric field consists of two
peaks of opposite sign at the box edges. Sub-bin arrival times are represented by distributing each
contribution between two neighboring time bins.
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Figure 2: Simulated and reconstructed electric fields for two observers. The reconstruction reproduces the
traces closely, but the compressed signal exhibits a ringing artefact due to discretization.

5. Reconstruction Results

The framework has been applied to a library of simulated CORSIKA7 [8] showers, where
the radio emissions were calculated using CoREAS [9]. The showers are in an energy range of
2.5 · 1018eV to 1.2 · 1020eV and a zenith range of 65◦ to 80◦. The reconstruction here uses the
unfiltered electric fields at the antenna positions. First, we present the reconstruction of a single
simulation.

5.1 Radio Signal

Fig. 2 shows the simulated and reconstructed electric fields for two observers with their
residuals. Overall, the reconstruction reproduces the traces closely, with good agreement in signal
timing, duration, and amplitude. For the observer close to the Cherenkov ring, a ringing artifact is
visible. This originates from the discretization of the shower-front thickness in the forward model
and is particularly pronounced for strongly time-compressed signals. The effect is reduced with
higher numerical resolution, at the cost of increased computational requirements.

5.2 Shower-Disk Structure

Fig. 3 compares the reconstructed sheet current’s 𝒗 × 𝑩 and 𝒗 component with the Monte
Carlo reference at three stages of the shower development. The reconstruction reproduces the
overall transverse extent and evolution of the current distribution. Around shower maximum, both
the dominant direction of the transverse current and the longitudinal current structure are closely
recovered. Differences are more pronounced early in the shower, where the radial extent of the two
current components differs more strongly.

Fig. 4 shows two higher-order properties of the shower disk. The effective thickness reproduces
the broad radial dependence of the Monte Carlo reference, including the increase toward larger
lateral distances. The connected radius, defined from the largest connected region of the shower
front, follows the longitudinal evolution of the Monte Carlo value, although the lateral extent is
overestimated around shower maximum. Together, these quantities indicate sensitivity not only
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Figure 3: Reconstructed sheet current at and around the reconstructed shower maximum. The arrow size
indicates the scale of the current in the 𝒗 × 𝑩 direction, the color indicates the longitudinal current along the
𝒗 direction. The 𝒗 × (𝒗 × 𝑩) component is excluded from the plot.
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Figure 4: Higher-order structure of the shower for Monte Carlo and reconstruction. Left: Effective shower-
front thickness as a function of lateral distance. Right: Connected radius as a function of atmospheric depth.

to the current amplitude and direction, but also to the internal geometry and lateral extent of the
shower disk.

5.3 Longitudinal Development

Fig. 5 shows the longitudinal development of the individual current components after inte-
gration over the shower front. The reconstruction closely follows the two dominant integrated
components, matching the magnitude and longitudinal extent of the geomagnetic current along
𝒗 × 𝑩 and the longitudinal current component along 𝒗. The integrated Monte Carlo 𝒗 × (𝒗 × 𝑩)
component is close to zero throughout the shower development. The reconstruction is only weakly
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Figure 5: Longitudinal development of the three current components integrated over the shower front. The
reconstruction closely reproduces the 𝒗 and 𝒗 × 𝑩 components. The integrated Monte Carlo 𝒗 × (𝒗 × 𝑩)
component is close to zero.

sensitive to this component, as reflected by its broad posterior uncertainty.

5.4 Reconstruction of the shower maximum

The reconstruction was subsequently applied to a larger set of simulated showers using max-
imum a posteriori estimates. The maximum of the reconstructed longitudinal current profile was
used as an estimator of the shower maximum 𝑋max.

Fig. 6 shows a strong correlation between the reconstructed shower maxima and Monte Carlo,
with 𝑟 = 0.95, a bias of−3 g cm−2, and an RMS deviation of 28 g cm−2. This shows that conventional
shower observables such as 𝑋max can be derived from the reconstructed current distribution rather
than being introduced as dedicated reconstruction parameters.
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Figure 6: Reconstructed 𝑋max compared with the Monte Carlo 𝑋max obtained from the Gaisser-Hillas fit
performed by CORSIKA. The color indicates the shower zenith angle.

6. Conclusion

Here, we present a framework to reconstruct the time-varying, three-dimensional current
density of the radio-emitting component inside an extensive air shower. It combines a semi-
parametric model of the electric current density with a fast, differentiable forward model for
calculating the radio emission at observer positions. Together, these components enable Bayesian
inference of a plausible current distribution that reproduces the measured electric-field traces.

The framework was tested on simulated showers and recovers the dominant current components
and the overall structure of the shower disk, with sensitivity to its lateral extent and the thickness
of the shower-front. The longitudinal development of the reconstructed current also provides
an estimator for 𝑋max, reaching an RMS deviation of 28 g cm−2 across the investigated shower
population. These results demonstrate that radio measurements can be used to image the evolving
current distribution inside an air shower and to derive conventional shower observables from this
richer representation.

Further developments will focus on improving the accuracy and computational efficiency of
the forward model, refining the physical model of the current distribution, and investigating the
posterior statistics of the reconstruction.
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