
Absolute Energy Calibration of

the Pierre Auger Observatory

using Radio Emission of Extensive Air Showers

Absolute Energiekalibration des Pierre Auger Observatoriums

durch die Messung von Radiosignalen ausgedehnter Luftschauer

Von der Fakultät für Mathematik, Informatik und Naturwissenschaften

der RWTH Aachen University zur Erlangung des akademischen Grades

eines Doktors der Naturwissenschaften genehmigte Dissertation

vorgelegt von

Jens Christian Glaser, M.Sc.

aus Moers

Berichter:

Universitätsprofessor Herr Prof. Dr.rer.nat Martin Erdmann

Universitätsprofessor Herr Prof. Dr.rer.nat Christopher Wiebusch

Tag der mündlichen Prüfung: 10.3.2017

Diese Dissertation ist auf den Internetseiten der Hochschulbibliothek online verfügbar.





Contents

1 Introduction 1

2 Cosmic rays 3

2.1 Composition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2 Origin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.3 Propagation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.4 Arrival directions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

3 Air showers and their radiation energy release 15

3.1 Radio emission from extensive air showers . . . . . . . . . . . . . . . . . . . . . . . 19

3.2 Simulation of air showers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.2.1 Simulation of radio emission from air showers . . . . . . . . . . . . . . . . 23

3.3 Simulation of radiation energy release . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.3.1 Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.3.2 Longitudinal profile of radiation energy release . . . . . . . . . . . . . . . . 31

3.3.3 Decomposition of the radiation processes . . . . . . . . . . . . . . . . . . . 36

3.3.4 Properties of the radiation energy . . . . . . . . . . . . . . . . . . . . . . . 40

3.3.5 Influence of settings of the air-shower simulation . . . . . . . . . . . . . . . 48

3.3.6 Influence of atmosphere . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.3.7 Independent cross-check with ZHAireS . . . . . . . . . . . . . . . . . . . . 52

3.3.8 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4 Pierre Auger Observatory and its Engineering Radio Array 55

4.1 Fluorescence detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4.2 Surface detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4.3 Atmospheric monitoring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.4 Auger Engineering Radio Array . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.4.1 Antenna designs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.4.2 Station electronics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.4.3 Station designs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4.4.4 Detector calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.4.5 Data acquisition and triggering . . . . . . . . . . . . . . . . . . . . . . . . . 77

4.4.6 Scientific potential . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

5 Reconstruction of air showers from radio detector data 81

5.1 The software framework Offline . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

5.2 Hardware incorporation and RFI suppression . . . . . . . . . . . . . . . . . . . . . 82

5.3 Reconstruction of the electric field . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

5.4 The antenna response pattern . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86



iv

5.4.1 Linear interpolation of the antenna response pattern . . . . . . . . . . . . . . 87

5.4.2 Comparison of complex representations . . . . . . . . . . . . . . . . . . . . 89

5.5 Properties of cosmic-ray radio pulses . . . . . . . . . . . . . . . . . . . . . . . . . . 92

5.5.1 Determination of uncertainties . . . . . . . . . . . . . . . . . . . . . . . . . 93

5.5.2 Uncertainty of the energy fluence . . . . . . . . . . . . . . . . . . . . . . . 98

5.6 Directional reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5.6.1 Reconstruction of noise sources . . . . . . . . . . . . . . . . . . . . . . . . 101

5.7 Noise pulse probability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

5.7.1 Uncorrelated noise pulses . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

5.7.2 Correlated noise pulses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

5.7.3 Contamination of cosmic-ray events by noise pulses . . . . . . . . . . . . . 105

5.8 Top down selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

5.9 Resampling of simulated extensive air showers including radio emission . . . . . . . 108

5.9.1 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

5.9.2 Test of method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

5.9.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

5.10 Cosmic-ray detection efficiency of the AERA24 detector . . . . . . . . . . . . . . . 112

5.11 Analytic description of cosmic-ray radio pulses . . . . . . . . . . . . . . . . . . . . 114

5.12 Python radio-tools package . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

6 Measurement of radiation energy as a universal estimator of cosmic-ray energy 123

6.1 Data selection and event reconstruction . . . . . . . . . . . . . . . . . . . . . . . . 124

6.1.1 Preselection of cosmic-ray candidates . . . . . . . . . . . . . . . . . . . . . 124

6.1.2 Reconstruction of radio data . . . . . . . . . . . . . . . . . . . . . . . . . . 125

6.1.3 Selection of radio signals induced by cosmic rays . . . . . . . . . . . . . . . 126

6.1.4 Uncertainties on the energy fluence in a single radio station . . . . . . . . . . 128

6.2 Energy Estimator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

6.2.1 Definition of the energy estimator . . . . . . . . . . . . . . . . . . . . . . . 130

6.2.2 Event-by-event uncertainties of the energy estimator . . . . . . . . . . . . . 131

6.2.3 Absolute scale uncertainties of the energy estimator . . . . . . . . . . . . . . 131

6.3 Energy calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

6.3.1 Uncertainties of the reconstructed cosmic-ray energy with the radio detector . 134

6.3.2 Precision and possible improvements of the energy reconstruction . . . . . . 134

6.3.3 The energy content of extensive air showers in the radio frequency range of

30 to 80 MHz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

6.4 Cross-calibration of cosmic-ray observatories . . . . . . . . . . . . . . . . . . . . . 136

7 The cosmic-ray energy scale from first-principles calculations 139

7.1 Comparison of RD and FD energy scales . . . . . . . . . . . . . . . . . . . . . . . . 140

7.2 Systematic uncertainties of the radio energy scale . . . . . . . . . . . . . . . . . . . 144

7.3 Comparison with the fluorescence technique . . . . . . . . . . . . . . . . . . . . . . 146

7.4 Extrapolation of the energy scale . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147



v

7.5 Implications of a shift in the energy scale . . . . . . . . . . . . . . . . . . . . . . . 148

7.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

8 Conclusions 151

Appendix A Approximations in the calculation of the radiation energy 153

A.1 Approximation of the same phase . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

A.2 Approximation of radial symmetry of geomagnetic and charge-excess LDFs . . . . . 154

Appendix B Module sequence for resampling of air-shower simulations 155

Appendix C Energy calibration 157

C.1 LDF parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

C.2 Likelihood function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

C.3 Calculation of combined energy resolution from the likelihood probability model . . 159

C.4 Energy resolution of AERA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

Appendix D Modeling of atmospheric density profiles 165

Bibliography 171

Zusammenfassung 185

List of publications 187





1
Introduction

Cosmic rays are the most energetic particles observed in the universe. With energies of more than

1020 eV p« 16 Joulesq concentrated in a single particle, their energy is seven orders of magnitude

larger than the energy achievable in the largest particle accelerators on Earth such as the large hadron

collider (LHC) at CERN [1]. Observation of these ultra-high-energy cosmic rays (UHECRs) enables

the study of the most violent phenomena in the universe such as active galactic nuclei or gamma ray

bursts which are probable sources of UHECRs.

The Earth is constantly bombarded by cosmic rays that create huge cascades of secondary particles

in the atmosphere due to collisions with air molecules, so-called air showers. However, cosmic rays

at the highest energies are very rare. Less than one particle with an energy above 1020 eV hits the

Earth per square kilometer and century which requires observatories of enormous size. The world’s

largest detector – the Pierre Auger Observatory [2] – covers an area of more than 3000 km2 in western

Argentina and thus allows for a measurement of cosmic rays at the highest energies.

Although cosmic rays are known for more than hundred years [3] they are still a mystery, e.g.,

their sources are still not unambiguously identified and their exact chemical composition is unknown.

This is partly because UHECRs are difficult to measure as they can only be detected indirectly by the

measurement of air showers. Thereby, the complete atmosphere acts as a detector medium comparable

to a giant calorimeter. The state of the atmosphere is far from being a controlled laboratory environ-

ment. It changes with changing weather conditions which complicates an accurate measurement of

the properties of cosmic rays such as their energy and mass.

Traditionally, cosmic rays are measured by detecting the particles of the air shower that reach the

ground, by telescopes that observe the isotropic fluorescence light emitted by molecules which have

been excited by the shower particles [2, 4] or by air-Cherenkov telescopes that measure the incoherent

Cherenkov light produced by the shower particles [5]. In this thesis, a complementary method is

explored: The measurement of cosmic rays by the detection of short radio pulses in the MHz regime.

This method was already probed in the 1960s [6] but, after a proof of concept, abandoned in the mid

1970s mostly due to the lack of digital signal processing and the success of the fluorescence technique.

With the development of powerful digitizing hardware this technology experienced a revival in the

early 2000s. The experiments LOPES and CODALEMA located in Karlsruhe, Germany and Nançay,

France [7, 8] demonstrated that the radio technique is sensitive to all main air-shower observables:

the incoming direction, energy and mass [9, 10]. As a next step, the Auger Engineering Radio Array

(AERA) [11] – the radio detector of the Pierre Auger Observatory – was designed. AERA is an array

of more than 150 autonomous radio detector stations covering an area of „17 km2. By measuring

air showers in coincidence with the surface and fluorescence detectors, AERA enables benchmarking

the radio technique in comparison to the well understood reconstruction of air showers of the Pierre

Auger Observatory.

AERA contributed significantly to the understanding of radio emission processes in air showers.
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AERA identified and measured the strength of the charge-excess emission process relative to the

dominant geomagnetic emission process [12]. Further, detailed insights of the emission processes and

the spacial and temporal shape of the radio signal were obtained with the high precision measurements

of LOFAR, a radio telescope located in the Netherlands that samples the radio footprint with hundreds

of antennas [13–15]. Additionally, the sensitivity to the cosmic-ray mass was demonstrated by AERA

[16], LOFAR [17–19], and Tunka-Rex, the radio detector of the Tunka air-Cherenkov experiment

located in Siberia [20, 21]. See [22] and [23] for a recent review of theoretical and experimental

results.

This thesis, however, goes one step further. After the proof of concept and the understanding

of the mechanisms of radio emission, this new technology is used to improve the state-of-the-art

technique of measuring UHECRs. We develop a new method to reconstruct the energy of cosmic

rays and apply it to AERA data which allows for a direct comparison between the radio technique

and the hybrid detector of the Pierre Auger Observatory. We find that a precision well compatible

with surface detectors is reached. Furthermore, we demonstrate that this new technology is capable to

determine the cosmic-ray energy with unprecedented accuracy of less than 10%. This is achieved by

using two of the main advantages of radio emission, namely that the atmosphere is transparent to radio

waves and that the radio emission can be calculated from first principles via classical electrodynamics.

These advantages result in less sources of uncertainties compared to the currently used fluorescence

technology, as changing atmospheric conditions have only negligible influence on the radio emission.

These new developments contribute to one of the central tasks of the Pierre Auger Observatory:

the accurate determination of the cosmic-ray energy scale. The energy scale has direct impact on many

results of the Pierre Auger Observatory: The interpretation of features of the energy spectrum such

as the ankle and the cutoff build on their exact location. In addition, the test of hadronic interaction

models at energies beyond the reach of LHC as well as correcting deflections in Galactic magnetic

fields depend strongly on the accuracy of the energy scale.

This thesis is structured as follows. We start with an introduction to cosmic rays and air showers.

Next, we discuss the emission of radio signals from air showers in detail and determine the radiation

energy, i.e., the amount of energy transferred from the primary cosmic ray into radio emission dur-

ing the air-shower development, by first-principles calculations. Then, we describe the Pierre Auger

Observatory and its Engineering Radio Array and explain the reconstruction of air showers from ra-

dio detector data. After that, we develop a new method to reconstruct the cosmic-ray energy. We

present a measurement of the radiation energy using AERA and compare it with the cosmic-ray en-

ergy reconstructed by the surface detector of the Pierre Auger Observatory. Finally, we combine the

measurement with the first-principle prediction of the radiation energy to set the cosmic-ray energy

scale and discuss its impact on recent results of the Pierre Auger Observatory.
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Cosmic rays

Cosmic rays are charged energetic particles that travel through outer space. Some of them find their

way to Earth so that the Earth is constantly hit by cosmic rays. Among other things, cosmic rays

produce about the half of the ionizing radiation observed at the Earth’s surface [3]. The energy of

cosmic rays ranges up to energies exceeding 1020 eV which is seven orders of magnitude higher than

the single-beam energy that can be reached in the largest particle accelerator on Earth, the large hadron

collider [1]. With increasing energy the flux of cosmic rays drops rapidly. More precisely, per decade

of energy the flux drops approximately by a factor of thousand. Below energies of 1012 eV more than

one cosmic ray hits the Earth per second and square meter. Above an energy of 1016 eV only a few

cosmic rays hit the Earth per square meter and year and the flux for energies larger than 1020 eV is

less than one cosmic ray per square kilometer and century.

Due to the large energy range of cosmic rays, different techniques are necessary to measure cos-

mic rays. A direct detection of cosmic rays is only possible outside of the Earth’s atmosphere, i.e.,

before the cosmic ray interacts with air molecules. Cosmic rays with energies up to „1014 eV can be

measured directly with balloon experiments at the top of the atmosphere [24–27] or with spaceborn

detectors such as satellites [28, 29] or detectors at the international space station (ISS) [30, 31]. A

direct detection allows for a precise determination of the energy and the particle type. One prominent

example is the energy spectrum, i.e., the flux of cosmic rays as a function of their energy. The energy

spectrum of cosmic rays is presented in Fig. 2.1. The data is shown for different particle species.

Roughly 79% of the cosmic rays are protons followed by helium nuclei which make up about 70%

of the remaining nuclei. Except for small energies per nucleon, the spectrum can be described with

a simple power law. The flux decreases proportionally to E
´γ
n with γ = 2.7 and En being the energy

per nucleon. The ratio between different particle species remains nearly constant over the presented

energy range [32].

Cosmic rays with energies larger than „1014 eV can not be measured directly anymore because

of two reasons. First, the detector size of balloons or spaceborn experiments is limited and the flux of

cosmic rays decreases with increasing energy such that not enough statistics can be obtained. Second,

even if a cosmic ray hits the detector, the energy would be so large that the cosmic ray would just go

through the detector so that a measurement of its energy or momentum would not be possible. Cosmic

rays at large energies can only be measured indirectly with large ground based detectors [2, 4, 46,

47]. When such a cosmic ray hits the Earth’s atmosphere it interacts with air molecules and creates

an air shower – a shower of secondary particles – that can be observed from the ground. One can

think of the atmosphere as a giant calorimeter that is read out from the ground. Due to the indirect

detection, the measurement is less precise. Whereas the arrival direction of the cosmic ray can still be

determined precisely at the level of 1˝, and its energy can be measured at a level of O(ą10%) while

the uncertainties on the particle mass on an event-by-event basis are larger by far owing to the sizable

overlap of the longitudinal air-shower shape originating from the different nuclei.
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Figure 2.1: Cosmic-ray energy spectrum of primary nuclei obtained from direct measurements. Data from

[33–45]. Figure from [32].

Measurements of the all-particle flux from different experiments are presented in Fig. 2.2. The

spectrum shows again a remarkably simple structure although is does not continue with E´2.7 towards

the highest energies but exhibits a few breaks in the spectral index. The energy E refers to the energy

per particle. To display these features the differential flux was multiplied by E2.6. The spectrum

steepens to a spectral index of γ « 3.1 (e.g. [48]) at the so-called knee which is between 1015 eV

and 1016 eV. At the ankle at around 5 ˆ 1018 eV the spectrum flattens again to γ “ 2.6 [49]. The

Kascade-Grande experiment also reported a second knee near 8 ˆ 1016 eV where a second steepening

of the spectrum to γ « 3.24 occurs [50].

The energy spectrum is generally interpreted by assuming that cosmic rays below 1018 eV = 1EeV

are of galactic origin. Then, the steepening of the spectrum at the knee reflects the fact that most

galactic accelerators have reached their maximum energy for protons. As the maximum achievable

energy scales with the charge number Z of the cosmic-ray nucleus, a transition from light to heavier

cosmic-ray nuclei takes place between the first and second knee and the second steepening reflects the

maximum achievable energy for iron nuclei [50]. The ankle then marks the transition from galactic to

extragalactic origin of the cosmic rays.
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Figure 2.2: Energy spectrum of cosmic rays obtained from indirect measurements of air showers. Data from

[48–66]. Figure from [32].

As visible in Fig. 2.2, the cosmic-ray flux reported by different experiments differs by as much

as a factor of two in the knee region. The plot shows statistical uncertainties only. At higher ener-

gies the differences become smaller but are still sizable and most probably attributed to systematic

uncertainties in the determination of the cosmic-ray energy, indicating the importance of the system-

atic uncertainties on the energy scale for the interpretation of the spectrum. This becomes especially

evident when looking at the high precision data from the Telescope Array (TA) and Pierre Auger

collaborations at the highest energies which is shown in Fig. 2.3. Both experiments see a cutoff at

the highest energies. Whereas the two measurements are in good agreement below 2 ˆ 1019 eV with

a difference in the flux of about 20%1, the discrepancy in the cutoff region is significant [67]. The

position of the ankle (TA: p5.2 ˘ 0.2qEeV, Auger: p4.8 ˘ 0.1qEeV) is in good agreement, but the

position of the cutoff E1{2, which is defined as the position at which the flux drops to half of what

would be expected with no cutoff [68], is significantly different with E1{2 = 60 ˘ 7(stat) EeV reported

by TA and 24.7 ˘ 0.1(stat) `8.2
´3.4(syst) EeV reported by Auger. The reason for the cutoff is under de-

bate. One explanation is that the cutoff is due to energy losses of cosmic rays with photons from the

cosmic microwave background (CMB), the so-called GZK effect which is discussed in more detail

in Sec. 2.3. The other explanation is that the cosmic-ray accelerators have reached their maximum

energy. Further insights to distinguish the two scenarios can be gained by the chemical composition.

If only protons are observed at the highest energies, the GZK cutoff would be favorable. If instead the

composition shows a transition towards heavier elements, a cutoff due to a limited maximum energy

of the accelerators would be more likely as the maximum energy of a source typically scales with the

charge number Z of the nucleus.

1The Telescope Array and the Pierre Auger collaborations report a systematic uncertainty of 21% and 14%, respectively.
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Figure 2.3: Cosmic-ray energy spectrum at the highest energies as measured by the Telescope Array [66] and

Pierre Auger Observatory [49]. Figure from [32].

2.1 Composition

A robust estimator of the particle mass is given by the position of the air-shower maximum Xmax.

The average Xmax per energy bin as measurement by the TA and Auger experiments are presented in

Fig. 2.4 together with the prediction of the two extremes of cosmic rays being protons or iron nuclei for

different hadronic interaction models. The data can not be directly compared to each other because in

case of TA data, detector effects are folded into the model predictions whereas the Auger collaboration

first unfolds detector effects from the Xmax measurement and then compares it to the models. A

combined analysis of the two collaborations showed that the two measurements are compatible within

their systematic uncertainties [69]. However, the interpretation of the data differs. The measurement

of TA is compatible with a relatively pure, light composition whereas Auger sees a transition towards

heavier nuclei above the ankle.

Another estimator of the cosmic-ray composition is the standard deviation of the Xmax distribution

which is presented by the Pierre Auger collaboration and shown in Fig. 2.5 left. The heavier the

cosmic-ray nucleus, the less fluctuations are expected. If the composition is not pure, the spread

of the distribution increases due to the superposition of distributions with different mean, e.g., for

a continuous transition from proton to iron nuclei, a spread larger than the spread for a pure proton

composition is expected. Hence, also the measurement of the Xmax fluctuations by Auger supports the

transition towards heavier elements. Under the assumption of a specific hadronic interaction model,

the average mass number A of the cosmic rays was determined using the information from the Xmax

distributions [70–73] which is shown in Fig. 2.5 right. From 1017 eV to 2 ˆ 1018 eV the cosmic-

ray compositions shows a transition towards lighter particles. At larger energies the trend reverses

and the composition gets heavier again. A more refined analysis fits the Xmax distributions with

predictions of hadronic interaction models for different particle species [74]. The data can not be

described consistently with a mix of only protons and iron nuclei. Only if cosmic rays of intermediate

mass are included, the fit gives acceptable results. A model of three (protons, nitrogen and iron nuclei)
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Figure 2.4: Measurement of the average depth of the shower maximum Xmax measured by the Pierre Auger

Observatory [73] and the Telescope Array [75].

Figure 2.5: (left) Measurement of the standard deviation of the Xmax distributions by the Pierre Auger Obser-

vatory. (right) Average logarithm of the mass number A obtained from the Xmax distributions using EPOS-LHC

[76] as hadronic interaction model. Figures from [73].

and four (protons, helium, nitrogen and iron nuclei) particle species was used to describe the data. The

proton fraction shows an energy dependency and decreases towards higher energies. Iron nuclei do

not contribute significantly to the cosmic-ray composition over the studied energy range of 1017.8 eV

to 1020 eV. In case of the four parameter model, the fraction of the cosmic rays with intermediate

masses (helium and nitrogen nuclei) show a strong dependence on the choice of hadronic interaction

model.

Another and completely independent estimator of the cosmic-ray mass is the average number of

muons produced in the interactions of cosmic rays within our atmosphere [77]. The muon number

is estimated by a parameter xRµy which is the average number of muons with energies larger than

0.3GeV relative to the number of muons of a 1019 eV proton shower simulated with the hadronic

interaction model QGSJetII-03 [78]. The value Rµ “ 1 corresponds to 2.146 ˆ 107 muons above

0.3GeV at an altitude of 1425 m a.s.l. which is the average altitude of the Pierre Auger Observatory

for an air shower with an inclination of 60˝. The measurement of Rµ is presented in Fig. 2.6. The mea-
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Figure 2.6: Relative average number of muons on ground xRµy as a function of cosmic-ray energy (black filled

circles). The square brackets denote the systematic uncertainty primarily due to the uncertainty of the energy

scale. Also shown are the predictions from hadronic interaction models for proton and iron induced air showers.

Figure from [77].

surement shows a large abundance of muons with respect to all modern hadronic interaction models.

To a large extend, this discrepancy can be resolved by a shift of the energy scale within its systematic

uncertainty of 14%. As indicated by the open brackets in Fig. 2.6, a shift of the cosmic-ray energies

by one standard deviation towards higher energies brings the data in agreement with the model pre-

dictions. This result again stresses the importance of an accurate energy scale for the interpretation of

the data.

2.2 Origin

Although high-energy cosmic rays are known for more than hundred years, their origin remains un-

known. This is because cosmic rays are charged particles that get deflected during their propagation

in galactic and extragalactic magnetic fields. As the deflections reduce with increasing energy, cos-

mic rays at the highest energies are especially interesting because they presumably point back to their

sources.

Cosmic rays are generally believed to be accelerated by stochastic processes in magnetized plasma.

The acceleration continues as long as the cosmic rays remain confined by magnetic fields in the source

region. Such a stochastic acceleration process results in the observed power-law energy spectrum and

the spectral index depends on the specific properties of the acceleration [79]. The exact acceleration

mechanism is unclear. A possible mechanism was proposed by Enrico Fermi [80] where cosmic rays

collide with magnetic clouds that move at random relativistic velocities. In each collision the cosmic

ray gains energy proportional to β2, the speed of the cloud measured in units of the speed of light.

This mechanism is known as the second-order Fermi acceleration. A more efficient mechanism is the

acceleration by diffuse scattering in supersonic shocks that spread out in the source region. As the

cosmic rays are bound by magnetic fields, they collide with the shock several times and acquire more
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Figure 2.7: Hillas diagram. The magnetic-field strength and size of possible UHECR sources is shown includ-

ing their uncertainties. Above the dashed (dotted) line protons (iron nuclei) can be confined up to energies of

1020 eV (for β = 1). Figure from [82].

energy in each crossing. This mechanism is known as the first-order Fermi acceleration as the energy

gain is directly proportional to β [81].

Then, the maximum energy achievable is only determined by the time the cosmic ray remains in

the source which depends on the source’s size R and magnetic-field strength B and is given by

ˆ

Emax

1EeV

˙

« 2.16Z β

ˆ

B

1 µG

˙ ˆ

R

1 kpc

˙

, (2.1)

where Z is the charge of the cosmic ray [82]. This equation is known as the Hillas criterion [83] and

potential sources can be grouped in the so-called Hillas diagram where the magnetic field is plotted

versus the size of the source candidate and is shown in Fig. 2.7. The size and magnetic-field strength

necessary to accelerate particles to the highest energies of ě1020 eV are much larger than our galaxy,

implying an extragalactic origin of the sources of ultra-high-energy cosmic rays (UHECRs). This

equation also shows that heavier nuclei, if present at the source, can be accelerated to Z times higher

energies. Plausible sources of UHECRs are accretion shocks in large-scale structures, active galactic

nuclei (AGN), gamma ray bursts (GRBs) and neutron stars or magnetars [84].

2.3 Propagation

Cosmic rays do not propagate unimpeded through the universe but are deflected in magnetic fields or

interact with photon fields, in particular with the cosmic microwave background (CMB). The knowl-

edge of the extragalactic magnetic field (EGMF) is poor. The magnetic-field strength in the core of

clusters of galaxies is estimated by Faraday rotation measurements and is in the order of „p1–40q µG
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Relevant photon fields for the propagation of cosmic rays through the intergalactic space are the

cosmic radio background (CRB), the extragalactic background light (EBL) and the cosmic microwave

background (CMB). The CMB is the most important one and will be discussed in the following. An

overview of the impact of the other photon fields can be found, e.g., in [86] and [84]. The CMB

has an almost perfect blackbody spectrum of temperature T = 2.726K corresponding to meV photon

energies [32]. With roughly 400 photons per cm3 it is the most intense extragalactic radiation field.

For energies above E « 5 ˆ 1019 eV, the cross section of the interaction of protons with the CMB

photons rises dramatically and protons loose energy mainly by photo-pion production via the delta

resonance:

p ` γCMB Ñ ∆` Ñp`π0

ë γ ` γ

Ñn`π`

ë µ` ` νµ

ë e` ` νe ` ν̄µ

ë p`e´ ` ν̄e

This is the well known GZK effect that was independently predicted by Greisen [95] and Zat-

sepin and Kuzmin [96]. The resulting decrease of the cosmic-ray energy with increasing propagation

distance is shown in Fig. 2.8 right. Independent of the initial cosmic-ray energy, after a propagation

length of „100Mpc, the proton energy is below 1020 eV. Cosmic-ray nuclei show a similar energy

loss behavior, although the underlying process is different. Nuclei loose energy primarily via photo-

disintegration

XZ
A ` γ Ñ XZ´1

A´1 ` p

and the energy threshold depends on the energy per nucleon E{A. The energy loss length, i.e., the

propagation distance after the cosmic ray has lost 1{e of its energy, is shown in Fig. 2.9 for protons

and carbon-12 nuclei.

The implication of these energy losses is that cosmic rays with energies above „5 ˆ 1019 eV must

originate from within „100Mpc. This local universe is not isotropic but exhibits significant structure.

Therefore, anisotropies in the arrival directions of cosmic rays are expected.

Another implication of the interaction of cosmic rays with the intergalactic photon fields is the

production of high energy neutrinos and photons which are referred to as GZK or cosmogenic neu-

trinos/photons. The number of neutrinos and photons expected from cosmic-ray interactions depends

strongly on the chemical composition as the production from heavier nuclei is suppressed as it is

only due to succeeding decays and accordingly significantly smaller than the number of neutrinos and

photons from photo-pion production of protons. A measurement or non-measurement of cosmogenic

neutrinos and photons gives important constrains on the origin and sources of cosmic rays. However,

current experiments are not yet sensitive enough to do so.
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Figure 2.9: Propagation distance after the cosmic ray has lost 1{e of its energy for protons (left) and carbon-12

(right). The black line shows the total energy loss length. The contributions from the different processes are

also shown. Red curves show energy losses due to photo-pion production, green curves photo disintegration and

blue curves the subdominant pair production. Dashed curves represent interactions with the CMB and dotted

curves interactions with the EBL. Figure from [86].

2.4 Arrival directions

Due to the large-scale structure of the universe and the limited (GZK) horizon of high-energy cosmic

rays of À 100Mpc, anisotropies in the arrival directions of cosmic rays are in-principle expected.

However, even the arrival directions of cosmic rays at high energies (E ą 1019 eV) are largely

isotropic with no clear correlation with source candidates.

Different search strategies have been exploited to find sources of cosmic rays. The first type

searches for localized excesses in the arrival directions which would be an imprint of a bright nearby

source if deflections in magnetic fields are at a moderate level. The Pierre Auger collaboration reported

an excess into the direction of Centaurus A which is the closest radio-loud AGN at 4Mpc distance and

the Centaurus cluster containing a large number of galaxies that lies at 50Mpc distance into the same

direction [97]. For a search window of 15˝, 14 events above 5.8 ˆ 1019 eV are observed whereas 4.5

are expected from isotropy. This corresponds to a local significance of 3 σ with a post-trial significance

of 2.5 σ. Also the Telescope Array collaboration reported a hotspot of 20˝ radius at α = 148.4˝ and

δ = 44.5˝ in equatorial coordinates for cosmic rays exceeding E “ 5.7 ˆ 1019 eV with a post-trial

significance of 3.4 σ [98, 99]. Other search strategies such as two-point angular correlations or a scan

for local excesses have been performed as well but are all compatible with isotropy [100].

The next type of searches considers multiple point sources where the signal from each single

source is too faint to be detected individually. The Pierre Auger collaboration compared the arrival

directions of the highest energetic cosmic rays (E ą 5.7 ˆ 1019 eV) with the positions of nearby

AGNs (ă 75Mpc) from the VCV catalog [101] and found a correlation fraction of 28.1`3.8
´3.6% [100]

which is only 2 σ above the isotropic expectation of 21%2. Also other cross-correlation analyses with

2In the first publication of this analysis in 2006 [102], the correlation fraction was 61% corresponding to a significance
of more than 3 σ. With more statistics the fraction of cosmic rays correlating with the AGN catalog decreased to the value
reported here.
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Figure 2.10: Sky maps in equatorial coordinates of the flux of cosmic rays in units of km´2yr´1sr´1. (left)

Measurement by the Pierre Auger Observatory. The flux of cosmic rays with energies above 8 ˆ 1018 eV is

smoothed with an angular window of 45˝ radius. Figure from [104]. (right) Combined data of the Pierre Auger

and Telescope Array experiments. Shown is the flux for energies above 1019 eV and a smoothing of 60˝ radius

was applied. The star indicates the position of the dipole. Figure from [107].

different astrophysical objects have been performed. None of the analyses presented so far shows a

significant evidence for anisotropy [103].

The third type of searches focuses on large-scale anisotropies at large angular scales. This is

achieved by harmonic analyses where the distribution of arrival directions is decomposed into mul-

tipole moments. Recently, the Pierre Auger collaboration reported a dipole signature in the arrival

directions of cosmic rays with energies larger than 8 ˆ 1018 eV with a significance of 4 σ. The dipole

points into α “ p95 ˘ 13q˝ and δ “ p´39 ˘ 13q˝ in equatorial coordinates and has an amplitude of

p7.3 ˘ 1.5q% [104, 105]. A sky map showing this large-scale anisotropy is shown in Fig. 2.10 left.

The arrival directions of cosmic rays with smaller energies are compatible with isotropy. This analysis

is complicated by the fact that a single cosmic-ray observatory does not cover the whole sky. There-

fore, data of the Pierre Auger Observatory has been combined with data from the Telescope Array

yielding a full sky coverage [106]. The resulting sky map of the cosmic-ray flux for energies above

1019 eV is presented in Fig. 2.10 right. A harmonic analysis of the combined data set finds a com-

patible dipole structure with an amplitude of p6.5 ˘ 1.9q% into a direction of α “ p93 ˘ 24q˝ and

δ “ p´46 ˘ 18q˝ with a significance of 2.8 σ [107].
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Ultra-high-energy cosmic rays (UHECRs) produce extensive air showers when they interact in the

Earth’s atmosphere. These are huge particle cascades with billions of secondary particles traversing

the atmosphere. In the following, we will first give a general overview of air showers and their de-

velopment. Then, we will describe the radio emission produced by air showers. We continue with a

section on Monte-Carlo simulations of air showers and explain how the radio emission can be calcu-

lated from first principles before we discuss the radiation energy release in air showers which is one

essential ingredient in the determination of the cosmic-ray energy scale with a radio detector.

The first interaction of the cosmic ray with an air nucleus (mainly nitrogen, oxygen and argon)

typically happens at a height between 15 km and 35 km [110]. The particles produced in the interac-

tion will interact again or decay and are forming an air shower (see Fig. 3.1 left for an illustration).

Air showers can be subdivided into three components. The first is the hadronic shower component

mainly composed of long-lived secondary hadrons (baryons, charged pions and kaons). The second

component is composed of electromagnetic sub showers (electrons, positrons and photons) and the

third component consists of muons and neutrinos that are produced along with the muons. The neutri-

nos are irrelevant for the shower development and for the observation of air showers due to their low

interaction cross section. However, they carry a significant part of the initial cosmic-ray energy and

are thus essential to consider to estimate the cosmic-ray energy correctly. The evolution of the particle

numbers of the different shower components is shown in Fig. 3.1 right.

Most of the particles that are produced in the high-energy hadronic interactions are pions followed

by kaons. Neutral pions (cτ = 26 nm) directly decay into two photons and give rise to the electro-

magnetic cascade. Charged pions (cτ = 7.8m) and kaons (cτ = 3.7m) live long enough to interact

before they decay as long as their energy is large enough1. For pions, this critical energy where a

1Due to the relativistic speed of the particles, the lifetime τ is increased by the gamma factor γ.
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Figure 3.1: (left) Schematic view of an extensive air shower. Figure adapted from [111]. (right) Evolution of

the particle numbers of the different shower components. Figure from [110].

decay becomes more likely than an interaction is typically ξπc = 20GeV [112]. Kaons already start

to decay at higher energies and decay into pions, muons and muon neutrinos. Charged pions decay

almost exclusively into muons and the corresponding neutrino (π` Ñ µ` ` νµ, π´ Ñ µ´ ` ν̄µ).

Electromagnetic sub showers develop by bremsstrahlung of electrons (and positrons) and pair

production of photons. A qualitative understanding can be acquired in the simplified model of Heitler

[113, 114]. Interactions take place after a fixed interaction length λe. Electrons and positrons radiate

one photon in each interaction and photons convert into an electron-positron pair. Thereby, the energy

of the mother particle is equally distributed onto the two daughter particles. An illustration of this

model of succeeding two-body splittings is presented in Fig. 3.2 left. Hence, after n splittings, 2n

particles are present and the interactions continue until the electrons (positrons) reach a critical energy

ξec where the collisional energy losses exceed the radiative energy losses. This is at approximately

86MeV in air. As the initial energy E0 is distributed equally over all particles, the maximum num-

ber of particles Nmax is given by E0{ξec and the atmospheric depth where the maximum is reached

– referred to as Xmax in the following – is proportional to the logarithm of E0. Despite the simplifi-

cations of this model, it correctly predicts these proportionalities. However, Nmax is underestimated

by roughly one order of magnitude and the number of photons is actually higher then the number of

electrons as often multiple photons are radiated during bremsstrahlung [112].

Similar to the simplified description of electromagnetic showers, we can use an extension of the

Heitler model to hadronic interactions [112] to also gain insights into the hadronic shower develop-

ment. First, we consider only protons as initial cosmic rays. Later, we will generalize the model to
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Figure 3.2: (left) Heitler model of an electromagnetic shower. (right) Heitler-Matthews model of an hadronic

shower. Dashed lines represent neutral particles (π0), and solid lines represent charged particles (π˘). Only one

charged hadron interaction is shown for each generation. Figures and captions adapted from [110, 115].

heavier nuclei. Again, interactions take place after a fixed interaction length of λπ which is about

120 g{cm2 in air [116] and only pions are considered which make up the majority of hadrons. In each

interaction, ntot new particles with the same energy are created (ntot « 15). One third of them are

neutral pions that directly decay into photon pairs and thus transfer 1{3 of the energy to the electro-

magnetic shower component in each step. The rest of the new particles (nch “ 2{3ntot) are charged

pions that interact further and produce a new generation of pions until their energy is below their

critical energy. An illustration of this model is presented in Fig. 3.2 right. Hence, after n interac-

tion lengths, the energy in the hadronic shower component is reduced by Ehad “
`

2
3

˘n
E0 and the

energy in the electromagnetic shower component is increased by EEM “
“

1 ´
`

2
3

˘n‰

E0. After six

interaction lengths roughly 90% of the initial energy is transferred into the electromagnetic shower

component. The larger the initial energy, the more splittings n take place until the critical energy

is reached. Therefore the amount of energy transferred to the electromagnetic shower component

increases with increasing initial energy.

Muons are produced mostly by the decay of charged pions and to a smaller extend by kaons

(roughly ten times less frequent) [117]. Muons do not interact in the atmosphere or deposit only a

small fraction of their energy in the atmosphere. In the extended Heitler model, the number of muons

is given by the number of charged pions Nµ “ nn
ch. Hence, the initial cosmic-ray energy E0 is given

by

E0 “ ξecNmax ` ξπcNµ . (3.1)

This formula is still valid in a more realistic modeling of air showers if the critical energy ξπc is

interpreted as an effective critical energy that also takes into account the production of muons in other

interactions. This formula shows that the cosmic-ray energy can be determined by a measurement of

the electromagnetic as well as the muonic shower component. The energy carried away by neutrinos

is already taken into account as it is proportional to the number of muons.

Different cosmic-ray nuclei can be described in the superposition model. As the binding energy is

only „5MeV per nucleon [110] and therewith much smaller than the energy of the first interaction,
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Figure 3.6: Distribution of the radio signal on ground as measured by LOFAR. (left) Two dimensional repre-

sentation. The color code indicates the signal strength. Each filled colored circle represents the measurement of

one antenna of the LOFAR array. The background color map shows the values of the analytic function that is

fitted to the data. (right) One dimensional projection of the same data. For the position of each data point (open

squares) also the value of the LDF function is shown (filled circles). Figure from [14].

by LOFAR showed that a has a dependence on the zenith angle of the incoming air-shower direction

and the distance from the observer to the shower axis (cf. Fig. 3.5 right and [125]). The geomagnetic

field strength at LOFAR is roughly two times larger as at the Pierre Auger Observatory. Hence, the

geomagnetic emission is expected to be two times stronger and accordingly the charge-excess fraction

a is expected to be two times smaller.

As a consequence of the superposition of the two emission mechanisms, the lateral distribution

function (LDF) of the electric-field strength has been found to have a radial asymmetry [14, 128–

130]. The two-dimensional shape of the LDF is best understood in a coordinate system with one

axis perpendicular to the shower direction ~v and Earth’s magnetic field ~B (along the Lorentz force

„ ~v ˆ ~B), and the perpendicular axis ~v ˆ p~v ˆ ~Bq. In this coordinate system, as visible from the

sketch of Fig. 3.4, the two emission mechanisms interfere destructively left from the shower axis and

interfere constructively right from the shower axis. An example of this asymmetric signal distribution

is shown in Fig. 3.6. This peanut-like shape can be modeled analytically with an empirical function

consisting of two two-dimensional Gaussians [14]. The function has nine free parameters. However,

five of them can be fixed using predictions from Monte-Carlo simulations which results in a large

practical usability of this parametrization [19, 126], e.g., the amplitude or the integral of the function

can be used to determine the cosmic-ray energy and the width of the function depends on the distance

to the shower maximum Xmax.

The shape of the wavefront of the radio pulse is not plane but a hyperbola, i.e., near the shower axis

the wavefront has a spherical form and further away from the shower axis it has a conical form [15,

131]. This shape can be understood in a toy model where the signal is emitted at a certain time from a

point source that moves at the speed of light in air c1 “ c{n (n is the refractive index) along the shower

axis. The exact shape of the hyperbola depends on the geometry of the air shower. If the emission

region is far away, i.e., if the extend of the emission region is small compared to its distance to the

observer, the observer sees it basically as a single point and the wavefront takes the simplified form of
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Figure 3.7: Toy model motivating a hyperbolic wavefront shape. Depending on the length of the emission

region v∆t with respect to the closest distance to the observer ∆x, the shape of the wavefront changes from a

conical wavefront (left) to a hyperbolic wavefront (center) to a spherical wavefront (right). Figure adapted from

[15].

a spherical wave. If, in contrast, the observer is very close to the emission region, the superposition of

the spherical waves emitted by the point source that moves with the speed of light leads to a conical

wavefront (similar to a supersonic cone). If the observer has an intermediate distance to the emission

region, the wavefront takes the form a hyperbola. This behavior is illustrated in Fig. 3.7.

A comparison between different wavefronts with respect to a plane wave is presented in Fig. 3.8.

The deviations of the signal arrival times with respect to a plane wave are small and in the order of

a few nano seconds. Hence, a corresponding time resolution is mandatory to be able to resolve the

wavefront in a measurement. Often a plane wave is sufficient to reconstruct the arrival direction of the

air shower. However, detailed measurements showed that the wavefront of the radio pulse is indeed

a hyperbola [15, 131]. In addition it was shown that the opening angle of the cone is sensitive to the

position of the shower maximum [131] and can thus be used to determine the mass of the primary

cosmic ray.

3.2 Simulation of air showers

A simulation of air showers requires modeling of hadronic and electromagnetic interactions as well as

a description of the atmosphere (the target material). Detailed models of the atmosphere that are based

on measurements exist ([132, 133] and cf. Appendix D). Also electromagnetic showers are well un-

derstood and can be modeled, e.g., using the well-tested EGS4 code [134]. The difficult part to model

are high-energy hadronic interactions. In principle, hadronic interactions are described by the theory

of quantum chromodynamics (QCD). However, it is currently not possible to calculate the bulk of

particle productions, as e.g., perturbative methods can only describe processes with large momentum

transfer which are of minor importance in air showers [110]. Also cosmic-ray interactions take place at

much higher energies (up to 1020 eV corresponding to a center-of-mass energy of
?
s “ 4 ˆ 1014 eV)

than accessible in accelerators and most of the relevant interactions are in the forward direction which

are of minor importance in accelerator experiments [135]. Hence, hadronic interactions are described

by phenomenological models which are tuned to accelerator data and are then extrapolated to higher
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Figure 3.8: Comparison of a spherical, conical and hyperbolic wavefront with respect to a plane wavefront for

typical parameters. Figure from [131].

energies.

Several models for high-energy hadronic interactions are available. The most common mod-

els used in air-shower simulations are QGSJetII, EPOS and SIBYLL. The newest versions of all

three models (QGSJetII-04 [136], EPOS-LHC [76] and SYBILL 2.3 [137]) were already tuned to

7TeV LHC data (also 8TeV data in case of SIBYLL 2.3). In air-shower simulations these high-

energy hadronic interaction models are combined with low-energy models that treat interactions below

„200GeV. Commonly used models are FLUKA [138] and UrQMD [139].

Air showers are simulated using the Monte-Carlo technique to properly take into account the

stochastic nature of the underlying physics. Two full Monte-Carlo simulation codes are available:

CORSIKA [140] and AIRES [141]. In these codes, in principle all shower particles are tracked

through the atmosphere and their interactions and decays are simulated. As the number of parti-

cles is proportional to the initial cosmic-ray energy and for an 1020 eV proton shower the number of

shower particles exceeds 1011, the tracking of each individual particle is computationally not feasible.

Therefore, a thinning technique is implemented that combines several particles with same properties

to one particle with a higher weight. The exact implementation of the thinning technique differs in the

two codes. AIRES uses an extension of the original thinning algorithm introduced by Hillas [142] to

reduce statistical weight fluctuations [141] whereas CORSIKA uses a thinning with optimized weight

limitation [143]. Currently, the CORSIKA code is better maintained and offers more flexibility. It is

constantly improved, features parallel computing through MPI and can interface all hadronic interac-

tion models presented above. Nevertheless, it is a strong advantage that two completely independent

Monte-Carlo codes exist as, e.g., a correct implementation can be cross-checked.

3.2.1 Simulation of radio emission from air showers

Two approaches exist to simulate the radio emission from extensive air showers. The first category

are macroscopic models. The advantages of these models are that they provide direct insights into

the underlying physics, are mostly analytic and require only small computational effort. In the past,
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macroscopic models have significantly contributed to the understanding of the radio emission from air

shower [144–146]. From the air-shower simulations, macroscopic quantities such as electrical currents

in the atmosphere are calculated. These quantities then correspond to a certain emission mechanism.

E.g., transverse drift currents are modeled that result from an acceleration in the geomagnetic field and

deceleration due to interactions with air molecules. These currents vary in time with the air shower

evolution and the radio emission results from the time derivative of the transverse currents. Also the

time-varying charge excess is modeled and the resulting radiation is calculated. The disadvantage of

macroscopic models is that every physical process needs to be modeled explicitly. However, it is not

always possible to clearly separate the different effects under realistic conditions which might result

in double counting as well as some processes might be neglected in the modeling. The model has also

free parameters (e.g. the transverse drift velocity) that need to be tuned and have significant impact on

the resulting electric-field amplitudes. The most widely known code is MGMR [144] and its successor

EVA [147, 148]. A more comprehensive description of macroscopic models can be found in [22].

The other category are microscopic models. Here, each air-shower particle is tracked and its radi-

ation is calculated from first-principles following the outcome of classical electrodynamics that radia-

tion comes from accelerated charges [149]. Then, the radiation from all shower particles is superim-

posed and results in the macroscopically observed radio pulse. The starting point for the microscopic

calculation are the Liénard-Wiechert potentials that follow directly from Maxwell’s equations

φp~x, tq “
«

e

p1 ´ n~β ¨ r̂qR

ff

ret

, ~Ap~x, tq “
«

e~β

p1 ´ n~β ¨ r̂qR

ff

ret

, (3.3)

where R is the distance from the point of emission to an observer, r̂ is the unit vector into the direction

of the observer, ~β is the velocity of the particle in units of the speed of light c and n is the refractive

index of the medium [150]. The subscript “ret” denotes that the equation needs to be evaluated at the

retarded time t1 “ t ´ nR{c. Two different formalisms exist to calculate the resulting electric field

from the particle motion: the ZHS [151, 152] and the endpoint [150] formalism. It was shown that the

two formalisms are mathematically equivalent [153, 154].

In the ZHS formalism the particle motion is subdivided into straight track segments described

by their start and stop time, velocity and starting point. Then with Eq. (3.3), the scalar and vector

potentials φ and ~A arising from the distribution of charges can be calculated and from this the resulting

electric field. This formalism was implemented directly into the AIRES air-shower simulation code

and is know as ZHAireS [130]. The ZHS formalism was originally developed for calculating the

radiation from showers in ice and uses the Fraunhofer approximation, where the track length needs to

be small with respect to both the wavelength and the distance from the track to the observer. In dense

media (such as ice) this condition is automatically fulfilled but in air showers, the shower size is similar

to the distance to the observer. Hence, the typical track lengths used in the air-shower simulation are

too large and the tracks need to be subdivided further [130, 155].

In the endpoint formalism, the radiation arising from the motion of each charge is calculated

directly from the Liénard-Wiechert potentials. From Eq. (3.3) follows that the electric field of a single
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charge q is given by [150]

~Ep~x, tq “ q

«

r̂ ´ n~β

γ2p1 ´ n~β ¨ r̂q3R2

ff

ret

` q

c

»

–

r̂ ˆ rpr̂ ´ n~βq ˆ 9~βs
p1 ´ n~β ¨ r̂q3R

fi

fl

ret

, (3.4)

where 9~β is the time derivative of ~β and γ the relativistic gamma factor. The first term is the near-field

term as it decreases with 1{R2. It gives only a minor correction to the radiation term (the second term)

and is neglected in this formalism. The particle motion is subdivided into straight track segments and

the radiation is calculated from the instantaneous acceleration of a charge at the beginning and the end

of each track. The radiation coming from the track is thus the superposition of the radiation originating

from the creation and the destruction of the charge. The radiation from a moving charge is then given

by the sum of the radiation from each “endpoint” and the radio pulse at a specific observer location is

given by the superposition of the radiation from all tracks. This formalism is directly implemented into

the CORSIKA code and known as CoREAS [156]. A downside of the endpoint formalism is that it

breaks down for an observer near the Cherenkov cone and a fallback to a ZHS-like calculation becomes

necessary. On the other hand, no approximation is made that requires particular small track segments

so that the tracks defined by CORSIKA can be directly used which gives a potential improvement in

computation speed compared to ZHAireS.

As shown in [150], the endpoint formalism correctly reproduces classical radiating systems such

as synchrotron, Cherenkov or transition radiation which demonstrates that the origin of the radiation

is indeed the acceleration of charges. In contrast, the classical named radiation processes are not

fundamental mechanisms but correspond to specific types of particle acceleration.

The microscopic calculation of the radio emission is computationally expensive. For each observer

position the calculation needs to be performed separately (the Liénard-Wiechert potentials depend on

the vector r̂ between observer and the moving charge). Under realistic conditions the computing time

that is needed to calculate the radio emission at „20 observer positions is already as large as the time

needed to simulate the complete air shower.

The advantage of a microscopic calculation is that the calculation does not have any free param-

eters. It is purely based on classical electrodynamics. Uncertainties in the simulation of the radio

emission arises only from approximations made in the simulation to speed up the computation or from

the simulation of the air shower itself (mainly uncertainties in hadronic interactions) or the modeling

of the atmosphere. Hence, we can use the microscopic models for an quantitative prediction of the

radio emission from extensive air showers.

Experimental validation of radio-emission simulation codes

The first and only experiment so far that probes the calculation of radio emission used in air-shower

simulations in a controlled laboratory environment is the SLAC T-510 experiment [157]. It was per-

formed at the Stanford linear collider. Two bunches of electrons with energies of „4.5GeV are shot

onto a plastic target generating compact showers with an energy that correspond to a „4 ˆ 1018 eV

cosmic ray (see Fig. 3.9 for a sketch of the experiment). The plastic target is exposed to a homoge-

neous magnetic field of 1000G oriented perpendicular to the electron beam direction. The strength
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Figure 3.9: Sketch of the SLAC T-510 experiment. Not to scale. Figure from [157].

Figure 3.10: Simulated and measured voltage trace of the horizontally polarized channel of the antenna in the

SLAC T-510 experiment. Figure from [157].

of the magnetic field is adjusted to the density of the plastic target to have the same proportion as in

air showers. Hence, the dimensions of an extensive air shower are basically scaled down to fit into a

controlled laboratory environment.

As in the case of air showers, radio emission is generated by the interaction of the shower with

the magnetic field and a time-varying negative charge excess in the shower front. Due to the smaller

dimensions, the frequencies of coherent emission are shifted upwards. Four dual-polarized horn an-

tennas that are sensitive between 200 - 1200 MHz and used in the ANITA experiment [158] record the

radio emission. This bandwidth translates to approximately 10 - 60 MHz in air showers.

The measured radio emission is compared to the predicted radiation from the simulation codes.

The showers are simulated using Geant4 and include a detailed modeling of the target material and the

magnetic field. The radio emission is then calculated from the shower particles using both the ZHS

and endpoint formalism. One of the measured radio pulses together with the predictions from the

two models is shown in Fig. 3.10. The two predictions agree to high precision and are compatible to

the measurement within the systematic uncertainties of „35% of the experiment. This measurement

is the first direct experimental evidence for the accuracy in the prediction of the radio emission by

microscopic models, although the systematic uncertainty of the experiment is too large to draw strict

constrains on the accuracy of the models.
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3.3 Simulation of radiation energy release

As air showers are traditionally measured using fluorescence telescopes, the shower development and

the energy deposit resulting in the emission of fluorescence light have been studied extensively [159].

This is not true for the radio emission from air showers. Although processes producing radio emission

are well understood by now, a detailed study of how much radiation is emitted at which stage of the

shower development has not been presented yet. This longitudinal shower development with respect

to the radio emission will be studied in this section.

The total amount of radio emission emitted by an air shower can be quantified using the concept

of radiation energy [126, 160, 161], which is the energy emitted by the air shower in the form of radio

waves. In most experimental setups, the “golden” frequency band between 30 - 80 MHz is used [126].

Below 30 MHz atmospheric noise and short-wave band transmitters make measurements unfeasible

and above 80 MHz the FM band interferes. Also, owing to coherence effects, the radio emission from

air showers is strongest below 100 MHz. Hence, in our analysis we will concentrate on this frequency

band.

In an experiment, the radiation energy can be determined by interpolating and integrating the

measured energy fluence on the ground (cf. Chap. 6 or [126, 160, 161]). As soon as the air shower

has emitted all radio emission at the end of the shower development, the radiation energy measured

at increasing atmospheric depths remains constant because the atmosphere is essentially transparent

for radio emission. In particular, the radiation energy is independent of the signal distribution on

the ground that changes drastically with incoming direction of the air shower or the altitude of the

observation.

In the first part of this section we will determine the “longitudinal profile of the radiation energy

release”, i.e., how much radiation energy is emitted at what stage of the shower development. In the

second part we will determine the fundamental relation between the radiation energy and the energy

in the electromagnetic part of the air shower and study second order dependencies.

3.3.1 Model

In this section we develop a mathematical model to extract the radiation energy from air-shower sim-

ulations in an efficient manner and describe the setup of the simulations.

The three-dimensional electric-field vector ~E of the cosmic-ray-induced radio signal can be re-

duced to two dimensions, because the component in the direction of propagation can be assumed to

be zero with great accuracy, as an electromagnetic wave is only polarized in the plane perpendicular

to its direction of propagation. This plane is usually referred to as the shower plane. An advantageous

choice to align the axes in the shower plane is to align one axis with the ~v ˆ ~B direction, i.e., the di-

rection perpendicular to the shower axis ~v and the geomagnetic field ~B. The other axis is then aligned

with the ~v ˆ p~v ˆ ~Bq direction to get an orthogonal coordinate system.

The energy fluence f , i.e., the energy deposit per area, is the time-integral over the Poynting flux

of the radio pulse and is calculated using the formula

f “ f
~vˆ ~B

` f
~vˆp~vˆ ~Bq (3.5)
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with the two components

f
~vˆ ~B

p~rq “ ε0c∆t
ÿ

i

E2

~vˆ ~B
p~r, tiq (3.6)

f
~vˆp~vˆ ~Bqp~rq “ ε0c∆t

ÿ

i

E2

~vˆp~vˆ ~Bq
p~r, tiq , (3.7)

where ε0 is the vacuum permittivity, c is the speed of light in vacuum and ∆t is the sampling interval

of the electric field ~Ep~r, tq which depends on the position ~r and time t and is broken down into its

components E
~vˆ ~B

and E
~vˆp~vˆ ~Bq.

The components f
~vˆ ~B

and f
~vˆp~vˆ ~Bq can be further divided into a part originating from the geo-

magnetic and a part originating from the charge-excess emission processes. The geomagnetic com-

ponent is polarized in the direction of the Lorentz force that is acting on the shower particles, i.e., in

the ~v ˆ ~B direction, and is thus only present in the E
~vˆ ~B

component of the electric field [144]. The

contribution of the charge-excess emission to the electric field is radially polarized towards the shower

axis. Therefore, its contribution to E
~vˆ ~B

and E
~vˆp~vˆ ~Bq depends on the detector position relative to

the shower axis [162] which can be expressed by the angle φ as defined in Fig. 3.11. The electric-field

components can hence be written as

E
~vˆ ~B

p~r, tq “ Egeop~r, tq ` cosφEcep~r, tq (3.8)

E
~vˆp~vˆ ~Bqp~r, tq “ sinφEcep~r, tq , (3.9)

where Egeo (Ece) is the modulus of the electric field resulting from the geomagnetic (charge-excess)

emission.

We define fgeo and fce as the energy fluence calculated from Egeo and Ece. From the definition of

the energy fluence (Eq. (3.6)+(3.7)) it follows that

f
~vˆp~vˆ ~Bqp~rq “ sin2 φ fcep~rq (3.10)

and after some lines of calculations it follows that

f
~vˆ ~B

p~rq “
´

b

fgeop~rq ` cosφ
a

fcep~rq
¯2

(3.11)

if the geomagnetic and charge-excess components are “in phase”, i.e., Egeop~r, tq “ kp~rqEcep~r, tq
for some k P R. Within the precision necessary for this work, this assumption is indeed valid. This

approximation results in bias of 1% resulting in an overestimation of f
~vˆ ~B

p~rq of 1%, and is discussed

in Appendix A.1.

Calculation of radiation energy

The energy fluence f changes with the position in the shower plane which we denote in polar coor-

dinates pr, φq relative to the shower axis. The radiation energy, i.e., the complete energy contained in
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the radio signal at a given height above ground, is calculated with the formula

Erad “
2π
ż

0

dφ

8
ż

0

dr r fpr, φq . (3.12)

Exploiting the radial symmetry of the geomagnetic and charge-excess lateral distribution functions

(LDFs), Eq. (3.12) can be rewritten as

Erad “
2π
ż

0

dφ

8
ż

0

dr r

„

´
b

fgeoprq ` cosφ
a

fceprq
¯2

` sin2 φ fceprq


(3.13)

“
2π
ż

0

dφ

8
ż

0

dr r
´

fgeoprq ` fceprq ` 2 cosφ
b

fgeoprq fceprq
¯

(3.14)

“ 2π

8
ż

0

dr r pfgeoprq ` fceprqq (3.15)

“ 2π

8
ż

0

dr r
´

f
~vˆ ~B

pr, φ “ 90˝q ` f
~vˆp~vˆ ~Bqpr, φ “ 90˝q

¯

(3.16)

“ 2π

8
ż

0

dr r fpr, φ “ 90˝q (3.17)

The validity of assuming radial symmetry of the geomagnetic and charge-excess LDFs is shown in Ap-

pendix A.2 and additional effects of the air refractivity on the symmetry of the footprint are discussed

in Sec. 3.3.2.

This result has a direct impact on how the radiation energy can be determined in Monte Carlo

simulations of extensive air showers and their radio emission. Instead of simulating the radio emission

at numerous positions to sample the full two-dimensional emission pattern, it is sufficient to simulate

the radio signal at positions along the positive ~v ˆ p~v ˆ ~Bq axis, i.e., for φ “ 90˝. This significantly

reduces the simulation time compared to the star-shaped pattern [17] (cf. Fig. 3.11).

We note that the component of the electric field parallel to the shower direction is not exactly zero

as the radio shower front shows a slight deviation from a plane wave [15, 131]. Hence, also f~v is not

exactly zero but is significantly smaller than f
~vˆ ~B

and f
~vˆp~vˆ ~Bq. However, to exclude any potential

additional uncertainty we determine f of Eq. (3.17) as f “ f
~vˆ ~B

` f
~vˆp~vˆ ~Bq ` f~v.

Another benefit of this method is that along the ~vˆp~vˆ ~Bq axis the geomagnetic and charge-excess

contributions to the energy fluence separate (f
~vˆ ~B

“ fgeo and f
~vˆp~vˆ ~Bq “ fce) and can consequently

be analyzed separately. In addition, the energy fluence at any position in the shower plane can be

calculated from the geomagnetic and charge-excess LDFs according to Eq. (3.10) and (3.11). This

approximation is similar to the approach presented in [163], but does away with the necessity of

simulating the air shower a second time without a geomagnetic field to disentangle the geomagnetic

and charge-excess components.
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Figure 3.11: Sketch of the simulated observer positions. Each circle represents a simulated observer position.

The observer spacing is denser near the shower axis to correctly sample the larger variations in signal strength

near the shower axis.

Simulation setup

We use the CORSIKA 7.4005 code [140] to simulate extensive air showers with hadronic interaction

models QGSJetII.04 [136] and FLUKA 2011.2c [138], and the CoREAS [156] extension to calculate

the radio emission. Thinning is applied at a level of 10´6 with optimized weight limitation [143].

We use the model of the US standard atmosphere and set the geomagnetic field to an inclination of

-35.7˝ with an absolute field strength of 0.243 Gauss. This corresponds to the geomagnetic field at the

AERA detector [118] of the Pierre Auger Observatory [2]. The influence of a different geomagnetic

field as present at the LOFAR [119] or the Tunka [20] detector will be discussed in Sec. 3.3.4. The

refractivity of the atmosphere is set to n ´ 1 “ 2.92 ˆ 10´4 at sea level and is scaled proportionally

to higher altitudes by means of air density.

We simulate the radio emission at 30 observer positions along the positive ~v ˆ p~v ˆ ~Bq axis.

The observer spacing is denser near the shower axis to improve sampling in this region with larger

variations in signal strength (see Fig. 3.11)2. According to Eq. (3.17) we calculate the radiation energy

by numerical integration of the energy fluence using the composite trapezoidal rule. Using a toy Monte

Carlo we checked that the uncertainty due to the numerical integration is well below 1%.

As the footprint of the radio emission becomes larger with increasing distance to the emission

region we dynamically adjust the maximum distance of a simulated observer position to the shower

axis3. All observers are placed in the shower plane, i.e., depending on the incoming direction of the air

2The first station is placed at 0.5% of the maximum distance dmax, the next 12 stations are placed equidistantly until
15% of dmax and the remaining 17 stations are again placed equidistantly until dmax.

3The maximum distance of an antenna to the shower axis range from 100m at an observation height that corresponds
to a slant depth of 100 g{cm2 to almost 3 km at an observation height that corresponds to a slant depth of 5800 g{cm2.
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shower and their distance from the shower axis, the observer positions have a different height above

ground. In the following, we refer to the height of the observer at the shower axis as the height above

ground h or, alternatively, by specifying the atmospheric depth X .

Simulated data set

The simulated data set comprises 592 air showers. The primary energy is distributed randomly be-

tween 1017 eV and 1019 eV according to a uniform distribution of the logarithm of the energy. The

zenith angle θ is distributed uniformly between 0˝ and 80˝ and the azimuth angle is distributed uni-

formly between 0˝ and 360˝. For each combination of primary energy and shower direction, one

simulation with a proton primary and one simulation with an iron primary is performed.

In air-shower experiments, the zenith angle distribution typically follows a sin θ cos θ distribution.

The term sin θ arises from the increasing solid angle for larger zenith angles and cos θ arises because

the projected area becomes smaller and radio detectors are typically triggered by particle detectors.

We therefore reweight our data set in all fits and histograms to match such a zenith angle distribution.

An important quantity for the analysis presented in the following sections is the sine of the angle

α between the shower axis and the magnetic-field axis. For the geomagnetic field at the Pierre-Auger

site and a zenith angle distribution following sin θ cos θ, the sinα distribution peaks at large values

of sinα. A fraction of 45% of the events has a value of sinα larger than 0.9 and more than 97%

of the events have a value of sinα larger than 0.2. Also for other configurations of the geomagnetic

field, the number of events with low values of sinα is small. If we set the geomagnetic field to the

configuration at the LOFAR [119] or the Tunka [20] detector, still 96% of the events have a value

of sinα larger than 0.2. In addition, the radiation energy of the dominant geomagnetic emission

component is proportional to sin2 α. Therefore, the number of events with a small value of sinα that

can be measured in an experiment is even smaller than the above estimation, which is based solely on

geometry. Hence, the practical relevance of air showers with small sinα is generally small.

3.3.2 Longitudinal profile of radiation energy release

In this section it is determined how much radiation energy is released at what stage of the shower

development. In contrast to the energy deposit of shower particles, the radiation energy cannot be ac-

cessed for different atmospheric depths in the standard output of the CoREAS simulation. As the radio

pulse observed at a specific point in space is the result of constructive and destructive interference of

all charged shower particles it is different at each position. Hence, it needs to be calculated separately

for each observer position so that the computing time scales linearly with the number of observers.

To obtain the radiation energy, we simulate an air shower with observers at different atmospheric

depths. Fig. 3.12 shows the lateral distribution of the energy fluence f on the positive ~vˆ p~vˆ ~Bq axis

for six different atmospheric depths. The second simulated height at X = 700 g/cm2 (Fig. 3.12b) is

very close to the shower maximum Xmax of 715 g/cm2. (Throughout the paper we use Xmax to refer

to the maximum of the longitudinal profile of the energy deposit dE{dX of the electromagnetic part

of the air shower.) At the beginning of the shower development, the energy fluence is concentrated

around the shower axis and becomes broader for observers at lower altitudes. The largest energy

fluence is seen by an observer at the height of the shower maximum Xmax. From this height onwards,
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the total radiation energy continues to increase, but is distributed over a larger area resulting in smaller

values of the energy fluence.

From an atmospheric depth of X = 1000 g/cm2 onwards, the radiation energy basically remains

the same whereas the signal distribution becomes increasingly broader. It even occurs that the energy

fluence f first increases with an increasing distance from the shower axis before it decreases again.

This behavior can be explained by Cherenkov-like effects. The refractivity of the atmosphere is not

unity, but has a typical value of n ´ 1 “ 2.92 ˆ 10´4 at sea level and scales proportionally with air

density. For an observer at the Cherenkov angle, all radiation emitted along the shower axis arrives

simultaneously at the observer. This leads to additional coherence effects which results in a larger

energy fluence at this specific distance from the shower axis.

To demonstrate the strength of this effect, we resimulated the air shower shown in Fig. 3.12 with a

constant refractive index of n “ 1 in the complete atmosphere and show the resulting energy fluence

as a dashed line in Fig. 3.12. The shower development is exactly the same as in the case of realistic

modeling of the refractivity. Without Cherenkov-like effects, the energy fluence falls off monotoni-

cally with increasing distance to the shower axis and also the resulting radiation energy is significantly

lower (cf. Fig. 3.12).

Using this approach we can investigate the radiation energy and its development with increasing

atmospheric depth which is shown in Fig. 3.13. The lower part of the figure shows the total radiation

energy at a given atmospheric depth, whereas the upper plot shows the radiation energy release per

atmospheric depth which is calculated via

dErad

dX

ˆ

Xi ` Xi`i

2

˙

“ EradpXi`1q ´ EradpXiq
Xi`1 ´ Xi

, (3.18)

where Xi is the ith simulated height of the observer. In this example the uncertainty of the radiation

energy release per atmospheric depth is relatively large, because the difference in radiation energy

between two succeeding simulated atmospheric depths is small compared to the uncertainty of Erad.

Therefore, we show the running average of dErad

dX
of five surrounding atmospheric depth bins as black

diamonds and the unsmoothed values as gray diamonds.

In the upper figure we compare the radiation energy release per atmospheric depth, which we will

hereafter refer to as the “longitudinal profile of the radiation energy release”, with the longitudinal

profile of the energy deposit of the electromagnetic cascade of the air shower. The profile of the

radiation energy release starts with a delay, but reaches its maximum before the maximum of the

energy deposit. Thereafter it decreases faster than the energy deposit by the particle shower.

We note that the radiation energy release dErad{dX is conceptually different from the energy

deposit of the electromagnetic shower component dE{dX . The shower particles are absorbed by the

atmosphere and deposit their energy in the atmosphere. In contrast, the radiation energy is released in

the atmosphere and propagates freely as the atmosphere is transparent for radio emission.
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Figure 3.12: The black circles show the energy fluence in the 30 - 80 MHz band along the positive ~v ˆ p~v ˆ ~Bq
axis at different atmospheric depths X for a proton-induced air shower with an energy of 0.5 EeV and a zenith

angle of 50˝ which is coming from the south. The dashed gray line shows the energy fluence in case of constant

refractivity in the complete atmosphere for the exact same air shower. Please note the different horizontal and

vertical axis scales.
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With this approach we can even determine the full radiation energy in cases where the air shower hits

the ground before all radiation energy has been emitted. We note that no analytic form of the integral

of the Gaisser-Hillas function exists. The integration is therefore performed numerically.

Except for the example shown in Fig. 3.13, we simulate 5 - 7 different observation heights per

air shower which is sufficient to constrain the Gaisser-Hillas function. We distribute the observation

heights around the shower maximum and simulate additional observation heights for air showers that

traverse more atmosphere, i.e., air showers that have a large zenith angle4.

For all simulated air showers, we compare the parameters of the Gaisser-Hillas function of the

radiation energy release with the parameters that describe the energy deposit of the electromagnetic

air-shower particles. We find that Xrad
max is on average 48 g/cm2 before the Xmax of the energy deposit

by the electromagnetic part of the air shower with a scatter of +6.2/-7.5 g/cm2. The difference in

the λ-parameter is -32 g/cm2 with a scatter of 4 g/cm2. These shifts show no dependence on the

shower energy but exhibit a small zenith angle dependence. The difference Xrad
max ´ Xmax shows a

constant offset of ´49 g{cm2 until 60˝ zenith angle and rises for higher zenith angles to ´37 g{cm2.

The difference in the λ parameter increases from ´34 g{cm2 at 0˝ zenith angle to ´28 g{cm2 at 80˝

zenith angle. This zenith dependence is difficult to interpret as it is also influenced by the mixing

of geomagnetic and charge-excess radiation that have a different longitudinal profile of the radiation

energy release (see Sec. 3.3.3).

Uncertainties of the total radiation energy

The dominant uncertainty of the radiation energy originates from the approximation of calculating

the radiation energy only from the energy fluence on the positive ~v ˆ p~v ˆ ~Bq axis instead of a full

2D integration of the radio footprint. We estimated the resulting uncertainty by simulating the energy

fluence in the entire shower plane for a representative set of shower geometries consisting of 150

air showers. We compared the radiation energy calculated from the energy fluence on the positive

~v ˆ p~v ˆ ~Bq axis with the radiation energy determined via a full two-dimensional integration of the

energy fluence. We find a scatter of 3% with a bias of 3% towards higher radiation energies, i.e., in

our approach we overestimate the radiation energy by 3% on average.

The reason for the observed asymmetry that results in the bias is well understood and can be

attributed to two effects. As discussed before, we overestimate the radiation energy by „1% by the

approximation that the geomagnetic and charge-excess components of the electric field are in-phase.

In addition, the Cherenkov-like effects that lead to additional coherence and thereby larger energy

fluences are not radially symmetric around the shower axis. Except for exactly vertical showers,

the observer positions in the shower plane have different heights above ground. Therefore, observer

positions with the same distance to the shower axis see different effective refractivities on their line of

sight to the emission region. The average refractive index between a position below the shower axis

and the emission region is larger than for a position above the shower axis with the same distance to

the shower axis. And as already visible from Fig. 3.12, larger refractivities generally result in more

radiation energy. Hence, depending on the orientation of the positive ~v ˆ p~v ˆ ~Bq axis in ground

4The first 4 observation heights are distributed symmetrically around the position of the shower maximum Xmax at
Xmax ˘ 300 g{cm2 and Xmax ˘ 50 g{cm2 and the 5th observation height is at sea level. If the traversed atmosphere is
large enough also an observation level at Xmax ` 500 g{cm2 and Xmax ` 1000 g{cm2 is added.
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coordinates, we over or underestimate the radiation energy. The orientation of the positive ~vˆp~vˆ ~Bq
axis depends on the incoming direction of the air shower and therefore the bias in the determination

of the radiation energy exhibits directional dependence. For the distribution of incoming directions in

our simulated data set, the positive ~v ˆ p~v ˆ ~Bq axis is mostly below the shower axis, resulting in an

additional overestimation of the radiation energy of 2% on average. The scatter of 3% results from

the dependence on the shower geometry. However, this result is not critical for the desired accuracy

of this analysis. In the following, we will correct the radiation energy by 3% and use the 3% scatter as

uncertainty of the radiation energy.

An additional source of uncertainty arises from the determination of the radiation energy on the

positive ~v ˆ p~v ˆ ~Bq axis itself. We use the tiny scatter of the radiation energy around the integral

of the Gaisser-Hillas function (cf. Fig. 3.13 bottom) to estimate this uncertainty. The scatter can have

two reasons: either the Gaisser-Hillas function in the version with three parameters does not describe

the longitudinal profile of the radiation energy release in all detail, or the scatter is due to statistical

uncertainties which originate from the determination of the simulated radiation energy and/or from

fluctuations in the simulation itself. We use this scatter to estimate the precision of the radiation

energy determination. Inserting an uncertainty of 0.5%, the distribution of the χ2 probability of the

fit of the integral of the Gaisser-Hillas function of all simulated air showers is distributed uniformly.

For a slightly larger uncertainty (0.7%) the χ2 probability distribution indicates an overestimation of

the errors. Furthermore, we observe that the Gaisser-Hillas function fits slightly better for air showers

with proton primaries than for air showers with iron primaries.

Using this upper limit of 0.5% as an estimate for the statistical uncertainty of the radiation energy

that has been released up to a specific observation height, we determine the uncertainty of the total

radiation energy, i.e., the integral over the fitted Gaisser-Hillas function, in a dedicated toy Monte

Carlo. If the radiation energy is released fully in the atmosphere, the uncertainty is 0.3%. As long

as more than 90% of the radiation energy is released in the atmosphere, the uncertainty is less than

1%, and even if only 70% of the radiation energy is released in the atmosphere, the uncertainty is still

below 2% without any bias.

3.3.3 Decomposition of the radiation processes

Our method to extract the radiation energy from the air shower simulations allows a decomposition

into the part originating from the geomagnetic emission E
geo
rad and the part originating from the charge-

excess emission Ece
rad. Fig. 3.14 shows the lateral distribution of the energy fluence of the geomagnetic

and the charge-excess component at three different atmospheric depths. The shape of the lateral signal

distribution of the two components is different. The geomagnetic LDF has the same shape as the

LDF of the total energy fluence (cf. Fig. 3.12), because the geomagnetic emission is the dominant

mechanism in this example.

The energy fluence of the charge-excess component is zero at the shower axis, then increases

with increasing distance before it decreases again. The further away the observer is from the shower

maximum, the more prominent this effect is. This behavior is expected, as the charge-excess emission

is polarized radially towards the shower axis. This implies that the polarization of the charge-excess

emission turns by 180˝ when going from one side of the shower to the other, which can only be a
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Figure 3.14: Distribution of the energy fluence in the 30 - 80 MHz band along the positive ~v ˆ p~v ˆ ~Bq axis at

different atmospheric depths for the same air shower as shown in Fig. 3.12. Here, the total energy fluence is split

into the part that originates from the geomagnetic emission (plots on the left side) and the part that originates

from the charge-excess emission (plots on the right side). Please note the different vertical axis scales.

continuous transition if the amplitude crosses zero as well.

From the geomagnetic and charge-excess LDFs we calculate the radiation energies at different at-

mospheric depths to obtain the longitudinal profiles of the radiation energy release of the two emission

mechanisms (see Fig. 3.15). The longitudinal profile of the geomagnetic radiation energy release fol-
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part of the air shower. For the geomagnetic radiation energy we find Xrad
max ´ Xmax “ ´47`6

´8 g{cm2

and ∆λ “ p´32 ˘ 4q g{cm2. For the charge-excess radiation energy we find a significantly different

behavior, with Xrad
max ´Xmax “ ´87`13

´10 g{cm2 and ∆λ “ p´48`6
´7q g{cm2 under the assumption that

the longitudinal profile of the radiation energy release with charge-excess origin can be described with

a Gaisser Hillas function.

With the separate determination of Egeo
rad and Ece

rad we are able to generalize previous work regard-

ing the relative charge-excess strength a [12, 21, 125, 146], where a was defined as the ratio of the

electric-field amplitudes of the charge-excess and geomagnetic components for maximum geomag-

netic emission (sinα = 1). In [12], an average value of a = 14% was measured at the Auger site.

Using LOFAR [125], additional dependencies of a on the distance to the shower axis and zenith an-

gle were found. The dependence of a on the distance from the shower axis can be explained by the

different shapes of the geomagnetic and charge-excess LDFs (cf. Fig. 3.14).

In the following we generalize the definition of the charge-excess fraction using the radiation

energy, i.e., the integral of the LDF, and define

a “ sinα

d

Ece
rad

E
geo
rad

, (3.20)

where E
geo
rad and Ece

rad are the radiation energies after the shower has fully developed, which corre-

sponds to the integrals of the respective Gaisser-Hillas functions. We do not study the development

of the charge-excess fraction during the shower development. We take the square root of the ratio

of radiation energies to be consistent with the previous work [12, 125], because the radiation energy

scales quadratically with the electric-field amplitude.

We find that the value of a depends on where in the atmosphere the radiation is generated. More

precisely, a depends on the density in the part of the atmosphere in which the radiation is generated.

As most of the radiation energy is released near the shower maximum Xmax, we use the atmospheric

density ρXmax
at the position of the shower maximum to parametrize this dependence. The density

ρXmax
depends on the zenith angle θ and Xmax of the air shower and can be calculated from the

atmospheric density profile. We use the model of the US standard atmosphere as it is also used in the

air-shower simulations.

Fig. 3.16 shows the dependence of a on the atmospheric density at the shower maximum. We ob-

serve that a increases with increasing ρXmax
which is consistent with the result of [125] who reported

an increase of a with decreasing zenith angle. We do not observe any difference between air showers

induced by protons or iron nuclei. We describe the dependence with an exponential function with the

following parameters:

apρXmax
q “ 0.43

´

e1.11m
3{kg pρXmax´xρyq

¯

´ 0.24 , (3.21)

where xρy = 0.65 kg/m3 is the atmospheric density at the shower maximum for an average zenith

angle of 45˝ and an average xXmaxy = 669 g/cm2 as predicted for a shower energy of 1 EeV for a 50%

proton/50% iron composition using QGSJetII-04 [165]. The color code of Fig. 3.16 shows that only

air showers with small values of sinα exhibit some deviation from the parametrization.

Using Eq. (3.21) together with the geometry of the air shower and a description of the atmosphere,
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Figure 3.16: Dependence of charge-excess fraction a on the atmospheric density at the position of the shower

maximum. The dashed line represents an exponential fit to the data.

the ratio of Ece
rad{Egeo

rad can be converted to the position of the shower maximum. Therefore in a

measurement, a separate determination of the geomagnetic and charge-excess radiation energies, e.g.,

through a combined fit of the geomagnetic and charge-excess LDFs according to Eq. (3.10) and (3.11),

can be used to estimate the position of the shower maximum Xmax which is an estimator of the mass

of the cosmic ray.

3.3.4 Properties of the radiation energy

Dependence on shower energy

The radiation energy originates from the radiation generated by the electromagnetic part of the air

shower. Hence, the radiation energy correlates best with the energy of the electromagnetic cascade

and not with the complete shower energy, which includes energy carried by neutrinos and high-energy

muons that are not relevant for radio emission. This is not necessarily a disadvantage but a benefit

for several analyses. Other detection techniques are also only sensitive to the electromagnetic shower

energy, such as fluorescence or air-Cherenkov telescopes, which allows for a direct cross-calibration.

Also the measurement of the electromagnetic shower energy can be combined with a separate mea-

surement of the muonic shower component (e.g. via buried scintillators) to obtain a sensitivity on the

particle species of the primary cosmic-ray particle. If, however, the goal is to measure the cosmic-ray

energy, an additional scatter arises from the varying fraction of cosmic-ray energy entering the elec-

tromagnetic cascades for different particle species. For a cosmic-ray energy of 1EeV the difference

in electromagnetic shower energy is „4.5% for the two extreme cases of cosmic-rays being protons or
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iron nuclei and decreases to 3% at 10EeV [110]. The average fraction of the electromagnetic shower

energy can be inferred from hadronic interaction models assuming a specific cosmic-ray composition

or using a direct measurement as presented in [117].

Before correlating the radiation energy with the energy of the electromagnetic cascade, the geo-

magnetic radiation energy needs to be corrected for geometry. The radiation energy of the geomagnetic

contribution depends on the magnitude of the geomagnetic field BEarth and the angle α between the

shower direction and the geomagnetic field and scales with sin2 α. We first study only the dependence

on sin2 α as all simulations were performed using the same geomagnetic field strength. We investi-

gate the scaling with the geomagnetic field in the next section. In contrast, the radiation energy of the

charge-excess component does not depend on the geomagnetic field. From Eq. (3.15) it follows that

the radiation energy is the sum of the radiation energy of the geomagnetic emission and the radiation

energy of the charge-excess emission [21]. We therefore correct the radiation energy by

SRD “ Erad

apρXmax
q2 ` p1 ´ apρXmax

q2q sin2 α , (3.22)

where apρXmax
q is the parametrization of the charge-excess fraction from Eq. (3.21). We fit a power

law of the form

SRD “ A ˆ 107 eV pEem{1018 eVqB (3.23)

and find that SRD scales quadratically with the energy of the electromagnetic cascade Eem as expected

for coherent emission. The scatter around the calibration curve is less than 10%.

In addition to this sinα correction we expect a second-order dependence. The air shower develops

according to the slant depth, whereas the amount of radiation increases with the geometric path length

of the shower development. In a region of low atmospheric density, the ratio of the geometric path

length and propagation length measured in atmospheric depth is larger than in high-density regions.

Therefore, a shower that develops early in the atmosphere has a slightly larger radiation energy than a

shower with the same energy that develops deeper in the atmosphere, as the air density increases with

increasing atmospheric depth. This depends primarily on the zenith angle of the incoming direction of

the air shower and secondarily on the position of the shower maximum. We again use the atmospheric

density at the position of the shower maximum ρXmax
to parametrize this second-order dependence.

The residuals of the relation between the corrected radiation energy SRD as defined in Eq. (3.22)

and the energy in the electromagnetic part of the air shower indeed show a dependence on ρXmax
and

are shown in Fig. 3.17. For air showers with the same electromagnetic shower energy, the radiation

energy increases with decreasing atmospheric density ρXmax
. We incorporate this dependence of the

radiation energy by applying a second correction term to SRD:

S
ρ
RD “ Erad

apρXmax
q2 ` p1 ´ apρXmax

q2q sin2 α
1

p1 ´ p0 ` p0 exprp1pρXmax
´ xρyqsq2

. (3.24)

As in Eq. (3.21) we normalize the correction to an average xρy = 0.65 kg/m3.

The correlation between the corrected radiation energy S
ρ
RD and the energy in the electromagnetic

part of the air shower is shown in Fig. 3.18. We determine the calibration constants A and B of
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Figure 3.17: Residuals of the correlation between SRD and the energy in the electromagnetic part of the air

shower plotted as a function of the density at the shower maximum. An exponential function is adapted to the

data.

Eq. (3.23) and the parameter p0 and p1 in a combined chi-square fit and present the results in Tab. 3.1.

Table 3.1: Best-fit parameters for an energy estimator with density at shower maximum correction as defined

in Eq. (3.24).

A 1.683 ˘ 0.004
B 2.006 ˘ 0.001
p0 0.251 ˘ 0.006
p1 -2.95 ˘ 0.06 m3/kg

The reduced chi-squared is 1.4, which may indicate an even higher-order dependence of the radia-

tion energy not taken into account in Eq. (3.24). Hence, the uncertainties of the fit parameters are also

slightly underestimated. The parameters p0 and p1 exhibit a strong correlation which is, however, not

critical as the parameters are always used mutually in the ρXmax
correction and are never inspected

separately. In addition, parameter A also shows some correlation with p0 and p1 as A depends on the

absolute normalization of the ρXmax
correction. To estimate a possible bias we fixed the parameters

p0 and p1 to the values obtained in the separate fit of Fig. 3.17 and find a value of A that is well

compatible with the result of the combined chi-square fit within the uncertainties.

The inset of Fig. 3.18 shows a histogram of the scatter around the calibration curve. The standard

deviation as computed from the data amounts to 3.5% owing to tails of the distribution which are

related to data points with small values of sinα that exhibit larger fluctuations. If we fit a Gaussian

distribution to the binned data we obtain an uncertainty of 2.7%. The color code of the data points in
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Figure 3.18: Correlation between the energy in the electromagnetic part of the air shower and the radiation

energy corrected for sinα as well as the atmospheric density at the shower maximum (cf. Eq. (3.24)). The black

line shows a power-law fit to the data. The inset figure shows the scatter around the calibration curve. The color

scale shows the value of sinα.

Fig. 3.18 shows that the fluctuations are not biased to a certain direction, e.g., towards smaller radiation

energies, but are instead centered around the calibration curve. Hence, we conclude that our method

works for all incoming directions with slightly larger uncertainties for showers with small values of

sinα.

Furthermore, we investigated possible differences between air showers with proton and iron pri-

maries after we applied the corrections. The difference in the fraction of cosmic-ray energy that enters

the electromagnetic cascade is irrelevant as we correlate Sρ
RD directly with the electromagnetic energy.

As we also correct for the density at the shower maximum, our analysis is insensitive to the differ-

ence in the average Xmax between different particle species. However, if we analyze only air showers

induced by protons (induced by iron nuclei), we find a 2% larger (2% smaller) calibration constant

A, i.e., proton-induced air showers have a larger corrected radiation energy S
ρ
RD than iron-induced

air showers. As the radiation energy scales quadratically with the electromagnetic shower energy,

the ˘2% shift in radiation energy corresponds to a ˘1% shift in the electromagnetic shower energy,

which is well below current experimental uncertainties. Hence, the slight dependence of the corrected

radiation energy on the cosmic-ray mass is irrelevant for practical purposes.

Scaling with the geomagnetic field

The amount of radiation energy that is released by an air shower depends on the geomagnetic field.

More precisely, the contribution of the geomagnetic emission process to the radiation energy scales
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with the magnitude of the geomagnetic field BEarth. Naively, one would assume that the amplitude of

the electric-field pulse scales proportionally with the magnitude of the Lorentz force which is propor-

tional to the magnitude of the geomagnetic field. The radiation energy of the geomagnetic contribution

would thus be proportional to the magnitude of the geomagnetic field squared. However, we investi-

gated the scaling with the geomagnetic field in the air-shower simulations and found that the radiation

energy of the geomagnetic component deviates significantly from a quadratic scaling with BEarth and

scales approximately with pBEarthq1.8.

We obtained this number by simulating air showers with different magnitudes of the geomagnetic

field. For each air shower we calculated the corrected radiation energy according to Eq. (3.24) and

corrected the geomagnetic part not only by sin2 α, but also by pBEarth{0.243Gqk and determined the

scaling factor k that best fits the simulations. The value of 0.243 G is the geomagnetic field strength at

the location of the Pierre Auger Observatory and is used as a reference in this analysis. We simulated

air showers with geomagnetic field magnitudes ranging from the reference field strength to three times

the reference field strength which covers the complete range of variations in the geomagnetic field

strength occurring on Earth.

A plausible explanation for the deviation from the naively expected quadratic scaling is that the

electrons and positrons do not propagate unimpeded but interact continuously with air molecules.

The geomagnetic emission should therefore not be confused with synchrotron emission. The shower

particles move chaotically within the shower front, they collide with other particles, get accelerated

and decelerated and they drift only on average into the direction of the Lorentz force. The drift velocity

is thereby much smaller than the average velocity of the particles inside the shower front [144]. With

stronger acceleration by a larger geomagnetic field also the number of collisions with other particles

increases resulting in a slightly smaller effective acceleration.

Within the variations of the geomagnetic field strength occurring on Earth and the desired accuracy

of this analysis, the scaling with the geomagnetic field can be described effectively with pBEarthq1.8.

However, we note that we observe a small second order dependence. The gain in radiation energy,

if the geomagnetic field is increased from B “ BAuger to B “ 1.5 ˆ BAuger, is slightly larger

than the gain in radiation energy, if the geomagnetic field is increased from B “ 2 ˆ BAuger to

B “ 1.5 ˆ 2 ˆ BAuger “ 3 ˆ BAuger.

For the same reason, this saturation effect sets in later for air showers with smaller values of sinα

as the Lorentz force is proportional to sinα ˆ BEarth. Hence, at locations with strong geomagnetic

field strengths also a deviation from a quadratic scaling with sinα is expected. For B “ BAuger

we do not observe any deviation from a quadratic scaling with sinα. In addition, we observe that

the saturation effect is stronger pronounced for larger zenith angles where the air shower develops

in a part of the atmosphere with smaller density and traverses more geometrical distance during the

shower development. Hence, the shower particles are longer, and therefore also stronger, accelerated

by the geomagnetic field which results in an earlier onset of saturation effects. All this higher order

dependencies support the explanation presented above where a saturation effect is expected.

A recent analysis of the impact of thunderstorm electric fields on the radio emission strength

[166] also reported that the radio emission does not scale proportional to the atmospheric electric-field

component that is oriented into the direction of the Lorentz force. At larger field strengths they also

observed a saturation effect that was explained by the change in coherence length scales. Due to the
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larger transverse velocity, electrons and positrons trail further than the coherence length behind the

shower front. This behavior might also or partly explain the saturation effects that we observe.

However, within the variations of the geomagnetic field strength occurring on Earth and the desired

accuracy of this analysis, this second order dependence can be neglected. Hence, we extend Eq. (3.24)

by the geomagnetic field dependence to

S
ρ
RD “ Erad

a1pρXmax
q2 ` p1 ´ a1pρXmax

q2q sin2 α
´

BEarth

0.243G

¯1.8

1

p1 ´ p0 ` p0 exprp1pρXmax
´ xρyqsq2

(3.25)

with

a1pρXmax
q “ apρXmax

q{pBEarth{0.243Gq0.9 (3.26)

as the relative strength of the charge-excess component a also changes with changing geomagnetic

field. This formula is then applicable to any location on Earth.

Suitable energy estimator for a measurement

In a measurement, Xmax is not always accessible or may have large experimental uncertainties. As

most of the variation in ρXmax
is due to the zenith angle of the shower direction, we implement a

correction that takes only the zenith angle into account. For all air showers we assume the same

average xXmaxy of 669 g/cm2 to calculate the density at the position of the shower maximum ρθ “
ρpθ, xXmaxyq. We first parametrize the variation of the charge-excess fraction using the zenith angle

and find

apρθq “ 0.45
`

expr1.14m3{kg pρθ ´ xρyqs
˘

´ 0.24 , (3.27)

and then define the energy estimator as

S
ρθ
RD “ Erad

a1pρθq2 ` p1 ´ a1pρθq2q sin2 α
´

BEarth

0.243G

¯1.8

1

p1 ´ p0 ` p0 exprp1pρθ ´ xρyqsq2
(3.28)

with

a1pρθq “ apρθq{pBEarth{0.243Gq0.9 . (3.29)

Again, we perform a chi-square fit and find the parameters listed in Tab. 3.2. We determine the

energy resolution by fitting a Gaussian function to the scatter around the calibration curve and find a

standard deviation of 4%.

Table 3.2: Best-fit parameters for an energy estimator with zenith angle correction as defined in Eq. (3.28).

A 1.629 ˘ 0.003
B 1.980 ˘ 0.001
p0 0.239 ˘ 0.007
p1 -3.13 ˘ 0.07 m3/kg

The slope parameter B shows a deviation from 2 that is significantly larger than the uncertainties.

This is because the average Xmax increases linearly with the logarithm of the cosmic-ray energy [73].
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Table 3.3: Parametrization of the clipping effect using the zenith angle θ and the cosmic ray energy Ecr

for different heights above sea level with the function fpxq “ 1 ´ expp´p0px ´ p1qq with x “ sec θ ¨
log10p1018 eVq{ log10pEcrq.

composition p0 p1

1564 m a.s.l. (Auger)
pure proton 7.17 0.8
pure iron 8.27 0.72
50% proton, 50% iron 7.46 0.76

675 m a.s.l. (Tunka-Rex)
pure proton 9.57 0.77
pure iron 10.22 0.68
50% proton, 50% iron 9.73 0.74

0 m a.s.l. (LOFAR)
pure proton 11.93 0.76
pure iron 11.85 0.66
50% proton, 50% iron 11.9 0.72

between the observation altitude and Xmax. An observer at higher altitude observes smaller “distances

to Xmax” and is influenced more strongly by clipping. We parametrize the dependence using the

following function

EradpDXmax
q

Erad

“ 1 ´ exp
`

´8.7 cm2{kg pDXmax
` 0.29 kg{cm2q1.89

˘

. (3.31)

The clipping of the electromagnetic part of the air shower is significantly stronger, which is also shown

in Fig. 3.19 on the left. This is in agreement with the previous finding that the longitudinal profile of

the radiation energy release is shifted towards smaller atmospheric depths compared to the energy

deposit of the electromagnetic part of the air shower (cf. Fig. 3.13). At the point where only 75%

of the electromagnetic part of the air shower has deposited its energy in the atmosphere, 90% of the

radiation energy has already been released.

This effect is of prime importance in an experiment, as the radiation energy needs to be corrected

for clipping to correctly estimate the cosmic-ray energy. As Xmax is not always accessible or may

have large experimental uncertainties, we present an alternative parametrization of the clipping effect

for different observation heights using the zenith angle and the cosmic-ray energy. The atmospheric

depth between the observer and shower maximum is proportional to the secant of the zenith angle with

a second-order dependence on the cosmic-ray energy as the average Xmax increases proportionally to

the logarithm of the energy (cf. Eq. (3.30)). Fig. 3.19 on the right shows this parametrization for

an observation height of 1564 m a.s.l., which corresponds to the altitude of the radio detector of the

Pierre Auger Observatory [118]. A significant difference between air showers induced by protons or

iron nuclei is visible, as iron showers have a smaller average Xmax than proton showers. We again

parametrize the dependence with an exponential function and provide the best-fit values for a mixed,

a pure proton and a pure iron composition in the legend of the figure and in Tab. 3.3.

We repeated the analysis for an observation height of 675 m asl which corresponds to the location

of the Tunka-Rex experiment [20] and for an observation height of 0 m a.s.l. which corresponds to the
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Table 3.4: The table shows the normalized radiation energies for different cosmic-ray energies and thinning

levels. The geometry of the air showers is fixed to a zenith angle of 50˝ coming from the south. Each cell

shows the mean of at least 20 air showers simulated with the same settings, but different random seeds. The

uncertainties shown are the uncertainty of the mean, and the standard deviations are shown in brackets.

cosmic-ray energy

thinning level 1 EeV 10 EeV 100 EeV

10´3 11.7 ˘ 0.1 (1) MeV 1285 ˘ 14 (100) MeV 139 ˘ 2 (12) GeV
10´4 11.10 ˘ 0.05 (0.34) MeV 1234 ˘ 6 (42) MeV 131.7 ˘ 0.5 (3.3) GeV
10´5 10.91 ˘ 0.03 (0.22) MeV 1214 ˘ 4 (19) MeV 129.7 ˘ 0.5 (2.1) GeV
10´6 10.97 ˘ 0.03 (0.21) MeV 1216 ˘ 3 (13) MeV 129.8 ˘ 0.4 (1.6) GeV
10´7 10.96 ˘ 0.04 (0.19) MeV 1216 ˘ 4 (19) MeV 129.8 ˘ 0.3 (1.2) GeV

Impact of hadronic interaction models

We investigated the impact of the choice of the high-energy hadronic interaction model on the radiation

energy by simulating 39 air showers for each of the two post-LHC models QGSJeII-04 [136] and

EPOS-LHC [76]. We use the settings described above and fix the cosmic-ray energy to 1 EeV. For

both interaction models we obtain consistent normalized radiation energies of 10.97 ˘ 0.03 MeV

(QGSJetII-04) and 10.99 ˘ 0.02 MeV (EPOS-LHC). The quoted uncertainty is the uncertainty of the

mean. We conclude that the effects of the high-energy hadronic interaction models are negligible for

the prediction of the radiation energy.

We also checked for the influence of the low-energy hadronic interaction models and compared the

two models FLUKA [138] and UrQMD [139]. We used the same settings as above, allow QGSJetII-04

to treat the high-energy hadronic interactions and obtain a mean normalized radiation energy of 10.97

˘ 0.03 MeV using FLUKA and 10.95 ˘ 0.04 MeV using UrQMD. We conclude that the choice of

low-energy hadronic interaction model also has a negligible influence on the radiation energy.

Impact of approximations in the air-shower simulation

As a full simulation of all shower particles is not feasible at high cosmic-ray energies due to the large

number of shower particles, only a representative sub-sample of particles is tracked. This approach

is known as “thinning”. In this analysis we apply thinning at a level of 10´6 with optimized weight

limitation [143]. To test the impact of the thinning level on radiation energy, we simulate air showers

with thinning levels of 10´3, 10´4, 10´5, 10´6 and 10´7 and cosmic-ray energies of 1 EeV, 10 EeV

and 100 EeV and calculate the normalized radiation energy. In other words, we calculate the corrected

radiation energy S
ρ
RD and for each set of showers with the same cosmic-ray energy we normalize Sρ

RD

to the average electromagnetic shower energy of this set. The results are presented in Tab. 3.4.

Regardless of the air-shower energy we obtain consistent results for thinning levels of 10´5, 10´6

and 10´7. For lower thinning levels we obtain larger radiation energies and observe an increased

spread. On average, simulations with a thinning level of 10´4 produce „1% more radiation energy

and simulations with a thinning level of 10´3 produce „6% more radiation energy. We conclude that

thinning at a level of 10´6 does not introduce any bias in the simulation of the radiation energy.

The runtime of the simulation depends strongly on the thinning level. Relative to the runtime of
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Table 3.5: The table shows the normalized radiation energies for different cosmic-ray energies and lower energy

cuts for the electromagnetic shower particles. The geometry of the air showers is fixed to a zenith angle of 50˝

coming from south. Each cell shows the mean of at least 20 air showers simulated with the same settings but

different random seeds. The uncertainties shown are the uncertainty of the mean, and the standard deviations

are shown in brackets. The percentage values denote the relative deviations to the reference refractivity.

cosmic-ray energy

energy cut 1 EeV 10 EeV

250 keV 10.97 ˘ 0.03 (0.21) MeV 1217 ˘ 3 (13) MeV
150 keV 10.91 ˘ 0.04 (0.19) MeV 1205 ˘ 3 (14) MeV
80 keV 10.84 ˘ 0.03 (0.15) MeV 1197 ˘ 3 (12) MeV

a simulation with a thinning level of 10´6, a simulation with a thinning level of 10´3 (10´4, 10´5)

needs only 1% (6%, 20%) of the runtime, whereas a simulation with a thinning level of 10´7 needs

six times more computing time. Hence, even a stronger thinning at a level of 10´5 could be used in

future to further speed up the simulations.

Another approximation in the simulation is that each shower particle is only followed until it

reaches a minimum energy. The threshold energy is different for different particle species. In this

analysis, we use a minimum energy of 100 MeV for hadrons, 50 MeV for muons and 250 keV for the

electromagnetic shower particles (electrons, positrons and photons). We check for the impact of the

energy threshold of the electromagnetic particles that are relevant for the generation of radio emission

by simulating iron-induced air showers with a fixed geometry and cosmic-ray energy, but different

energy thresholds of 250 keV, 150 keV and 80 keV. We use the same settings as in the previous cross-

checks and simulate air showers with cosmic-ray energies of 1 EeV and 10 EeV and calculate the

normalized radiation energy as in the thinning cross-check. The results are presented in Tab. 3.5. We

observe a slight trend towards smaller average radiation energies for lower energy thresholds. This

is not a violation of energy conversation as in the endpoint formalism [129, 150] of CoREAS the

radiation from stopping the particle is already considered and simulating the movement of a particle

up to small energies results in less radiation than an instantaneous stop. Also lowering the photon

energy threshold leads to the consideration of low energetic Bremsstrahlungs photons resulting in a

less straight movement of electrons and consequently less coherent radiation. However, for a 1 EeV

air shower, the shift in the average radiation energy is only 1%, which would correspond to a shift of

0.5% in the cosmic-ray energy. Hence, for the desired accuracy of the analysis this effect is negligible.

Again, the runtime depends strongly on the energy threshold. A simulation with a lower energy

cut of 150 keV (80 keV) runs 1.4 times (3 times) longer than a simulation with the default energy cut

of 250 keV.

3.3.6 Influence of atmosphere

As already visible from Fig. 3.12, the refractive index of the atmosphere has an influence on the

radiation energy. In the simulation, we specify the refractivity at sea level which is then scaled pro-

portionally to higher altitudes with the air density. To estimate the influence of the air refractivity on

the radiation energy we vary the value of n ´ 1. We again simulate at least 20 air showers induced by
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Table 3.6: The table shows the normalized radiation energies for different refractivities of the atmosphere. The

geometry of the air showers is fixed to a zenith angle of 50˝ coming from south. Each cell shows the mean of at

least 20 air showers simulated with the same settings but different random seeds. The uncertainties shown are

the uncertainty of the mean, and the standard deviation is shown in brackets.

refractivity at sea level normalized radiation energy

2.04 ˆ 10´4 (-30%) 9.84 ˘ 0.04 (0.17) MeV (-10.3%)
2.63 ˆ 10´4 (-10%) 10.63 ˘ 0.04 (0.18) MeV (-3.1%)
2.77 ˆ 10´4 (-5%) 10.79 ˘ 0.05 (0.20) MeV (-1.6%)
2.92 ˆ 10´4 10.97 ˘ 0.03 (0.21) MeV
3.07 ˆ 10´4 (+5%) 11.12 ˘ 0.05 (0.21) MeV (+1.4%)
3.21 ˆ 10´4 (+10%) 11.29 ˘ 0.04 (0.19) MeV (+2.9%)
3.80 ˆ 10´4 (+30%) 11.82 ˘ 0.05 (0.21) MeV (+7.7%)

iron nuclei for each choice of refractivity for a cosmic-ray energy of 1 EeV and a fixed geometry as in

the previous cross-checks and calculate the normalized radiation energy. The results are presented in

Tab. 3.6. A change in the refractivity of +10% (-10%) results in a 3% larger (3% smaller) radiation en-

ergy and a change of ˘5% in refractivity results in a shift of ˘1.5% in radiation energy. We note again

that the ˘3% (˘1.5%) shift in radiation energy would correspond to a ˘1.5% (˘0.8%) shift in the

electromagnetic shower energy, as the radiation energy scales quadratically with the electromagnetic

shower energy.

We determine the variations in refractivity using data from the Global Data Assimilation System

(GDAS). This system combines several meteorological measurements with numerical weather predic-

tions and provides the main state variables of the atmosphere on a 1˝ ˆ1˝ latitude longitude grid every

three hours. Among other things the temperature, pressure and humidity at the surface is provided

from which we calculate the refractivity. The yearly fluctuations of the air refractivity at the site of the

Pierre Auger Observatory are 7%, and are only 4% and 3% at the LOFAR and Tunka sites, respec-

tively. Hence, this environmental dependence is small compared to current experimental uncertainties.

We also calculated the average refractivity at sea level by rescaling the average refractivity at the sur-

face to its value at sea level using the model of the US standard atmosphere. We find a refractivity at

sea level of 3.12 ˆ 10´4 for the Pierre Auger and Tunka site and 3.2 ˆ 10´4 for the LOFAR site.

For the site of the Pierre Auger Observatory we also studied the influence of changing atmospheric

density profiles. Monthly-averaged density profiles were derived from weather balloon measurements

and GDAS data (cf. Chap. 4.3 and [133, 167–169]) and implemented in CORSIKA. For each monthly

density profile we simulated at least 20 proton and iron induced air showers with an energy of 1EeV

and the same fixed geometry as before. We also determined the average refractivity at ground level

for each month from the GDAS data, shown in Fig. 3.21 left, and rescaled it to sea level which is the

required input of the simulation code. The resulting radiation energies for the different months are

presented in Fig. 3.21 right. The yearly scatter in the radiation energy due to changing atmospheric

conditions at the Pierre Auger Observatory is 2.5%. This translates to an influence of changing atmo-

spheric conditions onto the cosmic-ray energy of only 1.25%. We can also use this result to correct

for this minor dependence on the conditions of the atmosphere.

What is not taken into account in this cross-check is that the refractivity might not scale exactly
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Figure 3.21: (left) Monthly-averaged refractivity at the surface at the Pierre Auger Observatory. The errorbars

represent the spread. (right) Variation of radiation energy due to changing atmospheric conditions. Shown is the

radiation energy obtained with CoREAS simulations using the monthly density profiles and the corresponding

refractivity. The errorbars represent the spread.

with the density to higher altitudes. The height dependence of the refractivity can also be extracted

from GDAS data that provide the atmospheric state variables at several heights above ground. How-

ever, it is currently not possible to specify a separate refractivity profile in CoREAS as it is expected

to have only minor influence on the radio emission.

3.3.7 Independent cross-check with ZHAireS

To cross-check a correct implementation of the underlying physics in the simulation code, the analysis

presented above was partly repeated using the ZHAireS simulation code in [170]. In particular, we

can verify a correct implementation of

• the shower development using the hadronic and electromagnetic interaction models.

• the modeling of the atmospheric density profiles and the impact of the refractive index.

• the calculation of the radio emission from the particle movement from classical electrodynam-

ics. (CoREAS uses the endpoint formalism [150] whereas ZHAireS uses the ZHS formalism

[151].)

The only available hadronic interaction model in ZHAireS is SIBYLL 2.1 [171]. SIBYLL 2.1 is

outdated and has been superseded by SIBYLL 2.3 [137]. The former model predicts slightly more

radiation energy as the longitudinal shower profile comes out more narrow, so we cannot use this

model for an accurate quantitative prediction of the radiation energy. However, we can nevertheless

use this model in both CoREAS and ZHAireS to compare the two simulation codes.

In ZHAireS, the variation of the refractivity is not scaled with the air density to higher altitudes

but a simplified description is used which models the scaling of the air refractivity with increasing

height with a single exponential function. Therefore, we modified the CoREAS code to also use this

simplified description.

Another free parameter in the simulation is the thinning level. The implementation of the thinning

mechanism is different in the two codes and can therefore not be set to the same value. To exclude

the influence of thinning, in [170] a similar study as in Sec. 3.3.5 was performed, where the thinning
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Figure 3.22: Comparison between CoREAS and ZHAireS simulations. The corrected radiation energy is

shown as a function of electromagnetic shower energy. Blue dots represent CoREAS simulation and green

dots ZHAireS simulations. Figure from [170].

settings were determined such that thinning has only negligible influence on the simulated radiation

energy.

With these modifications all free parameters of the simulation can be set to the same value or have

been found to have negligible influence on the radiation energy. Hence, we can directly compare the

predictions of the radiation energy from CoREAS and ZHAireS. Details of this analysis can be found

in [170]. We only highlight the final result which is presented in Fig. 3.22. The dependence of the

radiation energy on the incoming direction and position of the shower maximum is corrected according

to Eq. (3.24). Then, the corrected radiation energy is plotted versus the electromagnetic shower energy

and the parameters A and B of the calibration function (Eq. (3.23)) are determined. The difference in

the parameter A obtained from CoREAS and from ZHAireS is the difference in the prediction of the

radiation energy. The radiation energies computed by the two independent simulation codes have a

difference of only 3.3%. As the radiation energy scales quadratically with the electromagnetic shower

energy this corresponds to a difference of only 1.7% with regard to the cosmic-ray energy scale. This

difference is much smaller than typical experimental systematic uncertainties in the measurement of

the radiation energy of O(10%) [126].

3.3.8 Discussion

As soon as the air shower has emitted all its radiation energy, the total radiation energy, i.e., the

integral over the signal distribution on the ground, remains constant. In particular, it does not depend

on the signal distribution on the ground or on the observation altitude and is thus directly comparable

between different experiments.

The radiation energy is well suited to determine the cosmic-ray energy. The radiation energy –

corrected for the dependence on the geomagnetic field – correlates best with the energy in the electro-

magnetic part of the air shower and exhibits quadratic scaling with the electromagnetic shower energy,

as is expected for coherent emission. The electromagnetic shower energy can be converted to the pri-
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mary cosmic-ray energy using predictions from hadronic interaction models or a direct measurement

of the invisible energy fraction.

The radiation energy has a second-order dependence on the air density of the emission region.

After correcting this effect, the corrected radiation energy and the electromagnetic shower energy

have a scatter of less than 3%. In addition, we developed a more practical parametrization of the

dependence between radiation energy and electromagnetic shower energy using only the geometry of

the air shower, i.e., without using Xmax information, and obtain a resolution of 4%. This scatter of 4%

is well below current experimental uncertainties.

If the radiation energy is detected at a particular observation height, the air shower may not have

released all its radiation energy. The strength of this effect depends on the atmospheric depth between

observation height and shower maximum. We presented a parametrization of this effect that can be

used in experiments to correctly determine the full radiation energy and thereby estimate the cosmic-

ray energy. The radiation energy is influenced less by clipping than the electromagnetic part of the air

shower as the radiation energy is released earlier in the shower development.

We studied the effects of specific settings of the air-shower simulation on the radiation energy.

We found that the choice of hadronic interaction model has a negligible influence on the radiation

energy as well as our choice of thinning level and lower energy thresholds in the simulation. We also

checked for the impact of changing atmospheric conditions, i.e., a change in the density profile and

the refractivity, and found a scatter of the radiation energy of merely σ “ 2.5% within the course of

the year.

We conclude that the radiation energy released by extensive air showers is well understood and

with the methods and parametrizations developed here, the radiation energy can be used to precisely

determine the cosmic-ray energy as well as to cross-calibrate different experiments.
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Pierre Auger Observatory

and its Engineering Radio Array

Parts of this chapter have been published in:

C. Glaser for the Pierre Auger Collaboration

„Results and Perspectives of the Auger Engineering Radio Array“

Proc. of ARENA 2016, Groningen, The Netherlands (2016), arXiv:1609.01513

The Pierre Auger Observatory is the world’s largest detector for high energy cosmic rays covering

an area of 3000 km2 [2]. It is located on a vast, high plain in western Argentina known as the Pampa

Amarilla (yellow prairie) East of the Andes near the town Malargüe. The area is generally flat with an

average height of 1400 m a.s.l. that corresponds to an atmospheric overburden of 875 g{cm2.

The observatory is designed as a hybrid detector with two baseline components, a large surface de-

tector array (SD) and a fluorescence detector (FD). The SD comprises 1660 water Cherenkov particle-

detector stations distributed on a hexagonal grid with a spacing of 1500 m which is overlooked by 24

air fluorescence telescopes positioned at four different sites around the SD array. A map of the array

is shown in Fig. 4.1. The SD has a duty cycle of 100% whereas the detection of fluorescence light is

restricted to moonless nights with good weather conditions resulting in a duty cycle of 12% at early

years [172] that has been increased to „15% at the present time [2].

This hybrid design is extended by three high elevation fluorescence telescopes (HEAT) [173] that

overlook an infill array consisting of 61 stations with a smaller spacing of 750 m covering an area of

23.5 km2 in the western part of the array. This extension lowers the full efficiency threshold of the sur-

face detector from 3 EeV (=1018.5 eV) [174] by one order of magnitude to 0.3 EeV (=1017.5 eV) [175].

Furthermore, the observatory is equipped with a large number of monitoring systems to track the state

of the atmosphere above the array. With this information the production as well as the scattering and

absorption of fluorescence light can be corrected for environmental influences to precisely reconstruct

air showers.

In addition to the extension to lower the energy threshold, several new technologies to detect ultra

high energy cosmic rays are explored within the Pierre Auger Observatory. Buried scintillators are

installed in the infill region to measure muons separately from electromagnetic shower particles [176].

Several efforts have been undertaken to measure molecular Bremsstrahlung at the Pierre Auger Obser-

vatory [177], a predicted isotropic radiation in the GHz regime [178] that is generated in the plasma

behind the air-shower front which would allow a measurement of the longitudinal shower profile sim-

ilar to the fluorescence measurement but with a 100% duty cycle. However, recent measurements
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Figure 4.1: Map of the Pierre Auger Observatory. Each dot corresponds to a surface detector station. The field-

of-view of the 27 fluorescence telescopes at the fife different sites Los Leones, Los Morados, Loma Amarilla,

Coihueco and HEAT are marked with blue lines (yellow lines in case of HEAT).

and calculations show that the intensity of molecular Bremsstrahlung is significantly smaller than than

expected [179–181] reducing the feasibility of this approach to measure air showers.

The largest and most successful extension of the observatory is the Auger Engineering Radio

Array (AERA) that measures the radio emission from air showers in the 30 - 80 MHz regime [11,

118]. AERA is located in the western part of the array within the infill array of the surface detector

and covers an area of 17 km2 with 153 autonomous radio detector stations. It will be presented in

detail in Sec. 4.4.

The Observatory takes data since 2004 and was completed in 2008. Since then it is in success-

ful operation and has recorded data with an exposure exceeding 40,000 km2 sr yr. A complete and

comprehensive description of the Pierre Auger Observatory can be found in [2].

In the following we will describe the different detector components in more detail. In case of the

fluorescence and surface detector we will also describe briefly how air showers are reconstructed from

measured data. The reconstruction of air showers using radio detector data (AERA) will be described

in detail in Chap. 5.

4.1 Fluorescence detector

At each of the four sites Los Leones, Los Morados, Loma Amarilla and Coihueco, six air fluorescence

telescopes are contained in a clean and climate-controlled building. Each telescope has a field of view

of 30˝ ˆ 30˝ in azimuth and elevation with a minimum elevation of 1.5˝. The six telescopes have a
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combined coverage of 180˝ in azimuth and are oriented towards the interior of the surface detector

array.

A sketch of the design of the telescope can be found in Fig. 4.2 left and an actual picture of the

interior of the telescope in Fig. 4.2 right. The telescope is build using a Schmidt optic to reduce coma

aberration. The ultra-violet (UV) fluorescence light enters through a circular diaphragm with a 1.1 m

radius which is covered with a UV filter glass. The transmission of the filter in the relevant UV range

from 310 to 390 nm is above 50%. The filter reduces background light of other wavelength and thus

improves the signal-to-noise ratio. On the other hand the glass protects the interior of the telescope

and keeps the building clean and climate controlled. In addition, the aperture is protected by a shutter

that is closed when the telescope is not in operation and by a fail safe curtain to protect the camera

from daylight in case of a failure in the telescope control system or a malfunction of the shutter. The

aperture is supplemented with a segmented corrector ring with an inner and outer radii of 850 mm and

1100 mm to correct spherical aberration and to eliminate coma aberration [182, 183].

The light is reflected by a „13 m2 large segmented spherical mirror onto the camera. The average

reflectivity is above 90% for a wavelength of 370 nm. However, the reflectivity decreases by up to

5% due to dust deposit especially on the lower mirror segments that are tilted slightly upwards [2].

Hence, a continuous maintenance is required. The camera comprises 440 pixels arranged in 22 rows

and 20 columns. The PMTs have a hexagonal shape that are extended with a simplified Winston cone

to minimize the dead area between the pixels. The PMTs have a distance of 45.6 mm from side to side

and a corresponding field of view of 1.5˝. The design of the optics is such that a distant point source

falling on the camera is well below the size of one pixel which is important to enable the identification

of the tracks of fluorescence light created by an air shower.

A multi-stage trigger is implemented to trigger air showers. The first stage is a single pixel trigger

where the threshold is dynamically adjusted to a trigger rate of 100 Hz. The second stage searches for

tracks of at least five pixels which results in a varying trigger rate of 0.1 - 10 Hz. The third stage is a

software algorithm which cleans the hardware triggers from noise events resulting in a trigger rate of

0.012 Hz per FD building. For these triggers also a hybrid trigger for the surface detector is generated.

An end-to-end calibration of the telescopes, i.e., the conversion factors of ADC counts to light

flux for each pixel, is performed with a so-called drum calibration [184]. A drum-shaped, pulsed light

source that covers the complete aperture is used. The light source provides a uniform illumination of

each pixel over the full acceptance of the telescope and its light intensity is calibrated to a precision of

better than 4% [185]. The known pulsed photon flux of the drum can then be compared to the ADC

pulse integrals to obtain the calibration factors which are approximately 4.5 photons/ADC count. The

systematic uncertainty of the absolute FD calibration is 9.9%1 [186].

Recently, a new calibration method was developed and performed that uses a well-calibrated

isotropic light source which is carried by a drone (a octocopter was used in this measurement) into the

field-of-view of the FD telescope [187]. So far, one eye of the Los Leones telescope was calibrated in

two calibration campaigns in 2014 and 2015. Both campaigns consistently found smaller calibration

constants of only 86.8% ˘ 3.8% of the calibration constants obtained with the drum calibration. Such

a change in the calibration constants would result in a shift of the reconstructed cosmic-ray energies

1As the number of photons is proportional to the energy deposit of the air shower, this uncertainty directly propagates
into the systematic uncertainty of the cosmic-ray energy measurement.
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Figure 4.2: (left) Schematic view of a fluorescence telescope with a description of its main components. (right)

Photo of a fluorescence telescope at Coihueco. Figures and captions from [2].

of +13.2%.

There is evidence that these new calibration constants describe the response of the FD telescopes

to air-shower signals more precisely as this method has several advantages over the drum calibration.

On the one hand, a smaller systematic uncertainty of better than 4.6% could be achieved. On the

other hand, this measurement realistically resembles the conditions of an air-shower measurement as

the light source is seen as a distant point source by the telescope. Qualitative differences between

the two calibration methods are, e.g., that the light reflected from the outer UV filter glass can not

be scattered back into the telescope as it is the case in the drum calibration. This can result in a

significant difference as a dust layer on the filter can easily attenuate 11% of the incoming light.

Another difference is that only a single pixel of the camera is illuminated whereas the drum calibration

illuminates all pixels isotropically. Thereby, the octocopter calibration is sensitive to the fraction of

light that is deflected away from the target pixel into neighboring pixels, i.e., it is sensitive to the point-

spread function, which is relevant for air-shower measurements as only signals from a small region

around the target pixel are integrated. Hence, scattered light is mostly not taken into account.

To be more comparable to the drum calibration, not only the signal of the pixel of the camera

that is illuminated by the octocopter light source is used but also the signals of the surrounding pixels

are taken into account. However, this still leads to calibration constants of only 92.5% ˘ 4% of the

calibration constants obtained with the drum calibration. The size of the light source as seen by the

telescope corresponds to the size of a distant shower, i.e., to high-energy air showers. For less energetic

showers (E „1018 eV), the showers have smaller distances to the telescope and their relative size is

accordingly larger which might lead to different scattering of the light not measured by the octocopter

calibration. Hence, high-energy showers would have 13.5% more energy whereas the energy shift for

low-energy showers might be less but at least 7.5%. At the time of writing these new results are being

discussed within the collaboration but not yet taken into account in the reconstruction.

In addition, three light sources are installed in each telescope for relative calibration [184], e.g.,

the light from a xenon flash lamp is directed to a Teflon diffuser at the sides of of the camera and
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Figure 4.3: (left) Geometry reconstruction of an event observed by four telescopes and the surface detector.

Figure and caption from [2]. (right) Combined camera image of an air shower detected by two of the Coihueco

fluorescence telescopes. The color indicates the time distribution of the pulses in the shown pixels (purple =

early, red = late). The line indicates the reconstructed plane spanned by the shower axis and the fluorescence

telescopes. Figure and caption from [115].

directed towards the mirror. From these measurements, the long-term time variations of the calibration

constants can be monitored.

The first step to reconstruct an air shower is to subtract the noise from the recorded ADC traces

of each pixel. Then the ADC counts are converted to the number of photons at the aperture using

the calibration constants obtained via the drum and relative calibration. From the signal times in the

different pixels (cf. Fig. 4.3 right for an example) the geometry of the air shower is reconstructed.

First, the shower detector plane, i.e., the plane containing the telescope and the air-shower axis is

determined. Then, the shower axis is reconstructed using the signal times and the pointing direction

of the pixels of the shower track measured in the camera and an additional time information of the

surface-detector station with the highest signal to increase the lever arm. A hybrid-event display of an

air shower observed from all four FD sites and the surface detector is shown in Fig. 4.3 left.

Then, the detected light as a function of time is determined. To do so, the signals of all pixels

within a certain angle that maximizes the SNR (typically „1.3˝) around the vector from the telescope

to the shower center at time i are summed up. The resulting light-at-aperture profile is presented in

Fig. 4.4 left. All contributing light sources other than the fluorescence light [188] including Cherenkov

light [189, 190] and multiple scattered light [191–193] are determined and subtracted. The remaining

fluorescence light is corrected for the attenuation in the atmosphere and converted into the energy de-

posit of the air shower using the measured fluorescence yield2 [194–196]. An example of the resulting

dE{dX profile of an air shower as a function of slant depth is shown in Fig. 4.4 right. A precise

knowledge of the atmospheric conditions at the time of the event is crucial, as the light attenuation

in the atmosphere as well as the fluorescence yield depends on the current state of the atmosphere.

Therefore the observatory is equipped with a large number of atmospheric monitoring systems that

are presented in Sec. 4.3.

2The fluorescence yield is the conversion factor from energy deposit in the atmosphere to emitted fluorescence light.
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Figure 4.4: Example of a reconstructed shower profile. (left) Light at aperture. (right) Energy deposit. Figures

and captions from [2].

A Gaisser-Hillas function [164]

fGHpXq “
ˆ

dE

dX

˙

max

ˆ

X ´ X0

Xmax ´ X0

˙pXmax´X0q{λ

epXmax´Xq{λ (4.1)

is fitted to the shower profile. Depending on the quality of the measured profile, the shape parameters

X0 and λ can be fixed to their mean values to allow a transition from a 2 to 4 parameter fit. The

parameter Xmax denotes the maximum of the longitudinal shower profile. The integral of fGH over X

gives the calorimetric shower energy, i.e., the complete shower energy except for the energy carried

away by neutrinos and high-energy muons. This invisible energy was measured experimentally [117]

so that the calorimetric energy can be converted to the energy of the primary cosmic ray in a model-

independent way with a systematic uncertainty of 3% at 3 EeV decreasing to 1.5% at higher energies.

The total systematic uncertainty on the cosmic-ray energy measurement is 14% at energies above

1 EeV [186] and increases to 16% at 0.3 EeV.

Auger High Elevation Telescopes In addition to the 24 regular FD telescopes, three Auger High

Elevation Telescopes (HEAT) [173] are installed 120 m in front of the Coihueco telescopes and form an

independent fifth site (see Fig. 4.1). The three HEAT telescopes are situated in three tiltable buildings

and cover an elevation of 30˝ to 58˝ if operated in tilted mode, thereby extending the field-of-view

of the Coihueco telescopes by almost 30˝ in elevation. A photo of the three buildings in tilted mode

can be found in Fig. 4.5 left. The design to tilt the whole building instead of directly building a

telescope with a different elevation range has several advantages. Basically the same design as the

regular FD telescopes can be used and the non-tilted operation mode can be used for calibration as

then the field-of-view of HEAT and the regular Coihueco telescopes overlap.

The main objective of HEAT is to lower the energy threshold of FD by observing nearby low-

energy showers that develop earlier in the atmosphere. HEAT overlooks the 750 m SD array so that

a large number of hybrid events can be obtained. In the data analysis, the HEAT telescopes can be

combined with the Coihueco telescopes if the shower was visible in both telescopes. An example of

such an event is presented in Fig. 4.5 right.
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Figure 4.5: (left) Photo of the three HEAT telescopes in tilted mode. Figure and caption adapted from [2].

(right) Example of a low-energy event recorded in coincidence with HEAT and two Coihueco telescopes. The

plot shows the camera image of the recorded signal. The arrival time of the light is color-coded (blue early, late

red). Figures and captions adapted from [173].

4.2 Surface detector

The water Cherenkov particle-detector stations of the surface detector have a diameter of 3.5 m and a

height of 1.2 m. A photo of such a SD station is shown in Fig. 4.6 left. The water tank contains a sealed

liner with a reflective surface that is filled with 12,000 l of ultra-pure water. The air-shower particles

on ground are measured by Cherenkov light that is generated in the water as the shower particles

move faster than the speed of light in water through the water. The height of 1.2 m results in a good

sensitivity also to inclined showers which is a significant advantage compared to flat scintillators. The

extend in height makes the detector also sensitive to photons as they can convert in the water volume

to an electron positron pair.

Each detector station is equipped with three 9 inch diameter photo multiplier tubes (PMTs). Each

PMT has a high and a low gain channel and the analog signal is digitized with 40 MHz. Each station

operates autonomously. The stations are powered with a solar system that delivers 10 W on average.

Accurate time synchronization is obtained with a GPS receiver and communication is handled by a

custom Wireless Large Area Network (WLAN) operating in the 902 to 928 MHz ISM band.

Apart from calibration and monitoring triggers, two different air-shower triggers are implemented

on station level. A single-bin threshold trigger is efficient for stations that are near the impact point of

an air shower but is also contaminated by small showers. Currently, a signal of 2 ˆ IVEM (the signal

that corresponds to two vertical equivalent muon (VEM)) in two high gain channels is required which

results in a trigger rate of 100 Hz. In addition, a time-over-threshold (ToT) trigger is implemented that

selects a sequences of small signals spread in time and is thus efficient to showers incident far away

from the station and has a rate of a few Hz. This trigger requires a single bin exceeding 0.2 IVEM in at

least 12 samples in a sliding window of 3µs length (120 samples) in two of the three PMTs.

The local station triggers are combined by the central data acquisition system (CDAS). The main

air-shower trigger requires a time and spacial coincidence of multiple SD stations. First, a preliminary

time coincidence of ˘25µs of at least three station triggers are required. Stations that pass this cut

are checked for spacial coincidence. To determine spacial coincidences, concentric hexagons centered

in each station are defined. Two different modes to check for spacial coincidences are used. The
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Figure 4.6: (left) A schematic view of a surface detector station in the field, showing its main components.

(right) Sketch of the spatial trigger requirements. Four hexagons around a central surface station are depicted.

Two examples of the topology of triggers are shown: a 4-fold coincidence in which the triggered stations are

identified by open blue squares, and a 3-fold coincidence identified by open red circles. Figures and captions

adapted from [2].

first requirement are three ToT (3ToT) triggers with minimum compactness, i.e., one of the triggered

station must have one of the other stations in the first hexagon of neighbors and the other station

within the second hexagon. See Fig. 4.6 right for an illustration of the required geometry. The second

requirement is more permissive and requires four local station triggers with moderate compactness.

One of the triggered stations is allowed to be within the 4th hexagon if one station is withing the 2nd

and another is in the 1st hexagon around the remaining station. If a spacial coincidence has been

found, a more stringent timing criteria is applied. All station triggers must be within (6 ` 5n)µs of

the central station where n is the number of the hexagon. If also this trigger condition applies, the

measured FADC trace of 30µs length is requested from all participating stations and sent via WLAN.

The trigger rate is 0.1 Hz resulting in 3 million SD events per year. In addition, also a trigger from

the FD can be received. The trigger delay is „1 s and a roughly estimated geometry of the air shower

is already available. With this information, the SD stations that are near the shower impact point

are determined and a corresponding event is formed. The resulting trigger efficiency depends on the

energy of the air shower and is shown in Fig. 4.7 right. The 1500m spaced SD array is fully efficient

above 3 ˆ 1018 eV and the 750m spaced SD array is full efficient above 3 ˆ 1017 eV [175] for air

showers with incoming directions of less than 60˝ and 55˝ zenith angle, respectively. A reconstruction

algorithm for horizontal showers have been implemented only for the 1500m spaced array so far. The

full-efficiency threshold of horizontal air showers is 4 ˆ 1018 eV [197].

The reconstruction of air showers from surface-detector data is based on the size and the time of

the signals in multiple detector stations. The information of all three PMTs is combined to determine

the signal size in VEM and the signal arrival time. Two additional triggers are applied offline before

reconstruction. A trigger based on time coincidences deselects stations with incompatible timings that

are mainly caused by hits from unrelated muons. The cut is optimized such that 99% of the stations

containing a signal from the air shower are kept [2]. The second trigger selects only events having an

impact point of the shower (the shower core) within the array. The so-called 6T5 trigger requires the
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Figure 4.7: 3ToT trigger efficiency for vertical showers of the infill (θ ă 55˝) and regular (θ ă 60˝) array

obtained from simulations of iron and proton primaries. For inclined air showers (θ ą 60˝) the 1500m spaced

SD array is full efficient above 4 ˆ 1018 eV [197]. Figure and caption adapted from [175].

Figure 4.8: Reconstruction of shower geometry. (left) Dependence of signal start times (relative to the timing

of a plane shower front) on perpendicular distance to the shower axis. The shaded line is the resulting fit of the

evolution model and its uncertainty. (right) Signal size as a function of distance to shower axis. Figures and

captions from [2].

station with the largest signal to be surrounded by a hexagon of active (currently working) stations.

This cut allows for an accurate reconstruction of the shower core and enables a simple calculation of

the exposure [174] which is, e.g., required is the determination of the energy spectrum [198].

The incoming direction of the air shower is reconstructed by triangulation using the signal times in

multiple detector stations. First, a plane wavefront is assumed and in case of enough triggered stations

a spherical wavefront is fitted to the signal times. The measured signal times of one air shower is

shown in Fig. 4.8. The angular resolution of the incoming direction is 1.6˝ for events with at least

three stations and reduces to 0.9˝ for events with more than 5 stations [199]. In case of the infill array

with smaller detector spacing of 750 m the angular resolution varies between 1.3˝ and 0.7˝ depending

on the cosmic-ray energy and zenith angle [175].

The reconstruction of the core position and the energy of the cosmic ray is different for vertical

and horizontal showers. The amount of atmosphere traversed by the air shower gets larger with in-
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creasing zenith angle θ and scales approximately with 1{ cos θ (cf. Appendix D). Therefore, the signal

of inclined showers is mostly due to high-energy muons as the bulk of the electromagnetic part of

the air showers is already absorbed in the atmosphere. In addition, the footprint is asymmetric as the

muons travel long distances and get deflected in the geomagnetic field which requires a different anal-

ysis strategy than for vertical showers [197]. The zenith angle threshold is 60˝ for the 1500 m array

and 55˝ for the 750 m array. We will first discuss the reconstruction of vertical showers and discuss

horizontal showers at the end of this section.

In case of vertical air showers, the core position and the energy of the cosmic ray is determined

from the signal distribution (cf. Fig. 4.7 left). A modified Nishimura-Kamata-Greisen (NKG) function

[200, 201] of the form

Sprq “ Sropt

ˆ

r

ropt

˙β ˆ

r ` r1

ropt ` r1

˙β`γ

(4.2)

is used as the lateral distribution function (LDF) with r1 = 700 m. The distance ropt is the optimal

distance that depends on the geometry of the detector. In case of the SD array with 1500 m spacing

the optimal distance is ropt = 1000 m [202]. For the infill array with smaller detector spacing of 750 m

the optimal distance reduces to ropt = 450 m [175]. The parameters β and γ determine the shape of

the LDF. The parameter Sropt is an estimator of the showersize. At the optimal distance ropt it has the

smallest dependence on the shower geometry and development and can be used as an estimator for the

cosmic-ray energy.

For a fixed shower energy, the showersize parameters S1000 and S450 depend on the zenith angle

of the air shower as for larger zenith angles the shower traverses more atmosphere and is therefore

stronger attenuated. This effect is partly reduced by the fact that muons traverse the water Cherenkov

detector more horizontally with larger zenith angle and will therefore emit a stronger signal because

the signal of a muon is roughly proportional to the length of water crossed. The dependence of the

showersize on the zenith angle is determined experimentally using the constant intensity cut (CIC)

method [203]. In this method an isotropic cosmic-ray flux at the top of the atmosphere is assumed.

Then the number of events exceeding a certain showersize should be the same in each zenith angle

bin if normalized to the corresponding solid angle. The minimum showersize is chosen such that

the detector is fully efficient over the considered zenith angle range. In this way the attenuation can

be determined directly from the measured data. In case of a changing chemical composition of the

cosmic rays with energy, the CIC method is not independent of the cosmic-ray energy and thus only

an approximation that, however, works well in the energy range of interest [204].

The showersize S1000 (S450) that depends on the energy E and zenith angle θ of the shower is

normalized to an average zenith angle of 38˝ (35˝) using the attenuation function fCICpθq

S38pEq “ S1000pE, θq{fCIC,1000pθq (4.3)

S35pEq “ S450pE, θq{fCIC,450pθq . (4.4)

The attenuation curve is described best with a third order polynomial in x “ cos2 θ ´ cos2 38˝ (x “
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Figure 4.10: Correlation between the energy estimators (see text) and the FD energy. S38 and S35 are given in

units of Vertical Equivalent Muon or VEM, corresponding to the signal produced by a vertical muon traversing

the detector through its center. Since N19 is a scaling factor it is dimensionless. Figure and caption from [49].

trinos and high-energy muons which is accordingly not visible in the FD. A hybrid measurement of

inclined showers using FD and SD can be used to determine the invisible energy experimentally. The

FD measures only the electromagnetic part of the air shower whereas the N19 parameter is a direct

measurement of the number of high-energy muons. Most of the muons originate from charged-pion

decays (π Ñ µ ` νµq (and to a 10 times smaller extend from kaon decays) and are therefore directly

correlated with the number of neutrinos. Exploiting these two independent measurements, the invisi-

ble energy as a function of calorimetric shower energy can be obtained with a systematic uncertainty

of 3% at 3 EeV decreasing to 1.5% at higher energies [117].

4.3 Atmospheric monitoring

A precise and continuous monitoring of the atmospheric conditions above the Pierre Auger Obser-

vatory is crucial for a correct reconstruction of measured air showers as the atmosphere is used as a

giant calorimeter [133, 167, 168, 206]. The state of the atmosphere affects primarily the measured

fluorescence light but also the surface detector is influenced by changing atmospheric conditions as

the air density near the ground alters the lateral signal distribution of the electromagnetic component

of the shower [207]. Although the site of the observatory has generally good viewing conditions, an

extensive program to monitor the atmosphere is required to achieve an accurate reconstruction of air

showers. It is especially important for an accurate calibration of the absolute energy scale of cosmic

rays and will therefore be presented in some detail in this thesis. Later we will see that most of the

atmospheric monitoring efforts are not necessary for radio detection of air showers as the radiation

energy emitted by the air shower is basically independent of changing atmospheric conditions and

requires only very basic monitoring.

The FD measurement depends in several ways on the properties of the atmosphere. On the one

hand, the fluorescence yield itself, i.e., the conversion between deposited shower energy in the atmo-
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sphere to emitted fluorescence light, depends on the state of the atmosphere [188, 208–210], as well

as the longitudinal development of the air shower [133, 208]. On the other hand, the scattering and

absorption of the emitted fluorescence light depends on the atmospheric state variables, the amount

and properties of aerosols and the cloud coverage. A large number of different monitoring system have

been installed at the observatory to measure different properties of the atmosphere and are briefly sum-

marized in the following. A more detailed description can be found in [2] or in the references given in

the following paragraphs.

In Fig. 4.11 an overview of the different monitoring systems and their position in the Auger array

is shown. Ground-based weather stations are installed at each FD building and at the central laser fa-

cility (CLF) and provide pressure, temperature, humidity and wind information at ground level. More

important than a measurement of the atmospheric state variables at ground are the atmospheric profiles

of temperature, pressure and humidity up to 20 - 25 km a.s.l. from which the relevant quantities such

as air density or atmospheric depth can be calculated. During 2004 and 2010 more than 300 profiles

were measured using meteorological radiosondes attached to weather balloons [167]. The upper limit

of the profile was typically at 23 km, determined by the height of the burst of the balloon. From these

measurements monthly atmospheric profiles were derived [167, 168] and also implemented into the

air-shower simulation software CORSIKA [140]. Later, the time and cost expensive balloon launch-

ing program was superseded by the usage of data from the Global Data Assimilation System (GDAS)

which is an atmospheric model that combines several meteorological measurements with numerical

weather predictions and provides the main state variables of the atmosphere on a 1˝ ˆ 1˝ latitude

longitude grid every three hours [133]. The validity of GDAS data was verified with the data obtained

from the balloon program.

The measurement of aerosols and clouds are the most dynamic monitoring challenge. These mea-

surements are needed to determine the optical transmission properties across the Auger array which is

then used in the reconstruction to relate the light measured at the telescope to the light generated along

the shower axis [168, 206]. The aerosol optical depth profiles are measured hourly by the central laser

facility (CLF) [211] and eXtreme Laser Facility (XLF) [212]. Both facilities comprise a Q-switched

frequency tripled YAG laser with a wavelength of 355 nm which corresponds to the center of the nitro-

gen UV spectrum. The energy per pulse is 7 mJ which corresponds roughly to a 100 EeV air shower

in light intensity in the atmosphere. During FD data taking, every 15 minutes a set of 50 vertical laser

shots is fired into the atmosphere and observed by the four FD sites. The aerosol vertical optical depth,

which is the integral of the aerosol extinction from the ground to a point at a given altitude, observed

at a given elevation angle, is then determined by a comparison of the 50-shot averages to the average

situation at clear conditions or to simulations [212]. In addition, the heights of clouds directly above

the CLF and XLF can be determined from this measurement.

Furthermore, the scattering of fluorescence and Cherenkov light occurs over a large range of scat-

tering angles and the angular distribution (phase function) can only be estimated analytically for the

atmospheric molecular component but must be measured for the aerosol component [206]. Therefore,

a collimated xenon flash lamp with a wavelength between 350 and 390 nm is used to direct light hori-

zontally through the field of view of the Coihueco and Los Morados telescopes. The FD measures then

the light as a function of scattering angle. The data taken over several years was used to parametrize

the phase function analytically in a version for nights with Mie scattering and version for clear nights
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Figure 4.11: Schematic overview of the atmospheric monitoring devices installed at the Pierre Auger Observa-

tory. At each FD site, there is a lidar station, a ground-based weather station, and an infrared camera for cloud

cover detection. In addition, there are devices for measuring the Aerosol Phase Function (APF) at FD Coihueco

and Los Morados and a Horizontal Attenuation Monitor (HAM) at FD Los Leones. A steerable backscatter

elastic lidar system is installed at each of the 4 FD sites to measure aerosols and the positions of clouds near

each site. At central positions within the surface detector array, two laser facilities are installed (CLF and XLF).

These instruments, together with the FD, are used to measure aerosol optical depth in the line of sight of each

FD telescope 4 times per hour. Near the western boundary of the array, the Balloon Launching Station (BLS)

was assembled. From this launch station, the weather balloons were typically carried across the entire array by

westerly winds. Figure and caption adapted from [2].

[213].

The aerosol attenuation also depends on the wavelength and is modeled by a falling exponential

with an exponential parameter γ that is typically 4 for clean air. This parameter is measured at the

observatory by a so-called Horizontal Attenuation Monitor (HAM). The HAM is a system of a high

intensity discharge lamp installed close to the FD site at Coihueco and a CCD camera at Los Leones

to measure the light about 45 km away. An average value of γ « 0.7 was obtained which corresponds

to desert-like conditions [206].

The presence of clouds within the field-of-view of the FD has two opposite effects. On the one

hand, clouds generally attenuate the fluorescence light but they also enhance the scattering of in-

tense Cherenkov light which can, depending on the geometry, lead to an increase in the detected light

[214]. At each FD building an infrared camera is installed which measures clouds by their temper-
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ature which is warmer than the surrounding atmosphere. This method serves for creating a binary

image (cloudy/clear) of the sky which is mapped on the pixels of the FD camera to indicate the pres-

ence or absence of clouds in each pixel. In addition, also data from the Geostationary Operational

Environmental Satellites (GOES) is analyzed [215]. GOES data is available every 30 minutes and

provides radiance data in several frequency (visible and infrared) bands that can be used to create

cloud coverage probability maps with a grid of 2.4 km by 5.5 km pixel size.

At each FD site an elastic lidar is installed to measure cloud cover, cloud height and aerosols [216,

217]. Each lidar is continuously operated during FD data taking by one of the two “shifters” (personnel

that is operating the FD during data taking) and hence requires significant man-power. A lidar (=light

detection and ranging) is similar to a radar (=radio detection and ranging) but uses laser light instead of

radio waves. Each lidar is equipped with a Nd:YLF laser that produces 0.1 mJ pulses at a wavelength

of 351 nm with a repetition rate of 333 Hz. The backscattered light is detected with a mirror optic on

a PMT. The system is steerable and normally points outside the FD field to not interfere with the FD

data taking, except for horizontal shots to determine the horizontal aerosol attenuation and shots fired

into the direction of interesting cosmic-ray candidates to probe the detector-shower plane.
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4.4 Auger Engineering Radio Array

The Auger Engineering Radio Array (AERA) is the radio extension of the Pierre Auger Observatory,

located in its western part within the 750m spaced surface detector array and in the field of view of the

Coihueco and HEAT fluorescence telescopes (cf. Fig. 4.1). In its current stage of expansion it covers

an area of 17 km2 and consists of more than 150 autonomously operating radio detector stations (RDS)

sensitive to the frequency range of 30 to 80 MHz. A map of AERA is presented in Fig. 4.12. AERA

measures air showers with energies above 1017 eV which coincides with the energy thresholds of SD

and HEAT and thus allows for a coincident detection of air showers.

As AERA is an engineering array, different detector types have been designed, tested and installed

in the field. Therefore, AERA contributes to many different engineering and scientific aspects which

are discussed in detail in Sec. 4.4.6. To cope with the diversity of the array and the corresponding

inhomogeneities and increased complexity in data handling and analysis, a flexible and robust recon-

struction software was developed (cf. Chap. 5 and [218, 219]) that can cope with different detector

responses and data formats of the individual RDS as well as with a time-varying detector layout.

AERA was deployed in three stages of expansion. During the austral summer 2011, the first 24

stations were installed on a 144m triangular grid covering an area of 0.4 km2 (AERA24). In the

austral spring 2013, 100 additional RDS were installed on a 250m and 375m triangular grid now

covering 6 km2 (AERA124) and two years later in 2015 again 29 additional RDS were installed on a

750m triangular grid increasing the total instrumented area to 17 km2 (AERA153).

4.4.1 Antenna designs

Each RDS consists of two antennas integrated in one mechanical structure. The antennas are horizon-

tally polarized and perpendicularly aligned to each other. One antenna is aligned into the magnetic

north-south direction and the other into the east-west direction with a precision of better than 1˝

[220]. A measurement of the radio signal in two polarizations is necessary to reconstruct the incident

electric-field pulse from an air shower (cf. Sec. 5.3). The most obvious difference in the RDS design

is a change of the antenna between the first and the succeeding expansion stages. The first 24 RDS use

a log-periodic dipole antenna (LPDA) whereas the rest of the RDS use a so-called butterfly antenna.

A photo and technical drawing of the LPDA is shown in Fig. 4.13. The LPDA consists of nine

dipoles with different lengths to achieve a broadband sensitivity in the 30 - 80 MHz interval. The dif-

ferent dipoles are mounted at different heights to a pole in the middle of the dipoles and are connected

to a waveguide inside the pole. The largest dipole arm is located at the bottom and has a length of

2125mm to each side which coincides to half the wavelength that corresponds to 35.3MHz whereas

the smallest dipole at the top has a length of 735mm to both sides which corresponds to half the wave-

length of 102MHz. The height differences of the dipoles are adjusted such that the signals interfere

constructively at the so-called footpoint which is a position on the waveguide at the top of the antenna.

A detailed documentation of the design criteria of the LPDA can be found in [220, 221].

The largest dipole is integrated in an aluminum support rod. The rest of the dipole arms are

implemented as wires that are stretched between the main pole and a rope that is spanned from the

upper to the lower aluminum support rod. Enough tension of the wires is guaranteed by springs

between the wire and the rope. This design was chosen to sustain the strong winds occurring in the
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Figure 4.13: The log-periodic dipole antenna (LPDA) of the Auger Engineering Radio Array. (left) Photo of

one of the LPDA stations installed in Argentina. (right) Technical drawing of the antenna design. Figure from

[221].

At the rest of the AERA stations, the so-called butterfly antenna is used which is presented in

Fig. 4.14. It is a broad-band dipole antenna of the family of bow-tie antennas. Its radiator are two

triangular arms of 1139mm length and a height of 754mm. The butterfly antenna is an active antenna,

i.e., its broadband sensitivity is achieved by an interplay of antenna and LNA. The impedance and

amplification of the LNA changes in frequency such that the antenna + LNA response is approximately

constant in frequency [224]. In particular, the butterfly antenna is sensitive in the frequency range from

30 - 80 MHz.

The dipole arms are attached to a central nut (a black cylinder made of plastic, cf. Fig. 4.14 right).

Inside the nut, the dipole arms are connected via short cables to the LNA. The LNA output is accessible

from below the nut and transmitted via coax cables through the main pole into a triangular electronics

box. The antenna was originally developed for the CODALEMA experiment situated in France [8]

and adapted for the use at AERA [221]. The main change was an additional support structure for the

dipole arms to sustain the strong winds at the AERA site. Additional fiber tubes hold the dipole arms

in place.

Comparison of the two antennas One advantage of the LPDA is the robust and flexible mechanical

structure. Due to its folding mechanism the transportation and deployment is very convenient. Also

the LNAs can be accessed and connected easily. An additional advantage is a low sensitivity to

signals reflected from the ground and entering the antenna from below. Therefore, the antenna is

mostly insensitive to changing ground conditions (e.g. a wet surface after rain). This is especially

relevant for obtaining a small uncertainty on the absolute level of the antenna response which is a

crucial ingredient for the determination of the cosmic-ray energy scale as presented in Chap. 7.

The advantages of the butterfly antenna are its relatively small mechanical complexity and cor-

responding low manufacturing costs. In addition, the butterfly has a small group delay, i.e., a small

signal dispersion, and correspondingly a higher signal-to-noise ratio.
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Figure 4.14: The butterfly antenna of the Auger Engineering Radio Array. (left) Photo of one of the butterfly

stations installed in Argentina. (right) Three dimensional CAD model of the antenna and station design. Figure

from [221].

Most of the advantages of the butterfly antenna are drawbacks of the LPDA and vice-versa. Dis-

advantages of the LPDA are relatively large manufacturing costs and a larger group delay compared

to the butterfly antenna. Also the sensitivity of the LPDA in terms of signal-to-noise ratio is slightly

smaller than that of the butterfly antenna.

The downsides of the butterfly antenna are that the access to the LNA is difficult due to the addi-

tional support structure and that the fully assembled antenna can not be transported easily as no folding

mechanism exists. Therefore, the antenna was shipped in its individual components to Argentina. Due

to the difficult environmental conditions in the AERA field (high winds, very hot, dusty) the anten-

nas were not assembled in the field but in the workshop of the Pierre Auger Observatory. Then, the

antennas are transported to the field with a trailer especially build for this purpose.

A significant part of the sensitivity of the butterfly antenna comes from the signals that are reflected

from the ground and enter the antenna from below. This has the advantage of a better sensitivity but

also the disadvantage that the antenna response depends on ground conditions and to conducting parts

below the antenna such as the electronic box. Therefore, the antenna response is not rotationally

symmetric as in case of the LDPA. Also the modeling of parts below the antenna imposes additional

uncertainties in the simulation of the antenna response. Additional details of the two antennas can be

found in [221, 225].

4.4.2 Station electronics

The signals coming out of the LNAs are fed into a filter-amplifier and get digitized with flash analog-

to-digital converters (FADCs). The station electronics feature a field programmable gate array (FPGA)

which allows for fast real-time data processing, e.g., narrowband noise sources can be filtered out and

different trigger schemes can be implemented [226]. Then the data is passed to a CPU which optionally

applies additional trigger conditions and time-stamps the trigger using the GPS receivers.
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Two main types of digitizing hardware are used at AERA. The first type of electronics features

a 4GB ring buffer which can hold the data from two channels for „7 s which is sufficiently long to

receive an external trigger from the surface and fluorescence detector of the Observatory. The second

type of electronics is designed for self-triggering and does not feature a large buffer.

The digitizers that are suited for external triggering sample the signals at 180MHz with 12-bit

FADCs. To increase the dynamic range the signal is split up into a low-gain and a high-gain channel.

Hence, each digiziter has four channels, two for each polarization direction of the antenna. In case

of the LPDA stations (AERA24), the LNA has a gain of +18.8 dB [223] and the low-gain channel is

amplified by additional 10 dB whereas the high-gain channel is amplified by additional 30 dB. In case

of the AERA124 stations, the LNA has a higher gain of +26 dB [224]. To achieve the same overall

amplification, the low-gain channel has a gain of +0 dB and the high-gain channel has a gain of +20 dB

[227]. The digitizers manufactured for the AERA153 stations only feature high-gain channels as it

turned out that the low-gain channels remained mostly unused partly due to the larger complexity in

the FPGA programming, the increased data rates and because the buffer size is reduced to 3.5 s if all

four channels are stored which is too little to receive all external SD and FD triggers. Instead, these

stations already have a third high-gain channel that can be used for a future extension of the stations

with a third vertically polarized antenna to directly measure all three components of the electric-field

pulse.

The digitizers not equipped with a ring buffer sample the data with 200MHz. In case of the

AERA24 stations, the same filter-amplifier as described above is used and also 12-bit FADCs are used

to digitize the two low- and two high-gain channels. In case of the butterfly stations, the dynamic

range of the FADCs were increased to 14-bits which makes the split into a low- and high-gain channel

superfluous. Also the filter-amplifier was replaced by a passive filter, i.e., without any amplification

[228]. The two remaining channels are then used for an additional internal trigger. Two (or one)

small plastic scintillators (457mm ˆ 172mm ˆ 24mm) are placed below and above the battery in

the electronic box and are read out by the two remaining channels. The trigger efficiency of the

scintillators is above 90% for cosmic-ray energies above 1017.6 eV and zenith angles below 60˝ [115].

4.4.3 Station designs

The RDS are designed to operate autonomously. Each station is solar powered and equipped with

a battery to run 24 h each day. The station electronics are placed inside an RFI shielded water- and

dust-proof metallic box. In case of a LPDA station, the box is placed underneath the support structure

of the solar panel. In case of a butterfly station, a triangular box is mounted on the main pole which

also serves as a mounting for the solar panel. Each station is equipped with GPS receivers for accurate

timing and a fence is put around each station to protect it from animals living in the Argentinian

Pampa.

The 24 LPDA stations are connected via optical fibers to the central radio station (CRS) [229].

For the second and third stage of expansion a wired connection was no longer feasible due to the

large number of stations and the larger spacing between the stations. Instead a commercial wireless

communication system manufactured by Ubiquity operating in the 5GHz band was used. Each RDS

connects to one of four access points, two installed at the CRS and two at Coihueco. The system is
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Figure 4.15: The central radio station (CRS).

complemented by two point-to-point links between the CRS and Coihueco. A typical data rate is about

40 kbps per station and up to 2.5Mbps at the access points. The system is capable to transmit even

larger data rates so that a limited data rate is not a limiting factor for the triggering. More information

on the wireless communication system can be found in [115].

The CRS is a modified shipping container placed next to the LPDA stations in the AERA field (cf.

Fig. 4.15). It is supplied with power using solar panels and an array of batteries. In the first two years

of runtime of AERA, the data acquisition (DAQ) was situated in the CRS. When the second stage of

expansion was build, the DAQ was gradually moved to the building of the Coihueco telescopes and

a fast wireless link between the CRS and Coihueco was installed. However, the CRS still serves as a

relay station and as a base in the field from which all RDS can be accessed and is often the starting

point for maintenance work as it also features a small workshop.

4.4.4 Detector calibration

The most challenging part of the detector calibration is the absolute calibration of the antenna re-

sponse to cosmic-ray radio signals. To be unaffected by near-field effects, a calibrated signal source

needs to be placed at least „20m away from the antenna at any place around the antenna. Several

calibration campaigns were performed and the measurement setup was continuously improved. The

first campaign used a weather balloon to lift the calibrated signal source and measured the horizon-

tal component of antenna response with an accuracy of 12.5% [126, 225]. The directional antenna

response is characterized using the vector effective length (VEL) and a result of this calibration cam-

paign is presented in Fig. 4.16 left. The measurement was set up as a transmission measurement, i.e.,

the network analyzer generates and measures the signal. The signal is transmitted via cable to a cal-

ibrated biconical antenna that is mounted underneath the balloon. The signal is then received by the

LPDA antenna (the antenna under test (AUT)), amplified by the LNA and fed back into the spectrum

network analyzer. The position and orientation of the transmitting antenna is adjusted using a rope

construction. The advantages of this setup is that a transmission measurement is performed which -

in principle - can reach smaller systematic uncertainties as the signal is generated and received by the
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stations this measurement was performed directly in the field and has a systematic uncertainty of 6%.

Another part of the detector calibration concerns the relative timing of the RDS. The GPS units

installed at AERA do not achieve the timing resolution claimed by the manufacturer of 5 ns but exhibit

drifts on the order of tens of ns. To nevertheless achieve a timing precision of „1 ns, a method was

develop to calibrate the relative timing of the radio stations. This is achieved by a beacon reference

transmitter installed at Coihueco that emits sine waves at four different frequencies at 58.887MHz,

61.523MHz, 68.555MHz and 71.191MHz. The frequencies were chosen such that timing differ-

ences of up to 80 ns can be corrected for and such that they match exactly one bin of the Fourier

transform of the time traces recorded by AERA. From an analysis of the phase differences of the four

beacon frequencies that are measured by each RDS, the relative timing of the RDS can be corrected

for the drifts in the GPS receivers.

This method was crosschecked by a second independent method that uses the fact that commer-

cial airplanes emit short radio pulses in the frequency range of AERA. Airplanes also transmit their

position in real time via digital ADS-B messages such that the expected pulse arrival times at the RDS

can be calculated and compared to the measured times. This analysis showed that both methods have

a combined precision of 2 ns. From this it can be concluded that the beacon system alone achieves a

timing precision of better than 2 ns. A detailed description of the beacon system and the crosscheck

using airplanes can be found in [236].

4.4.5 Data acquisition and triggering

As AERA is an engineering array different triggers have been implemented. The trigger settings

evolved with time or have been changed completely after hardware changes or extensions of the ar-

ray. The different triggers can be grouped in two main categories. The first category are triggers to

measure air showers and contains a self trigger, an external trigger and an internal particle trigger.

The second category are triggers that are meant for monitoring or calibration purposes and contains

periodic triggers, random triggers and an air-plane trigger used for timing calibration purposes.

Self trigger

The performance of a self trigger depends strongly on the noise conditions. A definitive limit is

set by the diffuse radio emission from the galactic plane. This noise floor scales exponentially with

frequency and is largest at low frequencies. It also changes in time as the galactic center moves over

the sky with a periodicity of one sidereal day. In addition, anthropogenic noise contributes to the

noise floor and its strength varies during the course of the day and correlates with human activity.

Hence, a simple signal-over-threshold trigger is not sufficient but the threshold needs to be adjusted

to the current noise situation at AERA. All AERA stations are equipped with an FPGA to implement

advanced trigger algorithms and basic signal cleaning. E.g., narrowband transmitters are filtered out

using infinite-impulse response notch filters in the time domain or median filters in the frequency

domain [226].

The main limitation of the self trigger is, however, pulsed broadband noise. Although AERA is lo-

cated in a remote and rural area, the single station trigger rate is above 100 Hz for a 5σ adapted signal-

over-threshold trigger [237] that, e.g., also takes the number of crossings of an additional threshold



78 Chapter 4. Pierre Auger Observatory and its Engineering Radio Array

into account to reject long pulses that can not originate from an air shower [226]. Most of the trig-

gered pulses must originate from noise sources as the signal rate from cosmic rays is significantly

lower. This is aggravated by the fact that cosmic-ray pulses and noise pulses can not be distinguished

by their pulse form as the pulse form is mainly determined by the limited bandwidth of the detector.

Hence, a trigger logic on a single station is not sufficient to filter out noise pulses.

If multiple stations send a trigger in coincidence, a level 3 trigger (L3) is formed. The exact re-

quirement for a L3 trigger was subject to several changes and depends on the hardware of the local

stations. In most cases, a threefold time and spacial coincidence is required. For the stations equipped

with an internal particle detector, in addition at least two internally triggered stations need to partic-

ipate in an event, except for tenfold or larger coincidences. When the L3 trigger is formed, enough

information is available to reconstruct the direction. The direction of most self-triggered events point

back to the horizon indicating a man-made origin and can thus be rejected. However, also noise pulses

from above the horizon are visible in AERA either from actual sources in the sky (airplanes etc.) or

because of falsely reconstructed directions due to timing uncertainties or a mutual detection of noise

pulses from multiple sources. Even if all pulsed broadband noise could be rejected by an advanced

trigger algorithm, it imposes a principle problem because of the resulting dead time and thus reduced

efficiency of the detector.

Several strategies to suppress man-made noise pulses have been exploited and refined during the

runtime of the detector. A certain class of noise pulses show a periodicity of 100 Hz which is twice the

power grid frequency of Argentina and can accordingly be removed. Another noise rejection strategy

uses the reconstructed direction. The only requirement is that the reconstruction is fast enough to keep

up with the event rate. A simple algorithm uses only the time differences of two stations which is

constant for a stationary anthropic source at the horizon [226, 238]. However, also a plane wave fit is

sufficiently fast, so that the full directional information can be used to veto noise sources. In addition

to the vetoing of events originating from the horizon a cone algorithm is implemented [220, 239].

Here, events that arrive from a certain region (within a cone of certain opening angle) within a given

time window are rejected. Typical settings are a cone angle of 5˝ and a time window of 10 min [238]

which reject anthropic noise sources efficiently. Cosmic rays are mostly unaffected by this algorithm

as they do not cluster on this time and angular scales.

External trigger

The radio detector stations that are equipped with a ring buffer also receive an external trigger from the

surface and the fluorescence detector of the Pierre Auger Observatory. The advantage of this trigger is

that only air showers are triggered, although the radio signal might be so low that it can not be detected

in any radio detector station. The delay of an SD trigger is typically 3 s and 7 s for a trigger from FD.

From the external trigger information the position of the radio pulse in the buffered trace can only be

estimated roughly which requires the read out and storage of a long trace (Currently 57µs long traces

are saved which is much longer than needed for analysis as the width of a cosmic-ray pulse is only

about 20 ns long.). In addition, all stations are read out, as it is difficult to estimate from the external

trigger information which stations should be able to see a signal. This leads, together with the long

trace length, to large data volumes of O(10 GB) per month.
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Internal particle trigger

Most of the radio detector stations that do not have a large ring buffer to receive an external trigger, are

equipped with scintillation counters that are integrated in the radio detector station. Such a design is

especially interesting for possible future stand-alone radio detector arrays. Similar to the self trigger,

an event is formed if several scintillators detect a particle in time and spacial coincidence. Hence,

an air shower is directly associated with radio detector stations allowing for clear identification of

radio pulses. An additional advantage of the particle detection at each radio station is that the trigger

time is very close to the time of the radio pulse. Hence, the signal search window can be constrained

and the required signal-to-noise ratio can be lowered accordingly. However, the disadvantage of the

scintillator trigger, and especially of the particular scintillators used in AERA, is the small detection

efficiency for inclined showers [115] where a radio detector has an increased sensitivity. This trigger

is further improved by a combination with the self-trigger.

Monitoring and calibration triggers

A continuous monitoring of the detector performance and the environmental conditions are crucial

for the analysis of cosmic-ray data. Therefore, several triggers to monitor AERA are implemented.

A periodic trigger reads out a trace from the complete detector every 100 seconds (every 10 seconds

before July 2014). This data provides useful information on the detector uptime, the current noise

situation or the probability to detect noise pulses (cf. Sec. 5.7). The measure of the noise floor can be

used for a relative calibration of the radio detector stations or even for an absolute calibration using a

prediction of the Galactic radio emission as it dominates the received noise [240–243]. The recorded

traces are also useful for simulation studies, where they can be added to simulated cosmic-ray pulses

as a realistic noise background.

In addition, a random trigger is implemented that records every 40,000th level 1 trigger in case of

the internally triggered stations and every 999th level 1 trigger in case of the stations equipped with a

ring buffer.

A successful way to calibrate the timing of the RDS is to record radio pules emitted by commercial

airplanes (cf. Sec. 4.4.4) [236]. However, the continuously emitted pules are rejected by the cone

algorithm discussed above. Therefore, the cone algorithm is deactivated within a 5˝ window around

the airplane position that is inferred from the ADS-B information broadcasted by the airplane [244].

4.4.6 Scientific potential

The different antenna and electronic designs implemented in AERA and the location of AERA next

to additional detectors of the Pierre Auger Observatory where air showers are measured with three

independent detection techniques create a large engineering and scientific potential.

AERA can be used to explore the optimal setup to measure cosmic rays. Two different antenna

designs are tested in the harsh environment of the Argentinian Pampa. The different detector spacings

allow the determination of the optimal layout for different energy regimes, e.g., the 750m spaced

stations are located directly next to SD stations to test the potential of a large-scale extension of

a surface particle detector with radio antennas. The different types of station hardware allow the
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implementation of different trigger schemes such as self-triggering directly on the radio signal using

advanced signal processing in an FPGA, external triggering or an internal particle trigger using the

small scintillators integrated into the station design. The latter setup is especially interesting for a

possible future stand-alone radio array.

The Auger surface detector, which is calibrated with the fluorescence detector, provides an ac-

curate measurement of the cosmic-ray energy and is used to develop and cross-calibrate the energy

measurement with AERA (see Sec. 6 or [126, 160, 161]). Furthermore, the position of the shower

maximum Xmax, which is an estimator of the primary-particle type of the cosmic ray, is directly mea-

sured with the fluorescence telescopes. Coincident measurements of AERA with FD are thus used

to evaluate the performance of the different techniques used at AERA to reconstruct the cosmic-ray

particle type. Different methods are developed at present to derive the cosmic-ray composition from

the radio measurements [16].

In addition to a reconstruction of Xmax using solely radio data, the AERA measurement can be

combined with the other detectors. The radio signal measures the electromagnetic component of the

air shower. Hence, a coincident measurement of the muonic shower component using underground

particle detectors is sensitive to the cosmic-ray particle type. In case of horizontal air showers, the

electromagnetic part of the air shower is completely absorbed in the atmosphere so that the SD mea-

sures only the muonic shower component whereas AERA still measures the electromagnetic part of

the shower as the atmosphere is transparent to radio waves. Hence, a combined radio and particle

measurement of horizontal air showers is sensitive to the cosmic-ray particle type [245].



5
Reconstruction of air showers

from radio detector data

In this chapter, we give an overview of all relevant steps to reconstruct air showers from radio-detector

data and present the corresponding software that has been used and partly developed within this thesis.

5.1 The software framework Offline

Offline is the modular software framework of the Pierre Auger Observatory. It is written in C++

and originally developed to reconstruct air showers from the data of the surface and fluorescence

detectors [218]. While the Auger Observatory was extended by additional detector components such

as the radio detector AERA or the additional muon detectors AMIGA, also Offline was extended

accordingly [219].

This became possible due to the flexible structure of the software. Fig. 5.1 shows a sketch of

the three principal parts of the Offline framework. The first part is a detector description which

provides access to the configuration and performance data of the different detectors of the Observatory.

The second part is a collection of processing modules that interact with the event data, which is

the third part and stores all detected, simulated and reconstructed event information. The modules

have no direct interface to each other but exchange data through the event structure. Due to this

design, algorithms and data are clearly separated and all data processing and reconstruction steps are

modularized. Hence, a reconstruction pipeline can be extended easily by adding additional modules

or different reconstruction techniques can be tested by exchanging individual modules.

Due to the clear separation of the event structure and data processing modules, different data

sources can be accessed. Offline provides input modules for the different detector data (SD, FD,

radio, etc.) as well as for different air-shower simulation programs such as CORSIKA/CoREAS,

AireS/ZHAireS, SELFAS, etc., so that Offline can not only be used to reconstruct measured cosmic-

ray data but also to perform a complete detector simulation using simulated air showers as input.

Observatory

Fluorescence

Surface

Atmosphere

Radio

Module A

Module B

Module G

Event

Fluorescence

Surface

Radio

Air Shower

Detector Description Data Processing Event Data

Figure 5.1: The three principal parts of the Offline framework. Adapted from [246].
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Figure 5.3: Impact of the different reconstruction steps. Shown is the radio signal from an air shower measured

on the afternoon of the 6th September 2015. The air shower has an energy of 1.14EeV and was incident at a

zenith angle of 30˝ and 14˝ south of east. Shown is data from the LPDA station number 14. a) Raw ADC time

traces of the East-West (blue) and North-South (green) channels. b) Voltage trace after unfolding of the detector

response. c) Frequency spectrum of b). The four beacon lines are clearly visible in the NS channel. In addition,

narrowband noise sources at 32MHz and „67MHz are present. d) Frequency spectrum after noise filtering

using the sine-wave suppression in the time domain. e) Voltage trace after noise filtering and upsampling by

a factor of 8. f) Three-dimensional electric-field trace obtained by unfolding the antenna response. Note the

changed x-axis range.
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[236]. It has been found that the GPS clocks in different radio detector stations have offsets that

can be as large as several 10 ns which is significantly larger than the accuracy of 5 ns claimed by the

manufacturer. This time offset is also not constant but drifts systematically on time scales of several

hours. Fortunately, the GPS-clock drifts can be corrected for in the offline analysis using the reference

beacon signal to an accuracy of better than 2 ns.

After the beacon correction has been performed, the four bins in the frequency spectrum that

contain the beacon signal are removed or rather set to zero which is already the first step of RFI

suppression. The four frequencies of the beacon signal are chosen such that each frequency occupies

only one bin in the frequency spectrum given the sampling rate of 180 MHz or 200 MHz of the detector

and a trace length of at least 2048 bins. Although AERA is located in a rural and remote area, several

transmitters are visible in the frequency spectrum and make certain frequency bins unusable. The

easiest way to suppress these RFI sources is to apply a bandstop filter and set the corresponding

frequency bins to zero. However, this method has the disadvantage that a certain amount of signal

strength is removed from the cosmic-ray radio pulse as well.

The situation is even more challenging as the RFI is not stable in time or frequency. One way that

is provided in Offline is to dynamically search for excesses in the frequency spectrum and remove

the corresponding bins. This would result in clean radio pulses, so that the pulse arrival time can be

determined with high precision and used in the directional reconstruction, but the pulse power would

depend on the bandwidth that has been cut away and would thus be different from station to station

and event to event. We therefore use this method only to remove the beacon frequencies and a strong

and constant noise source between 66.4 and 68 MHz that is visible in the east-west polarized antenna.

Instead, a more sophisticated method to suppress mono-frequent RFI is used [243, 248]. In the

time-domain, sine waves are fitted to the time trace, thereby determining the amplitude, frequency and

phase of the RFI source. Then, only this specific RFI source can be removed from the data without

altering the power of the radio pulse, although the radio pulse contains also the frequency of the noise

source. This is because the length of the radio pulse is only several tens of nanoseconds whereas the

total trace length is typically several micro seconds. The fit of the sine wave can therefore be performed

using the complete trace except for the small part containing the signal. The disadvantage of this

method is that it is computationally expensive. A common approach is therefore to first reconstruct all

data using the online bandstop filter and then reconstruct only the interesting events again using the

RFI filtering in the time domain.

The sampling rate of 180 MHz or 200 MHz of the detector corresponds to a size of one time bin of

5.5 ns and 5 ns respectively. To achieve a better precision, e.g., in the determination of the signal time,

the measured traces are upsampled to smaller time binnings. This is possible because the sampling

frequency is more than two time larger than the maximum frequency of 80 MHz contained in the the

measured trace. Then, according to the Nyquist-Shannon theorem, the sampled signal contains all

information of the original signal [249–251]. Hence, from the measured samples, the signal at any

time between the measured samples can be determined. In most analyses an upsampling by a factor

of 5 is applied to reduce the size of one time bin to „1 ns.
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Figure 5.4: The spherical coordinate system with the antenna structure in the center. The origin of coordinate

system is located in the XY-plane below the antenna which takes the placement of the antenna above a ground

plane into account. Depicted is a logarithmic periodic antenna structure. The zenith angle θ is counted from the

top, the azimuth angle φ counterclockwise from the x-axis of the coordinate system. A specific direction (θ, φ)

is considered as the incoming direction of a signal. The vector of the vector effective length H for the specified

direction is given. H as well as the vector of the electric field (not depicted) are contained in the plane spanned

by the unity vectors eθ and eφ. Plot and caption adapted from [225].

5.3 Reconstruction of the electric field

The electric-field pulse generated by the air shower is a major quantity of interest and independent of

the experimental setup. To obtain the electric-field trace from the measured voltage trace, the antenna

response needs to be unfolded. The antenna response is described via the vector effective length (VEL)

H that depends on the frequency f and the incoming direction of the electric field, described via its

zenith and azimuth angle θ and φ. Then the relation

Vpfq “ ~Hpf, θ, φq ¨ ~Epfq (5.1)

holds in Fourier space, where V and E are the Fourier transforms of the voltage trace and electric-

field trace respectively. The electric field is a three-dimensional quantity but it can be reduced to

two dimensions as it has no component in the direction of propagation if the far field approximation

applies. Using spherical coordinates, the electric field can be decomposed into

~Eptq “ Eθptq~eθ ` Eφptq~eφ , (5.2)

where ~eθ and ~eφ are the unit vectors of the spherical coordinate system. In the same way, also ~H can

be decomposed. This choice of coordinate system is depicted in Fig. 5.4.

The electric field is obtained by solving Eq. (5.1). Obviously, a measurement of the voltage in just
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one antenna is not sufficient to reconstruct the two components of the electric field. Therefore, the

same electric field is measured in two orthogonal-polarized antennas at the same position simultane-

ously. This leads to the following system of equations

V1pfq “ ~H1pf, θ, φq ¨ ~Epfq (5.3)

“ H1,θpf, θ, φq Eθpfq ` H1,φpf, θ, φq Eφpfq (5.4)

V2pfq “ ~H2pf, θ, φq ¨ ~Epfq (5.5)

“ H2,θpf, θ, φq Eθpfq ` H2,φpf, θ, φq Eφpfq, (5.6)

that can be solved for ~E . The indices 1 and 2 denote the two orthogonal-polarized antennas.

As the VEL depends on the incoming direction of the radio pulse, the air-shower direction needs to

be known before the electric-field reconstruction. This imposes a principle problem if the air shower is

reconstructed from radio data alone. The air-shower direction is reconstructed via triangulation of the

pulse arrival times in multiple radio detector stations but the unfolding of the antenna response changes

the pulse arrival times. This is because the frequency spectrum of the radio pulse is not the same in

each radio detector station and the group delay of the antenna changes with frequency. Therefore,

the electric field is determined in an iterative procedure. First, the incoming direction is estimated

using the pulse arrival times determined on the voltage trace. Then, the electric field is reconstructed

using this estimate of the air-shower direction. Next, the pulse arrival times are determined on the

electric-field trace and are used to re-reconstruct the incoming direction of the air shower. With this

improved directional information the electric field is reconstructed again. This procedure is repeated

several times until the change in reconstructed direction is below some threshold value. However,

most analyses use only air showers that have been measured in coincidence with the surface detector

so that the directional information from the SD reconstruction can be used directly.

5.4 The antenna response pattern

Parts of this chapter have been published in:

M. Erdmann, C. Glaser, and K. Weidenhaupt

„A new method of the interpolation of the antenna response pattern“

Internal note of the Pierre Auger Collaboration (2013), GAP 2013-090

A good description of the antenna response is a crucial ingredient for the reconstruction of the

three-dimensional electric field. We use the software Nec2 [253] to simulate the antenna response

pattern of the LPDAs as well as the butterfly antennas. The simulation includes not only the antenna

but models all parts of the radio-detector station that have an influence on the antenna response, e.g.,

the communication antenna and the triangular box are taken into account in case of a butterfly antenna

station. The complete model of butterfly antenna as used in the Nec2 simulations is shown in Fig. 5.5.
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Figure 5.5: CAD model (left) of the Butterfly antenna station in comparison the model in the antenna simulation

software (right). The color scale indicates the magnitude of the currents simulated at a frequency of 55 MHz.

Figure and caption from [221].

The VEL which depends on the zenith and azimuth angle and the frequency is a pair of complex

numbers, one complex number for the φ and one complex number for the θ polarization of the antenna

response pattern. A complex number can be visualized either in the Euler representation, i.e., in

magnitude and phase, or decomposed into its real and imaginary part.

The antenna response pattern of the butterfly antenna station is shown in Fig. 5.6 using the Euler

representation and in Fig. 5.7 using the complex representation. One observes that the phase shows

several phase jumps at specific zenith and azimuth angles whereas the representation in real and imag-

inary part is totally smooth. The reason for the phase jumps are partly due to the confinement of phases

to the [´π,`π] interval and partly due to a real physical effect of the antenna. Please note that the

magnitude is zero at the points where a physical phase jump occurs.

5.4.1 Linear interpolation of the antenna response pattern

The antenna response can only be simulated for discrete values of the frequency, the zenith and the

azimuth angle. Hence, it is necessary to interpolate between the discrete data points to get the correct

antenna response for arbitrary frequencies, zenith and azimuth angles.

Two options are available to interpolate linearly between two complex numbers. First, the Euler

representation of a complex number can be used, i.e., the magnitude and the phase are interpolated

separately. Second, the complex number is used directly which corresponds to a separate interpolation

of the real and imaginary part. An arbitrary value y at position x between two points px0, y0q and

px1, y1q can be calculated using a linear interpolation as

y “ y0 ` py1 ´ y0q ¨ x ´ x0

x1 ´ x0
, (5.7)

where y, y0 or y1 can be either real or complex.
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Figure 5.8: (left) Illustration of the difference of a linear interpolation in Euler and complex representation.

The black dots are the two data points and φ is the phase. (right) Illustration of phase interpolation error due to

wrapped phases.

However, as Fig. 5.8 left illustrates, a linear interpolation in Euler and complex representation do

not lead to the same result. In case of the Euler representation, an error occurs in the linear interpola-

tion of the phase. The phase of a complex number has a periodicity of 2π and our simulation tool Nec2

[253] delivers the phases in a wrapped form, i.e., all phases are constrained to the interval [´π,`π].

As illustrated in Fig. 5.8 right, it can lead to completely wrong results of a linear interpolation near

the edges of the [´π,`π] interval.

One way to avoid this problem is to have an unwrapped antenna pattern, i.e., the phase is not

constrained to the [´π,`π] interval but is continuous so that no phase jumps due to the 2π periodicity

occur anymore. In addition, at the positions where the magnitude is zero, a sampling point must be

provided as otherwise the interpolation in the magnitude will lead to wrong results.

Technically, such a modification is difficult to be performed in an automated way. In one dimen-

sion a simple algorithm to unwrap the phases exists. If the difference between two sample points is

greater than π, one of the points is shifted by ˘2π. However, for the phases of our antenna response

pattern this algorithm is not always correct because there are real phase jumps by π for specific zenith

and azimuth angles, which makes it impossible to unwrap the phases in an automated way. Further-

more, the phases need to be unwrapped in three dimensions (zenith-, azimuth-angle, frequency) which

makes the problem quite complex. This problem does not occur with an interpolation in complex rep-

resentation.

Originally, the Euler representation was used in Offline to interpolate the vector effective length. In

the following, we compare the interpolation of the VEL using the two representations of the complex

VEL to determine the uncertainty resulting from the simulation and to determine which complex

representation leads to more accurate results.

5.4.2 Comparison of complex representations

To evaluate which representation of the complex vector effective length leads to better results in the

linear interpolation, we test both methods with a very finely simulated antenna response pattern. Usu-

ally, a sampling of the azimuth angle of 7.5˝ and a sampling of 3˝ for the zenith angle is used. For
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Figure 5.9: Difference between true and interpolated VEL along the azimuth angle. The results of an interpo-

lation in the Euler representation are shown in the upper plots and the results of an interpolation directly with

the complex numbers are shown in the lower plots.

this evaluation we use an antenna response pattern with a 1˝ sampling for both azimuth and zenith

angle. As most of the critical structure is present in the azimuthal direction, we discuss the azimuth

interpolation in some detail and mention the test of the zenith angle and frequency interpolation only

briefly. All details of this analysis can be found in [252].

Azimuth interpolation We interpolate linearly between the data points φ0 and φ1 “ φ0 ` 8˝.

An interval of 8˝ is chosen because it corresponds best to the current sampling of 7.5˝ in azimuth.

Then, seven simulated data points lie inside this interval which we can compare with the result of the

linear interpolation. This comparison is performed for all values of φ0 P r0˝, 360˝ ´ 8˝s resulting in

353 ¨ 7 “ 2471 values to compare. This comparison can be done for all zenith angles and frequencies.

The result of this comparison for a zenith angle of 47˝ and a frequency of 40 MHz is summarized

in Fig. 5.9. The upper four plots correspond to a linear interpolation in Euler representation and the

lower four plots to a complex linear interpolation.

One observes that in case of the linear interpolation in Euler representation several under- and

overflow bins are present. This means that the interpolated values differ largely (over 1% or 1˝ re-

spectively) from the true value. A detailed look into these events reveal that the large deviations occur

at data points where the phase jumps by π and the interpolation results in wrong results. The reason

for this is illustrated in Fig. 5.10. If the phase jumps by π between two data points, the magnitude

goes through zero. A complex linear interpolation resembles this fact whereas a linear interpolation

in Euler representation will be inherently wrong. This is a strong argument to not use the Euler repre-

sentation. The small number of under-/overflow bins in case of a complex linear interpolation is due

to the fact that the true magnitude (real or imaginary part respectively) is close to zero. Therefore, a

small absolute difference is divided by “zero” resulting in large relative deviation1.

Neglecting the under and overflow bins, both methods lead to good results. The error due to the

1The relative deviation is defined as
ytrue´yinterpolated

ytrue
.
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5.5 Properties of cosmic-ray radio pulses

Parts of this chapter have been published in:

M. Erdmann, C. Glaser, and K. Weidenhaupt

„Error Estimation of Cosmic Ray Radio Signals“

Internal note of the Pierre Auger Collaboration (2013), GAP 2013-059

An example of a reconstructed electric-field trace of a cosmic-ray event is shown in Fig. 5.12. In

principle, the radio pulse contains all information of the shower development as the radiation from

all stages of the shower development is compressed in the electric-field pulse. In the following, we

will present several observables that can be obtained from the cosmic-ray radio pulse and are used to

reconstruct properties of the cosmic ray.

We compute the total Hilbert envelope which is the square-root of the quadratic sum of the Hilbert

envelopes of the three components of the electric-field trace. The Hilbert envelope is the instantaneous

amplitude and is especially useful to correctly determine the amplitude and position of the pulse

maximum. As visible in Fig. 5.12, the electric-field pulse can cross zero at the position of the pulse

maximum which is a result of the bandpass filtering (cf. Sec. 5.5.1). Hence, we define the pulse arrival

time as the position of the maximum of the total Hilbert envelope. The uncertainty resulting from

the finite time-binning of the trace can be overcome using upsampling. In most analysis, the trace is

upsampled to a sampling interval of 1 ns resulting in a time uncertainty due to the finite binning of

1 ns{
?
12 = 0.3 ns which is significantly smaller than other sources of time uncertainties such as the

GPS clocks or the influence of noise.

The energy fluence f , i.e., the energy deposit per unit area, of the incoming electromagnetic radio

pulse at each radio station is determined by calculating the time integral over the absolute value of the

Poynting vector. This is achieved by squaring the magnitude of the electric-field trace and summing

over a time window of 200 ns (rt1, t2s) around the pulse maximum which has been determined from

the Hilbert envelope of the trace (cf. Fig. 5.12). The contribution of background noise (determined in

the noise window rt3, t4s) is subtracted under the assumption that the main contribution is white noise.

The energy fluence f is given by

f “ ε0c

˜

∆t

t2
ÿ

t1

| ~Eptiq|2 ´ ∆t
t2 ´ t1

t4 ´ t3

t4
ÿ

t3

| ~Eptiq|2
¸

, (5.8)

where ε0 is the vacuum permittivity, c is the speed of light in vacuum and ∆t is the size of one time

bin. This quantity will be given in units of eV{m2.

We also calculate the direction of the electric-field vector, i.e., the polarization direction of the

signal. In the full width half maximum (FWHM) interval around the pulse maximum of the Hilbert

envelope we observe that the reconstructed electric-field vectors are aligned approximately along the

same direction for every time bin. To accurately determine the mean direction of the electric-field

vector, we average over all vectors in the FWHM interval of the Hilbert envelope (cf. Fig. 5.12).
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Simulation of electric-field traces

Analyzing simulations instead of real measurements has the huge advantage that the true air-shower

properties are known. Thus, the full reconstruction pipeline can be tested and the impact of disturbing

environmental influences (such as noise) can be estimated. For this purpose, a simple program was

created to generate electric-field traces corresponding to specific air-shower properties. Furthermore,

the Offline software framework is extended by a module to read in these simulated electric-field traces.

Hence, all modules dedicated to the reconstruction of electric-field properties can be easily tested.

We use a band-width limited delta pulse to describe the signal shape of the cosmic-ray radio signal,

i.e., only one bin of the sampled electric-field trace is unequal zero. The frequency spectrum of a delta

pulse is a uniform distribution of all frequencies. When the frequency spectrum is bandpass filtered

from 30 to 80 MHz and transformed back to the time domain, the former delta pulse now oscillates as

can be seen in Fig. 5.14 top. This small exercise already shows that the pulse shapes of the measured

radio pulses originate mostly from the bandpass filtering. Therefore, most noise pulses look basically

the same as cosmic-ray pulses in our detector.

We generate electric-field traces in the following way: First, the bandwidth limited delta pulse is

generated for all three components of the electric field. The amplitudes of the three components of the

electric field are adjusted following the geomagnetic emission model. This is

~E 9~v ˆ ~B, (5.9)

where ~B is the geomagnetic field vector at the AERA site and ~v is the shower axis. The signal

amplitude – which is defined as the maximum of the total component of the Hilbert envelope – is set

to unity.

Second, measured noise is added to the signal in the time domain. This can be done in two different

ways. On the one hand, the voltage traces of the periodic-triggered data can be used. However, this

would require to first fold the simulated electric-field trace with the antenna response assuming a

specific incoming direction of the signal pulse to obtain the voltage trace of the signal. Then the noise

trace would be added to the signal trace. The resulting voltage trace would then be unfolded with

the antenna response pattern to obtain the electric-field trace again. On the other hand, we can just

use cosmic-ray events that are measured in coincidence with the surface detector where the electric-

field trace has already been reconstructed using the directional information from the surface-detector

reconstruction. Then, we use an interval of the trace after the cosmic-ray radio pulse as noise trace.

Due to its simplicity and as it accurately resembles the actual situation in our measurement, we use

the second approach in this study.

In this analysis, we use 152 different noise traces. For each simulated trace, we choose one of the

152 noise traces randomly. The noise trace is cut to the correct length and the start time of this interval

is chosen randomly between 0 ns and 500 ns. The amplitude is set accordingly to the desired SNR.

Noise for the three components of the electric field is taken from the corresponding components of the

same noise trace. This is necessary because the different components are correlated. An example of

such a trace can be seen in Fig. 5.14 bottom.

When the noise trace is added to the signal trace, the signal amplitude (and the position of the

signal) is changed due to constructive and destructive interference. This means that also the signal-to-
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Figure 5.14: Example of a simulated electric-field trace. (top) Bandwidth limited delta pulse for all three

components of the electric field. (bottom) Same as the upper plot but with noise.

noise ratio changes. To obtain the correct SNR, the signal amplitude of the signal trace is adjusted and

the noise trace is added again. This is repeated several times in an iterative procedure until the SNR

of the combined trace deviates less than 1% from the desired SNR. However, for small desired SNRs

near the expectation value of pure noise traces (cf. Fig. 5.13) it can happen that the desired SNR can

not be simulated within a precision of 1% because the pure noise trace itself has a SNR higher than

the desired SNR.

Uncertainty of the electric-field vector

To study the influence of noise on the electric-field vector, more than 250,000 electric-field traces for

different air-shower directions are generated and analyzed. All simulated traces are analyzed using

Offline. The traces are read in with the module RdMySimShowerReader and the electric-field

pulse properties are reconstructed using the modules RdStationSignalReconstructor and

RdEFieldVectorCalculator. Hence, the same modules that are used in the reconstruction of

cosmic-ray events are used and tested.

The reconstructed signal amplitudes for different signal-to-noise ratios are shown in Fig. 5.15.

Each histogram contains the values of the maximum signal amplitude for one specific SNR. The

standard deviation of the signal amplitude distribution is used as a measure of the uncertainty.

The result for all incoming directions and signal-to-noise ratios is shown in Fig. 5.16. In the

left plot, the average signal amplitude (the mean of the histogram) is plotted versus the measured
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as defined in Eq. (5.8) where σ2
e is also calculated from the electric-field trace in a part where no signal

is present. Following a similar calculation we can estimate the uncertainty of fpSq by computing

σ2
f “ V arpfq “ xf2y ´ xfy2. After several lines of calculation it follows that

σ2
f “ 4f ǫ0c∆t σ2

e ` 2 pǫ0cq2 pt2 ´ t1q∆t σ4
e . (5.19)

5.6 Directional reconstruction

From the arrival times of the radio pulse measured in several radio detector stations, the incoming

direction of the air shower can be reconstructed [220, 256, 257]. The simplest and most robust ap-

proach is to assume a plane wave as the shape of the wavefront of the radio pulse which corresponds

to a source at infinite distance. Then, the expected pulse arrival times depend only on the zenith and

azimuth angle of the incoming direction of the air shower and a combined measurement in three ra-

dio detector stations are sufficient to reconstruct the air-shower direction. However, as discussed in

Sec. 3.1, the true signal front deviates from a plane wave and the reconstructed direction is therefore

only accurate within one to two degrees.

The true radio wavefront can be described best with a hyperbolic wavefront, i.e., a combination of a

conical wavefront with a spherical wavefront near the shower axis. Given the relatively large spacing

of the radio detector stations, the correspondingly small average station multiplicity and the timing

uncertainty, the hyperbolic wavefront can be approximated with a spherical or a conical wavefront

without significant deterioration in accuracy. The expected arrival times for the different wavefront

models can be calculated as

t
planar
i pθ, φq “ ´p~npθ, φq ¨ ~diq{c (5.20)

t
spherical
i pR, θ, φq “ |~RpR, θ, φq ´ ~di|{c (5.21)

tconicali pρ, θ, φq “ p´~npθ, φq ¨ ~di ` |~hpρ, θ, φ, ~diq|q{c, (5.22)

where ~n is the incoming direction of the radio signal, ~RpR, θ, φq is the source point of the spherical

wave, ~di is the position of the radio detector station relative to the shower core position, ρ is the opening

angle of the cone and |~h| is the offset of the conical wavefront with respect to the plane wavefront as

defined in Fig. 5.19 and can be calculated as |~h| “ |~l| sin ρ with |~l| “ |p~n ¨ ~diq~n ´ ~di|. A detailed

discussion of the spherical and the conical wave fit can be found in [256] and [257] respectively.

The shower direction is reconstructed using a χ2 fit using the function

χ2 “
N
ÿ

i“1

„pτi ´ xτyq ´ pti ´ xtyq
σi

2

, (5.23)

where τi is the measured time in station i, xτy pxtyq is the mean of the measured (expected) times and

σi is the time resolution in station i.

The spherical wavefront can be described with three parameters and an additional degree of free-

dom is lost as the absolute event time is set to the mean values xτy and xty. Hence, at least four stations

with signal are required to reconstruct this wavefront. For nearly horizontal showers this wavefront
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Figure 5.19: Sketch of a plane and conical wavefront.

model needs further adaption because the timing uncertainty can lead to unphysical time differences

between two stations i and j. The maximum allowed time difference is ∆ti,j “ di,j{c, where di,j

is the geometrical distance between the two stations which is obtained in the fit for purely horizon-

tal showers (θ “ 90˝). However, due to timing uncertainties the measured time difference can even

exceed the maximum allowed time difference between two stations. To avoid a reconstruction bias

towards θ “ 90˝, we allow for a variation of the speed of light c1 “ γ c and add the penalty term

p1 ´ γq2{σ2
γ to the χ2 function, where σγ is adjusted to the time resolution of the detector. To do so,

we interpret the signal detection as a measurement of the speed of light and set σγ “
?
2σt c{∆d,

where ∆d is the average distance between two detector stations and σt is the average timing uncer-

tainty. This functionality is used for zenith angles larger than 80˝ if more than four stations with signal

are present.

The conical wavefront depends in addition to the direction (θ, φ) and the cone opening angle ρ also

on the shower core position. In practice, this is a significant disadvantage as the core position obtained

with other methods has a relatively large uncertainty. E.g., the shower core position reconstructed by

the surface detector that can by used in a hybrid reconstruction has a typical uncertainty of Op50mq.

A combined fit of the shower direction, the cone opening angle ρ and the core position is relatively

unstable and requires a large station multiplicity. Hence, although a conical wavefront in principle

describes the true radio wavefront better than a spherical wavefront for most air showers, the fit of a

spherical wavefront leads to a more stable and a more precise reconstructed air-shower direction in the

actual measurement.

All wavefront models discussed above are implemented in the Offline module RdWaveFit. The

reconstruction is performed in several stages, starting with the plane wavefront and then fitting more

parameters of the more complex wavefront models. If a more complex fit fails the solution of the

simpler model is used. The reconstruction status is saved so that the user can apply quality cuts

afterwards depending on the requirements of his analysis. However, many analyses use a hybrid

reconstruction where the shower direction from the surface detector reconstruction can be used and

the directional reconstruction from radio data is primarily used to confirm a cosmic-ray origin of the

measured radio pulses. In these cases, a directional reconstruction using a plane wavefront is sufficient.
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Figure 5.20: Map of the x and y position of the reconstructed source point of self-triggered data. The map is

generated with a preliminary time calibration with a binning resolution of 100 x 100 m2. At the ‘Spot West’ a

single bin is filled with 27000 entries. Note the logarithmic color scale. Figure and captions adapted from [220].

5.6.1 Reconstruction of noise sources

Several noise sources that emit short radio pulses are present in the vicinity of the AERA detector.

These are e.g. transformer stations or power-line poles [220, 258]. Their pulses look basically the

same as cosmic-ray radio pulses in the AERA detector as the pulse shape is primarily determined by

the limited frequency range of 30 - 80 MHz of the detector. Such noise events are recorded by the

self-trigger and can be used for timing calibration purposes. The position of the noise source can be

reconstructed using the spherical wavefront model. As the noise source has a constant position, we

can determine the uncertainty of the fit by inspecting the scatter of the reconstructed noise source

positions of several events. We can even determine the timing uncertainty of radio detector stations

by inspecting the residuals of the spherical wave fit. Noise pulses are very frequent and more than

100,000 events have been recorded from the most prominent noise source in the west of the AERA

array (“Spot West”) in the first year of data taking. A map of reconstructed source points from the

self-triggered data is shown in Fig. 5.202.

The GPS clocks of the radio detector stations have time offsets of several tens of nanoseconds that

also drift in time. Without any time correction the residuals of the events from “Spot West” have a

width of 13 ns which we use as an estimate of the timing uncertainty of the individual radio detector

stations. In first order, we can calibrate the detector assuming constant time offsets between the GPS

clocks of the radio detector stations that do not change in time. We determine the time offsets by

minimizing the spread of the residuals for all events from “Spot West”. Details of the procedure

2In the meanwhile the triggers have been improved to reduce triggers from noise sources significantly.
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can be found in [220, 257]. In [257] four days of data from end of August 2012 have been used to

determine the constant time offsets. With this calibration the width of the residuals of the events from

“Spot West” could be reduced to 5.5 ns. However, due to the drifts of the time offsets this calibration

is only valid for a certain time period. This problem can be overcome using the beacon system to

correct the time offsets event-by-event (cf. Sec. 4.4.4). We find that the residuals of the events from

“Spot West” reduce to 3 ns after beacon correction which is an independent confirmation of the beacon

method.

5.7 Noise pulse probability

Parts of this chapter have been published in:

C. Welling, M. Erdmann, and C. Glaser

„Event Selection and Investigation of the Lateral Distribution and Polarization of Radio Signals

from Cosmic Ray Induced Air Showers“

Internal note of the Pierre Auger Collaboration (2014), GAP 2014-079

C. Welling

„Investigation of the Lateral Distribution and Polarization of Radio Signals from Cosmic Ray In-

duced Air Showers at the Pierre Auger Observatory“

BA thesis (RWTH Aachen University, 2014)

Radio antennas with the high sensitivity necessary to detect radio emissions from cosmic rays also

inevitably pick up signals from other sources. The 30 - 80 MHz frequency band is rather quiet but

noise pulses still occur frequently which was already visible from the analysis of the precious section.

We determine the noise-pulse rate by analyzing the periodic-triggered data between December 2013

and March 2014. In each recorded trace we search in a time window of 1000 ns, which is a typical size

for the signal search window, for a pulse with a signal-to-noise ratio larger than 10. The frequency of

noise pulses of the different radio detector stations is shown in Fig. 5.21 left.

Most air-showers are triggered in AERA by an external trigger from the Auger surface detector.

AERA is triggered whenever the surface detector registers an event within a 5 km distance to the

nearest radio detector station. Hence, the air shower is often too far away from the AERA detector

to detect any radio pulses from the air shower. However, noise pulses coinciding with an SD event

may occur and can be mistaken for a radio signal from the air shower. The first step to filter out

these fake events is to compare the incoming directions of the radio and SD reconstructions and if the

angular distance is greater than 20˝ the event is dismissed. Many false events are filtered out this way,

but there is still a chance that both reconstructed arrival directions agree by mere coincidence. In the

following we estimate the chance of such a fake coincidence in a toy Monte Carlo. First, we assume

that all noise pulses are uncorrelated. Then a correlation of the noise pulses in neighboring stations is

taken into consideration. And third, we investigate the situation of radio stations detecting an actual

air shower in the presence of noise pulses.
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Figure 5.21: (left) Chance of finding a pulse with SNR ą 10 within a 1000 ns noise trace. (right) Probability of

uncorrelated noise pulses creating a fake event for different zenith angles for a signal search window of 1000 ns.

5.7.1 Uncorrelated noise pulses

We first consider that the occurrences of noise pulses are uncorrelated. Though some stations have a

significantly higher noise pulse rate than the others (cf. Fig. 5.21 left), for simplicity we assume that

for each station the chance of finding a noise pulse in any given 1000 ns interval is equal to the mean

value extracted from Fig. 5.21 left which is p0 “ 0.015. Within the signal window, the signal time of

a noise pulse is assumed to follow a uniform distribution.

We simulate the situation of an external trigger where no radio pulse originating from the air

shower is visible in the AERA detector. The air-shower geometry is known from the SD reconstruction

and the signal search window is set accordingly to the expected pulse arrival time texp that is calculated

from the air-shower geometry. For each station of the AERA24 detector we randomly determine if the

station has detected a pulse according to the probability of observing a noise pulse. For those stations

we set the signal time to

tsignal “ texp ` trandom (5.24)

where texp is the expected signal time using a plane wavefront and trandom is a random number gen-

erated from a uniform distribution between 0 ns and the length of the signal search window. The time

texp corresponds to the start position of the signal search window while trandom is the position of the

event inside of the signal window.

If at least 3 stations have detected a signal, the incoming direction is reconstructed and compared

to the incoming direction measured by the surface detector. If the angular distance is less than 20˝

the noise pulses would be interpreted as an actual signal from an air shower. By repeating this pro-

cess multiple times and counting the instances in which the reconstructed direction from the noise

pulses are in coincidence with the SD reconstruction, the probability of detecting a fake event can be

determined. We find that this probability depends on the zenith angle of the air shower and present

the zenith-angle dependent probabilities in Fig. 5.21 right. For each data point one million events

were simulated. The azimuth angle was randomly chosen from a uniform distribution between 0˝ and

360˝ in each simulated event because the detector geometry might cause certain azimuth angles to be

preferred in the reconstruction.
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Figure 5.22: (left) Sketch of the geometry of the simulated radio detector stations. (right) Probability of corre-

lated noise pulses creating a fake event as a function zenith angle for a signal search window of 1000 ns.

Table 5.1: Probability pN of detecting noise pulses in N neighboring stations simultaneously in a 1000 ns signal

window.

N 3 4 5 6 7
pN 0.0102 0.0042 0.0029 0.0018 0.0007

The simulation shows that the probability of detecting fake events decreases with increasing zenith

angles until θ “ 70˝. The sudden increase for θ ą 70˝ can be explained by the tendency of the

simulation to reconstruct the zenith angle as θ “ 90˝. This is because with a signal window of 1000 ns

the signal time difference between two stations will often be larger than their geometrical distance

divided by the speed of light. In that case, the best reconstruction results in a zenith angle of 90˝.

A probability of 0.1% or less may seem rather small, but since the number of SD events that are

checked for a radio counterpart is large compared to the actual number of detectable air showers as no

strict cut on the distance to AERA or on the cosmic-ray energy is applied, it is enough to produce a

significant number of fake events.

5.7.2 Correlated noise pulses

A more realistic model for the occurrence of noise pulses is to account for correlations between noise

pulses in neighboring stations. We simulate a cluster of seven stations with a distance of 125 m be-

tween neighboring stations which corresponds roughly to the geometry of AERA24. One station is in

the middle while the other six are surrounding it, as illustrated in Fig. 5.22 left. We search for clusters

where the central station and at least two of the surrounding stations have a signal. From the same

periodic-triggered data set as used in the previous section the probability pN of detecting noise pulses

in N neighboring stations simultaneously was determined by checking each of the 1000 ns traces if it

includes any of the clusters described above. The result is presented in Tab. 5.1.

In the toy Monte Carlo, the central station always has a signal while it is randomly determined
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which of the neighboring stations have detected a radio pulse. The signal times were set in the same

way as in the previous section and the reconstruction of the incoming direction was done in the same

way. By determining the probability of the direction reconstructed from the noise pulses differing by

less than 20˝ from the simulated direction and multiplying it with pN , the probability of correlated

noise pulses creating a fake event is calculated for each N . By adding the probabilities from all five

cases (N ě 3), the total probability of fake events from correlated noise pulses is calculated. We again

show the result depending on the zenith angle of the air shower in Fig. 5.22 right. As in the case of

uncorrelated noise pulses, the probability p of detecting a fake event first decreases with increasing

zenith angle and then increases dramatically for θ ą 70˝. The explanation for this phenomenon

is the same as in the previous section. The probability p is significantly higher than in the case of

uncorrelated noise pulses.

5.7.3 Contamination of cosmic-ray events by noise pulses

Noise pulses can also coincide with a cosmic-ray event, i.e., pulses have been detected in several radio

detector stations but in some stations not the pulse originating from the air shower but a noise pulse has

been identified. This situation has two effects. First, the noise pulse(s) can distort the reconstruction of

the air-shower direction so that a cosmic-ray event is falsely rejected because the incoming direction

reconstructed from radio and surface detector data differ by more than 20˝. Second, although in one

or several radio detector stations a noise pulse have been detected, the air-shower direction is still

reconstructed well enough to pass the 20˝ cut. Whereas the first case results in a lower efficiency the

second case results in wrongly reconstructed air-shower properties such as the signal polarization or

the radiation energy. Those events needs to be rejected before a high-level analysis.

To estimate the probability of any of those two cases happening, the following assumptions are

made: In the toy Monte Carlo simulation, the shower core is located in the center of the AERA24

array. It is assumed that for each air shower all radio stations within a certain distance to the shower

axis detect a pulse originating from the air shower. Noise pulses are assumed to be uncorrelated to

one another and occur with the same probability as in Sec. 5.7.1. The signal from the air shower

is assumed to be so strong compared to the noise pulses that only stations that have not detected a

signal from the air shower are able to detect a noise pulse. When a noise pulse occurs far away from

all other signal stations, this pulse is easy to distinguish from the air-shower pulses. Therefore, only

noise pulses within a certain distance Rnoise to the shower axis are considered.

In the first step, an air shower is simulated by defining its incoming direction (via the zenith and

azimuth angle) and assigning a radio signal to all stations within a distance Rsignal to the shower axis.

Like in the previous sections, the azimuth angle is chosen randomly for each simulated event. The

signal time at each station is set equal to

tsignal “ texp ` tGauss (5.25)

where tGauss is a random number drawn from a normal distribution with µ = 0 ns and σ = 10 ns that is

meant to simulate the statistical uncertainty of the signal time measurement.

In the next step, the stations within the distance Rnoise from the shower axis that did not receive a

signal from the air shower are randomly assigned a signal according to the probability of detecting a
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(a) Rsignal = 150 m, Rnoise = 250 m
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(b) Rsignal = 150 m, Rnoise = 350 m
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(c) Rsignal = 200 m, Rnoise = 400 m
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(d) Rsignal = 300 m, Rnoise = 500 m

Figure 5.23: Probability that the signal from an air shower measured by the AERA24 array is contaminated by

at least one (black), one (red) or two (blue) noise pulses.

noise pulse (p = 1.5%, cf. Fig. 5.21). If a signal is assigned, the signal time is set randomly within the

signal window of 1000 ns around the expected signal time. To estimate the probability of a cosmic-ray

event being rejected based on the incoming direction, the incoming direction is reconstructed and the

20˝ cut is applied. For those events passing this cut, the number of noise pulses participating in the

event are counted.

Since the radius in which the radio detector stations can detect air-shower signals vary with the

incoming direction and energy of the cosmic ray, the simulation is done for shower radii of Rsignal =

150 m, 200 m and 300 m and different values for Rnoise. The results are presented in Fig. 5.23. For

each point 100,000 events have been simulated. For all settings of Rsignal and Rnoise the probability of

a contamination by at least one noise pulse is found to vary between 15% and 30%, with contamination

by a single noise pulse being by far the most likely case. The probability of a contamination by a noise

pulse shows a dependency on the zenith angle only for small Rsignal. To interpret this, one has to keep

in mind that the simulation only considers the stations of the AERA24 array. Given a shower core in

the center of the array, all stations are contained within a distance of about 600 m around the shower

core. For this reason the number of stations within the radius Rnoise increases with the zenith angle

only for small values of Rnoise. If all stations of the AERA array are taken into account, p depends on
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Figure 5.24: Probability that the signal from an air shower with Rsignal= 300 m is contaminated by at least one

(black), one (red) or two (blue) noise pulses within a radius of Rnoise = 500 m from the shower axis if all AERA

stations are considered.

the zenith angle for Rsignal = 300 m as well as shown in Fig. 5.24.

For all simulated settings of Rsignal the reconstructed incoming direction of the air shower agreed

with the actual incoming direction within the 20˝ window. For the AERA24 array and a signal window

of 1000 ns it is therefore unlikely that noise pulses cause an air shower to be falsely rejected based on

the incoming direction. However, the simulations showed that the contamination of cosmic-ray events

by noise pulses is not negligible and additional criteria need to be applied to reject individual stations

from a cosmic-ray event.

5.8 Top down selection

One way to reject radio detector stations where a wrong pulse have been identified is the “top down

selection”. In this approach, the reconstruction of the air-shower direction is first performed only with

the three stations with the smallest distance to the shower axis. At these stations the radio pulse origi-

nating from the air shower should be largest and therefore the probability of identifying a noise pulse

instead of the air-shower pulse is smallest. The remaining stations with signal are sorted according

to their distance to the shower axis. In an iterative procedure, one station after the other is added to

the reconstruction of the air-shower direction, starting with the station with smallest distance to the

shower axis. The last-added station is rejected if the directional reconstruction fails or if the fit quality

is too low. This procedure is repeated until all stations with signal have been considered.

The fit quality is determined using the χ2 probability. We require a value of at least 5% in the

standard reconstruction. In the case of a plane wavefront model, the number of degrees of freedom

is 1 for 4 stations participating in the fit. Thus, the χ2 probability of 5% corresponds to a reduced

χ2 of „ 4. In the case of six stations participating in the fit, the χ2 probability of 5% corresponds

to a reduced χ2 of „ 2.6. From this small example it is directly visible that the χ2 probability is

the preferred criterion of fit quality compared to, e.g., the reduced χ2 of the fit as the probability of
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exceeding a specific reduced χ2 depends strongly on the degrees of freedom in the fit.

This functionality was implemented in the Offline module TopDownSelector and is used in

the standard AERA reconstruction. In [261] the performance of this module was evaluated and it was

found that the inclusion of this module results in a significant increase of purity. In the reconstruction

of data from the AERA124 array, the top down selector deselects at least one station in 15% of all

cosmic-ray events. For those events, where at least one station is rejected, the average number of

rejected stations is 3.6. In a more recent preliminary analysis [262] it was found that the top-down

selector has a noise-pulse rejection efficiency of up to 90% depending on the zenith angle of the air

shower while less than 1% of true signal pulses are falsely rejected.

5.9 Resampling of simulated extensive air showers

including radio emission

Parts of this chapter have been published in:

M. Erdmann and C. Glaser

„A new Method for Resampling of Simulated Extensive Air Showers including Radio Emission“

Internal note of the Pierre Auger Collaboration (2013), GAP 2013-099

Monte-Carlo simulations of the radio emission from extensive air showers [130, 156] evolved so

far that they can reproduce detailed measurements of the radio signal from extensive air showers [12,

14, 18] and became a useful and reliable tool to study radio emission from extensive air showers.

However, a full Monte-Carlo simulation of an extensive air shower including radio emission is very

time consuming. It takes roughly one CPU day for one air shower over the AERA24 array (e.g. an

energy of 0.5 EeV and 24 observers). Please note that the radio signal has to be calculated for each

observer individually. Therefore, computing resources are often the limiting factor for interesting

analyses.

In this section we develop a method that uses our knowledge of radio emission to resample sim-

ulated air showers multiple times. We present a new method to transform the azimuth angle of the

incoming direction of the air shower to arbitrary values. Thus, with one simulated air shower of one

specific energy and zenith angle the whole azimuth-angle range can be covered. This reduces the

necessary number of simulations by a factor of 10 - 100. In Sec. 5.10 this resampling method will be

used to determine the efficiency of the AERA detector.

5.9.1 Method

The amplitude and polarization of the radio signal depends on first order on the angle between shower

axis and magnetic field axis (geomagnetic emission) and on second order on the position of the ob-

server relative to the shower axis (charge-excess emission) (cf. Sec. 3.1). Hence, the expected electric-

field vector depends on the incoming direction of the air shower, the core position and the position of
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Figure 5.26: Xmax distributions for the two sets of air showers with different magnetic-field declination.

5.9.2 Test of method

To check if this transformation of the electric-field trace to a new azimuth angle of the geomagnetic

field leads to the same result as a full Monte-Carlo simulation with same cosmic-ray energy, zenith

angle, core position and altered magnetic-field axis, the following test is performed.

We simulate multiple showers with the same shower parameters but different seeds using CoREAS.

Thus, the difference in the radio signal is only due to shower-to-shower fluctuations. For all simulated

showers we transform the electric-field traces to a magnetic field with different declination (azimuth

angle). These transformed air showers are compared to new full Monte-Carlo simulations with the

same shower parameters but different geomagnetic-field axis. Please note that the method can not be

tested on a one-to-one bases because the shower developments of two showers with the same param-

eters including the seed but different geomagnetic-field axes will be different.

For the test, 10 iron-induced air showers with an energy of 1 EeV, a zenith angle of 40˝, coming

from the south, a shower core in the center of the AERA24 array and the geomagnetic field at AERA

( ~B1) were simulated. Another 10 showers with the same parameters but a geomagnetic-field axis with

the declination changed by -90˝ ( ~B2) were simulated. Air showers with iron primaries are simulated

because iron-induced showers have less fluctuations. It is checked if by the transformation of the first

10 showers the result of the second 10 showers can be obtained.

The Xmax distributions of the simulated air showers are shown in Fig. 5.26. The Xmax distri-

butions of both sets are not exactly the same, hence, we would expect small deviations between the

transformed electric fields of the first set and the electric fields of the second set. The angular differ-

ences of the electric-field vectors of the two sets are shown in Fig. 5.27. In the left plot the electric

fields of the first set were transformed whereas in the right plot no transformation was performed. A

comparison of both distributions shows that the method works properly. An average agreement of

better then two degrees is achieved. The distributions of the radio signal in station 14 normalized to an

arbitrary reference signal is shown in Fig. 5.28. The signal distribution of the transformed air showers

of set 1 (center) agrees well with the signal distribution of the simulated air showers of set 2 (right).

The signal distributions of all stations can be compared and checked for compatibility. To do so,

we use the Student’s-t distribution which is the correct test to check the means of two distributions
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Figure 5.27: Angular difference between the directions of the electric-field vectors. (left) Comparison between

a full Monte-Carlo simulation with geomagnetic field ~B2 and the transformed electric-field vectors from a

Monte-Carlo simulation with geomagnetic field ~B1. (right) Comparison between the two simulation sets with

different geomagnetic field.

Figure 5.28: Signal distributions at station 14. (left) CoREAS simulation with ~B1. (center) Transformation of

CoREAS simulation with ~B1 to ~B2. (right) CoREAS simulation with ~B2.

with unknown spread for compatibility [264]. The p-values of the t-tests for all 19 radio stations is

presented in Fig. 5.29 left and a histogram of the test statistic and the t-pdf normalized to the same

integral is shown in Fig. 5.29 right. To check if the distribution of the test statistic is compatible with

the t-pdf a χ2-test is performed and gives a compatibility of 69%. Hence, the mean of the transformed

and the simulated signals are compatible.

5.9.3 Discussion

A variation in the azimuth angle of the incoming direction (or rather of the magnetic field axis) has

the advantage that it has a very weak influence on the shower development. The primary particle type

and energy remains the same and the shower will traverse exactly the same amount of atmosphere.

Only the deflection of charged particles in the magnetic field is different. On the particle distribution

this has only a non-negligible influence for very horizontal showers. On the radio side, only the

emission strength of geomagnetic origin changes and, thereby, the polarization of the electric field

changes as well due to the different ratio of geomagnetic and charge-excess emission. The relative

change of emission strength and polarization is understood well and can be calculated analytically (cf.

Eq. (5.26)).
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Figure 5.29: Compatibility of radio amplitude of transformed and simulated air showers using the Students-t

statistic.

The method described above has been implemented into the Auger software framework Offline

and can be used easily by just adding a new module to the module sequence. An example of the

corresponding module sequence can be found in B. The advantage of this resampling method is that

the full electric-field trace remains available. This is in stark contrast to the approach developed in

Sec. 3.3.1 where a generic simulation can be used to calculate the energy fluence at any position in the

shower plane. However, for some analyses the full electric-field trace is required, e.g., to be able to

perform a full detector simulation and to add measured noise traces to the simulated signal. For such

analyses, the resampling method developed in this section reduces the computing costs by a factor of

10 - 100 and will be used in the next section to determine the efficiency of the AERA24 detector.

5.10 Cosmic-ray detection efficiency of the AERA24 detector

In this section, the detection efficiency of the AERA24 is determined using simulated air showers and

a full detector simulation. We define the efficiency as the fraction of simulated events that can be

successfully reconstructed after a full detector simulation has been performed that includes the adding

of measured noise to the simulated signal.

2000 air showers are simulated with random incoming directions up to 60˝ zenith angle (uniformly

distributed in the zenith and azimuth angle) and cosmic-ray energies between 1017 eV and 2 ˆ 1018 eV

(uniformly distributed in the logarithm of the energy). The core position was chosen randomly such

that the nearest AERA24 station is not further than 120m away. In other words, the core position is at

any place within the AERA24 array or in a 120m margin around the array which corresponds roughly

to the effective area of the detector. Using the resampling method presented in the previous section,

500 showers with different, randomly-chosen azimuth angles are generated for each fully simulated

air shower.

The detector simulation includes the following steps. The antenna and detector response is ap-

plied to the simulated electric-field pulses yielding ADC traces. Then, randomly-chosen measured

noise traces are added. (The periodically triggered data is used as noise traces.) The resulting ADC

traces correspond to raw data of AERA except that the air-shower parameters are already known from

the simulation. These traces are then fed into the standard reconstruction chain. The efficiency is
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Figure 5.30: Cosmic-ray detection efficiency as a function of zenith angle for two bins of cosmic-ray energy

times sinα. The efficiency curve is determined from a full detector simulation of simulated air showers and

binned in 10˝ zenith angle bins. The blue curve shows a analytic function that is used to describe the data.

determined by counting the number of successfully reconstructed events that have a reconstructed air

shower direction within 20˝ of the true air shower direction. This is the same cut as it is used for

measured data in comparison to the SD reconstruction.

Not explicitly taken into account in this method is the trigger efficiency. Most of the cosmic-ray

events are triggered externally by the SD. As the SD is fully efficient above an energy of 3 ˆ 1017 eV,

the AERA trigger is also fully efficient above this energy threshold. The efficiency of the self trigger

is also implicitly taken into account as air showers that can be successfully reconstructed should also

pass the self trigger as the signal-over-noise thresholds are typically set to lower levels as required in

the reconstruction.

The efficiency of a radio detector depends on several air-shower parameters and is thus more

complex than the efficiency of the surface detector which depends only on the cosmic-ray energy.

The efficiency of a radio detector depends on the cosmic-ray energy, as an increased energy leads to

more radiation energy and thereby also larger pulse amplitudes. As the radio emission is mainly due

to the geomagnetic emission process, the pulse amplitudes also scale also with sinα where α is the

angle between shower axis and geomagnetic field. Both dependencies can be combined to an effective

energy of

E1 “ E ˆ sinα . (5.28)

In addition, the efficiency depends on the shower’s zenith angle.

Hence, we analyze our simulation data set in different effective energy E1 intervals and plot the

efficiency versus the zenith angle. Two examples of the resulting efficiency curves are shown in

Fig. 5.30. The general characteristic of all E1 bins is that the efficiency first rises with increasing

zenith angle until a certain value is reached and then decreases again. This is because the radio waves

are not emitted isotropically but are forward beamed in a cone around the shower axis. For increasing

zenith angles, the same radiation energy is distributed over a larger area. This is on the one hand due

to a projection effect and on the other hand because the emission region is further away leading to

a larger radius of the cone on the ground. If the illuminated area gets larger, the signal is detected

in more stations and the efficiency rises. However, if the radiation energy is distributed over a larger
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Table 5.2: Best-fit parameters of the efficiency curve defined by Eq. (5.29) for different bins of the effective

energy E1 “ E ˆ sinα. For values of E1 larger than 1EeV the efficiency is close to 1 over the complete

zenith-angle range of 0˝ - 60˝.

E1
min [EeV] E1

max [EeV] p0 [1/deg] p1 [deg] p2 p3 p4 [1/deg] p5 [deg]
0 0.1 0.13 20 0.033 0.0022 0.015 41

0.1 0.2 0.098 33 0.61 0.063 0.31 51
0.2 0.3 0.47 34 0.72 0.48 0.31 58
0.3 0.4 0.12 32 0.95 0.47 0.31 62
0.4 0.5 0.17 31 0.86 0.54 2.4 64
0.5 0.6 0.094 38 0.95 0.6 3.5 65
0.6 0.7 0.21 34 0.92 0.71 0.28 66
0.7 0.8 0.14 32 0.95 0.7 0.26 66
0.8 0.9 0.19 20 0.87 0.64 0.32 66
0.9 1 0.15 20 0.88 0.68 0.29 66

area, the signal in each individual station decreases. If the complete radiation energy is too small

that all illuminated stations have sufficiently large signal-to-noise ratios, the efficiency decreases with

increasing zenith angle. The zenith angle at which this turnover occurs depends on E1 and moves to

larger zenith angles with increasing E1.

We describe the efficiency curves with a combination of logistic functions

εpθq “
ˆ

p2 ´ p3

1 ` expp´p0pθ ´ p1qq ` p3

˙

ˆ 1

1 ` exppp4pθ ´ p5qq , (5.29)

where θ is the zenith angle and the parameters p0´5 are determined in a fit to the data. The parameter

p2 corresponds to the maximum achievable efficiency and p3 to the minimum efficiency. The second

term modulates the cutoff at high zenith angles and the parameter p5 corresponds to the turnover point.

The resulting parameters are presented in Tab. 5.2. For values of E1 larger than 1EeV the efficiency

is close to 1 over the complete zenith-angle range of 0˝ - 60˝. As this analysis was only performed

up to zenith angles of 60˝, the fit values of the turnover points (p5) must be interpreted with caution

if its value is larger than 60˝. In particular, an extrapolation of the efficiency function to higher zenith

angles will probably lead to incorrect results.

5.11 Analytic description of cosmic-ray radio pulses

In this section, a new approach to determine the properties of cosmic-ray radio pulses is presented that

uses an analytic description of the signal pulse. The challenge in the determination of the pulse prop-

erties is that we do not directly measure the cosmic-ray radio pulse (“the signal”) but an interference

of the signal with the omnipresent noise. So far, the radio pulse is described by different observables

that do not use all the information contained in the pulse. E.g., we integrate over the complete pulse

to obtain the energy fluence, we just use the maximum of the pulse to determine the signal time or

we determine the average polarization. These approaches might not lead to the best possible result

as many information is neglected. In contrast, the general idea of this approach is to use all avail-

able information at once. This can be achieved by fitting an analytic model of the pulse form to the
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Figure 5.37: Illustration of the correspondence between pulse position and phase slope. (left) The original

signal trace is shown in blue. The green line shows the same pulse but with the pulse position rotated to

bin zero. (right) Corresponding phase frequency spectrum. The dashed blue line represents the phases in a

wrapped form whereas the solid blue line shows the unwrapped phases. The green line represents the phases

corresponding to the green curve in the left figure. Due to the shift in the pulse position the phases are almost

flat and can be unwrapped correctly.

netic and charge-excess emission processes or the calculation of the distance from a point to the shower

axis. We also provide the coordinate transformation to and from the ~v ˆ ~B - ~v ˆ p~v ˆ ~Bq coordinate

system. All functions are implemented vectorized using numpy [265] routines such that computation-

ally expensive calculations are actually performed in well-optimized implementations in C through

numpy. Also AERA specific functionality such as the calculation of the uncertainty on the measured

polarization from the signal-to-noise ratio is provided.

Furthermore, interfaces to environmental databases are available. An interface to access the

weather monitoring information of the Pierre Auger Observatory such as temperature or atmospheric

electric-field data is provided as well as further post processing such as the check for thunderstorm

conditions at the time of a measured cosmic-ray event. We also provide an interface to GDAS (global

data assimilation system) that provides altitude-dependent profiles of the main state variables of the

atmosphere such as temperature, pressure, and humidity and give functions to calculate the quantities

relevant for radio emission such as the air refractivity. In addition, we implemented atmospheric mod-

els such as the US standard atmosphere [132] and provide functions to, e.g., convert the position of the

shower maximum measured in slant depth to the geometrical distance between observer and shower

maximum (cf. Appendix D).

In addition, the functionality to create input files for the air-shower simulation programs CoREAS

[156] and ZHAireS [130] is provided. If the simulated observer positions should be positioned on

a star-shaped pattern in the shower plane, the corresponding ground coordinates are automatically

calculated depending on the chosen zenith and azimuth angle of the air shower. Also the necessary

lateral extend of the observer positions is adjusted automatically according to the estimated size of

the footprint. In addition to the tools to generate the input of the simulations, also the functionality to

parse the simulated air showers and their radio emission is provided. During the parsing the simulation
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output is preprocessed. A Gaisser-Hillas function is fitted to the longitudinal shower profile and the

electric field is filtered to a certain bandwidth and some derived quantities are already calculated such

as the signal time or the radio energy fluence at each observer position. The output is saved as a Python

object using the pickle functionality for simple read-in in later analyses. Next to the full output file, we

also save a reduced output file that does not contain the full electric-field traces. This reduces the data

volume by a factor of „100 resulting in a file size of O(100 kB) per simulation. Hence, also several

thousands of simulations can be downloaded and handled by local computing resources.
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Measurement of radiation energy

as a universal estimator

of cosmic-ray energy

Parts of this chapter have been published in:

C. Glaser for the Pierre Auger Collaboration

„The Energy Content of Extensive Air Showers in the Radio Frequency Range of 30-80 MHz“

Proceedings of Science (2015) , 34th ICRC, The Hague, The Netherlands

A. Aab et al. (Pierre Auger Collaboration)

„Energy Estimation of Cosmic Rays with the Engineering Radio Array of the Pierre Auger Obser-

vatory“

Phys. Rev. D 93, 122005 (2016)

A. Aab et al. (Pierre Auger Collaboration)

„Measurement of the Radiation Energy in the Radio Signal of Extensive Air Showers as a Universal

Estimator of Cosmic-Ray Energy“

Phys. Rev. Lett. 116, 241101 (2016)

In this chapter, the measurement of the radiation energy in the radio signals of extensive air show-

ers is presented and calibrated with data of the surface detector (SD) of the Pierre Auger Observatory.

The surface detector itself was calibrated with the fluorescence detector. With the cross-calibration of

AERA with SD we thus inherit the accurate energy scale of the Pierre Auger Observatory.

So far, all radio experiments have used experiment-specific quantities to reconstruct the cosmic-

ray energy, such as the radio signal strength at a characteristic lateral distance from the shower axis [9,

20, 221, 266]. While this method has long been known to provide a good precision [267], it has the

disadvantage that the corresponding energy estimators cannot be directly compared across different

experiments. The main reason for this is that the shape of the lateral signal distribution changes

significantly with observation altitude. The optimal characteristic distance varies with observation

height and even at the same characteristic distance the radio signal strengths are significantly different

(see [161] or the discussion in Sec. 6.4 for more details). Hence, a comparison between different

experiments cannot be performed directly.

Here, we introduce a general approach with a direct physical interpretation. At each observer

position we calculate the energy deposit per area of the cosmic-ray radio pulse and by integrating the

two-dimensional lateral distribution function over the area we obtain the total amount of energy that is
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transferred from the primary comic ray into radio emission during the air-shower development. This

approach is independent of the shape of the signal distribution because energy, i.e., the integral over

the signal distribution, is conserved.

We present the relation between the cosmic-ray energy and the total energy emitted by the air

shower as a radio pulse, for primaries of energy in the EeV (= 1018 eV) range. To obtain this relation

we use the LPDA radio stations of the Auger Engineering Radio Array located within the Pierre

Auger Observatory in Argentina. The LPDA antennas have been thoroughly studied and calibrated

([225] and Sec. 4.4.4). We take advantage of the possibility to cross-calibrate these measurements

with the well-understood data of the Observatory and with recent developments in understanding the

radio-emission mechanisms, with their corresponding polarization patterns of the electric field and the

particular lateral distribution of the total field strength [14, 156].

This chapter is structured as follows. We begin with the data selection and event reconstruction

procedure. After that we describe the calibration that uses a likelihood procedure, and we discuss

experimental uncertainties. Then, we present the energy measurement of the AERA radio detector, its

resolution, the correlation of the radiation energy with the shower energy and we address the system-

atic uncertainty of the radiation energy as an energy estimator. Finally, we discuss the implications

and new opportunities arising from this approach.

6.1 Data selection and event reconstruction

In this work we are using RD and SD data recorded between April 2011 and March 2013 when

AERA was operating in its first commissioning phase. The data are stored as events, which refer to all

relevant information that has been read out following a trigger. For this analysis, both self-triggered

and externally triggered events are used.

6.1.1 Preselection of cosmic-ray candidates

In the case of the self-triggered events, a preselection is performed offline by searching for coinci-

dences with the surface detector events. A radio event has to agree in time and location with an SD

event to be considered as cosmic-ray candidate. The radio-trigger time and the time when the air

shower core hits the ground have to agree within ˘20µs. Such a conservative coincidence window

also accounts for horizontal events, for which the time difference is expected to be larger.

For both trigger types, only events with a clear radio pulse in at least three stations are considered,

to allow for a reconstruction of the incoming direction of the signal. For externally triggered events

the requirement is a signal-to-noise ratio (SNR) greater than ten. Here the SNR is defined as the

maximum of the Hilbert envelope-squared1 divided by the noise variance. For self-triggered events

the signal threshold is dynamically adjusted to the noise level to keep the trigger rate at a constant

level of 100 Hz. We require that the reconstructed incoming directions from the radio and the surface

detectors agree within 20˝ to be accepted as a cosmic-ray candidate. The 20˝ cut does not reflect the

angular resolution of the SD nor that of the radio detector. This preselection cut retains the maximum

1The Hilbert envelope is the instantaneous amplitude.
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number of cosmic-ray signals and significantly reduces the number of random (anthropogenic) noise

pulses, which originate mainly from the horizon.

In addition, we apply quality cuts on the data of the surface detector [268]. The most important

cuts are that the core position is closest to an active station and surrounded by a hexagon of active

stations and that the zenith angle of the incoming direction be less than 55˝. A total of 181 cosmic-ray

candidates with energies above 1017 eV remain.

As an engineering array, AERA was subject to several changes in software and hardware which

significantly limited the uptime. In future, we expect a larger rate of cosmic rays due to the stabilized

operation of the detector.

6.1.2 Reconstruction of radio data

We use the software framework Offline [218] of the Pierre Auger Collaboration to process the mea-

sured raw data. First, the air shower is reconstructed using the surface detector information [175].

Second, the reconstruction using the radio detector data is performed [219]. Narrowband noise sources

are filtered out using a radio-frequency interference suppression in the time domain. Sine waves with

the frequency of noise sources are fitted to the measured voltage trace and subtracted.

We correct for the influence of the analog signal chain using the absolute calibration of the AERA

station and reconstruct a three-dimensional electric field by using the direction of the shower and

applying the simulated antenna response [225].

The energy fluence f , i.e., the energy deposit per unit area, of the incoming electromagnetic radio

pulse at each radio station is determined by calculating the time integral over the absolute value of the

Poynting vector. This is achieved by squaring the magnitude of the electric-field trace and summing

over a time window of 200 ns (rt1, t2s) around the pulse maximum which has been determined from

the Hilbert envelope of the trace (cf. Fig. 5.12). The contribution of background noise (determined in

the noise window rt3, t4s) is subtracted under the assumption that the main contribution is white noise.

The energy fluence f is given by

f “ ε0c

˜

∆t

t2
ÿ

t1

| ~Eptiq|2 ´ ∆t
t2 ´ t1

t4 ´ t3

t4
ÿ

t3

| ~Eptiq|2
¸

, (6.1)

where ε0 is the vacuum permittivity, c is the speed of light in vacuum and ∆t is the size of one time

bin. This quantity is used throughout the whole analysis and will be given in units of eV{m2. To

approximate the uncertainty the noise level as described above is used. As the radio detector effects

have been corrected for, the reconstructed energy fluence can be directly compared to air-shower

simulations.

We also calculate the direction of the electric-field vector, i.e., the polarization direction of the

signal. In the full width half maximum (FWHM) interval around the pulse maximum of the Hilbert

envelope we observe that the reconstructed electric-field vectors are aligned approximately along the

same direction for every time bin. To accurately determine the mean direction of the electric-field

vector, we average over all vectors in the FWHM interval of the Hilbert envelope (cf. Fig. 5.12).
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6.1.3 Selection of radio signals induced by cosmic rays

Given the amount of pulsed background noise at the AERA site, the preselected events are likely

to contain non cosmic-ray signals that mimic cosmic-ray pulses. There are two scenarios possible:

Signals in one or more stations are not caused by the air shower or an event contains only noise pulses

that by chance led to a reconstructed incoming direction similar to that of the SD.

In order to reject background signals, we take advantage of the expected polarization of the radio

signal. The polarization of the radio pulse is only used for this purpose and not considered for the

energy estimation. In the frequency range of AERA (30 to 80 MHz) the dominant emission process is

the geomagnetic emission [10, 12]. Here, a linear polarization of the electric field is expected to be in

the direction of the Lorentz force (given by ~egeo) that acts on the charged particles while they traverse

the magnetic field of Earth. The polarization is altered by an additional emission which is linearly

polarized radially towards the shower axis (given by ~eCE), and is referred to as the charge-excess

emission process [12, 120, 122, 269].

The expected direction of the electric-field vector is therefore calculated from the geomagnetic

and the charge-excess contributions

~Eexp 9 sinα~egeo ` a~eCE , (6.2)

where α is the angle between the shower axis and magnetic field of Earth, and a is the average relative

charge-excess strength that has been measured to be 0.14 ˘ 0.02 at AERA [12]. In this approach, the

direction of the geomagnetic contribution depends only on the incoming direction of the air shower

whereas the charge-excess contribution depends in addition on the position of the radio station relative

to the shower axis.

In Fig. 6.1, all stations with signal of a cosmic-ray candidate are shown, and the measured polariza-

tion is compared with the expectations of the two radio-emission mechanisms. The overall agreement

between measured and expected field polarizations is quantified using the angular difference

βi “ =p ~Emeas,i, ~Eexp,iq (6.3)

at each station i. For each event, the average deviation β̄ of the individual deviations βi of the stations

with signal is calculated and will be used as criterion for a quality cut. Relevant uncertainties are taken

into account as follows:

• The relative strength a of the charge excess can vary from event to event due to shower-to-

shower fluctuations, and additional dependencies on the geometry of the air shower [125].

Therefore, for each possible values of a between 0 and 0.5 the average deviation β̄ is calcu-

lated and only the smallest value of β̄ is considered.

• The uncertainty of the SD shower core position is taken into account by variation of the core

within its estimated uncertainties. In our data set the uncertainty varies between 10 m and 80 m

depending on the energy and zenith angle. For each trial of the core position β̄ is calculated.

Again, only the smallest value of β̄ is considered.

• Interference of the cosmic-ray radio signal with noise pulses can alter the polarization. Simu-

lation studies showed that for a single radio station the uncertainty in β due to noise is below
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Figure 6.1: Polarization map of a single event. The axis coordinates are in the shower plane where the x-axis

corresponds to the direction of the Lorentz force (~v ˆ ~B) and the y-axis perpendicular to that and to the shower

axis (~v ˆ p~v ˆ ~Bq). The SD shower core is at the coordinate origin. The measured polarizations are shown as

the black arrows. The gray arrows are the model expectations, and the red and blue arrows are the geomagnetic

and the charge-excess components, respectively. The definition of β is described in the text. The air-shower

properties of this event are: Energy of 0.9 EeV and arriving from a zenith angle of 36˝ and from 27˝ south of

west. For the emission model of Eq. (6.2), the optimal value of the relative charge-excess strength is a “ 0.18.

8˝ at detection threshold, and decreases to 1˝ at high signal-to-noise ratios. To obtain the av-

erage value of β for all radio stations in the event we compute a weighted mean with weights

wi “ 1{σ2
βi

with σβi
being the expected uncertainty from the simulation.

We impose a limit on the average deviation β̄ of the polarization direction. This maximum devia-

tion is fixed at a value of 3˝. This value is slightly above the combination of the following effects.

The incoming direction of an air shower reconstructed with the surface detector has an uncertainty

between 1.3˝ and 0.7˝ depending on the cosmic-ray energy and the zenith angle [175]. Hence, the

expected direction of the electric-field vector will have the same uncertainty. All antennas are aligned

to the magnetic north (or perpendicularly to the magnetic north in case of the other polarization di-

rection) with a precision of better than 1˝ [220]. All antennas are uniformly constructed and the two

antennas of a radio station are identical. Asymmetries in the ground conditions have only negligible

influence as the LPDA antenna is mostly insensitive towards the ground. A measurement at AERA

has shown that the responses of all antennas differ by less than 0.3% [223].

A difference in the amplification of the signal chain of the north-south and east-west polarized

antenna will influence the polarization measurement. From an individual measurement of the signal

chain of all antennas the uncertainty is estimated to be 2.5% which results in a polarization uncertainty

below 0.7˝.

In addition, we neglect the dependence of the relative strength a of the charge excess on the

distance between observer position and shower axis [125, 162]. For a single station this effect is
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relevant. However, in our approach we only use the average deviation of all stations with signal also

taking into account the uncertainty in the core position. Therefore the distance dependence will mostly

average out. We estimate that the remaining additional scatter is 1.5˝.

We account for individual radio stations being contaminated with substantial noise signals by iter-

ating through all configurations with only one and then more stations removed, down to the minimum

of three stations. An event where the weighted average deviation β̄ is greater than 3˝ for all station

combinations is rejected. If β̄ is less than 3˝ for any station combination and the fraction of selected

stations is larger than 50% of the total number of stations with signal, the event candidate is considered

a cosmic-ray event and only the stations from this particular combination are used. After this cut 136

events remain. The number of excluded single stations and complete events is compatible with the

measured rate of noise pulses.

Most of the events recorded during thunderstorm conditions appear to be rejected by this selection

procedure as the strong atmospheric electric fields of a thunderstorm influence the radio emission and

alter the polarization of the radio signals [270, 271]. For two thirds of the events, a measurement of

the atmospheric electric field is available. These events are checked for thunderstorm conditions using

an algorithm described in [272]. Based on this check, two additional events were rejected. All cuts

are summarized in Table 6.1.

Table 6.1: Overview of selection cuts and the number of events surviving these cuts. Preselection means: ECR ě
0.1EeV, standard SD quality cuts, ě 3 radio stations with signal, SD and RD reconstructed incoming directions

agree within 20˝. See text for details.

cut number of events
after cut

preselection (Sec. 6.1.1) 181
polarization cut (β̄ ă 3˝, Sec. 6.1.3) 136
no thunderstorm conditions (Sec. 6.1.3) 134
LDF fit converged (σ ă 300 m, Sec. 6.2) 126
ě 5 stations with signal
(only high-quality data set, Sec. 6.3) 47

6.1.4 Uncertainties on the energy fluence in a single radio station

In addition to the uncertainties on the amplification of the signal chain of 2.5% discussed above,

no further uncertainties are expected that would result in a different response of stations within one

event. To first order, the frequency content and the incoming direction of the radio pulse are similar

at all observer positions. Therefore, an uncertainty of the antenna-response pattern has a negligible

influence as it is evaluated for the same direction at all stations. Possible different ground conditions

at different station positions that result in a different reflectivity of the soil are negligible due to the

insensitivity of the antenna towards the ground. The 2.5% amplification uncertainty results in 5%

uncertainty on the energy fluence f , as f scales quadratically with the electric-field amplitude. This

uncertainty is added in quadrature to the signal uncertainty resulting from noise.
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Figure 6.3: Skymap of the 126 selected events. Green filled circles denote air showers with at least five stations

with signal and open circles denote air showers with less than five stations with signal. The red star denotes the

direction of the magnetic-field axis at AERA. All measured events are at least 20˝ away from the magnetic-field

axis. Therefore, the geomagnetic emission gives the dominant contribution to the radiation energy for all events.

with signal are present that have roughly the same signal strength. This results in an unphysically

broad LDF. To reject these events we impose the quality cut σ ă 300 m (Table 6.1). An analysis of

air-shower simulations for the AERA geometry showed that the σ parameter of the LDF is never larger

than 300 m.

In the following, only the 126 events that pass the quality cuts are considered and will be referred

to as the full data set. To derive the accuracy of the energy estimation method, the data set will be

further divided in a high-quality data set containing only events with at least five stations with signal,

i.e., events where the core position can be reconstructed in the radio LDF fit.

6.2.1 Definition of the energy estimator

The spatial integral of the lateral distribution function gives the amount of energy that is transferred

from the primary cosmic ray into radio emission in the AERA frequency band during the air-shower

development, and will be given in units of eV. We define the energy estimator Sradio as this radiation

energy divided by sin2 α to account for different emission strengths at different angles between shower

axis and magnetic field, see Eq. (6.2),

Sradio “ 1

sin2 α

ż

R2

fp~rqd2~r “ Aπ

sin2 α

`

σ2 ´ C0C
2
3 e

2C4σ
˘

, (6.5)

where R
2 denotes the shower plane. The positive σ2 term dominates by far over the negative second

term resulting in a positive value of Sradio. The sin2 α correction only holds if the geomagnetic

emission is the dominant contribution which is the case for α ą 10˝ at AERA. Due to the reduced
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emission strength the number of detections for arrival directions within 10˝ of the geomagnetic field

axis is suppressed. The angular distribution of the events is shown in Fig. 6.3.

6.2.2 Event-by-event uncertainties of the energy estimator

The following uncertainties are relevant for the energy estimator due to event-by-event fluctuations

and summarized in Table 6.2:

• The gains of the low-noise amplifiers and filter amplifiers exhibit a temperature dependence.

The effect has been measured and amounts to ´42mdB{K. Each air shower is measured under

specific environmental conditions. In particular this implies that we have a random distribution

of ambient temperatures which exhibit a Gaussian distribution with a standard deviation of 8.3˝

C. This corresponds to a fluctuation of the gain of 4%.

• An uncertainty of the simulated antenna response that depends on the incoming direction of the

radio signal will lead to an event-by-event uncertainty as each event has a different incoming

direction. The effect is determined to be 5% by comparison of the simulated antenna response

with a measurement at AERA [225].

• The reconstructed direction of the air shower obtained with the SD has an uncertainty of less

than 1.3˝. This has negligible influence on the antenna response pattern, since it can be consid-

ered uniform over such a small change of angle.

As the different uncertainties are independent, the total uncertainty of the electric-field amplitude is?
4%2 ` 5%2 « 6.4% and therefore 12.8% on Sradio. The uncertainty of α can be neglected. The

fit uncertainties of A and σ including their correlation are propagated into Sradio using Gaussian error

propagation. In the case of events with less than five stations with signal, the core position of the

surface detector reconstruction is used and its uncertainty is propagated into the fit uncertainty of

Sradio. This fit uncertainty is added in quadrature to the statistical uncertainty of 12.8% of the energy

estimator. The average fit uncertainty of Sradio is 46%. For events with at least five stations with signal

the average uncertainty reduces to 24%.

6.2.3 Absolute scale uncertainties of the energy estimator

The dominant systematic uncertainties of the reconstructed electric-field amplitudes are the calibration

of the analog signal chain and the antenna response pattern. The analog signal chain consists of the

low-noise amplifier, the filter amplifier and all cables between the antenna and the analog-to-digital

converter. The analog signal chain has been measured for each channel of each radio station separately

in the field and differences are corrected for. The systematic uncertainty of the analog chain amounts

to 6%.

The simulated antenna response pattern has been confirmed by measurements at an overall level

of 4%. The systematic uncertainty of the measurement is 12.5% in the vector effective length [221].

Conservatively, the systematic uncertainty of the antenna-response pattern is therefore estimated as

12.5%.

Systematic uncertainties introduced by the usage of the two-dimensional signal distribution func-

tion of Eq. (6.4) are negligible. Detailed comparisons of the shape of the radio signal distribution

measured with LOFAR with the predictions from CoREAS show no indication of any systematic
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Table 6.2: Overview of uncertainties of the electric-field amplitude σ|~E| and the energy estimator Sradio. “‘”

denotes a quadratic sum. The average fit uncertainty of Sradio is 46%, and 24% for the high-quality subset of

events with at least five stations with signal.

source of uncertainty σ|~E| σSradio

event-by-event

temperature dependence 4% 8%
angular dependence of antenna response pattern 5% 10%
reconstructed direction negligible negligible
LDF fit uncertainty - error propagation of fit parameters

total event-by-event uncertainty 6.4% 12.8% ‘ fit uncertainty

absolute scale

absolute scale of antenna response pattern 12.5% 25%
analog signal chain 6% 12%
LDF model ă2.5% ă5%

total absolute scale uncertainty 14% 28%

discrepancy [18]. We determined the influence of the 2D-LDF model on the radiation energy in a

representative CoREAS Monte Carlo data set for the AERA detector and found a systematic effect of

less than 5%.

Combining all uncertainties in quadrature, the systematic uncertainty of the electric-field ampli-

tude is 14%. The radio-energy fluence and the energy estimator scale with the amplitude squared.

Therefore, the systematic uncertainty of the absolute scale of the radiation energy is 28%. We note

that, as the cosmic-ray energy is proportional to the square root of the radiation energy (see next

section), the systematic uncertainty of a radio cosmic-ray energy scale would remain at 14%.

6.3 Energy calibration

The radio-energy estimator Sradio is shown as a function of the cosmic-ray energy ECR measured

with the surface detector in Fig. 6.4 left. A clear correlation is observed. For the calibration function

we follow the same method as used for the calibration of surface detector events with fluorescence

detector events of the Pierre Auger Observatory [77, 205, 273]. The calibration function

Sradio “ A ˆ 107 eV pECR{1018 eVqB (6.6)

is obtained by maximizing a likelihood function that takes into account all measurement uncertainties,

detector efficiencies and the steeply falling energy spectrum (the functional form and the derivation

of the likelihood function can be found in Appendix C.2). The result of the calibration fit is A “
1.58 ˘ 0.07 and B “ 1.98 ˘ 0.04. The correlation between A and B is 35%. The resulting slope

is quite compatible with an exponent of B “ 2 implying that the energy deposited in radio emission

increases quadratically with the cosmic-ray energy. If B is fixed to 2 the fit result is A “ 1.59 ˘ 0.06.

We can infer from Eq. (6.6) that, for a 1 EeV air shower perpendicular to the magnetic field axis,

15.8 MeV is deposited on average in radio emission in the frequency range of 30 to 80 MHz.

The upper right panel of Fig. 6.4 shows the scatter around the calibration curve for all air showers
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6.3.1 Uncertainties of the reconstructed cosmic-ray energy with the radio detector

To determine the energy resolution of the radio detector, the known resolution of the surface detector

needs to be subtracted from the combined scatter. The average (statistical) SD energy resolution for

all air showers in our data set is 18%. To obtain an estimate of the radio-energy resolution we use a

Monte Carlo study which takes into account the energy and zenith angle dependence of the SD energy

resolution. The combined scatter is simulated for different radio-energy resolutions, according to the

number of air showers and the energy and zenith distribution of the data set. We find that the energy

resolution of the radio detector is 22% for the full data set and 17% for the air showers where the core

position could be determined in the radio LDF fit, when five or more radio stations have a significant

signal. Details of this study can be found in Appendix C.4

In the above calculation we assumed that the energy estimates from the SD and radio reconstruc-

tion are uncorrelated for a fixed energy. However, an anti-correlation is expected as radio emission

originates from the electromagnetic part of the air shower whereas the SD signal is mostly due to

muons resulting from the hadronic shower component [274] and which are anti-correlated shower

parameters for a fixed cosmic-ray energy. In case of an anti-correlation, the estimated radio-energy

resolution would be even smaller making the above values conservative estimates.

Furthermore, we studied the effect of a possible bias in the SD reconstructed energy for different

primaries where the detector is not fully efficient (0.1 EeV - 0.3 EeV) and has a slightly different

efficiency curve for the two extreme scenarios of proton and iron primaries [175]. We found that the

effect is negligible for our data set.

The uncertainty on the absolute scale of the energy estimator as discussed in Sec. 6.2.3 is calibrated

out by correlating Sradio with ECR. The method, however, inherits the uncertainties of the SD energy

scale. This scale uncertainty is dominated by the FD scale uncertainty, which is used to calibrate the

SD. It is 14% at energies ě 1018 eV [186] and increases to 16% at 1017.5 eV.

6.3.2 Precision and possible improvements of the energy reconstruction

We have found that the instrumental noise and the environmental influences are not the dominant

contributions to our energy resolution. Applying the method described to a CoREAS Monte Carlo

data set [140, 156], including a representative set of shower geometries as well as shower-to-shower

fluctuations, but no instrumental or environmental uncertainties, a similar energy resolution is obtained

for the same detector layout.

The intrinsic limitation in the energy resolution due to shower-to-shower fluctuations of the elec-

tromagnetic part of the shower is predicted to be smaller than 10% [9, 267] and we expect that the

current energy resolution can be further improved. Under the condition that the LDF samples the

relevant part of the signal distribution on the ground correctly for all geometries, the energy estima-

tor should only be affected by the shower-to-shower fluctuations in the electromagnetic part of the

shower. The only additional geometric dependence is due to the fact that the air shower might not

be fully developed when reaching the ground, i.e., some part of the shower is clipped away. As the

atmospheric depth increases with the secant of the zenith angle, clipping mostly affects high-energy

vertical showers. Hence, we expect an additional dependence on the zenith angle. In the future, with

larger statistics, this effect will be parametrized from data and will further improve the energy resolu-
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tion. Also, a better understanding of the detector and the environmental effects, such as temperature

dependencies, will help to improve the energy reconstruction.

Combined measurements, such as they are possible at the Pierre Auger Observatory, hold great

potential for future improvements of the energy resolution due to the anti-correlation of the energy

reconstructed with the radio and surface detectors.

6.3.3 The energy content of extensive air showers in the radio frequency range of 30

to 80 MHz

So far, the energy content of extensive air showers in the radio frequency range of 30 to 80 MHz

has only been measured at the Pierre Auger Observatory in Argentina. However, our findings can be

generalized by the following consideration.

To obtain a prediction that is independent of the location of the experiment, i.e., a universal for-

mula to calculate the radiation energy from the cosmic-ray energy, the calibration function Eq. (6.6)

can be normalized to the local magnetic field. We found that it is sufficient to correct only for the

dominant geomagnetic part of the radio emission. This is because the increase of radiation energy

due to the charge-excess emission is small, as constructive and destructive interference with the geo-

magnetic emission mostly cancel out in the integration of the energy densities over the shower plane,

see Eq. (6.5). For the average relative charge-excess strength of 14% at AERA [12] the increase in

radiation energy is only 2%. As most locations on Earth have a stronger magnetic field than the AERA

site the effect of the charge-excess emission on the radiation energy will be even smaller. Within the

statistical accuracy of the calibration function this effect can be neglected which leads to the universal

prediction of the radiation energy

E30´80MHz “ p15.8 ˘ 0.7pstatq ˘ 6.7psysqqMeV ˆ
ˆ

sinα
ECR

1018 eV

BEarth

0.24G

˙2

, (6.7)

where ECR is the cosmic-ray energy, BEarth denotes the local magnetic-field strength and 0.24 G is

the magnetic-field strength at the AERA site. The systematic uncertainty quoted here is the combined

uncertainty of Sradio (28%) and the SD energy scale (16% at 1017.5 eV). These two contributions

amount to uncertainties of 5.1MeV and 4.4MeV in the measurement of the radiation energy at 1EeV,

respectively. We note that the systematic uncertainty in the determination of the cosmic-ray energy

from radio measurements is half of that of E30´80MHz, as the cosmic-ray energy scales with the square

root of the radiation energy. This formula will become invalid for radio detectors at high altitudes

because the amount of radiation energy decreases as – depending on the zenith angle – a significant

part of the air shower is clipped away at the ground.

Please note that in practice the 30 to 80 MHz band is used by most experiments. Due to coherence

effects, the cosmic-ray-induced radio emission is strongest below 100 MHz. Atmospheric noise and

short-wave band transmitters make measurements below 30 MHz unfeasible. From 85 to 110 MHz

the FM band interferes with measurements. Furthermore, radio emission at frequencies well beyond

100 MHz can be detected only in very specific geometries (observers at the Cherenkov angle) [127].

Hence, ground-based experiments exploit the frequency window from 30 to 80 MHz or measure in

only slightly different frequency bands.
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6.4 Cross-calibration of cosmic-ray observatories

The universal prediction of the radiation energy enables an accurate and model-independent way to

cross-calibrate different cosmic-ray observatories which was not possible with previous approaches

to reconstruct the cosmic-ray energy from radio data. Several analyses exploiting the calorimetric

property of the radio emission for the determination of the energy of cosmic-ray particles have pre-

viously been published [7, 9, 20, 266]. All of these approaches used the radio-signal strength at a

characteristic lateral distance from the shower axis as an estimator for the cosmic-ray energy. While

this method has long been known to provide good precision [267], it has the marked disadvantage

that the corresponding energy estimator cannot be directly compared across different experiments.

Asymmetries arising from the charge-excess contribution [12, 122, 275] can be corrected for, and the

air-shower zenith angle can be normalized out. The systematic influence of the observation altitude

on the lateral signal distribution, however, poses a fundamental problem for such comparisons. In

a simulation study, we have quantified the difference between radio amplitudes at the characteristic

lateral distance measured for the same showers at sea level (altitude of LOFAR [13]) and at 1560 m

above sea level (altitude of the radio detector array of the Pierre Auger Observatory [2]). We observe

differences between -11% and +23% with an average deviation of 11%. These deviations in the mea-

sured amplitude arise from the fact that the lateral radio signal distribution flattens systematically with

increasing distance of the radio antennas to the air-shower maximum. Furthermore, the optimal lateral

distance at which to make the measurement also varies with observation altitude. This behavior is

illustrated in Fig. 6.5. While absolute values for the amplitudes measured at a characteristic lateral

distance as a function of cosmic-ray energy have been published by several experiments [9, 20, 221],

no direct comparison between the energy scales of these cosmic-ray radio detectors has therefore been

performed to date. (Most experiments obtain their energy scale based on surface detector arrays and

thus incur uncertainties from hadronic interaction models.)

By using the radiation energy as an estimator of the cosmic-ray energy, we make an important

conceptual step forward. Due to conservation of energy, and the absence of absorption in the atmo-

sphere, the radiation energy measured at different observation altitudes is virtually identical. In the

above-mentioned simulation study, the radiation energy was shown to vary less than 0.5% between an

observation altitude of 1560 m above sea level and sea level itself. (This scatter arises from slight clip-

ping effects of the air-shower evolution at an observation altitude of 1560 m above sea level and from

statistical uncertainties in the determination of the radiation energy from the simulated radio-emission

footprint.) The radiation energy directly reflects the calorimetric energy in the electromagnetic cascade

of an extensive air shower, akin to an integral of the Gaisser-Hillas profile measured with fluorescence

detectors. It constitutes a universal, well-defined quantity that can be measured with radio detectors

worldwide and can thus be compared directly between different experiments.
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„Measurement of the Radiation Energy in the Radio Signal of Extensive Air Showers as a Universal

Estimator of Cosmic-Ray Energy“

Phys. Rev. Lett. 116, 241101 (2016)

In this chapter, we address one of the most important challenges in cosmic-ray physics: the accu-

rate determination of the absolute energy scale of cosmic rays. An accurate energy scale is a crucial

ingredient for most analyses of high-energy cosmic rays. Limited precision (i.e. energy resolution)

can be overcome with increased statistics making the accuracy, i.e., the systematic uncertainty of the

energy scale, even more important. By now, many results of the Pierre Auger Observatory are limited

by systematic uncertainties (cf. the recent results presented in Chap. 2). In the following, we give a

few examples where the accuracy in the energy scale is crucial for the interpretation of the data.

Accuracy is needed to determine the energies where the flux of cosmic rays exhibits distinct char-

acteristics, e.g., the “ankle” at around 5 EeV, and the “cut-off” at above „25 EeV (cf. Fig. 2.2 and

2.3) which directly impacts the astrophysical understanding and parameters of astrophysical models

[86, 276]. Furthermore, a small systematic uncertainty is crucial for the test of hadronic interactions at

ultra-high energies, e.g., the deficit of muons in air-shower simulations could be mostly explained with

a shift of the cosmic-ray energy by one standard deviation of the uncertainty towards higher energies

(cf. [77] and Sec. 2.1).

So far, the Pierre Auger Observatory uses the fluorescence technique to determine the absolute

energy scale. Telescopes measure the fluorescence light emitted by air showers which is proportional

to the calorimetric shower energy and allows for an accurate determination of the energy of the primary

particle [186]. However, fluorescence light detection is only possible at sites with good atmospheric

conditions, and precise quantification of scattering and absorption of fluorescence light under changing

atmospheric conditions requires extensive atmospheric monitoring efforts (cf. Sec. 4.3 and [168, 206,

207, 212]).

Here, an alternative option to determine the energy scale is presented. The measurement of radio

signals from extensive air showers allows the determination of the cosmic-ray energy scale [161]. The

measured radiation energy can be related to the electromagnetic shower energy using predictions from

first-principles calculations. The full procedure to determine the energy scale with a radio detector is
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scatter using the method presented in Appendix C.4 results in an energy resolution of AERA of less

than 20% for the full and less than 14% for the high-quality data set.

The calibration constant A can then be compared to the prediction from first-principles calcula-

tions. The likelihood fit using the full data set yields A “ p22.3 ˘ 0.9qMeV and B “ 1.943 ˘ 0.037

corresponding to a radiation energy of 22.3MeV for an air shower with a calorimetric energy of

1EeV arriving perpendicularly to the geomagnetic field at a zenith angle of 45˝. The measured

scaling with the calorimetric energy is compatible with the prediction from first-principles calcula-

tions of B “ 1.980 ˘ 0.001 (cf. Tab. 3.2). We performed several cross-checks to test the stability

of the calibration constant A. The calibration constant obtained with the high-quality data set is

A “ p22.8 ˘ 1.0qMeV and well compatible within the statistical uncertainty. If the slope of the cal-

ibration curve is fixed to B “ 1.98 as predicted from the first-principles calculations, the parameter

A takes a compatible value of A “ p22.7 ˘ 0.9qMeV. As the clipping correction assumes a certain

cosmic-ray composition, it could introduce a bias if the true cosmic-ray composition differs from the

assumed mixed composition. Therefore, the analysis is repeated with a subset of events where the

clipping correction is less than 2% of the radiation energy. A quantity of 68 events fulfills this condi-

tion and the resulting calibration constant is A “ p24.5 ˘ 1.4qMeV and thus also compatible within

the statistical uncertainty.

Hence, from the comparison of air showers measured in coincidence by AERA and SD we obtain

the following relation between corrected radiation energy and calorimetric energy with respect to the

energy scale of FD of

S
ρθ
RD “ p22.3 ˘ 0.9qMeV

ˆ

EFD
cal

1EeV

˙1.943 ˘ 0.037

, (7.2)

which we correct for the difference between calorimetric and electromagnetic shower energy of 2.3%

at 1EeV according to Fig. 7.2 to obtain

S
ρθ
RD “ p22.3 ˘ 0.9qMeV

ˆ

1.023 ˆ EFD
em

1EeV

˙1.943 ˘ 0.037

(7.3)

“ p23.3 ˘ 0.9qMeV

ˆ

EFD
em

1EeV

˙1.943 ˘ 0.037

. (7.4)

This relation can be directly compared to the prediction from first-principles calculations (cf.

Tab. 3.2). The calculations were performed for a refractivity at sea level of 2.92 ˆ 10´4 which is

slightly smaller than the refractivity at the site of the Pierre Auger Observatory of 3.12 ˆ 10´4. This

increase in refractivity of „7% results in an increase of radiation energy by 2% (cf. Tab. 3.6). We

correct this effect and obtain

S
ρθ
RD “ p16.61 ˘ 0.03qMeV

ˆ

Etheo
em

1EeV

˙1.980 ˘ 0.001

. (7.5)

Using the energy scale based on the FD calibration, a radiation energy has been measured that is

too large in comparison to the first-principles prediction. The two results can be brought into agree-
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ment if the FD energy scale is increased by a factor of

ˆ

23.3MeV

16.61MeV

˙p1{1.98q

“ 1.186 « `19% (7.6)

towards higher energies. Here, we used the slope parameter B “ 1.98 from the simulation study as

it has a much smaller uncertainty. We note that this offset is well compatible within the systematic

uncertainties.

7.2 Systematic uncertainties of the radio energy scale

In this section we discuss the systematic uncertainties of the RD energy scale. All uncertainties pre-

sented here are given with respect to the cosmic-ray energy scale1. The uncertainties are summarized

in Tab. 7.1. Next to the current uncertainties, we also present an estimate of improved uncertainties

that should be achievable in the immediate and more distant future.

Experimental uncertainties The uncertainties of the measurement of the radiation energy are dis-

cussed in detail in Sec. 6.2.3. They amount to 14% and are dominated by the uncertainty of the

antenna response of 12.5% and the calibration of the signal chain of 6%. In the future, a significant

improvement of this uncertainty is expected. A new calibration campaign has been already performed

in March 2015 and yields an average uncertainty of 9% on the antenna response. A publication of

this result is well advanced and the new calibration incorporated into the reconstruction of air show-

ers [234]. The limiting factor of an antenna calibration measurement is the systematic uncertainty of

the signal source. A reduction of this uncertainty to a 6% level seems realistic such that the antenna

response pattern could be measured with an accuracy of „6% in a future calibration campaign. Also

a new measurement of the signal chain is planned for the end of 2016 that will reduce the systematic

uncertainty to 0.5%. Hence, in the immediate future a reduction of the experimental uncertainties to

below 10% is expected and even a reduction to a 6% percent level seem realistic. Also the systematic

uncertainty of the LDF model that currently contributes with an uncertainty of 2.5% is likely to be

reduced to a negligible value with a refined LDF model or a different approach such as a template

matching method.

The experimental uncertainties currently contribute with 14% to the systematic uncertainty and

are likely to be reduced down to 6% in the future.

Theoretical uncertainties The calculation of the radio emission from the electromagnetic shower

particles itself has no systematic uncertainties as the calculation is purely based on classical electro-

dynamics which does not have any free parameters. However, the modeling of the electromagnetic

air-shower component is subject to uncertainties. Also approximations made in the simulation code to

speed up the calculations result in additional uncertainties.

The systematic uncertainty in modeling the air-shower development is estimated by using different

(high- and low-energy) hadronic interaction models. Exchanging QGSJetII-04 with EPOS-LHC and

1As the radiation energy scales almost quadratically with the cosmic-ray energy, an uncertainty of X% on the radiation
energy corresponds to an uncertainty of p0.5 ˆ Xq% on the cosmic-ray energy scale.
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Table 7.1: Summary of the systematic uncertainties of the radio energy scale.

source of uncertainty current
immediate

future
future

experimental uncertainties (Sec. 6.2.3) 14.1% 9.4% 6.1%

antenna response pattern 12.5% 9% 6%
analog signal chain 6% 0.5% 0.5%
LDF model ă2.5% ă2.5% ă1%

theoretical uncertainties 2.5% 1.7% 1.7%

air-shower modeling (Sec. 3.3.5) 0.13% 0.13% 0.13%
refractivity correction (Sec. 3.3.6) 1% - -
thinning (Sec. 3.3.5) ă0.15% ă0.15% ă0.15%
energy thresholds of shower particles (Sec. 3.3.5) ă0.5% ă0.5% ă0.1%
extraction of radiation energy (Sec. 3.3.2) 1.5% ă0.1% ă0.1%
CoREAS/ZHAireS difference (Sec. 3.3.7, [170]) 1.7% 1.7% 1.7%

environmental uncertainties 1.6% 1.6% 0.1%

atmosphere (Sec. 3.3.6) 1.25% 1.25% ă0.1%
ground conditions ([234]) 1% 1% 0.1%

invisible energy correction ([117]) 3.0% 3.0% 3.0%

stat. uncertainty of cross-calibration with SD 2.2% ă1% ă0.1%

total absolute scale uncertainty 14.8% 10.2% 7%

FLUKA with UrQMD results in a difference in the predicted radiation energy of 0.18% each which

is compatible within the statistical uncertainty of the comparison (cf. Sec. 3.3.5). The influence of

hadronic interaction models is small because we correlate the radiation energy directly with the elec-

tromagnetic shower energy. We use the differences in radiation energy as an estimate of the systematic

uncertainty. We add the two differences of the low- and high-energy hadronic interaction models in

quadrature resulting in an uncertainty with respect to the cosmic-ray energy scale of below 0.13%.

The systematic uncertainties resulting from approximations in the air-shower simulation are es-

timated in the following way. Conservatively, we use the complete ad-hoc correction for a different

air refractivity of +2% in radiation energy (+1% in cosmic-ray energy, cf. Sec. 3.3.6) as an estimate

of the systematic uncertainty. Furthermore, the radiation energy is not determined from the full two-

dimensional footprint but only from the energy fluence along one axis in the shower plane. This

approximation leads to an average offset of 3% in radiation energy which is taken into account in the

prediction (cf. Sec. 3.3.2). Again, we use the full offset as an estimate of the corresponding uncer-

tainty. The impact of thinning and lower energy thresholds of the shower particles was studied and

contributes with 0.15% and 0.5% to the systematic uncertainty (cf. Sec. 3.3.5). In the future with

increased simulation time, all these approximations can be reduced to a negligible level.

An independent cross-check of a correct implementation of the underlying physics in the CoREAS

simulation code was performed by a detailed comparison with the completely independent ZHAireS

simulation code. The difference in the prediction of the radiation energy from the two codes is 3.3%

and accordingly 1.7% with respect to the cosmic-ray energy (cf. Sec. 3.3.7 and [170]). We use this
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difference as an additional contribution to the systematic uncertainty.

In total the theoretical uncertainties contribute with 2.5% to the systematic uncertainty and can be

reduced to 1.7% in the future.

Environmental uncertainties Changing atmospheric conditions, i.e., changing density profiles and

varying refractivity, result in a scatter of 1.25% during the course of the year (cf. Sec. 3.3.6). We use

this scatter as an estimate of the systematic uncertainty as we performed the calculations only for an

average state of the atmosphere. To further reduce this uncertainty, separate simulations for monthly

averages can be performed. Even separate simulations for each measured event are possible where the

respective atmospheric conditions at the time of the event are obtained from GDAS data.

Changing ground conditions impact the reflectivity of the ground and thereby the antenna re-

sponse. In case of the LPDAs, the antenna sensitivity towards the ground is small. A simulation of

the antenna response pattern with realistic variations of ground parameters results in a change of the

antenna response of „1% [234, 235]. This uncertainty could be further reduced with a continuous

monitoring of the ground conditions. A first prototype for such a continuous monitoring is already

installed at the AERA site [277].

In summary, the environmental uncertainties contribute with 1.6% to the systematic uncertainty

and can be reduced to 0.1% in the future.

Invisible energy correction To obtain the cosmic-ray energy from the calorimetric energy, the in-

visible energy needs to be taken into account. This can be done using the parametrization presented

in Eq. (7.1) that was obtained from a measurement and has a systematic uncertainty of 3% at 1018 eV

[117]. In this measurement, only air showers with energies above 3 ˆ 1018 eV have been used. How-

ever, it was checked with data from the 750m spaced surface-detector array and the HEAT fluores-

cence telescopes which are already fully efficient at 3 ˆ 1017 eV that the extrapolation towards lower

energies is correct. If the RD and FD energy scales are compared, the uncertainty on the invisible

energy correction is irrelevant as both detectors apply exactly the same correction.

Cross-calibration with SD/FD To propagate the RD energy scale to the surface and fluorescence

detectors of the Pierre Auger Observatory the corrected radiation energy is cross-correlated with the

calorimetric energy measured by SD. Due to the limited statistics of 126 events, the parameter A of the

calibration curve fitted to the data has a statistical uncertainty of 4%. Its contribution to the systematic

uncertainty of the energy scale is thus 2%. By the time of writing, three and a half additional years

of data are available such that the uncertainty could be reduced to below 1% with an update of the

analysis. In the future with increasing statistics, this uncertainty will become negligible.

7.3 Comparison with the fluorescence technique

In this section we compare the fluorescence to the radio technique only in terms of achievable accuracy

in the determination of the energy scale. Here, the radio technique has an advantage because several

sources of uncertainties that have a significant influence in the fluorescence technique are negligible

in case of radio measurements. Therefore, a systematic uncertainty of below 15% has been achieved
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although this is the first time that the radio technique is used to determine the energy scale and the idea

of such an analysis was proposed only recently [160, 161]. The achieved accuracy of 15% is already

now well compatible with the fluorescence technique that has reached an uncertainty of 14% after

years of optimizations [186]. Using the results of the new AERA antenna calibration campaign [234],

the systematic uncertainty of the radio energy scale can be even reduced to „10% in the immediate

future. With an improved antenna calibration setup, a further improvement down to a 7% level seems

feasible.

The advantages of the radio technique are that the emission as well as the propagation of radio

waves have only a small dependence on changing atmospheric conditions of „1.25%. In case of the

fluorescence technique, scattering and absorption of fluorescence light depend strongly on the state of

the atmosphere. Only extensive monitoring efforts (cf. Sec. 4.3) managed to reduce the corresponding

systematic uncertainties to a level of 3.4% to 6.2% depending on the shower energy [186]. For radio,

no atmospheric monitoring is needed except for a basic monitoring to reject periods of thunderstorms

which additionally saves a significant amount of resources. Also the fluorescence yield, i.e., the con-

version from deposited energy in the atmosphere to emitted fluorescence light, needs to be measured

experimentally. Over the years the measurements have improved. The current best measurement has

determined the fluorescence yield with an accuracy of 3.6% [186, 278]. In case of radio, the amount

of radio emission can be calculated directly from the air-shower development via first-principles.

In addition, a laboratory measurement of the radio emission is possible. A first measurement of the

radio emission in a laboratory experiment has already been performed [157]. However, its systematic

uncertainty of „35% is too large to be used here. A more precise laboratory experiment, however, is

doable in the future.

7.4 Extrapolation of the energy scale

So far, the cross-correlation of AERA with the SD has been performed in a limited energy range

around 1EeV (cf. Fig. 7.3). Hence, we can only definitely state that the RD and FD energy scales

differ by 19% at cosmic-ray energies of around 1EeV. This offset might change at higher energies.

The measurement shows no indication that the offset between the RD and FD energy scales changes

with cosmic-ray energy but the number of events – especially at higher energies – is small such that

no strong conclusion of the energy stability can be gained.

From the first-principles calculations of the radiation energy, no indication of an energy depen-

dence of the scaling between corrected radiation energy and electromagnetic shower energy was found

(cf. Fig. 3.18). However, the study was only performed up to energies of 1019 eV and a different scal-

ing at higher energies cannot be excluded. The systematic uncertainties of the measurement of the

radiation energy are not expected to exhibit a significant energy dependence. The dominating uncer-

tainty originates from the antenna response which is independent of the shower energy. However,

this is different for the fluorescence technique, e.g., the correction for scattering and absorption in

the atmosphere and the correction for the point spread function of the telescopes depend on shower

energy.

In the future, a possible energy dependence can be investigated by comparing the RD and FD

energy scales with larger statistics at higher energies. To obtain enough statistics at energies above
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Figure 7.6: Impact of the RD energy scale on the measurement of the average relative number of muons on

ground xRµy as a function of cosmic-ray energy (black filled circles and green filled diamonds). The square

brackets denote the systematic uncertainty which is dominated by the uncertainty of the energy scale. Also

shown are the predictions from hadronic interaction models for proton and iron induced air showers. Data from

[77].

the weighted mean of the two energy scales and obtain a shift of the FD energy scale of +7% with a

reduced systematic uncertainty of 10%.
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Conclusions

Ultra-high-energy cosmic rays can be measured by short radio pulses in the MHz regime emitted by

extensive air showers. This radio technique is complementary to existing techniques such as surface

detector arrays or fluorescence telescopes. It has a duty cycle of almost 100% and is sensitive to all

main air-shower observables such as the cosmic-ray energy, mass, and arrival direction.

In this thesis, we developed a new method to determine the cosmic-ray energy. We showed that

the radio technique is especially useful to determine the cosmic-ray energy with high accuracy and

is superior to existing techniques in term of achievable accuracy. This is because the radio emission

from air showers can be calculated from first principles, and radio waves are less influenced by envi-

ronmental conditions compared to, e.g., fluorescence light. As an accurate energy scale is crucial for

the interpretation of cosmic-ray measurements, the radio technique will thus be able to significantly

advance this field of research.

We first studied the energy released in air showers in the form of MHz radiation in detail, using

CoREAS air-shower simulations. Depending on the distance between the observer and the region

in the atmosphere where the radiation is released, the shape of the signal distribution on the ground

changes significantly. For small distances to the emission region, the signal distribution is narrow

around the shower axis with large energies per unit area, whereas for large distances to the emission

region the radiation energy is distributed over a larger area resulting in a broad signal distribution with

a small amount of energy per unit area. As soon as the air shower has emitted all its radiation energy,

the total radiation energy, i.e., the integral over the signal distribution on the ground, remains constant.

In particular, it does not depend on the spacial signal distribution on the ground or on the observation

altitude and is thus directly comparable between different experiments.

The simulated radiation energy – corrected for the dependence on the geomagnetic field – corre-

lates best with the energy contained in the electromagnetic part of the air shower and exhibits quadratic

scaling with the electromagnetic shower energy, as is expected for coherent emission. The electro-

magnetic shower energy can be converted to the primary cosmic-ray energy using predictions from

hadronic interaction models or a direct measurement of the invisible energy fraction alternatively.

The simulated radiation energy has a second-order dependency on the air density of the emission

region. After correcting this effect, the corrected radiation energy and the electromagnetic shower

energy have a scatter of less than 3%. In addition, we presented a more practical parametrization of

the dependence between radiation energy and electromagnetic shower energy using only the geometry

of the air shower, i.e., without using Xmax information, and obtained a resolution of 4%. This scatter

of 4% is well below current experimental uncertainties, so that the radiation energy is well suited to

estimate the cosmic-ray energy.

If the radiation energy is detected at a particular observation height, the air shower may not have

released all its radiation energy. The strength of this clipping effect depends on the atmospheric depth

between observation height and shower maximum. We presented a parametrization of this effect that
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can be used in experiments to correctly determine the full radiation energy and thereby estimate the

cosmic-ray energy. The radiation energy is influenced less by clipping than the electromagnetic part

of the air shower as the radiation energy is released earlier in the shower development.

Then, we used data from the Auger Engineering Radio Array (AERA) which is the radio detector

of the Pierre Auger Observatory. AERA is located within the low-energy extension of the Observatory

where additional surface detector stations with a smaller spacing are present, which enables access

to cosmic-ray energies down to 0.1 EeV. To most accurately determine the cosmic-ray energy, we

only use the thoroughly calibrated 24 LPDA radio stations of the first stage of AERA deployment,

with data collected between April 2011 and March 2013. At several observer positions, the energy

deposit per area of the radio pulse of an extensive air shower is measured. Using recent progress in

understanding the lateral signal distribution of the radio signals, this distribution is described by an

empirical function. The spatial integral of the lateral distribution function gives the amount of energy

that is transferred from the primary cosmic ray into radio emission in the 30 to 80 MHz frequency band

of AERA during the air-shower development. We measured on average 15.8 MeV of radiation energy

for a 1 EeV air shower arriving perpendicularly to a geomagnetic field of 0.24 G. The systematic

uncertainty is 28% on the radiation energy and 16% on the cosmic-ray energy.

Using the results from the simulation study, the radiation energy is corrected for different emis-

sion strengths at different angles between shower axis and geomagnetic field, for changing emission

strengths due to different air densities in the emission region as well as for missing radiation energy of

air showers that are not fully developed before reaching the ground. This corrected radiation energy is

compared with the calorimetric air-shower energy obtained from the the surface-detector reconstruc-

tion. Investigating the scatter around the calibration curve and subtracting the resolution of the surface

detector we found that the energy resolution of the radio detector is 20% for the full data set, and 14%

for the events with more than four stations with signal, where the core position could be determined

in the radio LDF fit. Given the small shower-to-shower fluctuations of the electromagnetic compo-

nent, we expect that with a deeper understanding of the detector and environmental effects, an even

improved precision of the energy measurement can be achieved.

The first-principles calculations are compared to the measurement of the radiation energy with

respect to the energy scale of the fluorescence detector (FD). We found that the first-principles calcu-

lations predict 19% larger cosmic-ray energies than given by the FD energy scale at energies around

1EeV. The systematic uncertainty of the radio energy scale is 15% and is dominated by the detector

calibration that contributes with 14%. Hence, the radio technique is well competitive to the fluores-

cence technique with its systematic uncertainty of 14% at energies above 1018 eV and 16% at energies

of around 3 ˆ 1017 eV. In particular, the difference in the energy scales is well compatible within the

systematic uncertainties.

In the future, a significant improvement in the systematic uncertainty of the radio energy scale

is expected. Using the results of a recently performed calibration campaign of the antenna response,

the total systematic uncertainty can be reduced to 10%. With further improvements in the antenna

calibration and more detailed first-principles calculations, a reduction of the uncertainty to 7% or

below seems realistic. Hence, the radio technique together with the methods developed in this thesis

can deliver unprecedented accuracy of the cosmic-ray energy scale. This will allow for a significant

improvement in the interpretation of the results of the Pierre Auger Observatory.
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Figure A.2: Geomagnetic and charge-excess lateral signal distribution for six different azimuthal directions of

an 0.5 EeV iron-induced air shower coming from the south with a zenith angle of 60˝. The lower plots show the

absolute and relative deviation to the average LDF of the six azimuthal directions.

A.2 Approximation of radial symmetry of geomagnetic and charge-excess

LDFs

The decomposition of the signal into the geomagnetic and charge-excess contribution of Eq. (A.2)

can be used to check for the radial symmetry of the geomagnetic and charge-excess LDFs. Fig. A.2

shows the energy density versus the distance to the shower axis for the geomagnetic and charge-excess

part for different azimuthal directions φ (cf. Fig. 3.11). The geomagnetic LDF exhibits only slight

deviations from a radially symmetric LDF. The 68% quantile of the relative deviation is below 2%.

The relative deviations of the charge-excess LDF for different azimuthal directions are larger than

for the geomagnetic LDF. The 68% quantiles vary between 12% and 20%. However, on an absolute

scale the deviations are smaller than for the geomagnetic LDF. This could mean that the observed

deviations, or at least a large part of them, are due to random fluctuations in the simulations. Even

if there were a deviation from a radially symmetric charge-excess LDF it would have negligible in-

fluence on the total radiation energy. Only if the radiation energy of the charge-excess component is

investigated on its own, could this introduce additional uncertainty.



B
Module sequence for resampling of air-

shower simulations

Listing B.1: Example module sequence for the resampling of air shower simulations.

<loop numTimes="unbounded">

<module>EventFileReaderOG</module>

<!-- specify how often the shower should be resampled

Note that in the first iteration the event is not modified.

numTimes=3 means the original event + 2 resampled events -->

<loop numTimes="500" pushEventToStack="yes">

<module>RdStationAssociator</module>

<module>RdStationAzimuthResampler</module>

<module>RdAntennaStationToChannelConverter</module>

<module>RdChannelResponseIncorporator</module>

<module>RdChannelResampler</module>

<module>RdChannelTimeSeriesClipper</module>

<module>RdChannelVoltageToADCConverter</module>

<module>RdChannelNoiseASCIIImporter</module> <!-- import noise -->

<module>RdEventInitializer</module>

<module>RdChannelADCToVoltageConverter</module>

<module>RdChannelSelector</module>

<module>RdChannelPedestalRemover</module>

<module>RdChannelResponseIncorporator</module>

<module>RdChannelBandstopFilter</module>

<module>RdChannelUpsampler</module>

<module>RdPreWaveFitter</module>

<loop numTimes="unbounded">

<module>RdAntennaChannelToStationConverter</module>

<module>RdStationSignalReconstructor</module>

<module>RdDirectionConvergenceChecker</module>

<module>RdWaveFit</module>

</loop>

<module> RdStationEFieldVectorCalculator</module>

<module>RecDataWriterNG</module>

</loop>

</loop>





C
Energy calibration

C.1 LDF parameters

Table C.1 gives the parameters used in the LDF function of Eq. (6.4).

Table C.1: Parameters C0 - C4 of Eq. (6.4). C3 “ 16.25m and C4 “ 0.0079m´1. The zenith-angle dependent

values used to predict the emission pattern are given for zenith angle bins up to 60˝.

zenith angle C0 C1rms C2 [m]
0˝ ´ 10˝ 0.41 ´8.0 ˘ 0.3 21.2 ˘ 0.4
10˝ ´ 20˝ 0.41 ´10.0 ˘ 0.4 23.1 ˘ 0.4
20˝ ´ 30˝ 0.41 ´12.0 ˘ 0.3 25.5 ˘ 0.3
30˝ ´ 40˝ 0.41 ´20.0 ˘ 0.4 32.0 ˘ 0.6
40˝ ´ 50˝ 0.46 ´25.1 ˘ 0.9 34.5 ˘ 0.7
50˝ ´ 60˝ 0.71 ´27.3 ˘ 1.0 9.8 ˘ 1.5

C.2 Likelihood function

In the following, the likelihood function used to determine the calibration function of Sec. 6.3 is

derived.

If we had a perfect detector and there were no shower-to-shower fluctuations, the probability to

measure an air shower with the energy E, incoming direction Θ, Φ and a radio signal Sradio would be

given by

l1pE,S,Θ,Φq “ δpSradio ´ SpEqq ¨ hpE,Θ,Φq , (C.1)

where Θ and Φ is the zenith and azimuth angle, hpE,Θ,Φq is the event distribution, SpEq is the

calibration function and δp...q the Dirac delta function.

As the detectors are not perfect and shower-to-shower fluctuations exist we need to convolve the

PDF with the conditional PDFs gRdpSradio|S, ...q and gSD´shpESD|E,Θq which describe the proba-

bility to measure a radio signal Sradio or energy ESD if the true radio signal and shower parameters are

S, E and Θ. There is no analytic parametrization of the uncertainty of the radio energy estimator gRd.

Therefore, for each event the uncertainty is determined in a Monte Carlo where all reconstructed pa-

rameters that influence the radio energy estimator are varied within their uncertainties. The uncertainty

of the incoming direction is so small that it can be neglected.
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The PDF l1 needs to be folded with the conditional PDFs resulting in:

l2pESD, Sradio,Θ,Φq “
8
ż

0

dE

8
ż

0

dS gRdpSradio|S, ...q ˆ gSD´shpESD|E,Θq

ˆ δpS ´ SpEqq ¨ hpE,Θ,Φq .

(C.2)

Finally, the non 100% trigger and reconstruction efficiencies need to be taken into account by

multiplying the PDF with the efficiency curves εSDpESD,Θq and εRdpESD,Θ,Φq resulting in

l3pSradio, ESD,Θ,Φq “ εSDpESD,Θ,Φq ˆ εRdpESD,Θ,Φq

ˆ
8
ż

0

dE

8
ż

0

dS gRdpSradio|S, ...q ¨ gSD´shpESD|E,Θq ¨ δpS ´ SpEqq ¨ hpE,Θ,Φq .
(C.3)

The event distribution can be determined directly from data using the bootstrap estimate

hpE,Θ,Φq “ 1

n

n
ÿ

i“1

δpESD,i ´ Eq ¨ δpΘi ´ Θq ¨ δpΦi ´ Φq
εSDpESD,i,Θi,Φiq ¨ εRdpESD,i,Θi,Φiq

, (C.4)

where the index i runs over all events n.

Inserting the event distribution in l3 and adding an integral over Θ and Φ to remove the dependency

on the incoming direction results in the likelihood function (for one pair of radio signal Sradio and SD

cosmic-ray energy estimate ESD) of

lpSradio, ESDq “ 1

N

ÿ

i

εSDpESD,Θiq εRDpESD,Θi,Φiq
εSDpESD,i,Θiq εRDpESD,i,Θi,Φiq

ˆ gRDpSradio|SpESD,iq, ...q
ˆ gSD´shpESD|ESD,i,Θiq

(C.5)

with

N “
8
ż

0

dESD

8
ż

0

dSradio lpSradio, ESDq . (C.6)

The summation is performed over all events in the selected data set. gRDpSradio|S, ...q and

gSD´shpESD|E,Θq are the conditional probability density functions, which describe the probability

to measure a radio signal Sradio or energy ESD if the true radio signal, energy and zenith angle are

S, E and Θ. Φ denotes the azimuth angle. gRDpSradioq is obtained for each event in a Monte Carlo

simulation where all reconstructed parameters that influence the radio-energy estimator are varied

within their uncertainties. εSDpESD,Θq and εRDpESD,Θ,Φq are the efficiencies of the surface and

the radio detector. The radio efficiency has been determined with Monte Carlo air-shower simulations

and a full-detector simulation and depends on the energy, the zenith and the azimuth angle. N is the

normalization of the function to an integral of one.
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C.3 Calculation of combined energy resolution from the likelihood prob-

ability model

The energy resolution histogram (cf. Fig. 6.4) can be predicted from the PDF gpRq of the ratio

R “ 2
ESD ´ ERDpSradioq
ESD ` ERDpSradioq . (C.7)

The number of entries in one ∆R bin is given by

N “
R2
ż

R1

gpRqdR . (C.8)

To calculate gpRq lets first consider the following theorem. Let X and Y be two random vari-

ables with a bijective function upxq “ y that is continuously differentiable and has a continuously

differentiable inverse function u´1pyq. Then the probability density transforms as follows [264]:

fY pyq “ fXpu´1pyqq
ˇ

ˇ

ˇ

ˇ

du´1pyq
dy

ˇ

ˇ

ˇ

ˇ

. (C.9)

In our case, with y ” R, x ” Sradio and u´1pyq ” SradiopRq, this means

gpRq “ lpSradiopRqq
ˇ

ˇ

ˇ

ˇ

dSradiopRq
dR

ˇ

ˇ

ˇ

ˇ

. (C.10)

We start with Eq. (C.8) for an infinitesimal small bin dR. For a fixed SD energy we have:

dN “ gpRqdR (C.11)

“ lpSradiopRqq
ˇ

ˇ

ˇ

ˇ

dSradiopRq
dR

ˇ

ˇ

ˇ

ˇ

dR . (C.12)

For a fixed SD energy, lpSradioq is known and corresponds to lpSradio, ESDq of Eq. (C.3). As the

energy distribution of the measured events is encoded in lpSradio, ESDq, it is taken into account by

integrating over ESD:

ñ dN “
ż

dESD lpSradiopRq, ESDq
ˇ

ˇ

ˇ

ˇ

dSradiopRq
dR

ˇ

ˇ

ˇ

ˇ

dR . (C.13)

Now lets calculate the differential
ˇ

ˇ

ˇ

dSradiopRq
dR

ˇ

ˇ

ˇ
. Solving Eq. (C.7) for ERD yields

ERDpRq “ ESD
p2 ´ Rq
2 ` R

(C.14)
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which is inserted into the calibration function

Sradio “ A ˆ 107 eV

ˆ

ERD

1018 eV

˙B

(C.15)

“ A ˆ 107 eV

ˆ

ESD

1018 eV

2 ´ R

2 ` R

˙B

. (C.16)

Its derivative is given by

dSradio

dR
“ 4 ˆ 107 eV

ˆ

ESD

1018 eV

˙B ˆ

2 ´ R

2 ` R

˙B
AB

R2 ´ 4
. (C.17)

Inserting Eq. (C.16) and (C.17) in Eq. (C.13), the expected PDF for the energy resolution histogram

can be calculated.

C.4 Energy resolution of AERA

The combined energy resolution of SD and AERA (RD) can be determined from the scatter around

the calibration curve (cf. Fig. 6.4). To obtain the RD energy resolution, the SD resolution needs to

be subtracted from the combined scatter. How the two individual resolution add up to the combined

scatter depends on the correlation between the reconstructed SD and RD cosmic-ray energies for the

same true cosmic-ray energy which is investigated in this section.

As a first step, 10, 000 cosmic-ray energies were simulated uniformly distributed in the logarithm

from 0.1 EeV to 10 EeV. For SD a constant energy resolution of 18% was assumed which is the average

uncertainty in our data set. The RD energy resolution was varied between 5% and 30%. To study the

impact of different correlation coefficients ρ between the SD and RD reconstructed energies we vary

ρ between 0 and ´0.5. For each simulated energy, the corresponding SD and RD energies were

smeared using a two-dimensional normal distribution according to the individual uncertainties and

their correlation.

For each generated data pair (ESD, ERD) the relative difference

ESD ´ ERD

0.5pESD ` ERDq (C.18)

is filled into a histogram and the standard deviation of this histogram is the combined scatter σtot.

The result is shown in Fig. C.1 as blue dots and lines. The red line shows the estimated combined

uncertainty using the formula σ2
tot “ σ2

SD `σ2
RD. This shows that the combined scatter σtot is slightly

underestimated with the quadratic sum of the individual uncertainties. Turning the argument around,

for a combined scatter of, e.g., 29% the correct radio uncertainty (for σSD “ 0.18 and ρ “ 0) is 22%

and not 23%.

The other thing that can be learned from this figure is that the radio energy resolution indeed

decreases for increasing negative correlations between the reconstructed SD and RD energies for the

same true cosmic-ray energy. For a negative correlation of ρ “ ´0.5, σtot “ 29% and σSD “ 18%,

the RD energy resolution would only be 15%.

In the following, this MC study is made more realistic by taking the same number of events and
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Figure C.1: The blue line shows the combined spread computed from Eq. (C.18) as a function of RD energy

resolution for a fixed SD energy resolution of 18% and different correlation coefficients ρ. The red line shows

an estimate of the combined spread if the energy resolutions of SD and RD are added in quadrature.

energy distribution as in the AERA24 data set used in the energy calibration of Sec. 6.3. In addition,

the SD energy resolution is not constant but depends on the energy itself and on the zenith angle which

we take into account in the following. One MC realization of the 126 events can be seen in Fig. C.2.

To determine the significance of the estimated RD energy resolution, the analysis is repeated 50 times.

The result is shown in Fig. C.3. Assuming zero correlation between both reconstructed energies, one

reads off a RD energy resolution of 22% (for the full data set with σtot “ 0.29). From the size of

the errorbars, also the statistical significance of the RD energy resolution can be extracted. With a

probability of 68%, the RD energy resolution is between 20% - 24%. If a correlation of ρ “ ´0.3 is

assumed the RD uncertainty would only be 18%.

The analysis is repeated for the high quality data set containing only 47 events. Due to the smaller

statistics the spread of different MC realizations get larger. To get a good estimate of the mean and

spread, 200 MC realizations are generated. The result shown in Fig. C.4. For the high quality data set

with σtot “ 24%, the corresponding RD resolution is 17% and can vary between 13% and 21%. For

a correlation of ρ “ ´0.3 the RD resolution would decrease to below 13%.
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Figure C.4: MC for the 47 high-quality events of the AERA24 data set. The combined spread is plotted versus

the RD energy resolution for different correlations. Blue markers are the mean of 200 MC realizations and the

errorbar shows the spread (standard deviation) around the mean.





D
Modeling of

atmospheric density profiles

The density profile of the Earth’s atmosphere, i.e., the density as a function of height above sea level

ρphq, is typically modeled by splitting up the atmosphere in different layers where the density profile

of each layer is described by an exponential function except of the last (highest) layer which is modeled

with a constant density. Above a typical height of 112.8 km the atmosphere vanishes and the density

is zero. The density profile is parametrized as

ρphq “

$

&

%

bi{cie´h{ci i P r0, 3s
b4{c4 i “ 4

, (D.1)

where bi and ci are constants and h is the perpendicular height above sea level.

Different models of the atmosphere differ by the boundaries of the layers and the constants of

the exponential function. Such a description of the atmosphere is available for different geographic

locations. A common standard is the model of the US standard atmosphere [132] which is defined by

the following parameters.

layer boundaries [km] b in [g/cm2] c in [cm]

0 - 4 1222.66 994186.38

4 - 10 1144.91 878153.55

10 - 40 1305.59 636143.04

40 - 100 540.18 772170.16

100 - 112.8 1. 109

For the location of the Pierre Auger Observatory, monthly averaged profiles have been determined

using data from weather balloon flights and GDAS [133, 167–169]. All these models are implemented

in the air-shower simulation software CORSIKA and the definitions are given in the manual of the

software [140].

For the analysis of air showers one is typically not interested in the density at a specific height

but in the amount of atmosphere above a certain height. Also air showers have different incoming

direction so that the quantity of interest is the amount of atmosphere along the path of the air shower.

Expressed in mathematical formulas we are interested in the following relations:

• The amount of atmosphere above a certain height h along a shower path of zenith angle θ:

Tpθ,hq
• The height that corresponds to a certain amount of atmosphere X along a shower path with

zenith angle θ: hpθ,Xq
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• The density at the position defined by the amount of atmosphere X along a shower path with

zenith angle θ: ρpθ,Xq “ ρphpθ,Xqq
• The amount of atmosphere between ground (h “ h0) and the position of the shower maximum

Xmax (for a shower with zenith angle θ): DXmax
pθ,Xmaxq “ Tpθ,h0q ´ Xmax

• The geometrical distance along the shower path (with zenith angle θ) between ground and the

position of the shower maximum Xmax: Dgeo
Xmax

pθ,Xmaxq “ lphpθ,Xq,θq, where lph, θq con-

verts the (vertical) height above ground to a distance along the shower path with zenith angle

θ.

If the incoming direction of the air shower is not too horizontal, i.e., for zenith angles below

„60˝, the curvature of the Earth can be neglected and the vertical height above ground h transforms

to a distance along the shower path l as

l “ h{ cos θ , (D.2)

where θ is the zenith angle of the air shower. Then T pθ, hq is given by

T pθ, hq “ 1

cos θ
T phq “ 1

cos θ

8
ż

h

ρph1qdh1 . (D.3)

The function T phq can be solved analytically and yields

T phq “
8
ż

h

ρph1qdh1 “ ai ` bi ¨ e´h{ci i “ 0, ..., 3 (D.4)

for the first four layers and

T phq “
8
ż

h

ρph1qdh1 “ a4 ` b4 ¨ h{c4 (D.5)

for the last layer with constant density.

For horizontal air showers the curvature of the Earth (and the Earth’s atmosphere) can no longer

be neglected which is illustrated in the sketch shown in Fig. D.1. The relation between perpendicular

height above ground h and distance along the shower path l takes the following form

hplq “
b

l2 sin2 θ ` pl cos θ ` rEq2 ´ rE (D.6)

and

lphq “
b

r2E cos2 θ ` h2 ` 2rh ´ rE cos θ , (D.7)

where rE is the radius of the Earth.

The amount of atmosphere along a path l starting at l1 is given by

T pθ, hq “ T plq “
8
ż

l1

ρplqdl “
8
ż

h1

ρphq
ˇ

ˇ

ˇ

ˇ

dl

dh

ˇ

ˇ

ˇ

ˇ

dh , (D.8)
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Figure D.1: Exaggerated sketch of a curved atmosphere. The blue lines indicate heights of same density. The

dashed lines mark heights of same density for the approximation of a flat atmosphere.

where the Jacobian determinant
ˇ

ˇ

dl
dh

ˇ

ˇ for a curved atmosphere is given by

dlphq
dh

“ h ` rE
b

r2E cos2 θ ` h2 ` 2hrE

. (D.9)

Due to the complexity of this Jacobian determinant, no analytic solution for the integral of Eq. (D.8)

exists. The integral can be solved numerically, however, with the downside slow performance. In

particular the determination of the geometric distance to Xmax is computationally expensive as the

distance l is obtained via finding the root of the equation

8
ż

l

ρpl1qdl1 ´ Xmax “ 0 , (D.10)

where in each iteration to find the root, the integral over the density needs to be solved numerically.

A practical solution to overcome this problem is to approximate the integral of Eq. (D.8) analyti-

cally. Therefore, we use a Taylor expansion of
ˇ

ˇ

dl
dh

ˇ

ˇ around the solution for a flat atmosphere, i.e., we

substitute with x “ h
rE

, which is zero in the limit of a flat atmosphere (rE Ñ 8q

dlphq
dh

“ x ` 1?
cos2 θ ` x2 ` x

. (D.11)

and expand around x “ 0

dlphq
dh

“ 1

cos θ
´ sin2 θ

cos3 θ
x ` 3

2

sin2 θ

cos5 θ
x2 ` 1

2

sin2 θpcos2 θ ´ 5q
cos7 θ

x3 ` Opx4q . (D.12)
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Figure D.2: (left) The amount of atmosphere above a certain height along the path of the air shower for two

different zenith angles. (right) Comparison between the (exact) numerical result and the analytic approximation

using a Taylor expansion until 5th order. The different colors represent different zenith angles. If a part of the

line is not visible, the difference is below 10´8 g{cm2.

Then, Eq. (D.8) can be solved analytically and gives

T pθ, hq “
ż

ρpl1qdl1 “
ż

ρph1q
ˇ

ˇ

ˇ

ˇ

dl1

dh1

ˇ

ˇ

ˇ

ˇ

dh1 (D.13)

“ ai ` bie
´h1{ci

«

1

cos θ
´ sin2 θ

cos3 θ

ci ` h1

rE
` 3

2

p2c2 ` 2ch ` h2q sin2 θ
r2e cos

5 θ
` O

˜

ˆ

h

re

˙3
¸ff

,

for heights within the first four layers and

T pθ, hq “
ż

ρpl1qdl1 “
ż

ρph1q
ˇ

ˇ

ˇ

ˇ

dl1

dh1

ˇ

ˇ

ˇ

ˇ

dh1 (D.14)

“ ai ´ bi ¨ h{ci
«

1

cos θ
´ sin2 θ h

2 cos3 θ rE
` sin2 θh2

2 cos5 θr2E
` sin2 θpcos2 θ ´ 5qh3

8 cos7 θr3E
` O

˜

ˆ

h

re

˙4
¸ff

,

for heights within the last layer.

The constants ai need to be calculated once for each layer boundary and zenith angle via numerical

integration. To achieve a good precision and to simultaneously reduce the number of zenith angles for

which the constants ai are calculated, we calculate the constants for 100 zenith angles equally spaced

in cos θ and interpolate between the zenith angles using cubic splines.

The precision of the approximation using a Taylor expansion until 5th order is presented in Fig. D.2.

Even for large zenith angles of 80˝ the uncertainty in the analytic approximation of T pθ, hq is less than

0.1 g{cm2.

To obtain the function hpθ,Xq we solve

T pθ, hqn“5 “ X (D.15)
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Figure D.3: (left) The height that corresponds to a certain amount of atmosphere above along the path of the air

shower. (right) Comparison between the (exact) numerical result and the analytic approximation using a Taylor

expansion until 5th order. The different colors represent different zenith angles. If a part of the line is not visible,

the difference is below 10´6 m.

numerically for h, where T pθ, hqn“5 denotes the analytic approximation of T pθ, hq using a Taylor

expansion until 5th order. The precision of this approximation is shown in Fig. D.3.

Using the formulas derived here, the atmosphere can be modeled mostly analytically and with

high precision. Thereby, the curvature of the atmosphere is taken into account and the formulas also

apply for horizontal air showers. These formulas are used in the analysis of Sec. 3.3.
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Zusammenfassung

Ultra hochenergetische Cosmic-Rays (UHECRs) können über kurze Radiopulse im MHz Bereich ge-

messen werden, die von ausgedehnten Luftschauern abgestrahlt werden. Diese Methode ist komple-

mentär zu bisherigen Techniken zur Messung von UHECRs z.B. über die Messung der Schauerteilchen

am Boden oder die Beobachtung von Fluoreszenzlicht mit Teleskopen. Die Radiomessung ist sensitiv

auf die wichtigsten Luftschauerparameter wie die Energie, die Masse und die Ankunftsrichtung des

Cosmic-Rays.

In dieser Arbeit wurde eine neue Methode zur Messung der Cosmic-Ray Energie entwickelt, die

zeigt, dass die Messung von UHECRs über Radiopulse besonders gut und besser als bisherige Metho-

den für eine genaue Messung der Energie geeignet ist. Dies liegt primär daran, dass die Radioemission

der Luftschauer direkt mit Hilfe der klassischen Elektrodynamik berechnet werden kann und dass Ra-

diowellen deutlich weniger stark von veränderten Umweltbedingungen beeinflusst werden als z.B.

das Fluoreszenzlicht. Da eine genaue Bestimmung der Energieskala entscheidend für die Interpre-

tation von Cosmic-Ray Messungen ist, wird die Radiomethode ermöglichen, dieses Forschungsfeld

maßgeblich voranzubringen.

Dazu wurde im ersten Teil der Arbeit die Energie, die in Luftschauern in Form von MHz-Strahlung

freigesetzt wird, mit Hilfe von Luftschauersimulationen berechnet, die wir im Folgenden als Strah-

lungsenergie bezeichnen. Während sich die Signalverteilung auf dem Boden stark mit unterschiedli-

cher Geometrie des Schauers ändert, bleibt die Strahlungsenergie konstant sobald sich der Luftschauer

voll entwickelt hat. Insbesondere ist die Strahlungsenergie unabhängig von der Beobachtungshöhe und

lässt sich dadurch zum direkten Vergleich verschiedener Experimente nutzen. Nach einer Korrektur

der berechneten Strahlungsenergie auf die Abhängigkeit vom Erdmagnetfeld sowie der Dichte der

Atmosphäre in der Emissionsregion, korreliert die korrigierte Strahlungsenergie mit der elektroma-

gnetischen Schauerenergie und zeigt eine Streuung von weniger als 3%.

Im zweiten Teil der Arbeit wird die Strahlungsenergie der Luftschauer am Auger Engineering

Radio Array (AERA) gemessen, einem Array von mehr als 150 autonom arbeitenden Radiostationen

verteilt auf einer Fläche von 17 km2. AERA ist der Radiodetektor des Pierre Auger Observatoriums

welches das weltweit größte Observatorium für kosmische Strahlung ist und eine Fläche von mehr

als 3000 km2 im Westen von Argentinien mit einem Array von über 1600 Teilchendetektoren und 27

Fluoreszenzteleskopen instrumentiert. Durch einen Vergleich mit der Messung der Cosmic-Ray Ener-

gie durch die Teilchendetektoren, die wiederum über die kalorimetrische Energiemessung der Fluo-

reszenzteleskope kalibriert wurden, wurde eine Strahlungsenergie von 15.8 MeV im Frequenzbereich

von 30-80 MHz für einen Luftschauer mit einer Energie von 1 EeV gemessen, der eine Ankunfts-

richtung parallel zum Erdmagnetfeld hat. Die Energieauflösung des Radiodetektors beträgt 14% für

Luftschauer, die in mindestens fünf Radiostationen gemessen wurden, und ist damit konkurrenzfähig

in der Präzision der Energiemessung zu der Messung über Teilchendetektoren.

Im finalen Teil der Arbeit wird die theoretische Berechnung mit der Messung der Strahlungs-

energie verglichen, die auf der Energieskala der Fluoreszenzteleskope basiert. Die Berechnungen aus

klassischer Elektrodynamik liefern 19% größere Cosmic-Ray Energien. Die systematische Unsicher-
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heit der Radioenergieskala ist dabei 15% und damit bereits jetzt konkurrenzfähig zu der Energieskala

der Fluoreszenzteleskope mit ihrer systematischen Unsicherheit von 14%.

Durch eine Verbesserung der Detektorkalibration ist in Zukunft eine deutliche Verbesserung in

der systematischen Unsicherheit der Radioenergieskala zu erwarten. Durch die Verwendung einer

bereits neu durchgeführten Kalibration, kann die systematische Unsicherheit der Energieskala auf 10%

reduziert werden. Mit weiteren Verbesserungen ist eine Reduzierung der Unsicherheit auf 7% möglich.

Zusammenfassend lässt sich sagen, dass die Radiotechnologie zusammen mit den Methoden, die in

dieser Arbeit entwickelt wurden, die Bestimmung der Energieskala mit nie dagewesener Genauigkeit

erlaubt und dadurch die Interpretation der Daten des Pierre Auger Observatoriums deutlich verbessern

wird.
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