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1 Introduction

Although ultra high energy cosmic rays (UHECR) are the most energetic particles
known so far fundamental questions as their origin and the acceleration processes are
still unknown. At the highest energies the flux is typically in the order of one particle
per year and square kilometer and lower. Thus, huge detectors like the Pierre Auger
Observatory in Argentina are needed to detected a decent number of events.

When UHECR interact with the Earth‘s atmosphere an extensive air shower (EAS)
is produced. Several methods are feasible and already used at the Pierre Auger
Observatory to detect such an EAS. Typically the footprint of the shower, i.e. the
particles which reach the ground, can be measured by a surface detector. Additionally
the longitudinal profile can be analyzed using the emitted fluorescence light. A recent
method is via its radio emission.

In this thesis the correlation of radiation energy and the primary energy is studied in
detail. Therefore, lots of showers are simulated by CORSIKA and Aires with enabled
computation of radio emission. Correcting the emitted radiation energy for several
effects as shower direction and position of the shower maximum a dependency on the
electromagnetic component of the shower is found which can be used to determine the
energy scale.

To reconstruct the primary energy in an experiment the lateral distribution function
is fitted to the data. The parameters of the LDF are correlated which allows to reduce
the number of free parameters and replace them with constants. A cross check is
performed with CORSIKA and Aires simulations to validate the estimation of the
found constants.
This thesis is structured as follows. In chapter 1 a short introduction to cosmic

rays and extensive air showers, the radio emission processes, current radio experiments
and the used software is given. Chapter 2 describes the used model for an efficient
computation of the radiation energy. The influence of the technical parameters in the
simulations are discussed in chapter 3. In chapter 4 and 5 the radiation energy is
studied for different scaling of the refractive index. Chapter 6 presents the cross check
for the fit of the LDF. Finally, chapter 7 will summarize this thesis and present its
conclusions.

1.1 Cosmic Rays and Extensive Air Showers
Cosmic rays are particles from outside our solar system with a wide range in energy
up to 1020 eV and flux spanning more than 30 orders of magnitudes. Sources and
mechanism for the acceleration of the particle to such energies are still unclear. An
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1 Introduction

Figure 1.1: Sketch of the two emission processes of an air shower. The left plot shows the
geomagnetic emission, the charge excess is shown by the right one. [1] and K.D.
de Vries.

interaction of a high energy cosmic ray primary particle with an atmospheric nucleus
initiates a cascade of secondary particles, the EAS.

In this first interaction high energy secondary particles are created which themselves
will interact again with other nucleus in the atmosphere or decay after their lifetime
in case of unstable particles and initiate further sub-cascades. This process continues
until the energies are too low for further interactions or the particle reaches the ground.
The shower can be decomposed in three main components. The electromagnetic

part (e±, γ) contains approximately 95 % of the primary energy, the muonic part (µ±)
carries about 4 % and the hadronic part (mostly pions) 1 %. Moving through the
atmosphere the EAS produces radio emission which allows to observe the air shower
developing in the atmosphere.

1.2 Radio Emission and Detectors
An EAS emits radio signals due to two different effects, the geomagnetic emission and
the charge excess. Both are shown in figure 1.1.
The Lorentz force acts on the charged particles of an EAS while they are moving

through the magnetic field of the earth. The positive and negative charges are deflected
which leads to synchrotron like radio emission. The emitted radio signal is polarized in
the direction of the Lorentz force, i.e. in ~v × ~B direction.
The second effect is based on a negative charge excess in the shower front due to

knocked out electrons from the air molecules and annihilated positrons in the shower
front. This allows an air shower to emit Cherenkov radiation at radio wavelengths with
an radial polarization towards the shower core.
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1.3 Simulation Software

The radio signal is the superposition of both effects. Due to constructive and
destructive interference of the emission the profile is asymmetric. The radio emission
from EAS is strongest below 100 MHz, typically a frequency band between 30 to
80 MHz is used in an experiment.

Important radio detectors in a chronological order are LOPES [2], CODALEMA [3],
the Pierre Auger Observatory [4], LOFAR [5] and Tunka-Rex [6]. Some of them are
briefly described in the following. They differ in their general design and are exposed
to different environmental circumstances. Thus, they complement each other and can
be used for the verification of experimental results.
The Pierre Auger Observatory in Argentina is designed as a hybrid detector that

can measures an air shower with a surface detector and the fluorescence light. In 2010
the Pierre Auger Observatory was extended by the Auger Engineering Radio Array
(AERA) [7] to detect the radio signal, prototype stations are taking data since 2006.
The antennas are placed on a regular grid with different spacings for the different stages
of construction covering in total around 20 km2. Due to the hybrid design correlations
of the various shower components can be studied.

The next experiment, LOFAR , started its operation in June 2010. It consists of more
than 20 000 antennas that are spread over several different countries in Europe. The
density of antennas increases toward the center in the Netherlands. Here about 2400
antennas are clustered on an area of approximately 10 km2. This allows to measure
the radio signal with high precision.
The latest experiment is Tunka-Rex located in Siberia. It started operation in

October 2012 with 12 antennas and has currently 63 antennas.

1.3 Simulation Software
For the simulation of the air showers two different programs CORSIKA 7.4100 [8] and
Aires 2.8.4a [9] are used. For the computation of the radio emission the extension
CoREAS [10] and ZHAireS [11] are enabled. The similarities and differences of the
simulations are briefly explained in the following.

For the simulation of the air shower itself the primary particle is inserted in the top
of the atmosphere. The point of interaction or decay is computed following a certain
probability function. The first process is then performed and the secondary particles
are sampled accordingly. Energy and momentum of the secondary particle are chosen
randomly from a probability function such that the conversation laws hold. This
process continues repeatedly until the particles energy is lower than some threshold,
the particle is out of the region of interest or it reaches the ground level. During the
propagation the radiation of the particles are calculated by the extensions CoREAS or
ZHAireS respectively.

Both have in common that no assumption on the actual radio emission mechanism
are made. The radiation is calculated by pure electrodynamics applied to each particle
in the simulation. However, the used formalism differs. In CoREAS the “endpoint
formalism” is used, whereas in ZHAireS implements the “ZHS Algorithm”. The
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1 Introduction

difference in the calculation of the radio emission and the influence on the results
are the main reason for this thesis. In Aires SIBYLL 2.1 is used as the high energy
hadronic model. For a better comparison of the radio emission the same model is used
in CORSIKA. Therefore, the old version 7.4100 has to be used because newer versions
of CORSIKA do not support SIBYLL 2.1 anymore.
The earth curvature is taken into account in both programs. The air density in

the atmosphere is implemented as a five layer model. The atmosphere is build-up
of five spherically symmetric layer whose internal radius is the Earth’s radius. The
parameters of the model are obtained by a fit to the air density of the US standard
atmosphere. The resulting model is called Linsley’s parameterization and is used in
both codes. Another difference is the default scaling of the refractive index n. For
CoREAS n scales proportional to the gradient of the air density. In Aires a simple
exponential scaling of n is used. The n scaling is expected to be a crucial point for
the radio emission. To avoid effects of the refractive index in the comparison, first
a constant index of n = 1 is used which is optionally available in both codes. Later
the CoREAS code has been modified to use an Aires-like simple exponential n model
for the refractive index. Comparisons with this modified version of CORSIKA will be
shown as well. The refractivity at sea level will usually be set to n− 1 = 2.92× 10−4.
The used coordinate systems are also different. Throughout this thesis all angles

are given in the Auger definition. A zenith angle of 0° means a vertical shower, for
higher zenith angles up to 90° the shower gets more horizontal. For the azimuth angle
0° points in east direction proceeding counterclockwise, e.g. south corresponds to an
azimuth angle of 270°.
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2 Model

The model used for an efficient extraction of the radiation energy is presented in this
chapter. This method was first introduced in [12], studies with CORSIKA simulations
were already done there. One of the main tasks of the following chapters will be to
validate this results with Aires simulations. The accuracy of the method is analyzed for
both programs independently and the individual steps in the analysis of the simulation
output are explained.

2.1 Calculation of the Radiation Energy
For an efficient determination of the radiation energy only a small number of antennas
is enough if they are placed in a very specific way. The computing time increases with
the number of simulated antennas. Thus, it is unfeasible to place lots of antennas to
sample the full two dimensional emission pattern.

Using the fact that the electric field has no contribution in the direction of propagation
it is sufficient to study the perpendicular plane, the so called shower plane. It is
convenient to chose the axes in ~v × ~B and ~v × (~v × ~B) direction. Looking at the
polarization pattern of the geomagnetic emission and the charge excess one can see that
they now decouple on the ~v × (~v × ~B) axis. Hence they can be studied independently
at each antenna position.
Assuming that the geomagnetic and charge excess components are in phase and

their respective lateral distribution functions (LDF) are radially symmetric it follows
that the radiation energy can be computed via

ERD = 2π
∫ ∞

0
dr r f(r, φ = 90◦). (2.1)

Thus only the ~v× (~v× ~B) is needed for the calculation of the radiation energy. This
reduces the number of antennas and therefore the computing time of a simulation a
lot. In the following, 30 antennas are placed on the ~v × (~v × ~B) axis such that the
complete radio footprint is covered. The first antenna is placed at 5 ‰ of the size of
the radio footprint. The next twelve antennas are equally spaced from 1 % to 15 %.
The last 17 antennas are placed with an equal spacing from 20 % until the maximal
size of the radio footprint. The spacing is denser close to the shower core to detect a
possible rapid change of the energy fluence and to be sensitive for the different shapes
of the lateral distribution function. For larger distances this is no longer necessary.
Therefore it ensures an adequate sampling of the radio LDF, such that the uncertainty
of the numerical integration can be neglected. This setup is sketched in figure 2.1.
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2 Model

-800 -600 -400 -200 0 200 400 600 800

position in ~v× ~B [m]

-800

-600

-400

-200

0

200

400

600

800

p
o
si

ti
o
n
 i
n
 ~ v
×

(~ v
×
~ B

) 
[m

]

φ = 0 ◦

φ = 45 ◦

φ = 90 ◦

φ = 135 ◦

φ = 180 ◦

φ = 225 ◦

φ = 270 ◦

φ = 315 ◦

φ

Figure 2.1: Sketch of the positions of the antennas in the shower plane. On the φ = 90°
axis each circle corresponds to an antenna position.[12]

As the radiation is almost solely emitted by the electromagnetic part of the air
shower it correlates best with the energy of the electromagnetic cascade. Due to the
much lower charge to mass ratio muons hardly emit radiation and can be neglected.
A method to express the invisible energy as a function of the electromagnetic energy
is presented in [13]. Combining both allows to compute the primary energy from the
radiated energy of the electromagnetic cascade.

2.2 Analysis Steps
The individual steps in the analysis of the simulation output are explained and depicted
in figure 2.2. The simulation yields the three dimensional electric field traces of each
antenna in the used carthesian coordinate system of the program. The traces are
Fourier transformed and bandpass filtered to 30 to 80 MHz. This is the frequency band
which is mostly used in experiments.

The filtered traces are then transformed back to the time domain. Due to the
bandpass the trace contains oscillations which extends the pulse to the end of the
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2.3 Accuracy of the method

Electric Field Traces

Radio Antennas

Simulation Fourier transform 
+ bandpass filter

Inverse Fourier transform
+ roll max to middle

Sum over all components
for each antenna

Spectrum

Filtered Traces

LDF

Figure 2.2: Sketch of the steps from the incoming electric field to the LDF in the analysis
of the simulation output.

trace. The trace is now shifted such that the maximum of the Hilbert envelope is in
the middle of the trace. A time window of 200 ns centered at the maximum is used to
determine the signal range. The electric field outside of the time window is treated as
noise and used to estimate the noise in the signal range. The remaining energy of the
electric field is therefore the actual signal. Since this is a Monte Carlo study with an
ideal detector there is no real noise on the traces. However, this procedure is used to
be consistent with an experimental setup.
Summing up all components of the electric field the energy fluence at this station

can be computed. Plotting this against the distance from the core in the shower plane
yields the LDF. An integration according to equation 2.1 provides the radiation energy.

2.3 Accuracy of the method

In the following, the impact of the used assumptions and the reduction on the ~v×(~v× ~B)
axis is studied. Therefore, 250 air showers with a primary energy between 1017 to
1019 eV according to a uniform distribution of the logarithm of the energy are simulated.
The azimuth angle is distributed uniformly between 0 to 360° and the zenith angle
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2 Model

Figure 2.3: Comparison of the emitted radiation energy using only the positive ~v × (~v × ~B)
arm and sampling the shower plane with a star shape pattern. Shown is the
ratio of 250 air showers for CoREAS (left) and 224 showers for ZHAireS (right).

uniformly in 0 to 75°. The geomagnetic field is set to an inclination of −35.7° with
an field strength of 0.243 G which corresponds to the geomagnetic field at the AERA
detector. In the following this setup will be denoted by “random showers”. Due to
hardware or network failures not all started simulations have finished successfully.
Hence, the number of data points can differ slightly for the plots in the following.

The radio antennas are placed in a star shape pattern, i.e. in 45° lines, in the shower
plane using the same distribution as explained in the previous section. For ZHAireS
the spacing has to be increased a little as the total number of antennas is limited to
200. Thus only 25 antennas instead of 30 can be placed for each direction.

The star data is interpolated and integrated numerically over the complete shower
plane to compute ERD from the two dimensional LDF. Additionally it is computed
using the ~v × (~v × ~B) axis only. Their ratios are shown in figure 2.3 for CoREAS and
ZHAireS. An overestimation of 1.68 % (1.56 %) is found for CoREAS (ZHAireS). The
bias can be attributed to the two assumptions made as described in [12]. To corrected
this bias ERD will be reduced accordingly for the following analysis.
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3 Simulation Parameters

In a shower simulation several technical parameters are involved which can have a
physical influence. An important one is the thinning algorithm which is used to
reduce the number of tracked particles and therefore speed up the simulation. Also
the hadronic interaction model can influence the shower development. Therefore,
SIBYLL 2.1 [14] is used in both program to treat high energy hadronic interactions.
In CORSIKA also a low energy hadronic model can be specified. Here two famous
models, FLUKA [15] and UrQMD [16], are compared. All other parameters like low
energy cuts for the different particle species are set to the same value if possible. For
this analysis the refractive index is set to 1.

3.1 Thinning Algorithm
The number of secondary particles in an air shower depends strongly on the cosmic
ray energy. For a 1020 eV proton primary an air shower contains typically around 1011

particles which make it practically impossible to follow them all in the simulation.
Hence thinning algorithms are used to reduce the number of tracked particles without
changing the shower development. In this section the dependency of the radiation
energy on the thinning level is analyzed.

In CORSIKA one can specify the thinning level as a fraction of the primary energy,
i.e. εthin = E/E0. If the sum of the energy of all secondary particles in an interaction
is lower than the thinning energy only one particle of that interaction is followed. The
followed particle gets a weighting factor such that the total energy is conserved. To
analyze the influence of this thinning several proton shower with 1 EeV primary energy,
50° zenith angle and 270° azimuth angle are simulated for different thinning energies.

Table 3.1: Radiation energy of an air shower depending on the used thinning level in
CORSIKA. The shower is induced by a proton with 1 EeV primary energy and
fixed geometry of 50° zenith angle coming from the south. The refractive index
is set to 1.

thinning level radiation energy/MeV number of simulations
10−3 10.2± 0.2 40
10−4 8.5± 0.1 40
10−5 8.3± 0.1 40
10−6 8.3± 0.1 40
10−7 8.4± 0.1 21
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3 Simulation Parameters

Figure 3.1: Radiation energy of an air shower depending on the Aires thinning parameters.
The shower is induced by a proton with 1 EeV primary energy and fixed geometry
of 50° zenith angle coming from the south. The refractive index is set to 1.

The direction is chosen because at the Pierre Auger Observatory most of the showers
are expected from this direction. The resulting radiation energies are shown in table
3.1. For a lower thinning level less radiation energy is emitted. By approximating
several low energetic particles with a single particle and a higher weight an artificial
coherence is introduced in their radio emission. If the thinning process already starts at
higher particle energies more radiation is emitted coherently. As there is no significant
difference for thinning levels lower than 10−5 this one is used in the following to reduce
computing time.
Thinning in Aires works similarly as in CORSIKA. In addition, one can specify a

statistical weight factor to diminish statistical weight fluctuations. Again 40 showers
with the same shower parameters as above are simulated for different combinations
of both thinning parameters. The results are shown in figure 3.1. For the default
value of the statistical weight factor (12) an exponential dependency on the thinning
level can be seen. For a very low weight factor of 0.06 the total radiation energy is
almost constant for all thinning level. The low weight factor is used to mimic a kind
of sandwich thinning, i.e. to disable thinning of very high and low energetic particles
[17]. In the following a thinning level of 10−5 with a weight factor of 0.06 is used for
all ZHAireS simulations.
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3.2 Influence of the Low Energy Hadronic Model

Figure 3.2: Comparison of the radiation energy using FLUKA and UrQMD. The showers
are induced by a proton primary for different energies and angles. Each point
contains 40 showers which differ only in the initial seed. The uncertainty are
too small to be visible in the upper plot. In the lower plot the error bars are
calculated using gaussian error propagation using the uncertainties of the mean.

3.2 Influence of the Low Energy Hadronic Model
To investigate the impact of the low energy hadronic model on the radiation energy
several sets of air showers are simulated using the two models FLUKA and UrQMD.
Each set consists of 40 proton induced showers which differ only in the initial seed. At
first the dependence is studied differentially. Two of the physical quantities zenith,
azimuth and energy are fixed while the third one varies. Later they are combined to
quote the general influence.
Fixing the primary energy to 1 EeV and the zenith angle to 50° while the azimuth

angle varies from 0° to 330° in 30° steps yields (1± 4) ‰ less radiation energy using
FLUKA. However changing the azimuth angle has only an influence on the geomagnetic
emission and does not change the shower development.

For a 1 EeV primary energy coming from the south with zenith angles from 0° to 75°
in 5° steps (1± 3) ‰ more radiation is emitted using FLUKA.
Lastly the shower direction is fixed to an zenith angle of 50° coming from the

south. For the primary energy the following values are used: 0.1 EeV, 0.2 EeV, 0.3 EeV,
0.5 EeV, 1 EeV, 2 EeV, 3 EeV, 5 EeV and 10 EeV. Now (3± 4) ‰ more radiation energy
is observed if FLUKA is used. For a higher cosmic ray energy more low energetic
hadrons are produced. However, they have only a small influence on the shower
development. Hence, there is no dependency on the primary energy.
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3 Simulation Parameters

Figure 3.2 combines all data. The linear fit yields (1± 2) ‰ more radiation energy
with FLUKA. One can conclude that the low energy hadron model has no influence for
the desired accuracy of this study. If the intersection with the y axis is added to the
fit the slope deviates from one by (−1± 2) ‰ and the offset is fitted to 0.006± 0.002.
The results show no significant deviation and the precision of the test is better than
the usual uncertainties in the following analysis, which are on a percentage level. As
the choice has no significant influence on the analysis, UrQMD is used for convenience.
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4 Constant Refractive Index of the
Atmosphere

In this chapter the necessary steps for the correction of the radiation energy for shower
parameters as incoming direction and Xmax value are shown for a constant refractive
index of one. Although this is highly nonphysical it is the only common setting
that CoREAS and ZHAireS can simulate directly. But here only the consistency
between both programs will be studied. However, this yields much less radiation energy
compared to a more physical scaling of the refractive index.

4.1 Charge Excess Fraction
An important point in the analysis of the radio signal is the determination of the charge
excess fraction a. This ratio obviously depends on the geomagnetic angle, i.e. the angle
between magnetic field and shower direction, α. One can generalize the definition to

a = sin(α)
√
Ece

RD/E
geo
RD. (4.1)

The square root is taken for consistency with previous work where the electric field
amplitude was used instead of the radiation energy. Since the used method allows to
decompose the radiation energy into a geomagnetic and a charge excess part a can be
studied directly.
500 proton induced random showers are simulated. For each shower the radiation

energy originating from the geomagnetic emission and the charge excess is calculated
independently. Figure 4.1 shows the resulting charge excess fractions. One can see
that a is not a constant. As most radiation is emitted close to the shower maximum
Xmax the air density ρ ≡ ρ(Xmax) at that height is used to parametrize the dependency.
Using the US standard atmosphere after Linsley ρ can be calculated directly from
Xmax and the zenith angle θ.
An exponential function of the form

a(ρ) = q0 + q1 · exp (q2(ρ− 〈ρ〉)) (4.2)

is fitted to the data. 〈ρ〉 = 0.65 kg m−2 is the air density at the shower maximum for
an average zenith angle of 45° and an average 〈Xmax〉 = 669 g cm−3 as predicted by
QGSJETII-04 for a shower energy of 1 EeV and a 50 % proton/50 % iron composition
[18]. The color code indicates that most outliers are air showers with a small sin(α)
value. The results of the fit are also given in figure 4.1. The optimal fit values for
CoREAS and ZHAireS show a good agreement. The only significant deviation is found
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4 Constant Refractive Index of the Atmosphere

Figure 4.1: Charge excess fraction a of an air shower depending on the atmospheric density
at the shower maximum for CoREAS (top) and ZHAireS (bottom).

in the parameter q2. This has an influence only at large densities. This can be seen in
direct comparison of the data in figure 4.2 that shows a small difference for air showers
with a higher Xmax value.
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4.2 Corrected Radiation Energy

Figure 4.2: Direct comparison of the charge excess fraction for CoREAS and ZHAireS
simulations depending on the atmospheric density at the shower maximum.

4.2 Corrected Radiation Energy
To correlate the radiation energy with the electromagnetic energy two corrections
have to be applied. The geomagnetic part of the radiation energy depends on the
magnetic field strength B and the geomagnetic angle α and scales with sin2 α. The
dependency on the magnetic field is not taken into account now because all showers
are simulated using the same magnetic field at the Pierre Auger Observatory. Thus,
only the geomagnetic part has to be corrected for the geomagnetic angle which yields
the first corrected radiation energy

S∗RD = ERD

a(ρ)2 + (1− a(ρ)2) sin2 α
. (4.3)

An additional correction arise due to the air shower developing according to the
slant depth whereas the radiation energy increases with the geometric path length
of the shower development. For a lower atmospheric density the ratio between the
geometric path length and propagation length measured in atmospheric depth is larger
than for higher densities. Comparing two showers with the same primary energy, the
one developing earlier in the atmosphere has a slightly larger radiation energy because
the air gets more dense for an increasing atmospheric depth. Again, the density at the
shower maximum ρ is used for the parametrization. Figure 4.3 shows the corrected
radiation energy S∗RD per electromagnetic energy Eemag as a function of ρ for several
1 EeV showers. An exponential function can be fitted to the data, the results are given
in the figure. CoREAS and ZHAireS agree well within the given uncertainties.
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4 Constant Refractive Index of the Atmosphere

Figure 4.3: Corrected radiation energy relative to the energy in the electromagnetic part
of the shower plotted as a function of the density at the shower maximum for
CoREAS (top) and ZHAireS (bottom).

To add this dependence into the corrections, a second term with two free parameters
p0 and p1 is added. The final corrected radiation energy is then given by

SRD = ERD

a(ρ)2 + (1− a(ρ)2) sin2 α
· 1

(1− p0 + p0 exp [p1(ρ− 〈ρ〉)])2 (4.4)

with ρ and 〈ρ〉 defined as mentioned above.
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4.2 Corrected Radiation Energy

Table 4.1: Best fit parameters of equation (4.4) and (4.5) for CoREAS and ZHAireS using
500 proton induced random showers.

CoREAS ZHAireS
A 1.063± 0.006 1.046± 0.006
B 1.990± 0.003 1.992± 0.003
p0 0.37 ± 0.02 0.31 ± 0.02
p1 −2.3 ± 0.1 −2.5 ± 0.1

Table 4.2: Individual and combined parameters for the corrections of the radiation energy.
The qi values belong to the charge excess fraction, pi are used in the second
correction term.

CoREAS ZHAireS combined
q0 −0.08± 0.01 −0.08± 0.01 −0.08
q1 0.25± 0.01 0.24± 0.01 0.245
q2 1.81± 0.07 1.69± 0.08 1.76
p0 0.37± 0.02 0.31± 0.02 0.34
p1 −2.3 ± 0.1 −2.5 ± 0.1 −2.4

The free parameters p0 and p1 are determined in a combined fit with the power law

SRD = A · 107 eV(Eemag/1018 eV)B. (4.5)

The results are given in table 4.1. The value of B ≈ 2 shows that SRD scales
quadratically with the electromagnetic energy. The correlations between the corrected
radiation energy and the electromagnetic energy are shown in figure 4.4. Looking at
the deviation of data and fit a scatter of roughly 7.5 % can be seen as shown in figure
4.5. This corresponds to an scatter of ≈ 3.8 % of the energy in the electromagnetic
component.
Ignoring the slightly different optimal B values an estimate of the systematic un-

certainty of the radiation energy is given by the ratio of ACoREAS/AZHAireS = 1.6 %
which corresponds to a systematic uncertainty of 0.8 % for the electromagnetic energy.
Nevertheless, the differences in the charge excess fraction are bigger.
To use this method for actual data a single set of correction parameters is needed.

Hence the results of CoREAS and ZHAireS are combined. The individual and the
combined parameters are summarized in table 4.2. Only for p0 the combined parameter
is not inside the uncertainty of the individual ones.

17



4 Constant Refractive Index of the Atmosphere

Figure 4.4: Correlation between the corrected radiation energy and the electromagnetic
component of an air shower for CoREAS (top) and ZHAireS (bottom).

Redoing the power law fit yields slightly different results as shown in table 4.3. Using
ACoREAS/AZHAireS again as an estimate for the systematic uncertainty it has increased
to 3.8 %. As shown in figure 4.6 the scatter around the fit increased slightly. Comparing
the corrected radiation energy with the combined corrections in figure 4.7 yields a good
agreement.
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4.2 Corrected Radiation Energy

Figure 4.5: Scatter of the corrected radiation data and the fitted power law for CoREAS
(left) and ZHAireS (right).

Table 4.3: Best fit parameters of equation (4.4) and (4.5) for CoREAS and ZHAireS with
the combined corrections using 500 proton induced random showers.

CoREAS ZHAireS
A 1.081± 0.001 1.042± 0.001
B 1.989± 0.001 1.994± 0.001

Figure 4.6: Scatter of the corrected radiation data using the combined corrections and the
fitted power law for CoREAS (left) and ZHAireS (right).
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4 Constant Refractive Index of the Atmosphere

Figure 4.7: Direct comparison of the corrected radiation energy using the combined correc-
tions for CoREAS and ZHAireS.

4.3 Detailed View at 1 EeV Showers
Since small differences are hardly visible in a log-log plot 40 proton induced air showers
with a primary energy of 1 EeV are simulated for different shower directions each. The
zenith angle is chosen in 10° steps from 10° to 80°, the azimuth angle is chosen in 30°
steps from 0° to 360°. If several showers with the same setting are simulated SRD is
extended by an additional factor

SRD ∝
(
〈Eemag〉
Eemag

)2

. (4.6)

Due to random fluctuations each shower has a slightly different electromagnetic energy.
With this normalization to the mean energy in the electromagnetic component the
spread of SRD is reduced. Thus, less simulations are needed for the same accuracy.

For each combination of azimuth and zenith angle the ratio of the radiation energy
of CoREAS and ZHAireS is calculated. In figure 4.8 they are plotted against the
zenith angle. A clear dependence of the ratio on the zenith angle can be seen. It is not
understood where this dependency comes from.

Applying the individual corrections as presented in the previous section this depen-
dence is overcorrected for small zenith angles. Although there is less radiation energy
in CoREAS than in ZHAireS there is more corrected radiation energy. The results
are shown in figure 4.9. The data is in agreement with a constant shift of 1 % of the
corrected radiation energy in CoREAS.
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4.3 Detailed View at 1 EeV Showers

Figure 4.8: Ratio of the radiation energy of CoREAS and ZHAireS for different azimuth
angles plotted against the zenith angle. In red the mean value and the standard
deviation is shown.

Figure 4.9: Ratio of the corrected radiation energy using the individual corrections of
CoREAS and ZHAireS for different azimuth angles plotted against the zenith
angle. In red the mean value and the standard deviation is shown.

However, using the individual corrections also corrects for the differences which
should be analyzed. Correcting the radiation energy with the combined parameters
yields figure 4.10. Again, there is a θ dependency. Comparing this with figure 4.8 one
can see that the axis scale reduced roughly from (−3,+10)% to (−2,+6)%.
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4 Constant Refractive Index of the Atmosphere

Figure 4.10: Ratio of the corrected radiation energy using the combined corrections of
CoREAS and ZHAireS for different azimuth angles plotted against the zenith
angle. In red the mean value and the standard deviation is shown.
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5 Exponential Refractive Index of the
Atmosphere

The comparison between CoREAS and ZHAireS are studied in this chapter using a
modification to the CORSIKA code which allows to set the refractive index to an
exponential scaling. This is more realistic than the constant refractive index, but not
as good as the standard five layer model of CORSIKA. The correction steps described
in the previous chapter are repeated. In section 5.3 1 EeV showers are studied in more
details. The difference between proton and iron primaries is studied in section 5.4
and the effect of the refractive index is shown in section 5.5. The scaling with the
magnetic field is analyzed section 5.6. The difference between having the antennas on
the positive or negative ~v × (~v × ~B) arm is analyzed in section 5.7. In section 5.8 the
corrections are repeated without knowing the Xmax value as it would be the case for
an real experiment.

5.1 Charge Excess Fraction
For the analysis of the charge excess fraction 1000 proton and 1000 iron induced random
showers are simulated. The evaluation is done similar to section 4.1. Looking at the
direct comparison first a deviation for showers with a high Xmax value can be seen in
figure 5.1 similar to figure 4.2.
An exponential function is fitted to the data. The results including the optimal fit

parameters are shown in figure 5.2. Again one can see that only points with a small
sin(α) value deviate from the fit.

5.2 Corrected Radiation Energy
The determination of the parameters for the correction of the radiation energy is done
as in the previous chapter. The results are given in table 5.1 and shown in figure 5.3.
This time the slope is exactly equal to two as it is expected for a coherent emission.

The estimation of the systematic uncertainty via ACoREAS/AZHAireS yields 2.9 % for
SRD. The statistical scatter is given by figure 5.4 as 7 %.
The two correction sets are combined to a single one and summarized in table 5.2.

For the exponential n scaling the combined q2 value is not inside of the uncertainties of
the individual ones and the combined q0 slightly outside of the ZHAireS uncertainty.
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5 Exponential Refractive Index of the Atmosphere

Figure 5.1: Direct comparison of the charge excess fraction for CoREAS and ZHAireS
simulations depending on the atmospheric density at the shower maximum.

Table 5.1: Best fit parameters of equation (4.4) and (4.5) for CoREAS and ZHAireS using
1000 proton and 1000 iron induced random showers.

CoREAS ZHAireS
A 1.662± 0.004 1.615± 0.004
B 2.000± 0.001 2.001± 0.001
p0 0.293± 0.007 0.291± 0.007
p1 −2.78 ± 0.05 −2.74 ± 0.06

Fitting the power law with the combined corrections yields a systematic uncertainty
of 3.4 %. Details of the fit are given in table 5.3. The scatter increased slightly to 7 %
as shown in figure 5.5. For a direct comparison both data are plotted into the same
figure which is shown in figure 5.6. It shows a good agreement between the two sets of
simulations.
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5.2 Corrected Radiation Energy

Figure 5.2: Charge excess fraction a of an air shower depending on the atmospheric density
at the shower maximum for CoREAS (top) and ZHAireS (bottom).
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5 Exponential Refractive Index of the Atmosphere

Figure 5.3: Correlation between the corrected radiation energy and the electromagnetic
component of an air shower for CoREAS (top) and ZHAireS (bottom).
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5.2 Corrected Radiation Energy

Figure 5.4: Scatter of the corrected radiation data and the fitted power law for CoREAS
(left) and ZHAireS (right).

Table 5.2: Individual and combined parameters for the corrections of the radiation energy.
The qi values belong to the charge excess fraction, pi are used in the second
correction term.

CoREAS ZHAireS combined
q0 −0.168± 0.008 −0.19 ± 0.01 −0.176
q1 0.362± 0.009 0.38 ± 0.01 0.37
q2 1.36 ± 0.03 1.18 ± 0.04 1.29
p0 0.293± 0.007 0.291± 0.007 0.292
p1 −2.78 ± 0.05 −2.74 ± 0.06 −2.76

Table 5.3: Best fit parameters of equation (4.4) and (4.5) for CoREAS and ZHAireS with the
combined corrections using 1000 proton and 1000 iron induced random showers.

CoREAS ZHAireS
A 1.663 ± 0.001 1.609 ± 0.001
B 2.0002± 0.0005 2.0006± 0.0005

Figure 5.5: Scatter of the corrected radiation data using the combined corrections and the
fitted power law for CoREAS (left) and ZHAireS (right).
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5 Exponential Refractive Index of the Atmosphere

Figure 5.6: Direct comparison of the corrected radiation energy using the combined correc-
tions for CoREAS and ZHAireS.

5.3 Detailed View at 1 EeV Showers
As in the previous chapter 1 EeV showers induced by a proton primary are compared
in more details. The azimuth angle is chosen again in 30° steps from 0° to 360°. Theta
is chosen in 10° steps from 10° to 70°. Data with 80° zenith angle cannot be used here
anymore because CoREAS switches the computation of n internally for showers which
are more horizontal than 75° to a piecewise integration. This would be inconsistent
with the other datapoints and with ZHAireS and is therefore excluded.

The data is shown in figure 5.7. On average CoREAS produces approximately 4 %
more radiation than ZHAireS. This is consistent with the results found in the last
section. Notably the theta dependence found in the case of a constant refractive index
cannot be found here.
Applying the individual corrections yields figure 5.8. The ratio gets smaller for all

showers, but a small theta dependency is visible. This time the ratio decreases for more
horizontal showers. But the effect is small and still compatible within the uncertainties.
Using the combined parameters for the corrections removes this dependency again.

The data is shown in figure 5.9. On average the difference between CoREAS and
ZHAireS is around 3 % which is in a good agreement with the results from the power
law fit without a clear correlation to the zenith angle.
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5.3 Detailed View at 1 EeV Showers

Figure 5.7: Ratio of the radiation energy of CoREAS and ZHAireS for different azimuth
angles plotted against the zenith angle. In red the mean value and the standard
deviation is shown.

Figure 5.8: Ratio of the corrected radiation energy using the individual corrections of
CoREAS and ZHAireS for different azimuth angles plotted against the zenith
angle. In red the mean value and the standard deviation is shown.
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5 Exponential Refractive Index of the Atmosphere

Figure 5.9: Ratio of the corrected radiation energy using the combined corrections of
CoREAS and ZHAireS for different azimuth angles plotted against the zenith
angle. In red the mean value and the standard deviation is shown.

Figure 5.10: Difference in the charge excess fraction between proton and iron primaries for
CoREAS (left) and ZHAireS (right).

5.4 Difference Proton and Iron Primary
The proton and iron showers are now analyzed independently to check the influence of
the primary particle type for the radiation energy. Proton are used as they are very
common and lightweight whereas iron primaries are the heaviest among all expected
primaries. Therefore this can be used as a benchmark to test if this method allows to
separate different primaries and contribute in the composition studies.
Looking at the charge excess fraction shown in figure 5.10 one can see a good

agreement between the proton and iron data for CoREAS and ZHAireS. This impression
is also reinforced by taking a look at the fit data in table 5.4. For CoREAS none of the
difference is significant with the given fit uncertainties. For ZHAireS all parameters
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5.4 Difference Proton and Iron Primary

Table 5.4: Best fit parameters for the charge excess fraction (equation (4.2)) with CoREAS
and ZHAireS for proton and iron primaries. The dataset contains 1000 proton
and 1000 iron induced random showers.

q0 q1 q2

CoREAS Proton −0.17 ± 0.01 0.37 ± 0.01 1.34 ± 0.04
CoREAS Iron −0.158± 0.008 0.352± 0.008 1.41 ± 0.04
ZHAireS Proton −0.168± 0.009 0.36 ± 0.01 1.26 ± 0.03
ZHAireS Iron −0.21 ± 0.01 0.40 ± 0.01 1.11 ± 0.04

Table 5.5: Best fit parameters for the corrected radiation energy (equation (4.4) and (4.5))
with CoREAS and ZHAireS for proton and iron primaries. The dataset contains
1000 proton and 1000 iron induced random showers.

A B p0 p1

CoREAS Proton 1.697± 0.006 1.993± 0.002 0.34 ± 0.01 −2.46 ± 0.09
CoREAS Iron 1.633± 0.004 2.007± 0.001 0.246± 0.008 −3.17 ± 0.08
ZHAireS Proton 1.653± 0.006 1.994± 0.002 0.33 ± 0.01 −2.47 ± 0.09
ZHAireS Iron 1.583± 0.004 2.006± 0.001 0.232± 0.008 −3.23 ± 0.09

have changed significantly but this has only a minor influence on the fit. One can see
that the iron data has lower densities at Xmax compared to the proton data. Due to
the higher mass of iron the shower develops earlier in the atmosphere and therefore
reaches its maximum at higher altitudes with a lower density. At higher densities
one can see that the order of the fits changed from CoREAS to ZHAireS. CoREAS
predicts a slightly larger charge excess fraction for an iron primaries than for a proton.
In ZHAireS this is the other way round.

The individual scalings of the charge excess fraction is used for the fits of SRD. The
results are summarized in table 5.5. Again each value differs significantly, however in
the final power law plot in figure 5.11 this differences are not visible.

Figure 5.11: Difference of the corrected radiation energy between proton and iron primaries
for CoREAS (top) and ZHAireS (bottom).
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5 Exponential Refractive Index of the Atmosphere

Table 5.6: Corrected radiation energy for different values of the refractive index at sea level.
For ZHAireS a 1 EeV proton primary is used, in CoREAS the primary particle is
an iron with the same energy. In both cases the geometry is fixed to a zenith
angle of 50° coming from south. Each cell shows the mean of 20 (CoREAS)
or 40 (ZHAireS) simulations which differ only in the initial seed. The quoted
uncertainty is the uncertainty of the mean.

n - 1 CoREAS ZHAireS
2.04× 10−4 (−30 %) (10.64± 0.04) MeV (−10.4 %) (12.46± 0.05) MeV (−10.4 %)
2.34× 10−4 (−20 %) (11.04± 0.04) MeV (−7.0 %) (12.93± 0.05) MeV (−7.0 %)
2.63× 10−4 (−10 %) (11.47± 0.04) MeV (−3.4 %) (13.33± 0.06) MeV (−4.1 %)
2.77× 10−4 (−5 %) (11.58± 0.05) MeV (−2.4 %) (13.43± 0.07) MeV (−3.4 %)
2.92× 10−4 (11.87± 0.04) MeV (13.90± 0.06) MeV
3.07× 10−4 (+5 %) (12.05± 0.05) MeV (+1.5 %) (13.93± 0.06) MeV (+0.2 %)
3.21× 10−4 (+10 %) (12.19± 0.04) MeV (+2.7 %) (14.29± 0.05) MeV (+2.8 %)
3.50× 10−4 (+20 %) (12.55± 0.05) MeV (+5.7 %) (14.66± 0.07) MeV (+5.5 %)
3.80× 10−4 (+30 %) (12.81± 0.04) MeV (+7.9 %) (14.96± 0.06) MeV (+7.6 %)

Comparing only the iron or proton data of CoREAS and ZHAireS the fit results are
very close. Its interesting that both simulations yields an exponent B slightly lower
than 2 for a proton primary and slightly higher than 2 for an iron primary. Comparing
the A values again one can see that a proton induced air shower has a 4 % higher
corrected radiation energy than an iron induced air showers.
The fraction of the primary energy that enters the electromagnetic component of

the air shower is different for proton and iron primaries. Hence, in a correlation with
the primary energy different radiation energies would be expected as the radiation is
mostly emitted by the electromagnetic shower component. But in the analysis the
radiation energy is correlated with the electromagnetic energy directly. Thus, there
should be no difference between proton and iron induced air showers. Since the density
at Xmax is used in the corrections this effect cannot be due to the different average
Xmax of proton and iron induced air showers. It is hence unclear what causes this
differences.

5.5 Scaling with the Refractive Index
Just by comparing the results of the previous chapter with the current one it is clear
that the refractive index has a strong influence on the emitted radiation energy. This
dependency is now studied in detail for the exponential n scaling. The refractive index
at sea level is changed and the resulting radiation energies are compared. Using data
from the Global Data Assimilation System (GDAS) the yearly fluctuations of the air
refractivity at the Pierre Auger Observatory is 7 % [12].
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5.6 Scaling with the Geomagnetic Field

For the simulations iron primaries are used for CoREAS. Due to the higher mass
the scatter of the Xmax values is lower for iron. Therefore, the uncertainties of SRD is
smaller for the same number of simulations. For ZHAireS the air showers are induced
by a proton primary. To get the same accuracy the number of simulations is increased
from 20 to 40. The resulting SRD values for the different refractivities n− 1 are shown
in table 5.6.

The difference between proton and iron primaries can therefore be studied once again
for 1 EeV showers with the usual geometry. For this setup the difference is around
16 % which is far above the estimated 4 % of the previous section and inconsistent with
the power law fit for the CoREAS simulations. It must therefore depend on either the
energy or the shower direction.

Comparing the relative change one can see that the scaling of SRD agrees very well
for both programs. A change of +10 % (−10 %) yields around 3 % more (4 % less)
radiation energy energy. For the relevant fluctuations this is again small compared to
the experimental uncertainty.

5.6 Scaling with the Geomagnetic Field
The contribution of the geomagnetic emission depends on the magnetic field. This
dependency was ignored until now because all simulations were using the same magnetic
field of the AERA site. Now the magnetic field strength is varied for a fixed inclination
of −35.7°. The magnetic field strength of AERA BAuger = 0.243 G is used as a
reference for the analysis. 100 proton induced air showers with a fixed geometry of 50°
zenith angle coming from south are simulated with an magnet field strength uniformly
distributed in 1 · BAuger to 3 · BAuger. This covers all of the relevant magnetic field
strengths on earth.
The correction of the geomagnetic part is extended by (B/BAuger)k and the charge

excess fraction consequently by (B/BAuger)−k/2. The parameter k is determined to
1.74± 0.02 for CoREAS and 1.75± 0.02 for ZHAireS via a fit to the data. On a naive
approach one would expect k to be 2 as the amplitude of the electric field scales
proportional with the magnitude of the Lorentz force which is proportional to the
magnitude of the geomagnetic field. But due to scattering in the shower front the
average drift velocity in the direction of the Lorentz force is smaller than the velocity
of the particles in the shower front which explains the difference in k [12].
Adding this corrections yields figure 5.12. The data shows a big scattering per

shower, however a small second order effect is visible. To enlarge this dependency the
plot is repeated with an magnetic field strength up to 7 ·BAuger and shown in figure
5.13. The second order dependency is now clearly visible, however it seems like the
necessary correction to incorporate this effect depends additionally on the zenith angle
and the sin(α) value. For the shown data a scaling with (a · tanh(b ·B))2 would take
the second order effect into account, a generalization for all zenith and geomagnetic
angles seems to be hard to find [19]. But the influence for the relevant magnetic fields
on earth is small thus this effect can be neglected.
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5 Exponential Refractive Index of the Atmosphere

Figure 5.12: Corrected radiation energy including first magnetic field correction depending
on the magnetic field strength. The showers are induced by an iron primary
with 1 EeV primary energy, an zenith angle of 50° and coming from south.
The magnetic field strength is expressed as multiple of the magnet field at the
Pierre Auger Observatory BAuger = 0.243 G, the direction corresponds to the
one at the Pierre Auger Observatory.

This yields the final formula for the corrected radiation energy for all magnetic fields
on Earth.

SRD = ERD

a′(ρ)2 + (1− a′(ρ)2) sin2 α(B/BAuger)1.745
1

(1− p0 + p0 exp [p1(ρ− 〈ρ〉)])2

(5.1)
with

a′(ρ) = a(ρ)/(B/BAuger)0.8725. (5.2)

5.7 Assumption of Radial Symmetry
In the derivation of the method a radial symmetry for the LDFs of geomagnetic emission
and charge excess was assumed. Thus there should be no difference in the radiation
energy between the positive and negative ~v × (~v × ~B) arm where the two components
decouple to the x- and y-polarization. To verify this, 40 showers with an 1 EeV proton
primary are simulated with antennas on both axes. The shower geometry is fixed as
usual to 50° zenith angle coming from south.
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5.7 Assumption of Radial Symmetry

Figure 5.13: Corrected radiation energy including first magnetic field correction depending
on the magnetic field strength. The showers are induced by an iron primary
with 1 EeV primary energy, an zenith angle of 50° and coming from south.
The magnetic field strength is expressed as multiple of the magnet field at the
Pierre Auger Observatory BAuger = 0.243 G, the direction corresponds to the
one at the Pierre Auger Observatory.

Table 5.7: Radiation energy for CoREAS and ZHAireS with antenna only on positive or
negative ~v × (~v × ~B) axis. 40 Showers induced by a proton primary with zenith
angle of 50° coming from south are simulated, the quoted uncertainty is the
uncertainty of the mean.

COREAS ZHAireS

pos. ~v × (~v × ~B) axis (13.7± 0.1) MeV (13.3± 0.2) MeV
neg. ~v × (~v × ~B) axis (13.3± 0.2) MeV (12.8± 0.1) MeV

Figure 5.14 shows the mean LDF for CoREAS and ZHAireS for both axes. Events
with an Xmax > 800 g cm−2 are ignored for the calculation of the mean LDF because
the form of the LDF depends on the Xmax value and changes for higher shower maxima.
The resulting ERD values are presented in table 5.7.

Although the difference of the LDFs are small the results are significantly different.
This can be explained by the differences heights above ground of the antennas on the
two axes. Therefore, the shower sees a different effective refractive index which has an
influence on the emitted radio signal.
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Figure 5.14: Mean LDF for COREAS (top) and ZHAireS (bottom) after the Xmax cut.
The air showers are induced by an 1 EeV proton primary with an zenith angle
of 50° coming from south. The quoted uncertainty at each data point is the
uncertainty of the mean.

5.8 Corrections without the Shower Maximum
For real measurements Xmax is typically unknown or has large experimental uncertain-
ties. Hence it is necessary to have another set of correction parameter that does not rely
on knowing Xmax. The analysis is repeated assuming the average 〈Xmax〉 = 669 g cm−2

and correcting for the zenith angle only.
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5.8 Corrections without the Shower Maximum

Table 5.8: Individual and combined parameters for the corrections of the radiation energy
without knowing Xmax. The qi values belong to the charge excess fraction, pi

are used in the second correction term.

CoREAS ZHAireS combined
q0 −0.24 ± 0.02 −0.19 ± 0.01 −0.21
q1 0.44 ± 0.02 0.38 ± 0.01 0.392
q2 1.12 ± 0.04 1.22 ± 0.05 1.16
p0 0.220± 0.009 0.238± 0.009 0.224
p1 −3.3 ± 0.1 −3.2 ± 0.1 −3.325

Table 5.9: Best fit parameters for CoREAS and ZHAireS using the combined corrections
without knowing Xmax. The dataset contains 1000 proton and 1000 iron induced
random showers.

CoREAS ZHAireS
A 1.647 ± 0.001 1.593 ± 0.001
B 1.9984± 0.0005 1.9977± 0.0005

The results for the charge excess ratio and SRD are directly combined into a single
set of parameters and are given in table 5.8. They are used to fit the power law again,
the results are shown by table 5.9.
A possible explanation for the slope being slightly but significantly smaller than

2 was found in [12]. The average Xmax increases linearly width the logarithm of the
primary energy, i.e. a shower with a higher primary energy develops deeper into the
atmosphere. Due to the higher atmospheric density more radiation energy should
be emitted. This effect cannot be compensated without knowing Xmax. Thus, the
radiation energy is slightly underestimated for higher energies which results in B < 2.
The systematic uncertainty is still 3.4 %, but the scatter has increased to 7.6 % (7.5 %)
for CoREAS (ZHAireS) as shown in figure 5.15.

Figure 5.15: Scatter of the corrected radiation data using the combined corrections without
knowing Xmax of the fitted power law for CoREAS (left) and ZHAireS (right).
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6 Fitting the Lateral Distribution Function to
measured Data

The asymmetric profile due to the superposition of the two radio emission mechanisms
(cf. section 1.2) radio LDF can be described by the sum of two gaussian functions. Due
to correlations of different parameters the number of free parameters can be decreased.
This is especially helpful if only a small number of antenna triggered in an experiment.
The LDF is fitted and free parameters are replaced by constants in the following.

6.1 Reducing the Number of free Parameters
Due to the two radio emission processes the LDF can be described as the sum of
two gaussian functions in two dimensions [20]. The general parameterization is given
in equation 6.1, where the x,y coordinates are used for the ~v × ~B, ~v × (~v × ~B) axes
respectively. The radial symmetry is enforced for each gaussian, however the total
LDF is asymmetric.

f(x, y) = A+ exp
(
−(x−X+)2 + (y − Y+)2

σ2
+

)
− A− exp

(
−(x−X−)2 + (y − Y−)2

σ2
−

)
(6.1)

In AERA the number of triggered station data can be too small for a good fit
with eight free parameters. Therefore, an alternative formulation is used that already
contains some results from simulation studies [21].

f(~r) = A

(
exp

(
−
~r + C1~e~v× ~B − ~rcore

σ2

)
− C0 exp

(
−
~r + C2~e~v× ~B − ~rcore

(C3 exp(C4 · σ))2

))
, (6.2)

where ~r denotes the station position and ~rcore the position of the core in the shower
plane.

An optional shift in ~v × (~v × ~B) directions was shown to be unnecessary for a good
fit as it is much smaller than the current precision [20]. Also a correlation of σ+ and
σ− can be found which allows to remove one more parameter. The constants C0 to C4
can be estimated with simulations. This reduces the number of free parameters to the
amplitude, A, the width, σ, and the shower core, ~rcore.

An example of a successful fit is shown in figure 6.1. For the LDF-fits the simulations
are performed with antennas in the full two dimensional shower plane distributed on
a star shape pattern. The simulations of section 2.3 can thus be reused here. While
the data is interpolated for the visualization, the fit takes only the simulated antenna
positions into account. The black lines show the contour lines of the fitted LDF.

38



6.2 Estimation of the LDF Constants

Figure 6.1: Visualization of the LDF in the shower plane for an air shower with a 1 EeV
proton primary, a zenith angle of 50° and coming from south. The horizon-
tal,vertical and diagonal values are actual data, the rest is interpolated. The
black lines are the contour lines of the fitted LDF.

Unfortunately this parameterization depends on a specific detector environment as
magnetic field, refractive index and height above sea level. As the data of section 2.3
is reused here the magnetic field of the AERA detector and the exponential n is used
but the observer level is placed at sea level. This results in values for the constants Ci

which are different from [21]. The propagation of the radio signal increases the spread
of the gaussians and their position in the shower plane. However, the reference values
are added in the following plots for a comparison.

6.2 Estimation of the LDF Constants
At first the full LDF is fitted to the data. The fit is constraint by demanding A− > 10−10

and |x−| less than half of the total footprint size. Without this constraints the negative
gaussian is sometimes placed far away from the shower core with amplitudes less than
10−30. No correlation of these fits with the shower geometry could be found.
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6 Fitting the Lateral Distribution Function to measured Data

Figure 6.2: Fit results of the width of the two gaussians peaks as a function of the distance
to the shower maximum. The upper plots shows the positive gaussian, the lower
one the negative.

Figure 6.2 shows the dependency of the fit results for σ± on the distance to the
shower maximum. This is a direct consequence of the propagation of the radio signal.
For zenith angles larger than 50° a second arm gets visible for σ−. Therefore, only
smaller zenith angles are used to studies the correlation between σ±.
In figure 6.3 σ− is plotted against σ+. An additional sin(α) < 0.2 cut is used to

remove outliers. For showers with a lower geomagnetic angle the geomagnetic peak
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6.2 Estimation of the LDF Constants

Figure 6.3: Correlation of the σ values for both gaussian peaks. Only showers with zenith
angle less than 50° and a sin(α) value larger than 0.2 are considered.

Table 6.1: Fit parameters of the σ dependency for CoREAS and ZHAireS simulations. The
reference values are added for a comparison.

CoREAS ZHAireS reference
C3/m 32.1± 0.4 27.2± 0.3 16.25

C4·104m 87.0± 0.8 99.5± 0.5 79.00

gets small which makes is harder to fit them correctly. An exponential law

σ− = C3 exp(C4 · σ+) (6.3)

can be fitted. The results are given in table 6.1. For the reference values the uncertainties
are unknown. The difference between CoREAS and ZHAireS could be explained by
small differences in the Xmax distribution for both simulations.

Adding this correlation to equation 6.2 the remaining constants C0 to C2 are fitted
in a combined fit. The results are shown in figure 6.4, 6.5 and 6.6.
For C0 the fitted values are much smaller than the reference line shown in black.

This is directly connected to the σ correlation. The integral of both gaussian functions
can be used to calculate the charge excess fraction a. As C3 is much bigger than the
reference value this would lead to higher a values as expected. Hence, C0 must be
smaller to compensate this effect.

Figure 6.5 shows smaller values for C1 for vertical showers than the reference value.
This is caused by the additional propagation of the radio signal which increase the
shift. For CoREAS the results are in agreement with a decrease of C1 for all zenith
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6 Fitting the Lateral Distribution Function to measured Data

Figure 6.4: Fit results for the constant C0 plotted against the zenith angle. The mean value
and the error of the mean are shown by the solid line and the colored band for
a binning in 10° steps. In black the reference value is shown.

Figure 6.5: Fit results for the constant C1 plotted against the zenith angle. The mean value
and the error of the mean are shown by the solid line and the colored band for
a binning in 10° steps. In black the reference value is shown.
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6.2 Estimation of the LDF Constants

Figure 6.6: Fit results for the constant C2 plotted against the zenith angle. The mean value
and the error of the mean are for a binning in 10° steps. In black the reference
value is shown.

angles but with a smaller slope than the reference line. In ZHAireS the mean value of
C1 increases with higher zenith angles. But the data shows a large scatter thus more
simulations would be needed for a reliable result.

The results of C2 shown in figure 6.6 are again bigger than the reference line due to
the propagation. The CoREAS and ZHAireS values are close to each other. But the
decrease of C2 starts already at smaller zenith angles compared to the reference line.

The parameter σ depends on the distance to the shower maximum. In a first order
approximation this can be described as a linear function as shown in figure 6.7. An
offset and a small difference in the slope can be seen for CoREAS and ZHAireS. For
the relevant distances at AERA this differences are small. Hence, σ can be used as a
simple estimator for the shower maximum.

The amplitude A is correlated with the primary energy. This dependency is shown
in figure 6.8, the results for CoREAS and ZHAireS agree very well. The correlation
can be described as a quadratic power law. This could be used to estimate the primary
energy. But combining all the results of this thesis a better approach to reconstruct
the primary energy can be used.

Starting with a measurement of an radio event the LDF is fitted to the station data.
An integration yields the total radiation energy ERD. Correcting this energy for all the
effects mentioned in the last chapter and using the found power law the electromagnetic
energy of the shower can be calculated. For simplicity the mapping between electro-
magnetic and calorimetric energy is reduced to a constant shift of 2 % [19]. Then the
primary energy can by reconstructed with the data driven method presented in [13].
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6 Fitting the Lateral Distribution Function to measured Data

Figure 6.7: Correlation of σ on the primary energy for CoREAS and ZHAireS. A linear fit
is used as a first order approximation.

Figure 6.8: Correlation of the amplitude A on the primary energy for CoREAS and ZHAireS.

Applying this reconstruction to the used random showers yields figure 6.9. The
ratio between the reconstructed energy Erecon and the true value of the Monte Carlo
simulations EMC is shown for the mean constants Ci and the combined correction
parameters for SRD. The uncertainty is dominated by the uncertainties of the LDF fit.
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6.2 Estimation of the LDF Constants

Figure 6.9: Comparison of the reconstructed energy Erecon and the true Monte Carlo energy
EMC . The mean value and the standard derivation are shown by the solid line
and the colored band for CoREAS and ZHAireS.

Mean value and standard derivation are shown by the solid line and the colored band
in the figure. For CoREAS (ZHAireS) the mean value is 0.96 (0.95) with a standard
derivation of 0.10 (0.12).

On average the energy is overestimated by ≈ 5 % in the reconstruction. The outliers
correspond to showers with a lower sin(α) and higher zenith angle. No bias on the
primary energy can be observed. For CoREAS the mean value and the uncertainty
of the mean is 0.965± 0.008 and 0.95± 0.01 for ZHAireS. The standard derivations
are 0.10 (CoREAS) and 0.12 (ZHAireS). Thus, the results are consistent within the
uncertainty of the mean values.
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7 Conclusion

In this thesis the radio emission of extensive air showers has been studied in detail. An
efficient method to extract the radiation energy using CoREAS and ZHAireS simulation
has been presented. For simulation it is sufficient to place a small number of antennas
on the ~v×(~v× ~B) arm in the shower plane. Then the radiation energy can be computed
with an integration of the energy fluence on that arm.

The influence of the assumption needed for the method have been analyzed. They
result in an overestimation of 1.6 % compared to a numerical integration of the inter-
polation of the two dimensional lateral distribution function. This effect is taken into
account by reducing the radiation energy.

The impact of technical parameters in the simulations was analyzed as well. A small
thinning level has been found to be enough for this study. This reduces the computing
time for the simulation enormously. It was also found the the hadronic interaction
model has no relevant influence on the radiation energy.
The method allows to decompose the radiation into the part originating from the

geomagnetic emission and the charge excess. It has been found that their ratio, the
charge excess fraction, depends on the density at the shower maximum as most of the
radiation is emitted close to the shower maximum.
Corrections for the radiation energy have been presented that remove the depen-

dencies of the shower direction and the shower maximum. It has been found that the
corrected radiation energy correlates best with the electromagnetic energy of the shower.
For an exponential scaling of the refractive index the correlation can be expressed as a
quadratic power law. For the comparison of proton and iron primaries a difference of
4 % has been observed. The scatter was found to be around 7 %. With the differences
between the CoREAS and ZHAireS code the systematic uncertainty has been estimated
at 3 %. This corresponds to 3.5 % statistical and 1.5 % systematic uncertainty of the
electromagnetic energy which is well below current experimental limits.
A more practical parametrization without using information about the shower

maximum has been given. This increases the uncertainties only slightly to 7.6 %
statistical and 3.4 % systematic
The influence of the magnetic field has been studied. The corrections have been

extended to incorporate this effect for all relevant magnetic field strengths on Earth.
Additionally the effect of the air refractivity has been analyzed. For the realistic range
of around ±5 % at the Pierre Auger Observatory a change of 3.5 % in the radiation
energy was found.

In a measurement the radiation energy is determined via a fit of the LDF. Since some
of the parameters are correlated or too small compared to the current accuracy of radio
detectors the number of free parameters can be reduced or replaced by constants. These
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constants have been estimated for CoREAS and ZHAireS and have been compared
with reference values. It has been found that the parametrization depends on several
physical quantities and no direct comparison is possible. The comparison of CoREAS
and ZHAireS have shown consistent results for the mean values per zenith bin. The
difference is usually less than 15 %, for the highest zenith bin it increases to 40 % for
one constant. But this is still in agreement within the standard derivation.

With the found constants the LDF has been fitted to simulated events. The primary
energy has been estimated using the integral of the LDF and the correlation between
corrected radiation energy and the electromagnetic energy. An overestimation of 5 %
has been observed. The results of CoREAS and ZHAireS are coincident within the
uncertainty of the mean value.
The comparison of CoREAS and ZHAireS show that the shower development and

the radio emission is well understood. One can conclude that the implementation of
the radio emission is consistent for both codes and that the radio emission of extensive
air showers is a well suited estimator of the cosmic ray energy.
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