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Abstract

The radio detection technique has undergone an impressive renaissance over the last two
decades establishing itself as a reliable method to reconstruct basic properties of Cosmic Rays
and of the Extensive Air Showers they initiate when impinging Earth’s atmosphere. To achieve
this, simulation tools are of crucial importance. While existing simulation codes that are used for
many years are in place, the benefit of developing new simulation software that takes advantage
of modern technologies and is flexible enough to accommodate the growing needs of modern
experiments becomes evident. The predictions of simulations need to be very accurate and not
be burdened with uncertainties. The radio emission from Extensive Air Showers is a process
well understood which is derived from first principles. Two of the most common formalisms that
describe it, namely the "Endpoints" formalism and ZHS are employed by the well established air
shower simulation codes, CORSIKA 7 and ZHAireS respectively. Both of them are calculated
under different assumptions and the level of their agreement acts as a good indication on how well
the radio emission from Extensive Air Showers is understood. Trustworthy radio simulations and
a very good understanding of the radio emission calculations are the key ingredients of successful
energy and mass reconstruction of cosmic rays.

The work of this thesis can be divided into two parts. The first part is focused on the
development of a modern and flexible radio module as an integral part of the next-generation
Monte Carlo simulation code, CORSIKA 8. Its main goal is to provide a fully functional calculation
of the radio emission from air showers, utilizing both the "Endpoints" and ZHS formalisms. At the
same time, it incorporates a novel design that allows the inclusion of complex physical scenarios
that one cannot simulate with the existing software. Once I have presented the code design,
the features and the capabilities of the radio module, it is going to be validated with existing
software. The "Endpoints" and ZHS formalisms are going to be directly compared for air showers
and their level of agreement is going to be quantified. In addition, I will inspect the impact of
simulation details on energy and mass reconstruction. Once I have established that the radio
emission calculation is indeed well understood and the simulations are trustworthy I will proceed
to the second part of this thesis.

A key quantity for Extensive Air showers is the shower maximum, or Xmax, which
reveals information regarding the mass composition of the primary particle. Well established
Xmax reconstruction techniques utilize the information carried in the signal pulse in the form of
its fluence, discarding information with respect to the pulse shape. The primary objective of this
part of the thesis is to develop a reconstruction scheme that does not rely on fluence, instead
relies solely on the information contained in the pulse shape. I will present and benchmark such
a reconstruction scheme in terms of its accuracy and point out potential opportunities.
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Zusammenfassung

Die Radiodetektionstechnik hat in den letzten zwei Jahrzehnten eine beeindruckende
Renaissance erlebt und sich als zuverlässige Methode zur Rekonstruktion grundlegender Eigenschaften
der kosmischen Strahlung und der ausgedehnten Luftschauer, die sie beim Auftreffen auf die
Erdatmosphäre auslösen, etabliert. Um dies zu erreichen, sind Simulationsmethoden von
entscheidender Bedeutung. Während bestehende Simulationssoftwares, die seit vielen Jahren
verwendet werden, vorhanden sind, wird der Nutzen der Entwicklung einer neuen Simulationssoftware,
die moderne Technologien nutzt und flexibel genug ist, um den wachsenden Anforderungen
moderner Experimente gerecht zu werden, offensichtlich. Die Vorhersagen von Simulationen
müssen sehr genau sein und dürfen keine Unsicherheiten erzeugen. Die Radioemission ausgedehnter
Luftschauer ist ein gut verstandener Prozess, der auf Grundprinzipien beruht. Zwei der gebräuchlichsten
Formalismen, die es beschreiben, nämlich der „Endpoint“-Formalismus und ZHS, werden von
den etablierten Luftschauer-Simulationssoftwares CORSIKA 7 bzw. ZHAireS verwendet. Beide
werden unter unterschiedlichen Annahmen berechnet und der Grad ihrer Übereinstimmung ist ein
guter Hinweis darauf, wie gut die Radioemission von ausgedehnten Luftschauern verstanden ist.
Zuverlässige Radiosimulationen und ein sehr gutes Verständnis der Radioemissionsberechnungen
sind die Schlüsselfaktoren für eine erfolgreiche Energie- und Massenrekonstruktion der kosmischen
Strahlung.

Die Arbeit dieser Thesis lässt sich in zwei Teile gliedern. Der erste Teil konzentriert sich
auf die Entwicklung eines modernen und flexiblen Radiomoduls als integraler Bestandteil der
Monte-Carlo- Simulationssoftware der nächsten Generation, CORSIKA 8. Ihr Hauptziel ist die
Bereitstellung einer voll funktionsfähigen Berechnung der Radioemission von Luftschauern, unter
Verwendung sowohl des „Endpoint“- als auch des ZHS-Formalismus. Gleichzeitig verfügt es über
ein neuartiges Design, das die Einbeziehung komplexer physikalischer Szenarien ermöglicht, die
mit der vorhandenen Software nicht simuliert werden können. Sobald ich das Code-Design, die
Features und die Fähigkeiten des Radiomoduls vorgestellt habe, wird es mit vorhandener Software
validiert. Die „Endpoint“- und ZHS-Formalismen werden für Luftschauer direkt verglichen und
der Grad ihrer Übereinstimmung quantifiziert. Darüber hinaus werde ich den Einfluss von
Simulationsdetails auf die Energie- und Massenrekonstruktion untersuchen. Sobald ich festgestellt
habe, dass die Berechnung der Radioemission tatsächlich gut verstanden ist und die Simulationen
vertrauenswürdig sind, werde ich mit dem zweiten Teil dieser Arbeit fortfahren.

Eine Schlüsselgröße für ausgedehnte Luftschauer ist das Schauermaximum oder Xmax,
das Informationen über die Massenzusammensetzung des Primärteilchens liefert. Gut etablierte
Xmax-Rekonstruktionstechniken nutzen die im Signalimpuls enthaltenen Informationen in Form
seiner Fluenz und verwerfen Informationen in Bezug auf die Impulsform. Das Hauptziel dieses
Teils der Arbeit besteht darin, ein Rekonstruktionsschema zu entwickeln, das nicht auf der Fluenz
basiert, sondern ausschließlich auf den in der Pulsform enthaltenen Informationen. Ich werde
ein solches Rekonstruktionskonzept hinsichtlich seiner Genauigkeit vorstellen und bewerten und
mögliche Chancen aufzeigen.
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Part I

Introduction: Cosmic Rays, Extensive Air
Showers and Radio Emission from Extensive
Air Showers

1 Introduction

Cosmic messengers from all over the universe arrive in Earth carrying valuable information in the
form of high energetic particles. These particles traverse the vast cosmos and a small group of
those can accelerate to reach tremendous amounts of energies before reaching Earth. These are
called ultra-high-energy cosmic rays (UHECRs) and studying them provides the opportunity to
investigate the most violent regions of the universe. At the same time, UHECRs exceed in energy
even the most powerful particle accelerators and hence, allow for the study of particle physics at
such extreme energy regime.

Cosmic Rays of the highest energies are very rare though with less than 1 particle
per square kilometer and century reaching the Earth’s atmosphere. The way to study them is
indirect, through the cascade of secondary particles that they produce when interacting with the
molecules of the atmosphere. This phenomenon is called an Extensive Air Shower (EAS). Large
detectors all over the world are built for the purpose to study and measure EAS with different
techniques. A very promising technique to measure EAS and reconstruct the properties of the
primary cosmic ray particle is the radio detection technique. The radio waves emitted from the
electromagnetic interactions taking place in EAS are measured with antenna arrays. To use these
measurements and reconstruct key properties of the primary particle such as its mass composition
and its energy, detailed microscopic simulations are essential. Formalisms have been developed
to accurate describe the radio emission mechanisms and have been implemented in the form of
algorithms in Monte Carlo simulation codes.

It has become evident though, that simulation codes such as CORSIKA 7 that has been
the golden standard for the community for many decades, has far surpassed its initial use case,
and has become insufficient to keep up with the growing experimental needs. Modern and flexible
software that can be easily adjusted to more sophisticated scenarios, like showers crossing from
air to dense media such as ice for example, aim to become a worthy successor and future-proof
the simulation landscape. Such a candidate software is CORSIKA 8, a new C++ framework
whose purpose is to address these challenges. One of the main goals of this work is to incorporate
a radio module to CORSIKA 8 as an integral part. The module has been designed in a flexible
way as to take full advantage of the capabilities of CORSIKA 8 and be easily upgradeable for
potential use cases in the future. A direct comparison of formalisms that have been derived from
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first principles in order to calculate the radio emission from EAS is made possible with the radio
module as implemented in CORSIKA 8 and can solidify the idea that the radio emission is a well
understood process. In this work, technical parameters of the simulation codes that affect the
predictions of the radio emission formalisms are studied with respect to their relevance on energy
and mass reconstruction of the primary cosmic ray particle. Finally, reconstruction techniques
that utilize the information of the radio pulses are also developed in this thesis.

This thesis is organized in three main parts. Part I is a brief overview of cosmic rays
and extensive air showers. Special focus is given to an overview of the radio emission mechanism
from EAS, its physics, existing modelling approaches, detection capabilities and reconstruction
methods. Part II marks the beginning of the work produced as part of this thesis. In section 5,
the architecture and the philosophy of the radio module is being presented. In section 6, the
radio module is validated for physical scenarios and cases where it acted as a diagnostics tool
for the core code of CORSIKA 8 and the work done to improve CORSIKA 8 is discussed. In
section 7, the parallelization procedure utilizing multithreading in an effort to speed up the radio
calculations is shown. In section 8, the radio module in CORSIKA 8 is compared with existing
well established simulation codes, namely CORSIKA 7 and ZHAireS. In section 9, a systematic
comparison between the Endpoints and ZHS formalisms as implemented in CORSIKA 8 takes
place for air showers. In section 10, the effect of technical parameters of simulations on the
radio emission calculation and their connection to energy and mass reconstruction is investigated.
Finally in part III, a novel Xmax reconstruction procedure in the context of LOFAR and SKA is
being presented.
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2 Cosmic Rays & Extensive Air Showers

Cosmic rays are ionized nuclei, predominantly protons but also alpha particles and heavier nuclei
that traverse the cosmos with velocities close to the speed of light. They arrive at the earth at a
wide range of energies with an upper limit even exceeding 1020 eV [1]. The higher the energy the
more rare cosmic rays are. Their energy also dictates how they can be detected. Lower energetic
ones of 10 TeV or less are measured directly either outside or at the very edge of the atmosphere,
while higher energetic ones of 1 PeV or more are measured indirectly through their interactions
with the atmosphere. The atmosphere acts as a calorimeter, where the incoming cosmic ray while
interacting with it produces a cascade of secondary particles, or an extensive air shower. Studying
the development and the properties of extensive air showers is an indirect way to examine the
cosmic ray by reconstructing its properties. The most important questions that cosmic rays pose
to this day are "Where do they come from?" and "How do they accelerate to such high energies?".
The answers to these questions are not yet fully known but progress towards answering them is
being made for almost a century now. In this section, the basic properties of cosmic rays and
extensive air showers are going to be briefly discussed. Detection techniques are going to be
showcased and the radio emission from extensive air showers which is the main topic of this thesis
is going to be summarized.

2.1 Cosmic Rays

To gain a better insight in cosmic rays it is instructive to look at their flux as a function of energy.
The energy spectrum with data gathered from many experiments over the years is shown in fig. 1,
and it extends from energies of 1013 eV all the way up to more than 1020 eV. The spectrum
follows a power law with a varying spectral index (−2.5 to −3.3) which reveals the underlying
structures in the measurements. To better visualize these structures the flux is multiplied by a
factor of E2.6. There are 4 clear features in fig. 1 where the spectral index changes at specific
energies. They are annotated as "Knee" at an energy of ≈ 5 × 1015 eV, "2nd Knee" at ≈ 1017 eV,
"Ankle" at ≈ 5 × 1018 eV and a "Suppression" region at energies above ≈ 5 × 1019 eV where there
seems to be no more incoming flux of ultra-high-energy cosmic rays.

The structure observed for energies below ∼ 1018 eV is likely associated with the
transition between galactic and extra-galactic sources with the "Ankle" serving as the limit.
According to the Hillas criterion ([2], [3]), cosmic rays are restrained by the galactic magnetic field
and while their Larmor radius (rL) is smaller than their enclosing region, they cannot escape. This
is not the case for higher energies where cosmic rays can easily escape their enclosing region. This
interpretation relies heavily on our current understanding of the galactic acceleration, propagation
mechanisms and nearby galactic sources. However, the origin of the most energetic galactic cosmic
rays close to the "Ankle" is not fully understood. Anisotropy studies which have been performed
by IceCube [4] in the TeV to PeV range could potentially improve our understanding regarding
the magnetic fields in our galaxy and hence the propagation mechanisms of galactic cosmic rays.
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For ultra-high-energy cosmic rays (E ≳ 1018 eV) the latest measurements have been
published by Auger and TA [5]. The energy spectrum along with spectral features are shown in
fig. 2 and in this figure the newly discovered "Instep" feature is visible between the "Ankle" and
the "Suppression". It is not clear what causes the flux suppression at the highest of energies. A
leading hypothesis for this behaviour is the Greisen, Zatsepin, Kuzmin cut-off (or simply GZK
cut-off) published in 1966 [6], [7]. According to them, an ultra-high-energy proton interacts with
photons from the cosmic microwave background (CMB) at the critical energy of E = 5 × 1019 eV
and via the production of ∆+ resonance decays losing roughly 20% of its energy into a nucleon
and a pion via:

p + γCMB → ∆+ → p + π0 (1)
p + γCMB → ∆+ → n + π+ (2)

Figure 1: The all particle spectrum as a function of energy. The features of the spectrum as
indicated by the knee and the second knee, along with the suppression at very high energies are
shown. Figure taken from [8].

The energy losses occur until the proton falls bellow E = 5 × 1019 eV which limits the
travelling distance of such a proton to roughly 50 Mpc to 100 Mpc around the earth. This is
referred as the GZK horizon within which cosmic rays with energies up to E = 5 × 1019 eV are
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able to be detected. Considering such photo-nuclear interactions for heavier nuclei leads to similar
cut-offs which could potentially explain the suppression witnessed in fig. 1 and fig. 2. Another
interesting explanation for the suppression would be the Peters cycle, where the maximum energy
that can be reached by a nucleus is associated to the charge via its rigidity R = pc

Ze . Protons
would experience then such a cut-off followed by heavier nuclei. A recent study seems to disregard
this explanation though in favor of beyond the Standard Model processes [9]. In fig. 2, both TA
and Auger data seem to agree within 9.5% for energies up to 1019 eV, while for larger energies
the agreement drops to 20% per decade [5]. This is not fully understood yet.

Figure 2: The energy spectrum zoomed into very high energies. The "instep" feature of the
spectrum is shown for both Auger and TA. Figure taken from [5].

Another quite obvious remark from that figure is the fact that with increasing energies
cosmic rays do become very rare. As an example, for an energy of the order of 1015 eV, roughly
1 particle per year per square meter is detected, while for an energy of the order of 1020 eV
the integral flux drops tremendously to roughly 1 particle per century per square kilometer. To
tackle this issue sparse arrays of detectors spanning thousands of square kilometers have been
employed over the years for many experiments with prime examples in size being the Pierre
Auger Observatory in Argentina and the Telescope Array in the United states. Inspecting and
understanding in depth the cosmic ray energy spectrum especially in the key regions that were
mentioned, it is evident that more detailed mass composition studies need to take place. Such
studies will be possible with the upcoming Auger upgrade to Auger Prime [10].

For very high energy cosmic rays (E ≳ 5 × 1015 eV) indirect measurements are feasible
through extensive air showers. The key information to extract is the energy, arrival direction and
of course mass composition, which proves to be the most challenging parameter due to the highly
statistical nature of hadronic interactions. The main focus of this thesis is extensive air showers
and more specifically the electromagnetic radiation emitted from them, which are going to be
discussed next.
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2.2 Extensive Air Showers

When an ultra-high-energy cosmic ray (UHECR) impinges on the earth’s atmosphere it interacts
with its air molecules. This interaction creates a domino effect of secondary interactions and
generates what is known as an Extensive Air Shower (EAS), or shorter, an air shower. The vast
amount of energies of the incoming cosmic rays apart from studying its astrophysical aspects,
give the opportunity to perform particle physics studies on an energy scale far beyond the scale
of current man made collider experiments. The shower development is a highly complex process
from which information for the primary cosmic ray particle such as mass composition, energy
and arrival direction can be drawn. To do so, numerous Monte Carlo simulations are employed.
At the start of the shower development, hadronic interactions are dominant producing mainly
pions and kaons which comprise of what is known as the hadronic component of the shower [1].
These product particles interact further with the air molecules and give rise to the other two
components of the shower via strong, weak and electromagnetic interactions, namely the muonic
and the electromagnetic component. A rough picture of the shower components is drawn in fig. 3
(left). Decaying hadrons feed the muonic component with muons and muon-neutrinos. Neutral
hadrons via the photon production produce electromagnetic particles (e± pairs) which in turn
radiate more photons through bremsstrahlung. While most hadrons decay before they reach
the ground, muons do reach the ground with a small chance of further interactions and their
detection can provide crucial information about the mass composition of the primary particle.
Additionally, the average electromagnetic particle energy increases until it reaches the critical
energy of Ec ≈ 87 MeV. After that energy losses due to ionization become substantial and the
shower dies out. As a result, from e± pairs exciting atmospheric nitrogen molecules fluorescence
light is emitted which can reveal the shower development with great accuracy. The e± pairs also
radiate energy in the frequency band of a few MHz to a few GHz which are detected by ground
based, sparse arrays of antennas.

This highly complex picture can be captured by the longitudinal profile shown in fig. 3
(right). This figure shows the longitudinal development of the air shower in terms of slant depth.
The hypothetical straight line that connects the first interaction point in the direction of the
primary particle’s momentum to the ground is called the shower axis. The interception point
of the shower axis with the ground is the shower core. Slant depth is defined as the amount of
matter that a particle has traversed through along the shower axis. It is defined in eq. (3) below
and it is measured in g cm−2.

X =
∫

shower axis

ρ(s)ds (3)

The point in the longitudinal development where the maximum number of particles
is found is called the depth of the shower maximum, or simply Xmax. Furthermore, Xmax

reveals crucial information about the mass composition of the primary particle. According to the
superposition principle for cascades for the same primary particle energy, Xmax for lighter nuclei
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Figure 3: A schematic diagram of the components of an extensive air shower shown in the left.
The longitudinal development of the number of particles of a shower is captured by its longitudinal
profile. Figure on the right taken from [11] and figure on the left taken from [12].

is deeper than heavier nuclei [1].

2.2.1 The hadronic component

The hadronic component of the showers is the most complex and least understood part of it.
Hadrons act as a source for the rest of the shower components through their decay channels
and are mostly detected indirectly. What makes this component hard is the nature of hadronic
interactions themselves. The theory in the Standard Model responsible for the strong interaction
between partons (quarks and gluons) is Quantum Chromodynamics (QCD). A feature of QCD
is asymptotic freedom, which means that the running gauge field coupling tends to vanish
logarithmically at small distances [13]. In simpler terms, as the energy scale increases the coupling
constant becomes smaller and the interactions weaker. When the coupling constant is small
Perturbation Theory can be applied to QCD, while at lower energies or larger distances the
coupling constant gets large and leads to confinement. In this regime, Perturbative QCD is no
longer an option and one needs to resort to other techniques in order to make predictions for
parton interactions. In EAS we are interested in hadron interactions. For these, one needs to first
resort to parton level modelling in order to take into account parton scattering. From there one
gets back to the final state hadrons, which is known as hadronization.

For EAS we rely on specialized simulation codes also known as hadronic interaction
models. These are codes focused in calculating the final state particles from 2 initial hadrons
and use LCH data from pp collisions to make extrapolations for the highest energies. Many
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Figure 4: A sketch of the Heitler model [1].

such codes exist, with most common being SIBYLL 2.3d [14] which is designed for air showers,
QGSJet-II.04 [15] and EPOS-LHC [16]. These 3 models do not satisfy the demands for lower
energies < 50 GeV, but instead there are hadronic interaction models specifically aimed to lower
energies. Some of them are FLUKA [17], [18] UrQMD [19] and HSA (Hillas Splitting Algorithm).

2.2.2 The electromagnetic component

As mentioned earlier, the hadronic component feeds the electromagnetic component mainly through
short-lived neutral pion decay via the π0 → γ + γ channel and then through pair production
γ → e− + e−. At energies above ≈ 30 MeV the total Compton scattering and photoelectric
effect probability decrease rapidly, making photon absorption through pair production dominant.
The e± pair suffers energy losses due to ionization from the air molecules and bremsstrahlung.
The number of particles is increasing and at the critical energy Ec = 87 MeV the losses from
bremsstrahlung and ionization are equal [1]. At this point, the number of particles is at the
maximum (Xmax). Beyond the critical energy, ionization losses are completely taking over and
the particle number decreases. It is also worth mentioning that at extreme densities and energies
(usually beyond 1016 - 1018 eV) quantum mechanical treatment needs to be takes into account since
collisions cannot be considered point-like anymore. Interference effects take place reducing the pair
production and bremsstrahlung cross sections. This known as the Landau-Pomeranchuk-Migdal
(LPM) effect [20], [21].

A simplistic toy model that describes roughly the above mentioned behaviour was
devised by Heitler in 1944 [1] and is shown in fig. 4. The model assumes purely electromagnetic
cascades, but can also be extended for hadron induced cascades. This branching process assumes
an incoming charged particle with energy E0 ≫ Ec. It travels for exactly one collision length
(λ) before branching out into 2 particles, where interactions are either due to pair production
or bremsstrahlung. The branching process stops when critical energy Ec is reached. At a slant
depth X the number of particles is given by:
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N(X) = 2X/λ (4)

And the energy per particle is:

E(X) = E0/N(X) (5)

The maximum number of particles is reached at Xmax and is:

N(Xmax) = E0/Ec where Xmax = λ
ln(E0/Ec)

ln2

It is the electromagnetic component which is responsible for emission of fluorescence
light, Cherenkov light and radio emission, and that thus it is the most important one in the
context of this thesis.

2.2.3 The muonic component

The muonic component of the shower is fed from the long lived (cτ = 7.8 m) charged pions
decaying via the weak interaction into muons and neutrinos. Muons can decay further providing
the electromagnetic component with electrons and positrons. The Heitler model can be extended
to include hadronic interactions and help us gain more insight on the shower development. This
extension is called the Heitler-Matthews [22] model as originally extended by Matthews. In this
model, one considers a hadron with energy E interacting and producing ntot particles. A third of
those are neutral particles feeding the electromagnetic component and the rest (nch) are charged
which interact further until they fall below their decay energy Edecay. Each interaction vertex is
what is called a generation in the shower evolution and after n generations the energy is given by:

Ehad =
(

2
3

)n

E0 and Eem =
[
1 −

(
2
3

)n]
E0

After only a few generations almost all of the initial energy is in the electromagnetic
component, which dictates the depth of the shower maximum via:

X(had)
max (E0) = λint + X(em)

max

(
E0

2ntot

)
(6)

where λint is the hadronic interaction length accounting for the length of the first
interaction in the atmosphere and the factor 1

2 taking into account the neutral pion decaying into
2 photons. The number of muons (Nµ) can be approximated by the number of charged particles:
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Nµ = ( E0

Edecay
)α with α = lnNch

lnntot
≈ 0.82...0.9.

Since the interaction energies are much larger than the binding energy per nucleon of
∼ 5 MeV, one is able to consider the superposition model. In this model, a nucleon of mass A

can be approximated as A independent nucleons with energy of Eh = E0/A. Using this one can
arrive to the following relations:

NA
em,max(E0) = ANh

em,max(Eh/Ec) ≈ Nem,max(E0) (7)
XA

max(E0) = Xmax(E0/A) (8)

NA
µ (E0) = A

(
E0/A

Edecay

)α

= A1−α

(
E0

Edecay

)α

(9)

From these we can realize a few important points. The number of particles in the
electromagnetic component is not mass dependent. Xmax and the number of muons are mass
dependent. A heavier nucleus produces more muons than a lighter nucleus with the same energy.
On the contrary, a lighter nucleus would be able to penetrate deeper in the atmosphere than a
heavier nucleus with the same energy.

Hence, these shower observables can provide useful information about the primary
cosmic particle. However, the production of muons is dependent on the hadronic interaction
models. These are known to extrapolate cross sections to the highest energies due to the energy
limitations of collider experiments. The interpretation of experimental data relies heavily on
simulations and there has been observed a "deficit" in simulations when it comes to the number of
muons detected. This is called the muon puzzle [23] and the hadronic interaction models widely
used to this day, still predict a smaller number of muons than the one detected in experiments.
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3 Radio emission from Extensive Air Showers and radio detection
with LOFAR and SKA

The radio emission from EAS is the main topic of this thesis. Electrons and positrons from the
electromagnetic component of a cascade radiate coherently since the emitted wavelength is larger
than typical shower length scales. Muons being roughly 200 times more massive than electrons
and positrons do not contribute to the radio emission process. The radio signal emitted can
be distinguished from the background for energies ≳ 1016 eV of the primary particle. Despite
a period of intense research for detecting the radio waves from EAS in the 60s and 70s, the
interest for it really flourished at the start of the 21st century due to the advent of modern
technologies especially in the field of digital signal processing [24]. Many experiments like LOPES
[25], LOFAR [26], AERA [27] and others have confirmed that EAS can be detected via their
radio emission. This technique has been proven to be competitive in terms of Xmax and arrival
direction resolution to the well established fluorescence and particle detection techniques. To
reconstruct the properties of the primary cosmic particle requires detailed knowledge of the radio
emission and its relation to properties of the air shower. This is addressed by employing numerous
detailed particle-level Monte Carlo simulations, in which the full air shower is simulated and the
radio emission is calculated by dedicated algorithms. These "microcopic simulations" are used for
analysis. In this section, the nature of the radio emission is going to be discussed along with a
special focus on the mainly used modelling algorithms. Furthermore, some analysis techniques
and relevant quantities will be showcased.

3.1 Radio emission mechanisms

For EAS in earth’s atmosphere there are 2 main mechanisms that contribute to the emission of
radio waves, namely the geomagnetic emission and the charge excess (or Askaryan) contribution
[24], [28]. The first mechanism takes place due to the geomagnetic field, which deflects electrons
and positrons in the shower that are interacting in the atmosphere to opposite directions inducing
a time varying transverse current, polarized in the direction of the geomagnetic Lorentz force as
they interact with the atoms in the atmosphere. The Lorentz force is defined by F⃗ = qv⃗ × B⃗geo,
where q is the charge, v⃗ is the velocity vector of the particle and B⃗geo is the magnetic field
vector of the Earth. The direction of the electric field vector due to the geomagnetic emission is
constant along the −(v⃗ × B⃗geo) direction. This contribution is dominant for air where the mean
free path of particles is larger than in denser media such as ice. Additionally, the amplitude of
the geomagnetic emission is proportional to the magnetic field Bgeo and the geomagnetic angle
α between the magnetic field direction and the shower axis as understood by the expression:
qvBgeo sin α. Finally, the amplitude also depends on the number of electrons and positrons and
most of the contribution comes from Xmax where the radiation is the most coherent.

The second contribution is an excess of negative charge in the shower front. As the
shower develops in the atmosphere, electrons are being ionized from atmospheric molecules and
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Figure 5: On the left, the geomagnetic emission due to the induced transverse current from
Earth’s magnetic field is shown. The polarization is in the direction of the geomagnetic Lorentz
force. On the right, the radially polarized Askaryan emission due to the time variation of the
net charge excess in the shower front is shown. Both of the mechanisms contribute to the total
radiation emitted, with the geomagnetic emission being dominant in air. Figure taken from [29].

are accumulated close to the intersection of the shower axis with the shower front. The positive
ions stay behind at rest. The resulting net charge varies over time and the electric field is not
constant especially after Xmax where most particles are absorbed by ionization. The charge
excess emission is polarized radially. In air the charge excess contribution is subdominant to
the geomagnetic emission accounting for roughly 10% . That is not the picture in dense media
though. In this case, the mean free path gets smaller and the Askaryan emission dominates the
electric field amplitude. Both mechanisms interfere constructively or destructively and depending
on the observer’s location this interference can be observed on their emission footprint on the
ground. The resulting radiation emitted is forward beamed due to the relativistic motion of the
particles, which leads to short radio pulses. In fig. 5, both mechanisms are sketched and their
corresponding electric field vectors are drawn in the shower plane [v⃗ × B⃗, v⃗ × (v⃗ × B⃗)]. It is worth
pointing out that for observers in the v⃗ × (v⃗ × B⃗) axis the polarization vectors of each mechanism
are orthogonal, which makes it convenient in order to decouple the two contributions and study
them separately.

These two are not the only emission mechanisms that contribute to the total coherent
sum but they are the most dominant ones in most cases. This picture is challenged by recent work
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Figure 6: The clover leaf footprint on the ground is showcased for demonstration purposes as
simulated with CoREAS in CORSIKA. Figure taken from [33].

[30] for the case of very inclined air showers which show the appearance of a synchrotron-like
component to the emission. Initially, geo-synchrotron models that proved to be wrong as they
neglected the time dependency of the radio emission would interestingly predict similar footprint
patterns [31] on the ground. In more recent work [32] a transition from transverse current to
synchrotron emission was predicted, where the latter was not negligible. The main parameters
for this transition is observing frequency, the height of emission and the local geomagnetic field.
Very inclined showers usually develop higher in the atmosphere where the density is smaller and
if the local magnetic field is strong enough (like for example the GRAND site) a non-negligible
synchrotron contribution is expected to be observed in the form of the "clover leaf" pattern.
Observing such a footprint will be experimental proof that the radiation indeed shifts from being
transverse-current-like to synchrotron-like. The "clover leaf" signature pattern is visible in the
3.4 GHz to 4.2 GHz frequency band in fig. 6 for a CORSIKA simulation of an iron induced 1017

eV vertical shower.

3.2 Cherenkov-like effects

Electrons and positrons are propagating in the atmosphere, where the refractive index changes
with respect to height. As a result, the emitted waves may end up having velocities (u = c/n

where n is the refractive index and c the speed of light in vacuum) greater than the speed of light
in this medium [28]. At a critical angle, θc = 1/ arccos βn assuming v ≈ c the radiation forms
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what is known as a "Cherenkov cone" and the radio waves arrive at certain observer locations
almost simultaneously with the signal being strongly coherent there. The amplitude is amplified
there and the emission extends up to the GHz frequency band. In air, where the refractive
index is close to 1, the Cherenkov angle (θc) is very small (≃ 1o) which corresponds to distances
≲ 150 m from the shower core for vertical showers and it gets larger for inclined ones. This
creates a "Cherenkov ring" on the radio footprint where the energy deposited to the ground is at
its maximum. Its diameter naturally depends on the observer’s distance. In the case of denser
media such as ice where the refractive index is much larger the Cherenkov angle corresponds to
≈ 56o. Interestingly, it has been shown [32] that the charge excess contribution is expected to be
more Cherenkov-like in the GHz range rather than the MHz range and it may deviate from being
Cherenkov-like below 100 MHz for dense media.

3.3 Relevant quantities for radio analyses

For radio experiments the measurements happen on the ground coordinate system. The analyses
though usually happen to a more convenient coordinate system, known as the shower plane.
Considering v⃗ as the direction of the shower axis and B⃗ the geomagnetic field vector one can
align one axis to the v⃗ × B⃗ direction. In this coordinate one is able to decouple the contributions
of geomagnetic emission mechanism and charge excess depending on the observer position relative
to the shower axis [34], [35]. The electric field components can be expressed as a function of the
polar angle ϕ, starting at 0◦ on the positive v⃗ × B⃗ axis and rotating counter clock-wise.

Ev⃗×B⃗(r⃗, t) = Egeo(r⃗, t) + cosϕEce(r⃗, t)

Ev⃗×(v⃗×B⃗)(r⃗, t) = sinϕEce(r⃗, t)
(10)

where Egeo(r⃗, t) is the modulus of the electric field due to geomagnetic emission and
Ece(r⃗, t) due to charge excess. Another relevant quantity used widely in radio analyses is the
energy fluence. It describes the coherent energy deposited to the ground in an array of observers, in
this case antennas. For every antenna i the fluence (fi) detected over a period of time tend − tstart

sampled with a binning of ∆t can be calculated according to the following formula:

fi(r⃗) = ϵ0c∆t

tend∑
tstart

Ei((r⃗), t)2 (11)

with ϵ0 being the vacuum permittivity, c the speed of light in vacuum and E(t) the electric
field. Energy fluence is a key parameter that is used in most analyses for Xmax reconstruction.
One can now switch to the shower plane and express the fluence in terms of v⃗ × B⃗ and v⃗ × (v⃗ × B⃗).
In this coordinate system they can be written as:
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f i
v⃗×B⃗

(r⃗) =
√

f i
geo(r⃗) + cosϕ

√
f i

ce(r⃗)

f i
v⃗×(v⃗×B⃗)(r⃗) = sin2ϕf i

ce(r⃗)
(12)

And finally, one is now able to decouple the contribution of the geomagnetic emission
and the charge excess in terms of fluence in the following manner:

f i
geo(r⃗) =

(√
f i

v⃗×B⃗
(r⃗) − cosϕ

|sinϕ|
·
√

f i
v⃗×(v⃗×B⃗)

(r⃗)
)2

f i
ce(r⃗) =

(
1

sin2ϕ
· f i

v⃗×(v⃗×B⃗)(r⃗)
) (13)

Fluence is dependent on the observer position relative to the shower axis, while the total
energy carried in the electromagnetic component of the shower contained in the radio pulses is
dependent on the height of observation. This is called radiation energy and is defined as such:

Erad =
∫ 2π

0
dϕ

∫ π

0
drrf(r, ϕ) (14)

The radiation energy depends on the observation height because the parts of the shower
up to that height can contribute. To showcase this notion the so called clipping effect [34] can be
considered. If the observer site is too high above the ground, there is the possibility that the
shower has not fully developed and hence not all of its parts have contributed to the radiation
energy. In this case, the radiation energy is "clipped". The radiation energy also depends on
more factors with the more prominent being the magnitude of the geomagnetic field strength.
The same shower can produce a different amount of radiation energy on a different location
on earth, where the geomagnetic field is different. A second order dependency comes from the
density. An air shower that develops higher in the atmosphere that is less dense would produce
slightly larger radiation energy than an identical shower developing lower where the density is
larger. This happens mostly because of the charge excess dependency on density. Once all these
corrections have been taken into account, it is shown that the corrected radiation energy scales
quadratically with the electromagnetic energy in the shower which in turn is correlated with
the energy of the primary particle. This makes the fluence and naturally, the radiation energy
very crucial quantities that can be used to reconstruct Xmax and the energy of primary particle.
For the successful reconstruction, detailed Monte Carlo simulations are used and as part of this
thesis, parameters that can affect the simulation of fluence and radiation energy are going to be
discussed in section 10.
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3.4 Microscopic modelling of the radio emission

Over the years, many modelling efforts have been made to capture and correctly describe the radio
emission from air showers. At the start of these efforts, models were divided between the ones
that would predict unipolar pulses and the ones that predicted bipolar ones. It was later realized
that the unipolar models were missing a radiation term due to the changing number of radiating
particles during the shower development [36]. An important role for this realization was played
by the bipolar pulses predicted by another model, MGMR [37], [38]. This is a macroscopic model,
in the sense that the coherence emission is the outcome of the motion of currents averaged over
appropriately chosen distances in the shower. One advantage of such macroscopic models is that
they can provide qualitative insights on the radio emission within short amount of computational
time. However they lack in accuracy, which renders detailed microscopic models that keep track
of the emission of each individual particle crucial.

Microscopic models are widely used in Monte Carlo simulation codes like CORSIKA and
ZHAireS. Since these Monte Carlo codes generate particle tracks, it is only natural that models
that treat individual particle tracks to be suitable. The microscopic models make no assumption
for the nature of the radio emission. The calculation starts from first principles, namely Maxwell’s
equations for linear, isotropic, homogeneous and non dispersive media. The scalar field and vector
potential of the electric field rising from a charged particle in the relativistic case are provided by
the Liénrad-Wiechert [39] potentials:

Φ(x⃗, t) =
[

q

(1 − nβ⃗ · r̂)R

]
ret

A⃗(x⃗, t) =
[

qβ⃗

(1 − nβ⃗ · r̂)

]
ret

(15)

where q is the particle charge, n the effective (average) refractive index along the
line of sight from emission point to observer in the medium, β⃗ is defined as β⃗ = v⃗/c, with c

being the speed of light, r̂ is the line of sight between particle and observer position defined as
r̂ = R⃗(t)/|R⃗(t)| and R = R⃗(t) is the distance between particle and observer. This equations
needs to be evaluated at the retarded time t′ = t − nR/c for the observer at location x⃗ and time
t, hence the "ret" subscript. From eq. (15), one can derive the corresponding electric field:

E⃗(x⃗, t) = −∇Φ(x⃗, t) − ∂

∂t
A⃗(x⃗, t) (16)
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Figure 7: A sketch of how "Endpoints" treats a particle track.

3.4.1 The Endpoints formalism

From the Liénrad-Wiechert potentials, the electric field in a dielectric, non-magnetic medium due
to a charge q can be expressed [40]:

E⃗(x⃗, t) = q

[
r̂ − nβ⃗

γ2(1 − nβ⃗ · r̂)3R2

]
ret

+ q

c

[
r̂ × [(r̂ − nβ⃗) × ˙⃗

β]
(1 − nβ⃗ · r̂)3R

]
ret

(17)

where the notation is the same as eq. (15), with the addition of ˙⃗
β being the time

derivative of β⃗ and γ = 1/
√

(1 − β2). The first term decreases as R−2 and affects the electric
field for close distances. It is called as the near-field term and in practical applications for our
purposes is being neglected. The second term decreases as 1/R and is referred to as the radiation
term.

For the "Endpoints" formalism [40] eq. (17) is being calculated directly. The assumption
being made is that radiation happens due to acceleration of a charged particle to a velocity
β⃗ = β⃗∗, or due to deceleration from velocity β⃗ = β⃗∗ to rest. The time-averaged electric field
over a chosen time window ∆t, with "+" indicating the acceleration point where the acceleration
vector β⃗∗ is parallel to the velocity vector v⃗, and "−" indicating the deceleration point where β⃗∗

is anti-parallel to v⃗ is:

E⃗±(x⃗, t) = ± 1
∆t

q

c

(
r̂ × [r̂ × β⃗∗]

(1 − nβ⃗∗ · r̂)R

)
(18)

A schematic sketch of how this works for a particle track is shown in fig. 7. One can
assume as the "starting" point of a track, the point indicated with 1, and the "stopping" point
the point indicated by 2. The velocity vector is defined as v⃗ = x⃗2−x⃗1

t⃗2−t⃗1
. The formalism assumes
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that the track is a straight segment. The contributions of both these points can be calculated
by eq. (18), as "+" for the "starting" point, and "−" for the "stopping" point. In Monte Carlo
simulations a particle trajectory consists of numerous of these sub-tracks. This calculation takes
place for each sub-track of each electron or positron particle trajectory.

The pitfall of the formula eq. (18) is close to the Cherenkov angle where it becomes
numerically unstable. This is because of the (1 − nβ⃗∗ · r̂) term in the denominator, which
goes to infinity. To overcome this obstacle, an approximation takes place often referred as the
"ZHS-like" approximation. In this context, the radiation of the track is considered as a whole by
calculating the middle point of the track and feeding this to eq. (18). The "Endpoints" formalism
is implemented as a plug-in known as CoREAS in CORSIKA 7.

3.4.2 ZHS

Figure 8: A sketch of how ZHS treats a particle track.

For the ZHS formalism, one starts from Maxwell’s equations assuming a track corresponding
to a particle motion between two points x1 and x2 at times t1 and t2 respectively with constant
velocity. The track connecting these 2 points is assumed to be straight. The middle point at
position x0 and time t0 on that particle track is chosen. The assumption here is different than the
one presented in the previous section. Radiation is not the result of instantaneous acceleration or
deceleration at the ending points of the track, rather than the track itself. The track provides a
constant vector potential and its time derivative will produce an electric field behaving similarly
to a δ function. The contributions at the start and end of the track will always be exactly
antisymmetric. Given a large distance between observer and particle track the vector potential
can be shown to be [41] as follows:

A⃗(x⃗, t) = µq

4πR

v⃗ − (v⃗ · r̂)r̂
|1 − nβ⃗ · r̂|

(19)
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RA⃗(t, θc) =
[

eµr

4πϵ0c2

]
δ

(
t − nR

c

)
v⃗⊥δt (20)

where µ is the permeability, v⃗−(v⃗·r̂)r̂

|1−nβ⃗·r̂|
represents the projection of the displacement vector

to a perpendicular plane towards the observer’s direction (v⃗⊥) and r̂ is the direction vector to the
observer. A schematic sketch for an observer at (x⃗, t) and how a particle track is being treated
by ZHS is shown in fig. 8. Contrary to the "Endpoints" formalism, ZHS does not diverge at the
critical Cherenkov angle θc, as for this value it can be shown to correspond to eq. (20). The
evaluation of the delta function δ

(
t − nR

c

)
takes place. Its numerical evaluation is dictated by

choosing a sufficiently small window, which is well below the inverse high-frequency limit of
the system. As a final remark, ZHS works on the Fraunhofer limit. In order for the coherence
condition to be met, tracks need to be small when compared to the wavelength and the observer
should not be too close to the observer. If these are not true, then the track is sub-divided to
smaller tracks.
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Figure 9: The dense core of LOFAR, also known as Superterp. Picture taken from [42].

3.5 The Low Frequency Array (LOFAR)

The Low Frequency Array or LOFAR [26] for short, is a large scale radio telescope which spans
throughout many European countries with the latest addition being in Bulgaria. It is a multi-
purpose sensor network that serves many science projects. For this work, I focus into the Cosmic
Ray Key Science Project. Its antennas operate in a wide frequency range of 10 MHz to 240 MHz
and are split into 2 groups. The low-band antennas (LBAs) that are sensitive in the 10 MHz to
90 MHz band and the high-band antennas (HBAs) which are sensitive in the 110 MHz to 240 MHz
band. 96 LBAs and 96 HBAs form a station in the international locations. LOFAR’s dense core,
an area of roughly 320 m in diameter, also called "superterp", is located in the Northern part of
the Netherlands, and a core station there consists of 96 LBAs and 48 HBAs. The "superterp" is
also shown in fig. 9

For cosmic ray detection the LBAs are mainly used in the 30 MHz to 80 MHz band, since
the signal emitted from air showers is stronger in the region below 100 MHz. The LBA antennas
amount to 2 orthogonal dipoles Λ-shaped each, oriented southwest to northeast and southeast
to northwest. Distributed in the same area as the Dutch stations is the LOFAR Radboud Air
Shower Array (LORA) which is an independent array of particle detectors. LORA amounts to
20 detectors each containing two scintillators read out by a photomultiplier tube to detect the
incoming particles. LBAs, HBAs and the LORA scintillators make up the center of LOFAR
which is used for the cosmic ray detection. The layout is shown in fig. 10, where with black and
orange crosses the outer and inner LBAs are annotated, respectively. The blue open squares show
the HBA tiles and the purple squares indicate the LORA particle detector positions.
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Figure 10: The LOFAR layout center. Figure taken from [26].

LORA’s operation is twofold. For an event above 4σ from the noise the detectors get
triggered and perform a reconstruction procedure on the go. The arrival direction, energy and
core position of the primary particle are reconstructed along with the arrival times. If 13 or more
LORA detectors are triggered, then LOFAR is also triggered proceeding to storing 2.1 ms of data
which corresponds to 77 MB per station. This trigger threshold of 13 LORA detectors amounts
to a minimum primary energy of 2.4 × 1016 eV with an average trigger-rate of 0.8 events per hour.
This procedure happens with the help of the Transient Buffer Board (TBB). A TBB is connected
to each antenna dipole where raw data of up to 5 seconds is continuously stored. When triggered,
TBBs are frozen and the specified data block is saved to disk for further processing.

For the data processing and analysis a custom made object oriented software named
PyCRTools was developed. This framework is responsible to select and read out the data blocks
as indicated by the relevant timestamps, take into account timing and phase offsets and perform
RFI cleaning. Additionally, the data is calibrated using the galactic background emission and
finally after unfolding the antenna response by using the LOFAR antenna model and a successful
direction fit, the voltage traces are transformed to electric field x,y and z components which are
returned from the pipeline along with the peak amplitude and integrated power per antenna. More
recent efforts have been made by the LOFAR cosmic rays group to modernize this existing software.
Initially, a new framework that would use most of the existing functionality was done under the
name Kosmic-ray Radio Analysis TOolS (KRATOS). After a few months into development it
was realized that the community in general and the LOFAR group as well would benefit more by
the integration of KRATOS within NuRadioReco [43]. This is a radio specific software initially
designed for ARIANNA [44], [45], but later came to include more radio experiments. Hence the
inclusion of the LOFAR radio experiment there, with a community of physicists/developers to
support it seemed only natural.
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Figure 11: The layout of SKA (right) is compared with the layout of LOFAR (left). The big
difference in the number of antennas is evident. This figure was taken from [46].

3.6 The Square Kilometre Array (SKA)

The natural evolution of LOFAR is the low frequency part of the Square Kilometre Array or SKA
for short, an extremely dense detector consisting of over 60.000 antennas packed in an area of
1 km2 [46]. Such an extreme number of antennas is expected to push the radio detection precision
for cosmic rays with an energy of around 1017eV and allow for an expected Xmax resolution of
≤ 10 g cm−2 [47]. This will allow more thorough studies of cosmic rays that are expected to be in
the transition region between galactic and extra-galactic sources.

There are 3 main advantages for detecting cosmic rays with SKA over LOFAR. The first
one is the increased antenna density and homogeneity. The antenna layout of LOFAR is rather
inhomogeneous and hence, is able to capture the radio emission footprint characteristics (like the
Cherenkov cone for example) on a few favorable events to yield maximum Xmax resolution. With
SKA on the other hand, the dense array of antennas provides a vary favorable sampling which
is able to capture the footprint characteristcs very precisely. This is shown in fig. 11 where a
CoREAS based footprint simulation is sampled by LOFAR (left) and by SKA (right). Simulation
studies where the LOFAR-style Xmax reconstruction scheme (topic of the next section) is being
utilized show a Xmax resolution of ∼ 6 g cm−2 [47].

The second advantage of SKA over LOFAR is the increased frequency coverage from
30 MHz to 80 MHz to 50 MHz to 350 MHz. Simplified simulation studies [46] have shown that
in the 30 MHz to 80 MHz band Xmax resolution of ∼ 10 g cm−2 is reached, while for the 50 MHz
to 350 MHz the resolution gets better to ∼ 6 g cm−2. Finally, the third advantage of SKA
over LOFAR comes from the increased event statistics. Unfortunately, LOFAR uses only the
"superterp", an area of 0.1 km2 for cosmic ray detection. On top of that, the duty cycle for cosmic
ray detection is not 100% due to clashes with other astronomical experiments that use the LOFAR
detectors and because cosmic ray detection was not initially designed as a feature. Finally, while
the 30 MHz to 80 MHz range is the nominal band of LOFAR, in reality the antennas are very
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resonant near 60 MHz. These will not be issues for SKA, as the fiducial area is larger amounting
to 1 km2 and the goal is to get a 100% duty cycle.

3.7 Xmax reconstruction with LOFAR

The exact energy at which the origin of cosmic rays shifts from galactic to extra-galactic origin
is an open question. To tackle this, accurate measurements of the mass composition of cosmic
rays are essential. The mass of the primary particle initiating EAS in Earth’s atmosphere can
be studied indirectly by the shower maximum Xmax, the point where an air shower reaches the
maximum number of particles. The higher the Xmax, the more the shower has penetrated in the
atmosphere. For heavier nuclei, like iron, the nucleus-air cross section is larger and the point of
first interaction is higher in the atmosphere resulting in lower values of Xmax when compared to
lighter nuclei. The effect of different Xmax values can also be seen in the radio footprint. Showers
that penetrate deeper into the atmosphere have smaller footprints than the ones that penetrate
less.

An Xmax reconstruction method has been developed for LOFAR that relies heavily on
CORSIKA/CoREAS simulations. Once an event is measured with LOFAR, its radio dataset is
processed by the analysis pipeline [26]. When all quality tests have been passed, an accurate
measurement for the incoming direction, a first estimate for Xmax and pulse energy per antenna
per triggered station is given [48], [49]. These estimates are then used to produce simulations.
Initially, fast CORSIKA 7 simulations using CONEX [50] of 600 showers are produced to find
suitable random number seeds in order to have enough showers around the first Xmax estimate.
It is crucial to have many simulations around the Xmax estimate in favor of precision. The total
number of simulations is ∼ 30 per measured event and the simulations are protons and iron
induced showers.

The next step is for every simulated pulse of each shower to pass through a band-pass
filter and the LOFAR LBA antenna model [26], in order for the simulations to be comparable to
LOFAR measurements. The pulse energy per antenna is matched to LOFAR data, with the core
position and overall scaling factor being free parameters. Consequently, to each simulated shower
corresponds a χ2 value defined as such:

χ2 =
∑

antennas

(
Pant − f2

r Psim(xant−x0 , yant − y0)
σant

)2

(21)

where Pant is the measured signal energy and σant its uncertainty. Psim is the simulated
signal energy, f2

r is the overall scaling factor and (x0, y0) is the position of the fitted shower core.
It is worth noting that such a reconstruction scheme is self sufficient, in the sense that it relies
solely on information from the radio signals [51]. All the χ2 values for an event can be plotted
with respect to their corresponding Xmax. A parabola fitting procedure can then take place and
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Figure 12: On the left the circles represent the antenna locations of the triggered LOFAR stations.
Their color is an indicator of fluence. On the background, the best fitted simulation is plotted. A
good indication between measurement and simulation is characterized by the colors within the
circles. On the right, an example of the parabola fitting of χ2 values is showcased. The figure
was taken from [49].
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Figure 13: The LOFAR Xmax results are compared with the results of other experiment. The
discrepancy between LOFAR and AERA is clear. This figure was taken from [53].

its minimum consists the reconstructed Xmax. In fig. 12 (right) an example of the χ2 minimization
scheme is shown. For the best fitting shower the fluence footprint is shown in fig. 12 (left), where
the circles are the antenna positions of the triggered LOFAR stations. The colors of the circles
blend in the simulated background, which indicates good agreement between measurement and
simulation. From the measurement and simulation the energy of the electromagnetic shower
energy can be estimated, to which the radiation energy scales quadratically [34]. The square
root of the scaling factor acts as a correction to the simulation energy. Another correction to
the simulated radio pulses that is taking place is due to the step size used in CORSIKA 7 and
amounts to 11% [52]. This particular effect is also found in the CORSIKA 8 in the form of the
track length used by the tracking algorithm and is going to be discussed in section 10. The results
of the Xmax reconstruction are shown in fig. 13 with respect to other experiments. It is worth
pointing out that there is a discrepancy between LOFAR and AERA results which is not yet
understood.

As a final remark on this section, one can notice that this reconstruction procedure is
making use of the pulse intensity, i.e. the pulse amplitude. The rest of the information that is
hidden in the radio pulses is being discarded. A topic of discussion of this thesis is to associate
the pulse shape, instead of the pulse amplitude to Xmax and develop a reconstruction scheme
that it taking advantage of the information hidden there. This is discussed in part III.
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Part II

Simulating the Radio Emission from Extensive
Air Showers with CORSIKA 8

The limiting factors posed by legacy software like CORSIKA 7 [54] and ZHAireS [55] affect
naturally the capabilities of simulations needed for modern experiments that involve complex
physical scenarios. The radio emission from air showers crossing media from air to ice for example
are already being studied and are proposed to be studied in experiments like ARA [56], ARIANA
[45], RNO-G [57] and others. More proposed experiments like SKA [46] and GRAND [58] intend
to detect cosmic rays using the radio technique employing thousands of antennas. This will have a
huge impact on computing times in order to produce such simulations. Even more exotic cases in
the likes of showers produced by τ neutrinos, earth skimming and upward-going showers already
push the capabilities of existing software, if not even prohibiting such simulations. Hence, the
design and implementation of a modern, flexible and easily upgradable radio module early in
the development procedure of CORSIKA 8 seems only natural. Such a module aims to takes
advantage of modern technologies in order to have a generic enough structure, have a clear design
for users but also for potential developers and exploit contemporary computing technologies to
minimize running times. While being developed as an integral part of CORSIKA 8, the radio
module needs to be able to work also as a stand-alone module. In more detail, it needs to be
able to simulate and examine phenomena for isolated cases of radiation being emitted by charge
particles not necessarily in the context of air showers. Another important use case of the module
given its extreme sensitivity to timing information is that of the diagnostic tool for the rest
of the CORSIKA 8 code. To put it more clearly, the radio module needs to achieve 3 things:
1) Successfully simulate the radio emission from Extensive Air Showers, 2) have the capability
to perform comparison studies to gain a better insight into the nature of radiation and radio
signal propagation and 3) with its validity established, act as a diagnostic tool for other parts
of CORSIKA 8. Such a radio module did not exist in CORSIKA 8 before this work. A major
goal of this thesis, was to design and develop it successfully in order to use it for radio simulation
studies which is the topic of later sections.

This part of the thesis covers the work that was made towards the realization of the radio
module and the studies that were performed with it. First, the CORSIKA 8 framework is going
to be summarized briefly in order for the reader to become familiar with its philosophy. Next,
the discussion is moved to the radio module itself. Its design logic and how it works internally in
CORSIKA 8 will be explained. Specific parts of the module focused on its ability to be easily
updated to simulate complex cases are going to be extensively documented. Validation studies
for single and pairs of charged particles will be presented. Cases where the module acted as a
diagnostics tool and was essential to find logical errors and bugs within the CORSIKA 8 core
code will be discussed along with the solutions found. The introduction of its multithreading
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capabilities acting as a proof of concept that new technologies can be used will be showcased.

Once the technical work has been extensively presented, the discussion will shift to
comparison simulation studies. First, radio simulations with CORSIKA 8 will be compared
with existing software that have served the community until today. A systematic study between
the "Endpoints" formalism as originally implemented in CoREAS and the ZHS formalism for
air showers is going to be made. Finally, the effect of details like different track lengths of the
simulated particle tracks and different multiple scattering approaches on radio simulations are
going to be put into perspective. Such comparison studies aim to assess the understanding of the
radio emission mechanism. A good understanding as can be showcased by simulations indicates
that the radio detection technique is indeed reliable for reconstructing Xmax and the primary
particle energy.

4 The CORSIKA 8 framework

CORSIKA 7 originally developed for the KASCADE experiment [59] has been highly successful
in serving a major fraction of the atroparticle physics community for over 30 years. Its
FORTRAN monolithic structure along with hand-optimized code design makes its maintenance,
the implementation of modern features and utilization of modern technologies like multithreading
and GPUs a challenge. To tackle these obstacles the decision was made to make a new, modern
and flexible framework written in C++, CORSIKA 8 [60], [61]. The two key design aspects of
CORSIKA 8 is modularity and flexibility. It is comprised of modules, and each module executes an
individual simulation task with its algorithms being able to exist and be developed independently
of other modules. As a consequence, modules can be exchanged or combined as long as they meet
some requirements in a flexible way.

The structure of this framework is shown in fig. 14. The main loop is in the Cascade
class, where a particle from the stack is being propagated and if secondaries are produced they
are also put in the stack. Cascade has access to the Tracking algorithm, the Environment, the
Process List and the stack. The particle trajectories in the Environment are dictated by the
chosen Tracking algorithm. The Environment entails quantities such as density, composition,
refractive index and the process can query properties from it. The user is able to create the
Environment to their needs. The Process List contains user arranged processes that may or may
not affect the development of the shower. The final outcome of the processes put in the Process
List is being gathered and saved by the Output.
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Figure 14: The CORSIKA 8 high-level architecture.

5 Architecture of the radio module

In a simplified way, the main operations of CORSIKA 8 during a simulation are two. The first
one is the propagation of particles under the effect of electromagnetic fields and energy losses
and the second one is the handling of stochastic processes, interactions and decays that either
generate new particles or discard old ones from the particle stack. The accurate event generation
such as electromagnetic or hadronic interactions is being handled by external codes that are
configured to work within CORSIKA 8. Such computations entail an enormous amount of "book
keeping". Modules that can save, process and pass on information to other modules are an
integral part of CORSIKA 8 process logic. A clear distinction for the processes that make up
the process sequence of a CORSIKA 8 simulation can be made, the "interaction processes" and
the "observing processes". The interaction processes are the ones that are capable of altering the
trajectory, lifetime and nature of a simulated particle such as energy losses or electromagnetic
interactions etc., while observing processes can register and process for their own purposes a
simulated particle without altering any of its properties. The radio module and the radio process
it creates naturally falls into the second category, because the energy losses due to the radio
emission can be completely neglected.

The main objective of the radio module is the calculation of the electric field vector
received from an electron or a positron given an observer’s location. To achieve that, it needs to
be able to instantiate a radio process in the CORSIKA 8 standard in order for the process to be
part of the Cascade algorithm and have access to all the relevant information. Therefore, it has
to work with particle tracks which are received sequentially from the running Cascade simulation
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and access the constructed simulation environment to query properties relevant for the radio
emission calculation. On a more technical level this is achieved by using public inheritance in C++
from the ContinuousProcess class to the RadioProcess class. The two main methods that each
class inherits from ContinuousProcess are the doContinuous() and the getMaxStepLength().
doContinuous() feeds of particle tracks and then forwards them further into the radio process
and getMaxStepLength() returns the maximum length allowed of that particle track, which for
the case of radio since no constraints are present at the present, is set to infinity. As it is going to
be shown in this thesis though, setting a limit to the maximum track length might turn out to be
beneficial, since the track length of the particle track can affect the radio simulations.

In order to achieve flexibility and modularity the radio emission calculation is split
into conceptually independent, interchangeable parts. These are the particle track filtering, the
formalism responsible for the radio emission calculation, the radio signal propagator and finally
the antenna instance which acts as the observer. The radio process being part of the process
sequence receives as input the particle tracks and is able to get the necessary environmental
information from CORSIKA 8 as mentioned above. Then, it proceeds to filter the particle tracks
so as to treat the desired ones for the radio emission calculation. The filtered particle tracks
are pushed forward to the chosen formalism that is the main workforce of the calculation. It is
important to note that this procedure happens sequentially and every particle track is treated
separately. Once the necessary information of the particle track is gathered, the particle is looped
over all the user configured antennas that form the antenna collection. At this point, within the
formalism the chosen propagator is called to calculate the signal propagation from the particle
track to the specific antenna location under examination. Through the propagator, the radio
module can query environmental information like the refractive index for instance, and calculate
the propagation time of the radio signal. Once the calculation for that particle is over, the
electric field and timing information are binned and stored in the antenna instance. The same
procedure takes place for the same particle track to the next antenna instance in the antenna
collection. Finally, this series of steps happens for all the particle tracks that are generated during
a simulation. A schematic diagram of this course of action is shown in fig. 15.

Such a module design provides the opportunity to isolate parts of the radio emission
procedure and study specific effects without the need to alter the rest of the code. Technically, this
is achieved with the use of template parameters in C++. They allow the development of generic
code that works with different data types and is evaluated during run time. For the time being, a
radio process requires 3 template parameters for the formalism, propagator and antenna collection
as the track filtering is being handled internally by the doContinuous() method. In simple terms,
this means that one is able to instantiate multiple radio processes during the same simulation
with different characteristics. For instance, the same track filters, antennas and propagators can
be used with the sole exception being the formalism which is studied in this work. This allows
to directly compare different formalisms like "Endpoints" and ZHS eliminating any uncertainty
coming from the underlying air shower code, since they are evaluated on an identical air shower.
Time domain versus frequency domain studies on the same air shower, once a frequency domain
implementation is in place, will be made possible with the instantiation of 2 radio processes, one
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Figure 15: A schematic diagram of the radio process currently implemented in CORSIKA 8 and
how it integrates with the CORSIKA 8 framework.

with time domain antennas and one with frequency domain. One could also evaluate the effect
on the radio signal simulated by different signal propagation techniques by instantiating radio
processes with different propagators. All of this structure is going to be illustrated in the next
sections using a top-down approach. Starting from the core radio process class, all the way to
the final step which is the output that the user obtains will be thoroughly discussed. The radio
module code can be found in detail at the KIT gitlab page.

5.1 The Radio Process

The Radio Process class is the base interface for any radio process created during a simulation.
The class constructor requires 3 template parameters for the antenna collection, the formalism and
the propagator. As mentioned earlier it has to fit within the CORSIKA 8 framework. Therefore,
it has to follow the ContinuousProcess and output logic of CORSIKA 8. In listing 1, the main
structure of the class is showcased with some methods being omitted for the sake of simplicity.
Being a ContinuousProcess the class inherits the doContinuous() and getMaxStepLength()
methods, with the doContinuous() pushing forward the actual radio emission calculation. The
methods startOfLibrary(), endOfShower() and getConfig() exist to facilitate and follow the
general output format guidelines used widely in CORSIKA 8.

Listing 1: The general structure of the Radio Process class.

https://gitlab.iap.kit.edu/AirShowerPhysics/corsika
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template <typename TAntennaCollection , typename TRadioImpl , typename TPropagator
>

class RadioProcess : public ContinuousProcess <
RadioProcess < TAntennaCollection , TRadioImpl ,

TPropagator >>,
public BaseOutput {

\\ [ ... ]
template <typename Particle >
ProcessReturn doContinuous (Step <Particle > const & step , bool const );
\\ [ ... ]
template <typename Particle , typename Track >
LengthType getMaxStepLength ( Particle const & vParticle , Track const & vTrack )

const ;
\\ [ ... ]
void startOfLibrary ( boost :: filesystem :: path const & directory ) final override ;
\\ [ ... ]
virtual void endOfShower ( unsigned int const ) final override ;
\\ [ ... ]
YAML :: Node getConfig () const final ;
\\ [ ... ]

}; // END: class RadioProcess

Currently the doContinuous() method is a wrapper method for the simulate() method,
which is the main method of the formalism. There the particle is identified and if it is an electron
or a positron it is pushed further to the simulate() method to be treated by the desired radio
calculation algorithm. This is the particle track filtering taking place and the distinction of the
doContinuous() and simulate() methods allows for further improvements of the filters. Ideally,
in a future upgrade of the code the filters will be a user configurable std::vector with bool
values that allow particle tracks with specific features to be pushed into the simulate() method.
These features can be particles that have traversed a specific amount of matter, or exist in a
specific part of the atmosphere, or are within a specific energy range. As mentioned earlier, the
getMaxStepLength() method is a mandatory method of the continuous processes that in the case
of radio is set to return infinity as radio does not currently constrain in any way the maximum
step length of the particle track.

The remaining 3 methods are related to the output manager that has been developed for
CORSIKA 8. The output uses the parquet format [62] for large files and YAML format [63] for
smaller files like configuration files. startOfLibrary() is the method that initializes the parquet
streamer for the radio output files. It creates a directory named after the user configured name of
the radio process instance and within it a single file called antennas.parquet. For filling this
file the endOfShower() method is responsible. It creates a single matrix where the first column
is the time information and the other 3 are the electric field vector components, namely Ex, Ey

and Ez. All the antenna information of an antenna collection is stored there. The number of
rows is dictated by the sampling frequency and the detection duration of each antenna. Finally,
the getConfig() method produces a YAML configuration file with all the relevant information
for the radio process and the antenna collection. In more detail, it states which formalism was
used for the radio process and the units of time, frequency, electric field and distance. Next, it
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provides antenna information like antenna type (i.e. time domain or frequency domain), name
and location for all the antennas of the antenna collection.

5.2 Formalism

The formalism is the main work force of the radio module. It is the underlying algorithm with
which the contribution to the electric field of each particle track is calculated. At the moment, 2
formalisms are fully implemented. These are the CoREAS algorithm [64] based on the "Endpoints"
formalism [40] which is also used in CORSIKA 7 and the "ZHS" algorithm [41] ported as closely
as possible from ZHAireS [55]. From now on, these formalisms will be simply referred also as
CoREAS and ZHS respectively. The main feature of the formalism logic is the simulate() method
which is a ProcessReturn type as defined in the ContinuousProcess class. This means that
once the method is successful it returns to the Cascade run a process type ProcessReturn::Ok,
which allows for the rest of the simulation to go on. Apart from the simulate() method, helper
functions that construct radio process objects that explicitly use a chosen formalism have been
implemented to hide the template complexity from the user.

It is worth touching upon the train of thought of the simulate() method, as it is
independent of the formalism chosen to calculate the electric field vector (or vector potential for
the case of ZHS) and it might facilitate the understanding of potential future developers. Its input
are the particle tracks from which it is able to get information like velocity, position, direction
and time. Next, it performs checks on whether the particle track is valid to proceed with the
calculation. For the time being it checks whether the particle ID corresponds to an electron or a
positron. If yes, the particle track is looped over all antennas of the antenna collection and is
hence treated for each antenna separately. At this stage, the chosen propagator is called which
determines the signal propagation from the position of the particle track to the antenna location
and returns a signal path collection. The code design allows for a ray to have multiple propagation
paths whose number is dictated by the propagator. This design choice is being made in order
for the module to be able to treat cases such as dense media with refractive index gradients
where two propagation paths are typically expected. For every signal path contained within the
signal path collection, quantities like the propagation time and relevant environment attributes
are picked up from the signal path collection. Once all the information is at hand, the formalism
proceeds to calculate the electric field vector and the detection time and arrival direction vector
of the radio signal which are then forwarded to the antenna. This procedure is showcased in
listing 2.

Listing 2: A simplified layout of the key steps of the simulate method.
template <typename TRadioDetector , typename TPropagator >
template <typename Particle >
inline ProcessReturn FormalismName < TRadioDetector , TPropagator >:: simulate (

Step <Particle > const & step) {
\\ [ ... ]

// loop over each antenna in the collection
for ( auto & antenna : antennas_ . getAntennas ()) {
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// ask for signal path collection thorugh the . propagate () method for
// a particle at its position through the antenna location

auto Paths {this -> propagator_ . propagate (particle , particlePosition ,
antenna . getLocation ())};

\\ [ ... ]
// Loop over signal path collection
for ( size_t i{0}; i < Paths .size (); i++) {
\\ [ ... ]
Electric Field Vector or Vector Potential formula
\\ [ ... ]
// pass the information to the antenna through the . receive () method
antenna . receive ( detection time , electric field vector or vector
potential , signal arrival direction vector );
} // END: loop over signal path collection

} // END: loop over antennas
return ProcessReturn :: Ok;

}
} // END: simulate ()

5.3 Propagator

5.3.1 Generic structure of the propagator class

Crucial for the electric field contribution of a particle traversing through matter is the behavior
of the radio wave propagated to the antenna. The exact signal propagation behavior is dictated
by the propagator object which is completely decoupled from the formalism. This way, one is
allowed to make approximations and studies for their own experimental needs. In the propagators
the simple case of the straight ray approximation is considered, in which the signal is propagated
in a straight line from the source to the antenna. This is common practice for all air shower
simulations that make use of the radio detection technique so far. To develop a future proof and
efficient radio module means introducing the inclusion of a design that takes full advantage of
the CORSIKA 8 volume tree environment building. As a result, propagation phenomena like
diffraction, refraction, reflection and even more complex phenomena that occur in specific media
can be easily included in the propagator logic without the need to alter the rest of the radio
module. The generic structure of a propagator class is shown in the listing 3 below.

Listing 3: Generic structure of the propagator class.
// class constructor
template <typename TEnvironment >
inline Propagator < TEnvironment >:: Propagator ( TEnvironment const & env)

: RadioPropagator < Propagator , TEnvironment >( env) {
\\ [ ... ]

} // END: class constructor

// propagate method responsible for the signal propagation calculation
// between 2 points

template <typename TEnvironment >
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template <typename Particle >
inline typename Propagator < TEnvironment >:: SignalPathCollection
Propagator < TEnvironment >:: propagate ( Particle const & particle ,

Point const & sourcePosition ,
Point const & destinationPosition ) {

\\ [ ... ]
return { SignalPath (time , averageRefractiveIndex_ , refractiveIndex_source ,

refractiveIndex_destination , emitionVector ,
receiveVector , geometricalDistance_ , points )};

} // END: propagate ()

The class inherits directly from the RadioPropagator parent class, whose sole argument
is the user constructed environment in a template parameter to make sure it works with any
kind of constructed environment. This way, any implementation of a propagator class has direct
access to the environment to get all the information it needs from that. In the constructor, the
developer is free to implement the propagator specific properties. The main method of the class
is the propagate() method. Its input is the particle whose signal is being propagated and is
passed on by the formalism. Along with it are 2 points, one being the position of the source
particle and the position of the observer, or in our case the antenna. In this method, the way the
signal is going to be propagated is fully treated. The return object is a SignalPathCollection,
which as the name suggests is the collection of paths that the signal has traversed through its
propagation. In more technical terms it is a std::vector of SignalPath instances depending on
the number of the paths that the signal propagated through. This particular design choice is
what allows the radio interface to handle multiple paths that include reflection, refraction etc.
Cases like showers crossing media can be successfully simulated with this design [65].

5.3.2 The Signal Path

Regarding the SignalPath, it is simply a struct that acts as a container of information that
the propagator returns to the formalism for the radio emission calculation. The information
it holds for the time being, is the propagation time of the signal, the average refractive index
between source and observer locations, the refractive index for source and observer locations
separately, launch direction unit vectors at the point of emission and receive direction at the
point of reception, the geometrical distance along the path of these two points and finally a
std::deque of points that the signal has traversed. This can be very easily upgraded as shown
in listing 4 in case some formalism in the future needs to have access to more information, but
having in mind CoREAS and ZHS, this information is sufficient.

Listing 4: Information within the SignalPath
\\ [ ... ]
struct SignalPath final : public Path {
\\ [ ... ]
/**
* Create a new SignalPath instance .
*/
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SignalPath ( TimeType const propagation_time ,
double const average_refractive_index ,
double const refractive_index_source ,
double const refractive_index_destination ,
Vector < dimensionless_d > const & emit ,
Vector < dimensionless_d > const & receive ,
LengthType const geometrical_path_length ,
std :: deque <Point > const & points );

}; // END: class SignalPath final

5.3.3 Propagators implemented so far

Currently, there are three fully tested and functional propagator classes. They all use the straight
ray approximation, which means that they assume that the signal is being propagated along a
straight path from the emission to the detection point. Under this assumption the propagation
time is being calculated. Even though all 3 propagators use the same assumption they are fairly
different and have different use cases. The first one is the DummyTestPropagator which is meant
to be used for idealized scenarios like for instance an environment consisting of a uniform refractive
index. The advantage of using such a propagator is that it is very fast, since it only has to
access the CORSIKA 8 universe to get the refractive index twice and calculates the propagation
time through the formula t = n R

c , where n is the refractive index, R is the distance between the 2
points and c is the speed of light. To use this propagator in the radio process the user can simply
utilize the corresponding helper function make_dummy_test_radio_propagator(environment)
which takes only the environment as an argument.

The second propagator is the NumericalIntegratingPropagator which as the name
suggests performs a numerical integration using a user-configurable stepsize along the propagation
path. For this, the standard Simpson’s rule is used. The propagator depending the stepsize
figures out the number of sub-paths that it has to subdivide the initial straight path from the
emission to the detection point. For the last sub-path it makes sure to stop exactly on the
observer’s location by either adding the missing distance or subtracting the additional. The
advantage of this particular propagator is that it can be used with any setup in the environment
(e.g. where Eath’s curvature needs to be taken into account) and has the potential to be very
accurate, but this comes at a great cost in terms of performance. The relevant helper function
is the make_numerical_integrating_radio_propagator(environment, stepsize), with the
environment and integration stepsize as arguments.

The final fully implemented propagator is called TabulatedFlatAtmospherePropagator.
This is the best of both worlds solution when it comes to a balance in accuracy and performance.
It comes with its limitations because it assumes the atmosphere to be flat, and it only works for
relatively vertical air showers (zenith angle < 60°). In its constructor, a table for refractivity is
created between a user defined lower and an upper limit with the user desired step. The lower limit
is automatically set 1 km below the user given value to take into account particles penetrating the
ground. From this table another table for the integrated refractivity is generated which is later
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used for the calculation of the propagation time. This is quite fast because it needs only initialize
the tables during construction. In the propagate() method the table indexes that correspond to
the positions of the emission and detection points are worked out and the value of refractivity is
simply accessed through the table rather than the CORSIKA 8 universe which is costly. If one
of the points (or both) lie outside the edges of the table, then the value is extrapolated via an
extrapolation scheme which is defined in the class constructor. This propagator can be utilized
via its helper function make_tabulated_flat_atmosphere_radio_propagator(environment,
upperLimit, lowerLimit, step), with given environment, upper, lower limit and step.

5.4 Antenna Collection

Part of the radio detection technique is the detector itself. Many cosmic ray experiments use all
sorts of antenna models depending on their hardware to fold the simulated traces and match as
closely as possible their detected signals. In the simulation realm, we work with ideal detectors
that store the individual electric field contributions to a user configured detection window. On
the top level of the radio module, the AntenaCollection is found. This is a container class
for antenna objects. The user can place the desired number of antennas anywhere in the 3
dimensional environment constructed. The antennas are then put into the AntenaCollection
container, where they can be accessed, called or reset one by one. All together, they form the
detector of the simulation where all the radio signals emitted by the simulated air shower are
going to be detected.

The parent class Antenna that fills the AntennaCollection provides the main characteristics
of an antenna and uses the <typename TAntennaImpl> as a template parameter to allow the
inclusion of antennas in different domains, i.e. time or frequency domain. Its characteristics are its
name, location and coordinate system that are initialized in the class constructor. Each antenna
can have its own coordinate system and the orientation of x, y and z can be determined by it.
The class methods are shown in the listing 5 below. The user has access to all the attributes of
the antennas via the corresponding getter methods. getAxis() returns a reference to the x-axis
label, namely time or frequency information depending on the antenna implementation and the x,
y and z polarizations are accessed through their getWaveform(X,Y,Z)() method. The antenna
is also able to reset itself via the reset() method which erases all the information gathered. The
implementation() returns the antenna implementation in order to be able to identify its type.
Finally, one of the most important methods is the receive() one. For this, variadic templates
have been used in order to provide the flexibility to its derivative classes to receive types of data
suitable based on their implementation.

Listing 5: Overview of methods for the antenna class.
// class constructor
Antenna (std :: string const & name , Point const & location ,

CoordinateSystemPtr const & coordinateSystem );
\\ [ ... ]
template <typename ... TVArgs >
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void receive ( TVArgs &&... args);
\\ [ ... ]
Point const & getLocation () const ;
\\ [ ... ]
std :: string const & getName () const ;
\\ [ ... ]
void reset ();
\\ [ ... ]
axistype getAxis () const ;
\\ [ ... ]
std :: vector <double > const & getWaveformX () const ;
\\ [ ... ]
std :: vector <double > const & getWaveformY () const ;
\\ [ ... ]
std :: vector <double > const & getWaveformZ () const ;
\\ [ ... ]
TAntennaImpl & implementation ();

For the time being, a time domain antenna where the electric field contribution is
recorded as a function of time is implemented. This way information is being thrown away
about the direction of emission. As long as the direction of emission does not vary too much,
and the antenna response is reasonably the same for all relevant signal arrival directions, this
approximation is acceptable. If this is not the case though, then the antenna characteristics
would need to be taken into account already when collecting the electric field contributions. This
is not done at the time being, but such a modification in the future is foreseen by the code
design. The time domain antenna inherits attributes from the Antenna parent class, but also has
a few more parameters. These are the start detection time, the time duration it collects data, its
sampling frequency and a timing information on the earliest possible signal that can be detected
by that antenna. This is used to make sure that the window of detection given in the output
is correct and the antenna does not miss any contribution from the air shower particles. The
receive() method dictates how the signal is being stored in the antenna. It is an overloaded
method so as to be able to accommodate the reception of both electric field vectors and vector
potentials depending on what the formalism calculates. It gets as input the timing information of
the signal and its contribution in the form of a vector object whose x, y and z components are
determined by the coordinate system of the antenna. Then it figures out the correct time bin
and stores all polarizations of the signal. Finally, the TimeDomainAntenna class has a built in
getConfig() method that writes out in the radio process configuration YAML files the antenna
specific information like type, start detection time, detection duration, sampling frequency and
its location.

5.5 Handling and reading the output

CORSIKA 8 has its own output manager which provides an interface for the processes to build
upon and dictate how the data is going to be written to disk. This interface was used in order
for the radio module to write out the output in a consistent way with the rest of the processes.
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Every radio process produces a subdirectory inside the default simulation directory named after
the name given to the radio process by the user. There exist the antennas.parquet binary files
and the YAML configuration files. In the antennas.parquet files the timing information and the
electric field components of all antennas are stored. Similarly, the relevant antenna information
like type, name, location etc of all antennas are stored in the YAML configuration files.

To read the output files one can use the CORSIKA 8 python library. By using this
library one can choose to read the radio output using pandas [66]. By doing so a multi-dimensional
pandas dataframe is generated. The first column is the shower number to accommodate the case
of multiple shower runs in a single CORSIKA 8 simulation. The second column is the antenna
name, the 3 next columns are the X,Y and Z polarization components labeled as ’Ex, Ey and
Ez’ and the final column is the timing information of the antenna labeled as ’time’. Helper
functions are implemented to give more information about the radio process. These are the
get_antenna_list() which returns a list with the names of all the antennas in the simulation,
the get_units() which as the name suggests returns the relevant information of the units of the
antennas.

A standard way to get the module output is shown in the listing 6 below. The corsika
and pandas libaries have to be imported. One first needs to initialize a library where the
CORSIKA 8 output directory exists. Then, the corsika library provided getters can be used
given the radio process name and desired output format. Currently, when using the CORSIKA 8
python library, the radio module output can be read solely utilizing pandas dataframes, but the
interface allows for the inclusion of more formats if needed. Apart from accessing the data, helper
functions are implemented that return important information like units and antenna attributes
to the user.

Listing 6: Python script example on how to access radio output.
# import the necessary libraries
import corsika
import pandas as pd

# access the output of the shower simulation by providing the
# directory it exists
library = corsika . Library (’./ directory_to_corsika_output /’)

# get the radio process data in the form of a pandas dataframe
radio_data = library .get(’radio_process_name ’). astype (’pandas ’)

# access time and polarization information of a specific
# antenna of the specified simulation run
time = radio_data [’shower_number ’][ ’antenna_name ’][ ’time ’]
Ex = radio_data [’shower_number ’][ ’antenna_name ’][ ’Ex ’]
Ey = radio_data [’shower_number ’][ ’antenna_name ’][ ’Ey ’]
Ez = radio_data [’shower_number ’][ ’antenna_name ’][ ’Ez ’]

# return a pandas dataframe on the antenna information of
# the specified radio process - each antenna can also be
# accessed separately by providing its name

https://gitlab.iap.kit.edu/AirShowerPhysics/corsika/-/tree/master/python?ref_type=heads
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antenna_info = library .get(’radio_process_name ’). get_antennas ()

# return a list of all antenna names for quick reference
antenna_list = library .get(’radio_process_name ’). get_antenna_list ()

# return the units for all antennas
units = library .get(’radio_process_name ’). get_units ()
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6 Radio module validation and diagnostics

The radio module is designed to be able to simulate the radio emission from air showers for both
standard and more complex scenarios. Apart from that, as shown in section 6.1 it is perfectly
capable of acting as a stand-alone module and inspect very specific physical cases that involve
as few as one particle. This can help our understanding of the radio emission with small scale
simulation studies, where one is able to study the dependency of the radio emission on properties
like the geomagnetic field value and the atmospheric density. In recent work [30], it has been
shown that for very inclined showers and depending on the geographical site the well established
paradigm that the radio emission consists of two mechanisms, namely the transverse current and
the charge excess contributions is no longer valid. With CORSIKA 8, contributions of separate
electrons and positrons in frequencies up to 1 GHz are studied here, along with their radiation
pattern on the ground.

Being part of the early development phase of CORSIKA 8, the opportunity arose to
use radio as a diagnostics tool for the rest of the core code. Although significant testing has
been done and is still ongoing with any major update of the code, the fact that simulating the
signal pulses is extremely sensitive to sensitive to details of the spatial, energy and momentum
distributions of electrons and positrons, reveals potential unwanted behaviors or even bugs in the
core code. The module has been validated and gives correct results, hence the logical next step
is to proceed and simulate air showers. As will be shown, this was a challenge due to the early
development stage of CORSIKA 8 as a whole. By simulating radio pulses we were able to identify
and fix logical errors and bugs within CORSIKA 8 and further improve the main interface. In
the next subsections, the benefits of developing radio as an integral part for CORSIKA 8, along
with a few case studies will be discussed.
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6.1 Module validation

CORSIKA 8 poses strict guidelines when it comes to testing and validating its modules and
all the included classes. Extensive unit testing has been made to ensure that individual classes
and methods have the desired functionality. The successful outcome of those is automatically
documented on the coverage report. However, before proceeding into full blown air shower
simulations it needs to be established that the radio module gives correct results in a well
understood physical scenario both as a stand-alone module and as an integral part of CORSIKA
8. For this validation test,the case shown in fig. 16 is considered.

Figure 16: An ultra-relativistic electron performing a circular loop in a uniform magnetic field.
Synchrotron radiation is emitted and detected by an antenna placed at a large distance of 30 km.

An ultra-relativistc electron with β = u
c = 0.999 and energy 11.4 MeV performs exactly

one circular loop in vacuum (n = 1) in a uniform magnetic field of strength B = 3.809 G. The
circular track with a radius of L = 100 m lies on the x − y plane and the magnetic field is aligned
in the z − axis. Such a motion produces synchrotron radiation which is detected by an antenna
placed at a distance R = 30 km from the center of the circular track to ensure that the calculation
takes place in the far field regime. The goal of such a simulation is two-fold. First, we want to
simulate the synchrotron radiation with both formalisms implemented in the radio module and
compare the outcome with an analytical solution. And second, this scenario needs to be simulated
in two ways. One is with the radio module being isolated from the rest of the CORSIKA 8 code,
propagating the electron on the circular path manually, and another way is with the inclusion of
all the machinery provided by CORSIKA 8, where the tracking algorithms within CORSIKA 8 do
the particle propagation in the magnetic field. Both simulations need to agree within reasonable
limits of course. This way we establish that the radio module produces physical results both by
itself and as an integral part of CORSIKA 8.

The same test was also considered in [40]. The most common analytical solution for the
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power spectrum of the synchrotron radiation is:

P (v) =
√

3e3B

mec2 F (x) (22)

F (x) = x

∫ ∞

x

K 5
3
( 3√2.25x2) (23)

Where P (v) is the product of the normalization constant and the dimensionless function
F (x). The ratio of the frequency v to the critical synchrotron frequency vc = 3βcγ3

2πr is x = v
vc

.
And finally, K is a modified Bessel function of the second kind. This validation test is performed
in the time domain, as the formalism and antenna have been implemented in the time domain
within the radio module.

As already mentioned, the purpose of this test is two-fold. The radio module runs with
both formalisms without using most of the machinery of CORSIKA 8. The electron trajectory
is manually constructed, in which the electron performs the circular loop. This is achieved by
introducing points of a circle in the x − y plane and connecting those with straight track segments.
Two points connected by the straight track, constitute the particle track that is the building block
of CORSIKA 8 simulations. For each of these tracks, the doContinuous() method of the radio
process is manually called and the resulting pulses are stored in the antenna instances. This way,
the radio module does not rely on CORSIKA 8 to create a physical scenario and we can validate
that the module as a stand-alone entity behaves as expected. This validation test is referred as
"manual tracking". The second aspect that needs validating is whether the radio module works
correctly when introduced to the CORSIKA 8 machinery. This is important to validate as this is
the way it is intended to be used for air shower simulations, i.e. as another physics process in
the process sequence. In this test the same environment is constructed the same way as before.
The electron is set to have a gyroradius of 100 m and with known charge and mass the angular
frequency, momentum and energy are calculated through the well known formulas:

ωg = |q|B
m

(24)

p = |q|Brg (25)

E =
√

pc + (mc)2 (26)

The electron with this momentum is then injected at the circle and is allowed to gyrate
for 1 period. This is dictated by the TimeCut process which forces the CORSIKA 8 process
sequence to start at 0 sec and stop exactly after 1 period. The circular track is then constructed
by the CORSIKA 8 magnetic field tracking algorithm called "Leapfrog Curved". This case is
referred as "C8 tracking".

To approximate the analytical solution sufficiently it is important to make the circular
trajectory fine enough, i.e. approximate the circle with enough particle track segments so as
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Figure 17: Radio pulse from an electron in a uniform 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 [40]. In this case the "Manual
tracking" 100000 points have been used, while the maximally allowed deflection angle for the "C8
tracking" is set to 0.0001 rad. Both CoREAS and ZHS agree with the analytical solution.

the resulting pulse appears continuous, which depends on the highest frequency one wants to
correctly describe [40]. For the "manual tracking" one is able to chose the number of particle
tracks. For the "C8 tracking", the same outcome can by achieved by adjusting the maximally
allowed deflection angle (maxRad) for one tracking step within the "Leapfrog Curved" algorithm.
The smaller the maximally allowed deflection angle, the more particle tracks are produced making
the circular trajectory finer. In fig. 17, a very fine circle has been produced for both tests. In
the case of "manual tracking", 100000 points have been set to construct the circle and for "C8
tracking" the maximally allowed deflection angle is set to 0.0001 rad. The pulses produced match
very closely the analytical solution, from which we conclude that both formalisms deliver correct
results.

For the case of 1000 points for the "manual tracking" and 0.1 rad for the "C8 tracking"
the resulting pulse is shown in fig. 18. The signal is very noisy and even the pulse amplitude is off
with respect to the analytical solution. This illustrates that the circle needs to be approximated
finely enough.
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Figure 18: Radio pulse from an electron in a uniform 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 [40]. In this case, for the
"Manual tracking" 1000 points have been used, while the maximally allowed deflection angle for
the "C8 tracking" is set to 0.1 rad. The simulated pulses appear noisy due to the insufficient
number of particle tracks simulated.

6.2 Tracking algorithm checks

For the first air shower simulations that the new radio module within CORSIKA 8 was used, the
simulation complexity was kept to a minimum. Low energy 100 TeV electron induced vertical
showers in the US standard atmosphere were simulated, with the refractive index set to be uniform
(n = 1.000327) and the geomagnetic field of 50 µT to be constant and horizontally aligned in the
x direction.

As can be seen in fig. 19, the dominant polarization of the raw traces originating from
CORSIKA 8 for two antennas at 100 m and 200 m north have an unexpected behavior. For
illustrating purposes the pulses are plotted in arbitrary units as the main issue studied at this level
was the fact that they appear to be rather noisy, see fig. 19. The structure of these noisy pulses
indicates that there is signal. To confirm, a Savitzky-Golay filter [67] is applied to smooth out
the noisy traces, and indeed there is a "hidden pulse" in the noise. Given the successful validation
tests in section 6.1, some extra checks in the magnetic field "Leapfrog" tracking algorithm that is
used in CORSIKA 8 are performed. These checks are aimed towards inspecting the accuracy of
the tracking algorithm regarding position and time.

The noise in the raw traces might indicate either a problem of accuracy or timing in
the tracking algorithm. The key variable to control accuracy in the tracking algorithm is the
maximally allowed magnetic deflection angle (maxRad). The default value in both CORSIKA
8 and CORSIKA 7 is 0.2 rad, however it is worth noting the tracking algorithms between the
two simulation codes are not the same. Utilizing the algorithms devised in section 6.1 for
the synchrotron emission one can compare how close the CORSIKA 8 "LeapFrog" tracking is
performing with respect to the manual tracking which is strictly dictated by the equation of
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(a) 100 m. (b) 200 m.

Figure 19: Two pulses at different antenna locations plotted in arbitrary units to showcase the
initial behavior. The raw traces resulting from CORSIKA 8 are plotted in purple and the same
traces smoothed out with a Savitzky–Golay filter [67] are plotted in green.

circle and not the magnetic field. It is clear from fig. 20 that the larger the maximally allowed
magnetic deflection angle the less accurate the circular track is depicted, as it deviates from the
set gyroradius of 100 m.

In fig. 21 the deviation of the set gyroradius value for the maximally allowed magnetic
deflection angle being set to 0.2, 0.1 and 0.01 rad is shown. As expected, the smaller the angle
the more points the "LeapFrogCurved" algorithm produces and hence increases accuracy.

Next, the difference in β = u
c between the end and the start of the track for different

values of the maximally allowed magnetic deflection angle is also inspected. Both CoREAS and
ZHS assume that the track segment is straight and hence the velocity remains unchanged on both
its ends. So, if a big difference was observed here that could explain the noise in the simulated
pulses. However, in fig. 22 it is shown that the difference regardless the deflection angle value is
extremely small.

As a final consistency check for the tracking algorithm, a circular trajectory consisting of
the same number of points using both the CORSIKA 8 "LeapFrogCurved" and "manual" tracking
is constructed. The duration the charged particle needs to get from one point to another with
both tracking methods is calculated. Then, the duration calculated with "LeapFrogCurved" is
subtracted from the duration calculated with the "manual" tracking. Ideally, this difference must
be extremely small to prove that the CORSIKA 8 tracking does not diverge from the analytical
solution. And as can be seen in fig. 23, this is indeed the case. However, the offset for 0.1 rad
appears to be larger than 0.2 rad, which is counter intuitive, given that smaller tracks should be
able to approximate the analytical solution better.

The CORSIKA 8 tracking algorithm given the changes in accuracy and the strong
magnetic fields that were studied behaves as expected especially for very small values of the
maximally allowed deflection angle. It would be beneficial for CORSIKA 8 though, that the
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Figure 20: A circular trajectory produced by the LeapFrogCurved CORSIKA 8 tracking algorithm
for different values of the maximally allowed magnetic deflection angle. The same circle has been
constructed using the "manual tracking" with 630 points.

tracking algorithm is revisited at some point and probably even tested further. In this section, a
validation test devised initially for the radio module was used for other parts of the CORSIKA 8
code. Coming back to the noisy pulses though, the maximally allowed magnetic deflection angle
was set to 0.0001 rad and a 10 TeV electron induced air shower was simulated and compared with
CORSIKA 7 and ZHAireS [68]. Setting such a fine resolution mitigated the noise issue (fig. 24)
but a heavy penalty in computation times had to be paid. This combined with the disagreement
in amplitude for antennas further away from the shower core clearly indicated that the issue was
not resolved. Especially when considering the much lower computing times of CORSIKA 7 where
the maximally allowed magnetic deflection angle is set to 0.2 rad and the noise there is absent.

While inspecting the effect of the value of the maximally allowed magnetic deflection
angle an interesting question occurred. In CORSIKA 7 this parameter is set by default to
0.2 rad. Changing this value affects the shower development, so even by using the same random
number seed, two showers with a different maximally allowed magnetic deflection angle setting
will be different. As will be extensively studied in chapter 10, this has some implications for the
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(a) 0.2 rad. (b) 0.1 rad. (c) 0.01 rad.

Figure 21: The values of R for different values of maximally allowed magnetic deflection angle.
The smaller the angle the less R deviates from the set value of 100 m. Note that the y-scale is
different for all three plots.

Figure 22: Difference in β between start and end point of each track for maximally allowed
magnetic deflection angle set to 0.2 rad (left) and 0.01 rad (right).
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Figure 23: Difference between the track duration of the same tracks calculated with "manual"
and CORSIKA 8 "LeapFrog" tracking for maximally allowed magnetic deflection angle set to
0.2 rad (left) and 0.1 rad (right).

Figure 24: Signal pulse comparison of dominant polarization for antenna at 50 m (left) and at
200 m (right) from the shower core. Maximally allowed magnetic deflection angle was set to
0.0001 rad and the time offsets are arbitrary. The simulation details can be found in [68]
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radio simulations. Another important remark, is that since the tracking algorithms are different
in CORSIKA 8 and CORSIKA 7, setting the same value for the maximally allowed magnetic
deflection angle in both simulation codes might still not guarantee "identical" outcomes.

6.3 Cascade bug and Step object

The tracking algorithm validation checks together with the corresponding unit tests solidified
the idea that the "LeapFrogCurved" magnetic field tracking algorithm works as intended and
was not the cause for the excessive "noise" in the simulated radio pulses. The next logical
step was to inspect the main algorithm loop that "runs" the simulation, the Cascade. All the
processes that are a part of the process sequence in the CORSIKA 8 universe are characterized
as ContinuousProcesses, and as mentioned earlier all have the doContinuous() method to
indicate that. There is a specific part of the code in Cascade that is responsible for applying all
the ContinuousProcesses to all particles sequentially.

Initially, for the ContinuousProcesses a rather odd interface had been implemented
in which every particle track was two separate objects, namely a particle and a track. What
this means, is that a particle object can and does have information about time, position and
energy among others but so does the track object. One has to be very careful especially when
implementing a module that fits this interface to keep these two separate objects that refer to
the same entity synchronized and up-to-date simultaneously. While this information is being
calculated within the specified ContinuousProcesses, the update on the particle and track
happens separately in the Cascade level. At the time of inspection (icrc-2021-b tag), it was
realized that the position, direction and time information of the particle was updated through the
particle and track before the application of ContinuousProcesses. Especially for the timing
information which needed not only to access the particle time but also the track duration on
which the ContinuousProcess took place, this was inconsistent. Updating the time information
right after the application of ContinuousProcesses for each particle and not before, showed
some dramatic changes. Most notably the maximally allowed magnetic deflection angle needed
not be set to extremely low values anymore in order to produce plausible results and the runtimes
decreased considerably.

Detailed comparison simulations between CORSIKA 8, CORSIKA 7 and ZHAireS were
presented in [69]. In short, a much better agreement was observed especially when considering
the dominant polarization (fig. 25). Unfortunately, when considering the other 2 polarizations
shown in fig. 26 a bipolar structure in the radio pulses simulated with CORSIKA 8 was observed.
This was not the case in CORSIKA 7 nor ZHAireS. This behavior was traced back to the rather
odd interface choice were the particle and track were 2 separate objects with overlapping
information. In more detail, the particle object would get updated through the track object
in terms of energy, position, time and direction. This was not being updated correctly for the
case of multiple scattering which is calculated through the PROPOSAL [70] interface for the
particle object. In simpler terms, the direction of the particle would be calculated throughout

https://gitlab.iap.kit.edu/AirShowerPhysics/corsika/-/tags/icrc-2021-b
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Figure 25: Signal pulse comparison of dominant polarization for antenna at 50 m (left) and at
200 m (right) from the shower core.

Figure 26: Signal pulse comparison for antenna at 200 m from the shower core. North (left) and
vertical polarization (right) are plotted.

PROPOSAL but would then be overwritten by the track object in the Cascade algorithm.

To tackle this problem, it was decided to merge in a wrapper class the particle and
track objects in order for the ContinuousProcess class to be able to process and return the
differential change of state. This wrapper class is called Step and it creates and returns a
step object which contains information about the differential change in energy, time, position,
direction and velocity of a particle. Using this class the ContinuousProcesses get as input one
step object instead of a particle and track and modifies the step accordingly. Then in the
Cascade algorithm the particle object gets updated through the step object in which all the
ContinuousProcesses have been applied. Most of the modules needed to be adapted to this
interface change and especially the ones that were using the doContinuous() method. With this
change though, multiple scattering is taken into account as intended this time.

An identical air shower simulation and comparison as presented in [69] was performed
with the new interface. In fig. 27 it is shown that in the non-dominant polarizations the bipolar
structure that was present in the CORSIKA 8 pulses (fig. 26) utilizing the old interface, is not
present anymore and the agreement with CORSIKA 7 and ZHAireS is now within acceptable
limits. The 2 dimensional maps of the energy deposited to the ground in the 30 MHz to 80 MHz
band is depicted in fig. 28 in the same manner as in [69]. In [69] the fluence maps for v⃗ × (v⃗ × B⃗)
and v⃗ polarizations were symmetric in contrast to the ones simulated with CORSIKA 7 and
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Figure 27: Signal pulse comparison for antenna at 200 m from the shower core. North (left) and
vertical polarization (right) are plotted with the step object being used for the simulation.

ZHAireS. This is no longer the case and the overall agreement is within acceptable limits given
the shower to shower fluctuations.

Summing up the work that has been presented so far in this chapter, some milestones
are worth mentioning. First, it was proved that the radio module calculates the correct radio
emission for both CoREAS and ZHS. The tracking algorithm was tested and found to have an
expected behavior. The issues of noisy and bipolar pulses due to inconsistent handling of the
time information were tracked down because of to the radio simulations. A solution for that was
presented and major architectural changes in the CORSIKA 8 core code were made to tackle this.
These changes were successful and the CORSIKA 8 radio simulations displayed good agreement
with CORSIKA 7 and ZHAireS. This proves that the radio module can also be used as an excellent
diagnostics tool and can contribute to improvements in the core code.
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Figure 28: Table of energy fluence in different polarizations of the electric field in the 30 MHz to
80 MHz frequency band for C8 CoREAS, C8 ZHS, C7 CoREAS and ZHAireS. The order of the
polarizations we see starting from top to bottom is: all polarizations, v⃗ × (v⃗ × B⃗), v⃗ × B⃗ and v⃗.
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Figure 29: Points that consist the particle trajectory for the electron (left) and the positron
(right).

6.4 The "Clover Leaf" pattern

Inclined air showers develop higher in the atmosphere, where the air density is lower. At these
altitudes, the radiation pattern we witness on the ground from simulations is often called as the
"clover leaf" pattern. There have been efforts for the current macroscopic descriptions of the
radio emission to be refined [30]. This is the case, since the pattern under discussion cannot be
described by the standard paradigm of a transverse current and a charge excess contribution.
Such a polarization pattern (fig. 6) could be potentially explained by the geo-synchrotron models
[31] which have predicted the "clover leaf" pattern in the past. Since the atmospheric density
is low, no sufficient amount of charge excess can be built up on the shower front, and given a
strong geomagnetic field the synchrotron emission can dominate over the charge excess. This
can also be understood from the fact that the particles because of the lower density and the
stronger magnetic field can propagate on appreciable arcs and are not stopped immediately by
the interactions with the air molecules. Except for the "clover leaf" pattern, under the same
circumstances the amount of radiation energy is significantly lower due to coherence loss [30].

To test this, CORSIKA 8 and the radio module built in it provides an excellent
opportunity given its modularity. An environment with a uniform horizontal magnetic field
roughly ten times stronger than the Auger site and a refractive index equal to 1 is simulated. A
pair of an electron and a positron is set to a downward vertical motion performing a quarter-circle
with their energy set to 10 MeV. The injection altitude for both particles is 5 km. The trajectories
of each particle under the influence of the magnetic field are shown in fig. 29. For the antenna
array, an antenna is put to the center and around it 40 concentric rings spaced equally per 25 m
with 8 antennas distributed azimuthally in each ring, covering a radial distance up to 1 km. For
the radio emission both the CoREAS and ZHS formalisms were used.

The fluence contribution to the v⃗ × (v⃗ × B⃗) component, for an electron, a positron and
an electron-positron pair is shown for CoREAS (fig. 30) and for ZHS (fig. 31). The emission
resulting from an electron or a positron separately do not result in the clover leaf pattern, but
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(a) Electron (b) Positron (c) Electron-Positron pair

Figure 30: The resulting fluence to the v⃗ × (v⃗ × B⃗) component for an electron (left), a positron
(middle) and an electron-positron pair (right) as simulated with CoREAS. The radio pulses were
filtered in the 10 MHz to 1 GHz frequency band.

(a) Electron (b) Positron (c) Electron-Positron pair

Figure 31: The resulting fluence to the v⃗ × (v⃗ × B⃗) component for an electron (left), a positron
(middle) and an electron-positron pair (right) as simulated with ZHS. The radio pulses were
filtered in the 10 MHz to 1 GHz frequency band.

the superposition of both their emissions does. For the pair, destructive interference is observed
on the North-South and East-West axis and the pattern shows close resemblance to fig. 6. This
signature pattern is a strong indication that clover leaf patterns observed in air shower simulations
could be explained by the synchrotron emission model [30]. Looking into the dominant v⃗ × B⃗

component for the CoREAS (fig. 32) and ZHS (fig. 33) formalisms, it is evident that the pair
results from constructive interference along the North-South axis with the fluence peaking at the
center.

On a more technical note, this lab experiment showcases the capabilities of the module
and of CORSIKA 8. Simulations like this can be used as a tool to inspect the dependence of
the clover leaf pattern on many parameters such as density or magnetic field strength in a very
straightforward way. This is an easy to run and tweak example code that can be found on the
CORSIKA 8 physics examples. Additionally, it is shown that the CoREAS and ZHS formalisms
do agree quite well and both predict the same patterns. It is also worth noting, that to properly
simulate the fluence patterns discussed above, the maximally allowed deflection angle in the

https://gitlab.iap.kit.edu/AirShowerPhysics/corsika/-/blob/master/examples/physics_examples/synchrotron_clover_leaf.cpp?ref_type=heads
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(a) Electron (b) Positron (c) Electron-Positron pair

Figure 32: The resulting fluence to the v⃗ × B⃗ component for an electron (left), a positron (middle)
and an electron-positron pair (right) as simulated with CoREAS. The radio pulses were filtered
in the 10 MHz to 1 GHz frequency band.

(a) Electron (b) Positron (c) Electron-Positron pair

Figure 33: The resulting fluence to the v⃗ × B⃗ component for an electron (left), a positron (middle)
and an electron-positron pair (right) as simulated with ZHS. The radio pulses were filtered in the
10 MHz to 1 GHz frequency band.

tracking algorithm had to be set to a very small value (0.0001 rad). This effectively simulates the
particle trajectory as a set of many, very small, fine tracks. Using the tracking algorithm’s default
value which is 0.2 rad did not simulate enough points to calculate the synchrotron radiation
properly. It produces blurry patterns which indicate the lack of proper resolution. As a final
remark, the CoREAS formalism was able to reach the desired resolution with a larger value of
0.001 rad, whereas the ZHS formalism would produce blurry patterns at that value. This hints to
dependency of the agreement between the 2 algorithms on the effective simulated track length,
which is the topic of discussion of section 9.
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7 Parallel calculation of radio signals using multithreading

Computing performance is a major issue when it comes to simulating and processing air showers
from ultra-high-energy cosmic particles with CORSIKA 8. This is the case for CORSIKA 7 and
ZHAireS too, where these simulation codes have been hand-optimized to tackle this with the
downside of losing flexibility. Hurting flexibility is not an option for CORSIKA 8. Computing
times are very long when it comes to the radio calculation, especially when one needs to simulate
hundreds or even thousands of antenna instances. In the modern era of computers, multicore
systems with an ever increasing core count are available for the mainstream audience. Developing
CORSIKA 8 from scratch using the latest C++ standards allows for the inclusion of technologies
like multithreading. Instead of performing calculations in a sequential manner, available threads
on the system handle the operations on a parallel fashion which can dramatically increase
performance of a single job. The job runtime boost, or speed up factor (S) is dictated by
Amdahl’s law [71] which is shown in eq. (27) below.

S = 1
f + 1−f

P

(27)

Where f is the sequential workload and P is the number of processors, in our case
threads. This formula states that even with an infinite number of threads there will always
be a threshold 1

f that job runtime cannot be boosted beyond. In simple terms, employing raw
computing power in terms of threads (or cores) will not make the code run infinitely faster;
optimizations and efficient code writing is still crucial. Regarding CORSIKA 8, the ideal scenario
of parallelization would be to parallelize all the modules that take place in the process sequence
and also the particle stack. This way particles would be assigned and treated in parallel by
different cores and the performance jump would be significant. Such a task is not at all trivial as
it entails both technical and conceptual challenges. On a more technical level, the code needs to
apply the concept of thread safety which ensures that it behaves as intended and operations do
not go through unintended interactions. This is up to the developer to figure out and eventually
choose wisely the levels of parallelism employed.

The radio module is the first module in CORSIKA 8 to make use of multithreading
technologies. The reasons that radio was chosen for this were that an "inner loop" consumes a
large fraction of computing time and to parallelize over antennas is conceptually easy. In the
following section the library used and the implementation of it in the radio code is going to be
discussed. Benchmarks with idealized scenarios and air shower simulations will be shown that
confirm the benefits of multithreading. The numerical consistency of the implementation will
also be validated by simulating identical showers many times on a different number of threads.
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7.1 Gyges and adjustment to the radio module

The most obvious and probably one of the most efficient way to parallelize the radio calculation is
on the antenna level. As discussed in section 5 every particle track is pushed into the formalism
where it is looped over all antennas available in the AntennaCollection. At this level, concepts
of C++ concurrency are employed in order to create a suitable thread pool that allocates the
computational load for each antenna. The Gyges library [72] that handles multithreading concepts
has been used by the radio module.

Gyges is a lightweight C++17/20 header-only library for easing the creation, task
submission and management of thread pools on multicore systems. By deploying Gyges, the
user avoids the implementation details involved in the creation, synchronization and destruction
of thread pools, as well as the submission of tasks to it. For instance, by using Gyges, the
computational costs associated to the creation and destruction of threads can be paid just once
in the program lifetime, since threads of the pool pick-up tasks as they become available. If
there are no tasks to be processed, the threads just go sleeping, releasing resources for other
processes that might be running on the machine. A simple interface is available for the task
submission to multiple threads. The submitter gets a std::future for monitoring and collecting
the result of the task in-place. Additionally, the assignment of submitted tasks to threads, and
the processing of assigned and running ones, can be "politely interrupted" at anytime acting over
a std::stop_token instance passed to the task from the Gyges interface.

For certain workloads, it is convenient to submit all tasks to the pool before starting
the processing. Gyges covers such cases as well. Indeed, it is possible to create a thread pool and
put in a “hold-on” state, which postpones the processing of the tasks until the thread pool is put
back on “unhold” status. In Gyges, the threads are never kept busy-waiting, i.e., the whole pool
is put to sleep until an “unhold” command is sent. These features make Gyges very suitable for
workloads consisting of many tasks with different times of completion. Given the tasks are picked
up by threads of the pool in an out-of-order way, the overall time required to process a bunch of
tasks tends to be limited by the task taking the longest to complete. Resource starvation at the
pool is automatically prevented, once threads that cannot find available tasks are put to sleep.

The parallelism offered by Gyges is exploited to accelerate the processing of the radiation
emitted by each particle, parallelizing the calculations of the antenna array. For each formalism,
a new callable runner object was implemented which abstracts away the implementation details
for the actual radio calculation, and is convenient for the Gyges library. This object together with
the AntennaCollection are distributed to the worker threads as indicated by the gyges::gang
instance. More specifically, a task is defined for each antenna in the array detector. The set
of tasks is distributed to the thread pool managed by the gyges::gang and the corresponding
calculations are performed in parallel. The size of the thread pool is specifiable at the radio
process construction time and should be chosen in order to maximize performance, hiding the
latency inherently associated with the computational costs associated to keep a large number of
threads active, even if for a short period of time. To hide all this complexity from users simple

https://gitlab.iap.kit.edu/AAAlvesJr/Gyges/-/tree/main/gyges
https://www.drdobbs.com/parallel/interrupt-politely/207100682
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and comprehensive interfaces have been implemented as shown in listing 7.

Listing 7: The radio module interface
// the detector (aka antenna collection ) for CoREAS and ZHS
AntennaCollection < TimeDomainAntenna > detector ;

// helper function for creating a propagator which takes the environment as a
parameter

auto propagator = make_dummy_test_radio_propagator ( environment );

// helper functions for creating CoREAS and ZHS instances , taking as parameters
the detector and propagator object , along with the number of threads

auto coreas = make_radio_process_CoREAS (detector , propagator , nthreads );
auto zhs = make_radio_process_ZHS (detector , propagator , nthreads );
// the coreas and zhs objects are radio processes which are put in the process

sequence

Once an AntennaCollection (or detector) has been initialized, one is free to construct
and add there the specified type of antenna instances. Using the helper functions for the
propagators, a propagator object is returned which along with the AntennaCollection and
the user designated number of threads act as variables in the formalism helper functions.
Each formalism has implemented a helper function that returns a radio process type object
which is the final object that needs to be put in the process sequence of the CORSIKA 8
simulation. By default, the number of threads for the formalism helper functions is set to
std::thread::hardware_concurrency which is the optimal number depending on the hardware
at hand. It is worth noting that more threads do not always imply better performance. There
is a latency cost to be paid for thread synchronization which makes multithreading suitable for
heavier loads. These aspects along with performance studies are going to be discussed next.

7.2 Performance benchmarks

In this section, we aim to benchmark and validate the multithreading capabilities of the radio
module. For this task, a modern CPU with 24 physical cores and 48 available threads has been
employed. The runtimes are documented and the overall speed-up factor is investigated as a
function of the number of threads. The 2 main observations are that the speed-up is heavily
dependent on the computational load that is assigned to each thread and the number of antennas.
The more the load for each cycle the better the speed-up factor. Additionally, the more antenna
instances within the AntennaCollection the better the performance boost. These observations
are confirmed by the following tests.

For the first test, a single charged particle travelling on a finite straight trajectory is
considered. For the calculation of the radio emission from that track both formalisms are used.
A gyges::gang with up to 48 worker threads is employed. In fig. 34, the benchmark plots are
shown for CoREAS (left) and ZHS (right) on an antenna collection consisting of 200 antennas.
The highest speed-up is observed for 12 threads in the case of CoREAS and for 8 threads for
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Figure 34: Performance to process a single particle as a function of number of threads for an
array detector containing 200 antennas.

ZHS. For more threads, the performance is saturated and in the case of ZHS we even observe the
multithreaded performance getting worse for more than 26 threads compared to the single core
performance. This happens due to computing tasks not being able to occupy the CPU enough to
hide the latency and costs associated with the management of multiple threads. Additionally,
the 48 threads correspond to logical cores due to hyper-threading, but the physical cores of the
system are 24. Hence, beyond 24 cores no boost in computation times is expected. Next, in
fig. 35 a larger antenna collection consisting of 1000 antennas is inspected. In this case, peak
performance is observed for 16 threads and 10 threads for CoREAS and ZHS respectively. For a
larger number of threads the performance is saturated again but this time it is always better than
the single core performance. Finally, in fig. 36 we perform the same test for 10000 antennas where
we see a consistent increase in performance as the number of threads is increased. In this test
case, the performance dependency on the number of antennas is investigated and it is shown that
the multithreading capabilities of the module truly shine on detectors that consist of antennas
in the order of thousands. Such a performance boost gives an advantage and a viable technical
solution for simulating air showers for experiments like SKA and GRAND that utilize thousands
of antennas.

For the next test case the synchrotron emission similar to the calculation described
in section 6.1 is considered. Here the performance dependency on the number of antennas but
also on the number of particle tracks is inspected. In fig. 37 and fig. 38 it is confirmed that the
performance boost is not correlated with the number of simulated particle tracks. Performing the
radio calculation on a larger antenna collection though, clearly shows the benefits of multithreading.
This is evident when looking at how the runtimes behave on different number of threads. In fig. 37
the runtimes decrease for up to 5 threads but quickly saturate and then the task assignment
and thread management hurt performance due to the small number of antennas. In fig. 38
where instead of 160 antenna instances, 1600 are utilized for the same calculation the runtimes
considerably drop and saturate at roughly 10 threads for both formalisms. In all benchmarks
cases inspected so far the behavior is expected and follows Amdahl’s law. Similar results would
have been achieved, albeit leading to performance peaking at different number of threads, when
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Figure 35: Performance to process a single particle as a function of number of threads for an
array detector containing 1000 antennas.

Figure 36: Performance to process a single particle as a function of number of threads for an
array detector containing 10,000 antennas.
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Figure 37: Performance for different number of threads calculated for the synchrotron emission
case for 160 antennas. The circular trajectory consists of 500 tracks (left) and of 5000 tracks
(right).

deploying propagators performing heavier calculations.

Performing these benchmarks especially the ones in figs. 34 to 36 provides the opportunity
to compare the runtimes between the CoREAS and ZHS formalisms. Given an identical scenario,
the one of processing a single particle track on different number of antennas in an environment
with a uniform refractive index, ZHS is almost twice as fast as CoREAS. This is to be expected
though, because as already mentioned ZHS treats every particle track as one point internally
whereas CoREAS for every particle track considers the start and end point, hence two points.
Furthermore, CoREAS needs to call the propagator twice while ZHS calls it only once. As a
result, CoREAS gains more performance boost by multithreading as can be seen by the larger
speed-up factors. Interestingly, looking at figs. 37 and 38 one can realize that for 500 tracks
ZHS is actually slower than CoREAS and for 5000 tracks is again faster regardless the number
of antennas. In this case, since the circular trajectory is fixed in size, when considering 500
tracks, the tracks are larger. Here, ZHS needs to subdivide each track to smaller ones to fulfill
the Fraunhofer limit, which makes the algorithm process more track segments. For 5000 tracks
though, the tracks are smaller and the subdivision does not need to happen anymore and hence
CoREAS is slower as explained earlier. This observation highlights once again the capabilities of
the radio module which is able to handle both formalisms on the exact same footing and as a
result, reveal the intricacies of both the CoREAS and ZHS formalisms.
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Figure 38: Performance for different number of threads calculated for the synchrotron emission
case for 1600 antennas. The circular trajectory consists of 500 tracks (left) and of 5000 tracks
(right).

7.3 Air Shower validation

It has been confirmed that by employing Gyges and adjusting the radio module accordingly,
multithreading works as intended and follows Amdahl’s law. In this section, the overall impact
of parallelization on an air shower simulation is examined. The radio process is the only one in
the process sequence that employs multithreading which means that the rest of the processes
run sequentially and the speed-up is limited on the radio level. For this reason, the simulation
is restricted to an electron-induced air shower with hadronic interaction models being omitted.
It is worth noting that in a full shower simulation due to the Gyges design, the overhead for
creating, managing and submitting tasks to the thread pool is negligible in comparison to the
other initialization routines called up-front by all the modules relevant to the simulation.

The air shower is set to be vertical with primary energy for the electron being 10 TeV
at a constant horizontal geomagnetic field of 50 µT aligned in the x direction and a uniform
refractive index (n = 1.000327). The antenna array is configured in 8 concentric rings distributed
azimuthally with a 25 m spacing totalling 160 antennas per radio process. 2 radio processes with
different formalisms, but identical propagators, antenna collections and filters are initialized.
Each of the radio processes is submitted to Gyges separately and although in total CORSIKA 8
handles 320 antennas, Gyges assigns threads to 160 antennas at a time.

The electromagnetic shower configuration is benchmarked and the results are shown in
fig. 39. First, the electromagnetic shower with the radio module being turned off is simulated in
order to highlight the computational cost of the module itself. Then the same electromagnetic
shower with identical setup and identical number sequence is simulated for a varied number of
threads, starting from 1 thread all the way up to 32. The performance profile shown in fig. 39
confirms the behavior observed in the previous performance plots. The peak speed-up factor is
observed at 10 threads; for more threads the CPU load is not high enough to conceal latency
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Figure 39: The parallelized radio module running on an electron induced air shower processing a
detector array of 160 antennas. 2 formalism, namely CoREAS and ZHS are activated and use
160 antennas each. The performance peaks at 10 worker threads, beyond which the performance
degradates.

costs and thread management, as expected. In single-core simulations the computing cost of the
radio module is also evident leading to a ≃ 8 times increase in computing time. This highlights
once again the necessity of the module being able to reduce its computing times. In this case,
this is achieved to roughly a half by taking advantage of multithreading.

Finally, the numerical consistence of the radio pulses simulated using both formalisms is
validated for a different number of threads. In fig. 40 the pulses simulated with CoREAS and
ZHS respectively are plotted. The same calculation has been performed by a varying number
of threads multiple times. A random antenna at 200 m from the shower on the arm at 90◦ is
picked and all the polarizations are plotted separately. It is evident in the plots that regardless
the number of threads employed the resulting pulses are identical with no measurable numerical
impact. This proves that the radio calculation employing different number of threads is carried
out consistently and accurately.

As a final remark, the successful parallelization of the radio module acts as a proof
principle that the module is thread safe and written in a modern way that allows the inclusion of
modern technologies. Ideally, the parallelization strategy followed can be extended by the rest
of CORSIKA 8 developers on the other modules and significantly improve runtimes. Given the
modularity and flexibility associated with the CORSIKA 8 code a penalty in performance is paid.
The way to overcome this, is parallelization not only in the CPU level but also by employing
GPU cores. Modern GPUs come with thousands of cores which can help to accelerate radio
emission calculations even further and thus CORSIKA 8 as a whole.
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(a) West polarization - CoREAS. (b) West polarization - ZHS.

(c) North polarization - CoREAS. (d) North polarization - ZHS.

(e) Vertical polarization - CoREAS. (f) Vertical polarization - ZHS.

Figure 40: Pulse comparisons in all three polarizations using the CoREAS and ZHS formalisms.
The pulses have been simulated and processed on gyges::gangs of different sizes. Different number
of threads produce identical pulses for both formalisms, as expected.
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8 Air Shower validation with existing software

Having presented the radio module’s architecture, capabilities and various use cases it is only
natural to showcase its full potential on a realistic air shower simulation. To validate its results,
radio simulation comparisons take place with well established software like CORSIKA 7 and
ZHAireS for similar air showers. In addition, an extensive comparison with a library of simulations
takes place between CORSIKA 8 and CORSIKA 7 where it is showcased that the effective track
length simulated for particle tracks can alter their agreement.

8.1 A CORSIKA 8 versus CORSIKA 7 versus ZHAireS comparison

Many extensive air showers were simulated with CORSIKA 8 using both the CoREAS and ZHS
formalisms via two separate radio processes, as well as with CORSIKA 7 and ZHAireS. The
settings used for all shower codes were set to be identical wherever possible. It is also worth
mentioning that for the CORSIKA 8 simulations the beta_release_pre_v1.1 tag was used. 3 of
those showers in which the longitudinal development of the shower was very similar were chosen
and compared in terms of their radio emission below.

The setting for the simulation for all software was a vertical iron induced 100 PeV
extensive air shower. Energy cuts were set for both electromagnetic and hadronic components of
the shower. For the electromagnetic cuts the value was set to 0.5 MeV, and for the hadrons and
muons the cuts were set to 0.3 GeV. Regarding hadronic interaction models, Sibyll 2.3d [14] was
used for high energies and for the low energy particles for C8 and C7 FLUKA [18] was used and
Sibyll 2.3d [14] for ZHAireS. Concerning the electromagnetic interaction model, in contrast to
CORSIKA 7 and ZHAireS, for CORSIKA 8, PROPOSAL v7.6.1 [73, 70] was used. In addition,
thinning was employed to reduce computing times. All 3 shower codes use different thinning
algorithms so the parameters were set in a way to produce comparable effects. For CORSIKA 8,
the thinning algorithm is applied to the electromagnetic cascade only [74]. One more thing that
is not the same in the shower codes is the tracking algorithms. For CORSIKA 8 and CORSIKA 7
the default value of the maximally allowed deflection angle used is 0.2 rad, while for ZHAireS the
default value is there too. Taking all these technical differences into account together with the
fact that Monte Carlo simulations rely on random number sequences, it is unrealistic to expect a
100% agreement.

The environment was configured in all simulations to be the "US Standard Atmosphere",
with a refractive index at sea level of n = 1.000 327 and for higher altitudes scaling following
the Gladstone-Dale law [75], i.e, refractivity scaling proportionally with air density. A constant
geomagnetic field of 50 µT aligned in the x direction was set. A star-shaped pattern of 160 time
domain antennas for the antenna collection was set. The sampling period of each antenna is set
to 0.1 ns. They are located at sea level, in 20 concentric rings spaced equally from 25 m to 500 m
from the shower axis with 8 antennas distributed azimuthally in each ring. The precise locations

https://gitlab.iap.kit.edu/AirShowerPhysics/corsika/-/tags/beta_release_pre_v1.1
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Figure 41: Longitudinal profiles of air showers simulated with CORSIKA 8, CORSIKA 7 and
ZHAireS. The number of electrons and positrons with respect to grammage is shown.

can be found in the 2 dimensional fluence maps in fig. 44 and fig. 45. It is worth pointing out
once more, that for C8 we run one shower simulation which consisted of 2 radio processes. Both
used the same filters, propagator, identical antenna collections and differ only in the formalism,
one used CoREAS and the other one ZHS.

In fig. 41 the longitudinal profiles of all 3 showers simulated with CORSIKA 8, CORSIKA
7 and ZHAireS are shown. The number of electrons and positrons are plotted with respect to
atmospheric depth in g cm−2. For the CORSIKA 8 shower, Xmax is ∼ 560 g cm−2, for ZHAireS it
is ∼ 550 g cm−2 and finally for CORSIKA 7 it is ∼ 570 g cm−2. In terms of number of particles,
from fig. 41 it is evident that for both electrons and positrons all 3 showers are very close. Hence,
given that both number of particles and Xmax are similar, it is safe to proceed and compare the
resulting radio emission.

To directly compare the radio emission from all air showers an arm is chosen in the
v⃗×(v⃗×B⃗) direction, at 90◦ from the positive x-axis on the star-shaped pattern. This choice, given
that a purely vertical shower is examined decouples the geomagnetic emission from the charge
excess contribution by comparing the different polarizations on the antenna level. Antennas on 3
distances from the shower core are picked for the detailed comparisons, namely one closer to the
shower core at 50 m, one at the Cherenkov ring where the pulses peak in amplitude at 100 m and
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(a) 50 m. (b) 50 m.

(c) 100 m. (d) 100 m.

(e) 200 m. (f) 200 m.

Figure 42: Signal pulse and frequency spectra comparison in the 0 GHz to 1 GHz band, for various
antenna distances from the shower core - Geomagnetic contribution.
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one further away at 200 m where the signals start to die out. I inspect both the time domain and
frequency domain information on all these locations. For the time domain the pulses are filtered
in the 0 GHz to 1 GHz frequency band.

In fig. 42, the comparison starts from the geomagnetic contribution which is dominant
in air showers. This is shown in terms of antenna polarization which is v⃗ × B⃗ or also referred
as "West" as dictated by the geomagnetic field vector orientation. Close to the shower core at
50 m (fig. 42a and fig. 42b) the agreement for the pulse amplitudes is quite good within 20% with
CORSIKA 8 pulses producing slightly more power in the whole spectrum. Near the Cherenkov
ring at 100 m (fig. 42c and fig. 42d) in terms of pulse amplitude the CORSIKA 8 pulses are
stronger by ≤ 15% and this also the case for the corresponding frequency spectra. Finally, for an
antenna at 200 m only for the pulse amplitude the CORSIKA 8 pulses are stronger by ≤ 15%
while in terms of spectral amplitude the difference is much smaller.

The subdominant charge excess contribution is showcased in fig. 43 for the same antennas
as previously. This contribution is studied on the v⃗ × (v⃗ × B⃗) or "North" polarization. The
agreement in this case is similar to the one found in the geomagnetic contribution both in the
time and frequency domain. The most prominent difference of roughly 25% is spotted closer to
the shower core, where the CORSIKA 8 signals are again stronger. As I compare the pulses and
spectra moving away from the shower core the agreement gets better. In both the geomagnetic and
charge excess contributions apart from the amplitude and power differences that were discussed,
the radio signals in the time domain agree also in terms of pulse shape. Moreover, a slight
inconsistency in the timing information is observed for all 3 showers. This is not a CORSIKA
8 issue as we can see that CORSIKA 7 times are off even when compared with ZHAireS. The
reason for this is unclear at the time of writing.

As a final comparison, I calculate and plot in two-dimensional maps the energy fluence
of the 3 showers in all polarizations as defined in eq. (11). For the comparison, two frequency
bands are considered, namely the 30 MHz to 80 MHz (fig. 44) and 50 MHz to 350 MHz (fig. 45).
In both fluence maps the exact antenna locations are shown where the signal has been simulated,
whereas in the in between regions the signal has been interpolated using the radial basis function
interpolation through scipy [67]. In both frequency bands and all polarizations the symmetry
and shape of the footprint match very well between the different codes and formalisms. One
can also notice that the 2 formalisms match better in the 50 MHz to 350 MHz band as can be
seen in fig. 45. However, there is an excess of fluence for the CORSIKA 8 pulses of roughly
20 % to 25 % especially close to the shower core. A similar behavior was observed for the pulses
in the time domain where the frequency band considered was 0 GHz to 1 GHz though. It is
worth noting once more that the simulated showers are not identical so a 100% agreement is not
expected. Systematic studies that have been performed on electromagnetic air showers regarding
the agreement of CORSIKA 7 and CORSIKA 8, might indicate why even though the CORSIKA
8 shower has less electrons and positrons as seen in the longitudinal profiles (fig. 41) more energy
is being deposited on the ground in the form of radio waves. Looking at the bottom of fig. 47,
the ratio of the lateral profiles between CORSIKA 8 and CORSIKA 7 is plotted. The straight
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(a) 50 m. (b) 50 m.

(c) 100 m. (d) 100 m.

(e) 200 m. (f) 200 m.

Figure 43: Signal pulse and frequency spectra comparison in the 0 GHz to 1 GHz band, for various
antenna distances from the shower core - Charge excess contribution.
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Figure 44: Table of energy fluence in different polarizations of the electric field in the 30 MHz to
80 MHz frequency band for C8 CoREAS, C8 ZHS, C7 CoREAS and ZHAireS. The order of the
polarizations we see starting from top to bottom is: all polarizations, v⃗ × (v⃗ × B⃗), v⃗ × B⃗ and v⃗.
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Figure 45: Table of energy fluence in different polarizations of the electric field in the 50 MHz to
350 MHz frequency band for C8 CoREAS, C8 ZHS, C7 CoREAS and ZHAireS. The order of the
polarizations we see starting from top to bottom is: all polarizations, v⃗ × (v⃗ × B⃗), v⃗ × B⃗ and v⃗.
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Figure 46: Signal pulse and frequency spectra comparison in 0 GHz to 1 GHz band, for antenna
at 25 m from the shower core - Vertical polarization.

line is the electron and positron ratio and the dashed line is the photon ratio. For electrons and
positrons which are contributing to the radio emission, it is shown that they are systematically
located closer to the shower core for CORSIKA 8 (PROPOSAL v7.6.1). Up to 1 m, there are
almost 25% more electrons and positrons and positrons and then the agreement fluctuates up to
∼ 15% for distances of 1 m to 700 m. This would suggest that the produced radio signal is more
coherent for CORSIKA 8 and could potentially explain the excess of fluence that is observed.

The fluence maps in both frequency ranges reveal an interesting observation in the v⃗ (or
vertical) polarization. The CoREAS formalism (both in CORSIKA 8 and CORSIKA 7) and ZHS
(both in CORSIKA 8 and ZHAireS) behave differently close to the shower core. ZHS predicts
radio emission near the center of the shower core as seen in the form of a "blip", whereas CoREAS
predicts no significant signals in the same area. To further look into this, the pulses and frequency
spectra are plotted for an antenna very close to the shower core at 25 m (fig. 46). It is evident that
ZHS predicts predicts ∼ 80% more amplitude with respect to CoREAS especially in frequencies
below 500 MHz. In practical terms though, the v⃗ polarization is negligible when compared to the
dominant v⃗ × B⃗ polarization. This is clearly a difference in the predictions of the 2 formalisms.
In the section 9 a detailed CoREAS versus ZHS comparison of the two formalisms is going to be
discussed.
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Figure 47: Median values of lateral profiles of electrons, positrons and photons for 100 TeV
photon induced showers. Observation height for the evaluation is set to 5800 m, corresponding to
Xmax = 497 g cm−2. This plot was provided by Jean-Marco Alameddine [76].

8.2 A systematic comparison between CORSIKA 8 and CORSIKA 7

For a more systematic study a library of 200 CORSIKA 8 and 200 CORSIKA 7 simulations is
produced. This library consists of 1 PeV iron induced vertical air showers. Energy cuts were
set for both electromagnetic and hadronic components of the shower. For the electromagnetic
cuts the value was set to 0.5 MeV, and for the hadrons and muons the cuts were set to 0.3 GeV.
Regarding hadronic interaction models, Sibyll 2.3d [14] was used for high energies and for the
low energy particles FLUKA [18] was used. Thinning was not applied. The environment was
configured in all simulations to be the "US Standard Atmosphere", with a refractive index at
sea level of n = 1.000 327 and for higher altitudes scaling following the Gladstone-Dale law. A
constant geomagnetic field of 50 µT aligned in the x direction was set. A star-shaped pattern of
80 time domain antennas for the antenna collection was set. The sampling period of each antenna
is 0.1 ns. They are located at sea level, in 10 concentric rings spaced equally from 25 m to 250 m
from the shower axis with 8 antennas distributed azimuthally in each ring. In all simulations
the point of first interaction is fixed in order to minimize shower fluctuations. With this library
the agreement of CORSIKA 8 and CORSIKA 7 is studied for different track lengths. This is
achieved in organizing the simulations library in the following way. 100 of the CORSIKA 8
showers were simulated with setting the maximally allowed magnetic deflection angle (maxRad)
equal to 0.2 rad and the other 100 with maxRad equal to 0.001 rad. The same way the CORSIKA
7 library was produced. The strategy for this study is to compare the showers produced with the
maxRad value of 0.2 rad between themselves for CORSIKA 8 and CORSIKA 7 and evalute their
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agreement in terms of their longitudinal profiles, fluence and radiation energy. Then, repeat the
same comparison for the maxRad values of 0.001 rad.

To calculate and plot the mean total fluence per antenna i (f i
total), for CORSIKA 8 and

CORSIKA 7 for all showers the following formula is used:

f i
total = ϵ0c∆t

j=100∑
j=1

tend∑
tstart

Eji(t)2/100 (28)

where j represents the shower number, in this case a total of 100. Using the same
notation, to calculate and plot the mean values of the geomagnetic contribution and the charge
excess on shower plane coordinates, the following formulas were used:

f i
geo =

j=100∑
j=1

(√
f ji

v⃗×B⃗
− cosϕ

|sinϕ|
·
√

f ji

v⃗×(v⃗×B⃗)

)2
/100 (29)

f i
ce =

j=100∑
j=1

(
1

sin2ϕ
· f ji

v⃗×(v⃗×B⃗)

)
/100 (30)

ϕ is the polar angle between the antenna position and the positive v⃗ × B⃗ axis. For ϕ = 0
or ϕ = π the 1/sinϕ term diverges. To tackle this, an interpolation takes place where these values
are calculated as the mean value from their nearest neighbors on the same radial distance from
the shower core.

Ratio maps for all showers in terms of percentage are calculated over the mean values of
fluence of CORSIKA 8 and CORSIKA 7. For example, the percentage difference per antenna i

(Di) in total fluence, between CORSIKA 8 and CORSIKA 7 is taking the CORSIKA 7 value as
reference and is calculated as such:

Di = f i
C7 − f i

C8

f i
C7

(31)

The same formula is applied for the geomagnetic contribution and the charge excess,
in order to calculate the difference in percentage between CORSIKA 8 and CORSIKA 7. If
the difference turns out positive that indicates that CORSIKA 7 produces more fluence than
CORSIKA 8. If it is negative, then CORSIKA 8 produces more fluence than CORSIKA 7.
Another important remark is how the total mean value of the difference of all antennas (D) is
calculated throughout the whole footprint. A weighted mean average scheme is utilized where
every antenna location comes with a weight (wi). The weight is defined as the fraction of the
fluence of that antenna (fi) over the maximum fluence (fmax) over the whole footprint. This
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Figure 48: The longitudinal profiles over 100 showers for CORSIKA 7 and CORSIKA 8 of
electrons (left) and positrons (right). The maximally allowed deflection angle is set to 0.2 rad.

Figure 49: The longitudinal profiles over 100 showers for CORSIKA 7 and CORSIKA 8 of
electrons (left) and positrons (right). The maximally allowed deflection angle is set to 0.001 rad.

way, it is ensured that to narrow down the total ratio percentage between CORSIKA 8 and
CORSIKA 7, the antennas where the signal is strong matter more than the ones where the
signal is weak. The quantity D can be interpreted as the quantity that describes how well the
simulations compared (in this case CORSIKA 8 and CORSIKA 7 simulations), agree in terms
of fluence over the whole footprint. A very similar scheme is going to be used throughout all
the comparisons that take place in this section as well as in section 9 and section 10. The exact
definition and usage of this scheme is going to be introduced in every different comparison. The
weighting scheme can be summarized in the following formulas:

D =
∑

i wiDi∑
i wi

(32)

wi = fi

fmax
(33)
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Having defined the tools, the comparison can take place. Starting from the 0.2 rad case
the longitudinal profiles (fig. 48) agree quite well with CORSIKA 7 producing ∼ 0.78% more
electrons and ∼ 0.57% more positrons at the shower maximum. For the 0.001 rad case (fig. 49)
the deviation gets larger with CORSIKA 7 producing ∼ 5.95% more electrons and ∼ 1.21% more
positrons at the shower maximum.

Proceeding to the fluence maps, for the 0.2 rad case (fig. 50) CORSIKA 8 simulates
consistently more fluence. In the 30 MHz to 80 MHz band, the smaller deviations are observed
close to the shower core up to the Cherenkov ring and further where the signal grows weaker the
deviations become larger. In the 50 MHz to 350 MHz, the picture is reversed with the deviations
being large close to the shower core up to the Cherenkov ring and getting smaller as the signal
gets weaker for distances larger than the Cherenkov radius. The overall agreement between the 2
simulation codes can be summarized by the radiation energy normalized over the electromagnetic
energy of the shower squared. For 30 MHz to 80 MHz, CORSIKA 8 simulates ∼ 34.9% more
radiation energy, while for 50 MHz to 350 MHz CORSIKA 8 simulates ∼ 57.1% more radiation
energy. The differences for fluence and radiation energy are summarized in table 1 and table 2
respectively.

Looking into the 0.001 rad case (fig. 51) the comparison gets interesting. Both simulation
codes now produce very small and fine tracks for the particle trajectories. Minus values mean
that CORSIKA 8 predicts more fluence, while positive values mean that CORSIKA 7 predicts
more fluence. In the 50 MHz to 350 MHz band, CORSIKA 7 consistently simulates more fluence
with larger deviations being within the Cherenkov ring and them becoming smaller moving
away from it. In the 50 MHz to 350 MHz band close to the shower core up to the Cherenkov
ring, CORSIKA 8 simulates more fluence, while moving to larger distances than the Cherenkov
radius, CORSIKA 7 simulates more fluence. Overall, in the 30 MHz to 80 MHz band CORSIKA
7 simulates ∼ 8.3% more radiation energy and for the 50 MHz to 350 MHz band, both simulation
codes almost converge with CORSIKA 8 simulating ∼ 1.7% more radiation energy. The differences
for fluence and radiation energy are summarized in table 3 and table 4 respectively.

This is a very interesting finding as it indicates that the differences in fluence that are
observed are possibly a result of how the particles are distributed laterally. More particles close to
the shower core spreading less in radial distances can lead to radio signals being more coherent and
hence attributing to more fluence. According to fig. 47, that seems to be the case for CORSIKA 8.
Forcing both simulation codes to produce very fine and small tracks seems to mitigate this issue
at least in terms of radiation energy. Further systematic studies on lateral profiles of electrons
and positrons for different maxRad values might prove to be very beneficial. A study that could
also shed some light to this for the future, would be to produce big libraries of CORSIKA 7
and CORSIKA 8 simulations for proton, iron and photon showers and set up many observation
levels on different stages of the shower development, especially close to Xmax. The issue of the
lateral profiles of particles (in the case of radio, electrons and positrons) being different should
become apparent and would explain the differences that the radio simulations hint us. Such a
fundamental deviation between the 2 simulation codes could be explained by differences in the
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tracking algorithm used, or the multiple scattering implementations. Regarding the tracking
algorithm as was shown in section 6.2, one could could study further whether the default value
for maximally allowed magnetic deflection angle used (0.2 rad) is sufficient to describe accurately
the particle trajectories. The effect of different multiple scattering approximations on radio
simulations is discussed in section 10.2.
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Figure 50: Ratio maps in fluence for 100, 1 PeV, iron induced vertical showers in the 30 MHz
to 80 MHz (left column) and the 50 MHz to 350 MHz band (right column). In the first row, the
ratio map in terms of total fluence is plotted, the second in terms of the geomagnetic contribution
and the last row in terms of the charge excess. The maximally allowed deflection angle is set to
0.2 rad and CORSIKA 8 CoREAS is directly compared to CORSIKA 7 CoREAS.
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Figure 51: Ratio maps in fluence for 100, 1 PeV, iron induced vertical showers in the 30 MHz
to 80 MHz (left column) and the 50 MHz to 350 MHz band (right column). In the first row, the
ratio map in terms of total fluence is plotted, the second in terms of the geomagnetic contribution
and the last row in terms of the charge excess. The maximally allowed deflection angle is set to
0.001 rad and CORSIKA 8 CoREAS is directly compared to CORSIKA 7 CoREAS.
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CORSIKA 8 vs CORSIKA 7 – mean difference in terms of % (0.2rad)
Fluence 30 MHz to 80 MHz 50 MHz to 350 MHz
Total Fluence -28.2% -62.4%
Geomagnetic
Contribution

-28.4% -62.7%

Charge Excess -39.9% -37.8%

Table 1: The difference in terms of % for fluence between CORSIKA 8 and CORSIKA 7 CoREAS
for maxRad set to 0.2 rad. The minus sign indicates that more fluence is simulated with CORSIKA
8.

CORSIKA 8 vs CORSIKA 7 – mean difference in terms of % (0.2rad)
Radiation Energy 30 MHz to 80 MHz 50 MHz to 350 MHz
Total Radiation
Energy

-34.9% -57.1%

Geomagnetic
Contribution

-34.8% -57.0%

Charge Excess -49.3% -34.1%

Table 2: The difference in terms of % for radiation energy between CORSIKA 8 and CORSIKA
7 CoREAS for maxRad set to 0.2 rad. The minus sign indicates that more radiation energy is
simulated with CORSIKA 8.
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CORSIKA 8 vs CORSIKA 7 – mean difference in terms of % (0.001rad)
Fluence 30 MHz to 80 MHz 50 MHz to 350 MHz
Total Fluence 13.1% -4.8%
Geomagnetic
Contribution

12.9% -4.7%

Charge Excess 8.1% 3.8%

Table 3: The difference in terms of % for fluence between CORSIKA 8 and CORSIKA 7 CoREAS
for maxRad set to 0.001 rad. The minus sign indicates that more fluence is simulated with
CORSIKA 8 and the plus sign that more fluence is simulated with CORSIKA 7.

CORSIKA 8 vs CORSIKA 7 – mean difference in terms of % (0.001rad)
Radiation Energy 30 MHz to 80 MHz 50 MHz to 350 MHz
Total Radiation
Energy

8.3% -1.7%

Geomagnetic
Contribution

8.2% -1.8%

Charge Excess 2.6% 6.0%

Table 4: The difference in terms of % for radiation energy between CORSIKA 8 and CORSIKA
7 CoREAS for maxRad set to 0.001 rad. The minus sign indicates that more radiation energy
is simulated with CORSIKA 8 and the plus sign that more radiation energy is simulated with
CORSIKA 7.
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8.3 Discussion

In this chapter the radio simulations with CORSIKA 8 were validated with well established
software. For a similar shower as was initially compared with CORSIKA 7 and ZHAireS,
CORSIKA 8 simulations predict consistently more fluence and stronger pulses than the other
simulation codes up to 25%. To inspect this further, a library of CORSIKA 8 and CORSIKA
7 simulations were produced. It was found that for the standard setting that defines the track
length of particle tracks, which is 0.2 rad, CORSIKA 8 predicts 34.9% more radiation energy in
the 30 MHz to 80 MHz band and 57.1% more radiation energy in the 50 MHz to 350 MHz band.
Such a large deviation when utilizing the default values is unacceptable. Although, when choosing
a maxRad value of 0.001 rad which effectively makes the track length of simulated particle tracks
shorter, the agreement gets much better. In the 30 MHz to 80 MHz band CORSIKA 7 predicts
8.3% more radiation energy and in the 50 MHz to 350 MHz band CORSIKA 8 predicts 1.7% more
radiation energy. A roughly 10% difference like in the case of the 30 MHz to 80 MHz band, while
not ideal, means a roughly 5% difference in energy scale. This is acceptable as it is not going to
dominate over the systematic uncertainties of an energy scale measurement.

It is worth noting that CORSIKA 7 and CORSIKA 8 use different electromagnetic
interaction models. However, such a disagreement could potentially be attributed to the difference
in the tracking algorithms. Making smaller and finer tracks is computationally heavy, but one
could argue that this is "closer to reality". The difference in tracking, especially for the 0.2 rad
case could affect the lateral distribution of the showers. A future study on the dependency of the
lateral shower profiles on maxRad could reveal the discrepancy, and thus initiate a revision of the
CORSIKA 8 magnetic field tracking. It could be that in order for the CORSIKA 8 magnetic
field tracking to match the accuracy of the CORSIKA 7 tracking algorithm, a lower maxRad
value needs to be set. What we could potentially witness in the radio simulations is the effect of
showers spreading "less", hence more particles are closer to the shower core, resulting to more
coherent, stronger pulses for CORSIKA 8.
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9 A systematic CoREAS versus ZHS comparison

The radio emission in air showers is a well understood process based on first principles [40],
[41]. The radiation energy due to energy conservation, and the fact that no absorption is taking
place in the atmosphere reflects the calorimetric energy in the electromagnetic cascade of an air
shower. This means that the same shower can produce the same amount of radiation energy
at different sites with altering factors being the magnetic field strength and the height at the
different locations. As a result, the radiation energy represents a well defined quantity that is
measured by the radio antennas of different experiments and can be used to compare them directly.
To perform such a feat, the formalisms and their corresponding algorithms must agree among
themselves to prove that the radio emission is well understood indeed. Technical parameters
of the simulations should not affect the radio simulations ideally. This the main topic of this
chapter. To compare and inspect technical parameters that might influence the two most widely
used radio calculations formalisms, namely CoREAS and ZHS. A good agreement between the
two, confirms that the radio emission is indeed well understood by the community even with
different modelling approaches.

Having both the CoREAS and ZHS formalisms built into CORSIKA 8 allows a full-
fledged comparison that takes out any uncertainty coming from the differences of their underlying
simulation codes. This is the case when trying to compare the two using CORSIKA 7 and
ZHAiRES. However, both algorithms in CORSIKA 8 are being fed with identical particle tracks,
which allows for a "true" comparison. In this chapter CoREAS and ZHS are going to be compared
for a variety of scenarios. These scenarios constitute of studies of their agreement in terms
of different primary particle energy, different primary particle, different multiple scattering
approaches and finally different simulated track lengths.

9.1 The track length as a factor of agreement between the CoREAS and ZHS
formaslisms

For a first comparison, the simulation data produced in section 8 for the 100 PeV iron induced
vertical shower with maxRad set to 0.2 rad is going to be used. The difference in total fluence
for 2 frequency bands is being shown in fig. 52 and fig. 53 for the antennas where the signal is
prominent, i.e. distances from the shower core up to 250 m. CoREAS is being compared with
respect to ZHS, by calculating the ratio of the total fluence predicted with COREAS subtracted
from the same quantity predicted with ZHS and then normalized over the total fluence calculated
with ZHS. This is done for each antenna in the antenna array. The total fluence percentage
ratio Di is plotted in the form of a map, where the black dots indicate the antenna positions (i)
and the in between values are interpolated (fig. 52, fig. 53 left). In fig. 52 and fig. 53 (right),
every data point is the mean value of the difference of every concentric ring of antennas per 25 m.
The error bars in fig. 52 and fig. 53 (right) indicate the standard deviation of the mean value
of the difference of every concentric ring of antennas divided by the number of antennas in the
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Figure 52: Difference in total fluence between CoREAS and ZHS in the 30 MHz to 80 MHz band
for a 100 PeV iron induced vertical shower. ZHS produces consistently more fluence across the
whole footprint.

concentric ring, which is 8.

Similarly to eq. (35), Di is defined as the difference in total fluence between ZHS and
CoREAS over the total fluence of ZHS per antenna i (eq. (34)), but in this case for one shower.
The total difference over the whole footprint between the 2 algorithms is the weighted mean
defined in the same was as eq. (32), where the weight wi (eq. (33)) is defined as the fluence of the
antenna i (fi) over the maximum fluence of all antennas (fmax) in the simulation.

Di = f i
ZHS − f i

CoREAS
f i

ZHS
(34)

In the 30 MHz to 80 MHz band ZHS produces roughly 11% more fluence than CoREAS,
while for the 50 MHz to 350 MHz band ZHS produces roughly 4.8% more fluence. The picture is
similar when one looks into the radiation energy released from the showers in both frequency
bands. For the 30 MHz to 80 MHz band ZHS produces roughly 11% more energy and for the
50 MHz to 350 MHz band the energy released is almost 5% more for ZHS. An interesting feature
is observed. For the lower frequencies (fig. 52), the worst disagreement happens close to the
Cherenkov ring (100 m to 125 m) reaching 13%. On the other hand, for the higher frequencies
(fig. 53) in the area close to the Cherenkov ring (100 m to 125 m) the agreement is at its best
reaching almost 4%. For the higher frequencies the good agreement is to be expected, given the
fact that CoREAS treats the particle tracks which are very close to the Cherenkov in a similar
manner as ZHS, often called a "ZHS-like" approximation. It is surprising though to see, that
this approximation does not seem to make the 2 algorithms agree more in the 30 MHz to 80 MHz
band.

It is observed in this work that the level of agreement is severely influenced by the
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Figure 53: Difference in total fluence between CoREAS and ZHS in the 50 MHz to 350 MHz band
for a 100 PeV iron induced vertical shower. ZHS produces consistently more fluence across the
whole footprint.

track length of the particle tracks. The track length is indirectly controlled in the magnetic field
tracking algorithm by a parameter that sets the maximally allowed deflection angle (also referred
simply as maxRad in short), which is set to 0.2 rad by default. To study this, a library of shower
simulations with different track lengths was produced. The settings are identical to the ones
discussed in section 8.2 when it comes for the setup of the atmosphere, antenna array, energy
cuts etc. The effect of different track lengths on fluence and radiation energy is being studied for
3 different primary energies. These are 10 TeV (fluence fig. 54, radiation energy fig. 55), 1 PeV
(fluence fig. 56, radiation energy fig. 57) and 100 PeV (fluence fig. 58, radiation energy fig. 59).
For the smaller energy showers, 10 TeV and 1 PeV, thinning is turned off. In fig. 54, fig. 56 and
fig. 58, each data point represents the mean value of the difference in fluence of the 2 algorithms
over 80 antennas for a variety of maxRad values. The error bars indicate the standard deviation
divided by the number of antennas. It is worth noting, that the lower the value of the maxRad
parameter is set, the slower the computing times get. This is normal, as CORSIKA 8 needs to
produce and process a larger number of tracks.
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In all 3 energies under consideration the trend is clear. Starting from the default value
of 0.2 rad (which is also the default value of CORSIKA 7), ZHS consistently produces more
fluence and radiation energy in both 30 MHz to 80 MHz (left) and 50 MHz to 350 MHz bands. As
the maxRad value and hence the track length decrease, the agreement gets better and better,
up to the point that for extremely small tracks (maxRad of the order of 0.001 rad and lower)
CoREAS predicts more fluence and radiation energy than ZHS by a very small margin. In fig. 60
the level of agreement between the two formalisms in radiation energy is shown in two frequency
bands with respect to primary particle energy for maxRad set to 0.2 rad. The agreement is not
affected much as is also shown here, with the most striking deviation being the 10 TeV shower
in the 50 MHz to 350 MHz. This can be probably explained by the fact that this is a very low
energy iron induced shower where very low values of radiation energy are compared. For the
higher and more relevant energies though, it is confirmed that the agreement is not affected.
Taking into account the energy and track length dependence, a more thorough comparison of the
2 formalisms is presented next.
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Figure 54: Difference in total fluence between CoREAS and ZHS in the 30 MHz to 80 MHz (top)
and the 50 MHz to 350 MHz band (bottom) for a 10 TeV iron induced vertical shower. The
change in the maximally allowed magnetic deflection angle influences the agreement between the
2 algorithms.
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Figure 55: Difference in radiation energy between CoREAS and ZHS in the 30 MHz to 80 MHz
(top) and the 50 MHz to 350 MHz band (bottom) for a 10 TeV iron induced vertical shower. The
change in the maximally allowed magnetic deflection angle influences the agreement between the
2 algorithms.
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Figure 56: Difference in total fluence between CoREAS and ZHS in the 30 MHz to 80 MHz
(top) and the 50 MHz to 350 MHz band (bottom) for a 1 PeV iron induced vertical shower. The
change in the maximally allowed magnetic deflection angle influences the agreement between the
2 algorithms.
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Figure 57: Difference in radiation energy between CoREAS and ZHS in the 30 MHz to 80 MHz
(top) and the 50 MHz to 350 MHz band (bottom) for a 1 PeV iron induced vertical shower. The
change in the maximally allowed magnetic deflection angle influences the agreement between the
2 algorithms.
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Figure 58: Difference in total fluence between CoREAS and ZHS in the 30 MHz to 80 MHz (top)
and the 50 MHz to 350 MHz band (bottom) for a 100 PeV iron induced vertical shower. The
change in the maximally allowed magnetic deflection angle influences the agreement between the
2 algorithms.



98 9.1 The track length as a factor of agreement between the CoREAS and ZHS formaslisms

Figure 59: Difference in radiation energy between CoREAS and ZHS in the 30 MHz to 80 MHz
(top) and the 50 MHz to 350 MHz band (bottom) for a 100 PeV iron induced vertical shower. The
change in the maximally allowed magnetic deflection angle influences the agreement between the
2 algorithms.
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Figure 60: Level of agreement between the 2 formalisms in terms of radiation energy for iron
induced air showers with different primary energies. The blue dots indicate the 30 MHz to 80 MHz
frequency band and the orange ones the 50 MHz to 350 MHz. For all these shower simulations
the maxRad parameter is set to 0.2 rad.
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9.2 A systematic CoREAS versus ZHS comparison

9.2.1 Iron induced air showers

For a more systematic study a library of 100 iron induced vertical showers with a primary energy
of 1 PeV with the maxRad value set to the default value of 0.2 rad was produced. Additionally,
100 showers that utilized the same random number seeds, with the maxRad value set to 0.001
rad were also produced. Once again, the settings of all 200 simulations are identical to the ones
discussed in section 8.2 when it comes for the setup of the atmosphere, antenna array, energy
cuts, interaction models etc. Thinning was not applied to the simulations of this section and the
point of first interaction is fixed. In this way, the showers fluctuate less and the effect of the track
length is being studied on the showers themselves, on the energy deposited to the ground and
also on the agreement of CoREAS and ZHS. The mean value of the longitudinal profiles of the
showers are shown for the different maxRad values (fig. 68) at later comparison.

This comparison is not restricted only in the total fluence; the fluence pattern produced
from the geomagnetic emission and charge excess are decoupled and studied as well. Fluence ratio
maps highlighting the agreement of CoREAS and ZHS across the whole footprint for different
maxRad values and different frequency bands are shown (fig. 61, fig. 62). To calculate the
mean total fluence of all showers per antenna i (f i

total), the mean value of the geomagnetic
contribution (f i

geo) and the mean value of charge excess (f i
ce), eq. (35), eq. (29) and eq. (30)

were used respectively. On fig. 63, 3 antennas at growing distances from the shower core on the
arm facing "north" of the star-shapped array are chosen and the mean value together with its
corresponding standard deviation of the CoREAS and ZHS frequency spectra are plotted in the
0 GHz to 1 GHz band. Finally, the difference in the total radiation energy and radiation energy
due to geomagnetic and charge excess emission between the 2 formalisms is calculated.

For fig. 61 and fig. 62 the ratio maps in terms of percentage is calculated over the mean
values of fluence of CoREAS and ZHS. For example, the percentage difference per antenna i

(Di) for all simulations in total fluence, between CoREAS and ZHS is taking the ZHS value as
reference and is calculated as such:

Di = f i
ZHS − f i

CoREAS

f i
ZHS

(35)

The same formula is applied for the geomagnetic contribution and the charge excess,
in order to calculate the difference in percentage between the CoREAS and ZHS formalisms. If
the difference turns out positive that indicates that ZHS produces more fluence than CoREAS.
If it is negative, then CoREAS produces more fluence than ZHS. Another important remark is
that the total mean value of the difference (D) for all simulations is calculated throughout the
whole footprint using eq. (32). Similarly, a weighted mean average scheme is utilized where every
antenna location comes with a weight (wi) as defined in eq. (33). This weighting scheme makes
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antennas where the signal is strong matter more than the ones where the signal is weak. The
quantity D expresses the level of agreement between the two formalisms for fluence over the
whole footprint in this case.

Starting from fig. 61 CoREAS is compared over ZHS for the default maxRad value
used in the magnetic field tracking algorithm, which is 0.2 rad. For both 30 MHz to 80 MHz and
50 MHz to 350 MHz frequency bands ZHS produces more fluence than CoREAS. Their difference
in terms of % is summarized in table 5 for fluence and in table 6 for radiation energy. Total
fluence, radiation energy, geomagnetic contribution and charge excess in fluence and radiation
energy are inspected. Naturally, since the geomagnetic emission is the dominant mechanism of
radio emission, its difference is very close to the one coming from the total contribution. For
charge excess contribution, both formalisms tend to agree more. In the 30 MHz to 80 MHz band,
the difference is at its highest for the total fluence and geomagnetic contribution in the area close
to the Cherenkov ring, while for the charge excess the formalisms disagree more very close to the
shower core. However, one needs to take into account that the charge excess fluences are very
small. For the 50 MHz to 350 MHz band, the picture is similar for the charge excess. For the
total fluence and hence the geomagnetic contribution though, the agreement is at its highest close
to the Cherenkov ring and where the algorithms diverge more is the areas where the signal is
weaker. To get an overall number of the level of agreement one can look into the differences of the
radiation energy. For the 30 MHz to 80 MHz band, ZHS predicts ∼ 11.3% more radiation energy,
while for the 50 MHz to 350 MHz band, ZHS predicts ∼ 4.9% more radiation energy. It is worth
noting that a minus sign in these percentages simply means that CoREAS predicts more energy.

Proceeding to the 0.001 rad case the ratio maps are shown in fig. 62. The difference in
terms of % is summarized in table 7 for fluence and in table 8 for radiation energy. In this case,
the picture is reversed. CoREAS predicts more energy than ZHS although by a small margin,
and in the areas where the signal is strong the 2 algorithms converge. The largest deviations
are observed in the areas where the signal is weak. Overall, for the 0.001 rad and effectively
very small tracks the 2 algorithms converge. As an indication, for the the 30 MHz to 80 MHz
band CoREAS predicts ∼ 1.4% more radiation energy and for the 50 MHz to 350 MHz band
predicts ∼ 1% more radiation energy than ZHS. This is a great result as it showcases that for
detailed simulations where the track length is set to be very small and hence, more realistic,
both formalisms practically predict the same outcome. This is also an indication that they radio
emission is air showers is a well understood process.

The behavior observed in fluence and radiation energy can also be seen in the frequency
spectra for both maxRad values (fig. 63) at different antenna locations. The average frequency
spectra of 100 iron induced showers are shown for antennas at 25 m, 100 m and 200 m. It is
evident that for 0.001 rad the 2 algorithms converge, and in general they diverge more for lower
frequencies (< 50 MHz). Finally, the fluence maps of the average of 100 showers (per maxRad
value) in terms of total fluence, fluence due to geomagnetic emission and due to charge excess
for CoREAS and ZHS for both 30 MHz to 80 MHz and 50 MHz to 350 MHz bands are plotted in
detail on the Appendix.
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Figure 61: Ratio maps in fluence for 100, 1 PeV, iron induced vertical showers in the 30 MHz
to 80 MHz (left column) and the 50 MHz to 350 MHz band (right column). In the first row, the
ratio map in terms of total fluence is plotted, the second in terms of the geomagnetic contribution
and the last row in terms of the charge excess. The maximally allowed deflection angle is set to
0.2 rad.
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Figure 62: Ratio maps in fluence for 100, 1 PeV, iron induced vertical showers in the 30 MHz
to 80 MHz (left column) and the 50 MHz to 350 MHz band (right column). In the first row, the
ratio map in terms of total fluence is plotted, the second in terms of the geomagnetic contribution
and the last row in terms of the charge excess. The maximally allowed deflection angle is set to
0.001 rad.
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CoREAS vs ZHS – mean difference in terms of % (0.2 rad)
Fluence 30 MHz to 80 MHz 50 MHz to 350 MHz
Total Fluence 11.1% 4.8%
Geomagnetic
Contribution

11.1% 4.5%

Charge Excess 4.8% 3.2%

Table 5: The difference in in terms of % for fluence between CoREAS and ZHS for the case of 0.2
rad. ZHS predicts consistently more fluence with respect to CoREAS.

CoREAS vs ZHS – mean difference in terms of % (0.2 rad)
Radiation Energy 30 MHz to 80 MHz 50 MHz to 350 MHz
Total Radiation
Energy

11.3% 4.9%

Geomagnetic
Contribution

11.2% 4.6%

Charge Excess 4.0% 3.1%

Table 6: The difference in in terms of % for radiation energy between CoREAS and ZHS for the
case of 0.2 rad. ZHS predicts consistently more radiation energy with respect to CoREAS.

CoREAS vs ZHS – mean difference in terms of % (0.001 rad)
Fluence 30 MHz to 80 MHz 50 MHz to 350 MHz
Total Fluence -1.3% -1.0%
Geomagnetic
Contribution

-1.5% -1.0%

Charge Excess -2.3% 0.4%

Table 7: The difference in terms of % for fluence between CoREAS and ZHS for the case of 0.001
rad. The minus signs before the % values indicate that CoREAS predicts more fluence with
respect to ZHS. For 0.001rad both algorithms seem to converge.
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(a) Antenna at 25 m. (b) Antenna at 25 m.

(c) Antenna at 100 m. (d) Antenna at 100 m.

(e) Antenna at 200 m. (f) Antenna at 200 m.

Figure 63: The mean value of 100 frequency spectra (dominant polarization) for different locations
for both CoREAS and ZHS are plotted in the 0 GHz to 1 GHz band. The maximally allowed
deflection angle is set to 0.2 rad for the left column plots and 0.001 rad for the right column plots.
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CoREAS vs ZHS – mean difference in terms of % (0.001 rad)
Radiation Energy 30 MHz to 80 MHz 50 MHz to 350 MHz
Total Radiation
Energy

1.4% -1.0%

Geomagnetic
Contribution

-1.5% -1.0%

Charge Excess -2.8% 0.6%

Table 8: The difference in terms of % for radiation energy between CoREAS and ZHS for the
case of 0.001 rad. The minus signs before the % values indicate that CoREAS predicts more
radiation energy with respect to ZHS. For 0.001rad both algorithms seem to converge.

9.2.2 Photon induced air showers

In this section the agreement between the two algorithms is going to be inspected for photon
induced vertical showers and different multiple scattering approximations. A library of a total of
200 CORSIKA 8 air shower simulations was produced. For all 200 showers, the primary particle
chosen is a photon with an energy of 1 PeV impinging the atmospere vertically. Energy cuts
were set for electromagnetic, muonic and hadronic components of the shower to 0.5 MeV for
electromagnetic particles, and to 0.3 GeV for the rest. For high energies Sibyll 2.3d [14] was
used, and for the low energy particles FLUKA [18] was chosen. No thinning was applied and the
maxRad value of the tracking algorithm was set to the default value of 0.2 rad. The environment
was configured to be the "US Standard Atmosphere", with a refractive index at sea level to
n = 1.000 327 and for higher altitudes scaling following the Gladstone-Dale law [75]. A constant
geomagnetic field of 50 µT aligned in the x direction was set. For the antenna array a total of 96
time domain antennas were configured in a standard star-shaped pattern in 12 concentric rings
spaced equally from 25 m to 300 m from the shower axis with 8 antennas distributed azimuthally
in each ring. The sampling period of each antenna is set to 0.1 ns. The first point of interaction
was fixed for all showers in order to avoid fluctuations as much as possible. The simulations were
divided in 2 groups of 100 showers each. One group was configured with the Molière multiple
scattering mechanism and the other with Highland. The same library is also going to be used in
section 10.2 to inspect how the multiple scattering approach affects the fluence and radiation
energy. The details of multiple scattering are going to be presented at that point.

The fluence ratio maps in 2 frequency bands for Highland are shown in fig. 64 and for
Molière in fig. 65. Their mean differences per scattering mechanism for fluence are summarized
in table 9 and table 11 respectively. Similarly for radiation energy in table 10 and table 12 The
results of this comparison are extremely similar to table 5 and table 6. This means that the
agreement between CoREAS and ZHS, for showers in the PeV range is not affected much neither
by the primary particle, nor by the multiple scattering approximation utilized. The mean fluence
maps of these showers can be found in the Appendix.
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Figure 64: Ratio maps in fluence for 100, 1 PeV, photon induced vertical showers in the 30 MHz
to 80 MHz (left column) and the 50 MHz to 350 MHz band (right column). In the first row, the
ratio map in terms of total fluence is plotted, the second in terms of the geomagnetic contribution
and the last row in terms of the charge excess. ZHS is directly compared with CoREAS for the
Highland multiple scattering mechanism.
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Figure 65: Ratio maps in fluence for 100, 1 PeV, photon induced vertical showers in the 30 MHz
to 80 MHz (left column) and the 50 MHz to 350 MHz band (right column). In the first row, the
ratio map in terms of total fluence is plotted, the second in terms of the geomagnetic contribution
and the last row in terms of the charge excess. ZHS is directly compared with CoREAS for the
Molière multiple scattering mechanism.
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CoREAS vs ZHS – mean difference in terms of % (Highland)
Fluence 30 MHz to 80 MHz 50 MHz to 350 MHz
Total Fluence 11.2% 5.0%
Geomagnetic
Contribution

11.2% 4.6%

Charge Excess 4.9% 3.4%

Table 9: The difference in terms of % for fluence between CoREAS and ZHS for 100, 1 PeV
photon induced vertical showers using the Highland multiple scattering approach. More fluence
is simulated with ZHS.

CoREAS vs ZHS – mean difference in terms of % (Highland)
Radiation Energy 30 MHz to 80 MHz 50 MHz to 350 MHz
Total Radiation
Energy

11.1% 4.9%

Geomagnetic
Contribution

11.2% 4.5%

Charge Excess 4.2% 3.2%

Table 10: The difference in terms of % for radiation energy between CoREAS and ZHS for 100,
1 PeV photon induced vertical showers using the Highland multiple scattering approach. More
radiation energy is simulated with ZHS.
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CoREAS vs ZHS – mean difference in terms of % (Molière)
Fluence 30 MHz to 80 MHz 50 MHz to 350 MHz
Total Fluence 11.2% 4.9%
Geomagnetic
Contribution

11.2% 4.6%

Charge Excess 4.0% 3.4%

Table 11: The difference in terms of % for fluence between CoREAS and ZHS for 100, 1 PeV
photon induced vertical showers using the Molière multiple scattering approach. More fluence is
simulated with ZHS.

CoREAS vs ZHS – mean difference in terms of % (Molière)
Radiation Energy 30 MHz to 80 MHz 50 MHz to 350 MHz
Total Radiation
Energy

11.1% 4.8%

Geomagnetic
Contribution

11.2% 4.5%

Charge Excess 4.2% 3.1%

Table 12: The difference in terms of % for radiation energy between CoREAS and ZHS for 100,
1 PeV photon induced vertical showers using the Molière multiple scattering approach. More
radiation energy is simulated with ZHS.
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9.3 A "ZHS-like" approximation for CoREAS

The CoREAS algorithm can successfully calculate the radiation emitted in the form of radio
waves from air showers utilizing the "Endpoints formalism". The contributions of the start and
end of the particle track are added together to simulate the final radio pulse for each antenna.
This algorithm falls short though for angles at the Cherenkov angle (θc) where the electric field
calculation formula blows up because of the (1 − nβcosθ)−1 term. To avoid this pitfall, CoREAS
introduces a threshold for the (1 − nβcosθ)−1 term. If for a particle track the term is evaluated
above the threshold, the CoREAS formalism calculates the electric field using the middle point of
the particle track, and not its start and endpoint. The emission is also scaled proportional to
the track length. This is the way that ZHS calculates the vector potential, via the middle point
of a track and hence considering the track as a whole. The threshold value for the "ZHS-like"
approximation for air showers is set in CoREAS to 1000. If the medium that the radio waves are
propagating through changes, the threshold value needs to be adjusted [77]. In this section, 8
identical 1 PeV iron induced vertical air showers for the 0.2 rad case are simulated using the same
random number seed. This way it is ensured that these 8 showers are exactly the same. The
only difference in these simulations, is that every time I set the ZHS-like fallback threshold to a
different value. The purpose of this test, is to study the level of agreement between CoREAS and
ZHS for different threshold values and whether the CoREAS formalism is stable. The same test
is repeated with 8 more identical simulations for the 0.001 rad case.

In fig. 66 and fig. 67 the agreement between CoREAS and ZHS for different fallback
thresholds is shown as a function of distance from the shower core. Each data point is the mean
value of 8 antennas placed on the specified radial distance distributed azimuthally in steps of
45o. The error bars per data point defined as the standard deviation of the mean value of 8
antennas divided by 8, are also shown. Smaller threshold values translate to larger angles around
the Cherenkov angle where the "ZHS-like" approximation takes place, while a larger threshold
means the opposite. For the 0.2 rad case (fig. 66), there are some interesting observations. First,
it can be seen that for larger values of the threshold the "ZHS-like" approximation is being
used less often because it is used for smaller angles around θc, which is most likely why the 2
algorithms diverge more. For smaller threshold values the 2 algorithms coincide further. The
second observation is the fact that close to the Cherenkov ring (100 m to 150 m), where the
"ZHS-like" approximation takes place for 30 MHz to 80 MHz the 2 algorithms present their higher
deviation, which is surprising. For 50 MHz to 350 MHz though, this is not the case, and the 2
algorithms converge around the Cherenkov ring.

For the 0.001 rad case (fig. 67) the observations are different. For larger threshold values
the 2 algorithms converge, which is the opposite behavior to the 0.2 rad case. Also, on both
frequency bands the highest level of agreement is observed on the Cherenkov ring and the region
close to it. At the time of writing, and given the youthful state of CORSIKA 8, I cannot give
a definitive answer whether this contrast between the 0.2 and the 0.001 rad case is physics or
some shortcoming of the current tracking algorithm in use in CORSIKA 8. As a final remark for
CoREAS, the variation of the threshold value between 0.5 ∗ 1000 ≤ (1 − nβcosθ)−1 ≤ 2 ∗ 1000 is
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less than 1%. For the 0.25 ∗ 1000 case, the deviation can vary up to ∼ 4%. Hence, the CoREAS
formalism does not diverge much when altering the fallback threshold value.
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Figure 66: CoREAS versus ZHS for different threshold values of the CoREAS "ZHS-like"
approximation for a maxRad value of 0.2 rad. 2 frequency bands are studied, the 30 MHz
to 80 MHz (top) and the 50 MHz to 350 MHz (bottom). 1 ∗ threshold refers to the value of 1000.
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Figure 67: CoREAS versus ZHS for different threshold values of the CoREAS "ZHS-like"
approximation for a maxRad value of 0.001 rad. 2 frequency bands are studied, the 30 MHz to
80 MHz (top) and the 50 MHz to 350 MHz (bottom). 1 ∗ threshold refers to the value of 1000.
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9.4 Discussion

In this section an extensive comparison of the CoREAS versus ZHS formalisms for air showers was
presented. It was found that their level of agreement is not dependent on the primary particle,
nor the multiple scattering approximation. It was also found that for very low energy showers
the level of agreement gets slightly worse, but for higher energies (1 PeV and above) the level
of agreement in the two frequency bands that were studied is not affected. Additionally, the
effect of the track length of simulated particle tracks with CORSIKA 8 was inspected. It was
found that for larger tracks (default tracking algorithm value) in the 30 MHz to 80 MHz band,
ZHS predicts 11.3% more radiation energy than CoREAS. In the 50 MHz to 350 MHz band, ZHS
predicts 4.9% more radiation energy as well. However, when one uses very small, fine tracks the
two formalisms practically converge. CoREAS now predicts 1.4% more radiation energy than
ZHS in the 30 MHz to 80 MHz band, and in the 50 MHz to 350 MHz band CoREAS predicts less
than 1% more radiation energy than ZHS. Such a result gives the radio community some useful
insights. First, it most likely indicates that to properly predict the radio emission one needs to
have a very fine track length on the simulated particle tracks. This is justified by the fact that the
two formalisms practically converge at this limit. The second and most important insight, is the
fact that the two formalisms agree to a very large extent indeed. They have been both derived
from first principles, under different assumptions, but the fact that they agree to that extent
solidifies the argument that the radio emission from air showers is a well understood process that
can be used to set the energy scale of different cosmic ray experiments, mass composition analysis
and energy reconstruction.
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10 Relevance of simulation details on energy and mass reconstruction

10.1 The effect of different track lengths on radio simulations

Comparing the 2 algorithms has revealed a dependency on the maximally allowed magnetic
deflection angle (and effectively the track length). For very small maxRad values, and hence
very small tracks, the 2 algorithms converge. The question arises on what is the impact of the
track length on the shower simulations in general, not only as a factor of agreement between
CoREAS and ZHS. Namely, when setting maxRad to a very small value like 0.001 rad for example,
is more radiation energy being predicted with respect the default maxRad value? How is the
fluence predicted for both maxRad cases? These are very important questions as their answers
are tightly connected to energy and Xmax reconstruction. Using the fluence footprint information
one can reconstruct Xmax as discussed in section 3.7 which is an indicator of the mass of the
primary particle. Total radiation energy is also a crucial quantity to determine the energy of the
electromagnetic cascade of particles, to which radiation energy scales quadratically.

Reflecting on section 9.1, two maxRad values are picked to answer the questions above,
namely 0.2 rad and 0.001 rad. In section 9.2 a library of 200, 1 PeV iron induced vertical showers
was produced for the systematic CoREAS vs ZHS comparison. 100 of them were set with maxRad
equal to 0.2 rad and 100 with maxRad set to 0.001 rad. In this section a comparison is going
to be made in a different way. Instead of comparing CoREAS with ZHS, the showers produced
with 0.2 rad are going to be directly compared with the ones that were produced with the 0.001
rad setting. Changes in fluence, longitudinal profiles, electromagnetic and radiation energy are
going to be inspected. To ensure that such a deviation in radio simulations for different maxRad
values is not only a feature of CORSIKA 8, a library of simulations using CORSIKA 7 is also
produced. The setting for the CORSIKA 7 simulations is identical with CORSIKA 8 ones. 100,
1 PeV iron induced vertical showers for 0.2 rad and 100 more for 0.001 rad are simulated. For
CORSIKA 8 the effect of different track lengths is going to be studied for CoREAS and ZHS,
while for CORSIKA 7 it is going to be studied for CoREAS.

The strategy to compare the 0.2 rad simulations with the 0.001 rad ones is the same
as before. The same formula to compare the fluence as eq. (35) is used, but in this case it is
expressed like so:

Di = f i
0.2rad − f i

0.001rad

f i
0.2rad

(36)

The total mean value of the difference over the whole footprint (D) and weights (wi)
are defined in an identical manner as eq. (32) and eq. (33) respectively. The radio emission is
highly dependent on the electromagnetic part of the shower. For this reason, it is important to
understand whether the deviations observed in the radio simulations are because of changes on
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the electromagnetic component of the shower not. It could be that when changing the maxRad
values the electromagnetic particle content is influenced and the radio calculation simply follows.
To count this possibility out, for both maxRad cases the electromagnetic energy released in the
atmosphere and on the ground is calculated. For all the showers per maxRad, the radiation energy
is normalized over the square of the electromagnetic energy deposit. So, in this section, radiation
energy refers to the normalized radiation energy over the electromagnetic energy deposit.

10.1.1 CORSIKA 8

In fig. 68 the longitudinal profiles of electrons and positrons for the 0.2 rad and the 0.001 rad
cases are plotted. For the 0.2 rad case there are ∼ 2.7% more electrons, 1.6% more positrons
and in total ∼ 2.3% more electrons and positrons at the shower maximum. Since more particles
are simulated for 0.2 rad, it is expected that the radio emission will follow this trend and
radiate more power in that case. ∼ 0.4% more electromagnetic energy is being deposited to the
atmosphere for the 0.2 rad simulations. To get the energy deposit of electromagnetic particles
for the CORSIKA 8 simulations, Merge Request 544 was utilized, since at the time of writing
the existing EnergyLossWriter on master branch was only tracking down the energy deposit of
all particles together. The fluence ratio maps for CoREAS are shown in fig. 69 and for ZHS in
fig. 70 and the differences are summarized in table 13 and table 15 respectively.

For CORSIKA 8 CoREAS the overall deviation can be indicated by the difference in the
normalized radiation energy, which is ∼ 23.1% more for the 30 MHz to 80 MHz band and ∼ 28.2%
for the 50 MHz to 350 MHz band in case of the 0.2 rad maxRad. It is shown in fig. 69 that the
difference is relatively consistent throughout the whole footprint, with the largest deviations
occurring in areas where the signal is stronger. CORSIKA 8 ZHS behaves in a similar manner as
can be seen in fig. 70. In this case the deviations are larger than CoREAS, but still favor the
0.2 rad case. Normalized radiation energy is ∼ 32.8% more for 30 MHz to 80 MHz and ∼ 32.4%
more for 50 MHz to 350 MHz for 0.2 rad. The differences of CORSIKA 8 CoREAS in fluence are
summarized in table 13 and in radiation energy in table 14. For CORSIKA 8 ZHS, the differences
in fluence are summarized in table 15 and in radiation energy in table 16. For both algorithms
these are rather large deviations that if true could in principle introduce a large systematic error
on radio analyses, since they all rely heavily on simulations. Deviations in radiation energy
directly affect the energy reconstruction accuracy, since a difference of e.g. ∼ 20% in radiation
energy would mean a difference of ∼ 10% on energy reconstruction. Since CORSIKA 8 is still a
software package under development, and such a large deviation could be potentially attributed
to some bug or inconsistency of the magnetic field tracking algorithm, it is imperative to perform
the same test with the well established CORSIKA 7.

https://gitlab.iap.kit.edu/AirShowerPhysics/corsika/-/merge_requests/544
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Figure 68: The longitudinal profiles over 100 showers per maxRad value of electrons (left) and
positrons (right).

0.2rad vs 0.001rad – mean difference in terms of % (C8 CoREAS)
Fluence 30 MHz to 80 MHz 50 MHz to 350 MHz
Total Fluence 23.6% 28.3%
Geomagnetic
Contribution

23.2% 28.4%

Charge Excess 26.6% 21.3%

Table 13: The difference in terms of % for fluence between 0.2 and 0.001 rad for CORSIKA 8
CoREAS. More fluence is emitted for the 0.2 rad case.
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Figure 69: Ratio maps in fluence for 100, 1 PeV, iron induced vertical showers in the 30 MHz
to 80 MHz (left column) and the 50 MHz to 350 MHz band (right column). In the first row, the
ratio map in terms of total fluence is plotted, the second in terms of the geomagnetic contribution
and the last row in terms of the charge excess. The effect of the maximally allowed deflection
angle is studied for 0.2 over 0.001 rad for CoREAS.
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Figure 70: Ratio maps in fluence for 100, 1 PeV, iron induced vertical showers in the 30 MHz
to 80 MHz (left column) and the 50 MHz to 350 MHz band (right column). In the first row, the
ratio map in terms of total fluence is plotted, the second in terms of the geomagnetic contribution
and the last row in terms of the charge excess. The effect of the maximally allowed deflection
angle is studied for 0.2 over 0.001 rad for ZHS.
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0.2rad vs 0.001rad – mean difference in terms of % (C8 CoREAS)
Radiation Energy 30 MHz to 80 MHz 50 MHz to 350 MHz
Total Radiation
Energy

22.7% 27.7%

Geomagnetic
Contribution

22.6% 27.8%

Charge Excess 25.8% 20.6%

Table 14: The difference in terms of % for radiation energy between 0.2 and 0.001 rad for
CORSIKA 8 CoREAS. More radiation energy is emitted for the 0.2 rad case.

0.2rad vs 0.001rad – mean difference in terms of % (C8 ZHS)
Fluence 30 MHz to 80 MHz 50 MHz to 350 MHz
Total Fluence 32.9% 32.5%
Geomagnetic
Contribution

32.7% 32.4%

Charge Excess 31.4% 23.5%

Table 15: The difference in terms of % for fluence between 0.2 and 0.001 rad for CORSIKA 8
ZHS. More fluence is emitted for the 0.2 rad case.

0.2rad vs 0.001rad – mean difference in terms of % (C8 ZHS)
Radiation Energy 30 MHz to 80 MHz 50 MHz to 350 MHz
Total Radiation
Energy

32.4% 32.0%

Geomagnetic
Contribution

32.2% 31.9%

Charge Excess 30.7% 22.5%

Table 16: The difference in terms of % for radiation energy between 0.2 and 0.001 rad for
CORSIKA 8 ZHS. More radiation energy is emitted for the 0.2 rad case.
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10.1.2 CORSIKA 7

An identical setup with the CORSIKA 8 one is simulated using CORSIKA 7. Starting right
away with the comparison, one can already notice a strange behavior. The longitudinal profiles
of electrons and positrons (fig. 71) behave the opposite way than CORSIKA 8. For CORSIKA
7 the 0.001 rad case simulates consistently more particles than the 0.2 rad one. In more detail,
for 0.001 rad ∼ 3.3% more electrons and ∼ 1.4% more positrons are simulated at the shower
maximum. Summing them up, ∼ 2.61% more electrons and positrons are predicted for the 0.001
rad case. The energy deposit of the electromagnetic part of the shower is accessed through the
DATXXX.long files by summing up the gammas, em cut and em ioniz columns. For 0.001 rad,
∼ 0.5% more electromagnetic energy is being deposited to the atmosphere and on the ground
than the 0.2 rad case.

The minus sign in the ratio maps (fig. 72) and the summary tables table 17 and table 18
indicates that that in all scenarios 0.001 rad produces more fluence and more radiation energy than
0.2 rad. Because of the minus sign, notice that in the ratio maps the colormap is inverted, meaning
that in the darker areas is where the deviation is less. The pattern is obvious, in the regions
where the signal is strong the deviation is smaller, while for the weak signal regions, the deviation
gets larger. The fluence maps in both frequency bands and both maxRad values under inspection,
for total fluence, geomagnetic emission and charge excess can be found on the Appendix. Looking
into the normalized radiation energy difference, for 30 MHz to 80 MHz ∼ 11.5%, and for 50 MHz
to 350 MHz ∼ 9.1% more radiation energy is simulated with the 0.001 rad setting. The 55 MHz
to 65 MHz was also inspected given that the LOFAR antennas operate in that band. The same
behavior was found. This result is not surprising and is actually consistent to previous work
[52]. There the dependency of the radiation energy on the "STEPFC" CORSIKA7 parameter was
studied. This parameter is responsible of altering the electron multiple scattering length factor,
and hence, when set to smaller values, effectively producing finer and smaller tracks. The maxRad
setting that it is studied here has the same effect, so one can conclude that radio simulations
are indeed affected by the track length of the simulated particle tracks. This is observed in both
CORSIKA 7 and CORSIKA 8, with the CORSIKA 8 case producing larger deviations though. It
is worth pointing out once more that CORSIKA 7 and CORSIKA 8 do not use neither the same
magnetic field tracking algorithm nor the same electromagnetic interaction models. Furthermore,
one could argue that since for very small tracks the CoREAS and ZHS formalisms agree to up
to ∼ 2% (section 9.2) and the CORSIKA 7 comparison presented here is consistent with [52],
simulating the radio emission utilizing very small, fine tracks represents the ground truth. It is
known that there is a difference between the Xmax measurements of LOFAR and AERA. For
their analyses, the default value of 0.2 rad has been used. Although, computationally heavy to
redo the simulations used for their analysis (up to a factor of 5) it might prove fruitful to do so.
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Figure 71: The longitudinal profiles over 100 showers per maxRad value of electrons (left) and
positrons (right).

0.2rad vs 0.001rad – mean difference in terms of % (C7 CoREAS)
Fluence 30 MHz to 80 MHz 50 MHz to 350 MHz
Total Fluence -12.4% -10.5%
Geomagnetic
Contribution

-12.4% -10.3%

Charge Excess -11.5% -12.3%

Table 17: The difference in terms of % for fluence between 0.2 and 0.001 rad for CORSIKA 8
ZHS. The minus sign indicates that more fluence is emitted for the 0.001 rad case.
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Figure 72: Ratio maps in fluence for 100, 1 PeV, iron induced vertical showers in the 30 MHz
to 80 MHz (left column) and the 50 MHz to 350 MHz band (right column). In the first row, the
ratio map in terms of total fluence is plotted, the second in terms of the geomagnetic contribution
and the last row in terms of the charge excess. The effect of the maximally allowed deflection
angle is studied for 0.2 over 0.001 rad for CORSIKA 7 CoREAS.
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0.2rad vs 0.001rad – mean difference in terms of % (C7 CoREAS)
Radiation Energy 30 MHz to 80 MHz 50 MHz to 350 MHz
Total Radiation
Energy

-11.5% -9.1%

Geomagnetic
Contribution

-13.7% -11.3%

Charge Excess -13.8% -13.3%

Table 18: The difference in terms of % for radiation energy between 0.2 and 0.001 rad for
CORSIKA 8 ZHS. The minus sign indicates that more radiation energy is emitted for the 0.001
rad case.

10.2 The effect of different multiple scattering approaches in radio simulations

As charged particles in the shower move along the atmosphere they interact with atomic nuclei
elastically with minimal energy losses. However, the momentum direction of these charged
particles is affected and can severely influence the lateral spread of the shower. The effect of
these elastic interactions is often referred to as multiple scattering. Different multiple scattering
calculations are integrated in CORSIKA 8 within the electromagnetic interaction model that is
used, PROPOSAL. Although, at the time of writing there is no user friendly interface to change
the default multiple scattering calculation, it is quite easy to do so in the corresponding class within
ContinuousProcess.inl of PROPOSAL. The available multiple scattering approximations have
been compared for electrons in air with density of 1.205 g cm−3 and can be seen in fig. 73 [76]. It
is shown that Highland (and Highland integral) are accurate descriptions for small scattering
angles, while Molière (and Molière interpolation) extends to larger angles. It has also been shown
in [76] that this has an effect on the lateral development of the showers, where a library of photon
showers simulated with CORSIKA 8 was studied. The showers generated with the Highland
multiple scattering approximation show a shift towards the shower axis, meaning that the charged
particles scatter less and hence the shower spreads less, laterally. The purpose of this section
is to inspect how these differences affect the radio simulations. To achieve this, the library of a
total of 200 CORSIKA 8 air shower simulations presented in section 9.2.2 was used. The effect of
different multiple scattering approximations is studied for the fluence footprint and the radiation
energy.

Comparing Highland with Molière and their effect on radio simulations is being done
the same way as all the comparisons in the latest sections. For the fluence of all showers (f)
comparison, eq. (35) is altered in terms of notation accordingly:

Di =
f i

Highland − f i
Molière

f i
Highland

(37)

A positive value signifies that Highland scattering emits more fluence, while negative
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Figure 73: Molière, MolièreInterpol, Highland and HighlandIntegral approximations which are
available through PROPOSAL are used to sample scattering angles θ of electrons in air at standard
density. An initial energy of Ei = 1 GeV and a final energy of Ef = 0.9 GeV, corresponds to a
grammage of X ≃ 3.52 g cm−2, or a distance in air of x ≃ 39.22 m. The Molière (and Molière
interpolation) distribution extends to larger angles and can accurately describe them when
compared to Highland (and HighlandIntegral). Figure taken from [76].

values indicate that Molière emits more fluence. The mean value of the difference (D) and weights
(wi) are defined in the same way as eq. (32) and eq. (33) respectively. Radiation energy in this
section refers to radiation energy normalized over the square of the of electromagnetic energy
deposit in the atmosphere and ground. For the radio simulations comparisons both formalisms,
CoREAS and ZHS are studied.

Starting the comparison from the longitudinal profiles in fig. 74, the showers simulated
with Highland scattering produce ∼ 2.9% more electrons and ∼ 1.9% more positrons at shower
maximum. In total, ∼ 2.5% more electrons and positrons are produced with Highland scattering
at shower maximum. When inspecting the fluence ratio maps, CoREAS (fig. 75) and ZHS (fig. 76)
reveal a very similar trend. For both frequency bands, total fluence and geomagnetic emission
deviate more close to the shower core and in the areas where the signal is strong. For charge excess,
the deviation is less when compared to the geomagnetic emission, but again the larger deviations
are observed in the area where the signal is stronger. All the differences in terms of percentage in
fluence are summarized for CoREAS in table 19 and for ZHS in table 21. Similarly, the differences
in total radiation energy are summarized for CoREAS in table 20 and for ZHS in table 22. As an
overall indication of the deviations, it is useful to highlight the deviations in normalized radiation
energy. For both algorithms, at 30 MHz to 80 MHz, Highland scattering predicts roughly 22.8%
more radiation energy and roughly 21.7% at 50 MHz to 350 MHz. For CORSIKA 8 the default
multiple scattering approximation used is Molière and this choice produces results closer to
CORSIKA 7 simulations. Since it is established in [76] that showers with Highland scattering do
spread less on the lateral dimension, it is safe to observe that these showers produce more coherent
radio pulses and hence the difference in energy between the 2 multiple scattering mechanisms.
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Figure 74: The longitudinal profiles over 100 photon induced vertical air showers per multiple
scattering mechanism of electrons (left) and positrons (right).

The fluence maps of both formalisms, both multiple scattering mechanisms in 2 frequency bands
(30 MHz to 80 MHz and 50 MHz to 350 MHz) can be found on the Appendix.
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Highland vs Molière – mean difference in terms of % (C8 CoREAS)
Fluence 30 MHz to 80 MHz 50 MHz to 350 MHz
Total Fluence 23.3% 22.3%
Geomagnetic
Contribution

22.9% 21.9%

Charge Excess 19.9% 21.9%

Table 19: The difference in terms of % for fluence between Highland and Molière multiple
scattering mechanisms for CORSIKA 8 CoREAS. More fluence is emitted for the case of Highland
scattering.

Highland vs Molière – mean difference in terms of % (C8 CoREAS)
Radiation Energy 30 MHz to 80 MHz 50 MHz to 350 MHz
Total Radiation
Energy

22.7% 21.6%

Geomagnetic
Contribution

22.9% 21.7%

Charge Excess 19.9% 21.8%

Table 20: The difference in terms of % for radiation energy between Highland and Molière multiple
scattering mechanisms for CORSIKA 8 CoREAS. More radiation energy is emitted for the case
of Highland scattering.
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Figure 75: Ratio maps in fluence for 100, 1 PeV, photon induced vertical showers in the 30 MHz
to 80 MHz (left column) and the 50 MHz to 350 MHz band (right column). In the first row, the
ratio map in terms of total fluence is plotted, the second in terms of the geomagnetic contribution
and the last row in terms of the charge excess. The radio emission algorithm that was used is
CoREAS.
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Figure 76: Ratio maps in fluence for 100, 1 PeV, photon induced vertical showers in the 30 MHz
to 80 MHz (left column) and the 50 MHz to 350 MHz band (right column). In the first row, the
ratio map in terms of total fluence is plotted, the second in terms of the geomagnetic contribution
and the last row in terms of the charge excess. The radio emission algorithm that was used is
ZHS.
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Highland vs Molière – mean difference in terms of % (C8 ZHS)
Fluence 30 MHz to 80 MHz 50 MHz to 350 MHz
Total Fluence 23.3% 22.4%
Geomagnetic
Contribution

22.9% 22.0%

Charge Excess 19.9% 21.9%

Table 21: The difference in terms of % for fluence between Highland and Molière multiple
scattering mechanisms for CORSIKA 8 ZHS. More fluence is emitted for the case of Highland
scattering.

Highland vs Molière – mean difference in terms of % (C8 ZHS)
Radiation Energy 30 MHz to 80 MHz 50 MHz to 350 MHz
Total Radiation
Energy

22.8% 21.7%

Geomagnetic
Contribution

22.9% 21.8%

Charge Excess 19.9% 21.8%

Table 22: The difference in terms of % for radiation energy between Highland and Molière multiple
scattering mechanisms for CORSIKA 8 ZHS. More radiation energy is emitted for the case of
Highland scattering.
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10.3 Discussion

Simulations are crucial for a successful energy and Xmax reconstruction. An approach used by
LOFAR as explained in section 3.7 where one fits Xmax with respect to the fluence of the best
fitted simulation compared to measurements is a common technique also used in AERA [78], [27],
[79]. One and can then extract the electromagnetic energy of the shower either by its quadratic
dependency on radiation energy or by the longitudinal energy release of the electromagnetic
component of the best fitted shower simulation. For energy reconstruction, one can use Lateral
Distribution Functions (LDFs) that describe the lateral distribution of the fluence footprint. These
LDFs though are a result of numerous simulation studies [80], [81]. Once again, this highlights
the importance of the radio emission process to be well understood in order for a robust Xmax

and energy reconstruction. In this part of this thesis, the following insights have been showcased.
The radio simulations do indeed depend on the track length of the simulated particle tracks.
Smaller track lengths predict more radiation energy of up to 11.5% for the 30 MHz to 80 MHz
band and up to 9.1% for the 50 MHz to 350 MHz band. Such an effect is already known and is
being taken into account on the reconstruction procedures. The change in track length is more
pronounced in CORSIKA 8, which indicates that a thorough revision of the tracking algorithm
and its precision might be very fruitful. The fact though, that the CoREAS and ZHS formalisms
practically converge for very small tracks indicates that simulating the radio emission for very
small is the "ground truth". Furthermore, the effect of different multiple scattering approaches
on the radio simulations was also studied. It was shown that the Highland approximation can
predict more than 20% more radiation energy when compared to the Molière approach. This is
because the Highland approach predicts more particles close to shower core which leads to the
pulses being more coherent and produce more radiation energy. The Molière approach can more
accurately describe the scattering angles of the charged particles, and it is chosen as the default
in CORSIKA 8 and CORSIKA 7.
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Part III

Using pulse-shape information for
reconstructing Cosmic Ray Air showers with
LOFAR and SKA

In the previous part, the prediction of radiation energy and the fluence footprint was studied
for both CORSIKA 8 and CORSIKA 7. It was shown that in the case of very small, fine tracks
the predictions are reliable and that the two main formalisms used by the community, namely
"Endpoints" (CoREAS) and ZHS as implemented in CORSIKA 8, agree to a great extent. In
this part of the thesis, the topic is going to be shifted to potential improvements on Xmax

reconstruction procedures. The focus will be the introduction and benchmarking of an Xmax

reconstruction technique which is based on the information hidden in the radio pulse aside its
signal strength. This technique was developed in the context of LOFAR and SKA, in order to
complement and potentially improve the resolution reached with the standard Xmax reconstruction
procedure used for LOFAR [49]. The standard procedure relies on the energy per area, or fluence.
For the fluence calculation, as highlighted in the previous sections, only the signal strength and
duration is being utilized. The rest of the information hidden in the pulse is thrown away and
could potentially improve the Xmax reconstruction procedure resolution. However, as can be
seen in fig. 77 there are more characteristics to the radio pulse regarding its width and shape.
It can be wider or narrower depending on Xmax [82] and the distance of the antenna from the
shower core. Close to the shower core the pulse appears wider and as one moves closer to the
Cherenkov ring it reaches its maximum amplitude and gets narrower. Accordingly, the frequency
spectra close to the shower core fall steeply and close to the Cherenkov ring become flat. Moving
away from the Cherenkov ring the signal starts to get weaker, the pulse becomes wider and the
frequency spectra start to fall steeply again. These observations are the main motivation of this
study. The goal of this part of the thesis is to associate the pulse shape with Xmax by devising a
suitable reconstruction procedure.

The rest of this part is structured as follows: The method that associates the pulse shape
with Xmax is going to be presented, along with an example case study. Then the addition of
noise to simulations is going to be introduced, along with necessary changes to the reconstruction
procedure. The scheme is going to be benchmarked for the LOFAR (30 MHz to 80 MHz) and SKA
(50 MHz to 350 MHz) frequency bands, using a large library of simulated LOFAR events. Finally,
a few interesting ideas that were realized while developing the procedure will be discussed.
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Figure 77: A CORSIKA 7 generated simulation of a 1017.2 eV iron induced air shower with the
zenith angle set to 28.8◦. The antennas are on the arm facing east of a standard star-shaped
array pattern. The dominant polarization is plotted. The signal pulse shape varies for different
distances from the shower core.

11 An Xmax reconstruction scheme utilizing the pulse shape

For the development of the Xmax reconstruction scheme that will be discussed here a large library
of CORSIKA 7/CoREAS simulations is used. These are simulations of iron and proton showers
with energies ≥ 1017.3 eV that have been previously used for reconstructing LOFAR measured
events. There are a total of 148 events that were used in this study. All of them were produced
with the default CORSIKA 7 values of maxRad equal to 0.2 rad and STEPFC equal to 1.0.
Each event contains ∼ 30 simulations totalling roughly to a bit over 4500 simulations. The
main idea of these simulations is that for each event, 30 simulations with identical settings are
produced differing only in the seed used for the random number generator. Hence, only the
shower development is affected resulting in a different Xmax per simulation of that specific event.
Regarding the antenna array, all simulations use a star-shaped pattern of 160 antennas (sampling
period is set to 0.1 ns) located at the ground, in 20 concentric rings spaced equally from 25 m
to 500 m from the shower axis with 8 antennas distributed azimuthally in each ring. With this
setup one is able to obtain signal pulses from 160 antennas for showers whose only difference
is Xmax. For instance, for a random antenna of the star-shaped grid there are ∼ 30 pulses for
showers which differ only in Xmax. In order to find a quantifiable metric for Xmax information,
for every antenna location all these ∼ 30 pulses are compared among each other.

As an example, a reference simulation with an Xmax value of 768 g cm−2 is being
compared in the time and frequency domain with 3 different Xmax values for 3 antenna locations.
One value is significantly smaller, one is close to the reference value and the final one is significantly
larger. For an antenna at 25 m from the shower core the comparison is shown in fig. 78, for an
antenna at 100 m in fig. 79 and for an antenna at 200 m in fig. 80. The purpose of these plots is
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Figure 78: A radio signal from a shower with a reference Xmax of 768 g cm−2 is directly compared
with identical simulations differing only in Xmax for an antenna located 25 m from the shower core.
The radio pulses of the dominant polarization are shown on the left column and the corresponding
frequency spectra on the right column. The top row illustrates the comparison for an Xmax value
of 560 g cm−2 versus the reference. The middle row illustrates the comparison for an Xmax value
of 726 g cm−2 versus the reference. The bottom row illustrates the comparison for an Xmax value
of 970 g cm−2 versus the reference. For all the pulses a band-pass filter in the 50 MHz to 350 MHz
frequency band, along with a 55 ns window around the pulse peak is applied.

to simply illustrate quantitative differences in both time and frequency domains. By looking at
the amplitudes of all the pulses one can easily confirm that showers with higher Xmax spread
less on the ground. For this analysis though, the information revealed from the amplitudes is
going to be intentionally left out. The subtle differences in the pulse shape between identically
set showers with different shower development is going to be utilized. It was quickly realized
during this study that taking out the amplitude information and then correlate the pulses would
always lead to correlation factor values very close to 1. This effort is going to be discussed on
a later section as it provided me with some useful insights. However, it was also realized that
the frequency domain allows easier identification of Xmax dependent features, even when taking
out the amplitude information. For this reason, the reconstruction scheme presented next was
developed in the frequency domain.
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Figure 79: A radio signal from a shower with reference Xmax of 768 g cm−2 is directly compared
with identical simulations differing only in Xmax for an antenna located 100 m from the shower
core. The radio pulses of the dominant polarization are shown on the left column and the
corresponding frequency spectra on the right column. The top row illustrates the comparison for
an Xmax value of 560 g cm−2 versus the reference. The middle row illustrates the comparison for
an Xmax value of 726 g cm−2 versus the reference. The bottom row illustrates the comparison
for an Xmax value of 970 g cm−2 versus the reference. For all the pulses a band-pass filter in the
50 MHz to 350 MHz frequency band, along with a 55 ns window around the pulse peak is applied.
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Figure 80: A radio signal from a shower with reference Xmax of 768 g cm−2 is directly compared
with identical simulations differing only in Xmax for an antenna located 200 m from the shower
core. The radio pulses of the dominant polarization are shown on the left column and the
corresponding frequency spectra on the right column. The top row illustrates the comparison for
an Xmax value of 560 g cm−2 versus the reference. The middle row illustrates the comparison for
an Xmax value of 726 g cm−2 versus the reference. The bottom row illustrates the comparison
for an Xmax value of 970 g cm−2 versus the reference. For all the pulses a band-pass filter in the
50 MHz to 350 MHz frequency band, along with a 55 ns window around the pulse peak is applied.
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11.1 Fluence percentage

The pulse shape information in the frequency domain is encapsulated in the slope of the frequency
spectra, so one could argue that taking the ratio of 2 spectra with different Xmax might provide
access to Xmax. Such an idea, although interesting would be seriously affected by noise, so a more
robust metric has to be devised. Starting from the frequency spectra of one polarization, the
square of the amplitude spectrum of each frequency bin is calculated and then its cumulative sum.
Finally, all the bins of the cumulative sum are normalized with respect to the total fluence of the
polarization of that antenna. This way, this quantity encapsulates the rate at which the energy is
deposited to the antenna independent of the amplitude. This is defined as fluence percentage (F ),
since at the start of the frequency band in which we filter our pulses, 0% of the total fluence is
deposited to the antenna, while at the end of the frequency band 100% of the total fluence has
been deposited to it. For a random bin j, the fluence percentage can be summarized with the
following formula:

Fj =
∑j

i=1 A2
i (v)∑N

i=1 A2
i (v)

(38)

With A, the amplitude spectra and with v the frequency are denoted. It is worth
noticing that the denominator of eq. (38) multiplied by the constant factors ϵ0c∆t, where ϵ0 is
the vacuum permittivity, c is the speed of light in vacuum and ∆t is the finite time binning is the
total fluence with respect to which, every bin j is normalized. These constant factors appear also
in the numerator of eq. (38) so they eventually cancel out.

The fluence percentage of the dominant polarization for different Xmax values are plotted
for an antenna at 25 m from the shower core in fig. 81, at 100 m in fig. 82 and at 200 m in fig. 83.
A reference Xmax value of 768 g cm−2 is compared with the fluence percentage from different
showers that differ only in Xmax as discussed earlier. Drawn with grey, is the area between the
fluence percentage of the 2 showers as is shown in each of the antenna locations (fig. 81, fig. 82
and fig. 83). The hypothesis is that this difference in area (DA) between the 2 showers is large
when the showers differ strongly in Xmax, gets smaller for similar Xmax values and is zero for
identical Xmax values.

To test this hypothesis a library of ∼ 30 simulations that differ only in Xmax is used as
explained below. One of these simulations is picked and treated as reference and is compared with
the rest. Each antenna of this reference is being compared with the same antenna with another
simulation for all polarizations. As a result, each antenna is characterized by the metric presented
earlier, i.e. the difference in area (DA) of the fluence percentage for each polarization between the
reference and the simulation it is compared with. The average of the difference in area (DA) of
all polarizations gives us the total difference in area (Di

A) for that antenna i. Finally, the average
of the difference in area (Di

A) of each antenna in the antenna array are added together to provide
one final number (Dtotal

A ). This quantity acts as the final metric for each different comparison
between the reference and the simulation it was compared with. Once again, the smaller the
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Figure 81: The fluence percentage for a reference Xmax of 768 g cm−2 is directly compared with
identical simulations differing only in Xmax for an antenna located 25 m from the shower core.
The top plot illustrates the comparison for an Xmax value of 560 g cm−2 versus the reference. The
middle plot for an Xmax value of 726 g cm−2 versus the reference, and the bottom plot for an
Xmax value of 970 g cm−2 versus the reference. For all the pulses a band-pass filter in the 50 MHz
to 350 MHz frequency band, along with a 55 ns window around the pulse peak is applied.
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Figure 82: The fluence percentage of the dominant polarization for a reference Xmax of 768 g cm−2

is directly compared with identical simulations differing only in Xmax for an antenna located 100 m
from the shower core. The top plot illustrates the comparison for an Xmax value of 560 g cm−2

versus the reference. The middle plot for an Xmax value of 726 g cm−2 versus the reference,
and the bottom plot for an Xmax value of 970 g cm−2 versus the reference. For all the pulses a
band-pass filter in the 50 MHz to 350 MHz frequency band, along with a 55 ns window around
the pulse peak is applied.
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Figure 83: The fluence percentage of the dominant polarization for a reference Xmax of 768 g cm−2

is directly compared with identical simulations differing only in Xmax for an antenna located 200 m
from the shower core. The top plot illustrates the comparison for an Xmax value of 560 g cm−2

versus the reference. The middle plot for an Xmax value of 726 g cm−2 versus the reference,
and the bottom plot for an Xmax value of 970 g cm−2 versus the reference. For all the pulses a
band-pass filter in the 50 MHz to 350 MHz frequency band, along with a 55 ns window around
the pulse peak is applied.
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value of Dtotal
A , the closer the reference is with the simulation it is compared with in terms of

Xmax. All the simulations in the library are compared according to the procedure explained with
the reference. Hence, for each comparison of a simulation with the reference corresponds a Dtotal

A

value (also referred simply as difference in area in the plots). It is worth noting at this point,
that the antenna locations used for the comparisons that will be shown from here and on are
the ones with distance from the shower core up to 250 m. The reason for this choice is simply to
ensure that there is indeed at least some weak signal and not plain noise in our simulations.
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11.2 Parabola fitting

The data-points that include the information in difference in area per simulation are shown in
fig. 84. The reference simulation used for this plot has an Xmax value of 619.9 g cm−2 and as
expected, when compared with itself its Dtotal

A is zero. However, this data-point is excluded
from fig. 84 so as not to interfere with the parabola fitting scheme that is going to presented
next. As can be seen, simulations with near Xmax values to the reference have a smaller Dtotal

A ,
while the simulations that differ more strongly from the reference have a larger Dtotal

A . Just by
observing the data-points one can see that there is structure. Inspired by the LOFAR standard
Xmax reconstruction procedure [48] a very similar parabola fitting scheme is being performed
here as well.

First, the Dtotal
A of reference simulation is excluded as this would shift the fitted parabola

towards it and it would produce biased results. Having this data-point thrown away, the point
with the minimum Dtotal

A is found and its Xmax value is identified. Then a "grammage window"
is created around this point to include the points that are close in terms of Dtotal

A . This window
can be very important as it can alter the results as will be shown later. A check is being made for
points left and right around the minimum point separately. If a point with a specific Xmax has a
greater value in Dtotal

A from both of its adjacent points then this point is excluded. In fig. 84 all
points can be seen in green color, while the purple points are the ones that fulfill the condition
that was described and are at the same time within the desired "grammage window". Finally,
these points are the ones that are used to fit a simple parabola. The minimum of this parabola
is considered the reconstructed shower maximum (Xmax−reco). For simulations, in the absence
of noise this reconstruction scheme seems to be working quite well, since the difference between
Xmax−reco and reference Xmax is ∼ 0.01 g cm−2.

Although, this result seems very satisfying there some parameters that can seriously
affect the reconstructed Xmax−reco. These are going to be discussed now. Maybe the most
important parameter that can affect the outcome is how many simulations are available around
the true Xmax value. If there are not enough simulations around it, one can end up with a
situation like the one shown in fig. 85. In the absence of a "cluster of simulations" around the
reference simulation the parabola fit is not very accurate anymore and in the case of fig. 85 the
reconstruction is short for ∼ 27 g cm−2. Another important technical factor that influences the
fitting procedure is the size of the "grammage window" chosen for the parabola fitting. 2 cases
of parabola fits for 2 cases with varying "grammage windows" are shown in fig. 86. On the left
column the reference simulation has a "cluster" of simulations around it, while on the right column
the points around the chosen reference simulation are sparse. The choice of window size affects
the resolution of the reconstruction as shown in fig. 86 and for some cases, the fitting can also
break down. Both parameters discussed are not considered a problem though, as one is always
able to run more simulations and adjust the "grammage window" in order to improve the fitting
procedure. As a final and more obvious remark, the parabola fitting scheme will break down if
the reference simulation is chosen near the edge of the simulation set, i.e. there is no cluster of
simulations around its Xmax and rather only simulations with either greater or smaller Xmax.
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Figure 84: Parabola fit within a "cluster" of simulations around the reference Xmax. Having
enough simulations around the Xmax we seek, improves the resolution of this method by a
considerable amount. On the bottom plot, the region of interest where the parabola fitting takes
place is zoomed in.
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Figure 85: Parabola fit with very few of simulations around the reference Xmax. Not having
enough simulations around the Xmax we seek, throws off the resolution of this method. On the
bottom plot, the region of interest where the parabola fitting takes place is zoomed in.
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Figure 86: The effect of of the "grammage window" on reconstructing Xmax is shown for 2 cases.
On the left column the reference simulation has a "cluster" of simulations around it making the
parabola fit work for different "grammage windows" of 150, 100 and 75 g cm−2 from top to bottom.
The accuracy of the reconstruction is affected with smaller windows reaching a closer value to the
reference Xmax. On the right column, the reference simulation has no "cluster" of simulations
around it. As a result, the fit is poor and for decreasing values of the "grammage window" (top
to bottom) and it can even break due to small amount of points being fitted.
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Figure 87: Frequency spectra of experimental data versus the corresponding CoREAS simulation
folded with the LOFAR antenna model for a random antenna in a random LOFAR station. Both
polarizations are shown in left and right. The LOFAR antennas are highly resonant around
60 MHz.

11.3 Generating noise for the simulations

The idea of developing an Xmax reconstruction method was initially thought for LOFAR. Although,
moving to the frequency domain implies that a wide range of the frequency spectra is covered by
the antennas used in order for the reconstruction scheme presented here to work. Unfortunately,
this is not the case for LOFAR as can be seen in fig. 87. In fig. 87 a real event measured
with LOFAR in one of the antennas of the inner stations is plotted versus the corresponding
simulations. The simulations are folded with the LOFAR antenna model and it is shown that
data and simulations agree quite well. This indicates that the antenna model used in LOFAR
is reasonably well understood. However, this also showcases that while LOFAR is nominally
detecting radio signals from cosmic rays in the 30 MHz to 80 MHz band, in reality the antennas
are very resonant around ∼ 60 MHz. This was the main reason why it was decided to proceed
with the development of the pulse-shape reconstruction method for SKA where the planned
frequency band for detection is 50 MHz to 350 MHz. For SKA there is no noise model at the
moment of developing this scheme, hence a simplistic way of generating noise for the simulations
was developed in order to showcase how the scheme works in the presence of Gaussian noise.

Next, the way that noise was generated for application to the existing library of
simulations is described. In real world analysis scenarios, the experimental data are noisy and
CORSIKA 7/CoREAS simulations (which have no noise) are used for reconstruction. Hence,
noise is added to test the scheme only in the reference simulation. In the reference simulation,
the antenna with the strongest signal in its dominant polarization is identified. A fraction of
the amplitude of this signal pulse (5%, 10% and 20%) is used to set the width of the Gaussian
distribution used for noise generation. For every antenna separately, random Gaussian noise
is generated in the time domain and the width of the Gaussian is a fraction of the amplitude
mentioned above. The generated noise is then added bin by bin on top of the simulated antenna
pulse. This way every antenna has a different noise signature, with the noise amplitude being
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the same for all antennas. Ideally, the goal is to minimize the amount of noise in the frequency
spectra. To achieve that, a Hann time window [83] of 55 ns around the pulse’s peak is applied
and the rest of the trace is set to 0 values. The advantage of applying this window is that the
the edges of the pulse between the zero values and the non-zero values are becoming smooth,
which reduces the noise in the frequency domain. The pulse is then transformed to the frequency
domain and a simple band pass filter in the 50 MHz to 350 MHz range is applied.

An example of the procedure in the time domain is shown in fig. 88. The reference
simulation (plotted in blue) is initially filtered in the 50 MHz to 350 MHz band. On top of that,
random Gaussian noise with a width of 10% of the strongest pulse of all antennas within the
reference simulation is added and in orange the reuslting pulse is plotted. Next, the pulse with
the included noise is filtered in the 50 MHz to 350 MHz band and finally a 55 ns "Hann" window
is applied around the pulse’s peak. It is shown that this procedure alters the pulse to some extent
depending on the width of the Gaussian distribution of the generated noise. The choice of a time
window of 55 ns is inspired by the LOFAR standard Xmax reconstruction method where a 55 ns
window is used there as well for the analysis. Having constrained the pulse in this time window,
one can now switch to the frequency domain. In fig. 89 the frequency spectra are shown along
with the corresponding fluence percentage. It is worth noting once more that the pulses start
out identical and after the noise generation and addition procedure, one can see the effect of
noise in both the frequency spectra and the fluence percentage. The noise distribution generated
is chosen to be different for each antenna in the simulation and is the same only in the width
of the Gaussian. This way every antenna has the same noise magnitude but not identical noise
distributions.

It is now instructive to inspect in a library of ∼ 30 simulations how the presence of
generated noise affects the parabola fitting procedure as was shown earlier. This is shown in
fig. 90 for 3 cases of noise. From left to right, 5%, 10% and 20% of noise is added. It can be seen
that the addition of noise starts to break the structure of the data-points especially the ones with
similar Xmax. Naturally, the parabola fitting is not as efficient under these circumstances and
especially with the addition of a large amount of noise. Hence, Xmax is not reconstructed with a
satisfying level of accuracy anymore.
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Figure 88: A simulation of a signal pulse filtered in the 50 MHz to 350 MHz band is shown with
the blue line. The orange line indicates the same simulation with the addition of noise in steps.
On top, unfiltered Gaussian noise with 10% of the amplitude is added to the whole trace. In the
middle, the noise is filtered and on the bottom plot a "Hann" window of 55 ns is applied to both
pulses.



150 11.3 Generating noise for the simulations

Figure 89: The corresponding frequency spectra of fig. 88 (bottom) is shown on the top. On the
bottom, the fluence percentage is plotted and the effect of noise is shown.
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This indicates that a way needs to be found in order for the contribution of the noise
to be taken into account and to be corrected. The following scheme was implemented to do so.
Before applying the 55 ns time window to the pulses that include the generated noise, one can
see the whole trace with filtered noise in the 50 MHz to 350 MHz band for a random antenna i.
At this stage, a same sized (55 ns) time window is applied and stored separately at the end of
the trace as indicated with a red box in fig. 91. At those time bins the signal is very weak and
the contribution to the fluence percentage comes mainly from the noise. The amplitude spectra
of this part of the trace (red box) is calculated per antenna i and denoted as cori(v), where v

is the frequency. This is perceived as a "correction" due to noise and this quantity squared is
subtracted from the contribution to the fluence percentage as shown in eq. (39). The quantity in
eq. (39) is referred as the "corrected fluence percentage" (F c

j ) and its components are defined in
the same way as eq. (38).

F c
j =

∑j
i=1

(
A2

i (v) − cor2
i (v)

)
∑N

i=1

(
A2

i (v) − cor2
i (v)

) (39)

To test the correction due to noise that was just introduced another set of ∼ 30
simulations, where the reference simulation has a "cluster" of simulations around its Xmax and
3 levels of added noise (5%, 10% and 20%) are added as before. During the parabola fitting
step of the reconstruction scheme, the data-points have been corrected for the noise. Therefore,
some structure is more evident and the method returns a reconstructed Xmax−reco with improved
accuracy. This is shown in fig. 92, where for 5% added noise Xmax−reco is off by ∼ 2.17 g cm−2,
for 10% it is off by ∼ 10.41 g cm−2 and for 20% it is off by ∼ 35.51 g cm−2.



152 11.3 Generating noise for the simulations

Figure 90: The parabola fitting procedure under the presence of different levels of generated
noise. From top to bottom according to the noise addition procedure described in the text,
5%, 10% and 20% of noise is added to the simulations. Adding more and more noise seems to
break the structure close to the reference simulation making the parabola fitting even fail on
some occasions.
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Figure 91: A simulated pulse with no noise is indicated with blue. With orange, a simulated
pulse with added filtered noise in the 50 MHz to 350 MHz band is shown. The red box at the end
of the trace indicates a 55 ns time window where the time bin contributions of the orange pulse
come mainly from the noise, since the signal is very weak there. The noise contribution in this
red box is used to "correct" the fluence percentage due to noise in eq. (39).

11.4 Benchmarking the Xmax reconstruction scheme

In this section, the Xmax reconstruction scheme that was presented is going to be benchmarked.
For this, the whole library of simulations of 148 LOFAR events totalling to ≥ 4500 mentioned
at the start of this chapter are used. All these simulations were generated with CORSIKA
7/CoREAS for a star-shaped antenna array on the ground. The primary energies of these proton
and iron showers are ≥ 1017.3 eV and differ in zenith angle (0◦ − 50◦). Each event consists of
roughly 30 simulations that differ only in random number seed and thus shower evolution. For
each event, an array of its simulations is sorted in ascending order with respect to Xmax. The
fifth shower in that array is picked as a reference shower in order to have enough simulations with
a smaller Xmax than the reference one and not feed the parabola fitting scheme with an edge
case that will break it. The Xmax reconstruction method is then performed by comparing the
chosen reference shower with the rest of showers in the array. As bias (b) the following quantity
is defined:

b = Xmax−reco − Xmax (40)

The bias of this comparison is stored and as a reference the next shower in the array
of the same event is used. This is now compared with the rest of the showers of that event and
its bias is stored. This procedure is repeated until the fifth shower from the end of the array
is picked. A total bias of the event is defined as the mean value of the bias calculated for each
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Figure 92: The parabola fitting procedure under the presence of different levels of generated
noise. From top to bottom according to the noise addition procedure described in the text,
5%, 10% and 20% of noise is added to the simulations. The fitting procedure combined with the
"corrected" fluence percentage formula (eq. (39)) yields improved accuracy for all levels of noise.
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Figure 93: The simulated events are organized in zenith bins with a 10o step for the 50 MHz to
350 MHz frequency band. The reconstruction scheme is tested for the case of no noise and for
generated noise levels of 5%, 10% and 20%. On the left the bias is plotted and on the right the
corresponding resolution is shown.

combination. As resolution, the standard deviation of the distribution of bias values is considered.
The same procedure takes place for all 148 simulated events. Finally, all the events are grouped
together with respect to their zenith angle in 10o intervals.

Benchmark results (50 MHz to 350 MHz)
Noise level Bias (g cm−2) Resolution

(g cm−2)
No noise -2.7 9.7
5% noise -2.2 10.7
10% noise -9.0 14.2
20% noise -27.6 21.1

Table 23: The weighted average values of the bias and the resolution for the 50 MHz to 350 MHz
frequency band are summarized in this table. The weight is dictated by the number of events in
each zenith bin.

The reconstruction scheme was benchmarked for 2 frequency bands, namely 30 MHz
to 80 MHz and 50 MHz to 350 MHz. The bias and corresponding resolution are shown in fig. 93
and in fig. 94 respectively. The error bars indicate the standard deviation over the number of
simulations on that bin. It can be observed that the results are better for the zenith angles bins
of 15o, 25o, 35o and 45o, while for the 5o the reconstruction seems to not work that well. This
happens because the events simulated with zenith angle ≤ 10o are very few, 7 to be more precise.
For larger zenith values the events are significantly more, which constitutes a better statistical
sample. The weighted average of the zenith bins where as weight the number of events is defined,
are also summarized in table 23 and table 24.
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Figure 94: The simulated events are organized in zenith bins with a 10o step for the 30 MHz to
80 MHz frequency band. The reconstruction scheme is tested for the case of no noise and for
generated noise levels of 5%, 10% and 20%. On the left the bias is plotted and on the right the
corresponding resolution is shown.

Benchmark results (30 MHz to 80 MHz)
Noise level Bias (g cm−2) Resolution

(g cm−2)
No noise -4.5 11.1
5% noise -4.9 14.1
10% noise -5.9 18.8
20% noise -8.9 22.6

Table 24: The weighted average values of the bias and the resolution for the 30 MHz to 80 MHz
frequency band are summarized in this table. The weight is dictated by the number of events in
each zenith bin.

The results as summarized in table 23 and table 24 are encouraging. One needs to take
into account that the number of times that the reconstruction scheme took place for the library
of events, amounts to over 3500. This implies that an automated algorithm was implemented
and the parabola fitting procedure could not be inspected manually. When manually inspecting
every parabola fitting one is able to perform optimizations such as a reasonable choice of the
"grammage window" and to confirm that there is a cluster of simulations around the reference
Xmax. For these reasons, a universal "grammage window" of 100 g cm−2 was chosen for the fits.
In a real world analysis, where one has experimental data of 1 event, these parameters can be
adjusted to give better results because one can generate a suitable amount of simulations.

This reconstruction scheme could potentially be used for both frequency bands that
were inspected. This goes to show that there is indeed information contained in the pulse shape
accessible through the "fluence ratio" in the frequency domain and that it can be used for Xmax

reconstruction. Although, the effect of noise cannot go unnoticed. The way the noise was taken
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into account in this work is rather simplistic. However, an advanced method to extract the noise
out of the measured pulses together with a good understanding of the antenna model used by
SKA has the potential to lead to encouraging results.

The way this reconstruction scheme could be potentially used at its current state
would be as a second order analysis of the standard χ2 minimization reconstruction method
already used in LOFAR. The χ2 minimization gives a resolution in Xmax of ∼ 17 g cm−2 [49]. A
cluster of simulations can be produced with Xmax values close to the estimated Xmax by the χ2

minimization procedure for the specific antenna locations of the experiment. In the case of SKA,
the antennas are of the order of tens of thousands which would of course make the production of
these simulations very computationally heavy. The way to overcome this could potentially be
to produce simulations with standard star-shaped antenna arrays and use a pulse interpolation
method to determine the pulses on the specific antenna locations. Such an interpolation method
has already been developed for the LOFAR analysis [84].

Having presented, benchmarked and discussed potential use of the Xmax reconstruction
scheme it is instructive to discuss a few things that were tried before arriving to the final results.
In [85], a very similar study was presented with 2 distinct differences. First, a different more
simplistic parabola fitting method was used. Second, the contribution of noise to the fluence
percentage was not accounted for in the form of the correction that was presented here. On the
parabola fitting method used in [85], results were worse and improving on that was a major step.
The most distinct discrepancy in the benchmarks presented in [85] was omitting to treat the noise
in some way. This worsened the values for the bias and the resolution. Before coming up with
the noise correction procedure, I also tried to take into account the effect of noise in other ways.

Instead of correcting for the noise of the reference simulation, I simply generated the
same level of noise to all the simulations that were used for the comparisons. A smaller time
window of 30 ns around the pulse’s peak was chosen this time. The idea of using a smaller time
window is that the fluence percentage would capture less contributions from the noise. Since the
window is small though, this was tested in the 50 MHz to 350 MHz band. The benchmark where
the noise was not corrected and simply added is shown in fig. 95 and the weighted mean averages
of bias and resolution are summarized in table 25. Similarly, the benchmark where the noise is
corrected for the smaller 30 ns window is shown in fig. 96 and the weighted mean average bias
and resolution values can be found in table 26. The point of presenting these alternative methods
of treating the noise is to showcase once more that a more sophisticated and effective way of
treating noise, renders this Xmax reconstruction scheme a promising technique.
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Figure 95: The simulated events are organized in zenith bins with a 10o step for the 50 MHz to
350 MHz frequency band. The reconstruction scheme is tested for the case of no noise and for
generated noise levels of 5%, 10% and 20%. On the left the bias is plotted and on the right the
corresponding resolution is shown. In this benchmark, the noise is not "corrected", it is rather
added to all simulations. Hence "noisy" simulations with the same level of noise are compared
among each other. The time window around the pulse’s peak is chosen to be 30 ns.

Figure 96: The simulated events are organized in zenith bins with a 10o step for the 50 MHz
to 350 MHz frequency band. The reconstruction scheme is tested for the case of no noise and
for generated noise levels of 5%, 10% and 20%. On the left the bias is plotted and on the right
the corresponding resolution is shown. In this benchmark, the noise is "corrected", according to
eq. (39). The time window around the pulse’s peak is chosen to be 30 ns instead of 55 ns that is
shown in fig. 93.
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Benchmark results (50 MHz to 350 MHz)
Noise level Bias (g cm−2) Resolution

(g cm−2)
No noise -2.5 8.7
5% noise -9.9 14.2
10% noise -11.9 19.8
20% noise -16.4 24.9

Table 25: The weighted average values of the bias and the resolution for the 50 MHz to 350 MHz
frequency band are summarized in this table. The weight is dictated by the number of events
in each zenith bin. In this benchmark, the noise is not "corrected", it is rather added to all
simulations. Hence "noisy" simulations with the same level of noise are compared among each
other. The time window around the pulse’s peak is chosen to be 30 ns.

Benchmark results (30 MHz to 80 MHz)
Noise level Bias (g cm−2) Resolution

(g cm−2)
No noise -2.6 10.0
5% noise -2.9 13.2
10% noise -8.6 16.7
20% noise -22.9 22.7

Table 26: The weighted average values of the bias and the resolution for the 30 MHz to 80 MHz
frequency band are summarized in this table. The weight is dictated by the number of events
in each zenith bin. In this benchmark, the noise is "corrected", according to eq. (39). The time
window around the pulse’s peak is chosen to be 30 ns instead of 55 ns that is shown in fig. 93.

11.5 Antenna diagnostics utilizing the pulse shape information

Before arriving to the reconstruction scheme that takes advantage of the fluence percentage, the
information of the pulse shape was studied in the time domain. The main tool for that was the
Pearson correlation coefficient (rxy) [86] defined for a sample in the formula below:

rxy =
∑n

i=1(xi − x)(yi − y)√∑n
i=1(xi − x)2∑n

i=1(yi − y)2
(41)

where x = 1
n

∑n
i=1 xi is the sample mean and y is defined correspondingly. A mathematical

property of eq. (41) is that it is invariant under separate changes in location and amplitude of
the variables x and y. So when comparing 2 pulses, one can slide one of them to match the
other pulse’s peak and calculate rxy. This effectively takes out the amplitude information and
correlates 2 pulses in terms of their shape.
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Figure 97: Parabola fitting scheme using the correlation factor eq. (41) as a metric. The reference
simulation is left intentionally in this plot to showcase that the correlation factor is 1 when the
reference is compared with itself. Naturally, not excluding this point affects the fitting procedure
favorably.

The Pearson correlation coefficient was considered as a metric to identify pulses that
matched on Xmax. A library of star-shaped antenna array simulations were used to test this
hypothesis in an identical way as the one presented in the previous sections. Many simulations
with identical settings that differ only in random number seed were used. One of them was
treated as the reference simulation. Each polarization from each pulse from each antenna location
was compared to the corresponding antenna location of the rest of the simulations. So, for each
antenna of each simulation there are 3 correlation coefficients (also mentioned as correlation
factors), one per polarization. Their mean value of all polarizations per antenna is calculated.
Then each simulation has a number of correlation factors equal to the number of antennas. Once
again, the mean value of the correlation factors of all antennas per simulation is calculated. As a
result, in each simulation corresponds a correlation factor. The closer this factor is to 1 the closer
the simulation is to the reference Xmax. An example study of what was just described is shown
in fig. 97. These are simulations with no noise included and it is already evident that such an
idea provides a clear structure with the correlation factors close to 1 being the ones closer to the
reference Xmax indeed. One could then fit a parabola and treat its maximum as the reconstructed
Xmax−reco. While this looks promising, it was quickly realised that the correlation values were
very close numerically. In real world scenarios in the presence of noise such a simplistic approach
would probably not survive, and hence this procedure was not studied further with the addition
of noise.

An interesting idea arose though through inspecting what one could do with the Pearson
correlation coefficient. For this a few measured events from LOFAR and their corresponding
simulations were used. When the event is identified and most of the detected shower properties,
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Figure 98: On the background of both simulation the simulated time integrated power map is
shown. The dots are the antenna locations from the triggered LOFAR stations. On the left, the
dots are the the reconstructed measured data and one can compare how well the colors of the
dots match the background. On the right, the dots are the simulated data and as expected their
colors bled completely in the background.

simulations with the exact same settings and Xmax are generated for the exact antenna locations
for the LOFAR stations that were triggered. One can then fit on top of the ideal simulation the
power detected by the antennas triggered. Time integrated power per antenna in this context is
defined as the following quantity:

Pi = ϵ0c∆t

tend∑
tstart

Vi(t)2 (42)

where Vi(t) is the antenna response measured in Volts. This is a very similar formula to
eq. (11) and its meaning is also very similar. Instead of measuring fluence as energy deposited
to the antenna on the ground coming for the electric field, the antenna response is used. Some
example power maps are shown in fig. 98. The dots shown in fig. 98, represent the antenna
locations. On the background of both plots, a star-shaped antenna array simulation with
interpolated values between the antennas is plotted. On top of that, data from the reconstructed
measurements in the triggered antennas are plotted (left) and simulations of the antenna specific
locations (and not a star-shape) that have been folded with the LOFAR antenna model are shown
(right). As was anticipated, on the right the dots match very well with background, while on the
left the agreement is very good but one can spot that for some locations the dots do not match
completely the background.

Maps like fig. 98 can be made for the Pearson correlation coefficient as well. Once the
reconstructed measurements and the corresponding simulations that include also the antenna
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Figure 99: A random antenna from a random LOFAR station that was triggered for an event is
selected. On the left, polarization 0 (pol 0) is plotted and on the right, the dominant polarization
(pol 1) is plotted. With the bold colors the reconstructed measurements are shown, while the
simulations folded with the antenna response are indicated with the faint colors. The purpose of
the correlation factor is to inspect how well measurements and simulations match in terms of
pulse shape.

response are in place, the following procedure can happen. The pulse coming from the cosmic
ray event is identified in the reconstructed data. The event is usually being put in the middle
of the reconstructed data once the pipeline procedures take place. Using rxy one can identify
the event. The simulated trace is utilized with a time window of 55 ns around the maximum.
One can now choose a time window around the "middle" of the reconstructed measurement and
scan the simulated trace in a 0.1 ns step, which corresponds to the sampling period. For each
step, a correlation factor and its time information is calculated and stored. The value with the
highest correlation factor is considered the best match between measurement and simulation.
An example of this "pulse matching" for both polarizations of a random antenna of a random
LOFAR station is shown in fig. 99. In the dominant polarization (annotated as pol 1 here) the
signal is stronger and the correlation factor is usually higher. A high correlation factor indicates
also a good understanding of the antenna model. One could use the same procedure for different
antenna models to test how well they agree with measurements. One could also use this pulse
matching procedure for all antennas of all triggered stations to make correlation factor maps
fig. 100. Exact agreement is designated with the red color on the background (correlation factor
is equal to 1). The dots indicate the antenna positions, and how well their color blends with
background shows how well the measurements agree with simulations. An interesting use case of
such maps would be for antenna diagnostics. Especially for the case of SKA which consists of
thousands of antennas and is expected to have a large increase in the number of events, making a
color map at the end of reconstruction of every event could be a very useful way to potentially
reveal antenna malfunctions. If the correlation factor of a specific antenna location is consistently
below a specified value, then that could indicate malfunction or even damage to that antenna.
This would be an interesting, visual and easy way to estimate the operational state of antennas
all at once.
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Figure 100: A perfect agreement means that the correlation factor has a value of 1 and this is
depicted by the red color plotted on the background. Every colored dot, represents the correlation
factor for every antenna. On the left, the correlation factors for polarization 0 are plotted and
on the right for polarization 1. Signals are stronger in the dominant polarization (right) and
their correlation factors have higher values. Stronger signals are easier to be identified and the
calculation of the correlation factor is more optimal in that case.

11.6 Discussion

In this part of the thesis the signal pulses emitted from air showers were inspected regarding the
information contained on their shape. So far, for Xmax reconstruction only the information in
fluence is used. In this work, a reconstruction scheme was devised through a simulation study
that does not rely on fluence, rather in the pulse shape information. Considering the ideal case
where no noise is present, the reconstruction scheme showcases promising results. When noise is
added though, one needs to take it into account and correct for it. With advanced techniques to
identify and correct for the noise the scheme shows encouraging results. Such a scheme could be
used as a second order analysis complementary to the standard χ2 minimization technique to
potentially improve the accuracy of Xmax reconstruction. During this study another avenue was
investigated, where a procedure that uses the pulse shape was developed that could be potentially
used for antenna diagnostics.



164

12 Summary and Outlook

The growing experimental needs and the advent of new technologies constitute modern and
reliable software crucial for our understanding of cosmic rays. The focus of this thesis was the
radio emission from Extensive Air Showers and the establishment that it is a well understood
process through simulations. For this, a radio module as an integral part of CORSIKA 8 that
utilizes modern technologies like multithreading was implemented, validated and can be used
by the scientific community. The design choices ensure flexibility and upgradability making it
future-proof and adjustable to the modern experimental needs. The development of this module
contributed to CORSIKA 8 and pushed the project as a whole. It was used to diagnose and
find logical errors and bugs in the core code. Architectural changes took place that overall
improved the accuracy of CORSIKA 8. Due to the sensitive nature of the radio emission extensive
comparisons between CORSIKA 8 and CORSIKA 7 were made. It was found that for the default
value of the track length of the simulated particle tracks the two codes can differ up to more than
∼ 50% in radiation energy. However, if the simulations are done finely enough, i.e. small enough
tracks, it was found that CORSIKA 7 and CORSIKA 8 agree within ∼ 8.3% in the 30 MHz to
80 MHz frequency range and within ∼ 1.7% in 50 MHz to 350 MHz. Given the preliminary state
of CORSIKA 8 this is considered as a good result because it means this leads to a systematic
uncertainty of less than 5% when using radio. Calibration uncertainties are of order 10 − 15%,
so this will not be the dominating uncertainty. Suggestions on further studies to improve the
agreement between the two simulation codes were given.

The Endpoints and ZHS formalisms were implemented directly into the radio module.
This allows for a direct comparison of the two on the exact same shower. In the past, comparisons
that were made between the two formalisms were burdened by the underlying uncertainties of
the different simulation codes that were used. In this thesis, a definite answer on their level
of agreement is given. It was shown that for simulations made with fine enough tracking, the
Endpoints and ZHS formalisms as implemented in CORSIKA 8, practically converge with an
agreement in radiation energy of less than ∼ 2%. The fact that two formalisms derived from
first principles with different assumptions agree to that extent solidifies the idea that the radio
emission calculation is well understood. Studying the effect of different track lengths in radio
simulations for both CORSIKA 8 and CORSIKA 7, revealed indeed that both the radiation
energy and the fluence are affected by it. The radiation energy is essential for setting an energy
scale and the fluence is used to determine Xmax. Apart from the differences in radiation energy,
extensive fluence ratio maps for different track lengths and different formalisms were shown. It is
shown that the signal distribution does change with different track lengths for both formalisms.
Considering that there is a discrepancy between LOFAR and AERA on their Xmax results, and
that for their analyses the standard value of track length in CORSIKA 7 was used, it could be
worth considering to redo their analysis with simulations that utilize very small, fine tracks.

Finally, in this thesis an alternative Xmax reconstruction scheme was developed that
utilizes the information contained on the pulse shape. On standard χ2 minimization reconstruction
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procedures the pulse shape information is discarded. In this work, it was shown that the pulse
shape information can indeed be used for Xmax reconstruction with encouraging results. It is
suggested to be used as a complementary method χ2 minimization in order to potentially improve
the accuracy of the overall reconstruction.



166

Appendix

For the purposes of this thesis libraries of simulations were produced with CORSIKA 8 and
CORSIKA 7 with different settings. In section 8.2, a total of 200 iron induced vertical air shower
simulations generated with CORSIKA 8 were validated with 200 iron induced vertical air shower
simulations generated with CORSIKA 7 for different track lengths. Half of these showers from
both simulation codes were generated with the maximally allowed magnetic deflection angle set
to 0.2 rad and the other half set to 0.001 rad. The level of agreement between CORSIKA 8 and
CORSIKA 7 was inspected for both values.

In section 9, the 200 iron induced shower simulations were utilized to systematically
compare the CoREAS and ZHS formalisms. Both formalisms were compared for both selected
values of the maximally allowed deflection angle. In addition, for the same comparison 200 photon
induced vertical air showers with the maximally allowed magnetic deflection angle set to 0.2 rad
were generated with CORSIKA 8. For the first 100, the multiple scattering approximation that
was used was Molière, while for the rest the Highland approximation was chosen. The level of
agreement between the CoREAS and ZHS formalisms was also inspected for photon showers and
different multiple scattering approaches.

In section 10, the CORSIKA 8 iron induced vertical air shower simulations with the
maximally allowed magnetic deflection angle set to 0.2 rad were compared with the CORSIKA 8
iron induced vertical air shower simulations with the maximally allowed magnetic deflection angle
set to 0.001 rad. The same comparison took place for the CORSIKA 7 generated simulations.
Finally, the CORSIKA 8 photon induced vertical air shower simulations with multiple scattering
approach set to Molière were compared with the CORSIKA 8 photon induced vertical air shower
simulations with multiple scattering approach set to Highland, for both CoREAS and ZHS.

For all these simulations the energy of the primary particle was set to 1 PeV. The rest
of the settings are listed on the chapters the libraries are presented. All these simulations were
used to compare fluence and radiation energy throughout section 8, section 9 and section 10. In
these sections the fluence ratio maps were presented in two frequency bands, namely 30 MHz
to 80 MHz and 50 MHz to 350 MHz. For the sake of completeness and documentation purposes
the mean values of fluence maps per group of showers that were compared, are plotted for total
fluence, geomagnetic and charge excess emission in the figures below.
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Figure 101: Fluence maps for 100, 1 PeV, iron induced vertical showers in the 30 MHz to 80 MHz
band for CoREAS (left column) and ZHS (right column). In the first row, the total fluence map
is plotted, the second the geomagnetic contribution and the last row the charge excess. The
maximally allowed deflection angle is set to 0.2 rad.
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Figure 102: Fluence maps for 100, 1 PeV, iron induced vertical showers in the 50 MHz to 350 MHz
band for CoREAS (left column) and ZHS (right column). In the first row, the total fluence map
is plotted, the second the geomagnetic contribution and the last row the charge excess. The
maximally allowed deflection angle is set to 0.2 rad.
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Figure 103: Fluence maps for 100, 1 PeV, iron induced vertical showers in the 30 MHz to 80 MHz
band for CoREAS (left column) and ZHS (right column). In the first row, the total fluence map
is plotted, the second the geomagnetic contribution and the last row the charge excess. The
maximally allowed deflection angle is set to 0.001 rad.
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Figure 104: Fluence maps for 100, 1 PeV, iron induced vertical showers in the 50 MHz to 350 MHz
band for CoREAS (left column) and ZHS (right column). In the first row, the total fluence map
is plotted, the second the geomagnetic contribution and the last row the charge excess. The
maximally allowed deflection angle is set to 0.001 rad.
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Figure 105: Fluence maps for 100, 1 PeV, iron induced vertical showers in the 30 MHz to 80 MHz
(left column) and the 50 MHz to 350 MHz band (right column). In the first row, the total fluence
map is plotted, the second the geomagnetic contribution and the last row the charge excess.
The maximally allowed deflection angle is set to 0.2 rad and these showers were simulated with
CORSIKA 7.
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Figure 106: Fluence maps for 100, 1 PeV, iron induced vertical showers in the 30 MHz to 80 MHz
(left column) and the 50 MHz to 350 MHz band (right column). In the first row, the total fluence
map is plotted, the second the geomagnetic contribution and the last row the charge excess. The
maximally allowed deflection angle is set to 0.001 rad and these showers were simulated with
CORSIKA 7.
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Figure 107: Fluence maps for 100, 1 PeV, photon induced vertical showers in the 30 MHz to
80 MHz frequency band. For the simulations, Highland (left column) and Molière (right column)
multiple scattering mechanisms. In the first row, the total fluence map is plotted, the second the
geomagnetic contribution and the last row the charge excess. The maximally allowed deflection
angle is set to 0.2 rad and the radio emission was simulated with CoREAS.
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Figure 108: Fluence maps for 100, 1 PeV, photon induced vertical showers in the 50 MHz to
350 MHz frequency band. For the simulations, Highland (left column) and Molière (right column)
multiple scattering mechanisms. In the first row, the total fluence map is plotted, the second the
geomagnetic contribution and the last row the charge excess. The maximally allowed deflection
angle is set to 0.2 rad and the radio emission was simulated with CoREAS.
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Figure 109: Fluence maps for 100, 1 PeV, photon induced vertical showers in the 30 MHz to
80 MHz frequency band. For the simulations, Highland (left column) and Molière (right column)
multiple scattering mechanisms. In the first row, the total fluence map is plotted, the second the
geomagnetic contribution and the last row the charge excess. The maximally allowed deflection
angle is set to 0.2 rad and the radio emission was simulated with ZHS.



176

Figure 110: Fluence maps for 100, 1 PeV, photon induced vertical showers in the 50 MHz to
350 MHz frequency band. For the simulations, Highland (left column) and Molière (right column)
multiple scattering mechanisms. In the first row, the total fluence map is plotted, the second the
geomagnetic contribution and the last row the charge excess. The maximally allowed deflection
angle is set to 0.2 rad and the radio emission was simulated with ZHS.
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