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CORSIKA 8 is a modern, flexible framework for simulating particle cascades in air and dense
media, allowing for fully customizable shower simulations. The radio module autonomously
handles electric field calculations and propagation to observer locations. It supports simultaneous
simulations with both the “Endpoint formalism” as implemented in CoREAS and the “ZHS”
algorithm from ZHAireS. In this contribution, we validate the radio module by comparing air-
shower simulations in CORSIKA 8, CORSIKA 7, and ZHAireS. We investigate the impact of
simulation parameters, such as the step size of particle tracks, on the resulting radio signals and
perform a detailed comparison of the “Endpoints” and “ZHS” formalisms. For the same underlying
showers simulated with CORSIKA 8 with optimized step sizes, both formalisms converge to the
same radiation energy within 2 %. For CORSIKA 8 and CORSIKA 7, agreement on the radiation
energy is better than 10 % in the 30–80 MHz band and improves to better than 2 % for 50–350 MHz.
This consistency provides further confirmation of the accuracy of microscopic air-shower radio
emission simulations which is crucial for precise energy scale estimations using radio detection.
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1. Introduction

Radio detection of extensive air showers has proven to be a valuable technique in astroparticle
physics, offering high-precision measurements of cosmic-ray energy and shower development [1].
As the field moves toward increasingly accurate and large-scale radio observatories, the need for
reliable and flexible simulation tools becomes more critical. Simulating the radio emission from air
showers and particle cascades in dense media requires a detailed treatment of particle interactions
and electromagnetic radiation, along with the ability to model diverse detector configurations
and environmental conditions. Modern simulation frameworks must therefore combine physical
accuracy with modularity and extensibility to support a wide range of scientific goals.

CORSIKA 8 is a modern, modular framework for the simulation of particle cascades in air
and dense media [2, 3]. Its design allows for highly customizable simulations, integrating various
physical models within a unified and extensible structure. The CORSIKA 8 code is considered
“physics complete” and a first expert version of it was released at the end of 2024 [4]. An overview
of the full capabilities of CORSIKA 8 is presented in a separate contribution to this conference [5].
The radio module in CORSIKA 8 autonomously handles the calculation and propagation of the
electric field to user-defined observer locations. It supports both the “Endpoint formalism”, as
implemented in CoREAS [6] (as part of CORSIKA 7 [7]), and the “ZHS algorithm” known from
ZHAireS [8], allowing for direct comparisons within a consistent framework.

In this work, we present a validation of the CORSIKA 8 radio module through detailed compar-
isons with established simulation tools, namely CORSIKA 7 and ZHAireS. We study the influence
of technical steering parameters, such as step sizes used in the particle tracking, quantified in terms
of the maximum angular deflection a particle is allowed to undergo between successive tracking
points, on the resulting radio signal and investigate the consistency between the CoREAS-like
endpoint algorithm and ZHS formalisms when applied to the same underlying shower. A key ob-
servable in this context is the radiation energy, defined as the total energy deposited on the ground
by radio waves in a given frequency band. It plays a crucial role in energy estimation for cosmic-ray
air showers [1] and is therefore an important benchmark for validating the physical accuracy of
radio emission simulations. The results discussed here summarize the key findings on radio emis-
sion simulations with CORSIKA 8 published in Ref. [3], providing an overview of its capabilities
and validation status. In addition to the validation presented here, a separate contribution to this
conference highlights the unique capabilities of CORSIKA 8 to simulate radio emission and signal
propagation in complex and inhomogeneous media, such as realistic glacial environments relevant
for neutrino observatories [9].

2. Design of the radio module

The CORSIKA 8 radio module is designed with the core principles of the framework in mind:
modularity, extensibility, and physical accuracy. As illustrated in Figure 1, it integrates seamlessly
with the simulation’s main loop (Cascade) and the user-defined Environment, which provides
spatially dependent physical properties such as refractive index, density, and magnetic field. This
enables fully self-consistent simulations of radio emission in realistic atmospheric and detector
conditions.
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Figure 1: Schematic overview of the radio process currently implemented in CORSIKA 8, and showing how
it integrates with the framework.

Each Radio Process consists of interchangeable components, designed to be configurable and
replaceable with user-defined C++ implementations. This makes the module highly adaptable to
various use cases. The main components are:

• Track Filter: Determines which particle tracks contribute to the radio signal. Typically, only
electrons and positrons are considered, but filtering can also be applied by energy, depth, or
other user-defined criteria.

• Formalism: Computes the electric field based on the selected particle tracks. Currently,
two independent time-domain formalisms are supported: the “CoREAS” endpoint formalism
and the “ZHS” algorithm. Both are implemented in a way that closely mirrors their original
versions, allowing direct comparison with CORSIKA 7 and ZHAireS.

• Propagator: Calculates the propagation of the radio signal from its emission point to each
observer, including travel time and path. Three propagators are available: a general-purpose
ray-integrator for complex media, and two faster approximations for stratified atmospheric
models (uniform and exponential). All use straight-line paths for now, but the design allows
for future integration of ray-traced or curved-path models.

• Observer: Handles the reception and storage of the electric field at each defined observer
location. Observers are organized into collections and support configurable parameters such
as sampling rate and time window.
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This modular design allows users to tailor the radio simulation pipeline to a wide range of
scientific goals. The clear separation between the responsibilities of different components also
facilitates the development and integration of new features. A distinctive feature of CORSIKA 8
is its ability to run multiple Radio Processes simultaneously on the exact same air shower. Thus,
different formalisms can be applied in parallel using the same underlying shower development,
including identical particle tracks, interaction history, and random numbers. As a result, differences
in the predicted radio signals can be attributed solely to the emission model itself, rather than
to shower-to-shower fluctuations or implementation details in other parts of the simulation. This
capability enables true, unbiased comparisons of radio emission formalisms within a unified,
consistent framework.

3. Validation of the radio module

CORSIKA 8 follows strict development guidelines across all modules, emphasizing physical
correctness, code reliability, and extensive test coverage. The radio module is no exception: in
addition to unit tests with high code coverage, it underwent validation using a well-understood
physical scenario, a single relativistic electron in a uniform magnetic field. We consider an electron
with energy ∼11.4 MeV (𝛽 = 0.999) performing circular motion in vacuum (𝑛 = 1) under the
influence of a magnetic field aligned along the 𝑧-axis. The track radius is 𝐿 = 100 m, and the
motion is confined to the 𝑥–𝑦 plane. An observer is placed in the same plane at a distance of 30 km
from the center of the circle to ensure far-field conditions.

The simulation uses CORSIKA 8 ’s native “leapfrog” tracking algorithm to determine the
particle trajectory in the magnetic field. To ensure sufficient resolution for calculating the broadband
synchrotron pulse, the tracking is configured to introduce a new step after each geomagnetic
deflection of 10−4 rad. The electron is followed for exactly one full revolution. The associated
synchrotron radiation is calculated using both the “CoREAS” (endpoint with ZHS fallback close
to the Cherenkov ring) and “ZHS” formalisms implemented in the radio module. To validate the
results, we compare them to an analytical solution as described in Ref. [10], also used in previous
validation efforts.

Figure 2 (left) shows the resulting electric field pulse in the 𝑦-polarization. Both formalisms
produce results that agree with the analytical solution to within approximately 1 %. Minor deviations
near the peak are attributed to finite time binning in the simulation. Small oscillations observed
in the CoREAS-style result stem from interference between the internal step timing and the output
sampling interval and are expected to average out in realistic air-shower scenarios.

This test confirms that both radio-emission formalisms in CORSIKA 8 yield physically accurate
results when used with the native tracking algorithm, and that the observer handling and electric
field propagation are correctly implemented.

4. Air Shower comparison

To evaluate the performance of the CORSIKA 8 radio module under realistic conditions, we
simulated a vertical 100 PeV iron-induced air shower and compared the resulting radio emission
to predictions from CORSIKA 7 and ZHAireS. All simulations were configured with consistent
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Figure 2: Left: Radio pulse from a single electron moving in a circular orbit in a uniform magnetic field.
Shown are results from the native particle tracking in CORSIKA 8 (C8) using a very fine step size and an
analytical solution. Right: Comparison of radio pulses predicted by CORSIKA 8 using the “CoREAS” and
“ZHS” formalisms, and by CORSIKA 7 (C7), for comparable showers with similar longitudinal profiles
observed at 100 m from the shower axis near the Cherenkov ring. The traces represent the geomagnetic
component, filtered to the 30 MHz to 80 MHz band.

technical parameters, including identical hadronic interaction models, thinning levels, cut energies
for different particle types, and a common atmospheric and geomagnetic field setup. Particle
tracking was left at standard values in CORSIKA 7 (STEPFC = 1, maximum geomagnetic deflection
per step = 0.2 rad) and ZHAireS. For CORSIKA 8, the maximum allowed geomagnetic deflection
before adding another tracking step was also set to 0.2 rad.

For CORSIKA 8, both emission formalisms were applied simultaneously to the same underly-
ing shower. All three codes produced similar longitudinal shower profiles, with differences in 𝑋max
limited to about 10 g/cm2. Two-dimensional maps of the radio energy fluence in the 30 MHz to
80 MHz band are shown in Fig. 3. We obtain good agreement across all codes in terms of shape,
symmetry, and overall emission footprint. However, CORSIKA 8 systematically predicts a ∼ 25 %
higher fluence than CORSIKA 7 and ZHAireS. This initial difference arises from coarse tracking
settings and should not be interpreted as a systematic discrepancy. We find that this difference
decreases significantly when finer step sizes are used in particle tracking. Such a dependence was
already found in an earlier study for CORSIKA 7 [11]. A similar plot with optimized step sizes for
CORSIKA 7 and CORSIKA 8 can be found in Ref. [12].

CORSIKA 8 allows for direct comparison of the radio emission of “CoREAS” and “ZHS”
formalism for identical showers. This approach removes variations in shower development that
would otherwise arise when comparing across different codes. Using 100 vertical air showers
simulated with optimized step sizes of 0.001 rad in CORSIKA 8 and CORSIKA 7, we compared
the resulting radio pulses and average radiation energies in a consistent setting. The point of first
interaction was fixed in all simulations to minimize shower-to-shower fluctuations. Radio pulses
simulated at an observer distance of 100 m from the shower axis, near the Cherenkov angle, show
excellent agreement between CORSIKA 8 and CORSIKA 7, as well as between the two formalisms
within CORSIKA 8, as illustrated in Figure 2 (right). These results are based on independent but
comparable showers simulated with both codes that yield similar longitudinal profiles. The average
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Figure 3: Energy fluence maps for different signal polarizations of the electric field in the 30 MHz to
80 MHz frequency band for CORSIKA 8 (C8) with “CoREAS” and “ZHS” formalism, CORSIKA 7 (C7)
with CoREAS extension, and ZHAireS. The order of the polarizations we see starting from top to bottom is:
absolute value, ®𝑣 × (®𝑣 × ®𝐵), ®𝑣 × ®𝐵, and ®𝑣, where ®𝑣 corresponds to the shower axis and ®𝐵 corresponds to the
magnetic field axis. Please note the strongly different z-axis scales.

radiation energy predicted by both formalism in CORSIKA 8 agree within 2 % in the 30 MHz to
80 MHz band and within 1 % in the 50 MHz to 350 MHz band. A comparison of the average
radiation energy from the “CoREAS” implementations in CORSIKA 8 and CORSIKA 7 yields
agreement within 10 % in the 30 MHz to 80 MHz band and 2 % in the 50 MHz to 350 MHz band.
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5. Summary

CORSIKA 8 can simulate radio emission from both extensive air showers and particle cascades
in dense media. We have successfully validated its radio module through detailed comparisons
with established simulation tools, CORSIKA 7 and ZHAireS, demonstrating consistency in key
observables such as radiation energy across a range of frequencies. The ability to simulate the
radio emission both with the Endpoint and ZHS formalisms within a unified framework, and the
close agreement for simulations with a small step size, further reinforces the robustness of the
microscopic approach to radio-emission modeling. This proceeding highlights the key validation
results of the radio module in CORSIKA 8. A more detailed discussion, including a systematic
parameter scan demonstrating how the step-size setting affects the predicted radiation energy, as
well as quantitative comparisons of the spatial distribution of the radio emission in the shower plane,
can be found in the corresponding journal publication [3]. These results confirm that CORSIKA 8
provides a reliable and flexible platform for high-precision radio simulations, supporting current
and future efforts in radio-based astroparticle physics.
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