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CORSIKA up to version 7 has been the most-used Monte Carlo code for simulating extensive air
showers for more than 20 years. Due to its monolithic, Fortran-based software design and hand-
optimized code, however, it has become difficult to maintain, adapt to new computing paradigms
and extend for more complex simulation needs. These limitations led to the CORSIKA 8 project,
which constitutes a complete rewrite of the CORSIKA 7 core functionality in a modern, modular
C++ framework. CORSIKA 8 has now reached a state that we consider “physics-complete” and a
stability that already allows experts to engage in development for specific applications. It already
supports the treatment of hadronic interactions with Sibyll 2.3d, QGSJet-11.04, EPOS-LHC and
Pythia 8.3 and the treatment of the electromagnetic cascade with PROPOSAL 7.6.2. Particular
highlights are the support for multiple interaction media, including cross-media particle showers,
and an advanced calculation of the radio emission from particle showers. In this contribution, we
discuss the design principles of CORSIKA 8, give an overview of the functionality implemented

to date, the validation of its simulation results, and the plans for its further development.
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1. Introduction

The astroparticle physics community heavily relies on Monte Carlo simulations of particle
showers in air and other media. For air shower simulations, the de-facto standard for more than
20 years has been the CORSIKA code [1], originally developed for the KASCADE experiment.
CORSIKA, in its current version 7.75, is still being maintained by KIT; however, its monolithic
Fortran structure and the retirement of key developers makes this increasingly difficult. Furthermore,
upcoming experiments require more flexibility than the hand-optimized CORSIKA 7 code can
provide. In 2018, we therefore started to develop CORSIKA 8, a full rewrite of the CORSIKA
core functionality in a C++-based framework [2]. Since the ICRC2021 [3], we have made very
significant progress with CORSIKA 8. In the following, we report the design philosophy and
current state of the project, showcase some results derived with the code, and give an outlook on
the next steps.

2. Design philosophy and recent progress

CORSIKA 8 is designed as an open-source! community project. KIT is committed to coor-
dinating its development and maintaining key functionality, but the code has been structured as a
flexible framework to which individual developers can contribute their functionality in a modular
fashion. A general overview of the structure is shown in Fig. 1. The Cascade handles the particle
stack and main loop. Tracking functionality is used to propagate the particles in the environment,
taking into account, for example, the deflection of charged particles in magnetic fields. The En-
vironment can be queried for all the relevant characteristics of the media that particles propagate
through. A major difference with respect to CORSIKA 7 is the flexibility in setting up the environ-
ment from geometrical objects (currently spheres and cuboids), with each of them having their own
particular media properties. This allows simulations of particle showers in very complex scenarios.
For example, we can already simulate showers crossing from air into ice, as detailed in [4]. No
other simulation code currently offers such flexibility, needed for example by projects aiming to
measure radio emission from particle showers in ice.

At the heart of the modular design is the Process List which can be assembled flexibly and hosts
all the relevant processes such as hadronic interactions, electromagnetic interactions [5], decays,
checking for transition across media boundaries, radio-emission calculation [6], Cherenkov light
calculation (optionally using GPU acceleration) [7], visualization functionality, and more.

Finally, all output of simulation results is handled by a central Oufput manager. Our current
data format is based on YAML files for metadata and Apache Parquet files for (larger) binary data.
While we might revisit this choice, the underlying data format is not critical, as we provide a Python-
based library to transparently access the data from the user side. Simulation steering is envisaged
through command line options as well as input files that can be interchanged transparently.

Since the ICRC2021, we have made very significant progress with CORSIKA 8. Among
other improvements, we point out the inclusion of FLUKA [8] as hadronic interaction model at
low energies, the inclusion of photohadronic interactions in electromagnetic cascades handled
through SOPHIA [9] and Sibyll [10], the treatment of the LPM effect in electromagnetic cascades,
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Figure 1: General structure of the CORSIKA 8 code. Please see text for explanation.

improvements in the handling of multiple scattering in electromagnetic cascades, implementation
of particle thinning in electromagnetic cascades with a newly designed algorithm, improved radio-
emission calculations in media with realistic refractivity gradients, a proof-of-principle multi-
threaded CPU parallelisation of the radio-emission functionality [11] and a preliminary inclusion
of Pythia 8.3 [12] as hadronic interaction model at high energies. In the following, we will showcase
some current results of CORSIKA 8 in comparison in particular with CORSIKA 7.

3. Electromagnetic cascades

Electromagnetic cascades in CORSIKA 8 are being handled by the PROPOSAL [13] code,
currently in version 7.6.2. Details about the simulation of the electromagnetic cascade within
CORSIKA 8 and how the implemented physics as well as simulation results compare to EGS4 as
used in CORSIKA 7 are provided in reference [5]. Longitudinal profiles of the electromagnetic
component of electron-induced air showers are in agreement on a 10% level between the two codes.
Muons and hadrons produced by photohadronic interactions are approximately 15% more numerous
in CORSIKA 8 than CORSIKA 7, an interesting finding that we will investigate further. (Note that
this contribution is subdominant in hadronic air showers.) Energy and lateral distributions are in
agreement typically on a 5% level, with some more pronounced differences at very low energies and
very small lateral distances. We point out that while we use CORSIKA 7 as a reference to compare
to, some of the implemented physics is different and improved in CORSIKA 8; for example we
include triplet production, a process that EGS4 within CORSIKA 7 does not handle. Hence, a
1:1 agreement with CORSIKA 7 is neither expected nor intended. We also note that during our
validation efforts, we found and fixed (minor) problems in earlier versions of CORSIKA 7.

Since the ICRC2021, we have implemented particle thinning [14] for the electromagnetic
cascade in CORSIKA 8. Thinning is both most effective in terms of saving computing time and
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easiest to implement for electromagnetic interactions because of their 1:2 splitting nature. Our
implementation is improved with respect to the one used in CORSIKA 7. When a particle has an
energy below the thinning threshold, Ey,, secondaries arising from its interactions are subject to
thinning. As long as weight limitation does not set in (see below), one of the two secondaries is
randomly chosen to be retained while the other one is discarded. The selection probability p; of
each secondary is proportional to the fraction of its energy with respect to the incoming particle.
The weight of the retained particle is increased by a factor f; = 1/p; over the weight wg of the
incoming particle. Weight limitation is considered as follows: If at some point the (potential)
new weight w; of a secondary would exceed the user-defined maximum weight, wy,x, we resort to
statistical thinning [15] in which each secondary is considered for retention or removal on its own.
In this setting, we have more freedom to alter the retention probabilities as desired. Here, we set

E; wo )
E, +E2’ Wmax

pi = max ( ey
so that w; = wo/p; < Wmax. As soon as the maximum weight is reached in a particular branch, all
particles descending from that vertex are tracked again, having the same weight w .

Figure 2 shows a comparison
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introduced by the thinning proce-
dure due to narrower weight distri-
butions [16].

4. Hadronic cascades

We offer usage of a wide range of state-of-the-art hadronic interaction models within COR-
SIKA 8. At high energies, in addition to QGSJet-11.04 [17], Sibyll 2.3d [10] and EPOS-LHC [18],
a preliminary inclusion of Pythia 8.3 [12] is available for testing but still undergoing improve-
ments [19]. At low energies,the recently included FLUKA [8] provides increased flexibility in the
choice of interaction media and sophisticated modelling in addition to low runtimes. Decays can
be handled by Sibyll 2.3d and Pythia 8.3.
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Figure 3: Average longitudinal profiles of 300 air showers for various particle types (see indicator in plots)
arising from hadronic cascades simulated with various high-energy hadronic interaction models and FLUKA
as low-energy interaction model, both with CORSIKA 7 and CORSIKA 8. The hatched area shows the
standard deviation of the mean.

For the first time, we are now able to run full-fledged (ultra-)high energy hadron-induced air
showers with thinning of the electromagnetic cascade in CORSIKA 8. In Fig. 3, we showcase
longitudinal distributions for the averages of 300 vertical proton-induced 10'7 eV air showers with
thinning at the 1079 level (Wmax = 100, applied to all particles in CORSIKA 7; wyax = 50, only
applied to the electromagnetic cascade in CORSIKA 8) with cuts for electromagnetic particles at
10 MeV and hadron/muon cuts at 300 MeV. The agreement between CORSIKA 8 and CORSIKA 7
for electrons/positrons, photons, muons and hadrons is within 10%. We note a systematically higher
number of muons and hadrons for CORSIKA 8 over CORSIKA 7, which also seems to be dependent
on the high-energy interaction model. We will investigate the origin of these differences further in
the future. We note that with Sibyll a larger spread between muon predictions across various codes
has been observed previously [20]. In Fig. 4, we show comparisons of the lateral distributions of
electrons/positrons and muons at the ground. Again, we will investigate the observed differences
more closely in the future.
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Figure 4: Average lateral distributions of electrons and positrons (left) and muons (right) at ground for the
same showers as shown in Fig. 3.

5. Radio-emission calculation

From the start, radio-emission calculation has been a driver in the development of CORSIKA 8.
This is, in particular, due to the radio-detection community’s need for a flexible solution that can
handle complex simulation scenarios, for example for in-ice radio detection experiments for which
the radio emission from air showers crossing from air into ice is a very relevant background that
can currently only be simulated by piecing together several simulation codes [21].

The implementation of the radio process in CORSIKA 8 has correspondingly been designed to
decouple the emission calculation from the signal propagation through so-called Propagators which
handle all the complex transmission physics and multi-path propagation occurring in particular in
dense media. This will allow easy incorporation of specific, complex use-cases required by the
community. More details are provided in refs. [4, 6, 11].

Radio emission, due to its coherent nature, is very sensitive to the exact energy and spatial
distributions of electrons and positrons in an air shower. It thus also provides a very powerful
diagnostic for the correctness of the electromagnetic cascade simulation. Since the ICRC2021, the
results have improved tremendously; also, we are now able to simulate radio emission from air show-
ers with CORSIKA 8 at high energies, thanks to the availability of thinning of the electromagnetic
cascade, and with a fully realistic refractive index gradient of the atmosphere.

CORSIKA 8 can perform concurrent simulation of the radio emission from the same particle
cascade with two formalisms, the endpoint formalism as originally implemented in the CORSIKA 7
extension COREAS [22] and the ZHS formalism available in ZHAireS [23]. Figure 5 shows energy
fluence maps in the 30-80 MHz band for observers at sea level for a 10!7 eV vertical iron-induced
air shower in a horizontal 50 uT magnetic field, in a U.S. standard atmosphere with Gladstone-Dale
refractivity gradient [24], and with thinning at the 107® level with a maximum weight of 50 in
CORSIKA 8 and settings leading to similar thinning in CORSIKA 7 and ZHAireS. The showers
simulated with the different codes are very similar, but not fully identical; for details on the selected
showers as well as the radio pulses and frequency spectra, we kindly refer the reader to [6]. We
note that the agreement between all four results (columns) in terms of symmetries is near-perfect.
Earlier results [25, 26] had shown significant deviations. Slight differences in the absolute strength
still exist and will be investigated further. Another interesting finding is a “blip” of extra emission
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Figure 5: Fluence maps for 30-80 MHz radio emission from a vertical 10'7 eV air shower simulated with both
the endpoint (CoOREAS) and ZHS formalisms in CORSIKA 8 are compared with simulations from CoREAS
in CORSIKA 7 and with ZHAireS. From top to bottom, the rows show: total energy fluence, fluence in the
¥ x (¥ x B) (north-south), ¥ x B (east-west) and ¥ (vertical) polarizations. The x/y-axes show core distances
along the ¥ x B and ¥ x (v x E) directions. The color scales are identical within a given row.

near the shower axis in the vertical signal polarization both seen in the ZHS-formalism simulation
in CORSIKA 8 and the ZHAireS simulation, which is not seen in simulations with the endpoint
formalism, however is not of practical relevance as it contributes at a very small absolute level.

6. Conclusions and Outlook

Since the ICRC2021 [3], we have made tremendous progress in the development of COR-
SIKA 8. Validation against CORSIKA 7 results, in particular, shows agreement generally on a
~10% level. Observed deviations will be investigated further in the future. We consider the code
“physics-complete” and aim for a first expert-level beta release within the year of 2023. Especially
for cross-media showers, urgently needed by the radio-detection community, CORSIKA 8 already
now is the most flexible and complete solution available.
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