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CORSIKA 8 is a new framework for air shower simulations implemented in modern C++17,
based on past experience with existing codes like CORSIKA 7. The flexibility of this framework
allows for the inclusion of radio-emission calculations as an integral part of the program. Our
design makes radio simulations general and gives the user the freedom to choose between different
formalisms, such as the “Endpoints” and “ZHS” formalisms. In addition, it takes advantage of
the flexibility of the CORSIKA 8 environment and geometry design, allowing future updates to
more complex scenarios such as showers crossing from air into dense media. We present first
results, along with comparisons with other simulation programs like CoREAS in CORSIKA 7
and ZHAireS. In the future, based on our design, the opportunity arises for radio simulations
to achieve a significant boost in performance by deploying parallel computing techniques, in
particular employing GPUs, and hence, perform more sophisticated radio-emission studies.
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1. Introduction

Radio detection of extensive air showers has matured and become a technique competitive with
“classical” particle and fluorescence detection over the past 20 years [1]. Due to the complexity
of extensive air showers (EAS), detailed particle-level simulations of the radio emission of EAS
are needed to analyze experimental data and reconstruct the properties of the primary particle.
The two standard simulation tools used for simulations of the radio emission from showers are
CoREAS [2] (implemented in CORSIKA 7 [3]) and ZHAireS [8]. These tools implement two
different formalisms for calculating the radio emission from the particle tracks in the extensive
air shower, namely the “Endpoint” formalism [4, 5] and the “ZHS” [7] formalism, respectively.
However, these implementations inherit the limitations of their underlying shower codes and are not
able to simulate the diverse array of current and future experiments (see section 1.1). Furthermore,
as proposed next-generation experiments are growing significantly in size and channel-count, the
computational cost of calculating the radio emission (especially for ultra high-energy showers)
becomes intractable. To address these limitations, we have implemented the first radio emission
module for the CORSIKA 8 (C8) shower simulation framework that is designed to be highly
configurable and user-extensible to directly address the limitations of the current simulation tools
and support the next generation of radio experiments.

1.1 Limitations of existing air shower simulation codes

The current generation of air shower simulation tools, CORSIKA 7 (C7) and ZHAireS, have
several fundamental limitations that prevent their application to current and next-generation radio
cosmic-ray and neutrino experiments. In particular,

Fixed down-going event geometry Both ZHAireS and C7 assume a flat or curvilinear approxi-
mation to the Earth and assume that all extensive air showers propagate downwards to the ground.!
Many funded and proposed experiments are sensitive to upwards-going air showers induced by
T-leptons stratospheric cosmic-rays that never intersect the ground, or cosmic rays that are seen in
reflection off the Earth’s surface, none of which can be simulated with the established simulation
tools. Furthermore, the approximate treatment of the curvature of the Earth in existing tools can
introduce significant errors for highly-inclined downgoing-showers.

Straight-ray approximation Both existing codes assume that the radio emission propagates in a
straight line from the emitting particle track to the receiver (i.e. the antenna), ignoring the refraction
(or diffraction) of the radio emission as it propagates through the (potentially) changing refractivity
of propagation medium. For highly-inclined or upgoing shower geometries, or for showers in media
with strong refractivity gradients (i.e. polar ice), the ray curvature can be significant.

Fixed shower media The existing tools typically also only work with pre-programmed atmosphere
models and are not easily configurable for alternate media which is a major limitation for the current
and proposed experiments that need to simulate cosmic-ray or neutrino-induced showers in ice, the
lunar regolith and even first air and then a dense medium.

IThis statement applies to the official release versions - modified versions do exist but are available upon request.
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Figure 1: A schematic diagram of the radio process currently implemented in C8 and how it integrates with
the C8 framework.

The design and implementation of the radio module in C8 has been tailored to address all
of these limitations and provide a completely configurable and programmable platform to support
the current and next generation of terrestrial and extra-terrestrial radio cosmic-ray and neutrino
experiments.

2. Architecture of Radio Emission Calculation in CORSIKA 8

The radio module builds on C8’s highly modular and extensible design to support the next
generation of air shower experiments. The top-level architecture of the radio process is shown in
Figure 1. Each component shown in Fig. 1 can be independently swapped out with CORSIKA-
provided or user-provided C++ code providing that they implement the required interfaces. The
four primary configurable components are:

Filter The Filter is responsible for deciding which particles and tracks received from C8 should
be forwarded to the radio emission calculation. This can be used to optimize the performance of
the radio calculation by only processing certain particles (typically e*/e™), or by rejecting tracks
that may not be visible (i.e. in a shadow region). It can also be used to “slice” simulations in terms
of particle energy, atmospheric depth or other parameters.

Formalism The Formalism implements the specific radio emission calculation and orchestrates
the core calculation. We have fully implemented two formalisms that calculate the electric field
vector, namely the CoREAS algorithm [2] which implements the “Endpoints formalism™ [4, 5]
and the “ZHS” algorithm [7]. Both have been ported as closely as possible from their original
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implementations in the CoREAS [2] and ZHAireS [8] air shower simulation codes to allow for
direct comparison before we investigate potential refinements.

Propagator The Propagator is used by the Formalism and Filter to calculate the (potentially
multiple) valid radio signal propagation paths from each particle track to each antenna. We
have already implemented two propagators that use a straight-ray approximation (akin to C7 and
ZHAireS) including: 1) an analytic ray path solver that can only be used in media with uniform
or exponential refractive indices; and 2) an integrating propagator that numerically integrates the
time delay along each propagation path and can therefore work in arbitrarily complex media where
no analytic solution exists. By separating the propagation of the radio signals from the emission
formalism, C8 allows more advanced propagation techniques (e.g. full raytracing or parabolic
equation methods) or more complex simulation scenarios (such as cross-media showers) to be
implemented without requiring any modifications to the underlying emission formalisms.

Antenna The Antenna instance is storing, processing, and managing an individual antenna in the
simulation. Multiple instances of independent antennas can be configured in the simulation and
can apply their own unique processing to the received electric field, e.g., apply an antenna response.
We currently implement a standard time-domain perfect antenna (frequency-domain can also be
supported) that has a sample rate, start time, and a time window that is configurable individually
for each antenna.

As our radio calculation is a standard process that is inserted into C8’s process list, multiple
instances of the radio emission can be simulated for the same shower. This immediately allows for
comparing different radio implementations (e.g., comparing CoOREAS against ZHS, or time-domain
against frequency-domain implementations, etc.) on the exact same underlying shower, removing
any uncertainty due to differences in the underlying shower or physics models [9]. In this work, we
present the first radio pulses generated using C8 but also compare the COREAS and ZHS algorithms
(as implemented in C8) against reference pulses generated by the CoOREAS formalism in C7 and
the ZHS formalism in ZHAireS.

3. Validation of the implementation

3.1 Electron in a uniform magnetic field

We begin by validating the “CoREAS” and “ZHS” formalisms in C8 by calculating the syn-
chrotron emission from a relativistic electron undergoing circular motion. Following the calculation
in [4], we create a circular track of radius L = 100 m in the x — y plane on which a 11.4 MeV electron
orbits in vacuum (n = 1) within a uniform magnetic field of 3.809 Gauss aligned with the z-axis.
The antenna is placed in the far field at a distance R = 30 km so that the unit vector from the point
of emission to the antenna can be considered constant and lies along the z-axis.

We configure C8 using two different particle tracking (propagation) algorithms: 1) a simple
algorithm that is used to connect 100,000 points that were explicitly constructed on a circular
path with the proper radius with straight lines (“manual” tracking); and 2) the standard leapfrog
integrator included in C8 to propagate particles within a magnetic field (“C8 tracking”). For the
C8 tracking algorithm, we inject an electron with the correct energy and run the main C8 cascade
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Figure 2: Radio pulse from an electron in a unifrom magnetic field performing a circular loop. “Manual

tracking” algorithm (left) and “C8 tracking” (right). Both tracking algorithms are compared with the

analytical solution of that system presented in [4] - Antenna is set at R = 30 km.
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Figure 3: Signal pulse comparison for antenna at 50 m (left) and at 200 m (right) from the shower core. The
East polarization of all pulses compared is shown where time offsets are arbitrary.

process for the (analytical) duration it would take for the electron to complete one orbit around its
gyroradius. For each case, we simulate each shower with both “CoREAS” and ‘“ZHS” formalisms
simultaneously (each is otherwise configured identically). The synchrotron emission calculated by
both formalisms is compared against the reference result from [4] in Fig. 2. Both agree extremely
well with each other as well as the reference “Endpoints” pulse. We note that we need to configure
the C8 tracking to perform very fine steps for accurate calculation of this extremely broad-band
pulse.

We thus conclude that both the formalisms and the C8 tracking (for very fine tracking) deliver
correct results.

3.2 Simulation of an extensive air shower

We proceed to simulating the radio emission from full extensive air showers using C8. To keep
complexity to a minimum, we restrict ourselves to simulating electron-induced showers. We use the
“US Standard atmosphere”, a uniform refractive index (n = 1.000327), and a constant horizontal
geomagnetic field of 50 uT aligned in the x direction. We use the standard C8 electromagnetic
interaction model ("PROPOSAL" [10]).

We use a 10 TeV vertical shower as the baseline for these comparisons and use a star-shaped
grid of antennas on 20 concentric rings spaced equally from 25 m to 500 m from the shower axis with
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Figure 4: Signal pulse comparison for antenna at Figure 5: Signal pulse comparison for antenna at
200 m from the shower core - North polarization. 200 m from the shower core - Vertical polarization.

8 antennas distributed azimuthally in each ring (see Fig. 7 for exact antenna locations). The depth

of shower maximum of our simulation is Xp.x ~ 430 gcm‘z.

We note that particle energy cuts
for electrons and positrons have been set to a comparably high value of 5 MeV because of current
limitations in the PROPOSAL version available in the radio branch of C8. Also, the tracking
has been specifically configured in C8 to reduce the tracking step size (maximum deviation in the
magnetic field of 0.0001 radians) as otherwise the resulting signal traces exhibited high-frequency
noise which might point to an issue in the tracking that we still need to investigate in detail.

In Fig. 3 the East polarization of radio pulses calculated for two antennas at 50 m and at 200 m
north of the shower axis with the C8-CoREAS and C8-ZHS implementations and compare it with
pulses from a similar air shower (similar depth of maximum and number of particles at maximum)
simulated with C7 and ZHAireS. The amplitudes for the antennas at 50 m (Fig. 3 left) agree within
12 - 15% between the C8, C7 and ZHAireS implementations. For antennas at 200 m from the shower
axis (Fig. 3 right), there is a 50% reduction in signal amplitude in C8 compared to C7 and ZHAireS
and as well as a 100% increase in the pulse duration. The C8 pulses are approximately 35% wider
for antennas at 50 m and 200 m. The polarization characteristics match very well between the C8
implementations and C7 as well as ZHAireS. This is evident for each polarization individually for
the antennas at 200 m in Fig. 3 right (East), Fig. 4 (North) and Fig. 5 (Vertical). There is also very
good agreement between C8-CoREAS and C8-ZHS, where the ZHS version exhibits slightly less
noise on the pulse.

We also show the frequency spectra for two antennas located inside the Cherenkov ring (50 m
and 200 m from the shower axis in Fig. 6). Both formalisms in C8 show an increase in power below
~ 50MHz as compared with C7 and ZHaireS. It is evident that in C8 we are seeing less power
at high frequencies with respect to C7 and ZHAireS which might indicate a small issue in time
tracking in C8 or the electromagnetic model used; at the same time CoOREAS and ZHS are close.

As a final comparison, we calculate and plot 2D maps of the energy fluence in the 30-80 MHz
band for both C8 formalisms as well as C7 and ZHAireS in Fig. 7. The absolute scale and polarization
characteristics of all results agree qualitatively well, although slight differences become apparent,
in particular an offset from the symmetry axis in the v X (¥ X §) polarization in the C8 and ZHAireS
results which is not present in C7 and a dot in the v polarization for only C8 ZHS and ZHAireS.
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Figure 6: Frequency spectra for antenna at 50 m (left) and at 200 m (right) from the shower core.
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Figure 7: Table of energy fluence in different polarizations of the electric field for C8 CoREAS, C8 ZHS, C7
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4. Conclusions

We have completed a first implementation of radio-emission calculations in C8 based on exact
reproductions of the CoREAS and ZHS algorithms implemented in a modern, modular structure
that will allow flexible extension for the needs of current and future experiments.

We have performed low-level tests with single electrons undergoing circular motion to establish
that the radio-emission calculation as well as the particle tracking in the magnetic field in C8
work correctly. Afterwards, we have performed simulations of a vertical 10 TeV electron shower
in a uniform refractive index and compared the results between a reference simulation with C7
as well as ZHAireS and our implementation of the COREAS and ZHS algorithms in C8. We
observe an agreement at the level of better than a factor of two in absolute amplitude, a good
agreement of polarization characteristics and a very good agreement between the COREAS and
ZHS implementations in C8. Notably, the radio pulses simulated with C8 are wider and have less
high-frequency content.

We note that the air-shower results depend on many ingredients, in particular the underlying
electromagnetic interaction model PROPOSAL and the tracking in the magnetic field (which likely
needs improvements as we needed to track much finer in C8 than in C7 for instance to achieve
comparably clean radio pulses). Having reached this major milestone, we will address the observed
differences by detailed studies in the future.
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