Modelling uncertainty of the radiation energy
emitted by extensive air showers
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Recently, the energy determination of extensive air showers using radio emission has been shown
to be both precise and accurate. In particular, radio detection offers the opportunity for an independent measurement of the absolute energy of cosmic rays, since the radiation energy (the
energy radiated in the form of radio signals) can be predicted using ﬁrst-principle calculations involving no free parameters, and the measurement of radio waves is not subject to any signiﬁcant
absorption or scattering in the atmosphere. Here, we verify the implementation of radiationenergy calculations from microscopic simulation codes by comparing Monte Carlo simulations
made with the two codes CoREAS and ZHAireS. To isolate potential differences in the radioemission calculation from differences in the air-shower simulation, the simulations are performed
with equivalent settings, especially the same model for the hadronic interactions and the description of the atmosphere. Comparing a large set of simulations with different primary energies and
shower directions we observe differences amounting to a total of only 3.3 %. This corresponds to
an uncertainty of only 1.6 % in the determination of the absolute energy scale and thus opens the
potential of using the radiation energy as an accurate calibration method for cosmic ray experiments.
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1. Introduction

2. Simulation Setup
For the simulation of the air showers, two different programs CORSIKA 7.4100 and Aires
2.8.4a are used. For the computation of the radio emission the extensions CoREAS and ZHAireS are
enabled. Both codes have in common that no assumptions on the actual radio emission mechanism
are made, but the radiation is calculated by pure electrodynamics applied to each particle in the
simulation. However, the used formalism differs. In CoREAS the “endpoint formalism” [8] is used,
whereas in ZHAireS the “ZHS Algorithm”[9] is implemented.
For the high energetic interaction model, SIBYLL 2.1 is used as it is the best option supported
by both codes. Both take the Earth’s curvature into account. The same atmospheric model is
used, namely Linsley’s parametrization of the US standard atmosphere. For the the scaling of the
air refractivity n − 1 to higher altitudes CoREAS uses n − 1 being proportional to the air density,
while Aires uses a simple exponential scaling. To eliminate effects of the refractivity model in the
comparison, the CoREAS code has been modified to use an ZHAireS-like simple exponential model
for the refractivity.

3. Calculation of the Radiation Energy
For an efficient determination of the radiation energy only a small number of antennas is
sufficient if placed in a specific way. The computing time increases almost linearly with the number
of simulated antennas. Thus, it is unfeasible to place large numbers of antennas to sample the full
1

PoS(ICRC2017)303

When ultra high energy cosmic rays (UHECR) interact with the Earth‘s atmosphere an extensive
air shower (EAS) is produced. Several methods are feasible to detect such an EAS, like measurement
of the footprint of the particles reaching the ground. Additionally, the longitudinal profile can be
analysed using the emitted fluorescence light. A recent method is the detection via radio emission
which is used e.g. at the Auger Engineering Radio Array (AERA) [1] of the Pierre Auger Observatory
[2].
Two mechanisms contribute to coherent radio emission from air showers. The dominant
geomagnetic emission induced by charged particle motion in the Earth’s magnetic field ~B is polarized
in the direction of the Lorentz force (~v × ~B) with shower direction denoted by ~v. The time-varying
negative charge excess in the shower front is due to the knock-out of electrons from air molecules
and annihilation of positrons in the shower front and gives rise to radiation polarized radially towards
the shower core. Instead of explicitly modelling the two emission mechanisms, the radio emission
emitted by an extensive air shower can be calculated directly from the movement of the shower
particles from first principles using classical electrodynamics [3].
The emission originates from the well-understood electromagnetic part of the air shower.
Hence, the radiation energy can be used as an estimator for the cosmic-ray energy which is already
successfully exploited by AERA [4, 5]. Here, we estimate the accuracy of the calculation of the
radiation energy by comparing the prediction of the two independent air-shower simulation codes
CoREAS [6] and ZHAireS [7].
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two-dimensional emission pattern. The model used for an efficient extraction of the radiation energy
was introduced in [10].
Instead of placing many antennas to sample the full two-dimensional emission pattern, it is
sufficient to simulate only on the ~v × (~v × ~B) axis, as here the polarization of the charge excess and
the geomagnetic component decouple. Then, the lateral distribution function (LDF) of the two
components can be integrated to obtain the energy fluence f via:
Z ∞

ERD = 2π

dr r f (r).

(3.1)

0

4. CoREAS ZHAireS Comparison
To make the simulations of both programs comparable, the technical parameters are set to
similar values as well as possible. An individual study is made to exclude any influence of the
thinning algorithms in the simulations. In CORSIKA a thinning level of 10−5 with optimal weight
limitation is used. In Aires the thinning level is set to 10−5 as well, the statistical weight factor is set
to 0.06.
4.1 Charge Excess Fraction
Since the used method allows to decompose the radiation energy into a geomagnetic and a
charge excess part the charge excess fraction a can be studied directly. The ratio depends on the
geomagnetic angle, i.e. the angle between magnetic field and shower direction, α, and is defined as
q
ce /E geo .
a = sin α ERD
(4.1)
RD
2
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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 0.5 % of the expected 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 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, this approach ensures an adequate sampling of the radio LDF, such that the uncertainty
of the numerical integration can be neglected [10].
To study the impact of the used assumptions and the reduction to antennas on the~v×(~v× ~B) axis
250 air showers with a primary energy between 1017 eV to 1019 eV following a uniform distribution
of the logarithm of the energy are simulated. The azimuth angle is distributed uniformly between 0◦
and 360◦ and the zenith angle uniformly between 0◦ and 75◦ . The geomagnetic field is set to an
inclination of −35.7◦ with a field strength of 0.243 G which corresponds to the geomagnetic field at
the AERA detector.
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 above. The data are interpolated and integrated numerically
over the complete shower plane to compute ERD from the two dimensional-LDF. Additionally,
the radiation energy is computed using the ~v × (~v × ~B) axis only. 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 [10]. To correct this bias, ERD will be reduced accordingly for the following analysis.
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geo

a(ρ(Xmax )) = q0 + q1 · exp (q2 (ρ(Xmax ) − ρ(hXmax i)))

(4.2)

is fitted to the data. ρ(hXmax i) = 0.65 kg m−2 is the air density at the shower maximum for an
average zenith angle of 45◦ and an average hXmax i = 669 g cm−3 as predicted by QGSJETII-04 for a
shower energy of 1 EeV and a 50 % proton/50 % iron composition [11].
In Fig. 1, the charge excess fraction including the fit results for both programs is shown1 . The
colour code indicates that most outliers are air showers with a small sin α value. Comparing the
two fitted functions shows a good agreement between CoREAS and ZHAireS. A deviation is found
for showers with a high density at the shower maximum which corresponds to showers with small
zenith angles.
4.2 Radiation Energy
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 [12]. Combining both allows to
compute the primary cosmic-ray energy from the radiated energy of the electromagnetic cascade.
Before the correlation with the electromagnetic energy, the radiation energy has to be corrected
for various effects. In a first step the geomagnetic part of the emission is corrected for the shower
direction as it scales with sin2 α. A second correction arises due to differences in the Xmax values. A
detailed explanation of these corrections can be found in [10]. The final corrected radiation energy
with two free parameters p0 and p1 is then given by
1
(1 − p0 + p0 exp [p1 (ρ(Xmax ) − ρ(hXmax i))])2
(4.3)
The parameters p0 and p1 are determined in a combined fit with the power law

SRD =

ERD
2
a(ρ(Xmax )) + (1 − a(ρ(Xmax ))2 ) sin2 α

·

SRD = A · 107 eV(Eem /1018 eV)B .

(4.4)

The results are given in table 1, the correlations between the corrected radiation energy and the
electromagnetic energy are shown in Fig. 2. The slope B is exactly equal to two as it is expected
1 Due

to missing uncertainties on the data the absolute scale of the uncertainties on the fit parameters is arbitrary - the
uncertainties only allow to judge the relative constraints on the fit parameters.

3
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ce and E
Here, ERD
RD are the radiation energies originating from the charge-excess and geomagnetic
component respectively. The square root is taken for consistency with previous work where the
electric field amplitude was used instead of the radiation energy.
For the analysis, 1000 proton and 1000 iron induced showers are simulated with energies
and directions as mentioned above. For each shower, the radiation energy originating from the
geomagnetic emission and the charge excess is calculated independently. The charge excess fraction
depends on the density at the shower maximum ρ(Xmax ) where most radiation is emitted. Using the
US standard atmosphere after Linsley, ρ(Xmax ) can be calculated from Xmax and the zenith angle θ .
An exponential function of the form
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Figure 1: Charge excess fraction a of air showers depending on the atmospheric density at the shower
maximum for CoREAS (top) and ZHAireS (bottom). The fit of the other code is added in both plots for a
direct comparison.

for a coherent emission. Looking at the deviation of data and fit a scatter of roughly 7 % is
found. The difference between the CoREAS and ZHAireS prediction is given by the ratio of
ACoREAS /AZHAireS = 2.9 % which corresponds to a difference in the electromagnetic energy of
1.4 %.
The fits are repeated on a combined set of the data from both codes to obtain a single set of
parameters qi and pi . Using them the differences between CoREAS and ZHAireS are not reduced by
applying individual corrections for each code. Fitting the power law with the combined corrections
for each code individually a difference of 3.3 % is observed. This corresponds to a difference in
the electromagnetic energy of 1.6 %. Details of the fit are given in table 3, the individual and the
combined parameters are summarized in table 2.
4
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A
B
p0
p1

CoREAS

ZHAireS

1.662 ± 0.004
2.000 ± 0.001
0.293 ± 0.007
−2.781 ± 0.055

1.615 ± 0.004
2.001 ± 0.001
0.291 ± 0.007
−2.739 ± 0.060
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Table 1: Best fit parameters for CoREAS and ZHAireS using 1000 proton and 1000 iron induced showers.

ZHAireS

combined

−0.168 ± 0.084
0.362 ± 0.087
1.359 ± 0.349
0.293 ± 0.007
−2.781 ± 0.055

−0.190 ± 0.118
0.380 ± 0.122
1.182 ± 0.399
0.291 ± 0.007
−2.739 ± 0.060

−0.184 ± 0.072
0.376 ± 0.074
1.250 ± 0.263
0.290 ± 0.005
−2.774 ± 0.042

Table 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
A
B

ZHAireS

1.6635 ± 0.0011
2.0002 ± 0.0005

1.6105 ± 0.0011
2.0007 ± 0.0005

Table 3: Best fit parameters for CoREAS and ZHAireS with the combined corrections using 1000 proton and
1000 iron induced air showers.

These results have been obtained with the standard settings of the two codes regarding the path
length between interactions. Recently we have observed hints that the predicted radiation energy
increases slightly when the particle cascade is simulated more finely. We are currently investigating
this effect in a direct comparison between the two codes.
4.3 Additional Checks
Additional checks are done to validate the found agreement. Varying the refractive index at sea
level and the geomagnetic field strength have shown no significant difference between CoREAS
and ZHAireS. Differences between proton and iron induced air showers are analysed as well. Both
programs predict around 3 % more radiation for a proton induced air shower than for an iron one
with the same electromagnetic energy.
A last check is performed directly on the lateral distribution function. In the shower plane the
LDF can be described as [4]





~r +C1~e~v×~B −~rcore
~r +C2~e~v×~B −~rcore
f (~r) = A exp −
−C0 exp −
,
(4.5)
σ2
(C3 exp(C4 · σ ))2
where~r denotes the station position,~rcore the position of the core in the shower plane and constants
5
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q0
q1
q2
p0
p1

CoREAS
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Figure 2: Correlation between the corrected radiation energy and the electromagnetic component of air
showers for CoREAS (top) and ZHAireS (bottom).

Ci that are obtained by simulations and depend on the zenith angle. The comparison of CoREAS
and ZHAireS have shown consistent results for the mean values per zenith bin for each constant.

5. Conclusion
The radio emission of extensive air showers has been studied with CoREAS and ZHAireS
simulations. The technical parameters in the simulations were set to similar values as well as possible.
1000 proton and 1000 iron induced air showers have been simulated to study the differences between
CoREAS and ZHAireS.
The used method allows to decompose the radiation into the part originating from the geomagnetic emission and the charge excess. Their ratio, the charge excess fraction, depends on the density
6
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at the shower maximum as most of the radiation is emitted close to it. The charge excess fraction
can be described with an exponential function. Only for showers with a high density at the shower
maximum the simulations have shown some deviation.
After correcting the radiation energy for the geomagnetic angle and density at the shower
maximum it correlates with the electromagnetic energy of the air shower. The correlation can be
expressed as a quadratic power law. We find a good agreement between the CoREAS and ZHAireS
code. The absolute prediction of the radiation energy for given electromagnetic energy agrees
within 3.3 %. We note that a thorough analysis of the step sizes used in the two codes, which might
influence this result, still needs to be performed. If this difference is interpreted as a systematic
uncertainty on the absolute prediction, this amounts to 1.6 % uncertainty of the electromagnetic
energy, well below current experimental limits.

