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The CORSIKAS simulation framework, a successor of the well-known Monte Carlo air-shower
simulation CORSIKA7, is a state-of-the-art implementation and testbed for the simulation of par-
ticle cascades from air to dense media. With its modular architecture, not only standard cascade
simulation is possible, but a variety of additional mechanisms can be utilized. The Radio module,
as one of the integral core components, implements two methods: the “Endpoint formalism” and
the “ZHS algorithm”. Recent simulation studies utilizing the common environment have demon-
strated good agreement, as low as 2%, between both methods. Comparisons with CoOREAS (COR-
SIKA7) and ZHAireS confirm the validity of the generated results and their use as a precision tool
for air-shower simulation.

This contribution highlights recent development efforts with a focus on extending capabilities
beyond standard air-shower simulations. A particular highlight is the electromagnetic wave prop-
agation through complex and inhomogeneous media, including cross-media showers, achieved
through full ray tracing. In addition, there is an ongoing work to implement full electrodynamic
field propagation through glacial environments with Eisvogel for highly realistic simulations.
Further effort has been taken to improve the computational performance of large-scale simulations;
this includes computational improvements as well as reduction and prioritization through dynamic
stack-based sorting. The implementation of the ARZ method for semi-analytic treatment of radio
emission in dense media, avoiding costly propagation routines, is presently tested. The current and
ongoing work in the extensible CORSIKAS8 framework makes it ideally suited for future studies

on radio detection of a wide variety of particle cascades.
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1. Introduction to CORSIKAS

The simulation tool CORSIKA [1] has been a cornerstone of extensive air-shower simulations
for over three decades. Rigorous testing against other simulation codes and validation by many
world-leading experiments have ensured that physical correctness has always been one of the high-
est priorities. Over its lifetime, this was enabled by numerous changes and extensions contributed
by multiple generations of scientists. On the other hand, these developments led to an increas-
ingly complex and heterogeneous codebase, written mostly in Fortran 77 [2], with in smaller parts
implemented in other programming languages. With lead developers retiring and increasingly com-
plex requirements from current and future experiments exceeding the assumptions and capabilities
of CORSIKA 7, a complete overhaul was required to prepare CORSIKA for the coming decades.
Some of the new more prominent new requirements are:

* Non-exponential or complex atmospheric models

* Full support for Earth skimming and upward going cascades

* Support for dense media and showers crossing medium boundaries (e.g., air — ice)

* Fully integrated support for complex secondary emission processes (e.g., radio emission)

In the case of radio detection of cascades, for example over the ice shelf by ANITA [3], the
correct handling of all of these, and more, is necessary to provide a correct physical simulation.
Radio emission is therefore a prime application for the new CORSIKAS simulation framework.

In this contribution, we present recent developments of the CORSIKA 8 framework in the
context of radio emission. After briefly introducing the modular simulation environment, we dis-
cuss the validation of radio-emission methods for signal generation in air and ice. Subsequently,
the extensions towards complex and inhomogeneous media, including fully electrodynamic signal
propagation with Eisvogel, are demonstrated. Finally, current efforts towards a fast parametrization
of radio emission from cross-media showers are introduced.

2. CORSIKAS - A modular framework with new simulation capabilities

CORSIKAS was developed as a modern, modular successor written in C++23 [4] to enable
the use of the newest programming methods. The structure is designed to provide a sustainable
simulation framework for a wide field of physics applications with the intent of easy adoption by
experiments. As the core simulation is fixed and provided by the framework, dynamic structure is
realized by encapsulating the physical effects in so-called modules. Each module provides a static
interface to enable a fast and easily interchangeable structure for different requirements in func-
tionality and precision, further described in [5]. Other physically relevant parts of the simulation,
like the output and environment parametrization, follow the same structure and provide a dynamic
framework to suit a wide range of experiments.

A particular advantage of the integrated framework is that different modules, for example radio-
emission formalisms, can be evaluated for the same simulated cascade. Differences between predic-
tions can therefore be attributed directly to the emission models rather than to differences in shower
simulations or environmental descriptions.
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Figure 1: Comparison of the radio emission predicted with “CoREAS” and “ZHS” in a homogeneous
medium and uniform magnetic field originally shown in [7]. The geomagnetic emission is shown on the
left, while the charge-excess component is displayed on the right. A bandpass filter from 30-80 MHz (top)
and 50-350 MHz (bottom) was applied.

3. Radio Emission

The original approach used in CORSIKA7 was the use of a specialized interface to forward
individual simulation parameters to third-party code (e.g. COREAS [6]) which, in this case, simu-
lated the radio emission of charged particles. As this path was only designed to forward information,
direct access to parameters and modification of the simulation itself were never part of the interface.
Within CORSIKAS, radio emission is a first-class citizen and a core part of the simulation. This
allows access to common geometry and medium definitions that avoid misconfiguration, as well
as direct access and modification of particle tracks. The benefits include the possibility of novel
methods, like dynamic step length, or better tracking of the cascade history.

3.1 Radio in Air

Currently, the CoOREAS-like endpoint calculation as well as the ZHS-based implementation are
available, allowing a contemporaneous comparison for the first time in a single, unified simulation
environment. The comparison of both methods with the CORSIKA7 implementation, in the sim-
ple case of a uniform magnetic field in a homogeneous medium, shows very good agreement (see

Figure 1).

3.2 Radio in dense media

For the more complex case of the much denser medium, ice, an additional comparison with
the ARZ [8] method, which derives the radio signal from the charge-excess profile, was carried out.
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Figure 2: Displayed is the radio emission calculated with CORSIKAS8 (ZHS formalism) in comparison with
the prediction from the charge-excess profile (ARZ) of an in-ice shower with a constant refractive index of
1.78. The figure is partly based on [9].

The signals derived from the completely independent methods again show a high level of agreement
over the frequency band up to 500 MHz (see figure 2).

3.3 Radio in complex media

Besides the classic ray-tracing approaches used above, which are a simplified model of reality,
an additional, full electrodynamic simulation, “Eisvogel” [10], is currently being integrated into the
framework. As it is not possible to solve the Maxwell equations for each emission point, due to the
high complexity and the resulting runtime, electromagnetic reciprocity is utilized by precalculating
a Green’s function from a delta pulse at the far less numerous antennas. As this needs to be done
only once with a Maxwell solver for each environment composition, the approach is feasible for
a great range of environments. Currently, limiting factors are resolution, upper frequency limit,
and the physical size of the experiment, as these increase the storage size of the tabulated function,
which can reach several terabytes. For small (volume) test samples, it was shown that the resulting
antenna responses match the ray-traced results and displayed in figure 3.

3.4 ARZ for Boundary-Crossing Cascades

While the above methods, based on microscopic calculations and fully electrodynamic propa-
gation, provide the highest level of physical detail, they are computationally expensive. Large-scale
detector simulations require significantly faster descriptions of the radio signal. As the cascade sim-
ulation alone is significantly faster, a radio proxy model is needed to generate an antenna signal that
is as precise as possible, without the runtime overhead of summing all individual particle-based sig-
nals. For air and ice alone, the already mentioned and well-tested ARZ method allows a high-quality
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Figure 3: Displayed is the antenna signal of an in-ice cascade calculated with the CORSIKAS “Eisvogel”
and “ZHS” modules.
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Figure 4: Displayed are the antenna signals of a vertical, boundary-crossing shower going from air into ice.
The individual plots show the signal from antennas with different angular deviations from the Cherenkov
cone. Overall, the signals are in good agreement with the microscopic simulation.

approximation of the EM field at an antenna from the charge-excess profile inside the medium. This
profile can be automatically generated during the simulation for next to no runtime overhead. For
the more complex case of boundary-crossing cascades, going, for example, from air into ice, the
charge-excess profile looks much more complex and shows distinct features at the boundary that
the currently available parametrizations fail to handle correctly. With the help of simulations of
such boundary-crossing events, a new parametrization is currently being developed to provide, for
now, good results in the low-zenith-angle regime (see Figure 4). The exact boundaries where a
strong deviation from the correct results occurs are still to be derived and will be improved in the
future. For this new method, only the charge-excess profile of the coherent shower core is used after
the boundary crossing, showing a much better and more stable profile compared to the all-particle
signal.
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4. Summary and Outlook

CORSIKARS is a state-of-the-art simulation providing new and innovative ways to tackle the
simulation requirements of the future. With its highly modifiable structure and a wide variety of
existing modules, it provides an easy-to-use and unified framework for a wide range of use cases that
were hardly possible before. Examples of this are the parallel execution of different radio processes
and the simulation of cross-media showers without the need for additional software.

As the project is still maturing, some of the functionality comes with the cost of additional
runtime overhead compared to the classic simulation. Ongoing work focuses on addressing this
overhead, as well as on structural improvements to the simulation, while the underlying physics is
already largely validated and shows good agreement.
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