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"[...] | am fain to compare myself with a wanderer on the
mountains who, not knowing the path, climbs slowly and palgfup-
wards and often has to retrace his steps because he can gaher fu-
then, whether by taking thought or from luck, discovers a tragk that
leads him on a little till at length when he reaches the sunmaifinds to
his shame that there is a royal road, by which he might hawenasc, had
he only had the wits to find the right approach to it. In my wotksaturally
said nothing about my mistake to the reader, but only desdribe made
track by which he may now reach the same heights without diffi¢

Hermann von Helmholtz
Beveridge, W. I. B., 1955, The Art of Scientific Investigatio






Abstract

Determination of energy and mass of cosmic rays using air sher radio emission

Coherent radio emission in the MHz frequency range ariges &xtensive air show-
ers generated in the atmosphere by cosmic rays with suffigieigh energy. In the last
decades the detection techniques as well as the undersgjaoidihe emission mech-
anisms of this electromagnetic radiation have made rerblkarogress. Achieving
the information of fundamental air-shower parameters, ataining a certain quality
in their reconstruction, both remain the principal goalstteé radio detection. The
main purpose of the radio detection is to become competititie the already well-
established Cherenkov and fluorescence detection mettuish, in contrast to the
radio technique, are limited to dark and moonless nights.

The present work explores a simulation-based method weiagrages the slope of

the radio lateral distribution in order to obtain crucidtiéutes of cosmic ray air show-
ers. It aims to determine both the energy and the mass of aprioosmic ray.
In this thesis former results achieved with outdated sitia are revised and the
method improved. An enhanced investigation on REASS sitiwunls, adapted to rep-
resent a realistic experimental set-up and acceptancahbsrmted. In addition, a direct
application to real experiments, such as LOPES at the Kdmésinstitute of Technology
(KIT) and AERA at the Pierre Auger Observatory, is performed

The main results of the study are:

* The geomagnetic origin of the radio emission is confirmedhaptedominant contri-
bution to the radio emission from air showers, except folagefined incoming direc-
tions for which the geomagnetic contribution quickly dexses and the charge-excess
effect becomes significant.

x The radio lateral distribution function is verified not to 4 exponential. Other func-
tions are suggested to interpret the radio data especialrge distances> 200 m)
from the shower axis. However, the homogeneous expondntiation is proved to
sufficiently well describe the radio data at the distanceded by the LOPES experi-
ment.

x A particular, zenith-angle-dependent distance is ideutifo be the most suited place
for the primary energy estimation. An upper-limit to the antainty of the reconstructed
energy with the LOPES data is provided.

x The slope of the radio lateral distribution is employed teircomposition informa-
tion from radio-only data. The depth of the shower maximum, {X is reconstructed
for the LOPES events and the values are within the range tegbéar the cosmic ray
composition in this energy range. By combining two indeparidadio methods, an
uncertainty on the reconstructed,X. (~ 30 g/cnt) comparable with the values of the
most advanced fluorescence detectors is provided.



Zusammenfassung

Bestimmung von Masse und Energie kosmischer Strahlen mitte der Luftschauer-
Radioemission

Koharente Radioemisionenim MHz-Frequenzbereich eémesten ausgedehnten Luft-
schauern, die in der Atmosphare durch kosmische Strahieausreichend hoher En-
ergie ausgelost werden.

In den letzten Jahrzehnten haben die Detektortechnik undetatandnis der Emissions-
mechanismen beachtliche Fortschritte gemacht. Die Rékdi®n fundamentaler Pa-

rameter des ursprunglichen kosmischen Teilchens mieasander Qualitat bleibt das
prinzipielle Ziel der Radiomessung. Damit wiirde die Meskhik wettbewerbsfahig

mit den bereits etablierten Cherenkov- und Fluoreszenthdtien, die im Gegensatz
zur Radiomessung auf Dunkelheit und mondlose Nachte béskihsind.

Die vorliegende Arbeit erforscht eine simulationsbasidéethode, die die Steigung
der Radio-Lateralverteilung ausnutzt, um wichtige Eigbadten der aus kosmischer
Strahlung resultierenden Luftschauer zu bestimmen. $ié darauf ab, Energie und
Masse des Primarteilchens zu rekonstruieren.

In dieser Arbeit wurden friilhere Resultate aus unvolldigen Simulation Uberprift und
weiterentwickelt, indem verbesserte REAS3-Simulatioarreinen realistischen Ver-
suchsaufbau und geometrische Akzeptanz angepasst wukdsohlie3end wurde die
direkte Anwendung auf Experimente, wie LOPES am KIT und AERAPierre Auger

Observatorium untersucht.

Die wichtigsten Resultate dieser Arbeit sind:
+x Radioemissionen geomagnetischen Ursprungs dominiezdatiioemission aus Luft-
schauern, ausser fur wohldefinierte Eintrittsrichtundéndie der geomagnetische An-
teil schnell abnimmt und der Ladungsuiberschuss-EffekieBaung gewinnt.

x Die Funktion der Radio-Lateralverteilung ist nicht expotell. Einige Funktionen
werden alternativ vorgeschlagen, um die Radioergebmskesondere bei grossen Ent-
fernungen von der SchauerachseZ00 m) zu interpretieren. Fur die Ausdehnung des
LOPES-Experiments jedoch geniigt die homogene Exporiemtidion zur Beschrei-
bung der Ergebnisse.

x Eine bestimmte, vom Zenitwinkel abhangige Entfernunglvaits der gunstigste Ort
zur Bestimmung der Energie des Primarteilchens idergitiziFur LOPES-Daten wird
eine obere Schranke der Unsicherheit der rekonstruiertergie angegeben.

x Die Steigung der Radio-Lateralverteilung wird verwendet) Kompositionsinfor-
mationen ausschliesslich aus Radiomessungen zu rekienstru Die atmospharische
Tiefe des Luftschauermaximum £X,) wird fur LOPES-Ereignisse rekonstruiert, und
die Ergebnisse liegen innerhalb der Erwartungen fur deaffunensetzung der kosmis-
chen Strahlung in diesem Energiebereich. Indem man zwedimander unabhangige
Radio-Methoden kombiniert, lasst sich eine UnsicherheitX,,. (~ 30 g/cnt), ver-
gleichbar mit den fortgeschrittensten Fluoreszenz-Detek, erreichen.
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1 Introduction

The discovery of the cosmic radiation by Victor Hess (He€4,2) at the beginning of
the 20th century laid the foundation for a new field of reskeanglainly consisting of
protons, these particles have an energy spectrum whichdxiaver eleven orders of
magnitude, up to 1 eV, where the flux decreases quickly resulting in extremely f
particles for these highest energies (Gaisser,/1990).

Despite the almost hundred years of investigation, fundaahguestions are yet par-
tially unsolved: sources and origin as well as accelerati@chanisms are still under
discussionl(Blumer et al., 2009). Several models are megdhat try to explain the
peculiar features of the cosmic ray spectra, and differeftbaomical environments
are suggested as possible cribs for the highest energeticlgg Detailed informa-
tion about the mass composition for the complete energyerarayld uphold or invali-
date some of the theories about the creation and propagdtamsmic rays, mentioned
above. Nevertheless, this is a goal quite difficult to ach&wvd knowing the exact com-
position for the whole cosmic ray flux is still a big challenge

The detection of cosmic rays with energies larger thal? #¥ is possible only with
indirect measurements: the primary particle interactshan dtmosphere with nuclei
and secondaries are generated (Extensive Air Showergrdslcence (Arqueros et/ al.,
2008) and Cherenkov (Hinton, 2004, Lidvansky, 2005) liginig electromagnetic radi-
ation (Jelley et &ll, 1965) are created as well. Lighter el&is) such as protons, interact
deeper in the atmosphere than heavier cosmic rays, e.g, tivos their depth of the
shower maximum (X..) results larger in comparison.

Information about energy, direction and type of the primargreserved and carried by
the secondaries through the complete journey before trashrithe ground. Thereby,
these important parameters about the primary can be reaotest.

Particle detector experiments achieve the informatioruatiee type of primary by the
ratio of muons and electrons which reach the ground (Gaid€990). The fluores-
cence detection method can accurately reconstruct théloingal development of the
shower in the air, thus it has an easy access to the primaryloyake X,... reconstruc-
tion (Abraham et all, 2010b). Likewise, Cherenkov and ratitection methods may
achieve information about X, since they measure the signal integrated over all the
atmosphere.

For the radio detection, the capability to measurg, Xhas been deeply investigated
only lately, with the most recent hint for a success in theseixpental data (Apel et al.,
2012a). Two independent approaches for the determinati®n,g. are feasible: on the
one hand by measuring the shape of the radio wavefront§8enr2010). On the other
hand, for a pure geometrical effect, by looking at the slojpthe radio lateral distribu-
tion function (LDF), which is predicted to be by itself an iodtor of the depth of the
shower maximum (Huege etlal., 2008).

The latter method (slope method) is investigated in theovalhg dissertation, with
the goal of a better precision in the, X, reconstruction compared to previous results
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(Schroder, 2010).

For both primary energy and X, determination from the radio LDF, only (outdated)
simulations [(Huege et al., 2008) existed so far. The reslitsussed in_Huege et al.
(2008) were exemplary but the method could not be directpfiag to any radio exper-
iment. Moreover, the REAS2 simulations turned out to be imglete, thus not describ-
ing the detected radio data.

An updated investigation on the radio LDF with the more cat@REAS3 simulations
(Ludwig and Huege, 2011b) is performed in this work, and tferfirst time, the slope
method is shown in practice, on the basis of LOPES data.

First, a composition signature in the LOPES measuremerisosed. Second, the
most suited distance from the shower core, i.e. intersediegween the shower axis
and the ground, where a more precise value for the primargggrreconstruction is
achievable with radio-only measurements is discussedpi€hf). Finally, Chaptdr 10
addresses the applicability of the slope-method on thegseration of radio antenna
arrays (AERA experiment).



2 Cosmic rays

The first experimental evidence for cosmic rays dates batkeacearly 20th century.
Precisely in 1912, Victor Hess discovered an increase otilog radiation with height
during balloon ascents (Hess, 1912). For this discoverydsawarded the Nobel Prize
in 1936.

This radiation, which penetrates the atmosphere from @yece, covers different or-
ders of magnitude in flux and in energy (see 2.1). Even tbstisophisticated and
modern ground-based particle accelerators (e.g. LHC atNQERN not reach energies
comparable with the highest cosmic ray energies.

This cosmic radiation consists of ionized nuclei, mainlgtpns but also alpha particles
and heavy nuclei. Knowing the exact composition for the detepgenergy spectrum is
still a big challenge. This would help in understanding bibgh sources and the under-
lying acceleration mechanisms.

In sectiol 211 the two main features of the energy spectruoosimic rays will be

introduced and the objects (galactic and extragalactsudised as possible sources will
be listed (see also Blumer et al. (2009)).
Due to the fast decreasing flux of the cosmic rays with inengasnergy, various de-
tection methods have been developed and improved sincestth@beginning of the
previous century. A short overview about the indirect diéd@anethods of cosmic rays,
i.e. of the secondary particles in the Extensive Air ShowWEKS), is given in the last
part of this chapter.

2.1 Energy spectrum

The cosmic ray spectrum falls steeply and extends over rlexgers of magnitude in
energy, from 1 up to 10 GeV. The flux of primary particles decreases from more than
1000 particles per second and square meter at GeV enerdéss tilnan one particle per
square kilometer and century in the tail of the spectrum.

This spectrum is described by a rather featureless powewlth a spectral index:

dN
- Y
15 x B
This indicates a non-thermal acceleration process for padiicles.

By scaling the flux with a power of particle energy, such a#gri2.1, some structures
become clear. At energies arouh@'® eV the slope of the spectrum steepens and the
index~y changes from -2.7 to -3.Ekfee region); a further steepening (second or heavy
knee) is visible aroundl0'7 eV (Apel et al., 2011b). Finally the spectral index drops
again to -2.7 aroundl0*® eV (ankle).

The understanding of the origin of such features will imgrdive knowledge about the
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Figure 2.1: Cosmic ray energy spectra. The KASCADE-Grande data arentrken
Apel et al. (2012c)

sources and the acceleration mechanism of cosmic rays.

Mainly three models can explain theece region:

The first associates these energies with the upper limit@#laation by sources in
the Milky Way. Supernova remnants are considered plauaddeleration sites. With an
explosion rate of three Supernovae per century in the Galagyvith an average energy
of 10°! erg released in each explosion, orlyl5 % of the energy from one Supernova
is enough to explain the observed cosmic ray energy deiiBstgde and Zwicky, 1934).
The mechanism of acceleration was proposed by Fermi (fidgtrdfermi acceleration)
(Fermi, [ 1949). This mechanism involves interactions oftipkes with strong shock
fronts, powered by Supernova explosions and propagattoghe interstellar medium
from the Supernova remnants.

The second explanation is the leakage of cosmic rays fronGaiaxy. Due to the
magnetic field in the Milky Way (in averagB ~3 uG), particles with charge move
describing helical trajectories with radiug Larmour radius). A proton with energy
E13=10" eV has a Larmour radiusfr~E,s/Z B ~350 pc) comparable with the thick-
ness of the galactic disk. As a consequence, for energigerléinan~10'" eV the
galactic magnetic field is not strong enough to confine thencogays.

The third explanation is based on particle interactions.éf@rgies larger than 10
eV exotic interactions may occur. A new interaction chanmelld retain part of
the total energy of the cosmic ray air shower with the produacbf heavier particles
(Kazanas and Nicolaidis, 2003). Thus, the reconstructedggrwould be underesti-
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mated.

The LHC (Large Hadron Collider) experiment at CERN (LHC, €p@as extended
the c.m. energy range reachable in the laboratory for hadmoteraction and new data
are now available. The LHC measurements strongly supperintierpretation of the
knee as due to a feature in the cosmic ray flux and a hardening ofasmic ray spec-
trum (d’Enterria et al., 2011). The LHC data disfavour bothoasible fast changing in
the hadron interaction properties and the creation of exaiticles.

In addition, the first and second models are upheld by botraagd of the cosmic ray
composition to heavier nuclei experimentally observeddlat al., 2009) and the pres-
ence of the heavinee in the energy spectrum (Apel et al., 2011b).

The energies of thenkle are generally associated to cosmic rays of extragalactic
origin, which present a harder spectrum and dominate ateoetgies.
Theankle itself may be the transition region from galactic to extlagc cosmic rays
(transition model).(Allard et al., 2005).

Another theory predicts the transition region not arowriD'® eV but at the second
knee (dip model) (Berezinsky et al., 2005). In this model thekle would be gener-
ated by the Bethe-Heitler process (pair production byt — p + €'€7) and, as
a consequence, the particles for energies abovertké would be only protons. The
transition model is supported by Pierre Auger data, thatdmrexisting heavy nuclei at
such large energies (Abraham etal., 2010a).

At energies larger than- 80'° eV the flux of cosmic rays drops drastically. A possi-
ble explanation is the GZK cut-off effect (Greisen, 1966tséain and Kuzmin, 1966):
All hadronic particles with larger energies suffer enenggses during propagation, in-
teracting with the photons of the cosmic microwave backgdo{CMB). In the case of
protons, theA ™ resonance is formed (Stecker and Saldmon,|1999), precisely

p+vyem — AT = p+7°

For the nuclei, photo-disintegration is predicted (Steck®l Salamon, 1999).

Due to the GZK effect, the mean free path length of protons witergy larger than
107 eV is only 50 Mpc. Therefore, this is also the maximum distafiom the Solar
system of the sources where such energetic cosmic rays nggyate.

Another possible explanation for the suppression of thenamgay flux at larger ener-
gies is linked with the maximum energy reachable in the gabkextragalactic acceler-
ator environments, such as AGN, GRBs or radio lobes of spagdfiaxies (Medvedev,
2007).

Besides the explanations for the cut-off in the cosmic rays #iready presented
above, different, non-acceleration, scenarios are alspgsed. In these so-called top-
down models decays of super-heavier objects are pred&eti,as topological defects
(Hill} 1983) or dark matter (Berezinsky etl/al., 1997). Seveonstraints on the top-
down models are placed by the Pierre Auger Observatory me@asmts and a recently
updated photon flux further support the bottom-up proce(&ettimo, 2011).
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2.2 Extensive air showers

In the 1930s Pierre Auger was the first who realized that@agtirecorded almost at the
same time on the ground are secondaries generated in thetare from a primary
cosmic ray|(Auger, 1938). The detectors used at that time giarple Wilson chambers
and Geiger-Muller counters placed at large distance éanfeach other and working in
coincidence. This first setup is the precursor of the modeachraore sophisticated
experiments for the detection of extensive air showers (ESABh as the Pierre Auger
Observatory (Abraham et al., 2004a).

When ultra high energetic cosmic rays enter the atmospmerénéeract with nuclei,
secondary particles are produced in sequence, generaengotcalled extensive air
showers.

The cascades of secondaries are classified as electroncagasstade, when induced by
high energy gammas or electrons, and as hadronic cascégepifimary is a nucleus or
a hadron.

The electromagnetic showers contain only electrons, mrstand gamma particles,
produced by Bremsstrahlung and pair-production proces&esmplified model was
presented by Heitler (Heitler, 1944). After a radiationgtnd (~ 37 g/cnt in air),
positrons and electrons above a critical energy85 MeV) lose half of their energy
by emitting a photon, while the gammas produce other elestamd positrons after the
same length. At the maximum development of the showegr,{Xthe total number of
generated particles is proportional to the energy of theagry cosmic ray. When the
energy of the individual particles becomes smaller thanctitecal energy, ionization
losses become predominant and electrons (and positromsgbasorbed in the atmo-
sphere.

A similar simplified model can be applied to hadronic air seesvMatthews, 2005).
The interaction probability of the primary cosmic ray deg&ron its inelastic cross-
section in the air, which, in turn, is a function of the primmanergy. Due to the several
interaction channels and cross-sections possible, evéindsame type of cosmic ray of
a specific energy the interaction height is not fixed. Thuswahn-to-shower fluctuations
arise.

The secondary particles in hadronic cascades are grouplecgamain components:
The hadronic component, which carries a large fraction of the air showergy. Due
to the high momenta, the hadrons in the cascade ¢, 7°, kaons but also protons
and neutrons) are assembled around the shower axis. Chaagechbove 100 GeV can
interact or they decay (mean lifetime2.6 10~ s) generating thenuonic component.
Muons in the air showers are generated not only by charget pout also by decaying
kaons. The most energetic oneslQ0 GeV) originate in the first stage of the air shower
development and penetrate the complete atmosphere alritbstiosing their energy
by ionization or Bremsstrahlung. On the contrary, low egargions decay into elec-
trons (or positrons) and neutrinos. Télectromagneticcomponent of the hadronic air
shower is generated principally by neutral pions, whichagealmost instantaneously
into two photons, thus inducing electromagnetic sub-shewe

Together with the production of up to billions of particlesr showers emit sev-
eral kinds of radiation, such as fluorescence light (Argsetal., 2008), Cherenkov
(Lidvansky, 2005) light, and radio emission in both MHz (ldege2004) (c.f. Chapter
@) and GHz|(Facal San Luis et al., 20Bmida et all, 2011, 2012) frequency ranges.
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Properties of the primary cosmic rays, such as the energyntss, and the direction
are traceable backwards. Mainly muons and electromagpatiicles are used for such
a purpose.

The primary energy is proportional to the sum of muon Xbind electron () number
(Matthews| 2005) and can be easily estimated. Moreovenuh&er of electrons (and
positrons) at a certain observation level is smaller fomsdrs initiated by heavier nu-
clei than for a proton-generated cascade with the same priemergy; simultaneously
the N, is larger. Thus, the ratio of the muonic and electromagreetioponents NN,
can be used to trace the mass of a primary cosmic ray (Webkr #9899, Antoni et al.,
20034a).

Information about the type of the primary are retained ireatht least two, characteris-
tics of air showers: the lateral profile and the position &f tilaximum development of
the shower (X,ax)-

The latter is sensitive to the type of the primary particlecei on average, lighter par-
ticles, such as photons, interact more deeply in the atnewspiman nuclei. X.. is
sensitive directly to the mass of the primary. In a simplifreddel, where a particle
with energy E and mass A is supposed to behave in atmosphere as a group oféA nu
ons of energy HA, X .y is proportional to~ (In E, — In A). In a typical shower of
primary energy~10'" eV the depth of the shower maximum is-a680 g/cn? for an
iron primary and~690 g/cn? for a proton initiated shower.

InlAntoni et al. (2005) it is shown how the lateral distritmrtiof the individual muonic
and electromagnetic component differs for different prynzarticles. Moreover, in this
dissertation, the link between the, X, and the radio lateral distribution will be investi-
gated.

2.3 Detection methods

With the current technologies, direct measurements of @msags are possible for pri-
mary energies up to 10 eV. The detection occurs at large distance from the ground,
with balloon-borne and satellite-borne detectors, angiunsents installed on space sta-
tions. An overview can be found in (Sparvaoli, 2008).

On the contrary, for ultra-high energy cosmic rays only iadi measurements are pos-
sible. Different techniques for the detection of extengireshowers are described in
(Haungs et all, 2003), and in the following they are brieflyaduced.

Particle detectorsmeasure the secondary particles from air showers whicln tbac
ground. The hadrons are detected with calorimeters whdkethe muonic component
the detectors are usually buried in the ground or shield¢k vad, in order to screen
them from the electromagnetic component.

The most common particle detectors are scintillators angm@herenkov tanks. The
latter are employed as surface detectors at the Pierre Alogervatory (Abraham et al.,
2004b), in Argentina. The KASCADE (Antoni etlal., 2003b) aRASCADE-Grande
(Apel et al.,[ 2010b) experiments employed plastic and tiggdintillators as well as a
calorimeter. Muons tracking was performed by gas detectérdetailed overview
about the existing particle detectors is given.in (Blunteal2/2009).
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The particle counters are deployed on a wide area, at a matistance from each
other depending on the energy threshold to which the exgettins sensitive. Among
the advantages of particle detectors are: almost/2@ity cycle and the simple deter-
mination of the arrival direction of the air showers, by loakat the relative arrival time
of the particles in the different detectors.

As disadvantages: the high instrumental cost and the langertainties relative to
the primary energy determination, which is based on hadromeraction models de-
signed for lower energies with the information from grouraked acceleration data
(Knapp et al., 2003, Menjo et al., 2011).

Fluorescence detectorgArqueros et al., 2008) observe the light emitted in atmo-
sphere by excited nitrogen molecules. The excitation acatth the transit of ultra-
relativistic particles and the emission of ultraviolet pits takes place when the molecu-
les de-energize.

The integrated intensity of the fluorescence light is prapoal to the energy of the
primary cosmic ray within a low uncertainty of 20 %. In addition, by detecting the
longitudinal development of the air shower also thg,Xis determined with high pre-
cision (~ 20 g/cnt) (Abraham et all, 2010c).

The big disadvantage of the fluorescence detectors is theiation to dark and moon-
less nights, which reduces the duty cycle to almostid®braham et all, 2010c).

Besides the Pierre Auger Observatory, fluorescence deseninstalled at the Tele-
scope Array/(Matthews et al., 2009). In both experimentgréiscence and surface de-
tectors measure air showers in coincidence, employing adgbtection mode.

Cherenkov detectorsmeasure the Cherenkov light emitted in the atmosphere by rel
ativistic particles. As well as for fluorescence light, tregettion of Cherenkov light is
bound to cloudless and dark nights.

Mainly exploited for the detection of gamma-induced shaatienergies TeV (Hinton,
2004, Lidvansky, 2005), Cherenkov detectors have beemtlgcesed also for the
observation of EAS below 10 eV, such as at the TUNKA experiment, in Siberia
(Budnev et al., 2009).

Radio detectorsmeasure the radiation emitted in the atmosphere at radipidre
cies. In the last years, the detection in the MHz range of mtigadio pulses was
established and has become a complementary detection dn@tiialy due to its high
duty cycle (almost 95; /Apel et al. (2011c)). Indeed, radio detection is limitedyoloy
lightnings during thunderstorms and, generally, by higth anstable atmospheric elec-
tric fields (Buitink et al.| 2007) and high human-made noisethe following, further
details are presented.

Recently, measurements of the radio emission from air staleo in the GHz fre-
quency range have been performed. So far, this method lisistier investigation in
several small experiments, such as CROME, located in KdrésSmida et dl., 2011).



3 Radio emission from cosmic ray
air showers

In the previous decade, a large interest in the radio detecti cosmic ray air showers
was revived. More and more sophisticated experiments hadeezl and their need to
better interpret the data has hugely grown. The necessaydefeper understanding of
the emission mechanisms led to the development of sevenalaion approaches and
models.

In the next section, the main emission processes which endaaio emission from
air showers and the principal characteristics of a radiggale described.
A general summary of the theoretical interpretation isflyrigresented, with the major
focus on the REAS approach (Ludwig and Huege, 2011b). Fotaalel@ overview we
refer the reader to (Huege et al., 2010).
Moreover, some important results obtained with the old REASde (Huege et al.,
2007), concerning the derivation of air shower parametsisguonly radio detection,
will be reviewed.

3.1 Radio emission processes

The radio emission is a complex phenomenon, due to the ergatinihilation and ac-
celeration of the electromagnetic charged particles inesh@wer. Many mechanisms
contribute to the total emission, even though the geomagoet is considered to be
predominant.

The most appropriate and physical way to look at this phemamés to consider the
radio emission as a whole, and not separated in contribaifrom the different mecha-
nisms. This is exactly the approach used in the latest vedsithe REAS code (REAS3,
Ludwig and Huege (2011b)) with the end-point formalism (8aret al., 2010), as it will
be discussed in sectign 8.2.

Some of the processes which contribute to the total radis®om are described below:

Transverse current (Kahn and Lerche, 1966)

The (relativistic) charged particles in air showers exgrece the presence of the Earth’s
magnetic field in the atmosphere. The Lorentz force actsemthy separating negative
from positive charges. The consequent deflection of elestemd positrons, together
with the development of the shower induce a time-varyingdvarse current, and radio
emission is generated. The emitted radiation is linearlgnmed (cf. Chaptdr]5) on the
plain perpendicular to both the Earth’s magnetic field areddinection of the shower.
This effect is considered to be the predominant mechanisitinéototal radio emission.

Varying dipole (Werner and Scholten, 2008)

The transverse currents in one air shower result in an @atipole. Since the dipole
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strength changes during the shower development, a furdidér emission contribution
is created.

Charge excesgAskaryan, 1962)
In extensive air showers, the number of electrons exceesls\timber of positrons
mainly due to the knock-out of electrons from air moleculas, also due to the anti-
particle annihilation. During the shower development, #meount of charge excess
varies as well as the total number of particles in the air gvewThis leads to linearly
polarized contribution, with the electric field vector aried radially (see fig. 3.1).
The variation of the net charge excess was proposed theiffivstty Askaryan as ex-
planation of the radio emission from cosmic ray air showlli@vadays it is considered
to be the main effect among the non-geomagnetic mechan@mtse radio emission.

Refraction index effect(de Vries et al., 2012, Ludwig and Huege, 2011a)
The refractive indexi() of the atmosphere plays an important role in the radio eomss
from cosmic ray air showers. The radio source moves faséerttie wave-propagation
velocity in the medium. As a consequence, a shock wave icetiand all the radio
emission is collimated in a Cherenkov-like cone. Althougts not much larger than
unity, the time-travel between the source and the obsesvdelayed enough and the
radio emission from two consecutive stages of the air shaeeelopment can reach the
observer at the same time. This results in a compressiore(@ndpression) and delayed
radio pulse observed at ground. The refractive index effanishes with increasing
distance from the shower core, relative to the air-showenugry.

Geosynchrotron effect(Huege and Falcke, 2003)
In an air shower, the Lorentz force acts on electrons andrposi created and these
are not only separated from each other, but also accelerdtbi$ effect produces a
synchrotron-like emission contribution, which is recgragbnsidered of minor impor-
tance for the total radio emission from air showers.

Atmospheric electric fields
The electric field generated in the Earth’s atmosphere ceglerate the charged parti-
cles of an air shower as well as the magnetic field.
Under normal atmospheric conditions the electric fieldrgjtie is generally of few hun-
dred V/m near ground (on averagés V/m) and this seems to not influence the radio
emission from air showers. In contrast, during thundens$prthe atmospheric elec-
tric field strength rises up te- 10000 V/m and the radio emission generated becomes
stronger even than the geomagnetic one (Buitink et al.,[2007

A fundamental feature of the total radio emission from arshower is the coherence
of the signal at MHz frequencies. The thickness of the shérwet, i.e. of few meters, is
smaller than the wavelength of the radio emission for fregies lower than 100 MHz.
As a consequence, the individual contribution at such #eqgies adds up coherently
and a radio pulse with a time-range-of10 ns is emitted.

The refractive index in the air, which varies in accordandé tihe atmospheric depth,
is predicted to have a noteworthy impact on the radio signadig, 2011). The travel
time of the emission (from the radio source to the obsengwell as the electric field
amplitude arising due to acceleration of the charged pestiesult influenced. Thus a
change in the coherent condition is expected.

The simulated strength of the radio electric field presemoportionality with both

10
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the number of electrons and positrons in the shower maxintuedge et al., 2008) and
with the energy of the primary cosmic ray (Huege and FalcR@58). The energy cor-
relation with radio data from the LOPES experiment is subpéénvestigation in the
next chapters.

The radio pulse amplitude depends on the arrival directidheoshower, precisely on
the geomagnetic angle, i.e. the angle between the showseaadithe Earth’s magnetic
field direction, and an investigation on its polarizatiorofdarge interest. This would
contribute to a better understanding of the emission peese&f. section 12.1).

The dependence of the radio field strength on the lateramistto the shower axis is
still under study; especially for distances larger than 2Q@here is an open discussion
on possible functions which may describe the radio latesdtidution.

At short distances (30-200 meters), the exponential fangeems to be sufficient, as it
will be discussed in ChaptEl 6 for the LOPES experiment.

A predicted influence on the radio lateral distribution cerfrem the charge-excess
radiation (Ludwig and Huege, 2011b, de Vries et al., 201@xdntrast to the geomag-
netic contribution, the net charge-excess radiation isatttarized by an electric field
vector oriented radially from the shower axis ($gel3.1). The electric field vectors of
the geomagnetic and charge-excess contributions are,thtialways oriented in the
same direction, and, depending on the observer positiey,dbmbine in a constructive
or destructive wayl (Marin, 2011). A detailed analysis onriddio lateral distribution
function will lead to a better understanding of the radio ®siun processes from air
showers.

The slope of the radio lateral distribution function is poteld to be by itself an indi-
cator of the depth of the shower maximum, thus, indirectiyhe mass of the primary
particles. An investigation lead on this topic can be fousievall in the next chapters.

—_—
& ) » —_—
—_—
charge-excess geomagnetic
contribution contribution

Figure 3.1: The charge-excess radiation (left side) as well as the ggoeti radiation

(right side) are linearly polarized. The electric field vects, in the first case, radially
oriented (left side), while, in the case of geomagnetic rhoution, oriented always in
the same direction with respect to the position of the georatgfield

11
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3.2 Modeling approaches

The two interpretations of the radio emission from cosmycaia showers by Askaryan
(1962, 1965) (charge excess) and by Kahn and Lerche |(19@@s{terse current) both
became the milestones for several models which have beetoged in the following
decades.

In 2001, a new interpretation was proposed by Falcke and&w(2003), later further
elaborated with an analytical formulation by Huege (Huege Balckz/ 2003). This
geo-synchrotron model describes the radio emission agenaithe acceleration of the
electrons and positrons in the Earth’s magnetic field, bat@gichrotron-like radiation.

The REAE code (Huege and Falcke, 2005a, Huege et al.,|2007) creatdddye in
the following years, has the big advantage to simulate tti® @mission from a realis-
tic distribution of particles based on individual Monte {@aair shower simulations with
CORSIKA (Heck et all., 1998).

The predictions from REAS2 have been used for a first commangth the exper-
imental data, provided, in particular, by the LOPES expernitnFalcke et all, 2005,
Horneffer et al., 2009).

A macroscopic approach was proposed with MGMRagroscopidGeo-M agnetic
Radiation ) (Scholten et al., 2008, Werner and Scholten, po@&cholten, Werner and
Rusydi. In this model, the induced transverse current,ridaced dipole moments, the
charge excess and the influence of the refractive index dadtthesphere are included.

More and more models were proposed in the recent years amdmtions among
them clearly appeared, in particular concerning the radlsgpshape.
Two groups of models could be identified, one predicting al@ppulses (as REAS2),
the other predicting bipolar radio pulses (as MGMR).
The disagreement was solved only recently (Huege et al0)201d it was due to a radio
component missing in the unipolar-pulse-models. REASZs,thesulted to be incom-
plete and inconsistent.

The missing radiation was successfully implemented withéhd-point formalism
(James et all, 2010) in the version REASS.0, released in B§llQudwig and Huege
(2011b). The current version of REAS (REAS3) does not impdpecific radio emis-
sion mechanism. REASS3 is now comparable also with the MGMRligtions and it
potentially incorporates the complete radio emission Wiaiises from the underlying
charge particle motion.

REAS3 as well includes the effect on the radio emission oféfractive index in the air

- properly treated only in the recently released version BEA. Nevertheless, minor
improvements are still under investigation. The latest ganson of the REAS3 simu-
lations with the LOPES experimental data, have already slesensible agreement in
the radio lateral distribution (Ludwig, 2011).

An implementation of the end-point formalism directly in RSIKA is, currently,
under development (CoOREAS) (Huege, 2012).

1Radio Emission fromAir Showers

12
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3.3 Primary energy and X . investigation with
REAS2

The dependence of the “geo-synchrotron” radio emissionit ass modeled in the
REAS2 code - on the energy and the depth of the shower maximasrawalyzed by
Huege et al. (2008)

The method of investigation shown in the paper and the aigeélresults will be used
as guideline for the analysis of the slope method appliedréabstic case (cf. Chapter
[7l and Chapter 10) and for the further comparisons with the E®BExperimental data
(cf. Chaptel B and Chapter 9).

This section will lead the attention to the main aspects igfitivestigation and focus on
the principal results obtained.

In the paper Huege et al. (2008) the radio lateral distrdsutif several events, sim-
ulated as gamma, proton, and iron primaries, with a speciioming direction were
compared (se&g[3.2). One noteworthy characteristic of these lateral msfilas that
all intersect at a specific distance from the shower coreneeéfas “flat” region. At
such a distance, the filtered field strength was almost intg# of X,,.. and thus of
shower-to-shower fluctuations. In other words, the “flatjiom was characterized by
the minimum RMS spread of the amplitudes from the differemings (for details we
refer to section 7.211). Ifigl3.3 a quantitative view of the filtered electric field stréngt
in this peculiar region is shown in relation to the,X of the primaries. On the left
side, the filtered peak amplitudes of the events with the gann@ary energy (coming
from the south and with an inclination of 45 degree from theithd, are shown. The
amplitude distribution is quite flat, confirming the indedence of X,,.., but a kind of
steps between the primaries are clearly visible. Theses siepdue to the radio emission
connected only to the electromagnetic component of the shand, depending on the
primary type, a different portion of the total primary engig given to the electromag-
netic particles. Similar steps are expected as well in Gitepand Chapteéd 9 when the
normalization for the total energy is used to compare the E©Hetected events.

On the right side ofig[3.3, the primaries present an energy in the range betweén 10
and 13" eV, thus an energy normalization was required in order tititaie a compari-
son. The normalization to the electromagnetic energyth&energy contribution from
the electromagnetic component of the air shower, is reg@seexample. As expected
from the above discussion, the smallest spread (RVM&) is reached for this normal-
ization. Further investigations pointed out that the “flegfjion and, more in general,
the RMS spread of the amplitudes at all the distances, depmmnthe inclination of the
shower, on the altitude of the experimental site and on #guiency-band used to filter
the radio pulse (Huege etlal., 2008).

For a given observer frequency and zenith angle, the filtelextric field strength in
the well-defined “flat” region can be used to directly readloff electromagnetic energy
E.., With the linear relation

\Y

m
7

Eem = CLAﬂat |:Gev—:|

13



3.3. REAS2 CHAPTER 3. RADIO EMISSION
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Figure 3.2: Comparison of radio LDFs from gamma-, proton-, and irortiastied show-
ers simulated with REAS. A characteristic distance fromsti@wver axis flat region)
where the lateral profiles intersect, is predicted. In thégion the investigation on
the primary energy would be affected by the only showehtwer fluctuations. The
slope of each LDF carries information on the showgr, X (Adapted from Huege et al.
(2008))

with A 4, the radio pulse amplitude in the “flat” region, as shown atsfig[3.4. The
theoretical accuracy on the,Ereconstruction was predicted to be less th#n 8ot con-
sidering experimental uncertainties; this value was aelile on a shower-to-shower
basis and without an a priori knowledge of the primary mass,Qf;.

Defining the “steep” region at another distance, choserrarlly far from the shower
core, the ratio of the filtered electric field strength in thHiat® and “steep” regions
(A f1at/Asieep) directly inferred the X, value, which can be related to the mass of the
primary.

The correlation between . and Ayi/Aseep, Shown infigl3.5, is described by the
formula

Aﬂat

steep

Xpax = @ [ln (b )} ' [9/cn?]

Taking into account the deviation of the individual showeinps from the fit, an RMS
spread of 15.9 g/ct(Huege et al., 2008) was obtained for all the simulated eveht
one specific geometry. This uncertainty included the shdaxshower fluctuation, but
no experimental error.
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3.4. OUTLOOK
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Figure 3.3: Peak filtered radio field strengths in the “flat” region. Thetdiled radio
pulses of only the events with'¥@&V primary energy are shown in the left part. The
filtered field strengths of all the events in the primary egerange 10%-10%° eV are
normalized with the electromagnetic energy (right). Fegtrom (Huege et al., 2008)
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Figure 3.5: The ratio of the peak
field strengths in the “flat” and
“steep” regions yields direct informa-
tion on the X,.. (a=856.1, b6=0.3149,

¢=0.4340)(Huege et al., 2008)

Figure 3.4: Linear correlation of the fil-
tered radio pulse measured in the “flat” re-
gion and the electromagnetic energy £
197900). Figure from (Huege et al., 2008)

3.4 Outlook

The results in the paper by Huege et al. (2008), only brieflyereed in the last sec-

tion, show the possibility to derive important shower paggens, such as the primary
energy and depth of the shower maximum, with radio-only mesamsents, and, at least
in principle, low uncertainties in spite of shower-to-sleluctuations.

The availability of the more complete REAS3 code, and botimgroved agreement
between the LOPES and the REAS3 simulated lateral distoibdtinction (Ludwig,
2011), as well as the recent LOPES results concerning the ¥ensitivity (Apel et all.,
20124a), suggest to revise the analysis presented aboveh@aptel 7). Indeed, the latest
version of the REAS code incorporates almost the total cerityl of the radio emis-
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sion; thus, the included charge excess contribution widfthe lateral distribution
function and, eventually, some of the results describegd@bo

Nevertheless, the main outcome concerning the radio latkpe as indicator of the
depth of the shower maximum is expected to be still valid.sTikidue to a pure geo-
metrical effect. Iron nuclei interact earlier in the atmlosge, so their X,.. is further
away from the observer compared to thg.X of the lighter elements. The radio lateral
distribution function slope is expected to be flatter forshea and steeper for lighter-
primaries.

Investigating the “flat” region for a specific experimentat-sp, such as LOPES or
AERA (cf. Chaptef 8 and Chapter]10 ), will, moreover, evatute applicability of
this method of investigation to the real recorded data: $bwéether it is feasible to
reconstruct both the energy and the mass type of the prisyanie to define the related
uncertainties.
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4 The LOPES and the AERA
experiments

As early as the 1960s, the first radio signals associatedextémsive air showers were
detected in the MHz regime_(Jelley ef al., 1965). Severalhmeisms were proposed
to interpret the phenomenon, among them the “Askaryan tiadia(Askaryan, 1962,
1965) and the geomagnetic radiation (Kahn and Lerche, 1966)

After basic results, the field of radio detection sufferedcklof interest principally due
to the limited technology available at that time and to theatwrent development of
other detector techniques, such as the fluorescence andr®berlight detections.
With the progress in digital signal processing and the abdity of more advanced
technology together with the intrinsic advantage (alm@&% duty cycle and a mod-
erate cost for the antenna detectors), the radio detectbinad experienced a revival in
the last decade.

The CODALEMA (Ardouin et al., 2005, 2006) and the LOPES (kelet al., 2005,
Horneffer et al., 2009) experiments have been playing agaong role. Many results
have been achieved, such as the confirmation of the geonagmigfin of the radio
emission |(Horneffer, 2006, Isar et al., 2009, Ardouin €t2009), the exponential be-
havior of the lateral distribution function (Apel et al.,2th, Ravel, 2010), the influence
of the atmospheric electric field (Buitink et al., 2007), teeonstruction of the shower-
core position/(Belletoile, 2011), and the recent evidesfdde charge excess contribu-
tion in the radio data (Marin, 2011). The LOPES and CODALEM&eess led several
air shower experiments to extend their detectors with dligétdio antenna arrays.

The most prominent among those is the Pierre Auger ObseywatoArgentina, with
the AERAL project, which is a second-generation digital-radio-angearray | (Huege,
2009a| Fliescher, 2010).

Apart from the already mentioned above, several other ragmeriments were de-
veloped in the last years, with the main purpose of optingizime radio technique
and understanding the details of the radio emission frorstewers, such as LOFAR
(Falcke et all., 2006), Tunka (Budnev et al., 2009), TRENDd@in et al., 2011), etc..
An overview of the currently operating radio experimentsvailable in the ARENA
proceedings (ARENA, 2010).

In the following, the experiments of interest for this disadon (LOPES section 4.1
and AERA section 4]2) are briefly introduced.

!AugerEngeneerindRadioArray
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Figure 4.1: The KASCADE-Grande experiment. On the top-right, in red,LOPES
antenna array.

4.1 The LOPES experiment

LOPES? (Falcke et all., 2005, Horneffer et al., 2009, Huege, 201@)dgyital radio in-
terferometer, co-located with the KASCADE-Grande expentr{Antoni et al., 2003b,
Apel et al.; 2010b), at the KIT (Karlsruhe Institute of Teology), Germany (seig/4.1).
LOPES read-out and setup are performed with the aim to detdict signals in the pri-
mary energy range approximately of'§Q0'® eV.

Built in 2003, LOPES was extended several times in ordergbd#ferent setups and
antenna types, and to address different questions abotdadieeemission from cosmic
ray air showers.

The first antennas were designed as prototypes for the LOBdRrienent, a digital
low-frequency interferometer for radio astronomy (Rétigg et al., 2003, Falcke et al.,
2006).

Built with the purpose of the “proof-of-principle”, LOPESfers the possibility to
correlate the observables of the radio measurements watklbwer parameters pro-
vided by the patrticle detector arrays KASCADE (Antoni €f2003b) and KASCADE-
Grande!(Apel et all, 2010b).

In the following sections an overview of the LOPES setupssoftivare used for the
analysis is presented.

2LOFAR PrototypE Station.
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Figure 4.2: LOPES antenna in use up to end of 2009

4.1.1 LOPES setup

The experimental configuration of LOPES, the layout and titerama type changed
several times.

In the first phase (LOPES 10), the LOPES setup consisted aivEdted V-shape dipole
antennas of the kind shown fig[4.2.

In 2005, LOPES was extended to 30 antennas of the same kiradigaled in the east-
west direction (LOPES 30-EW). The purpose was to extenddtiered area in order to
provide large baselines for an accurate LDF study, and e ithie experimental sensi-
tivity.

At the end of 2006, half of the antennas were rotated byi®0rder to investigate also
the north-south component of the radio pulse (LOPES 30-Fbk layout consisted of
10 antennas measuring the EW direction, other 10 the NStire@and 5 antennas able
to measured simultaneously in the EW and NS directions.

The LOPES configuration was then extended with other typasteinnas, a log-periodic
antenna consisting of dipoles (LPDA) and a SALLA antennab(SAperiodic Loaded
Loop Antenna) (Kromer et al., 2009), based on the idea oéldging an antenna sys-
tem able to operate independently and self-triggefing §42609) (LOPESTARY,

A new antenna type was introduced in spring 2010, and the \&frted V-shape an-
tennas were exchanged for half-wave dipoles, forming algipntenna in each station
(LOPES 3D). This latest setup is targeted to measure ak tomponents of the electric

field vector (Huege, 2010, Huber, 2011).

The electronics used for the digital read out of the radimaigs summarized in
figld.3. Every antenna contains a low noise amplifier (LNA). Vieocaxial cable, the
signal is transmitted from the antenna to an analogue elgcs board, where it is again

3Self-TriggeredArray of Radio Detectors
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Figure 4.3: LOPES hardware setup Nehls (2008)

amplified, filtered and digitized. The board amplifies thenaigoy +16 dB and filters
it to 43-74 MHz with a pass-band filter. The FM radio-transerifrequencies {80
MHz) and the atmospheric-noise frequencied@ MHz) are, thus, suppressed.

The re-amplified and filtered signal is sampled with a 12 bitQA& the sampling fre-
guency of 80 MHz (i.e. 12.5 ns samples) in the 2nd Nyquist domahe application
of a limited band-width filter is fundamental to have the cdetg information of a ra-
dio signal, using a limited sampling frequency. This, adawg to the Nyquist theorem
(Nyquist, 1928), must be at least twice the used bandwiattly as in the case of the
LOPES experiment.

The read-out of the LOPES traces is triggered by both KASCABH&toni et al.,
2003b) and KASCADE-Grande (Apel et al., 2010b). In the fieste; the trigger condi-
tion is fulfilled if at least 10 of the 16 KASCADE clusters haeeorded a signal, while
in the case of KASCADE-Grande the condition holds when herad, 10 and 13,
which include stations in the center of the Grande arraye iaggered. (Nehls, 2008).

The KASCADE experiment consists of 252 detector stationsnged on a rectan-
gular grid in a 200x200 farea. KASCADE provides both the number of electrons
(Ne) and muons (N) present in the air shower. Electrons and gammas are detegte
unshielded liquid scintillator. Muon-detectors are sthéel against the electromagnetic
component with iron-lead-absorber, which allows only nawith energy larger than
250 MeV to penetrate.

The Grande array, much wider (0.5 Knmeasures the complete number of charged
particles in the shower () by using plastic scintillators.

LOPES trigger rate is of about two events each minute andegbd-time is circa one
second, implying almost 3000 LOPES events per day.

After the read-out, the LOPES data are stored as well as ttf&E¥DE and KASCADE-
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Grande information in order to perform, in a second step,reetation between radio
and particle detectors measurements.

For the LOPES setup the static atmospheric electric fieldhergtound is monitored
with an electric field mill (Nehls, 2008). This device is maedh quite in the center
of the KASCADE array and it measures the vertical componérihe atmospheric
electric field. Even an electric field e 3000 V/m may generate an amplification in
the radio signal from air showers (Ender, 2009). Such antewest be excluded from
the analysis of radio emission from cosmic rays but it cands&ldor lightning studies
Apel et al. (2011c). The electric field meter is used as ligigmetector and operates
for the LOPES DAQ as discriminator between good weather itiomdelectric field of
few 100 V/m) and thunderstorm condition (electric field ud@® kVv/m).

4.1.2 Data analysis procedure

Software (CR-Tools, 2004) has been developed to fulfill ggrirements of the LOPES
experiment, in particular some of the general tasks suchlast®on of the radio events,
reconstruction of the properties of the recorded radiogajland correlation of the radio
results with the KASCADE-Grande reconstruction for the savent.
The high, largely human-made, noise level at the LOPES sggires an analysis pro-
cedure consisting of several highly sophisticated stemstijndone with the LOPES
standard analysis pipeline (CR-Tools).

CR-Tools are part of the open-source LOFAR software pack@geTools, 2004).
In its pipeline are included: corrections for instrumergtiects (amplitude calibration
(Nehls et al., 2008), correction for cables and electrodedays [(Schroder, 2010), cor-
rection for the pulse distortion due to the frequency bahdrf{Schroder, 201.0), appli-
cation of the simulated antenna gain pattern, etc.), treatrof the data (mitigation of
narrow band RFI, up-sampling (Asch, 2009), correction efghlse height for the noise
(Schroder et all, 2010b), etc.) and determination of rpdise parameters (CC-beam,
reconstruction of the lateral distribution function, iLDF, etc.).

Interferometric analysis
The LOPES project has successfully implemented modernféntgnetric methods to
measure the radio emission from extensive air showers. apabdlity to form a cross-
correlation beam, which involves several steps briefly sanmad in the following,
improves the signal-to-noise ratio and the reconstrudcimuracy of the properties of
cosmic ray primaries.

- Absolute amplitude calibratio{Nehls et al., 2008). An absolute amplitude calibra-
tion is applied to the LOPES data. The frequency-dependaptiication factors for
each LOPES channel are estimated with measurement carspp&formed over sev-
eral years with a calibrated external reference source.dayparing the emitted power
of the reference antenna and the received power at each LGRES, a frequency-
dependent gain factor can be calculated. The relative tainges concerning the am-
plitude calibration are: the absolute scale of the ampdittar the emitted reference
signal (34%) (Nehls, 2008), which plays no role when several LOPES evarg com-
pared with each other, the simulation of the antenna gateipatsed for the calculation
of the amplification factor (7.%0), the uncertainty on the measured power (Z); and
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environmental effects (%) (Schroeder, 2011).

- Narrow band RFI suppressiohdigital filtering algorithm is applied in the frequency-
spectra of each antenna in order to suppress narrow-baiodmgetferences (RFI). This
step increases the signal-to-noise ratio of the radio emethidoes not affect the broad-
band cosmic ray radio signal.

- Time calibrationFor a reliable interferometric analysis, high precisiortt rel-
ative timing between the antennas is a fundamental presiéggue.g. when forming
a cross-correlation beam into the air shower direction gdee CC-beam). Nowa-
days, this is performed by using an external reference kfgma the beacon antenna
(Schroder et al., 2010a) and an accuracy-df ns is achieved.

- Up-samplingSince LOPES measures in the 2nd Nyquist domain_(Nyquist)192
the whole frequency information between 43 and 74 MHz isaioed in the recorded
signal. Thus, the raw data can be up-sampled to a higher saymalte. This proce-
dure results in a band-limited interpolation, in the tin@¥din, between the sampled
data points with 12.5 ns spacing. The up-sampling is perdrivy the zero-padding
method applied in the frequency-domain (Bracewell, 198&h 2009). In a normal
data acquisition mode, for each everif @ata points in each trace are recorded, which
correspond to about 0.8 ms.

- Beam-formingHorneffer et al., 2007, Horneffer, 2006) A digital beam#ng is
applied to the radio pulses in order to achieve the sertsitini the arrival direction
of the incoming cosmic ray: The traces of all the antennasshiféed in time so to
overlap, according to the antenna position at ground (géaakdelay). A spherical
radio wave front is usually assumed in the analysis. An itigason about a wave-front
with conical shape was recently performed (Schrdder, pOAfderwards, the traces are
manipulated to calculate either a P-beam or a CC-beam (eeplan the following).
Both the direction of the beam-forming (Nigl et al., 2008ydhe curvature radius (i.e.
the distance between the radio source and the core of thieaaiies) are obtained with a
simplex fit optimization in an iterative process. In the fitetation, the arrival direction
and the first curvature radius (usually of few km) are takemfthe KASCADE-Grande
reconstruction and from a scan, respectively. The quantédyimized in the iterative
procedure is a Gaussian fit of the CC-beam.

- CC-beamandP-beam(Horneffer et al., 2007, Horneffer, 2006) After beam-fomngy;
the CC-beam is calculated with the following equation:

N-1 N

Z Z si[t]s;[t] | (4.1)

i=1 j>i

1

CClt] = %, || 7=
pairs

with N the number of antennal,,.;.s the number of unique antenna pairs andt| the
time shifted data of the denoted antenna.

Then the CC-beam is block-averaged over 37.5 ns in ordergdpress fine structures
and fitted with a Gaussian function.

The height of the Gaussian fit is referred to as the total efteadio signal.

A power beam (P-beam) is obtained by averaging the squaheessaf all the antennas
and taking the square root. In other words, the P-beam isuhstiy which represents
the total power received in all the antennas together.

An example of the calculated P-beam, CC-beam, and GaustsiandiLOPES event is
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Figure 4.4: Example of a LOPES event: a)Electric field strength tracealldhe an-
tennas, b)trace recorded in one antenna with a Hilbert espe] used to define the
maximum amplitude, c)CC-beam and P-beam.

shown infigl4.4.

LDF reconstruction
The LOPES analysis pipeline makes possible not only anferamnetric combination
of the traces, but also the study of the radio pulse in theviddal antenna.
A LDF reconstruction requires high quality cuts, mainly ceming the recorded radio
amplitudes, since the signal-to-noise ratio in each imlligl antennas is lower compared
to the one for the CC-beam.
The digital cross-correlation beam-forming plays a crumée also for the reconstruc-
tion of the lateral distribution of amplitudes (Chagdtér B)deed, in the LDF investiga-
tion, the CC-beam is used for both the selection of events avitlear radio signal (c.f.
sectior 4.1.13) and for the identification of the exact timéhefradio pulse (f_pcam)-
In each LOPES antenna, the signal is defined as the maximuantaseous ampli-
tudee: after applying a Hilbert envelope to the up-sampled traceprresponds to
the local maximum of the Hilbert envelope closest to the @arb time (t._pcam)

(Schroder et all, 2010b) previously determined, as showfigid.4. A measurement

of a radio signal is possible in all the antennas. For furtiegails on the LDF recon-
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Table 4.1: Preselection
successful reconstruction by KASCADE Gd4shower age< 1.4
core position inside KASCADE array #r? + 92 <90m

zenith angle 0 < 45°
primary energy E> 10'7eV
atmospheric electric field |Eatms | < 3000V/m
total events 977

Table 4.2: Selections - EW signal

Selectionl Selection2
CR-Tools version rev. 4950 rev. 6250
high signal-to-noise P-beant> 80 % P-beant> 80 %
CCamplitude ~9 CCamplitude ~9 V NANT
RMS(CC — beam) RMS(CC — beam) 30
quality cuts on the LDF fit Ry >0m Ry >0m
Ry < 1000 m Ry < 1000 m
€fie > 0 puV,/m/MHz erir > 0 pV/m/MHz
€rir < 10001V /m/MHz €pie < 200V /m/MHz
amplitude at 0 m> 5 vV /m/MHz
0< x?/ndf< 5
Events 160 253
Events withd < 40° 238
Events with| Pgw |< 0.2 229

struction please see also Chapter 6.

4.1.3 LOPES data selection

Two different selections of LOPES events will be presentexheach of them used to
optimize specific aspects of the investigation. Since thie part of the LOPES analysis
is focused on the correlation between the slope of the ladestaibution function (LDF)
and the primary cosmic ray type (cf. Chapifer 7, Chdgter 8phid), high quality cuts
on the LDF fit parameters are generally required.

The data taking covers the period from December 2005 to @ct®®09, which in-
cludes two different setups of the LOPES experiment (LOP&&/ and LOPES 30-
Poal).

Only the signals recorded in the EW-oriented antennas arsidered in the analysis
due to both higher statistics and larger signal-to-noiesan comparison to the NS-
oriented antennas.

The events are triggered by both the KASCADE (Antoni et @03b) and Grande
(Apel et al., 2010b), and, as a first step, some standard KAZEQuality cuts are ap-

IReliable measurements available only from August 2006
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plied (Tabld 4.11): The core position of the shower, namegyitttersection point of the
shower axis and the ground, is required close to the LOPEy @R<90 m). This cut
avoids the analysis of tails of the lateral distributiondtions, which have, in general, a
lower signal-to-noise ratio in the antennas. In other wattds cut allows to have higher
quality of the fit of the radio lateral distribution.
Several further cuts are applied on the parameters recatstr by KASCADE, which
is based on KRETAversion 1.1805. Among these, a restriction on the inclination of
the showerf < 45°) is required, to avoid large uncertainties on the recoottn.
The energy of a primary cosmic ray is obtained using the KABEAGrande formula
(Wommer| 2007), since the KASCADE experiment is optimizety dor lower energies
(<10'° eV) - KASCADE-Grande performs a primary energy reconstamdin the range
10'6-10'® eV. Nevertheless, due to the proximity of the core positibthe selected
events to the KASCADE detector array, both the muons andreleznumber recorded
by KASCADE are used as input parameters for the energy famul

Moreover, a cut on the atmospheric electric field measuregti®@ground is required.
It is known, in fact, that the radio pulse is strongly influeddy not only nearby thun-
derstorms (Nehls et al., 2008) but, more in general, by a &igttric field in the atmo-
spherel(Endéer, 2009).

The radio specific cuts, for two independent selectionse@ein1 and Selection2),
used for different purpose respectively in Chapler 7 ando@ini, are summarized in
Table[4.2:

The events are processed with the standard LOPES pipeliReT¢@ls pipeline, svn
revisions 4950 and 6250) (CR-Toals, 2004). The main diffeeebetween the two ver-
sions consists in the treatment of the noise, properly thiced only in the latest period
(Schroder et all, 2010b). Nevertheless, the net averdget e the electric field in the
antennas, thus on the slope of the LDF (cf. Chapiter 6), isa&deo be of only %
(Schroder et all, 2010Db).

High coherency is required for the signal in each antenningehe fraction of the
correlated power (amplitude of CC-beam/amplitude of Pab)ea be larger than 8%
(figl4.8, right side). In this way, events with high signal-tas®oratio due to random
coherency are cut away. Values of the correlated powerrdénge 1007 are caused by
improper treatment of the noise: the subtraction of an @est@oise causes the P-beam
amplitude to be smaller than the CC-beam one.

Both selections are characterized by generally high qualits on the LDF fit param-
eters. More in details, Selection2 constitutes slightigreger cuts on the LDF fit recon-
struction (slope parameter Ramplitude parameter;;; and amplitude reconstructed at
0 m from the shower core), but less restrictive ones on thenmoim signal-to-noise
ratio (CC-amplitude / root mean square of the CC-beam) (bapief4). This is set to
9 in both selections, but a further normalization factor lo@ hnumber of antennas, i.e.
v Nant, is applied for Selection2. The reason fgN s is related to the proportion-
ality of the CC-amplitude with the number of the anteniégy) which record a radio
pulse, and the proportionality of the noise, for a non-ii@@metric array, with/NanT
(figl4.8, left side).

The main goal of Selection?2 is to increase the statisticomparison with Selec-

4Kascade Reconstruction for Ex-Tensive Air showers.
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tionl. This is done by maximizing the number of the selecteghts with a slightly
lighter cut on the signal-to-noise ratio in each antennadigcriminating from the un-
successful radio LDF fit with a stronger cut on the amplitudeameter.

A direct comparison between the two selections is presantig/4.3 from top to bot-
tom, clockwise, for the azimuth angle, zenith angle andgndrstributions, with 160
events for Selection1 and 259 events for Selection2.

Further cuts on the zenith angle and on the so-c#leeictor component (cf. Chapter
[B) are necessary for the investigation on the slope methpliedpto the LOPES data
(Chaptef 8 and Chapter 9).

The first restrictg) to 40’ in order to avoid an analysis on a too low statistics typical
of the zenith range between 40 and 45 degree of such selpttiersecond sets the
minimum for the east-west componenty?, which will be used for the electric field
normalization in the lateral distribution function fit (salso section 8]1).
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Figure 4.5: From top to bottom, azimuth and zenith angle and primary gyndistribu-
tions for the LOPES selected events.
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Figure 4.7: Map of the Pierre Auger Observatory in Argentina. The SD dets are
represented by the red points, while the FD telescope byrdendines.

4.2 The AERA project at the Pierre Auger
Observatory

In Western Argentina, in the vast plain called Pampa Anarithe southern site of
the Pierre Auger Observatory was completed in 2008 (Abragtaah | 2004a)f(g4.7).
Pierre Auger is the world’s largest observatory which feadla hybrid approach for the
detection of ultra-high energy cosmic rays (UHECR).

The Surface Detector array (SD) consists of 1600 water @kekedetector tanks,
covering the complete area of 3000 krwith 1.5 km spacing (Abraham et/al., 2004b).
The SD collects information from all the charged particléshe air showers which
reach the Earth’s surface-(1400 m a.s.l.).

The Fluorescence Detectors (FD) observe the atmospheve #iw SD with 24 op-
tical telescopes, grouped in four buildings. The purposé»is to observe the longi-
tudinal development of extensive air showers by detectot) the fluorescence light
emitted by the nitrogen molecules, which are excited by d@®sdary particles in the
showers, and the Cherenkov light induced by them (Abrahaat,£2010c)

The combination of these two detection methods in so-cdhgbrid” measurements
allows a unique reduction of the uncertainties in the rettanson of the air shower
parameters, such as the energy and the mass of the prinfsieham et dll, 2010a,b).

Lately the Pierre Auger Observatory has been extended whtr detectors in order
to decrease the primary energy threshold, up-i®'” eV and to allow a super-hybrid
detection approach. These detectors are all situated isaime area close to the flu-
orescence detector installation at Coihueco: HEIM&@), a high elevation
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telescope, AMIGA|(Platino, 2009), underground scintdtgtfor muons detection and
infill array of SD at only 750 m spacing, AERA (Fliescher, 2pifor the radio detec-
tion.

The Auger Engineering Radio Array (AERA) is intended to istwgate the feasibility
of the radio detection method on a large scale.
In the final stage, the 20 Karray will consist of circa 160 autonomously-operating
radio stationgig/4.8. In 2010, phase 1 was concluded and 24 radio stationshudte
as well as the CRS (Central Radio Station) and a beacon nelesntenna was set.
The core of AERA is in the infill array, at-6 km distance in the line of sight of the
fluorescence detector Coihueco; this peculiar positionchasen in order to allow for
a maximum number of events to be detected in coincidencethétither detectors.
The major goals proposed for AERA are:

* Explore the potential of the radio detection techniquelsas the self-triggering
on the radio pulse and the digital interferometry on largdesc

* Improve the understanding of the radio emission mechanigrto high primary
energies (18 ev).

* Perform a detection of the radio events in coincidence whth other detectors
in the super-hybrid mode. The radio reconstruction for then@gry parameters,
such as the incoming direction, the energy and the massheavilivestigated and
cross-checked with the other Auger detector reconstmustidhis will indicate
whether radio detection can compete with the establishettien methods.

Another advantage of the AERA experiment is the possibibitgnalyze the radio
data within theOffline standard software framework of the Pierre Auger Obseryator
(Argiro et al., 20077), properly extended for this purpadéreu et al., 2011). The radio
implementation inOfflin€ is fundamental for the combined super-hybrid reconstruc-
tion. Moreover, theDffline offers interfaces for the radio data and simulations froen th
different codes available at the moment, such as REAS3 (iqudnd Huege, 2011b),
MGMR (Scholten et &l/, 2008), and ReAires (DuVernois e12005).

4.2.1 AERA setup

In the first phase, the dense core of AERA has been covered2ditintenna stations,
which have a mutual distance of 150 m. The phases 2 and 3 ameguldo deploy, re-
spectively, 52 stations in the area around the dense coaajiatance of 250 m, and 85
stations in the outer region, with 375 m spacing. The gradeRA layout is intended
to maximize the number of detectable events over a wide pyierergy range, 10:-
10" eV.

The sheer size of the AERA setup does not allow a direct teandfthe data between
stations and CRS (Central Radio Station) with cables, ttntinuous radio signal
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must be digitized directly at the antenna station and tha dah be transferred wire-
less to the CRS only in the case of possible cosmic ray evdimiss, AERA requires
highly advanced technology to realize an efficient trigget a fast and reliable wireless
transfer of the radio information.

For AERA radio-telescope array, the concept of autonomtai®s has been devel-
oped (Revenu, 2011Y¥igl4.8 is picked as example for the AERA stations currently in
use.

It consists of one antenna (two channels), solar panelsmatuaninum box containing
the electronics and the digitizer. The antennas in phase Ibgarithmic period dipole
antennas (LPDA)._(Seeger, 2010) and, in each station, theplagned in north-south
and in east-west direction, in order to allow the invest@aof two electric field vector
components. Each antenna has both low-gain and high-gammets.

For the individual local station, the analogue electronidsich include the Low Noise
Amplifier and filters, are designed to detect radio pulsesfomsmic rays in the fre-
guency range 30-80 MHz (Stephan, 2010). The filtered signdigitized with 12 bit
ADCs, at a sampling rate of 200 MHz, and it is stored in thellédaRA station elec-
tronics. A Field-Programmable Gate Array is used for thgger and the management
of the data storage (Aminaei, 2010).

A GPS antenna is used for time synchronization betweenrdiffeAERA stations and
only interesting data are selected and collected by a det#ta acquisition (DAQ).

A high-speed, low-power wireless communication systeithusider development, will
be used to connect the single AERA stations and the centr@ (d&lley, 2011). In the
current phase, fiber optics are used instead.

Since the end of January 2012, s&mlzready existing AERA stations have been
equipped with new electronics. A ring-buffer allows re@eg/SD triggers with a latency
of up to~ 7 seconds. This readjusted setup has been testing an ¢:88ragger and
aims to be complementary to the AERA self-trigger in use. rRore details please see
also (Melissas, 2012).

As well as for the LOPES experiment, a beacon reference mat&chroder et al.,
2009, Konzack et al., 2010) is used to monitor and correctdlaive timing between
the stations, reaching an uncertainty of only 1 ns.

Moreover, the atmospheric electric field at ground is cartbteanalyzed, to detect
thunderstorm-like conditions (Melissas et al., 2011).

Subsequently, the collected data will be analyzed wittGffne pipeline (Abreu et al.,
2011)Fliescher et al., 2010).

4.2.2 Prototype stations

Prototype setups at the Balloon Launching Station (BLS)eltag at the Central Laser
Facility (CLF), have been used as precursors of AERA to exeloe radio detection at
the Pierre Auger Observatory. Different antenna types &utrenics have been tested
since 2007.(van den Berg, 2009, Coppens, 2009, Revenu, Z2Bdélas et all, 2011).
The setup used at the BLS during the year 2007 is briefly desddbelow. For a de-

524 antennas till the end of July

31



4.2. THE AERA PROJECT CHAPTER 4. RADIO EXPERIMENTS

Figure 4.8: AERA station with wired LPDA.

tailed description we refer t@boog).

Three antenna stations (Polel, Pole2 and Pole3) were usadged to form an equi-
lateral triangle, with a baseline of 100 m. At each statisrg antennas were located,
aligned respectively in the north-south and in the east-diesction.

At Polel and Pole2 the LPDA antennas were employed, while3Rohs first arranged
with a wire-LPDA (with copper wires instead of the aluminuaus) and, later, with a
LOFAR antenna, which consists of two inverted V-shape dipol

These antenna stations were connected to the BLS by RG24i&boables, 160 m long
each.

The complete setup was at circa 500 m from the closest SD*@laka”.

In order to lower the energy threshold of the SD and deteel lsttowers, an additional
particle detector was placed close to the BLS. It consistéd@scintillator plates at a
distance of 10 m from each other. These scintillators pexvithe external trigger for
the read-out of the antennas.

After the trigger, the measured voltage at each antennaegasded for a total of 10 u s,
2 U s before the trigger and 8 u s after.

The radio signal was amplified twice, with a pre-amplifier @f @ Mr,S)

placed directly at the antenna stations and with a 31 dB diepdifter the cable.

Two high-pass and two low-pass frequency filters were usatljaing the frequency
window to 25-70 MHz.

Before sending to a central computer in the BLS, the recoraeid signal was digitized
using a 12 bit ADC.

The search for coincidences with the SD was performed byitgo&t the GPS times-
tamps of the events recorded by the radio antennas and thenBDQ@laia”. One event
is considered in coincidence if the radio setup was triggjeri¢ghin 10 ps -time-window

from an SD event.
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The BLS events recorded in 2007 have been analyzed with t@e&RDftware, which
includes the simulation of the antenna response and walslleaat the time when the
analysis was performed.

RDAS tool (Radio DetectorArray Simulation)ﬁ (Fliescher| 2008) is a freely avail-
able software. Unlike th©ffline package, RDAS is not suited for hybrid analysis.
Nevertheless it allows a basic analysis of the radio dataresiddes simulations of the
radio detector response.

The basic idea is to analyze the radio data on the channelgelevel: the measured
data are taken without removing detector effects, whilesiheulated events are com-
pared after applying the detector effects.

The software consists of mainly three blocks, one for theaet description, one as a
module collection and the last for the event informationcl&a design tries to follow

the Offline framework structure.

For the characteristics of the LPDA antennas available @aBihS setup, simulations

were performed with the Nec2 antenna modeling softwarek®and Pogglo, 1977,

1981,)1983), which provides the antenna properties.

The detector simulation and the reconstruction processeREAS simulations and

recorded data are done in a series of modules:

* The “ReadReas” module handles the REAS simulations. Thect@anoise is
also simulated and it can be added to the traces at the obgmysition. The
noise is generated with the “GalacticNoise” module, basetthe parametrization
of the galactic noise made by Cane (Cane, 1979).

* A number of modules are used to simulate additional charstics of the radio
station apart from the antenna.
The “Cable” module applies the frequency-dependent adtigomu for a given
length of a coaxial cable, which, in this case, is 160 m. Thephfier” mod-
ule amplifies the data of the total gain 53 dB. Finally, the @f#ter” module
filters the signal to the bandwidth 25-75 MHz (HP25-LP75)isTiast module is
applied a second time to the REAS traces with a pass-band5tbta 70 MHz
(SBP-60) as well as to the recorded data, in order to impitu8t.S data quality.

* The noise level in the time-domain and the radio pulse ateraened.
For the measured data, the signal is expected to lie withertaia time window
of the recorded traces. Due to the trigger condition of th&SBipecific setup,
this time range is exactly 2.4-3.1 pu s. The “SizeRecData” uimdonstrains the
search for the radio pulse to this specific time window. Muegpit determines
the noise level in another arbitrarily chosen time windowjahki, for the analysis
described in Chaptél 5, is setto 0-2 p s.

» A search for the maximum amplitude is performed to find tleaaignal within
a given trace, for both recorded or simulated voltages. Tdmatto-noise ratio
is recognized to be a powerful tool to determine whether theet carries infor-
mation of the radio pulse from a cosmic ray. In RDAS, the sigoanoise is
defined as a power quantity. In other words, it is the ratieveen the squared

8 the documentation is available at (RDAS Software, 2008)
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Table 4.3: BLS data selection- May-November 2007
Events
coincidence with SD 313
signal in all the three poles | 234
RDAS version 217

SNR> 14° 24
Adirection (SD - Radiok 20¢° 21
AR/R< 25% 21

amplitude peak and the squared noise standard deviatios.mbdule “Recon-
structionStar”|(Asch et al., 2008) allows to arbitrarilyt #ee minimum value for
the signal-to-noise which is required for the signal tracée considered in the
reconstruction.

The radio pulses processed with the different modules, twhpass the first criteria
selection, i.e. signal-to-noise ratio, are allowed toipgréte in the reconstruction of air
shower parameters, such as the incoming direction.

4.2.3 Data selection

The radio events detected during 2007 with the three poléseaBalloon Launching
Station (BLS) are used for the polarization analysis ofieafi2.2.
The data taking covers the period between May and Novembdr3a3 events were
recorded in coincidence with the Auger Surface Detector)(8@ased on the SD data,
the direction, the core position, as well as the primary gnef these showers are
reconstructed by CDAS (Central Data Acquisition Softw#€DAS, 20083)

Of these 313 hybrid events, recorded by both radio and Sete only 234 show
a signal in all the three poles. These are processed with RBA&ler to simulate the
antenna detector response.
Within the RDAS modules, a first selection on the signal-tisa ratio is applied. Only
traces with SNR larger than 14 are allowed to participateé@reconstruction of the air
shower parameters.
In each channel, the SNR is defined as a power quantity

2

Asignal
SNR = — (4.2)

noise

with AZ, ..., the squared signal amplitude calculated as the maximuingfehe trace,
ando? . . the squared standard deviation of the noise.

This step is done with the module ReconstructionStar andeBeicData respectively
for the simulated and recorded events.

The radio reconstruction of the shower direction, whichdasdd on a plane-wave fit,
requires a clear detected signal in all the three poles, ttiiSNR cut implies a trace

%in one channel per pole
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Figure 4.9: Direct comparison of the Radio and SD direction reconsinrctor the
selected 21 events. The dash-lines represent a discred2€ydegrees in the SD and
Radio reconstructions.

with high signal-to-noise in at least one channel per pole.

A direct comparison between the azimuth and zenith angleeoévents reconstructed
by both SD and radio detectors, allows to methodically teg#tthe radio mis-reconstru-
ctions or RFI (Radio Frequency Interference). In this wayydor 24 events of 234,
the incoming direction of the showers is successfully retmcted by RDAS.

In figl4.9, the direct comparison between the values for both thit¢tzand the azimuth
angles given by SD and RDAS is presented. In general thetiinereconstructed by the
radio detectors is compatible with the SD values. Neveed®la further cut is imposed
in order to reduce the discrepancy between SD and radio ttua wat larger than 20
Three of the 24 events are, thus, removed.

Another possible selection criterion concerns the retagiror on the distance R be-
tween the core of the air shower and the antenna (groundtzzsedinate system).
Both the values for R and the absolute erf®R are given by SD. Since the largest
value of AR/R is smaller than 2% no cut is required.

A total of 21 events are available for the analysis.
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5 Geomagnetic contribution to the
radio emission from extensive
air showers

Since the interest in radio emission from cosmic ray air grewas been revived, many
efforts have been made in trying to understand the radiostomsnechanism.

The coherent radio emission from the time-varying electrand positrons in the cas-
cade, drifted by the presence of the Earth’s magnetic gl considered to be the
predominant contribution (Allan, 1971).

This idea is supported by the data analysis of several expeis, such as LOPES
(Horneffer et al., 2007, Isar etlal., 2009), CODALEMA (Ardoet al.,/ 2009) and the
RAuger setup at the Pierre Auger Observatory (Revenu, 20¥0dependence of the
strength of the radio pulse on the geomagnetic aa@evas recorded. Moreover, with
antennas aligned in the east-west direction, a generalessgipn of the events coming
respectively from the south for CODALEMA and LOPES and frdm north for the
RAuger setup was noticed, according to the theoreticalaapen for the geomagnetic
emission (see also next section).

Among all the other contributions not dependent on the miégfield B, thus called
non-geomagnetic emissions, the predominant seems to Inec®a with the variation
of the net charge excess in the air shower (Askaryan, 1962).

The charge excess radiation, as well as the geomagnetisiemiss linearly polarized.

The main difference among these two contributions conctéraslectric field vector

(fig. 3.1): on the one hand, the geomagnetic emission is cteaized by an electric

field oriented in the same direction per each event, depgratirboth the direction of

the Earth’s magnetic field and the direction of the showes.agin the other hand, the
electric field vectors of the charge excess radiation ise radially from the shower
axis.

The major outcome is that these two contributions add upulestely or constructively

according to the observer position.

In this chapter we will focus first on the expectation for pgyrgeomagnetic emis-
sion, in the individual electric field components, for theaific case of the LOPES and
AERA experiment sites.

Moreover, further hints, which allow to treat the total d#éel radio pulse as predomi-
nantly due to the geomagnetic emission mechanism, will beudsed.

1o is the angle between the incoming direction of the showerthadnagnetic field vectors. For of
0° or 180, the two vectors are parallel to each other, whiledasf 90° the vectors are orthogonal.
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5.1 The vector of the Lorentz force

The electrons and positrons created in the cosmic ray awesh@xperience the pres-
ence of the Earth’s magnetic fieBl As a result, an electric current is induced in the
direction perpendicular to both the shower axis and the met@gfield vector. Due to
the time-varying number of charges within the developmérhe air shower, a total
radio emission proportional tB ~ v x B, with v the velocity in the direction of the
shower axis, is generated (Jackson, 1975).

The normalized vector is proportional to the geomagnetic ang|erecisely

[Pl

W ~ SiH(Oé) (51)

and the whole generated radiation (linearly polarized &ng theP vector direc-
tion, thus orthogonally to both the shower axi¥ &énd the magnetic field.
The individual components of the unitary veckalong the east-west (EW), the north-
south (NS) and the vertical (VE) direction, are easily restaurcted through the cross
product, generally expressed with

VVE(9>¢)BEW(QB>¢B)_ VEwW (U, )BVE(0B>¢B)
vew (0, #)Brs (08, ¢8)—  vns(0, ¢)Bew (0B, ¢) 42

1 ( Pew ) 1 ( vns (0, ¢)Bve(fs, ¢8)—  vve(f, #)Bxs(0s, ¢B)
_ (0,9

where the azimutlkp and the zenitlt define the direction of the incoming shower,
while ¢ g andfp give the direction of the fiel@. This is the general definition, which
does not imply any particular axis coordinate system.
For the specific case of the LOPES coordinate system wheré;,, ¢ = ¢, = 0° in-
dicates the shower coming from the north and= 90° from the east, €lg.5.2 becomes

P sin(6y,)sin(¢r,)cos(0p)

—sin (6, )sin(¢r,)sin(fp)

1 ( cos(0y,)sin(fg) — sin(6r,)cos(¢r,) )
(5.3)

38



CHAPTER 5. GEOMAGNETIC CONTRIBUTION 5.1. PVECTOR

N E S W N

I:’EW

)
(]
=
s
S
()
N
350
Pis N E S w N
90 7 T T T[T T T e 1
=)
()
2,
=
c
()
N
) 5 100 150 200 250 _ 300 350
Azimuth LOPES [deg]
Pue N E S w N
80
70
S 60
©
= 50
£
-g 40
N 30

0 250 300 350
Azimuth [deal
LOPES

Figure 5.1: P vector components calculated in the east-west, northksauod vertical
direction, for the magnetic field information of the LOPE®eamxment site. For the
LOPES coordinate system of the azimuth angle=@oming from the north, 90=
coming from the east.
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Figure 5.2: Same as irfigl5.7, but for the Malargie site. For the Auger coordinate
system of the azimuth angle € coming from the east, 906= coming from the north.
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The Earth’s magnetic field is considered specifically fortREPES experiment site
(0.45 gauss intensityy 25 degrees inclination, pointing downwards to the northg an
for the Pierre Auger Observatory site (0.23 gauss intensit$3 degrees inclination,
pointing upwards to the north)(NOAA, 2011).

The P vector components are calculatedfigfh.1 andfig/5.2 with the direction of the
incoming shower covering the complete sky, thus varyingst@ver zenith angle be-
tween 0 degrees (vertical shower) and 90 degrees (showengdrom the horizon),

and the azimuth between 0 and 360 degrees.

Taking the case of the LOPES site as examfiggH. 1), one can immediately notice
that for showers coming from the north (O and 360 degree inLABES coordinate
system)P is completely oriented in the EW direction, independentef zenith angle.
For events coming from the south (180 degrees) a flip in the fsigthe EW compo-
nent occurs when the shower direction is parallel to the reagfield direction (& 25
degrees). Moreover, in that point all the three componehteeP vanish since the
direction of the shower becomes parallel to the magnetid.fiel
Similar features are shown alsofig. 5.2. According to the orientation of the geomag-
netic field in the southern hemisphere, showers coming fl@sobuth (270 degrees in
the Auger coordinate system) are characterized Byector totally oriented in the EW
direction, independent of the zenith angle. A flip in the dignthe EW component is
shown in the opposite incoming direction (north in the specase of Auger), i.e. when
the incoming direction is parallel to the geomagnetic fieddter. TheP contribution
vanishes for showers oriented in the same direction of tlenggnetic field (showers
coming from the north, with zenith angle of 53 degrees). ihisresting to notice how
the vertical component of the, which is expected to be quite weak in the LOPES
site due to the the magnetic field in Karlsruhe mainly oridniethe vertical direction,
becomes of the same magnitude as the NS component for the AERE.2).

5.2 Geomagnetic contribution in the radio data

A flip in the sign for each individuaP vector component is clearly visible fig[5.1
andfigl5.2. This is dependent on both the geomagnetic field vectbittz®incoming
direction of the event.
The agreement in the first order between radio measuremedttha predictedP be-
havior (Horneffer et al., 2007, Isar et al., 2009, Ardouiakt 2009, Revenu, 2010b)
implies the expectation of a sign dependence of the unldrbendwidth electric field
components, i.e. the unfiltered radio pulse detected in & YEW), north (NS) and
vertical (VE) directions.
In figl5.3 an unfiltered radio pulse is taken as example from a REASGlated event.
The component in the EW direction of the total radio pulsengha positive sign, while
in the NS and VE directions the pulse has a negative sign ditepto the specific ar-
rival direction of the event.
Nevertheless, there is no clear motivation to suppose tigasign is preserved in the
pass-band filtered signal. fig. [5.4 the signal in the EW components fig/5.3 is
filtered with the ideal rectangular filter 43-74 MHz.

CODALEMA claimed a correlation between the incoming directof the cosmic
ray primaries and the sign of the radio signal, i.e. 23-83 Ndeigs-band filtered pulses,
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Figure 5.3: REAS3 unfiltered pulse. The trace in the EW channel showsiavpasgn,
while in the NS and vertical channels the sign is negative.
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Figure 5.4: The signal in the EW channel fi§ 5.3 is filtered with an ideal rectangular
filter (43-76 MHz)

recorded in the EW and NS directions (Ardouin et al., 2009idRe et al., 2009). Namely,
showers coming from the north generally have positive gugkile signals from the
south are generally negative.

A similar analysis on the LOPES measurements is proposegpeidix A: Chap-
ter[12 -“Polarity of the signal” .
With this investigation a clear suppression of the signahiog from the south is seen
for the LOPES detected events. This reconfirms, once ademgaomagnetic emission
mechanism as the main radio emission process.
Despite no obvious reason exists for a signal sign preservat the filtered pulse, also
the LOPES data seems to confirm the CODALEMA results conograidependence
of the sign on the arrival direction of the events: Accordioghe specific “negative
regions” offig[12.1, LOPES measurements preseggativedetected events with a sig-
nificance double than for theositiveevents. This result is confirmed in both the east-
west and north-south detections. However, with a strongiesit the event selection the
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statistics is drastically reduced, and no conclusive statg about the signal-sign in the
LOPES data is possible.

Further proofs concerning the geomagnetic origin of théoradhission as the pre-
dominant contribution are discussed in the second part peAgdix A: section 12]2.

A recent analysis of LOPES data has already shown integestirrelations of the ra-
dio pulse polarization with air shower parameters, in patér with the shower azimuth
angle (Isar, 2010). Taking into account the LOPES resulsndar investigation is pro-
posed, using one of the first radio data set collected witterPierre Auger Observatory
(BLS data - cf. section 4.2.3).

Despite a general geomagnetic-like trend for both data #0833 simulations, the
discrepancy with th® vector predictions becomes larger for a specific incomingadi
tion, namely, when a pure geomagnetic component is expéatbd weak in one of
the two channels. In other words, for events coming from thels(small or null R g
signal) and from the north (small or nulkR, signal), the charge excess contribution is
of the same order of magnitude of the geomagnetic one, arahihot be any longer
ignored.

The findings discussed above on measurements of both LOREBLShsetup con-
firm that using theP vector as a first order approximation for the radio detectddep
does not lead to large deviations. This statement remalidsaslong as the direction
of the shower is considered. A careful treatment for thosmesvwith arrival direction
from the north (or from the south according to the polar@atiaken into account) and
the inclination of the magnetic field must be applied.

5.3 Outlook

The expectation for a pure geomagnetic contribution to #ukoremission® vector),
as well as a direct comparison with experimental data acudsed.

TheP vector can be considered a first order approximation fordderdetected pulses.
Meanwhile, for specific arrival directions where the chaegeess influence to the radio
emission is expected to be of the same order of the geomagetiribution, a careful
treatment of the events is necessary.

Such conclusions will have an influence on the radio pulsditudpe normalization in
the slope method analysis (cf. Chapter 7). As next step, emraie study on the LDF
fit function is mandatory and it is developed in the followritapter.
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6 The lateral distribution function

The lateral distribution function (LDF) describes the a#ion of the radio electric field

as a function of the distance from the shower axis.

An accurate analysis of the radio LDF provides several atdwgas. First of all, it allows

a better understanding and a precise modeling of the radigsem from the air show-

ers. Second, it gives a hint for the spacing of future radierama array experiments.
Moreover, it provides information about the energy and tlassrof the primary cosmic
ray, because its slope is sensitive to the depth of the show&mmum (Huege et al.

(2008) and cf. sectidn 3.3).

In relation to previous comparisons with the outdated REA8&e, a recently im-
proved, but still not complete, agreement in the lateralrithstion function between
LOPES events and their REAS3 simulations is discussed imvigi(®011).

This improvement is due to two main reasons: on the one hhadatest version of the
REAS code (REAS3), released in 2010, is more complete armdenpially includes the
total complexity of the radio emission from cosmic ray aiowsiers (Ludwig and Huege,
2011b).

On the other hand, the experimental data analysis has b&aad.e This is mainly
connected to the new noise treatment, which corrects thersgsic bias introduced
by the noise and affects the slope and the height of the ladéstibution function
(Schroder et all, 2010Db).

The investigation of the depth of the shower maximum thraihgtslope of the radio
LDF (slope method) requires the identification of an appedprfunction which prop-
erly describes the radio LDF.

For the LOPES experiment, an exponential function has beed so far. Neverthe-
less, there are clear hints that, the radio lateral didinbus more complex. Indeed, a
flattening towards the shower core was experimentally elksen Apel et al.|(2010a).
Moreover, mainly due to the charge excess contribution réldéo amplitude should
depend also on the azimuthal position of the observer (an)efae Vries et all, 2010,
Ludwig and Huege, 2011b).

As a consequence, the radio LDF may be better described bytimensional (more
than 1 spatial dimension) function, which would take intoamt the azimuthal posi-
tion of observer with regard to the shower axis.

In the next part, based on an analysis on both REAS3 simakatiod LOPES data, it
will be discussed why an exponential function is a good axipration for the distance
range probed by the LOPES experiment, £e200 m.
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6.1 Lateral distribution function of LOPES data

For each individual LOPES antenna, the maximum instantaamplitude: is used to
guantify the radio pulse (see also secfion 4.Tt& LDF reconstruction.

€ is taken at the maximum of the Hilbert envelope (Schrodatie010b) of the up-
sampled electric field strength, closest to the pulse tinmsvkrfrom the interferometric
cross-correlation analysis.

The uncertainty on the radio pulsé¢) is calculated as the root sum of squared
uncertainties, due to the noise and the calibration unogytaf < 5% (Schroder, 2010).
Three types of error concerning the amplitude calibratremat considered in the LDF
analysis (cf. sectioh_4.1.2): first the one related to theolalts scale of the electric
field strength (34%)(Nehls, 2008), which is a systematic uncertainty of thettsdi
reference signal used during the calibration campaigmrsdhe error connected to the
simulated antenna gain pattern, used for the evaluationmeotalibrated measurements
( 7.5%) (Nehls, 2008) and finally the error due to the environmeaftdcts (4.5%)
(Schroeder, 2011). The last two are not taken into accourthfolateral distribution
analysis of the single event since their effects occur oma scale of minimum one
hour. These uncertainties must be included in the compaosthe LOPES data with
simulations or other experiment results, but can be omittdle analysis of a single
event LDF, since all the antennas are affected in the same way

The distanced) of the antenna to the shower axis is calculated in the shplaan
coordinate system, thus it is the projection on the showanpif the lateral distance
antenna to core position.

The uncertainty on/ depends not only on the uncertainty of the core positionrgive
by KASCADE (4 m) but also on the geometry reconstruction eacy (<0.3 degrees)
(Antoni et al./ 2003b).

The lateral distribution of the LOPES data is fitted with ap@&xential function

(6.1)

d — 100m
€(d> = €100 * €XP (-*)

Ry

with the two free parameters;qy, which is the amplitude of the electric field at the
distance of 100 md,) from the shower axis, anR,, the slope parameter.
The fitting procedure is optimized using@ minimization with ROOT 5.24.

Several reasons supported the idea to fit the data at 100 mcarad @ m, as it was
done in the previous LOPES analysis (Apel et al., 2010akt Birall, 100 m is roughly
the mean lateral distance of a typical LOPES event. Consigube ¢, is close to
measured amplitude values and not derived on extrapolaBenond, the LDF fit at O
m (d,) led to a correlation betweery and R, parameters. With the LDF fit at 100 m
(d100) theeygg - Ry correlation seems strongly reduced (Schrdder, 2010).

Moreover, the resulting values fefy, are in general more precise, as it is shown in
figl6.1 where the relative errors on the amplitude parametethfosame events fitted
respectively at 100 m and at 0 m are compared. On the othett&dariableR, shows

no qualitative difference (sd@l6.2). In both the figures the continuous line represents
the one-by-one correspondence.

Lhttp://root.cern.ch
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The slope parameteR, for the Selection2 is presentedfig[6.3, with a mean value
of 168 m and a standard deviation of the distribution of 93 m.
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Figure 6.1: Comparison of the ampli-  Figure 6.2: The R, parameter does not

tude parameter uncertainty for the ex- depend on whether the fit is evaluated
ponential fit computed at 0 m and at atO morat 100 m
100 m

The curvaturé: of a radio wave-front indirectly gives a hint about the prigngypes:
protons interact deeper in the atmosphere, i.e. closeetolikerver, compared to iron-
like cosmic rays. This results in a curvaturef the radio wave-front larger for proton
than for iron-initiated showers. Defining~1/k the curvature radius, proton-showers
have a curvature radiussmaller than iron-showers.

A first indication of the mass composition signature in thdioadata can be pointed
out by looking at the correlation between the exponentiaéinof the lateral distribu-
tion function (i.e. Ry) and the curvature radiusof the shower front. Indeed, a source
further away from the observer (iron-like air showers) irapla slowly decreasing lat-
eral function, i.e. large values dt,. In contrast, smaller values @i, would indicate
a shorter distance between the radio source and the obskEmw@iing proton initiated
showers.

The curvature radius is reconstructed for each event by Bx00I pipeline (cf. section
[4.1.2), by using a spherical-wave fit.

Unfortunately, the shown relation is quite faifig{6.3), and this could be related to:
the large uncertainty oy, the inaccuracy in the curvature radius reconstructioh wit
the LOPES CR-pipeline, and the assumption of a sphericaksbithe radio wavefront.
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Figure 6.3: No significant dependence of the LDF slope on the curvatuleusaof a
spherical wave-front, reconstructed with the CR-tool pipe (Selection2)
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Figure 6.4: The slope of the LDF tends to increase in relation to the imatiion of the
shower and the distance to the shower axis. (Selection2)

The Ry dependence on the inclination of the shower, expected dag@toe geomet-
rical effect (cf. Chaptdrl3) is shown fig[6.4.
As already seen in Apel etlal. (2010a), the correlation betw&, and the zenith angle
combined with the mean lateral distancg.R,, emphasizes that flatter LDF slopes (i.e.
larger values folR,) are expected - independent of the primary particle type hifghly
inclined showers and when the radio pulse is detected abobeetcore position.
By definition, the slope of an exponential function remaiosstant with increasing the
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Figure 6.7: Left site: They? values show no clear dependence with iygparameter.
Right side: The goodness of the LDF fit decreases at largeregbf the: o, parameter,
i.e. for recorded radio pulses far from the noise level. €68bn2)

distance from the origin.
This is one clear hint that the detected LDF needs a more entpan an exponential
function to be properly described.

The exponential fit applied to the LOPES LDF shows a mean ofétacedy? of

1.5 (igl6.8), which is a quite acceptable value; at the first glartuis, would suggest
that the exponential function describes well enough theieh of the detected electric
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field amplitudes for the LOPES data.

No clear tendency appears betweenyfand the R parametefig[6.7 (left side).

In contrast, a correlation with the amplitude parametgy (right side) indicates how
the goodness of the fit decreases by going far from the norséweth larger values of
€100- Further investigation on the quality of the fit are, thusjuieed.

Hints in the recorded data of the LOPES experiment - e.g. #tefling of the LDF
close to the shower core and the largevalues for events far from the noise level -
suggest that the radio lateral distribution is a complexcfiom. To argue whether the
exponential function can be considered a good approximatialescribe the LOPES
LDF, a quantitative analysis on the residuals of the latBras discussed in the next
section.
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Figure 6.8: Mean and RMS values of the dispersion around the expondittailthe
radio LDFs. The whole LOPES selection (Selection2) is a@rsd.

6.1.1 Residuals analysis B

A statistical analysis on the LDF residuals is presentechenfollowing, in order to
judge whether the exponential function is a sufficient appnation to describe the
radio lateral distribution of individual LOPES events.

For each event, the relative deviation between the radisepamplitude in the an-
tenna,(d), and the fitted exponential function at the same distaheg,(d), is calcu-
lated: e(d)-€g (d)/eqe ().

The distribution of these relative deviations is examinedrider to evaluate the good-
ness of the fit. Negative values of the relative deviatiomesent the points “under” the
fit.

A distribution not centered around zero, but with a largeigadf the Mean, generally
indicates a systematic shift of the data from the fit. In tlise; the exponential fit most
probably failed for that specific event.

On the other side, a large value for the RMS of the distriloyti® an indication of the
spread of the points around the fitted function.

Both the Mean and the RMS of this distribution are taken feheavent. The Mean and
RMS values for the whole LOPES selection (Selection2) aoevahin fig[6.8.

In general, by looking at the Mean quantity, a systematift shihe data points from
the exponential fit is noticed, with an average value for thele selection of %% (fig.
[6.8, left part). It must be stressed that this Mean valueetifit from zero does not
imply a failure of the fitting procedure with the¢ minimization. For this investigation,

2Paper in preparation: (Apel,W.D. and others (LOPES CdRgdio lateral distribution of cosmic ray
air showers - a comparison of LOPES measurements and REABE&S0ONS)
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Figure 6.9: A minimum value of the (RMS) dispersion~at4 % is found even at high
signal-to-noise ratio, i.e. large;oy and large primary energy. (Selection2)

in fact, the uncertainty on the amplitude is not considensd, aoreover, the relative
and not absolute distance point-fit is taken into accounis ko value is a first index
to quantitatively judge the goodness of the exponentiafidl it is of the same order of
magnitude of the uncertainty on the recorded amplitude.

Concerning the RMS, a mean value of 35in the complete selection is obtained,
with a tail of the distribution that reaches 70(fig. [6.8, right part).
Also for the RMS it is important to notice that in the compidatof the relative disper-
sion point-fit, the uncertainty on the amplitudg(d) is not taken into account, which
could partially explain the large value for the RMS.
The expected value for the average RMS is of the same ordéeasatibration uncer-
tainty for the LOPES data, thus around® Nevertheless, the RMS does not fall below
a certain minimum value~ 14 %) even for the events far from the noise level, thus
with higher primary energies (left side of the figlirel6.9) &arder amplitude parameter
€100 (right side of the figure).

Both the Mean (%) and the minimum RMS~ 14 %) are quite different from the
values presented in (Apel et al., 2012b), which are resgsygtiof 1.5% and 10%,
stressing quite significant dependence on the selectiterierapplied for the LOPES
data. For the paper, in fact, a higher signal-to-noise natithe antennas and less re-
strictive cuts on the LDF fitting parameters were required.

The minimum RMS limit & 14 %) is an explanation of the large? values discussed
above: even far from the noise level, and for same distamoes the shower axis but
at different azimuthal angles, the electric field amplitudecorded with the antennas
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varies considerably. This implies an intrinsic difficultyfitting the lateral distribution

function with a one-spatial dimension function.

This can arise from the influence of the charge excess catiibto the air shower
radio emission (cf. Chaptgl 3).

A similar effect was seen in the data of the Nancay Decamétriay experiment,

where an inhomogeneity of the electric field strength wasaetl at small scale dis-
tance £ 100 m) (Lecacheux and Belletoile, 2009).

The unexpected large RMS values are a further indicatidrthiesone spatial dimen-
sional (1D) fit is not enough to well describe the radio ldtbehavior, and, therefore,
the investigation of a possible multidimensional fit mussbgously taken into account.
Nevertheless, the large RMS would only partially affectahalysis on the slope method
(cf. Chaptel ). Indeed, the antenna spacing of the LOPE&-ement allows to average
out this effect, and the slope of the radio LDF is only martijnafluenced.

A comparison with the expectation from the REAS3 simulat&fLconcerning the
Mean and the RMS of the relative dispersion are discussdteifotlowing section.

6.2 Lateral distribution function of REAS3
simulations - exponential fit

The lateral distribution fit will be investigated in this sea with REAS3 simulations
of the LOPES events, mainly for two reasons: the simulatésaseasier to handle since
no uncertainty is considered neither in the radio pulse mohé antenna-core position
distance, and the agreement between detected and simulfefdr the LOPES events
is improved |(Ludwig, 2011).

For each event in the LOPES selection (Selection2), REA®8Istions have been
performed (for detail please see Chapter 8). The simulaigid pulse amplitude at each
antenna positioresny (d), is determined as the maximum of the simulated electric field
strength in the east-west polarization, divided by theatife LOPES bandwidth (31
MHz) (cf. sectioi4.1]1).

Since a systematic difference in the slope is expected leetlWweavier and lighter pri-
maries, the LDF of events both simulated as proton and irttiaied air showers will
be separately treated.

As an example of a typical behavior, a LOPES event with a pyreaergy of 1.210'7
eV, zenith anglé ~ 23 degrees and azimuthal anghe,prs ~ 1 degrees reconstructed
by KASCADE (event coming from the north), is presentedfigl6.10, left side, as
proton and as iron initiated air showers; the lateral distion is, again, fitted with the
exponential function of €9.6.1.

The result of the reducegf is smaller than 0.2 in both cases, suggesting the correctnes
of such a function in describing the simulated radio latdistribution.
An analysis on the residuals for the REAS3 simulated lattisdtibutions follows.

6.2.1 Residuals analysis for the REAS3 simulations

The approach of the residual analysis is used also for theF3Emulations. As a first
step, a visual interpretation is performed, using the altsalistance point—fit. In a sec-
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Figure 6.10: Exponential fit of the LDF for a typical LOPES event simuladgsgroton
(TOP) and as iron (BOTTOM) primary. On the right part a visaation of the absolute
residuals distributions.
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Figure 6.11: Distributions for the relative residuals of the single ewveffigl6.10 taken
as example.

ond step, the same investigation done for the LOPES LDF i®peed, thus analyzing
the relative distance point-fit and the Mean and RMS valugkeflistributions.

The absolute vertical distance (residual) of each poinnhftbe regression line, i.e.
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Figure 6.12: Systematic shift from the Figure 6.13: Relative spread around

LDF fit, for the whole set of simulations the LDF fit (i.e. RMS ofig. [6.11), for

(Selection2). The events are simulated the whole set of simulations of Selec-

as proton primaries. The exponential tion2. The events are simulated as pro-

function is used to fit the LDFs ton primaries. The exponential func-
tion is used to fit the LDFs

e(d) - g4 (d) is considered. Plotting this quantity directly providessual interpretation
of the goodness of the fit. Assuming that the chosen fittingtion is the correct model
to interpret the data, the residuals should approximatentimeerical uncertainties, so
they should appear to behave randomly. On the other sidbeeifdsiduals display a
systematic pattern, it is a clear sign that the model fits #tta goorly. For a proper
visual interpretation the absolute and not the relativeadise point-line is considered.
By looking at a typical event taken as exampl€igi6.10, right part, a random be-
havior of the residuals is shown only in the distance rang2@Dm.
The systematic pattern for distances smaller than 30 matescthat also REAS3 sim-
ulations predict a flattening of the LDF slope close to theasdrcaxis, similar to what
the LOPES data show (Apel etlal. (2010a) digdo.4)

A visual interpretation of the residual is not sufficienttolge the exponential fit. In
consistency with the analysis done for the experimental irD$ectior 6.1.11, a statisti-
cal investigation on the relative dispersion around the IfiDis presented.

The relative deviation point—fit(d) - g (d)/eq(d) is computed for each antenna dis-
tanced and its distribution is considered, as presentefigf®.11 for the typical event
taken as example.

For both proton and iron simulations of the example-evém Malue of the Mean of
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Figure 6.14: Events from the south Figure 6.15: Events with smaller geo-
have the largest values of the weighted magnetic angle have the largest values
dispersion around the LDF fit. No noise of the weighted dispersion around the
is included in REAS3 simulations. LDF fit.

the distribution, respectively of -1.38% and -0.9%, quantifies the small systematic
shift of the points from the exponential behavior. Agairg tregative values are due to
the points “under” the fit.

Since iron and proton generated events differ only slighéter on, the plots for the
proton-events are picked as example.

By looking at the whole selection, shownfigl6.12 only for proton, the average Mean
values of the relative deviation distributions for protamdaron are respectively of -
0.8% and -0.6%.

One can affirm that the systematic deviation from the fit fazhesimulated event is
small, and the exponential function can be considered goodgh to describe the data
for the distance range of individual LOPES events.

Of big interest is to look at the RMS values for the completec®n ig[6.13) with
the aim to compare with the values for the LOPES data. For gmbhidual REAS3
event the RMS indicates the intrinsic spread of the eledigid strength which is, in
this case, not affected at all by the noise.

The magnitude of RMS is, thus, an indicator of the variatiohghe radio pulse am-
plitude in the individual antennas, which is mainly due te thfluence of the charge
excess contribution (cf. Chaptér 3).

Evidence which supports this idea is showfigi6.14 andig[6.15; infigl6.14 it appears
clearly that the large values for the RMS are due to eventsrapfrom the south (0 and
360 degrees in the REAS coordinates system (Huege| 20htlgedl, for these events,
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Figure 6.16: The minimum RMS value, for high primary energies (left) airddrge
€100 parameter values (right), thus far from the noise level,fithe same order as the
calibration uncertainty (50).

according to the zenith angle, the radio emission is dorathéity the charge excess
contribution, since the geo-magnetic anglg is close to zero. The correlation is even
more clear by looking at the behavior of the RMS values witfard to the geomagnetic
angle €igl6.15). Events with smalk show larger values for the RMS spread.

For the whole selection, the average influence of the chexgess contribution on the
radio lateral distribution function predicted by the REASBwlations is of at most 6-
7 % (precisely the average RMS for proton and iron is respegtivies.9 % and 5.9%)
(figle.13). Since this value is quite small and comparable todlibration uncertainties
of the LOPES data (50), the one dimension (1D-) exponential function [ed.6.1) ca
generally be considered good enough for the descriptiomeofadio lateral distribution
behavior.

It must be stressed that the REASS3 prediction for the avesagead of the points
around the fit, however, seems to only partially describd_DBES data results, where
a mean RMS of 3%, and a minimum RMS of- 14 % even for events far from the
noise level was foundig[6.9).

Considering that the RMS values for the same simulated sweitti the largest primary
energy and/or largestq, reconstructed parametefig(6.16) are around 5-%, one can
affirm that only half of the experimental relative dispersaround the LDF fit can be
attributed to the charge excess contribution.

Possible reasons for this inconsistency between simogt@md experimental data
about both the Mean and the RMS values of the dispersionsdesl Ibelow: first of all,
the discrepancy can be referred to an underestimation afdliteration uncertainty, i.e.
5 %, in the detected radio pulsé\¢) for the LOPES experiment; second, due to the
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comparison with the results in (Apel et al., 2012b), it mightattributed to the data se-
lection used. A higher signal-to-noise cut will possiblguee the discrepancy between
data and simulations. Moreover, the inconsistency cowdd atress the incomplete-
ness of the simulation code (REAS3.0) in describing theatetedata. For instance, in
this set of REAS3 simulations, the refractive index of the@phere was set to unity
(a realistic atmospheric refractive index was properlylangented only in REASS.1,
unavailable at the time of writing).
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6.3. REAS3-FITTING FUNCTIONS

6.3 REAS3 - A comparison of alternative fitting

functions
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Figure 6.17: REAS3 simulated LDF for the same evenfigi.10, fit with the three
functions.

By comparing with other possible functions, the followirig®/s the uniform expo-
nential function to appropriately describe the radio LDF.
This procedure concerns only (REAS3) simulated radio LDiesthe noise and the
large error-bars in the detected LOPES amplitudes do nowall precise study of the
LDF fit.
The purpose is to reduce the systematic shift found for tlaive deviation from the
LDF fit, thus the Mean values of the distributidig(6.12).

The three functions taken into account for the LDF fit are:

, d
s Pfit:e(d) =€, - (—)¥, with ¢, [1V/m/MHz] and k as free fitting parameters
m

d — 100m

o Efit: e(d) =€190 - €XP ( R
0

), with €199 [V /m/MHz] and R, [m] as free
fitting parameters

o Afit: e(d) =€p with €5 [#V/m/MHz], R4 [m] and § as free fitting

1
6’
(&)
Ra

parameters
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Figure 6.18: Systematic shift from the Figure 6.19: Weighted spread around
LDF fit, for the whole set of simulations the LDF fit, for the whole set of simula-
of Selection2. Values comparable to E- tions of Selection2. Values comparable
fitin figl6.12. The events are simulated to E-fit infigl6.13. The events are sim-
as protons. (A fit) ulated as protons. (A fit)

These are respectively a power-law function (P fit) simitawhat has already been
investigated in (Apel et al., 2010a), the exponential (E4iit)l a more complicated func-
tion (A fit), with three free fitting parameters (Badescu, @01
The advantage for the last A fit is that it turns to a power-lamction for larger distance,
which is expected from the theoretical point of view (Scaolét al., 2008).

. d\~"
limg_,inf €(d) = €a (R—A)

The same typical event, taken as example in the previoumsdct. fig[6.10), is now
fitted with the three functions; only the proton simulateémvfigl6.17) is reported
since no big difference among proton and iron generatedhawsrs is found.
As it immediately appears by eye, the power-law fit compjetails in fitting the data,
for the distance range of the LOPES event.
The case is different for the other two functions, especifi the A fit which seems
to describe best the behavior of the electric field ampliindee antennas even for the
distance range 0-30 m, where a flattening of the LDF slopeperxentally expected
(figle.4) (Apel et al., 2010a).

The relative deviation of the points around the LDF fit is cantel also for the A
function. The Mean and RMS of the distribution are taken mgatio account to have
a first indication of potential improvements, in comparisath the exponential fit case
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(figl6.12 andiig6.13).

On average, the A fit presents a Mean value slightly smalterpfoton of -0.58%
(figl6.18) and for iron of -0.26%, compared to the systematic shift of the exponential
function (respectively of -1.38% and -0.9%). The negative sign is, again, due to the
amplitudes smaller than the fit values. The same occurs éomtbrage RMS for proton
of ~ 6.7 % (figl6.19) and for iron of~ 5.1 % (the RMS values for the exponential fit
are respectively o& 6.9 % and 5.9%), thus a slightly smaller dispersion of the points
around the fit appears using the three parameters functidit) (A

The values reported above exhibit a behavior almost sifalaron and protons pri-
maries. Nevertheless, proton-initiated showers show arage MEAN and RMS dis-
persion values of 12 systematically bigger than for iron-initiated showers.other
words, iron-showers are characterized by less variatiotisd radio pulse amplitudes.
As consequence, the iron LDF profile can be more easily andriatscribed by both
an exponential and the A fit function, compared to the prot@mts.

A method to directly compare, event by event, the E fit and Alfictions, is provided
by the R-square coefficient from the non-linear regressiubmch is presented in the next
section.

6.3.1 Goodness of the fit analysis

The R-square coefficient provides a measure of how well éutlata are likely to be
predicted by the used model (GraphRad, 2011). Its valuetisgem 0 and 1, with R
close to zero indicating that the fit curve explains the datdetter than a horizontal
line going through the mean of all y-values, whilé&R meaning that all the data points
are on the fitted function.
One should carefully give a meaning to the absolite&ue for an individual function
used to fit the data, since this coefficient is not a solid iatdic of the quality of the
individual fit. Anyway, for the specific case of a comparis@tvieen models applied
to the same events - in this case a comparison between the rdftha E fit - the R
coefficients indicates which of the two functions prediastithe future outcome.
Considering the different number of the free parametershferanalyzed functions,
it is mandatory to use the adjusted coefficie@ijn which the number of degrees of
freedom is taken into account:

R =1 () 5 e - 6.2)
e n—p-—1/3L4(yi —¥)?

y; are the fitted points, thE™ ,(y; — f;)? is the regression sum of squares witte
value of the individual points projected on the fitted lid, , (y; — ¥,)? is the total sum
of squares, witly, the horizontal line passing through the mean y value, p isitimber
of free fitting parameter and n-1 the degrees of freedom.

The adjusted gh. coefficients for the exponential and the A fits, for each irdiial
event, are compared iilg[6.20 andfigl6.21, respectively for proton and iron REAS3
simulated showers. The continuous line represents thdprmie correspondence.
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In both cases, a slight shift towards largé Roefficient values for the A fit is notice-
able, hinting towards the A fit to be a better description efithdio lateral distribution
(as it was already noticed above).

Nevertheless, the general improvement consists of onlyadl g@rcentage.

Moreover, the A fit is a three parameters function. One patanmeore than the expo-
nential function will result in a larger difficulty in fittinthe measured data.

In regard with the last two remarks, the “easier to handl@ogential function is prefer-
able and it is considered to generally well describe theor&ateral distribution for the
LOPES experiment array, thus for distances smaller tham200

6.4 Outlook

Clear hints in the LOPES data reveal that the radio latesttidution for each individ-
ual eventis more complex than the used (1D)-exponentiaitanay be better described
by a multidimensional (more than 1 spatial dimension) fiorct

A statistical analysis on the LDF residuals for both recdrdad simulated data was
performed and the exponential is, all in all, judged as adafit approximation to de-
scribe the radio lateral distribution at the distances pdoby the LOPES experiment:
The systematic deviation from the fit is small and compar&bthe calibration uncer-
tainties ¢ 5%). REAS3 predictions for the average spread of the pointsratohe fit,
however, seem to only partially describe the LOPES datdteefossible causes for this
behavior were discussed. Nevertheless, the large RMS atithffiect the slope method
analysis performed in the next chapters, thus the homogere@onential function is
used.
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Figure 6.20: Direct comparison of the ﬁj coefficient computed once for the exponen-
tial, once for the A functions. (REAS3 proton primaries)
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Figure 6.21: Same as iffig[6.20, but for the REAS3 iron primaries.
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7 The slope method based on
REAS3 simulations

Several simulation models for the radio emission from casay air showers have been
developed in the last few years (Huege, 2009b). Irrespecfisome differences in the
results, almost all models predict the LDF slope to be a gtindicator for the cosmic
ray mass.(Ludwig and Huege, 2011b, Scholten et al.,|'2008)tala pure geometrical
effect: Iron nuclei interact earlier in the atmosphere cared to lighter cosmic rays.
The depth of the shower maximum (X,) depends mainly on the first interaction. An
Xmax at a larger geometrical distance from the observer (likertor-generated show-
ers, as well as for inclined showers) implies a flatter radid-Lcompared to proton-
generated or vertical showers.

An analysis on the simulated radio LDF slope was done in He¢gé (2008) with
the former REAS2 code (Huege and Falcke, 2005a, Huege 20417), showing the
possibility to derive important shower parameters, sudh@grimary energy and depth
of the shower maximum, with radio-only measurements. Sawselts are reviewed in
sectior_3.B and are used as guideline for the investigatiesepted here.

The purpose of the paper (Huege €t al., 2008) was a geneestigsation which studied
four specific shower geometries. The results of Huegel e2@0&) are exemplary, leav-
ing the direct application to any of the radio experimenibtstbe elaborated.

In addition, the REAS2 code turned out to be incomplete andully consistent. The
updated version of the code, REAS3, available since 20Xtsiders almost the entire
complexity of the radio emission from the complete air shogevelopment.

Furthermore, the improved noise treatment (Schroder,e2@1L0Db) included in the
LOPES analysis pipeline (cf. Chaptér 4), and the carefudystin the systematic bias
and uncertainties on the detected radio amplitude, nowvadiqrecise study of the
LOPES lateral distributions.

A sign of the refinement of the REAS3 code and the improvememit® LOPES LDF
analysis is the significantly better agreement between RES8ulated and LOPES de-
tected lateral distribution functions (Ludwig, 2011).

This insight leads to the conclusion that an updated LDFyaiswith the new
REAS3 code is mandatory.
The general goals of the following chapter are: First, tafyend improve the previous
REAS?2 analysis (cf. sectidn_3.3) with the updated REAS3 Kitians. Divergences in
the results, mainly due to the charge excess contributitimet@adio emission (omitted
in REAS2), will be pointed out. Moreover, a dependence onhididronic interaction
model used to simulate the air showers in atmosphere isstisdu
Second, the application of the slope method to the detec@@HS data needs to be
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validated.
For such a purpose, the events in Selectionl (cf. selctioB)4aie considered.

7.1 REASS simulations adapted to a realistic case

One important issue in this investigation is to create a SBEAS3 simulations which
describe accurately a realistic situation for the LOPES:arpent.
The following aspects have been taken into account:

» Simulations of the LOPES detected events
CORSIKA (Heck et al., 1998) and REAS3 (Ludwig and Huege, 2)Hte used
to simulate, respectively, the particle cascade and the emission from the
electromagnetic component of air showers, induced by a icosay primary.
For these simulations the interaction models used are QG $Dstapchenko,
2006) and UrQMDI(Bass et al., 1998), as high energy and lowggrieteraction
models. In this first part of the analysis, we refer to the &v@anSelectionl (cf.
sectiorf4.113). The information related to the energy, ticerning direction and
the core position of each event detected by the LOPES expstifreconstructed
by KASCADE(-Grande)) are used as input parameters for timeilsitions. In
this way, also the geometrical acceptance of the LOPES empet is taken into
account.
Moreover, the geomagnetic field, which is important for théio emission in air
showers, is set to the intensity and inclination valuesiMali the LOPES site (cf.
Chaptefb).

* LOPES antenna array
The REAS3 simulated electric field is filtered with an ideatamgular bandpass
filter of 43-74 MHz, in order to reproduce what is measuredh®/ltOPES an-
tenna setup.
Each observer position (i.e. each antenna) for the simiatents correspond to
the LOPES antenna in the array. In other words, for a singhelsited event, 25
observer positions (see fig.#.1) are located with respettetghower axis of the
specific event just as the LOPES antennas .
For most of the events the core of the shower occurs to lietiwdsn the anten-
nas. Accordingly, the LDF for each event, which is the eledield amplitude
in relation to the distance from the shower axis, is congdearot only in one
specific azimuthal direction.
In this way, the influence of the charge excess contributiché different direc-
tions can be investigated.

» Shower-to-shower fluctuations
REASS takes the needed information about the electrons asitt@ns in the air
shower from CORSIKA, collected into histograms createdhsyinterface pro-
gram COASTH (Lafebre et al., 2009).
For each selected LOPES event one complete simulation ViR®IKA is per-
formed, once as proton, once as iron-generated showebsnwipre-selection of

1CORSIKA dAta acceS Tools: C++ code providing simple and standardized acces®RIIKA data.
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a typical shower.
Shower-to-shower fluctuations, which affect the data, laus tncluded.

7.2 The slope method approach

The slope method approach is investigated here by using@slime the analysis shown
in Huege et al.[(2008), but applied to the REAS3 simulationthe LOPES detected
events, as described in the previous section.

For each of the 30 simulated antennas, REAS gives the thaern@mponents of
the electric field in the east-west, north-south and vdrtizactions. The amplitude is
determined as the maximum of each component of the elecahit fi
In the following, we will refer to the total absolute valligo1|, i.e. the square root of
the quadratic sum of all the three electric field components.

The 30 absolute amplitude points of each event need to bgoléded with a proper
function. The slope method applied to study the mass seitgiin the radio lateral
slope does not require a specific function to fit the radio LTts is a big advantage
if one considers that the radio lateral distribution is net fully understood at larger
distances than 200 m from the shower axis. According to tinelasion in Chapt€rl6,
a homogeneous 1D-exponential function[(eq.6.1) is suffii@ccurate to describe the
LDF for the LOPES events, thus it is used in the following ss@.

In addition to X,., another factor of big influence on the lateral slope is thethe
angle of the air shower. This dependence, expected agaitodagure geometrical
effect, is experimentally seenlin Apel et al. (2010a) andgeid.

To reduce the dependence of the LDF-slope on the zenith camgdebetter focus on the
effects of the primary composition, five zenith angle biresseparately considered.

The comparison of the radio lateral functions for the LOPE&nés requires a nor-
malization of the electric field amplitude in the antennasleled, the LOPES selection
presents a primary energy in the rangé”1D0'® eV and an isotropic arrival direction.

Thesin(a), with « the geomagnetic angle, can be considered a good approgimati
for the arrival direction normalization when the total dlose value|eT—0T>| is consid-
ered. Indeed, further proof for the geomagnetic inductiteceas the major mechanism
for the radio emission has been discussed in Chapter 5.

Concerning the energy, three different normalizationsaparately investigated:

€TOT €TOT €TOT
sin()E " sin(a)Eca sin(@)Eem

the first with the primary energy (E) used as input parameaietife REAS3 sim-
ulations, the second with the calorimetric energy.{ki.e. the energy deposited by
the particles in the atmosphere, and finally with the electgnetic energy (&),
i.e. the energy deposited in the atmosphere by the electyoatia component of the
shower. While, for the LOPES experiment, the primary enésglirectly given by the
KASCADE reconstruction, the & and E,, are calculated after the particle information
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given by CORSIKA.

E.. is the quantity measured by fluorescence light detectorsséRind Heck, 2004).
The E,, does not consider the energy deposited in the ground anchdrgyecarried
away by the hadronic and muonic components. Since the rawiss®n comes pri-
marily from the electrons and the positrons moving in thecsphere, it should be best
correlated to E, Huege et al. (2008) (cf. sectién B.3).

7.2.1 The flat region

The proper normalizations, previously discussed, allowmagarison of several LDFs
from the LOPES selection (Selectionl).

The simulations of the 54 events in the first zenith angleibén)ess than 19.4 degrees,
are presented in fig.1.1. The distance from the shower atagén in the shower-plane
coordinates system, i.e. the plane perpendicular to theeshaxis, with a maximum of
350 m, taking into account the dimension of the LOPES array.

The differences between iron and proton simulated LDFslagglg seen by eye for all
the three energy normalizations.

One expects to find a specific region, thiet region (Huege et al., 2008) (cf. section
[3.3), where all the LDF profiles intersect, independent efgshower X,... In our case
this distance, that from now on we will refer to agg, is not distinctly identifiable.
The main reason are the variations of the pulse amplitudegach single event, even
at the same distance from the shower axis. This is a cleaom@of both the realistic
simulation of the LOPES antenna array, and the expectecimtriof the charge excess
contribution on the total simulated electric field when sal/azimuthal directions from
the shower axis are taken into account.

Therefore, the profile of the relative spread of the fits is potad and the minimum
RMS value is taken. For the first zenith bin, the RMS spreatigsvs in relation to the
distance from the shower axis for each of the three energyalarations (fid. 7.1, right

part).

The maximum value of the RMS is obtained for the furthestatisé (around 350 m)
and it is almost the same-(50 %) in all the three normalizations.
The minimum RMS value is quite small and varies betweéh @énd 8%.
The normalization for the total primary energy shows thgdat values (&) for the
RMS spread of the fits (Takle T.1), which is, by all means, @eeted effect (Huege etlal.,
2008).
Indeed, as already discussed in sedfion 3.3, the iron aridrppoimaries transfer a dif-
ferent amount of the same primary energy to the electrontemgoemponent, which
is of interest for the radio emission. Much larger fluctuati@mong the electric field
strengths and larger values even for the minimum of the spp&the fits are expected.
In contrast, the lowest RMS spread is observed, as expdotethe electromagnetic
energy normalization.

In fig[7.2, the distributions of the normalized field strength i fhat region is shown
in relation to X,.... Again, it is clearly visible how the radio amplitudes sgteaduces
best for the electromagnetic energy normalization (bottan). Nevertheless, theeps
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Figure 7.1: Left part: LDF for proton (blue) and iron (red) REAS3-simigd LOPES

events in the first zenith angle bin. The total electric fislshdrmalized, respectively
from top to bottom, by the total, the calorimetric and theceélemagnetic energy, as
well as the geomagnetic angle. Right part: RMS of the eledield fits, calculated at
12 distances from the shower axis.

between the primaries expected for the E normalization ¢ al.| 2008), as previ-
ously introduced withig[3.3 top left, are not so evident here.
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in the flat region is independent on the showegf.X

Even though the E normalization presents the largest vétwgbe minimum RMS
spread for all the zenith angle bins considered, this is,vamage, no more than few
percent larger compared to the other two normalization®réfore, the three normal-

izations used for these selected LOPES events do not widfédy.d

In spite of shower-to-shower fluctuations, realistic siatiains predict that radio mea-
surements can possibly determine directly the total enefgyimary cosmic rays with

a precision of 8% and 8%.

A relevant result comes with the electromagnetic energynatization. The char-
acteristic lower RMS-spread (Talile 7.1 digl/.3) stress the expected dependence of
radio signals on the electromagnetic component of the awsh The smallest RMS
reaches on average a value of almo$t.3This emphasizes the potentiality of the ra-
dio detection to provide with extremely high precision thecaomagnetic-component
of the primary energy. As a consequence, the radio deteatmmbined with a dif-
ferent detection method which provides the total primamgrgy reconstruction, allows
to disentangle between the hadronic interaction modelpgsed in last decades for
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Figure 7.3: Total electric field strength for proton (blue) and iron (Jesimulated events
taken in theflat region and normalized by the electromagnetic energy inadith angle
bins (from top to bottom, from the second to the fifth zenitfi@hins).
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describing the air-shower development in the atmosphere.

A clear evidence of the shower inclination influence on therkd slope can be seen
by comparing the plots in the different zenith angle randigs (Z.3). The more the
showers have larger inclinations, the more they collimafhis results in an overall
smaller RMS spread also for larger distances.

The values for the distance where the minimum RMS happeps, dhanges be-
tween 60 and 90 m far from the shower axis, increasing withzéreth angle and in
dependence of the energy normalization used. One needsetinta account that, es-
pecially for larger zenith angles, the values for the RM®#élision in the distance-bins
contiguous to ¢, vary of a small quantity (less than 075).

As remarkable result, thélat region is found to lie inside the LOPES array, at the
maximum distance of d=90 m, i.e. R=132 m in the ground comtémsystedﬁ, for the
most inclined showers.

An uncertainty of 5 m must be considered for thg,dvalues, due to the chosen distance
binning.

7.2.2 The steep region

Thesteep region is defined to be another distance from the showerakiste the elec-
tric field amplitude carries the information about, .

This is chosen to be at the arbitrary value of 170 m far fromjthe region, so d..,
will lie in the range of 230 - 250 m.

The constant value of 170 is set taking into account diffefactors: First of all the
primary energy of the events in the selection, which doesrotedl 0¥ eV, and im-
plies a radio signal decreasing fast to small values foadtss of only a few hundred
meters. Second, the small range of the LOPES antenna atay, The indications for
the exponential function to fail in describing the data atalices larger thak 200 m
(cf. ChapteEDB).

. .o . . . €fla
The ratio of the electric field amplitudes in tiféat andsteep region, flat

, provides
6steep
information on the slope of each individual LDF, thus thisa#s used to trace the ..

of the single event.

7.3 Dependence of the radio lateral distribution on
the hadronic interaction model

The interpretation of measurements of cosmic ray air sh®aed the reconstruction
of the primary cosmic ray parameters, such as energy, imgpuirection and shower
maximum depth (%,..), are strongly dependent on simulations.

Different interaction models are used to simulate air-sgrswThe production of the dif-
ferent particles and antiparticles in the atmosphere needde modeled in detail, thus
the simulations require a deep knowledge about the theatethd phenomenological

2 For the conversion between shower-plain system and growsders the transformation
R(d) = d(y/1 — cos(Ap)? - sin(#)2) ~! has been used
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Table 7.1: Distance of theflat region

zenith angle Ecal Eern E
A0 entries| dg,: [M] RMS% | dgee [M] RMS% | dfyr [M]  RMS%
+5m min +5m min +5m min
0.°-19.4 54 70 6.82 60 6.58 70 7.91
19.£4-26.8 70 70 459 60 4.01 70 6.41
26.8-32° 76 80 3.49 80 3.20 80 521
32°-36.2 54 70 4.25 70 3.61 80 5.93
36.2-40r 36 80 451 80 3.80 90 6.56
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Figure 7.4: Event-by-event comparison of the radio LDF slopes for thA&Esimula-
tions using once QGSJetll and once EPOS interaction mo(eédectionl).

description of the processes inside the cascade.

The possible dependence of the radio detection on hadrotécaction models is
investigated in the following. EPOS 1.99 (Pierog and Wer2€09) and QGSJetll
(Ostapchenka, 2006) are used for the air shower simulabbrise LOPES selected
events.

The main difference between the two models lies in the nurabkigh energy muons
produced in the cascade, which directly affect the posiitie air-shower maximum
in the atmosphere, differently for iron and proton initéshowers (Pierog et al., 2009).

For primary energies of interest for our investigation, between 16-10'® eV, the
iron X,,.. is predicted to happen deeper in the atmosphere for QG$Qsthpchenko,
2006) compared to EPOS 1.99.

The proton induced showers for the EPOS 1.99 model show a&hgjbngation (i.e.
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Figure 7.5: QGSJetll- and the EPOS1.99- simulated lateral distribufianction slope
for the proton (left) and iron (right) simulated events.

Xomaz) than QGSJetll (Pierog etlal., 2009).
The X,... dependence on the particle interaction model is expectédie influence
also on the predictions for the radio lateral distributiondtion.

All the LOPES detected events in Selectionl are simulated@sl time as discussed
in sectior 7.1 but with the EPOS 1.99 hadronic interactiodehonce as proton, once
as iron initiated showers.

The ratioe fiq¢/€steep, With €11 @andeg.,, the total electric field amplitudes extrapolated
from the LDF fit in theflat andsteep regions, is used as indicator of the LDF slope for
each single event.

In fig[Z.4 a direct event by event comparison is shown and, as edetie proton
simulated points (blue) scatter much more than the iron Isited events (red), due to
the larger fluctuations.

A general agreement between the radio LDF slopes of the tteoaction models ap-
pears, apart from the slight systematic shift for the iroergs towards larger values for
the QGSJetll simulated slope.

This is, anyway, in perfect agreement with the expectatismee the QGSJetll %,

for iron nuclei is predicted larger, i.e. closer to the olieerwhich implies larger values
for the LDF slope. Moreover the iron showers fluctuate muds,l¢herefore the dif-
ferences between the iron, X, predicted by EPOS 1.99 and by QGSJetll may have a
visible effect also on the radio LDF slope.

On the other hand, this effect could be due to the low statisti
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Figure 7.6: RMS of the radio lateral distribution functions of the eweirt the first
zenith angle bin for both EPOS and QGSJetll hadronic inteceaomodels. The electric
field is normalized by the total primary energy (left) and bg electromagnetic energy

(right).

Quantitatively speaking, a distribution for the differesdbetween EPOS and QGSJet
radio slopes is presented fig[Z.5, for proton and iron separately. The mean and the
standard deviation for both the primaries are quite smafifioning the general agree-
ment. The difference between EPOS 1.99 and QGSJetll is goifisant at 30. In-
deed, the means are, for both protons and irons, smallertiinae times the quantity

RMS/A/entries.
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Table 7.2: Distance of theflat region - EPOS interaction model.

zenith angle E Eern
AO entries| dg,: [M] RMS % | dgiee [M] RMS%

+5m min +5m min
0.°-19.4 54 60 7.7 60 5.9
19.4-26.8 70 70 6.3 60 4.2
26.8°-32° 76 80 7.1 70 4.1
32°-36.2 54 90 6.9 70 4.4
36.2-40° 36 90 6.8 80 3.8

In the specific case of the slope method analysis, it is inspbtb consider the pos-
sible dependence of the overall RMS spread of the radio LB®fitthe hadronic inter-
action model. Moreover, possible divergences in thg dalue reconstruction must be
investigated.

The RMS spread profile of the total electric field values iatieh to the distance from
the shower axis ofig[7.1, right part - events in the first zenith angle bin - is corepa
with the EPOS 1.99 simulated RMS profifig(7.8). Both the total (top side) and elec-
tromagnetic (bottom side) energy normalizations are takiEnaccount.

A quite nice overlapping can be noticed, especially for #gion of interest where the
RMS minimum value takes place. This result is quite unexgzksince the two interac-
tion models vary in the different amount of electromagneéidticles generated in the air
showers. The result is most probably due to the large RMSdpréthe fits - e.g. con-
nected to the charge excess influence - compared to (Huege22@8) which would
prevent to distinctly see the effect of the different enangymalizations.

In Table[Z.2 all the relevant values in the whole zenith amgfge for the simulations
based on the EPOS 1.99 interaction model are summarized.

In conclusion, a nice agreement is found between the minifRiS values for the

two hadronic interaction models, for both the total and tetenagnetic energy normal-
izations. Moreover, a solidity of the predicteg,gd region, which is, also in the case
of the EPOS 1.99 model, found to be in the range 70-90 m and&®;8espectively
for the E and the E,, normalization, in dependence on the shower inclinatiodgarly
seen.
One can affirm that the hadronic interaction model used talsita the air shower cas-
cade for the REASS3 simulations only slightly affects theioddteral slope in the pri-
mary energy range of this selection. As a consequence, theta interaction model
has almost no influence on the g identification.

7.4 Primary energy determination

The importance of theflat region was already discussed. in Huege et al. (2008) and
sectior 3.B: in ¢, the peak electric field, normalized with the energy and thiead
direction of the shower, independent of the primary paetigpe, shows no correlation
with the shower maximum depth and has almost the same valadl the events.

Such a distance is characteristic of the detectors corgidend it can be compared
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Figure 7.8: Same as ifig[7.7 but with a power-law fit.

to both S(1000) for the Pierre Auger Observatory experini@oimmers, 2005) and
S(500) for the KASCADE-Grande experiment (Toma, 2010). deesvely the water
Cherenkov signal in the SD at 1000 m and the charge partidsityeat 500 m from the
shower axis.

From the theoretical point of view, one should expect a dicecrelation between
the amplitude of the radio filtered pulse - normalized witk #rrival direction - in
this specific region and the energy of the shower, espectadglectromagnetic energy
(Huege et al.[(2008), cf sectidn B.3).

Since no big difference between all the three normalizatiatroduced in section 7.2
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Table 7.3: Reconstructed parameters and RMS spread of the energyfiitliBear and
power-law fits are considered.

zenith angle E
Af linear fit power-law fit
(k)e-3[GeV] RMSPi] | (kp)e-3[GeV] P RMSJ1]
1 4.762+ 0.0036 8.14 5.8+ 0.55 0.97+ 0.009 7.66
2 4.901+ 0.0026 6.48 6.0+ 0.45 0.97+ 0.01 6.24
3 5.968+ 0.0027 5.09 6.8+ 0.33 0.98+ 0.008 5.47
4 5.642+ 0.0026 6.27 6.0+ 0.37 0.99+ 0.01 6.28
5 5.996+ 0.0025 6.41 7.1+0.37 0.97+ 0.009 6.41
Ad Eem
linear fit power-law fit
(k)e-3[GeV] RMS[] | (kp)e-3[GeV] p RMS [/]
1 4.759+ 0.0035 6.75 5.7+ 0.53 0.97+ 0.015 6.46
2 4.901+ 0.0026 4.16 6.0+ 0.45 0.97+ 0.012 4.59
3 5.968+ 0.0027 3.27 6.8+ 0.33 0.99+ 0.008 3.25
4 5.642+ 0.0026 3.60 6.1+ 0.37 0.99+ 0.01 3.62
5 5.996+ 0.0025 3.93 7.2+ 0.37 0.97+ 0.009 3.93
Af Ecal
linear fit power-law fit
(k)e-3[GeV] RMS[1] | (kp)e-3 [GeV] p RMS[4]
1 4.759+ 0.0035 6.87 57+0.5 0.974+ 0.015 6.74
2 4.901+ 0.0026 4.53 6.0+ 0.4 0.974+ 0.012 3.93
3 5.968+ 0.0027 3.70 6.8+ 0.3 0.984+ 0.008 3.58
4 5.6424 0.0026 4.42 6.0+ 0.4 0.99+ 0.01 4.28
5 5.996+ 0.0025 4.56 7.2+ 04 0.974+ 0.009 4.56

is observed, the expected linear correlation could be gégexpplied not only for the
electromagnetic energy.

The measured or simulated radio pulse heighf,, normalized by sing), will im-
mediately give information about the shower energy, usigi@.d4. The proportionality
constantk; [GeV] will depend on both the shower geometry (inclinatiamd on the
energy component that is to be reconstructed, such as prienargy, electromagnetic
energy, or calorimetric energy.

ky €flat
E, Ecal, Eem = — 7.1
et Bem = G0 @) </N/m> (7
The normalized radio pulse heigfitis simply an exponential function of the distance
€flat €fit dfat
f= = . — | = 7.2
sin(a)  sin(«) P ( Ry ) (72)

The error on the normalizedy,,; is calculated with the Gaussian error propagation
formula,

of ? of ? of 2o\
of = \/<adﬂatadﬂat> + <6—}%OO-RO> + <a?ﬁt0'€ﬁt> + <6—a0'04> (73)
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where the covariance terms are neglected, and an uncgrbdiitm is associated with
df4:, due to distance bin range used.

For the first zenith angle bin the correlation between thetetefield in the flat region
and the total primary energy, fit with the linear functionl,7ate shown irfig[Z.4. The
figures relative to the calorimetric and electromagnetiergy for the other zenith bins
are shown in Appendix B: sectian 13.1.1. On the right parthef figure, the relative
deviation of the points from the linear fit, defined as (engsgy-energy../energy),
are presented.

The RMS of the relative deviation is quite small and, evertliertotal primary energy,
is of only 8%. This is the intrinsic energy uncertainty for the radio meament due to
shower-to-shower fluctuations.

From the experimental point of view, with the LOPES30 setatada power-law cor-
relation between the total primary energy reconstructed A8 CADE or KASCADE-
Grande and the electric field detected in the east-westipatanm was found. Precisely
€oast = EVP5E004 (Link, [2011).

In coherence with the experimental observation, also teepéaw must be taken into
account as fitting function, in order to test any possiblermmpment in the primary en-
ergy -, COrrelation.

The same simulated events are thus to be fitted also with doemddunction {ig. [7.8),

k at \'

bl _Eftat (7.4)
sin(a) \ uV/m
with p andk,; [GeV] the two free fitting parameters. Thevalue is expected around
1.05, i.e. 1/0.95, from the experimental data analysiskl2011).

energy =

For the whole zenith angle range®{80°), no relevant differences between the two
fits can be detected. Thig, and#; values of the two functions are comparable in each
of the three energy normalizations and thparameter reconstructed is close to 1 (see
also Tablé 7.13).

Over the whole zenith angle range, a mean uncertainty’%ffér the linear fit and 4%
for the power-law fit is found, i.e. the mean of the RMS valuks{é7.3).

In summary, the linear function can be considered a goodoappation for the ana-
lyzed correlation between the energy of an air shower andllitee=d radio pulse in the
flat region. Moreover, as already pointed out, no big differerzetween the total (E)
and partial (g, and E.;) energies is noticed.

7.5 X,,.: determination

The expected correlation between the atmospheric depiie shiower maximum (..
and the slope of the radio lateral distribution functionastéed for the REAS3 simula-
tions of the LOPES events (Selectionl).

The ratioegai/esieep 1S Viewed in relation to the X, of the air shower, provided by
the CORSIKA simulations (QGSJetll interaction model).
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Figure 7.9: Ratio of the simulated filtered radio pulse in tiiéat and steep region
in relation to the depth of the shower maximum. Proton (@®iand iron (squares)
simulations, for the events in the first zenith bin are shownAppendix B (section
[13.1.2) the figures of the other zenith bins are reported.
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Figure 7.10: Same a$ig[13.6 but with EPOS interaction model simulations.

The exponential function used to fit the LDF implies tiag /e, ratio to be exponen-

tial too, of the kind
a Ad
Chlat = €ratio — €XP— ( ) (75)

Esteep RO

whereR is the fitting parameter andld is the distance between théat and thesteep
regions, which, by definition for this LOPES analysis, is tbastant value of 170 m (cf
sectior 7.2.2).

The ratio can be considered as not influenced by the energyatiaations used so far,
thus no further distinction by energy normalization is made

A correlation between the X, corsrxa and the radio LDF slope is clearly visible.
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Table 7.4: X,,,.. fitting function parameters and reconstruction uncertgiiar the LDF

slope of the total electric field strengthor. QGSJetll interaction model

E
Ad a b c AX oz
0°-19.4 460.4+ 3.5 1.£0.1 0.544 0.01 28
19.4-26.8 | 266+ 13.5 3.3+0.27 0.88:0.03 27
26.8-32° 1842 88.9+10.7 2.£0.4 34
32°-36.2 | 499.3+16.8 1.44+0.09 0.62:0.02 36
36.2-40r 12.6+0.87 4H4.6 2.5£0.04 46

Table 7.5: X,,... fitting function parameters and reconstruction uncertgifdund for
the LDF slope of the total electric field strengthor. EPOS 1.99 interaction model

E
A6 a b c AX nax
0°-19.4 155+ 84.8 7.4+6.19 1.12+1.41 26
19.4-26.8 | 524+ 2.1 1.0+0.03 0.49:0.01 24
26.8-32° 561+1.6 1.0+£0.02 0.48:0.01 37
32°-36.7 605+1.4 1.0+0.03 0.48:0.01 34
36.2-40° 34.34+2.8 20.#42.2 2.16:0.03 41

The function

Xyraw = @ [m (b Chat )} (7.6)
Esteep

used in Huege et al. (2008) (cf. sectlon]3.3), fits the REABRIkted eventdig. [7.9,

for the events in the first zenith angle bin). The correlatiand fit for all the other

zenith bins are reported in Appendix B: section 13.fig [[3.6).

For this specific investigation and for the purpose of a campa with the detected
data in the next chapters, thparameter is required to be, at least,. This restriction
aims to avoid a bias in the application of the formula on LORPEERsurements and to
prevent that LOPES events can not be reconstructed. Indeedninimum value of

<fat_ ratio is heavily connected to tH;qoarameter:(ﬂ*—at> ~ =1/b. Values ob smaller

steep €steep

than 1 constrain to apply theX.-formula only to LOPES events with a LDF-slope
(“‘—‘“)LOPES > 1, excluding from the reconstruction all the flatter LDF-sop

€steep

For the X,,... corsix a— LDF-slope correlation, the distribution of the deviatfoom
the fit is calculated as well. The RMS spread is found to be@g#dnt, with the larger
values usually arising from the most inclined showers. Tais be referred to as the
intrinsic uncertainty of the slope method in reconstrugtime shower maximum depth.
These values are large if compared to the RMS found in the RE&Per/(Huege et al.,

3Requiringb >1 imply the, not fully correct, assumption to expect the minim jftl—“p =1
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2008) (15-20 g/c). Basically, this can be attributed to the simulation of alisgic
case, namely the simulated antenna array of the LOPES exgretriand the inclusion
of the charge excess contribution for the total radio emissnechanism in REAS3.
The radio lateral slope, reconstructed with the exponkiitiaf the electric field in the
antennas, is affected by this contribution.
One possible way to reduce the uncertainty on the laterpksimould be the use of a
multi-dimensional fitting function.

The three fitting parametets b andc obtained for each zenith angle range, are sum-
marized in Tablé 714, with the corresponding uncertaintthefreconstruction method,
i.e. the RMS spread from the fit.

At this point, the comparison between the values obtain@tguse two hadronic
interaction models introduced above is of interest.
The values of the, b andc parameters reconstructed for the events simulated with bot
QGSJetll and EPOS 1.99 interaction models are compared.
Even though the slope of the radio lateral distribution fiorcis found to not strongly
depend on the hadronic interaction model used for the padascade simulations (sec-
tion[Z.3), the reconstruction of,X,, with the slope method, i.e. the b andc fitting
parameters, is influenced by the:e X,,,... values given by the simulations. These val-
ues are quite different for EPOS 1.99 and QGSJetll intevactiodels.
In Table[Z.5, the values obtained for the EPOS 1.99 intemactiodel, are shown.

The function e.716 works for the QGSJetll as well as for tROB 1.99 interaction
models, for all the zenith angle ranges.
Comparing the reconstructed fitting parameters, they areddo be sensitive to the
number of analyzed events, to the zenith angle and to th@h&dnteraction model.

The influence of the shower inclination on the radio latdi@s is affecting the good-
ness of the fit and the, b andc fitting parameters, which vary from one zenith bin to
another.

It is interesting to notice how the influence of the zenithlaran the slope is getting
strong very fast, rendering it more difficult to distinguisétween the primaries at only
40r, i.e. the last bin in this selection. For further discussiea also next section.

7.5.1 Zenith angle dependence

In the previous part, the events in different zenith rangessaparately looked at, in
order to emphasize the primary mass dependence of the eddrallslope.

However, it is convenient to investigate which kind of degemce is expected between
the egai/€sicep ratio and the shower zenith angle.

The LDF slopes for the entire selection, i.€-40° zenith angle, are shown for the
proton simulated (points) and iron simulated (squaresyven®in relation to the cosine
of the zenith anglefig[7.11). A correlation is noticed.

In spite of large values for they,i/e:.p, i.€. steeper lateral distribution function slopes,
are clearly characteristic of the light element, the irod proton profiles are approach-
ing each other for events with a larger zenith angle. Eve®afiz®. cos¢)~ 0.82), the
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Figure 7.11: Slope of the radio lateral distribution function in relatido the shower
zenith angle, for the proton (circles) and iron (squareshsiated events in the whole
selection. The profiles for protons (magenta) and ironségjeare drown as well.

flattening of the radio lateral slope due to the inclinatibthe shower seems to become
important and makes it much more difficult to distinguish tigss-composition effect.

It is though essential to stress that this analysis is madinéLOPES selection and
setup, so the results can not be directly applied to othéo geriments.
The altitude of the LOPES experimental site (roughly seal)eand the frequency band
filter (40-80 MHz) used, have both an influence on the valudéefdectric field in the
flat and steep regions and on their positions far from the shower axis (tdusgl.,
2008). This makes thegl, derived here a LOPES-specific value.
Moreover, the shower energy range detected by KASCADE-@aand the small
LOPES array limit the choice for the distance of tteep region at only 170 m from
the identifiedf/at region. Larger primary energies and wider radio experimlertays
may possibly achieve largef,./e..., values, and see the influence of the mass compo-
sition even at larger zenith angles.

7.6 Outlook

The objectives previously proposed for this chapter aréesed. The slope method
analysis introduced in sectidn 8.3 is revisited with REA%8uations of recorded
LOPES events.

The influence of the charge excess contribution is visiblg,dmes not prevent the
identification of theflat region for the primary energy investigation. This region is
identified inside the LOPES array and its values are solidbmmarison with several
shower inclinations, different energy normalizationsg @ime two chosen hadronic in-
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teraction models.

The minimum RMS spread of the LDF fits is quite small. Thus,ramstigation on
the primary energy of the cosmic ray with the LOPES experinieipossible within
quite small predicted uncertainties (8% for the most inclined showers). Moreover,
a linear correlation is expected between the radio am@itndhe flat region and the
primary energy reconstructed for the LOPES measurements.

The slope of the radio LDF simulated with REAS3 continuesiovga clear depen-
dence on the X., even for the simulations of a realistic experimental setup.

Adequate parameters for both the primary energy and the Xeconstruction with
the LOPES measurements still remain to be identified. Higtedistics are demanded
and a further step in the simulations is performed and dssalig) the next chapter.
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8 The slope method applied to
refined simulations of LOPES
measurements

The slope method analysis was successfully investigateoREAS3 simulations adap-
ted to a realistic experimental acceptance and setup (LGRB&iment). Significant
outcomes were discussed in the previous chapter and theaipph of the slope method
to the LOPES experimental data was dealt with as well.

For a direct comparison with the experimental data (cf. @va&®) more precise pa-
rameters for the energy ang,X, reconstructions are necessary. On the one hand, higher
statistics in the selection are required: The LOPES evenBelection2 are exploited.
In addition, a further step in order to reduce the showeskiower fluctuations is sug-
gested: Among the simulated showers, one is chosen whicbsents best the shower
reconstructed by the KASCADE particle detector experimEat a precise description
of this methodology of air shower selection we refer.to (Ligl2011). Some details
of the process are given below:

Two REAS3 simulations (one for proton, one for iron) are perfed for each event
of Selection2 (cf. section 4.1.3). The air shower pararseteore position, arrival
direction and primary energy), provided by the KASCADE @@de) reconstruction, are
used as input parameters to generate CONEX (Pierog et 86) 2bowers. QGSJetll
(Ostapchenka, 2006) and UrQMD (Bass €tlal., 1998) are uspectvely as high and
low energy interaction models. 200 CONEX showers for pra@od 100 for iron (less
fluctuations) are simulated.

Among these 300 showers, one CONEX shower for proton-pyiraad one for iron-

primary which reproduces best the number of muong (Econstructed by KASCADE
are chosen. The selected CONEX showers are, then, repbaitte CORSIKA and

REAS3.

In this new procedure, the parametey i fixed, but the number of electrons is still
free to vary and the X.. of the shower still free to fluctuate.

8.1 Single component of the radio pulse amplitude

The total electric fieldmL simulated at each observer position, considered so far,
can not be directly compared with the LOPES data.

In the LOPES30 and LOPESPol setups (cf. sedtion 4.1.1) ttemaas were suited for
the detection of only one or two components of the total eleéeld, since they were
oriented either to the east-west or to the north-south tiimes; only five antennas of
the LOPESPol setup could measure two electric field comgsratithe same position.
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Therefore, LOPES can not generally determine the infoiwnatf the total radio pulse.
A comparison with a single electric field component simudateeach antenna position
is, thus, demanded.

The selection for events in Selection2 (cf. secfion 4.1.8% werformed according
to the radio pulse detected in the east-west (EW) directidrere the signal-to-noise
ratio is expected, in average, higher compared to the remtith direction. An appro-
priate analysis with the REAS3 simulated LDF is accomplisthth the single EW-
component of the electric fieldgyy .

A proper normalization of the electric field in EW is requiraad the single compo-
nent|Pgw| is taken (cf. fig[G.ll).

Two assumptions were made in the previedsr study: One concerns the geomag-
netic effect as the predominant emission mechanism. Thugskhe normalization for
the sinus of the geo-magnetic ang@(cf. Chaptelb).

The second regards the choice of the 1D-exponential fit ofateral distribution func-
tion (cf. Chaptel B). Even though the charge excess cotiibaffects the radio lateral
distribution in dependence on the azimuthal observer ijposithe effect is assumed to
generally average out. The mean RMS spread of the residomguted for the REAS3
simulated LDF is found of only few percent(8%) (cf. Chapte[5).

For the events with a small contribution from the geomagreffect — i.e. smalbtv —
these two assumptions break when merely a single compda@htn this case, of the
filtered electric field is considered.

For those events, the charge excess contribution becormdsmpmant when a single
component of the radio pulse is taken, and the one-dimealsjone spatial dimension)
fit seems not enough to properly describe the radio lates#dilbution function.

As possible solutions to this problem are suggested botingbef a multi-dimensional
(more than one spatial dimension) function for the radio LfbEnd/or the search for
a reasonable normalization which would average out thegehexcess effects on the
different antennas.

These possibilities are not investigated in this dissertabut the problem is handled
instead by using a further cut on the arrival direction ofélhients: Taking into account
the considerations made in Chagtér 5, a sm_a>ll part of theskyti away by limiting

the east-west component of the Lorentz vedtortto a minimum value.|Pgyw| > 0.2
is considered to be a suitable limit to remove the non-narable lateral distribution
functions.

9 events coming from the south out of 238 are removed (cficsEdt1.3).

8.2 The flat region

The same procedure used in the previous chapter (séctipis a2plied also to the N
preselected simulations, in order to identify thet region.

In figl8.1, the relative RMS spread of the LDF fits, for the 114rds in the first
zenith angle bin (8-20°) - 57 protons and 57 irons - is presented. Only two energy

%
P | =|Bxv| ~ sin(a)
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Figure 8.1: RMS of the single componetily, at different distances from the shower
axis. Two energy normalizations, the total (blue circlesyl &he electromagnetic (ma-
genta triangles) energies, are considered.

normalizations, precisely the total and the electromagretergy, are considered.
The usual twelve distance-bins (cf. secfion 7.2.1) are,us#hl the range of 10 meters
between 50 m and 90 m from the core, which is the region wherenthimum RMS is
expected.

In Table[8.1 the values for the minimum RMS spread and thdiiksh f at region d.;
are reported for the whole zenith angle range in the selectio

Even with the higher statistics of Selection2 and the sietgetric field component
in the east-west directiony ), similar values to sectidn 7.2.1 are found:
On the one hand, the minimum RMS for the total energy norratéin is between 6¢
and 8% (the largest values are characteristic of larger zenithesiigHigh resolution
(directly) for the total energy reconstruction is, thusdicted.
Moreover, the normalization for the electromagnetic epéi@s, as expected, the lowest
RMS values (4% on average). The predicted high resolution for thg Eeconstruction
is of great importance: Once the electromagnetic energgcisnstructed with such low
uncertainty, it is possible to yield the total energy by gppd corrections for the “miss-
ing” energ
On the other hand, the;g presents a general constancy, even with different sefectio
of the LOPES measurements. The maximum value is of 90 m frenshiower axis,
which corresponds to maximum 117 m in ground coordinateegystvith the implica-
tion that theflat region is again predicted inside the LOPES array.

°The missing energy is the fraction of the total primary epergrried away by neutrinos and high-
energy muons, which do not interact in the atmosphere
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Table 8.1: Distance of theflat region - Selection 2

zenith angle E Eern
Af entries| dg.c [M] RMS % | dqae [M] RMS%

+5m min +5m min
0.°-19.4 114 60 6.0 50 3.7
19.4-26.8 110 70 6.2 60 4.7
26.8-32 102 70 6.4 60 4.8
32°-36.2 80 90 7.6 70 6.3
36.2-40° 48 90 8.0 80 6.3

8.3 Reconstruction of air shower parameters

With the identification of theflat region for this specific selection of events also the
steep region is consequently identified. Thed, is, again, set at 170 m distance from
the flat region.

The parameters necessary for the comparisorf@netconstruction of the primary
energy and the shower maximum depth for the detected LOP&aSafaChaptel9) are
determined below:

Primary energy determination
Only the total primary energy (E) normalization is consetgrsince it is the only quan-
tity of interest for the following comparison with the LOPHSta.

The filtered amplitude, simulated at the antenna posit®djiided by the effective
LOPES bandwidth (31 MHz), to make the values comparable &t vgrexperimentally
detected. Moreover, as previously discussed, the noratalizto the arrival direction
is performed by the single EW component of theector: R;w (cf. Chaptefb).

Slightly different (larger) parameters for the linear [€d) and power-law (€q.7.4)
correlations are expected. In fig.B.2 and ir_ fig.8.3, respalyt the linear and the power-
law fits, for the events in the first zenith bin, are presenidue figures relative to the
energy correlation for Selection2, for the other zenitrsbare reported in Appendix C:
sectior 13.2]1.

The k; and k,,, parameters reconstructed for the linear and power-law igsamma-
rized in Tabld. 8.2 as well as the RMS values of the relativeagfrom the fits.

Even for the single electric field component), the linear fit seems to well repre-
sent the correlation with the total primary energy.
The average intrinsic uncertainty on the primary energpmstruction with the radio
measurements is predicted aroun 7

Xmax determination
The filtered electric field in the flat and in thesteep regions is extrapolated from the
LDF fit values.
The correlation between the ratig,/eg.., and the X, is again analyzed (Appendix
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Figure 8.2: Left: The correlation between the primary energy and thglgirlectric
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by the KASCADE reconstruction. Only events in the first hearigle bin, Selection2,
are shown. Right: Relative dispersion around the fit givespiecision on the energy
reconstruction achievable in th&at region
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Figure 8.3: The same correlation shown in fig.B.2 is now fit with a power-la

B: fig[13.14). The X,., are directly given by CORSIKA (QGSJetll) and are considered
astrue values.

Larger quantities for theg. /estecp ratio, i.e. steeper LDF slope, present also larger
errors, derived with the Gaussian error propagation. Thage uncertainties are due
to both the value ofrgg from the fitting procedure, which does not differ much among
the events, and to the use of an exponential function. Inrgérthis causes the proton
events, i.e. steeper LDF slope, to be affected by a largegrtainty compared to the
iron events.
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Table 8.2: Energy fit parameters for the linear and power-law functions

E
Linear fit power-law fit
Af k; RMS% Kpi p RMS%
0.°-19.4 | 0.13+0.66e-3 6.1 0.14-4.25e-3 0.99: 0.01 6.1
19.4#-26.8 | 0.15+ 0.68e-3 6.2 0.16-4.58e-3 0.98t 0.01 6.1
26.8-32° | 0.16+ 0.60e-3 6.4 0.143.20e-3 0.98t 0.01 6.2
32°-36.2 | 0.18+ 0.68e-3 7.7 0.224.17e-3  0.95:0.01 7.0
36.2-40° | 0.19+ 0.72e-3 8.1 0.2-4.09e-3 0.9740.01 7.8

Table 8.3: X,,,,. fitting function parameters and reconstruction uncertint

Ep
Af a b c AX oz
0°-19.4# | 200.0+0.1 7.00+0.01 0.871f1e-3 29.3
19.£-26.8 | 195.0£ 0.1 6.90£0.01 0.943ft1e-3 33
26.8-32° 238.7+£4.0 3.82+0.17 1.000ftle-3 35.4
32°-36.2 | 220.0+£ 0.1 5.80+0.02 1.00141e-3 37.5
36.2-40° 88.0+0.1 20.00+1.75 1.450+1e-3 37

For the specific case of the mass sensitivity investigatiwaugh the slope method,
the iron-simulated events, generally affected by lowerentainties, will have a larger
weight on the fit procedure - thus on thgh andc parameters identification - compared
to the proton simulated events.

Nevertheless, this may not be considered, in principle, lasitation for the X, in-
vestigation. Instead, even more realistic parameteré andc) can be reconstructed
if the expected mixed composition abundances are corr&ithn into account for the
primary energy range of the selection.

In this investigation, the simplest situation of%@roton and 5 iron composition is
considered.

The free parameters, b andc of the fitting function e.716 reconstructed for this
selection (Appendix B: fig,13.14) are summarized in Tab® 8.

The expected uncertainty\X,.x), defined as the difference between thg, X ue
(points) and the X.. r: values, is reported as well and it is referred to as the uncer-
tainty (maximum of 37 g/cA) on the X,.. reconstruction with the slope method for
the LOPES events.

The parameters in Table 8.3 will be used to reconstruct tp¢ghdaf the shower maxi-
mum for the LOPES events and compare with the REAS3 predictio
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8.4 Outlook

The slope method analysis has been investigated with REASR3aions of LOPES
detected events based on a-Mre-selection for the CORSIKA showers. In this way,
the shower-to-shower fluctuations are reduced, and anssalythout fixing X, . IS
allowed.

The usual procedure discussed in Chaplter 7 was appliedntfidthe flat region.
The general constancy of thféat region range (60-90 m) over different selections and
different hadronic interaction models used was noticed.

This allows us to employ the predicted.gdto extrapolate the radio amplitude in the
measured lateral distributions of LOPES.

The parameters necessary for the primary energy apd Xeconstruction are de-
rived, after a proper normalization of the radio electritdfimplitudes.
These parameters are directly exploited for the comparmsahreconstruction of pri-
mary energy and X., with the LOPES experimental data.
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9 The slope method applied to the
LOPES data and composition
analysis

In the previous chapters it was discussed how the REAS3 atiook of the LOPES
events have been employed to test the slope method.
The application to LOPES measurements is promising:
On the one hand, the good, but yet not complete, agreememcent comparisons
of the LDF between REAS3 simulations and LOPES data (Lud®@{,l) suggests
to apply the slope method also to the experimental data. @©rotiher hand, for the
primary energies of the analyzed selections, the region, which is the distance to
the shower core relevant for this method, is predicted entié LOPES antenna array.
Moreover, the range of thglat region (Table§ 7]1 and 7.2 and18.1) appears quite stable
over different event selections and almost independeihtediadronic interaction model
used in the CORSIKA showers. Thus, it is reasonable to ceniie distance predicted
by the simulations as truglat region also for the LOPES events (cf. Tablel 8.1).
The measured radio amplitudg (n the flat andsteep (i.e. 170 m distance fromgg,)
distances are derived directly from the LDF fit.

In the next part, the direct application of the slope mettmthe LOPES measure-
ments is discussed, which results in the reconstructiomefair shower parameters

(energy and X..).

9.1 Primary energy and eqg

One of the fundamental purposes of a stand-alone radio iexgetris to reconstruct the
energy of the primary cosmic rays.

An important result achieved with the LOPES experimentésdlear dependence of the
recorded radio pulse on the primary eneigy (Horneffer ¢P@D7). The correlation be-
tween the measured CC-beam (cf. sedtion 4.1.2) and theyrenargy is parametrized
ase ~ F0-9510.04 \where the primary energy is reconstructed by KASCADE-@ean

One further argument is to be discussed here:ftla¢ region (d;.;) is argued as the
most suitable distance from the shower axis to look at theetaiton between the radio
electric field and the primary energy.

Instead of the calculated CC-beam pulse, the value of the fitlithe flat region is
considered.

The position of theflat region used in the following has been previously determined
with REAS3 simulations of the LOPES events (Tdhblg 8.1). Thallowed by a solidity
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Figure 9.2: (Continued) Linear correlation between the primary enemggonstructed
by KASCADE-Grande and the filtered radio pulse detected énftlat region. The
position of theflat region has been determined with REAS3 simulations (cf @napt
[8).From top to bottom, in order, events from the first to thi fiienith angle bin are
separately shown.
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Figure 9.3: Primary energy reconstructed by using the measured radlsepin the

flat region, and the REAS3 (red) and the LOPES kl parameters dirtbar fit (Table

[8.2 for REASS klfig[0.2 for LOPES kl). The systematic deviation is due to thé stil

existent discrepancy between simulations (REAS3) anduremasnts or due to a mis-

reconstruction of the KASCADE energy.
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Figure 9.4: The computed RMS spread from the linearfig/0.2) at several distances
from the shower axis. The distance-ranges wherefila¢ and steep region are pre-
dicted by REAS3 simulations are highlighted. The primasrgy correlation with the
electric field in theflat region shows a generally lower value.
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of the flat region values shown over several event selections and hiadnteraction
models (cf. Chaptén 8).

REASS simulations adapted to a realistic case for the LORI6#gtrical acceptance
and setup, show a correlation @f,; not only with the electromagnetic energy but also
with the total energy of the air showers (cf. sectiobn$ 7.4&a8)

Both a power-law and a linear correlation are discussedaptavious chapter and only
minor differences are noticed. Therefore, an investigatvdh the simpler linear fit is
proposed here for the recorded LOPES electric field.

The primary energy values taken for this investigation arevéd with the KASCADE
(-Grande) reconstruction; information about the muonsedadtron number is derived
from KASCADE (cf. section 4.113).

An overestimation of the muon number may be expected, dugetpunch-through ef-
fect: The KASCADE experiment, in fact, is supposed to work@@ primary energy
of 10'” eV. The muon detectors are shielded in order to avoid théreleagnetic com-
ponent to penetrate. Nevertheless, for primary energyetditgan> 10'7 eV, and for
distance above 40 m from the core position, there is a highghidity that electrons
and positrons pass the shield and are counted as muons.

The reconstructed primary energy is considered with anntaiogy of 20% up to 40%),
on a per-event basis as reconstructed by KASCADE(-Grande).

The electric field in thef lat region, normalized for the arrival direction of the shower,

is expressed as
exp— <dﬂat )
Ry

Rat,[Ppw| — it ﬁﬂ— (9.1)

The| PE—>W |is the? component along the east-west direction (cf. Chdgter 5).

This is an approximation for mainly two reasons. First of adl discussed in the pre-
vious chapters, the geomagnetic effect is considered théomain, but not the unique,
radio emission mechanism (cf. Chagtér 5). Second, the LO#iESnas partially de-
tect also the vertical component of the total electric fielae to their inverted V-shape.

The statistical uncertainties are calculated with the Gianserror propagation for-
mula

de, . 2 o€ ... 5 2 de, . 2
o€ . ﬂat"PEW|0’d + flat7|PEW\aR + ﬂatv‘PEW|O,
flat,| Ppw | od OR, 0 Oéss cfit

(9.2)

where the covariance terms are ignored.

Each zenith angle bin is separately looked at, sincefthéregion values have been
determined in this way.

1An exponential fit of the radio lateral distribution is catesied
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The data are fit with a linear function

B =yt P 9.3)
1V /m

with & [GeV] the only free fitting parameter.

In fig[2.2 a linear correlation is visible in each zenith angle bith a reducedy?
between 0.4 and 0.6 and a relative spread from the fit of less 24% for the first
four zenith angle bins. In the last zenith angle bix¥E36°-40°) the values are larger,
respectively 0.97 anek 28 % also due to the lower statistics.

A first perception of the uncertainty on the primary energyorestruction arises from
fig[9.3, red line. The REAS3 parameters for the linear corabafrable 8.2) are em-
ployed to reconstruct the energy. The radio amplitude infthe region is directly
taken from the LOPES LDF. The clear systematic shift to negatalues emphasize
the above-discussed discrepancy between the measuredrandtsd radio amplitude
in the flat region.

A slight discrepancy between the REAS3 simulations and L®B¥#ents is pointed
out (please sefgl8.2 and Appendix Bfig[13.10): thek, parameters, even though of
the same order of magnitude, do not agree within the errsrfgér Tabld 8.Rinear fit
andfig[9.2 ). An opposite tendency of the LOPESddecrease with the shower zenith
angle is clearly visible. Moreover, thg,; from the LOPES LDF tends to be smaller
compared to the REAS3 values.

Two motivations come into question: first, the still remanpidiscrepancy between
the REAS3 and the LOPES LDF and, as a consequence, the ntiad¢ion of the
flat region in the LOPES measurements. Second, the punch-theftert, in which
the energetic electrons in the shower are mistaken as méansverestimation of the
reconstructed primary energy, used as input for the sinomst could cause the diver-
gences.

An update of the analysis with the latest version of the REA&(REAS3.1) and the
successor CoREAS is highly suggested.

9.1.1 Existence of the flat region in LOPES data

Beside the linear correlation between the primary energlythe normalized electric
field strength recorded by the LOPES experiment, the negtist® investigate whether
the flat region as determined with REAS3 simulations is the most@piate distance
from the shower axis to reconstruct the primary energy.
The smallest uncertainty on the radio-reconstructed gnerginly due to the shower-
to-shower fluctuations, is, in fact, predicted in this regio

For comparison, three other distances from the shower @iibe same LDF fit, are
considered: 0 m, 100 m and the steep region, i.e. between 280dn260 m for this
specific selection (Selection?2).

Plots similar tdfig[9.2 for the other distances can be found in Appendix C: Chédgie

The RMS of the relative spread from the linear fit is used aspasison tool.

In dg.; the RMS is practically always the smallefig(9.4). At 100 m, so only at 40-
10 m from theflat region, the RMS increases on average less thd While, in the
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steep region, the RMS uncertainty grows, on average, of thare80%.

At 0 m the RMS value varies quite a lot over the zenith anglgeaand becomes com-
parable with the RMS uncertainty in thféat region for the most inclined showers.

The RMS value for the complete zenith angle range is &2.9% (fig[9.3, blue line).
An upper limit on the precision for the energy reconstruttioth the LOPES measure-
ments is reached of circa 2Q. This is comparable with the statistical uncertainty on
the KASCADE(-Grande) energy reconstruction.

These results confirm thélat region as the best distance for the primary energy
investigation, especially for smaller zenith angles. Oa ¢ime hand, the theoretical
prediction concerning the existence of a characteristtadce at which the energy re-
construction works best, is experimentally verified. On dkiger hand, this measured
distance agrees quite well with the REAS3 predicted digtanc
For a more complete analysis, one may investigate furttetanices from the shower
axis, especially in dependence on the shower inclination.

9.1.2 Outlook

Regardless of the minor divergences between the REAS3 &g an the LOPES
data, the main goal of the investigation is achieved: Alsthwieasured data, th&at
region is confirmed to be the most suited distance for thegranergy reconstruction.
An upper limit for the uncertaintyAE reached with the LOPES measurement is of
approximately 23% - i.e. the RMS spread of the LDF fit in that region.

For further investigations, an independent measuremediffatent distances, thus
not using the same LDF fit, is suggested. For this, a high nurabantennas are
recommended. To answer this question the LOFAR experim&iok€ et al.|(2006) is
well suited, do to its high density of antenna stations.
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9.2 X,ax determination with the LOPES
measurements

An indication for the primary cosmic ray mass is given by ttma@spheric depth of
its shower maximum (X..): Heavier nuclei are characterized by a larger cross®cti
compared to the proton-like particles. Consequently,lierdame primary energy and
almost independent on the shower geometry, iron-like cosays interact earlier in
the atmosphere compared to light nuclei and the resultinghawers develop more
rapidly. Due to a geometrical effect, this implies a flatterps of the radio LDF for
heavier nuclei (cf. Chaptér 3).

Experiments which can have access tg.Xare the ones where the detection method
considers the air shower signal integrated over all the gpimere, such as Cherenkov
detectors and radio detectors, or the ones which can aeburaéasure the longitudinal
development of the air shower, such as the fluorescencetdetec
While for both, the Cherenkov and the fluorescence detedoescapability to mea-
sure X,.x has been widely proven, reaching also quite low uncertsfifithe radio
detection only recently started to approach ap.Xsensitivity investigation with exper-
imental data (Apel et al., 2012a).

The radio detection offers two main methods for the deteatiom of X,...: one by
measuring the radio wavefront shape (cone method), the bthiwoking at the slope
of the lateral distribution function (slope method).

The first method has been deeply investigated in the franteafothe LOPES experi-
ment (Schroder, 2010).

In this analysis the second method (slope method) will béiegho the LOPES data.
Although the high environmental noise and the small LOPE&ygorevent the LOPES
experiment to achieve preciseg, X, it will be shown that not only quite reasonable
values of X,.x are reconstructed for each event, according to what is éxgdor the
cosmic ray nuclei, but also quite low uncertainties can b@iobd. Indeed, the slope
method reaches a better precision for the LOPES measurgthamtthe cone method.

9.2.1 X,..x reconstruction

The reconstruction of X.. is performed by applying the slope method. The informa-
tion about the rati@g,; /estcep iS provided by the LDF fit of the LOPES measurement.
In this first step, the events in Selection2 (seckion 4.Ir&Yaken into account.

The complete error propagation formula reported belowpueiieg only the negligible
covariance terms, is used to compute the uncertainty ofgth@estec, (€9.[7.5).

8erau io 2 86m io 2
O €ratio = \/( 6(; Ud) + ( 8Rto URO) (94)

As expected and already discussed for the REAS3 simulat@dn€haptef 1), also the
€fiat / Esteep fOT the LOPES experimental data shows a dependence on t(t (fas9.5).

220 g/ent (Abraham et dll, 2010c) with the fluorescence detector aPibee Auger Observatory
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Figure 9.5: Dependence of thgi.:/esteep ratio and the zenith angle, reconstructed for
the LOPES events. Only for smaller zenith angle, dhg/eseep ratio presents also
larger values, i.e. steeper slope of the LDF.
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Figure 9.7: Distribution of the LOPES reconstructeq,% ( same as irfig[9.8), com-
pared with thetrue X, values, directly given by the CORSIKA simulations.
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9.2. WX
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Figure 9.8: No evident bias through an iron-preferred selection is oedi, by compar-
ing thelg N uf /lgNe, for the events before and after the LOPES data selection.
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Figure 9.9: The energy dependent,X; of the primary cosmic rays.
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The same kind of correlation 1+cosf)’, with j > 1, is noticed. The big uncertain-
ties one,..t;, do not allow a definitive conclusion concerning the valug.of
Due to the difficulties in properly defining a function for thenith angle dependence,
it remains difficult to correct for the shower inclinationhds, the selected events are
analyzed considering five zenith angle bins.

Simulations-derived parameteis p andc) are used in the following part: Talle 8.3
provides all the information needed to reconstrugt, Xper each zenith angle bin, min-
imizing the dependency of X, ond.

The experimental X.. is thus reconstructed, using the following formula

€flat ca0i
KXmaz,n0i = angi |In | bag (9.5)

6steep

In fig[9.8 the X,... distribution reconstructed for the complete zenith anglege is
presented. For the LOPES events (black) the average % 598+ 94 gcnt2, which
are respectively the mean and the standard deviation ofishébdtion.

A comparison with the REAS3 simulations is shown as well. Xhg, reconstructed
with the slope method for the REAS3 proton showers and iromwebhs are represented
respectively by the blue and red lines. In other words, tlaesehe values on the fit of
fig[13.14 corresponding to the slop.{ /esteep) Of the REAS3 lateral distributions.
The values obtained ar€,,,, rpas3,, = 691+ 61 gent? and.X,,q.» rEAS3,Fe = 605+ 29
gen 2,

The wholeX,,.. .oprrs distribution generally covers the range of the values ebgoec
from cosmic ray nuclei. Nevertheless, a systematic shifinaller X,., values (i.e.
heavier particles) compared to the iron-like predictiaslearly visible (see also fol-
lowing discussion).

The same LOPES X, (black) are also compared with theue X,,., values, di-
rectly given by the CORSIKA (QGSJetll) simulatiorfigy(@.4). Almost no difference is
noticed.

The uncertainty on the X, reconstruction partially comes from measurement un-
certainties.
The RMS of the LOPES distribution (93.8 g/&rincludes both the width of a dis-
tribution of true X .. values — i.e. intrinsically due to shower fluctuations— amel t
uncertainty on the measurements. As worst case, the givea 8893.8 g/cr can be
considered itself as an upper-limit for the radio measurgmacertainty and it is, by
now, the lowest available value for radio detection.
A step forward in the determination of LOPES measurementenainties concerns
the comparison with REAS3-simulations predictions. Inwuast (and not so realis-
tic for such primary energy) case of pure iron-like compositthe squared difference
between the REAS3—predicted-width (29 gfymnd the LOPES width (93.8 g/é)ndi-
rectly gives the measurements uncertainty. In such a daseetrched value is, again,
almost 90 g/crh
A better estimation would come from a comparison with REAB&diction for a mixed-
composition-distribution expected in the energy rangénefltOPES detection (around
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10'7 eV).

A noteworthy outcome of the slope method applied to the LOBE® is the re-
construction of more iron-like primaries; from one sidesti® in agreement with the
theoretical expectation for the energy range of the consitlselection 15-10'® eV,
and with the recent KASCADE-Grande results (Apel et al.,202011a).

However, a tendency to reconstruct, .. .o pes Values even lower than for the iron-like
predictions is clearly visible.

Different explanations are plausible for this effect:

From a technical point of view, it is known that the noise midtely increases the elec-
tric field in each antenna, thus flattening the LDF slope. Abetate study on the error
treatment in the radio antennas has already been inveslifiatthe LOPES experiment
(Schroder et all, 2010b), nevertheless possible othectsftould have been missed.
The second possible explanation concerns the simulatidneh could predict too steep
LDF radio slopes compared to reality. On the one hand, tr@aeof the REAS3 code
used (REAS3.0) does not include yet a proper treatment aktinactive index, on the
other hand, the hadronic interaction model employed hagably a strong influence.
Therefore, a comparison of the reconstructed Xfor, at least, the two interaction mod-
els considered so far, i.e. EPOS and QGSJetll, is mandatecyi¢ri 9.2.3).

Moreover, this might be an effect of a selection bias, in #rese that the radio detection
of the signal angdor the selection of the radio data prefer iron-like more thaoton-like
events. By looking afig[9.8, no clear bias in the selection appears. In the histognam
ratiolgN g /lgNeo (i.e. ratio between the number of muons and electrons dedec
for the zenith angle), given by the KASCADE reconstructisysed as an indicator for
the primary mass (Antoni et al., 2003b). The events whicls plas KASCADE selec-
tion are compared with the events of Selection2 (cf. se@ihr8). The two distributions
have approximately similar shape, and also the mean andasthdeviation values are
comparable. Even if a significant difference existed, it leldae small in comparison to
the range of the distributions, thus it is considered notartant.

In summary, no apparent bias through an iron-preferreccsefeis made in the
LOPES detection method, neither in the reconstruction efrédio signal, nor in the
selection of the radio events.

The next step is to compare the reconstructed. X for both LOPES events and
REASS3 simulations, with the primary energy of the cosmicray
The X..ax IS predicted to be dependent on the primary mass and prinnangye Com-
paring the predictions from the simulations and the expenial dataf{g[9.9), an en-
ergy dependent composition of the primary cosmic rays iainbtl.
In fig.[9.9, each point represents the mean value of the Histribution for each energy
bin, while the bars indicates the RMS-spread. This meth&t®feconstructed values
for X.ax quite comparable to the simulations, even though the terydenreconstruct
Xmax €ven lower than the iron-like prediction is clearly visiloleeach energy bin.

The potential systematic uncertainties for the reconsbonof X,,., are also investi-
gated.
The reconstructions have been done taking the paramet®rdé) and cf) per each
zenith angle bin, so there should be no significant coratatiith the incoming direc-

105



9.2. Xuax CHAPTER 9. SM APPLIED TO LOPES

tion of the shower. This is crosscheckedfig9.10. The plot on the bottom side is
for REAS3 proton simulated events, and shows no evidentladion withd. Since
the parameters &), b(f) and c@) are the same for simulations and data, it shows that
they do not bring any systematics to the reconstruction atettAlso for the LOPES
reconstructed X.. no clear correlation with the shower zenith angle is visible

The potential dependence of % on the lateral mean distance was checked as well,
andfig[9.11 shows no significant correlation.
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9.2.2 X,.ax Fesolution

Table 9.1: Cone method cuts from S¢iaer (2010)

Events 229
p > 0.001 antp,;,,, > 0.001
lateral time fity? < 1.5
p relative error< 60 %
Events 118

The aim of the present section is a qualitative study on tioerainty of the X, re-
construction, achievable with radio measurements. REAS&BIations are considered
for this investigation.

A combination of the two independent method (i.e. cone aogesinethod) for the re-
construction of X, ., is discussed in the following.

As already mentioned, lighter nuclei interact deeper inatmeosphere and are char-
acterized by a larger average,x compared to the heavier particles. This implies a
smaller distance between the radio source for proton-lisec rays and the observer.
A large X,.x means also a small curvature radius (i.e. large curvatoreg Epherical
shape of the radio wavefront and a small opem’@gl@ for the conical wavefront. As
a consequence, largeangle are predicted for iron-like primaries, while smakngle
for light cosmic rays.

The shape of the wavefront has been studied for the LOPESse&rd a cone was
found to approximate best the arrival time of the radio pul&&chroder, 2010). The
cone method obtains X values by looking at the wavefront shape determined with a
fit of the total arrival time distribution of the radio pulseBhe cone method investiga-
tion still needs improvement and is in continuous develammelere we will refer to
values and formulas published in Schroder (2010).

In the following, REAS3 simulations of Selection2 are amely and further cuts
(Table[9.1) required by the cone method, are applied. Thebeuwf events available
for the comparison is reduced to 118.

The formula for estimating X.. in terms of the opening angle of the shower front, and
published in_Schroder (2010), is reported below:

Xonaz =Cp - P+ 005(0)73/2 (9.6)

The proportionality constant,ds arbitrarily set to 40500 g/ctrad' for this specific
set of simulations. The value is chosen with the same metbggshown in_Schroder
(2010), thus to have the best mean value closest to zero IXihe +rue-Xmax REAS3
distributions, for both iron and proton induced showéig@.12, TOP).

The A X,,... distribution is derived also with the slope method, sepdydbr proton

3p is the angle between the shower plane and the cone surface.
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and iron showers.
For the complete zenith angle range and for both method<RIh® uncertainties are
~ 37 g/cnt and~ 30 g/cnt respectively for proton and iron primaries.
For the purpose of combining both methods, a m&an.. reass between the slope-
and cone- values is calculated for each event. The obta¥Rgd nean—method IS directly
compared with thérue X, from the CORSIKA simulationdig[9.12, BOTTOM).

Narrower distributions compared to the single methods early visible. The RMS
values are smaller by 20 % (for iron) and~ 30 % (for proton) compared to the lowest
RMS of the single methods.

The values for the combined method are, moreover, compatiibth expectations from
two completely independent methods used to yi¥lg..: in such a case, the error is
expected to scale with the inverse squared sum (i.e. Gawessiar propagation).

A direct, event by event, comparison of the two reconstaitg,..., is shown in
fig[9.13 for both simulations and LOPES data. The errors arar@atavith the Gaus-
sian error propagation formula.

REAS3 simulations show no bias in the 1 to 1 event comparisotié two independent
methods. Thisis not the case for the LOPES reconstructgd, ¥ which the points are
shifted to larger reconstructed values for the cone metfibd LOPES valuei@[9.13,
bottom) are fitted with a linear function (blue line). Theukg proportionality con-
stantk is more than @ away from the unity. Nevertheless, the calculatéd&efficient,
already largely used in sectin 6.3.1, confirms the comhiafibf the points distribu-
tion with a linear fit at 99.99%, thus with a horizontal line only at 0.0%.

The X,..x values obtained with the two independent methods are, toaspatible.

The purpose of the study is fully achieved and a quantitatalee on the expected
uncertainty of X,., is obtained. With complementary information from the twden
pendent methods, a better precision for thg Xreconstruction is gained than with each
of the method alone.

With the resultingAX,,.x ~ 30 g/cnt, the radio detection method may attempt to
reach almost the precision of the FD at the Pierre Auger @asany (almost 20 g/ch
(Abraham et al., 2010c))
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9.2.3 Interaction model dependence of the X .«
reconstruction

The discrepancy between the EPOS 1.99 and QGSJetll paadidtr X, is of almost
10 g/cnt in the energy range of interest for the LOPES experiment’ ¢10'® eV).

The influence of the interaction models on thg,X reconstruction with the LOPES
measurements is investigated below.

Although the slope of the radio LDF did not show to be largeiffuenced by the in-
teraction models in use (cf. sectibn]7.3), the slope metpogkisely theu, b andc
parameters (Tablés 7.4 dndl7.5), appear to be slightly depé¢ion the choice of model
(EPOS or QGSJetll), for the X« investigation.

Simulations of both the interaction models were perfornwedtie LOPES events of
Selectionl (cf. sectidn 1.3).
The parameters necessary for the reconstruction are bleaita Table[ 9.2, where the
single EW component of the radio pulses - and not the totalszsisised in sectidn 7.3
- has been considered in thg, X -¢,.ti0 COrrelation fit.

Table 9.2: X,,..« fit: &, b, c parameters for Selection 1, EW component of thonadlse
EPOS QGSJetll
A6 a b c a b c

0°-19.4 | 414+27 1.2£0.17 0.6:0.04 | 69.7417.4 21.A47.1 1.4£0.09
19.4-26.8 | 282+15 3.0:0.3 0.84-0.03| 523+2 1+0.02  0.5+0.01
26.8-32 19+3 85.9+15.3 2+0.06 560+1.5 1+0.02  0.48:0.01
32°-36.2 | 303t18 3t+0.2 0.910.04| 601+1.9 1+0.45 0.48:0.01
36.2-400 | 12. 42  47.446 2.5t0.07 | 8.1+1.8 45.8+4.9 2.84+0.11

Using thea, b andc parameters for each of the two models, fg,,,. distribution of
the LOPES events in Selectionl is reconstructed.

At first glance, the distributiondi. [9.14) for EPOS 1.99 and for QGSJetll look very
similar:

An averageX,,q..cores,epos = 571+ 98 glent and an averagi’,, ... LoPES,QGS et

= 5754 87 g/cnt (mean and standard deviation) are found for the LOPES recon-
structed values (black). Similarly, the depth of the shomeaximum reconstructed for
the REAS3 simulations, i.eX,,,.» rEAs3, EPos ANA X 00 REAS3.QGSIet, 100K @lmost

the same for both protons and irons.

This result is not surprising if one considers that the lsrgievergence between the
two interaction models happens for primary energy larganthd® eV (Pierog et al.,
2009).

Nevertheless, some minor divergences in the distributibtise REAS3 simulations
may be noticed: Concerning the iron primaries, QGSJetHiptemns are slightly shifted
to largerX,,,.. values compared to EPOS; on the other hand, for proton pes)ahe
EPOS predictions show largé,,.... values. This is in perfect agreement with the mod-
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els’ expectations (Pierog etlal., 2009). Indeed, in the arjmenergy range of 10-
10'® eV, EPOS proton primaries interact slightly deeper in theosphere while the
EPOS irons interact earlier compared to QGSJetll.

The reconstructe ., rorrs iS looked at in dependence on the primary energy
(figl@.15). A comparison with the REASS3 predictions for protolu€) and iron (red)
primaries is shown as well. The EPOS 1.99 interaction malptesented in the top
figure, while the QGSJetll model is in the bottom figure.

In each energy bin, no large differences due to the hadrotecaction models is visible.
Moreover, a tendency to reconstruct,.. .ores,zros Smaller even than the iron-like
nuclei (cf. sectiof 9.211) is clearly visible also for the@®interaction model.

In summary, the hadronic interaction models (EPOS 1.99 &a8Jgtll) used to sim-
ulate the air showers do not largely influence Xig,, reconstruction with the slope
method. This outcome is valid for REAS3 simulations of theAES events, thus in a
specific range of the primary energy, in which the predidion X,,,, of EPOS 1.99
and QGSJetll do not widely differ.

115



9.3. COMPOSITION STUDY CHAPTER 9. SM APPLIED TO LOPES

9.3 Composition study

Xmax 1S @ well-known indicator for cosmic ray composition. Thepbgation of a
simulation-based procedure (slope method) for a per-eeennstruction of X,.. with
the radio measurement has been developed.

The comparison of the reconstructegl X from at least two different detection meth-
ods is of fundamental importance and it will be possible aRlerre Auger Observatory,
where the radio information from AERA can be easily compavéti the Fluorescence
Detector measurements, in the so-called super-hybrida@amnwvient (cf. Chaptérd 4).

For the LOPES experiment, the direct comparison of the r&cocted X,.. IS not
possible:

The KASCADE-Grande experiment can not directly access thehmwer X,,.,. but
has information about the cosmic ray composition throughr#tiolg N/ 1g Neg
(Antoni et al./ 2004).

The muon-electron ratio is, indeed, the most common indiaatthe primary mass in
particle detector experiments (Gaisser, 1990).

For better accuracy the KASCADE experiment does not useatad reconstructed
Ny, but the truncated muon numbe¥ (" ), that is the integrated value between 40 m
and 200 m from the shower core. In the following analySig is referred to as the
truncated muon number.

The Nu/Ne ratio must be corrected for the air shower zenith angle. The-e
tron number and the truncated muon number are zenith-aogiected tod=0° —
thus the appendix 0 in thgyNu/lgNe— using the attenuation law reported below
(Antoni et al.) 2003a):

Neg = Ne - exp [Xo/Ae(sec(0) — 1)]
Npg = Ny - exp [Xo/Ap(sec(6) —1)]

with the attenuation lengthe = 175 gcnt? andAp = 823 gent?. X, = 1022 gen?
is the vertical atmospheric depth at the KASCADE observatoel.

The value given by the KASCADE experiment as threshold betwight, i.e. proton-
like, and heavy, i.e. iron-like, elementslisN 1o/ 1g Neg ~ 0.74 (Antoni et al., 2004).

As for the reconstructed primary energy, it must be kept imhtinat all the KASCADE
parameters (such ds andAp ) have been mainly investigated for primary energies in
the range 18-10'6 eV.

The LOPES detected events used for the composition andlggesprimary energy val-
ues around 10 eV. Consequently, it is important to look at the possiblesshef®nce on
the zenith angle and primary energy of flgéV 1.9 /lg N e, for such events:

A dependence of the, already zenith-angle corrected, mdasatorlg N/ 1g Neg
with the shower inclination is presented fig[9.16. A correlation, almost linear, is
clearly visible. The points are fitted with a power-law funaota+(cosf))©.

Since proton and iron primaries are expected to arriveapatally, the dependence on
the zenith anglefig[9.16) could be attributed to an attenuation formula thabtscom-
pletely appropriate. Probably the parameters usedapnd A ) should be particularly
examined for such high energies.

Another already discussed motivation for such a behavitragpunch-through effect:
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The KASCADE muon detectors are shielded enough to avoidldotremagnetic com-
ponent to penetrate, but only for energies up t&" V. For the energy range of the
used selection (Selection2) and especially for almostoaishowers, larger amount of
energetic electrons and positrons penetrate the shieldranketected as muons.

The dependence on the primary energy is looked figif®.17. The/V ., can be used
as indicator for the primary energy, since muon in air shevder not multiply but only
lose their energy by ionization (Gaisser, 1990).

The ratiolg N/ 1g Ney shows here a slight dependence also on the primary energy.
The energy dependence of the muon-to-electron ratio haadirbeen studied for an-
other energy range (Obenland, 2005); nevertheless a dealation has not been es-
tablished.

ThelgN o /lgNeq correlations respectively with the inclination and thenpary en-
ergy of the shower must be taken into account for any cormtusi the following anal-
ysis.

9.3.1 Comparison of the radio lateral slope and the
muon-electron ratio from KASCADE

The most general indicator of the slope for the radio LDFegpehdent of the fitting
function in use, is the ratie, i, A. For this specific case, where the LDF is fit with a
1D-exponential (cf. Chaptér 6), also the parametgcduld be similarly used.

In the following part, both Rande,.;, in correlation with the primary mass indicator
lg N/ lg Neg will be analyzed.

An overview of these two parameters for the complete sele¢Selection2) is shown
in fig[9.18 in black, compared with the expectations from the REA&iB8ilations, for
both proton (blue) and iron (red) initiated showers. Thewations are based on the
QGSJetll interaction model.

Small values ot,.;, indicate flatter slopes of the radio lateral distribution.
The range of the Rparameter is much larger and, opposite i@,,, small Ry means
steep LDF slope.

As previously discussed, the LOPES LFD slofig[0.18) appears to flatten even
more than the REAS3 predicted LDF for the iron-like nucledeed, the LOPES, .,
values, are generally shifted to values smaller then the RERONE, .4

The distributions for the REAS3 simulated irons (red) arwtqns (blue) largely over-
lap for both R ande,.i;, quantities. Thus, both the parameters are expected not to be
strong discriminators between proton and iron primaries.

A direct per-event correlation between the KASCAREV 1o/ 1g Ney and the LOPES
LDF slope parameters is presentedigi9.20 (fore,.:;,) and infig0.22 (for R)). Both
the parametersfande,..;, and the muon-electron ratio are not corrected for the shower
inclination (see previous discussion fif[9.16) and the usual 5 zenith angle bins are
separately considered.

“ratio of the radio amplitudes at two different distancesrfriie shower axis
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Figure 9.17: A slight dependence on the primary energy of the zenith asaylected
primary mass indicatotg N 11y /lgNey is visible.

While for the simulatedg N/ 1g Neg there is a sharp separation between the two
primaries at around 0.76, fer.;, (and for R) the delimitation between primaries is
not well defined.

Nevertheless, analyzing the REAS3 simulations, a regiarbeaidentified where circa
90% of events may be expected to be proton-like.

€ratio dependence on the zenith angle is discussed (skcliona$-1)cos()]’, with

a j value possibly between 3 and 5. If, as examplés set to 5 {ig[9.5), the value
Eratio,B,corr = 12 Can be considered an indicative border line for such regvbere

= -5
€ratio,B,corr — €ratio,B * COSG)

with B stands for border and corr. for zenith angle corrected
The border line in each zenith angle bin is marked with theediline. The right part
from the line is the 90%-proton-like nuclei zone.
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Figure 9.18: LDF slope for all events in Selection 2, compared with valiggsthe
REAS3 simulated LDF.

Concerning the Rparameter, a similar approach could be applied. Nevedbgelbe
Ry parameter seems an even weaker indicator for the primarg cwaspared t@, ;..
This is also due to the large uncertainty on the reconstiudid- fit parameter R

By looking at the LOPES data comparisdig( and_9.22), the reconstructed
lg N/ lg Neo does not seem to be a reliable parameter. Especially in stezénith
angle bin, too large values are shown, which would strese omare an increment of
the count for muon-like particles due to the punch-througgcediscussed above.

The punch-through effect and the zenith angle dependeroe teplay a fundamental
role in the composition analysis for the specific case of tB€ES experiment.
Due to these limitations, no firm and clear conclusions orctismic ray composition
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can be reached with the analyzed selection of LOPES events.
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9.4 Discussion

In the following several limitations which had influence twe slope method analysis as
well as possible refinements are discussed.

The precision on the energy reconstruction with the LOPE&sme&ments~ 23 %)
was affected by mainly two factors: first, the uncertaintytbe R, parameter of the
LDF fit, which is determined by both the random noise recomtezhch antenna station
and the LDF-fitting procedure.

Second, the KASCADE(-Grande) uncertainty on the energyrsttuction, which is, by

all means, of the same order of magnitude of the predictedE®@nergy uncertainty,
i.e. 20%-40%.

Aiming to reach the uncertainty on the primary energy predidy the slope method of
only 6 %-8 % (an even of- 4 % for the energy due to the electromagnetic part of the air
shower), an investigation on radio measurements gatheradaw-noise environment

is strongly suggested.

Concerning the X. investigation, several limitations are pointed out:

First, thea, b andc parameters for the .. reconstruction are obtained on the basis
of (REAS3)-simulations of the LOPES events applied to a%@roton and 507-
iron composition: indeed, the same LOPES event is simukasdabth iron and proton
primaries. An analysis on a more realistic mixed-composigxpected in the energy
range 107-10'® eV is highly suggested in order to obtain more precise andc pa-
rameters, thus more precisg X reconstruction. Moreover, with a realistic cosmic-ray-
composition, a more realistic determination of the measeré uncertainty is achiev-
able.

The second limitation is connected to the employment of REgiSwlations, which
do notinclude a proper treatment of the atmospheric-riamdex. Willing to smooth
the still existing discrepancy between simulated and sxbILDFs, such as the clear
tendency of the LOPES data to present flatter LDF-slope, aficapion of the slope
method on the more complete REAS3.1 and CoREAS simulatanig (ecently avail-
able) is strongly advised.

The third restriction concerns the deliberate exclusiothefdetector-simulation in
the investigation. A more realistic comparison with the sm@aments may include both
simulations of detector properties as well as simulatedstest noise typical of the
specific experiment site.

9.5 Conclusion

The parameters derived in the previous chapters from a ationk-based procedure
(slope method), have been directly applied to LOPES measnts for the reconstruc-
tion of both energy and .. of air showers.

Despite the high level of man-made noise at the LOPES expetinmportant outcomes
are:

» The flat region is confirmed to exist in data and proven to be the mqstogyoi-
ate distance from the shower axis for the primary energysingation with radio
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measurements.

* By means of LOPES measurements, an upper-limit on the taiosr for the
energy reconstruction is provided- (23 %). This value is consistent with the
statistical energy uncertainty of the KASCADE(-Grande)enment.

* Xnax IS reconstructed with the information from the measuredorddF. The
resulting values are reasonable and comparable with eatpmts from cosmic
ray nuclei.

By merging information from two different radio methods whiprovide X,,.
values, the quite low uncertaintyX ., ~ 30 g/cnt is predicted.

A better resolution for the radio reconstructed X and aAX,,., comparable
with the smallest FD uncertaintieAK ..« = 20 g/cnt) may be achievable at the
Pierre Auger site, where the environmental noise is lowergared to Karlsruhe
(i.e. LOPES experiment).

A noteworthy issue is the tendency of a LOPES reconstructgd ¥ be lower
(even) compared to iron-like primary predictions. In otimards, the LOPES
events exhibit a slope of the radio lateral function whichnsaverage flatter com-
pared to what is predicted by REAS3 simulations. Possibpgagations were
also discussed.

* A composition analysis for the LOPES experiment turnedtoute difficult to
investigate for two main reasons: first, the punch-throutgctewhich affects the
KASCADE measurements of the muon-to-electron ratio.

Second, the prediction of mostly heavy particles (iron) anly a small fraction
of protons in the cosmic rays flux in the primary energy ranfenterest for
LOPES (Apel et al., 2011b).

In the next chapter, the slope method will be investigatedR&AS3 simulations of
events detectable with the AERA setup. An investigatiorhefgredictions for th¢lat
region and, thus, the possibilities to apply the slope nitbdhe future AERA events
will be discussed.
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10 The slope method applied to
AERA

The slope method has been successfully tested, so far, ddQR&S simulated and
measured data.

The values found for thglat region and the parameters used to reconstruct energy and
Xmax Of @ primary are all specific for the LOPES setup and selecttuurs not directly
usable for other experiments.

AERA, located at the Pierre Auger Observatory, will invgate the radio detection
from cosmic ray air shower with respect to the next genenatiblarge scale surface
detectors|(Fliescher (2010) and cf. Chapier 4).

The AERA array will include about 160 stations distributegoa total area of 20 ki
featuring three different spacings (cf. section 4.2). Atsheof the completed AERA
setup is presented fig[10.1, where each triangle is an AERA station.

Verifying the applicability of the slope method in partiaubn the AERA experiment
is of great interest for several reasons: on the one handtdddn an area with lower
human-made noise compared to LOPES, this experiment caghtiyhmprove the res-
olution on X,.«, thus the sensitivity to the primary type.

On the other hand, AERA will take advantage of the superddybetection mode
(Fliescher, 2010) and it will cross-check the radio recartded X, with the FD val-
ues, which have an uncertainty of only20 g/cn? (Abraham et al., 2010a).
Moreover, the application of the slope method to the sinedlavents for AERA can
put a limit on the spacing of the antennas which ensures disap®f the radio lateral
distribution function slope to the mass of the primary.

10.1 REASS3 simulations

The AERA experiment is characterized by different spacifghe antennadig[10.1).

As a consequence, two sets of REAS3 simulations have betarped: one including
200 simulated events with the core position in the denseneflue, small, circle in
fig[10.1), while the second has 250 events with the core in thewuding area, with
250 m of distance between the antennas (red, bigger cirt\.will refer to them
respectively as Set-phasel and Set-phase2.

For each event, one CORSIKA shower is prepared, using QG $Qstapchenko,
2006) and UrQMD|(Bass et al., 1998) as high and low energyant®mn models. No
typical shower is pre-selected, thus, the shower-to-shflwetuations are included in
the investigation.

Unlike the procedure shown in Chaplér 7, not each event islated as both proton
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Figure 10.1: Mape of the AERA site. The core positions for the events hpl&etel
and in Set-phase?2 are delimited respectively with the bhgethe red circles.

and iron primaries, but 100 protons and 100 heavy-like raunsd for Set-phasel (and
125 protons and 125 heavy-like nucleons for Set-phase2jesrerated, with energy and
arrival direction randomly chosen in the respective rarmgd®'’-10'"° eV, 0-60 degrees

for the zenith angle and 0-360 degree for the azimuth angle.

The primary energy and arrival direction distributions shewn infig[10.2 separately

for the two primary types, for both Set-phasel (right side) Set-phase?2 (left side).

10.2 Lateral distribution function fit

The analysis of the radio data detected with AERA is fully iempented into th©ffline
standard software framework of the Pierre Auger Obserydtfr sectiorl 4.P).
Nevertheless, to be consistent with the previous analystk@ LOPES events, the sim-
ulated response of the radio detector is not taken into addware. Instead, the REAS3
simulated electric field in the north-south, east-west agrdical directions is directly
taken at the position of the AERA antennas.
Again, the amplitude is determined as the maximum of eadttraidield component.
Due to the possibility offered b@ffline to reconstruct the total electric field strength
at each antenna station, thg,t given by the REAS3 simulations are considered.
The simulated radio pulses are filtered with an ideal reatkndilter of 30-80 MHz,
nominal frequency-bandwidth of AERA (cf. Chapiér 4).

These sets of REAS3 simulations can exhibit a significardlle numerical noise
(Huege et al., 2010), especially for near-vertical air stisrand for the electric field
signal far away from the shower core. Thus, it is mandatogxtdude in each individual
event all the antennas where the numerical noise becomdsmneant.

A cut on the number of events is applied: each LDF must invalvieast four an-
tennas which provide radio information not affected by thenerical noise. This re-

1At the time of writing the thesis, a mistake in the configuratof CORSIKA showers was found: not
iron nuclei but 26 neutrons only were set.
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Figure 10.2: Azimuth angle, zenith angle and primary energy distrilngiéor the 200
events in Set-phasel (left) and 250 events in Set-phagg®)(ri

quirement drops the number of events available for the arsatp 188 (98 heavy-like
nucleons and 90 protons) for Set-phasel and to 178 (86 Héauyticleons and 92 pro-
tons) for Set-phase2.

As already discussed in Chapiér 6, the exponential fit doeproperly describe the
radio lateral behavior for distances larger than circa 200 m
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Figure 10.3: Examples of the radio lateral distribution function fits vhe a Gaussian,
an exponential and a power-law functions, for one event irpBasel (top) and one
event in Set-phase2 (bottom).

Before applying the slope method to the AERA simulated esyand individualizing
the typical distance for thélat region, the fitting function for each LDF must be inves-
tigated in light of the AERA specific characteristics (i.etenna spacing and distance
range from the shower axis).

Also in this case, three fitting functions are compared wéitheother, the exponential
E fit and A fit functions already used in sectionl6.3 and a Gausinction, with zero
as the mean value, and the standard deviatipad the amplitudec(;) as the two free
fitting parameters.
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Figure 10.4: Comparison between the adjusted R2 coefficient for the expiah (E fit)
and the Gaussian function fit, for the events in Set-phasel

R2-coefficient
% 40 Entries 88 ‘2 455 Entries 82
) o  F
& 35 Mean 0.009 @ 40 Mean 0.0069
RMs  0.036 35;— rRvs  0.037
PROTON oF IRON
25
20F
15F
10F
OZI...I...I N R
6 04 0. 0 02 04 06 o6 04 02 0 02 04 06
R2Adj, exp RzAdj, gauss R2Adj, exp R2Adj, gauss

Figure 10.5: Same as in 1014, but for the events in Set-phase2

As example, the LDF of a typical event from Set-phasel (prjneaergy 210'° eV,
zenith 40.8 and azimuth 279 coming from the south) and from Set-phase2 (primary
energy 1.410' eV, zenith 16.7 and azimuth 3, coming from the south) are presented
in fig[10.3. For each, the three functions are fitted and the relapivead pointfit (i.e.
Mean and RMS values) is computed as well.
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Figure 10.6: Left: LDF for proton (blue) and heavy-like nucleons (red)A83 simula-
tions of AERA events (Set-phasel) in the first zenith binndhealization for the total
primary energy is shown. The exponential function is usdi.aRight: RMS spread of
the LDF fits calculated at 12 distances from the shower axis.

The A fit, which at larger distances reduces to a simple pdaerfunction, is the most
unstable among all, due to three fitting parameters. Thessuginction seems to well
describe the electric field strength even at distancesri#ingea 300 m from the shower
axis.

The adjusted R2-coeffici¢his proposed again as comparison tool, separately for the
two sets of simulationdif[10.4 andig[10.5).
The discrepancy between the Gaussian end the exponerstial fith average, less then
10 %.

The largest values are found for Set-phasel, with an RMS 8% and~ 9 %, re-
spectively for proton and heavy-like nucleons events. Thageworthy is the influence
of thenumber of antennasvolved in the LDF analysis: with a minor number of anten-
nas - such as the case of Set-phase?2 - both the exponentitdea@hussian functions
can be equally considered to interpret the radio laterahen

In the following analysis, aiming at a first indication abdlki¢ functionality of the
slope method applied to the AERA simulations, the expoaéfinction can still be
employed to fit the radio LDF.

10.3 The flat region and X ... reconstruction

LDFs from proton and heavy primaries are plotted togethedltw the identification
of the flat region, which is the distance from the shower axis where &laéorpulse
is independent of X.., and where the LDF fits intersect. In other words, in ftiet
region, the RMS spread of the fits is at the minimum value @¢tisn7Z.2.11).

In order to reduce the dependence of the LDF slope on the shaeméh angle, the

2For details please refer to sectlon 613.1
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Figure 10.7: Correlation between the %, from the CORSIKA simulations and the
slope of the radio LDF, fit with an exponential functien,(,), for the AERA simulated

events (Set-phasel-left part, Set-phase2, right parthénfirst zenith angle bin. The
blue points and the red squares represent respectively thim and the heavy-like

simulated events.

simulated AERA events are subdivided into several zenitfieabins (A¢). Compared
to section 7.2]1, 3 more zenith bins are available, but #iessits is remarkably reduced.

The total electric field strength in the antennas is dividgdhe AERA effective
frequency bandwidth (50 MHz).

Normalizations concerning the arrival direction and thergy are needed. Indeed,
the events of both Set-phasel and Set-phase2 are simuliéteghwsotropic incoming
direction and with the primary energy varying in the rangé”410'° eV. For already
discussed reasons (cf. Chapter 7), 4h&n(a), with o the geomagnetic an@,eseems
an appropriate approximation for the incoming directionnmalization when the total
electric field strengtlro is considered. The energy normalization is performed with
the total (E), the calorimetric (§) and the electromagnetic (E) energies here as well
(cf. Chaptef 7 and Huege et al. (2008)).

In fig[10.6 (left side), the events in the first zenith bin of the cid® Set-phasel
are presented. Only the total energy normalization is sha@irce all three energy
normalizations present almost the same behavior. The tddies are fitted with the
exponential eq.611.

On the right side, the corresponding RMS spread of the fitssigalyed at twelve dis-
tances from the shower axis.

The dy.; Is identified at the distance with the minimum RMS spread. Vdlaes for
both the selections are listed in Table 10.1 and Tablel 18shectively for Set-phasel
and Set-phase2. Some zenith angle bins are excluded fromvéstigation of theflat
region since the statistics are too low.

Nevertheless, by looking &ig[10.6 (left side), the LDF fits clearly do not intersect all
at one distance from the shower axis. Moreover, the minimalwevof the RMS spread

3P = vxB ~sin(x)
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Table 10.1: Distance of theflat region - Set-phasel

Ecal Eem E
AO entries dfiat [M] RMS % | dfige [M] RMS% | dfee [M] RMS%
min min min
0°-19.4# | 64 (p29, Fe 35 20 16.5 15 16.7 30 16.4
19.4#-26.8 | 23 (p 11, Fe 12 10 12.9 5 13.3 20 12.1
26.8-32 9(p 4, Feb) Il Il Il Il Il 1
32°-36.2 19 (p 10, Fe 9) 5 18.6 5 19.4 30 19.5
36.2-40° 11 (p 3, Fe 8) 30 22.2 20 22.5 50 22
40°-42.7° 9(p8,Fel) Il Il Il Il Il 1
42.7P-45.2 7(p3,Fe3) Il Il Il Il Il Il
> 45.2 7 (p 22, Fe 25) I Il Il Il Il Il

remains constant for a wide range of distances (0-50 m) witalze well away from
the expectation, i.e. almost 20 (cf. LOPES events show a minimum RMS of circa
6-8 %).

Before any hasty hypothesis on the non-existence offthé region, one may con-
sider possible other explanation for such a behavior of DE fits. Plausible motiva-
tions are connected to:

a) the inaccuracy of the LDF fit, b)the improper normalizatised, i.e. the geomag-
netic as predominant effect assumption, c)the missingstatand to d)the low number
of the antennas which pass the cuts.

a) An appropriate analysis on the LDF fitting function diéfet from a 1D-exponential
is strictly required before applying the slope method onAlRERA events, since the,
apparently small, discrepancy between the exponentiaititum and the correct radio
lateral distribution seems to have a big impact on the whiosdyasis.

b) The charge excess effect gets important at the AERA sitie wWe geomagnetic con-
tribution diminishesfijg/5.2). The need to average out the charge excess contribaotion
the radio LDF is of fundamental importance for the applmawf the slope method.

d) Apparently, the number of antennas available for theysmals not adequate . More
antenna-points would help the identification of the corfitihg-function for the radio
LDF. Moreover, a larger number of antennas may help in avegagut the charge ex-
cess effect.

Despite the large values of the RMS spread in fidet region, one could look at
the correlation between the slopg:;, (see Chaptdr]7) and %, from the CORSIKA
simulations fig[10.7). Only the events in the first zenith bin (Set-phasédi pkat, Set-
phase2, right part) are shown.

Only for the first set of data it is possible to apply the usuad(7.6.

The dependence @f.:i, On X,..x IS Clearly attenuated by increasing the spacing of
the antennas and proton and heavy-particle initiated stsoglew quite similar slope
of the LDF, i.e¢.4ti0-
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10.4. CONCLUSION

Table 10.2: Distance of theflat region - Set-phase2

Ecal Eem E
A0 entries dfiat [M] RMS % | dfioe [M] RMS% | dfee [M] RMS%
min min min
0°-19.4# | 33(p18,Fe 15 140 23 150 23.9 150 22
19.4-26.8 | 31 (p 14, Fe 17 125 21.2 125 21.6 135 20.3
26.8-3 | 14(p7,Fe7)| 135 13.5 125 14 140 12.5
32°-36.2 14(p7,Fe7) 105 18 105 18.3 125 17.7
36.2-40° 10 (p 2, Fe 8) I /l Il I 1l Il
40°-42.F 17 (p 10,Fe 7) 175 16.5 175 16.7 175 16
42.7-45.2 8 (p 6, Fe 2) 1l 1l /l 1l 1l Il
> 45.2 7 (p 28, Fe 23) 1l /l /l 1l 1l Il

10.4 Conclusion
The slope method is applied to REAS3 simulations for two sEAERA events.

Several points are discussed as possible motivations foisadentification of the
flat region and an apparently weaker sensitivity of the LDF-slapX,..:

The 1D-exponential is not adapted to describe the radio L@Fnfean distances
antenna-shower core of a typical AERA event. In contrast@®ES, the discrepancy
between the exponential function and the correct latezhbkior can no longer be ig-
nored.

A detailed investigation on other possible fitting funcgpeither multi-dimension (more
than one spatial dimension) functions or the suggested sgaysis strongly recom-
mended.

The assumption for the geomagnetic effect as the predomemaission mechanism,
thus the use of the factor sim) for the radio pulse normalization, could partially affect
the analysis. Indeed, in contrast to the LOPES site, the ggostic field strength in
Argentina is quite low (cf. Chaptéd 5). With a small conttibn to the radio signal
from the geomagnetic effect, the charge excess effect besdimportant and the need
to average it out in the LDF analysis is fundamental.

Also the spacing between the antennas may strongly caudesthén composition
sensitivity for this selection of simulated events. Thdet#nces between the two sets
of events considered so far, suggests that a large numbenteriras allows a better
identification of the LDF-fitting function and, in principl@llows to average out the
charge-excess-effect.

Further investigations on the LDF fit function and the pasitof the flat region for
the AERA simulated events are, thus, necessary.
Larger statistics for the REAS3 simulated events, in eacitlzangle bin, will surely
improve the analysis on the mass sensitivity of the radio {sSpe.
A simulated finer grid of antenna positions is strongly ssiee in order to more pre-
cisely identify the LDF fitting-functions and thélat region distances. Moreover, a
finer grid helps to define the minimum spacing between thenaatéor which the slope
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method is applicable for the mass-sensitivity investmati
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11 Conclusion

In the last years the detection of radio emission from cosayi@ir showers, in the MHz

regime, reached impressive results.

Eager to become competitive with the already well-esthbltisdetection methods, the
radio detection aims to achieve the information of primargmic-ray parameters with
reasonably low uncertainties.

With a probe into the features of the radio lateral distiitnui{LDF), this work ex-
plored the possibility for a precise reconstruction of twodamental air-shower param-
eters: the primary energy and the depth of the shower maxiXym.

The investigation was developed on a (REAS3-)simulatiaseld method, afterwards it
was applied to LOPES measurements.

Even with the high level of man-made noise at the LOPES speeaision of almost
20% is reached for the primary energy reconstruction. Morgapromising low X,
uncertainty & 30 g/cnt), almost comparable with the highest reachable accuraityeof
fluorescence detectors, is predicted by merging radionmdétion from two independent
Xmax-reconstruction methods (slope- and cone-method).

Significant results emerge from this dissertation and armensarized in the following:

» The slope method requires a precise fit of the radio latesalildution.
The radio LDF profile shows to be more complex than a one-dsmen(1D)-
function. Moreover, the homogenous 1D-exponential, diyea use for the
LOPES measurements, obviously fails at certain distamoes the shower axis.
However, both a statistical analysis on the residuals anohgparison with ex-
pectations from REAS3 simulations established that theegppenential function
can be still considered a good approximation of the indigldlDPES LDF.

Fluctuations in the electric field, most probably connedtethe charge excess
contribution, are also evident. Due to the antenna spaditiged OPES experi-
ment, this effect is averaged out and has almost no influend¢keoslope of the
lateral distribution function fit, and thus on the slope noeth

A certain distance from the shower axjd ¢t region) was identified on a simulation-
based method. Thiglat region was confirmed to exist in (LOPES) data and it
was proven to be the best place for a primary energy recarigtnu Indeed, in
the flat region, the analysis is affected by the lowest uncertaaityost exclu-
sively due to the shower-to-shower fluctuations.

Even with the high level of man-made noise which affects tRPES data, an
accuracy on the energy reconstructiono20 % is reached, almost independent
on the shower inclination.
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» A reconstruction of X,.. for the events detected by the LOPES experiment was
successfully carried out. The obtained values are comfzaveth the expecta-
tions for the cosmic ray nuclei.

Remarkable is the tendency of a flatter slope of the radiodhtistribution for
LOPES compared to REAS3 simulations. This is reflected in amrecon-
structed X,.x smaller than for the iron-like nuclei.

Possible reasons which may cause the divergences betwesumments and
simulations were discussed. Among them, the refractivexnof the atmo-
sphere, properly treated in the simulations only in the nexsion REAS3.1 and
CoREAS.

By itself, the slope method predicts a precision op,Xof only 20-40 g/cm,
in dependence on the zenith angle of the event. This is théeshancertainty
reachable with a stand-alone method applied on radio mesunts.

Xmax 1S the principal indicator for the cosmic ray compositiongdadhe possibility to
reconstruct it with radio-only data was demonstrated, gusirsimulation-based proce-
dure applied to the LOPES data.

Comparisons of the reconstructed,X with values determined independently by, at
least, one other detection method are essential, but neiipp@$n the framework of the
KASCADE-Grande experiment.

This opportunity is offered at both the TUNKA-Rex experirhand at the Pierre Auger
Observatory, where the next generation radio antenna AE&A will cross check the
radio reconstructed ., with the experimental values obtained respectively with th
Cherenkov and the fluorescence detector.

A first attempt to apply the slope method to the AERA simulateents reveals the
necessity to further investigate on the fitting functiontfo lateral distribution. Possible
alternative functions - primarily the Gaussian functiome proposed and a methodol-
ogy to approach the investigation is discussed.
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12 Appendix A

The geo-magnetic radiation, which results from time-vagyelectrons and positrons
drifted in the atmosphere, is considered to be the main ianion to the radio emission
from air showers (cf. Chaptéi 5). The analysis presentetenfallowing, on both
LOPES and Auger measurements, aims to verify the staterbemeavith a look at the
sign and the polarization of the detected radio data. Theétsesre brought to discussion
in sectior 5.P.

12.1 Polarity of the signal

The expectations for a pure geo-magnetic contribution haen presented in Chapter
[, for both the LOPES and the Auger site. The individealector components (fig.5.2
and figl5.1) flip the sign according to both the direction @& thagnetic field and the
arrival direction of the air shower.

The agreement in the first order between measurements argethmagnetic emis-
sion (P) (Horneffer et al., 2007, Isar etlal., 2009, Ardouin et/a009, Revenu, 2010b)
implies a sign dependence of the unlimited bandwidth radise for each individual
component of the electric field. In fig.5.3 a REASS3 simulatadio pulse is taken as
example. The component in the EW direction of the total rgdilse shows a positive
sign, while in the NS and VE directions the pulse has a negaiyn according to the
specific arrival direction of the event.

No clear motivation supports the idea of a sign preservedlialthe pass-band filtered
signal. In fig.[5.4 the signal in the EW components of fig.5.8lisred with an ideal
rectangular filter 43-74 MHz .

CODALEMA claimed to have seen in the detected radio pulse,filtered pulse with
23-83 MHz pass-band filter, a correlation between the inogrdirection of the events
and the sign of the signal recorded in the EW polarizatiom(in et al., 2009), namely
pulses from showers coming from the north are genegaikitive-see definition below
- while signals from the south are generatiggative Further studies on the polarity,
also on the NS polarization, are presented in (Riviere g2@09). In the CODALEMA
analysis, the signal in each antenna was defined as the extreithe filtered signal;
the sign of the event was simply defined as the sign of the rxtne (Ardouin et all.,
2009). For the events detected by more than one antenna iec#ismlirection, i.e.
east-west or north-south, the sign of the event was chostreasajority of the signs
among the several antenna traces (Ardouin et al.,|2009).

A similar investigation is proposed here for both the EW argipédlarization signals
detected by the LOPES experiment. A simplified expectatioritie sign of both the
P components along the north-south (NS) and east-west (EWgtihns expected at
the Karlsruhe site are presented in[fig.12.1. According écatialysis in/(Riviere et al.,
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2009), the coordinate system is chosen so to have the positja (blue part) associated
to the showers coming from the north for the EW componentré&foee, events coming
from the east for the NS component have a positive value.

The radio events analyzed in the following are processell thiie CR-tools pipeline
(svn revision 6250). High coherency is required by settiregftaction of the correlated
power larger than 8%, as it was already discussed for Selectionl and Selection2 i
sectiorf4.1.8. To increase the signal-to-noise ratio, @asi@rger than 5 pV/m/MHz in,
at least, one antenna per event is required. For each euveste®by LOPES, the trace
at the single antenna at the time of the CC-beam (cf. s€ciloB,& he interferometric
analysig is considered for the analysis. The sign of the trace iscsbétpositive if the
absolute value of the maximum amplitude peak is larger thambsolute negative peak
value.

In order to establish the polarity of each LOPES event andjt@ky take into account
all the antennas which participate in the CC-beam procetheesignal in each individ-
ual antenna is weighted with the corresponding signaletigaratio (SNR), as described
by eq.12.11 .

s = Zi=1N(ant1) SN (12.1)

> oot SNR;

The exponent m is 2 if positiveyaxpeax |>| negativeyiaxpeax | While m=1 if |
positiveyaxpeax |<| nNegativenmaxpeax |- Antennas with larger SNR have the biggest
influence in the determination of For each individual radio event, the valuesajives
the sign of the event. Moreover, larger absolute valuesgdgnerally mean that anten-
nas with larger SNR present also the same sign of the tracethEdirst part of the
investigations is set to be larger than 48.
A total of 572 events (381 for the EW polarization and 191 Far NS polarization) are
selected.
The resulting signs of all the events are presented in fig, X2spectively for the EW
polarization (top figure) and the NS polarization (bottonufey. The positive events
are in total Nys;tive=3614 17, while the negative are N, =267+ 16.
The dependence of the number of events with the directiomeo§thower which appears
also in fig.12.2 reconfirms, also here, the predominanceefjfo-magnetic emission
mechanism, for both EW and ND detections.
A quantityr, defined as

o NPOSITIVE (12 2)

NNEGATIVE
thus, the ratio between the positive and the negative evientemputed separately for
the EW and for the NS signals.

Apparently a correlation between the incoming directiod e polarity of the LOPES
detected signals is shown, for both the polarizations:

The EW oriented antennas, and the fraction of events comarg the south, thus ex-
pected to have a negative sign (RED region i fig12.1 leftypnsidered at first.

Only a few percent of the total positive-signs is found irsttggion, with a significance
of 2.25 - i.e. positiverpp_pw /positive,wa—pw). In contrast, the significance for
the negative-signs, in the same region, is of more than 5.

Ther quantity, for the EW oriented antennas, is considered ak Wwethe red region,
Tew.red 1S 0.62+ 0.2, while, in the blue region, where the positive sighaésexpected,
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@ 90

Figure 12.1: Sign of the EW (left side) and NS (right side) componentsedf thector
calculated for the LOPES experiment site. Blue indicatespbsitive part, while red
the negative.

the ratio more than doubles, upitq, piwe =1.44+ 0.2.

Regarding the NS oriented antennas a similar conclusiomyiged: in the positive-sign
region (figl12.1, right, blue side), a larger fraction of jigs-sign events with a signif-
icance of 56 is found compared to the negative-sign evergrifgance of 33). The
calculated- quantities are s ..q = 0.5+ 0.2 andr g e = 1.2+ 0.2.

This would confirm the results found with the CODALEMA expréant and would lead
us to declare a visible polarity of the signal even in theri@teLOPES traces.
Nevertheless, if a further cut on the events is applied,irgqgus larger than 65%, in
other words imposing that the selected events have a clsigmeronly few events are
left and the dependence sign-arrival direction is no moirees\.

Thus, no conclusive statement about the signal-sign in @RRES data is possible.
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" EW negaive w

Figure 12.2: Distributions of the sign recorded in the LOPES traces, far signal in
the EW polarized antennas (blue) and in the NS aligned aatei(red). On the left
side only the positive signs (>0) (circles), while on the right only the negative sign
(triangles) are plotted.

142



CHAPTER 12. APPENDIX A 12.2. THE BLS-AUGER DATA

12.2 Polarization analysis of the BLS-Auger data

An analysis of LOPES data presented_in!Isar (2010) arguedesting correlations of
the radio pulse polarization with air shower parametergarticular with the shower
azimuth angle.

Taking into account the LOPES results, a similar invesiiogatdn one of the first radio
data sets collected within the Pierre Auger Observatoryapgsed.

In 2007 three antenna stations (Polel, Pole2 and Pole3) eyeneting at the BLS
(Coppens, 2009) with antennas aligned in both east-westantid-south directions (for
further details please see section 4.2.2).

Only the radio events recorded in coincidence with the sertietector SD are consid-
ered. The search for coincidences is performed by lookingeaGPS timestamps for
both SD and radio setup (cf. section 412.2). A total of 31hé&vevere recognized as
coincident events and among these, only 234 had a detededsignal in all three
antenna stations (cf. section 4]2.3).

For the purpose of this investigation, REAS3 simulationstfe 313 recorded events
are performed, taking into account the environmental patara of the Pierre Auger
Observatory site, such as the altitude, the geomagneticdietngth and inclination.
For each event, 250 CONEX (Pierog et al., 2006) showers exibg proton primaries
are prepared, using QGSJetll (Ostapchenko, 2006) and Ur(Babs et al., 1998) re-
spectively as high and low energy interaction models. Amalhghe 250 showers, a
typical@ shower is selected. Finally, 26 REAS3 simulations for egpical shower are
performed, one for the exact reconstructed core positidrttaa other 25 for core loca-
tions randomly picked within the RMS uncertainty of the cpussition reconstruction
(Asch et al., 2008).

Both simulated and recorded events are processed with tA&SKRadio Detector Ar-
ray Simulation) code (cf. section 4.2*RDAS” and (RDAS Software, 2008)), in order
to simulate the antennas response. A specific module is widhe characteristics of
the LPDA (Logarithmic Periodic Dipole Antenna) antenna evhivere employed at the
BLS site during 2007.

RDAS functions and parameters are carefully set; for motaildeabout the software
modules and the BLS data selection we refer to settion|4.2.2.

12.2.1 Recorded events

The recorded events are processed with RDAS and, after syqeiati selection, only 21
radio events are available for the analysis (see secfioB)4.2

Since the configuration of Pole3 changed during the dataisitiqn, its measurements
are excluded from the investigation. The radio pulse infatrom provided only by Polel
and Pole2 is analyzed.

The peak of the electric field amplitude in the two east-wadtr@orth-south channels is
taken into account and we will simply refer to them respetyias EW and NS.

In order to look simultaneously at the signal in both the Imuth and east-west direc-
tion for the same event, the logarithm of the ratio of the paablitudes in the channels

La shower with the shower maximum depth,X. close to the average, .. value of the 250 simulated
primaries.
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Figure 12.3: Ratio of the maximum amplitude of the electric field measimetthe
north-south and east-west channels, for the BLS data, sieteespectively at Polel
(left) and Pole2 (right). The azimuth angle is provided by 8D reconstruction. The
black star is the event recorded during a thunderstorm. Tdrginuous line aims to be
a guideline and represents the mean expected behavioithes? vector components
ratio, calculated for the mean zenith angle (45.6

is considered

NS

and the correlation with the incoming direction of the shoisg@resented in fig.12.3 for
both Polel and Pole2.

The signal-to-noise (SNR) is defined as a power quantitys the ratio of the squared
signal-amplitude and the squared noise standard deviafioi\s a consequence, for
each individual channel, the uncertainty on the pulse isneséd as:

| (EW)? _ | (NS)?
OEW = 7SNREW ;  ONS = SNRxs (12-4)

where the signal-to-noise (SNR) is directly given by the RD#&ol.

Since one of the event selection criteria described in teeipus Chapter was to require
a SNR larger than 14 in at least one of the two channels penaatgation (see section
[4.2.3), some of the 21 selected events present a SNR loweithleachosen limit for
the NS or the EW. In such a channel, no clear detection of e raulse is established
and the recorded signal could be due to pure noise. In ordeké&into account these
partially detected signals, upper and lower limits of thé€l8d can be stated. These
are represented by arrows in the plots and an upper-limibapointing downwards)
indicates no detection in the north-south channel whileveetdimit (arrow pointing
upwards) stands for no detection in the east-west channel.

In fig[12.3 the azimuth angle is shown with the Auger convamti.e. 0 means a
shower coming from East and 9tiom North.

A slight correlation of the BLS data polarization and thevairdirection of the primary
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is presented, which would be a sign for the geomagnetic @nisemponent.
Moreover, in black, a possible thunderstorm event is mafktlissas et all, 2010). We
decided to reject this event for the next comparison withREAS3 simulations, since
the electric field measured could have been strongly infleéby the high atmospheric
electric field.

Using the information about the arrival direction recousted by the SD, the expecta-
tions for theP vector values along the north-south and east-west dire¢éq.5.2) of
the 21 events are estimated.

In fig. [12.4 the ratio of e0.12.3, now calculated for theector components

P
l0gy, (ﬁ) (12.5)

of each individual event (magenta triangles) are presented

The colored lines represent the safmgector components ratio but calculated not for
specific directions, but for constant values of the zenitjleu(1C’, 45° and 60) and
varying the azimuth angle in the range 860.

Eq[12.5 is not dependent on the observer position with degathe shower core, thus
the 21 expectations for the pure geomagnetic componentecdirdxtly compared with
the electric field value recorded in both Polel and Pole2. rEselts are shown in
fig12.5.

The continuous line represents the ratiol(eq.J12.5) cakedifor the constant zenith an-
gle of 45.6, which is the mean among the zenith values of the 21 selevtrds

A general agreement between the recorded data (pointshafdvector expectation is
visible in both the antenna stations. Nevertheless a stidemgtion is noticed around
270, which means, in the Auger coordinate system, events cofrongthe south, and
for one point coming from the north (azimuth40°, zenith~ 60°).

Theoretically, for these incoming directions and for anexkpent in the Southern hemi-
sphere, as in the case of the Pierre Auger Observaasyalmost completely aligned in
the east-west direction, thus the north-south componentliisThis creates the expecta-
tion for e 12.5 to drop to infinitely negative values, whistimpossible for physically
detected signals.

However, most of these events with azimuth angle value at@n® present upper-
limits, which would indicate not real signal but pure noisgeattion in the north-south
channel.

This could partially solve the visible discrepancy.

12.2.2 REAS3 simulated events

The necessary air shower parameters reconstructed by theuSbas primary energy,
core position and arrival direction of the 313 measuredar&sents are used as input
parameters for CORSIKA (Heck etlal., 1998) and REAS3 (Ludavid Huege, 2011b).
The observer position is simulated in order to representhite® antenna stations of the
BLS setup in relation to the core of the shower and the frequeass-band filter from
25 to 70 MHA3 is applied to the simulated radio pulse.

250-70 MHz is the pass-band filter used in 2007 for the BLS setup
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Figure 12.5: Direct comparison between the data (circles) and the pu@ngggnetic
expectations (triangles) for both Polel (left) and Poleigtit).

The filtered radio pulse is taken and the polarization belvamnalyzed before applying
the detector response, thus before processing the siondatiith the RDAS tool.

For the 21 previously selected events, the maximum peakitudelin the east-west
and north-south channel is taken and the logarithm of the imshown in fid.12J6 (red

crosses) for one antenna station. In the same figure, the BE#&ilations are directly
compared to the 21 previously calculated expectationdi®Ptcomponents ratio (pur-
ple x). Similar behavior is seen also in the second anterat@st(Pole2).

A large discrepancy is visible again for azimuth angle atb8A0C and for one point

with azimuth angle- 40°.
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Figure 12.6: The electric field information at the Polel, taken directhnfi the REAS3
simulations of the 21 selected events (red crosses). Atdicroparison with thé?
vector expectations of the same events is also shown (prple

A first possible explanation is connected to a weak geomagoettribution in one of
the two channels. Taking as reference the pldtfig.5.2, thetevith zenith angle- 40°,
i.e. coming from the north, and zenith ef 66° exhibits a geomagnetic component in
the east-west channel close to zero. Since REAS3 includedtlaé non-geomagnetic
contribution, this discrepancy can be fully justified.

The same explanation might be used for the discrepancy oéwbets which have a
southern arrival directiony 270° azimuth angle), for which the\® component is sup-
posed to be extremely small.

Nevertheless, a closer investigation revealed that sorieesé REAS3 simulated events
are characterized by weaker signals in both the channefssegoiently, numerical noise
in the REASS simulations becomes, for these events, unysitaing, leading to a log-
arithmic ratio of the pulses close to zero.

For such events, a proper treatment of the experimentabjpackd noise becomes ab-
solutely mandatory.

In a second step, the 21 REASS3 simulated events are procettbeithe RDAS mod-
ules, and the galactic noise is added in each channel. Thimidated with a specific
RDAS module (GalacticNoise module), based on the noise had@ane (Cane, 1979),
in which the intensity of the radio background towards th&a@ic pole is parametrized.
To properly take into account the noise influence on the sitedltraces, each of the 21
REASS3 events is processed 30 times with RDAS, obtaining B€rdnt representations
of the noise. The reason for such procedure was mainly dueettotv statistics, since
only 21 events passed the quality cuts.

Afterwards, for each simulated event, the distributiorhef 80-times calculated €q.1P.3
is considered and the Mean and RMS values are taken resgg@s/the value and the
error bars presented in figure 12.7 as red squares, for bégfi Bod Pole2.
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Figure 12.7: Direct comparison between recorded data (circles), REASRIations
(squares) and the pure geomagnetic expectation (triapgldte polarization behavior.
The continuous line gives a trend of the mean expected mtfavithe pure geomag-
netic emissionk component calculated for 45.@clined events).

Only events with SNR larger than 14 in at least one channedtaoe/n and, with such
criteria, 5 events are rejected in each antenna statioa tedr simulated field strengths
are too low to pass the cut.

As in the previous plots, the arrows represent the upperi@mer-limit for the signal
partially detected.

As expected, some discrepant points previously discus$edid[12.6) drop out. This
is a clear indication for a small signal but large noise inhldbie channels for these re-
moved events.

A direct comparison betwedn vector calculated expectation (triangles), REAS3 sim-
ulations (squares) and recorded data (points) (figl 127pdth stations is presented.
Again, as guideline, thB vector components ratio, calculated for the mean zenitkeang
(45.6) is drawn.

Even with a slight disagreement between recorded data adGRBEimulations, a gen-
eral trend which follows the geomagnetic component expiectés seen.

On the other hand, the discrepancy with Bheector prediction becomes large, for both
data and REASS3 events, when a pure geomagnetic componexpasted to be weak
in one of the two channels. In other words, for those eventstwéome from the south
(small or null Byg signal) and from the north (small or nulER, signal).
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13 Appendix B

13.1 Selectionl

13.1.1 REAS3 simulations: energy determination for
Selectionl

The correlation between the electric field in thet region and the calorimetric energy
(fig[13.2) is shown for all the zenith angle bins (cf. secfiof). The correlation is fitted
with the linear function (left side) and with a power-law @ion (right side).

In fig. [13.4 the correlation between the electric field in fiet region and the electro-
magnetic energy is shown as well.
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Figure 13.1:to be continued in the next page
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Figure 13.2: (continued) Linear correlation between the electric figldhe flat region

and the calorimetric energy for the events, from top to buttm all the five zenith angle
bins. Both proton (points) and iron (squares) primaries amaulated. Both the linear
fit (left side) and the power—law fit are shown.
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Figure 13.4: (continued) Linear correlation between the electric figldhe flat region
and the electromagnetic energy for the events, from top tmi in all the five zenith
angle bins. Both proton (points) and iron (squares) prirearare simulated. Both the
linear fit (left side) and the power—law fit are shown.
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13.1.2 REAS3 simulations: X ..« determination for Selection1
- QGSJetll

The ratio of the REAS3-simulated radio amplitudeg in the flat andsteep regions
provides the slope of the LDF. QGSJetll is used as intenactiodel in CORSIKA in
order to reproduce the air shower particles in the atmospher

A correlation between ther ue X,,.. (from CORSIKA) and the radio LDF slope,
discussed in sectidn 7.5, is clearly visible in all the Zemitgle bins. The functidn 7.6
is used to fit the protons (points) and the irons (square) Isited events. From top to
bottom are presented, in order, the events in the second’{26.8’), third (26.8-32°),
forth (32°-36.2) and fifth (36.2-40°) zenith angle bins.
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Figure 13.5:to be continued in the next page
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Figure 13.6: (continued) Ratio of the simulated filtered radio pulse ie fat and
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to the fifth zenith bin.

13.1.3 REAS3 simulations: X ..« determination for Selectionl

- EPOS

I the following, the EPOS interaction model is used to geteettze air-shower particles.
The same kind of correlation between the,X corsrxk4 and the radio LDF slope,
discussed in sectidn 7.5, is clearly visible in all the Zeaitgle bins. The functidn 7.6
is used to fit the protons (points) and the irons (square) Isid events. From top to
bottom are presented, in order, the events in the second’{26.8’), third (26.8-32°),

forth (32°-36.2) and fifth (36.2-40°) zenith angle bins.
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Figure 13.7:to be continued in the next page
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Figure 13.8: (continued) Same as fig.1B.6 but with EPOS interaction nsidellations.
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13.2 Selection2

13.2.1 REAS3 simulations: energy determination for
Selection2

The correlation between the electric field in et region and the total energy of the air
shower is shown below for the events in Selection2 (cf . eaf@i3). The correlation is
fitted with both a linear function (fig.13.1.0) and with a poview function (fig.[13.1PR).
On the right part of the figure, the relative spread from thed&fined as (energy;,,;-
energy;,/energy;,), is presented.

From top to bottom, in order, the events in the first-1®.4’), second (19.426.8),
third (26.8-32°), forth (32-36.2) and fifth (36.2-40°) zenith angle bins are shown.
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Figure 13.9:to be continued in the next page
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Figure 13.10: (continued) Linear fit for the total primary energy corratat with the
single component of the electric field in tfikit region. From top to bottom events from
the first to the fifth zenith angle bin.
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13.2.1.2 Power-law fit
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Figure 13.11:to be continued in the next page
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Figure 13.12: (continued) Power-law fit for the total primary energy cdaton with
the single component of the electric field in thiet region. From top to bottom events
from the first to the fifth zenith angle bin.
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13.2.2 REAS3 simulations: X ..« determination for Selection2

In fig[13.14, the correlation between, X, and the radio LDF slope is presented for all
the events in Selection2(cf . sectibnl8.3). On the right pathe figure, the relative
spread from the fit.

From top to bottom, in order, the events in the first-1®.4), second (19.426.8),
third (26.8-32°), forth (32°-36.2) and fifth (36.2-40°) zenith angle bins are shown.
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Figure 13.13:to be continued in the next page
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Figure 13.14: (continued) LDF slope for the single electric field compdn@&Ww) in
relation to the depth of the shower maximum, given by the KRS mulations. From
top to bottom, events in the first up to the fifth zenith angie ®n the right, distribution
of the points (Xhax, CORSIKA) around the fit (hax, REAS3) value.
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14 Appendix C

In sectior[ 9.1.]1 is investigated whether tHiet region is the most appropriate distance
from the shower axis to reconstruct the primary energy. éddéhe smallest uncertainty
on a radio-reconstructed energy, mainly due to the showshower fluctuations, is
predicted in this region.

A linear correlation between the energy given by KASCADE@fe reconstruction
and the LOPES amplitude in th&at region €,:) is shown in fid.9.2, where the nor-
malization to the east-west component of Eheector (cf. Chaptér5) is considered.

For comparison, the same linear correlation is investajatéhree other distances from
the shower axis, of the same LDF fit. Namely at 0 m, 100 m andesstiep region, i.e.
between 230 m and 260 m for this specific selection (Selez}ion

The RMS of the relative spread from the linear fit is used aspaoison tool (fig.9.4
and, in theflat region, the RMS is practically always the smallest.
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14.1 Primary energy and ¢
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Figure 14.1. Linear correlation between the primary energy reconstedctby
KASCADE-Grande and the filtered radio pulse detected at Oom the shower axis.
From top to bottom, in order, events from the fist to the fifthitheangle bin are sepa-

rately shown.
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14.2 Primary energy and €
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