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CHAPTER 1

Introduction

While you are shopping, while you are sleeping, even while you are reading this,
you are bombarded by particles. Neutrino's, photons, muons and even more exotic
particles as kaons, lambda's, and sigma's are hitting you at this very moment.
These particles are created as secondaries when a high-energy cosmic ray hits the
molecules in the earth's atmosphere. Although cosmic rays and their secondaries
were discovered over a century ago, scientists still do not know what their origin
or their nature is. These are the mysteries that scientists want to unravel. The
high-energy cosmic rays and their secondaries are excellent laboratories to study
high-energy physics, since they provide the only realistic means to extend the
experimentally accessible energy range for hadronic interactions by several orders of
magnitude beyond the energy scale of the LHC. From the point of view of a particle
physicist, the cascade of secondary particles can be used to study the behavior
of high-energy interactions and to search for new particles and processes. Many
elementary particles were �rst seen in cosmic-ray experiments, such as positrons,
muons and pions ( [1�4] and references therein). On the other hand, astronomers
are interested in the information carried by the secondary particles related to the
composition, anisotropy of the arrival direction and origin of the cosmic rays. This
could give them insight in the formation and evolution of the largest structures of
the universe, since the source and the path of the cosmic rays contains information
about the magnetic �elds. From the smallest scales to the largest scales known to
man, information can be found in the study of high-energy cosmic rays.

1.1 Historic overview

Cosmic rays were �rst detected in the early 1900's. After the discovery of radioac-
tivity, scientists realized that the air was continuously being ionized. It was thought
that the earth was the source of this process. One of the �rst scientists to test this
hypothesis was Wulf in 1910 [5]. He measured the ionization of the air at the



2 Introduction

top and at the bottom of the Ei�el Tower. His results showed that the ionization
level in the air was higher at the top of the tower than at the bottom. With the
earth as prime suspect for the source of the ionization, this was an unexpected out-
come. Wulf's results were not accepted by the scienti�c community. A year later,
Hess performed a similar experiment in which he con�rmed the results obtained
by Wulf [6]. His experiment marked the discovery of cosmic rays, for which he
got awarded a Nobel prize in 1936. At present, the existence of cosmic rays is well
established. Data from various experiments result in a detailed measurement of the
cosmic-ray �ux spectrum, stretching over an astonishing ten orders of magnitude
in energy of the primary cosmic ray. This spectrum is shown in Figure 1.1.

Figure 1.1: The di�erential �ux of cosmic rays dΦ/dE0 as a function of the primary
energy of the cosmic ray with E0, ranging over ten orders of magnitude in energy.
Figure modi�ed from [7].

The spectrum is based on direct and indirect measurements of the cosmic rays. Up
till energies of E0 ∼ 1014 eV, the �ux of the particles is high enough to measure the
composition of the cosmic ray entering the atmosphere directly. This can be done
using particle detectors on stratospheric balloons or satellite-borne experiments [8].
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Such an experiment was done by Millikan in the nineteen-twenties [9]. He believed
that the cosmic rays were γ-rays, the most penetrating radiation known at the
time, originating from nucleosynthesis [10�12]. That not all cosmic rays are pho-
tons was shown a year later, when Clay measured the intensity of the cosmic rays
as a function of the latitude on the globe [13,14]. His measurements indicated that
the particles were in�uenced by the magnetic �eld of the earth and therefore had
to be charged. Based on these results, Rossi predicted a di�erence in the intensity
between cosmic rays arriving from the east and from the west, depending on the
charge of the particle [15]. Experiments showed an excess from the west, indicating
that the particles are positively charged [16�18]. In the 1940's a series of balloon
experiments were performed to determine the nature of the low-energy cosmic rays.
The results showed that they are mostly protons [19], but that any ionized atomic
nucleus up till iron is present in the spectrum [20].

The �ux of high-energy cosmic rays is so small that large detector areas are neces-
sary, that have to be positioned at the surface of the earth. This has the disadvan-
tage that the cosmic ray can not be measured directly, since it will interact with the
atmospheric molecules to create a cascade of secondary particles while traveling to
the earth (see Figure 1.2). This cascade is called an Extensive Air Shower (EAS).
But as one scientist put it optimistically: 'It is a fortunate circumstance that the
same atmosphere which constitutes an obstacle to the observations to low-energy
primaries is almost the ideal medium for making the scarce high-energy primaries
easier to detect' [21]. Under the in�uence of forces and various processes, the sec-
ondary particles spread along a lateral axis over large distances, to a 1000 m or
beyond [21]. This ensures that the EAS can be measured by widely spread detec-
tors, which is exactly how the �rst EAS was measured by Auger in the thirties [22].

Auger estimated the energy of the primary particle of his measured event to be
around 1015 eV and concluded 'that it is actually impossible to imagine a single
process able to give a particle such an energy' [22]. It was not until ten years
later that Fermi proposed a stochastic mechanism where cosmic rays were accel-
erated using moving interstellar clouds as magnetic mirrors [24]. However, the
process described by Fermi was too slow to give cosmic rays their high energies,
since it was a second-order acceleration process. This mechanism was therefore
referred to as the second-order Fermi-acceleration. In the seventies scientists modi-
�ed the second-order Fermi-acceleration to the �rst-order Fermi-acceleration which
provides a more e�cient energy gain by super novae shocks [25�28]. This process
predicts a power-law behavior for the di�erential cosmic-ray �ux spectrum as a
function of the energy of the primary particle. To a �rst approximation, the cosmic-
ray �ux spectrum shown in Figure 1.1 indeed resembles a rapidly falling power-law.
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Figure 1.2: An artistic impression of an Extensive Air Shower, taken from [23].

However, at the high-energy end of the spectrum some features become apparent
when multiplying this spectrum by an energy-dependent factor. An example of
this is shown in Figure 1.3, where the changes in the slope causing the features in
the spectrum are clearly visible. These features could be caused by a change in
the acceleration mechanism, a change from galactic to extra-galactic sources or a
change in the composition of the particle.

The �rst feature at the high-end of the �ux-energy spectrum appears at an energy
of E0 ∼ 4 × 1015 eV, called the 'knee', with a second knee at E0 ∼ 4 × 1017

eV. These two features are believed to arise from a gradual change in the overall
composition. One possible explanation for the 'knees' is that the �rst-order Fermi
acceleration process just can not accelerate the lighter particles to higher energies
at the main source candidates. Another possible explanation is that the particles
can no longer be contained by the galactic magnetic �eld at these energies. Cos-
mic rays with higher energies are therefore believed to originate from outside our
own galaxy, which is believed to cause the second prominent feature in the energy
spectrum: the 'ankle' at E0 ∼ 3 × 1018 eV [30]. The change of source for the
primary particle can be understood by studying the maximum energy E0 to which
a particle with charge Ze can be accelerated in a magnetic �eld B:(

E0

EeV

)
≈ Zβ

(
L

kpc

)(
B

µG

)
, (1.1)
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Figure 1.3: The di�erential �ux of cosmic rays dN/dE0 as a function of the energy
of the primary cosmic ray, multiplied by an energy-dependent factor. Figure from
[29].

where β is the velocity of the medium that accelerates the particles and L is the size
of the source of the magnetic �eld. Hillas was the �rst to make a plot of possible
sources, using the strength of the magnetic �eld B and the size of the source L as
typical parameters [31]. Figure 1.4 depicts the results of this analysis.

Figure 1.4 shows that there are a number of candidates that are actually able to
accelerate particles to very high energies. A number of them lie outside our galaxy.
Scientists are however still unsure what the origin is of the highest energy cosmic
rays, since �nding the source of the particle is not simply drawing a straight line
from the point of arrival back to the source. The paths of the charged particles are
namely de�ected by the extra- or intergalactic magnetic �elds. Switching from a
galactic to an extra-galactic source in�uences the possible candidates for the na-
ture of the high-energy cosmic rays. When high-energy particles travel through the
universe, they interact with high-energy photons re-emitted by the dust in galax-
ies [33]. The minimum energy for the interaction with UV photons depends on
the binding energy of the nucleons, resulting in a suppression of all elements other
than protons and iron when the source is not within a few of tens of Mega parsec
from earth [34].
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Figure 1.4: An overview of astrophysical objects which could be able to accelerate
cosmic rays to high energies. The maximum energy which a cosmic rays can obtain,
depends on the strength of the magnetic �eld B and the size of the source L. Figure
from [32].

When traveling through the universe, the particles that have an energy E0 ∼ 5
× 1019 eV and higher will also lose energy via a pion production process when
interacting with the Cosmic Microwave Background. According to Greisen [33],
Zatsepin and Kuz'min [35], this e�ect will cause a drop-o� in the spectrum beyond
this energy. This implies that the high-energy cosmic rays measured at earth could
not have traveled far, and that the source should be less than 100 Mpc away from
the earth [30, 36]. The existence of this theoretical upper limit on the energy of
cosmic rays is still an open question, since experiments have claimed to measure
particles with energy E0 > 5 × 1019 eV [37�39]. However, no possible nearby
source to produce these high-energy particles has been identi�ed. The evidence of
this GZK-limit can be found by measuring the neutrinos and photons created in
the GZK-process. Research of high-energy cosmic rays is di�cult due to the low
statistics in the far end of the energy-spectrum. Therefore scientists try to squeeze
every drop of information out of experimental data or theoretical simulations of
ultra-high-energy cosmic rays. Or both, as you will see in this thesis.
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1.2 Thesis overview

One way to determine the source and the nature of the high-energy cosmic rays
is to study EASs. The development of such a shower is based on many statistical
processes with di�erent particles and interactions, which are therefore very complex
to model. Simple models, of which a few are discussed in the second chapter,
provide a basic understanding of the shower development. These models also reveal
some shower parameters that can be used to study the properties of the primary
particle. These parameters can be measured with di�erent techniques. A few of
them will be explained in the third chapter. Here the focus lies on the radio-
detection setup of the Pierre Auger Observatory, since the speci�cs of this setup
are used for further analysis in this thesis. The radio-detection technique has
the advantage of low costs and an uptime of 100%, but it operates in a part of
the frequency spectrum where many noise sources are present, either man-made
or natural. Therefore, a tool is developed in the fourth chapter to quantify and
distinguish di�erent types of noise sources at the radio-detection setup of the Pierre
Auger Observatory. The results of this analysis are used to develop a method to
generate realistic noise which can be added to simulations. This method was used
in the �fth chapter to mimic experimental data with simulations. These simulations
are used to explore the sensitivity of the radio signal to several shower parameters
determining the composition of the cosmic ray, shower physics, and the energy of
the primary particle. This analysis requires that the radio signals are measured
at speci�c distances from the shower axis, which are not always present in the
experimental data. The sixth chapter is therefore devoted to �nding a �t function
to describe the lateral distribution function. The �t parameters contain the same
information as the radio signal, and therefore a strategy to obtain a composition-
sensitive parameter from experimental data is determined. The results of these
chapters are tested on experimental data from the Pierre Auger Observatory in the
seventh chapter. The work presented in the eight chapter explores the correlation
between the parameters describing the shape of the shower pro�le and the energy
evolution in an air shower and investigates which of the detection techniques are
sensitive to this parameter. The ninth and �nal chapter will summarize the main
conclusions of this thesis.





CHAPTER 2

Simple air-shower physics

EASs are the result of many di�erent processes involving numerous types of par-
ticles and their interactions. Since high-energy cosmic rays can not be measured
directly, information about the composition and energy of the primary particle
must be extracted from the properties of the EASs. Using Monte Carlo codes as
CORSIKA [40] and CONEX [41, 42] to simulate air showers, the shower parame-
ters which contain information about the properties of the primary particle can be
identi�ed and a good strategy to analyze experimental data can be developed. But
since an EAS can consist of billions of particles, the computational time for these
simulations becomes a critical factor. Simple models can be used to obtain a basic
understanding of the EAS development, providing a �rst hint of shower parameters
that are sensitive to the composition and energy of the primary particle.

2.1 Heitler's toy model

In the 1950's, Heitler developed a simple model to describe the electromagnetic
cascade in an EAS [43]. This model consisting of photons, electrons and positrons,
describes the dominant component of an air shower. As a simpli�cation, the par-
ticles are assumed to interact only via the two-body processes electron-positron
pair production and one-photon-bremsstrahlung. At each interaction, the energy
is equally divided over the two secondary particles. All secondary particles cre-
ated at these processes have an energy that exceeds their rest mass and therefore
they all travel at approximately the speed of light. This means that all particles
are concentrated in a thin front layer of the shower, called the pancake [44]. The
secondary particles will undergo a next two-body interaction after traveling a �xed
splitting length d correlated to the interaction length of electrons λer, which is about
37 g/cm2 in air and almost independent of energy. The shower development as de-
scribed by Heitler's model is schematically depicted in Figure 2.1, where the total
shower size is given by N . This binary process stops when the energy loss due
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Figure 2.1: A schematic overview of the Heitler's model describing the electromag-
netic cascade of an air shower. On the right hand side the interaction layer is given
by n and the total shower size is given via N = 2n. Modi�ed from [45].

to low-energy multiple scattering becomes important. This happens at the critical
energy Eecrit, which is approximately 81 MeV in air [46]. At this point, the number
of particles reaches its maximum. The energy of the primary particle can then be
estimated from the number of electrons and positrons Ne

max via:

E0 = gNe
maxE

e
crit, (2.1)

where the factor g = 10 is used to correct for the overestimation of the number
of electrons and positrons [43,45,47]. This overestimations occurs since the actual
number of photons created in bremsstrahlung is larger than one and the atten-
uation of particles is not taken into account [45]. The slant depth at which the
electromagnetic shower reaches its maximum Xe

max can be approximated by count-
ing the number of splitting lengths nc that is needed for the particles to reach their
critical energy:

Xe
max = ncd = λer ln

(
E0

Eecrit

)
, (2.2)

where the last part originates from combining equation (2.1) and the approximation
for shower size at the maximum Ne

max = 2nc/g. The two main results from Heitler's
model are shown in equations (2.1) and (2.2): the �rst equation shows that the
energy of the primary particle is proportional to the maximum number of electrons
and positrons and the second equation shows that the slant depth of the shower
maximum depends logarithmically on the primary energy. This model succeeds in
providing a basic understanding of the electromagnetic component of an air shower,
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but neglects the hadronic part. And since the main candidates for the nature of
the high-energy cosmic rays are hadrons, Heitler's model seems less than complete.

2.2 Matthews' extension of Heitler's toy model

Therefore Matthews implemented a hadronic component in Heitler's model almost
�fty years later [45]. Besides the electromagnetic particles he also took into account
charged and neutral pions created by a nucleus, any nucleus, as incoming particle.
The freedom to model a shower induced by any incoming nucleus is based on the
superposition principle: a primary nucleus with mass A and primary energy E0

can be approximated by A separate nucleons which each have a primary energy of
E′0 = E0/A. When the primary particle interacts with the atmospheric molecules,
each of the nucleons will produce its own sub-shower consisting of charged and neu-
tral pions in a ratio 2:1. The total number of particles created in each interaction,
the multiplicity, is set to a constant value of M = 15 [45]. As in Heitler's model,
the energy is equally divided over all secondaries created at the interaction. The
neutral pions will immediately decay into two photons, producing an electromag-
netic cascade which can be further described by Heitler's model. The charged pions
will travel a constant interaction length d correlated to the interacting length of
strongly interacting particles λI , which is ∼ 120 g/cm2 for charged pions in air [45].
Here they will interact again to produce charged and neutral pions in the ratio 2:1.
This process will continue until the charged pions reach their critical energy Eπ

+,−

crit ,
where the decay length of a charged pion becomes less than the constant interaction
length. In that case the charged pions are more likely to decay into muons than to
interact. The critical energy Eπ

+,−

crit is set at 20 GeV [45]. A schematic overview of
this model can be found in Figure 2.2, where the number of neutral and charged
pions in each interaction layer are given by Nπ0

and Nπ+,−
respectively.

Including a hadronic component in the model will in�uence the estimate for the pri-
mary energy and the shower maximum found in Heitler's model. The total primary
energy E0 = AE′0 is now divided between the hadronic and the electromagnetic
component in the ratio 2:1. The primary energy can be found by combining the
energy of the hadronic and electromagnetic component at the shower maximum of
each component:

E0 = gNe
maxE

e
crit +Nπ+,−

max Eπ
+,−

crit = 0.85(Ne
max + 24Nµ) [GeV], (2.3)

where the last step is based on the decay of the charged pions in muons when
the critical energy is reached. Note that the maximum of the electromagnetic
component and the hadronic component does not have to be at the same slant
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Figure 2.2: A schematic overview of Matthews' extension of Heitler's toy model to
describe extensive air showers. Besides the electromagnetic component taken into
account through Heitler's model, also the hadronic component in the form of an
incoming proton and charged and neutral pions are described. Modi�ed from [45].

depth. The critical number of interaction lengths for electromagnetic particles is
given by:

nc = ln

(
E0

AEecrit

)
1

ln 2
, (2.4)

while the critical number of interaction lengths for charged pions is given by:

nc = ln

(
E0

AEπ
+,−

crit

)
1

lnM
. (2.5)

Equations (2.4) and (2.5) show that the critical number of interaction lengths is
a composition-sensitive shower parameter, since both depend on the mass of the
primary particle via lnA−1. This indicates that the heavier the nucleus, the less
interaction lengths are needed for the pions and the electrons and positrons to
reach their critical energy. Thus a shower induced by a heavier nucleus reaches its
maximum at a smaller slant depth after the �rst interaction than a proton-induced
shower. This is re�ected in the estimation of the shower maximum in Matthews'
model. In this model only the interaction depth of the primary particle and the
shower maximum of the �rst generation of photon showers are used to estimate
the shower maximum. Since the following sub-showers are neglected, the value of
Xmax will be underestimated. The depth at which the incoming particle reacts is
given by:

XA
1 = λAI ln 2, (2.6)
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where λAI is the nuclear interaction length for this particular nucleus in air. For pro-
tons this is approximately 100 g/cm2 while for heavier nuclei this becomes less [21].
Note that the depth of �rst interaction is therefore also a way to discriminate be-
tween the di�erent types of primary particles. In the �rst reaction M/3 neutral
pions are created, which immediately decay to 2M/3 photons. Each of these pho-
tons has an energy of E0/2M and will create an electromagnetic air shower, for
which the shower maximum can be estimated by equation (2.2). Therefore the
estimate of XA

max is the sum of the depth of the �rst interaction and the depth of
the shower maximum of an electromagnetic shower with an energy of E0/2M :

XA
max = XA

1 +Xe
max = λAI ln 2 + λer ln

(
E0

2MAEecrit

)
. (2.7)

Equation (2.7) shows that also the shower maximum is proportional to ln(A−1),
making it also a composition-sensitive shower parameter.

Circling back to equation (2.3) to �nd an estimate for the primary energy, one
can see that the latter can be derived from measuring both the maximum number
of electrons and positrons Ne

max and the number of muons Nµ. The energy in the
hadronic component at the shower maximum can be found by adding the num-
ber of muons created in each sub-shower, which can be estimated from rewriting
Nµ = (2M/3)nc with equation (2.5) as de�nition for nc to:

Nµ = A

(
E0

AEπ
+,−

crit

)ln( 2
3M)/ lnM

∝ A0.15E0.85
0 . (2.8)

Equation (2.8) shows that the number of muons not only depends strongly on the
primary energy via E0.85

0 , but also weakly on the mass of the primary particle via
A0.15. This latter indicates that the showers induced by nuclei have more muons
than the showers induced by protons with the same energy, while the less-than-
linear growth of the muon number with the primary energy indicates that the
importance of the contribution of the muonic component decreases with increasing
energy. Measuring the muon number thus provides information about composition
and primary energy. Since muons will travel almost undisturbed through the at-
mosphere due to their small cross sections, these power-law relations are applicable
at any observer level.
The maximum number of electrons and positrons, which is also needed to �nd an
estimate for the primary energy, can be estimated using Heitler's approximation for
the primary energy from the electromagnetic component given by equation (2.1)
for each sub-shower. The amount of electromagnetic energy in each sub-shower is
the di�erence between the primary energy of the nucleon and the energy in the
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hadronic component. Dividing this energy di�erence by Eπ
+,−

crit results in the num-
ber of electrons and positrons in each sub-shower, the total number of electrons
and positrons is given by adding the sub-showers [8]:

Ne
max = A

(
E0/A− Eµ

Eecrit

)
≈ E0

Eecrit
, (2.9)

where the last approximation can be made when the energy fraction transferred
to the muons becomes small, which is the case for high energies. The maximum
number of electromagnetic particles is not sensitive to the mass of the primary
particle, as shown in equation (2.9). This shower parameter can therefore be used
to measure quantities independent of composition, such as the primary energy.
However, electrons and positrons are usually not measured at the shower maximum,
but at some observer level Xground. In contrast to the muons, the electrons and
positrons will not travel undisturbed to the surface of the earth. The number of
electrons and positrons that does reach the observer level Ne

ground depends strongly
on the depth between the shower maximum and the observer level via [8]:

Ne
ground ≈ Ne

max exp

(−(Xground −Xmax)

λe

)
, (2.10)

where λe ≈ 60 g/cm 2 is the attenuation length of the number of electrons after
the shower maximum. This results in the number of electrons and positrons at the
ground Ne

ground being a composition-sensitive shower parameter. Since the bulk of
the primary energy ends up in the electromagnetic component of an air shower,
the integrated number of electrons and positrons along the longitudinal shower de-
velopment multiplied by the critical energy of an electron provides an estimate for
the primary energy.

Some of the results are experimentally veri�ed, such as the power-law behavior
between the number of muons and the primary energy [21], the (approximate) lin-
ear relation between the sum of the maximum number of electrons and positrons
and the number of muons on the one hand and the primary energy on the other
hand [48] and the logarithmic relation between the shower maximum and the pri-
mary energy [49]. This indicates that these simple models, although based on
assumptions and estimates, are able to approximate the development of an EAS.
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2.3 Shower parameters of interest

Overall, a number of composition-sensitive shower parameters were derived from
the models. There is the point of �rst interaction X1, the shower maximum Xmax,
the number of electrons and positrons at the observer level Ne

ground and the number
of muons Nµ, where the latter has only a weak dependence on the mass of the pri-
mary particle. Also shower parameters sensitive to the energy of the primary parti-
cle were found from these simpli�ed models in the form of the maximum number of
electrons and positrons Ne

max, the number of muons N
µ and the integrated number

of electrons and positrons along the longitudinal shower development. However,
determining the mass or the energy from an individual EAS using only a single
shower parameter is di�cult due to the large �uctuations resulting from the statis-
tical nature of the shower development [50]. It is therefore important to measure
multiple EAS parameters, since this should lead to a consistent conclusion about
the composition and the energy on an event-to-event basis. One way to solve this
problem is building hybrid detectors, where the data from the di�erent detection
techniques can compliment each other.





CHAPTER 3

EAS detection methods

The simple models presented in Chapter 2 show that there are various air-shower
parameters suited to determine the energy and composition of the primary high-
energy cosmic ray. Making a statement about these two properties on an event-by-
event basis is hard due to the statistical variations in the development of an EAS.
Therefore, it is vital to measure multiple parameters simultaneously from one air
shower to reach a conclusion about the nature and energy of the primary particle.
For this reason, many di�erent detection methods have been developed to measure
the properties of an EAS. This chapter presents an (incomplete) overview of EAS
detection techniques and the physics behind these. The focus lies on the Auger
Engineering Radio Array (AERA) at the Pierre Auger Observatory, of which the
speci�cs are used for the analysis in the remainder of this thesis.

3.1 Air-�uorescence detection technique

Already in the seventies scientists suggested that �uorescent light was created dur-
ing the development of an EAS [51]. The light originates from excited nitrogen
molecules, which emit photons with a wavelength in the range of 300∼430 mm
when decaying into the ground state. For years scientists attempted to observe the
predicted �uorescent light [52,53], but it was only after a decade of experimenting
that a group at the Volcano Ranch experiment succeeded [54]. Due to this suc-
cess, the �uorescence detection technique was used on large scales by the Fly's Eye
detector [55], which later evolved into the HiRes detector [56], the Pierre Auger
Observatory [57] and the Telescope Array [58]. It is also proposed as a detection
technique on the space-based experiment JEM-EUSO [59].
The �uorescence telescopes measure the rate of the emitted light as a function of
depth, i.e. the longitudinal pro�le. Because the shower maximum can be measured
directly, this technique is sensitive to the composition of the primary particle [60].
Also the primary energy can be determined, since the integral of the longitudinal
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shower pro�le gives the total energy lost in the atmosphere by the electromagnetic
component. This loss is estimated to be 90% of the primary energy [60]. The
advantage of this detection technique is that the UV-photons are numerous and
isotropically produced, ensuring that there are no directional �uctuations. The
disadvantage of this method is that the �uorescence telescopes can only operate
on dark- and clear nights. In addition, the amount of light collected by the tele-
scopes is sensitive to the atmospheric conditions, which should be continuously
monitored [60].

Figure 3.1: On the left-hand side the �uorescence telescopes of the Fly's Eye tele-
scopes are shown [61], while on the right-hand side the �uorescence telescopes from
the Pierre Auger Observatory are shown [62].

3.2 Cherenkov-detection technique

Not only �uorescence light is emitted during the development of an EAS: also
Cherenkov light is produced by the charged particles traveling through the air with
almost the speed of light. This was realized in the late �fties [63] with the �rst
measurement of this phenomenon approximately �fteen years later by Gailbraith
and Jelley [64]. Since then many air-Cherenkov telescopes were built, such as
H.E.S.S. [65], MAGIC [66, 67] and Veritas [68]. The latest project using this air-
Cherenkov detection technique, CTA, is planned to take the �rst data in 2020 [69].
Cherenkov light is not only produced when the particles travel through the air: the
same process takes place when the high-energy particles pass through water, for
example. This method of ground-based water-Cherenkov detection is used in large
arrays such as the Haverah Park site [70,71] and the Pierre Auger Observatory [57].
Although in both cases Cherenkov light is measured, air-Cherenkov and water-
Cherenkov detectors are sensitive to di�erent aspects of the shower. Since the air-
Cherenkov light is emitted all along the shower, measuring it provides information
about the longitudinal evolution of the charged particles [72]. The air-Cherenkov
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technique is therefore sensitive to the composition via the shower maximum, just
like the air-�uorescence detection technique. But the disadvantages are also the
same as for the �uorescence detectors: air-Cherenkov telescopes can only operate
on dark and clear nights [73]. This in contrast to the water-Cherenkov detectors,
which have an uptime of 100%. The disadvantage of the water-Cherenkov detectors
is that they are placed in a sparse array [74]. Their measurements of the number
of charged particles, sensitive to the energy and with extensive simulation analysis
to the composition of the primary particle, are therefore vulnerable to statistical
Poisson �uctuations and physical �uctuations in the shower development that lead
to shower-to-shower �uctuations. .

Figure 3.2: On the left-hand side the air-Cherenkov telescope of the H.E.S.S. ex-
periment is shown [75], while on the right-hand side a water-Cherenkov detector of
the Pierre Auger Observatory is shown [76].

3.3 Radio-detection technique

Limited by the disadvantages of the previously discussed techniques, where light
detecting is restricted by weather and atmospheric conditions and where the water-
Cherenkov detectors are not directly sensitive to the composition of the cosmic ray,
scientists explored the option to study air showers by radio-wave emission. Since
the atmosphere is transparent for the radio waves, a sparse array with a large
uptime is possible. Theorists expected that radio emission would be created dur-
ing the shower development. Initial calculations showed that this could not be
measured since the number of positive and negative charges would be equal due
to pair production and bremsstrahlung at high energies [21]. Due to Compton
scattering and electron knock-out an excess of negative charge develops. This was
�rst realized two decades later by Askar'yan [77,78] and referred to as the charge-
excess process. When the shower front has a net negative charge and a thickness
smaller than the wavelength of the emitted radiation [44], coherent radio emission
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can be measured. This realization led to the �rst observation of a radio pulse by
Jelley [79,80]. Since the charge-excess mechanism could not explain the measured
signal strength, a second radiation mechanism was proposed [81]. This suggested
that part of the radiation was caused by a time-varying current due to the separa-
tion of the electrons and positrons in the magnetic �eld of the earth. This turned
out to be the dominant process [82] and is referred to as the geomagnetic process.
Several radio sites were constructed, for example at the Haverah Park site at Leeds
University [83], by various groups at the Dublin university [84] and at the Mount
Chacataya site in Bolivia [85]. Due to technical di�culties the interest in radio
detection of EAS diminished in the seventies. Only in the 21st century the radio-
detection technique revived with setups like CODALEMA [86�88], LOPES [89,90],
AERA at the Pierre Auger Observatory [91,92] and LOFAR [93,94].

Figure 3.3: On the left-hand side the particle detectors and the dipole array of the
Jodrell Bank setup are shown, which were used by Jelley to detect the �rst radio
pulse [95]. On the right-hand side a radio-detection station from the AERA setup
at the Pierre Auger Observatory is shown [96].

Since the radio emission originates from di�erent stages of the longitudinal pro�le,
the radio signal is sensitive to composition [21]. Also the primary energy can be es-
timated using the radio signal, since the signal strength is a measure of the number
of positrons and electrons [21]. The advantage of this detection technique is the
large uptime and the relatively low costs, while the disadvantage of this technique
are the many natural and man-made sources in the radio-frequency spectrum, such
as radio stations and air tra�c communication.

All techniques described have their disadvantages and their advantages. The in-
dividual shortcomings of each detection technique can be overcome by combining
them in a hybrid experiment. This is done at the Pierre Auger Observatory located
in Argentina, which is the largest EAS experiment at this moment.
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3.4 Pierre Auger Observatory

The aim of the Pierre Auger Observatory is to study cosmic rays with a primary
energy above 1018 eV with air-�uorescence telescopes and water-Cherenkov detec-
tors. A schematic layout of the Observatory is shown in Figure 3.4. The four
�uorescence buildings Loma Amarilla, Los Morados, Los Leones and Coihueco are
located at the edges of the water-Cherenkov array, which are depicted by the black
dots. The 1600 surface detectors are spaced 1.5 km apart and cover an area of
3000 km2. Extensions of these two techniques were added over the years, such as
the low-energy extension �uorescence telescopes HEAT [97]. Also other detection
techniques were incorporated into the Pierre Auger Observatory, such as the muon
detectors in combination with the surface detectors called AMIGA [98] and the
radio-antenna array AERA [91]. To test the electronics, array layout and data pro-
cessing pipeline of this radio setup, various test setups were built at the Balloon
Launching Station (BLS). In the upcoming sections one of these test setups, the
Multiple Antenna eXperiment in Malargüe Argentina (MAXIMA), and its succes-
sor AERA will be discussed in more detail, since these setups are used for analysis
in the remainder of this thesis.

3.4.1 MAXIMA

The aim of the MAXIMA setup was to test di�erent hardware components and
study the noise levels at the pampas in Argentina. The radio detectors were
mounted with a dual-polarized log-periodic wire antenna called the Black Spider,
with one arm pointed to the geomagnetic north-south direction and the other arm
perpendicular to this. At the bottom of the antenna, the signals from both arms
were ampli�ed using a Low Noise Ampli�er (LNA). The ampli�ed signals from
the north-south and east-west channel were �ltered using SHP-25+ and SLP-70+
�lters [99] before they were fed to a Nikhef-digitizer [100]. The digitizer sampled
the data with a rate of 200 MHz, converting the analogue signal to a digital signal.
A GPS time stamp was assigned to the event. The data were analyzed in real time
using Field-Programmable Gate Arrays, where the input of a scintillator was used
to perform a level-1 trigger. Passing this level-1 trigger, the timestamp was sent
to the central Data AcQuisition (DAQ) via an optical �ber. At the DAQ, a level-
3 trigger decision was made based on the timestamps obtained from the various
triggered radio detectors. If the event passed this trigger, the data of the triggered
radio stations were saved.
To study the noise environment, the setup was programmed to take a measurement
every 10 s using the GPS information available in the station. These measurements
are referred to as ten-second noise traces. They are in principal unbiased, because
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Figure 3.4: An overview of the Pierre Auger Observatory. The four �uorescence
telescope buildings Loma Amarilla, Los Morados, Los Leones and Coihueco, each
housing six telescopes, are located around the 1600 surface detectors depicted by
the black dots. The Figure also shows some extensions of the Observatory, such
as the low-energy �uorescence telescope HEAT [97], the combination of surface
detectors with muon detectors AMIGA [98] and the radio array AERA [91]. Also
denoted in the Figure are the Central Laser Facility station (CLF) and the eXtreme
Laser Facility (XLF), which are supporting facilities for the �uorescence detection
technique.

they are uncorrelated from signals induced by air showers. In addition of being
used for noise-studies, these traces can be used as quality tool for the data and to
monitor the health of the stations. MAXIMA started taking data in May 2010 and
ran on and o� until the stations were taken down in April 2013. Further details of
the setup can be found in [101].
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3.4.2 AERA

AERA was built at a di�erent location than MAXIMA, in the vicinity of low-
energy extension HEAT [97] and the surface detectors with added muon detectors
AMIGA [98]. At this location the di�erent detection techniques would compliment
each other for the detection of lower-energy cosmic rays. The array consists of dif-
ferent phases. The �rst phase of 24 radio stations was deployed in September 2010.
The stations were positioned on a triangular grid with a spacing of 150 m. The
antennas mounted on the stations are small Black Spiders [102], which is in design
very similar to the antennas used at the MAXIMA setup. Also the chain of pro-
cessing the signals is similar, but in this setup a custom made 30-80 MHz bandpass
�lter was implemented. The stations of AERA I either trigger autonomously [103]
or by an external trigger using the surface detectors. An example of an AERA I
station is shown on the right-hand side panel of Figure 3.3.
The second phase of AERA consisted of an additional 100 stations that were de-
ployed in the Argentinian pampas in April 2013. The stations were again placed
on a triangular grid, but with a spacing of 250 m. Approximately half of the
stations uses the same digitizers as used in MAXIMA and AERA I, the Nikhef-
digitizers [100], while the other half of the stations uses KIT-BUW digitizers [104].
The main di�erence between the two is that the �rst type of digitizers works in
a self-trigger mode, while the second type also uses an external trigger. On these
100 new stations a new type of antenna was mounted, the Butter�y antenna [102].

The advantages of radio technique are numerous: an uptime of 100%, relatively low
costs and sensitive to both the energy and the composition of the primary particle.
But the methods to extract cosmic-ray physics from the radio signal are still under
investigation. Since the �ux of the high-energy cosmic rays is so low, one relies on
simulation codes to develop an appropriate strategy to analyze the experimental
data.

3.5 Radio simulations

The renewed interest in the radio-detection technique in the 21st century increased
the need for models describing the radio emission. The earlier models, of which a
few were discussed in Chapter 2, are based on approximations and assumptions to
derive analytical solutions. Since the computing power has increased dramatically
over the last �fty years, Monte Carlo simulations can now be used on a large scale.
This means that for example the energy dependence of the interaction cross sec-
tions and multiplicity can be taken into account and shower-to-shower �uctuations
become apparent, since the particles can be tracked almost individually.
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The models that emerged at the beginning of this century can be divided into two
types: microscopic and macroscopic models. The �rst type uses the description of
radio-emission as geo-synchrotron radiation from the acceleration of electrons and
positrons in the earth's magnetic �eld [105]. Each individual particle is tracked
and the total emission of the EAS is the sum of the emission of all individual
particles. This microscopic approach was implemented by many models, such as
REAS [106�109]. The radio-emission calculations of the REAS models are based
on the output of the Monte Carlo simulation code CORSIKA [40], which simulates
the actual EAS. By incorporating REAS into CORSIKA and including a varying
index of refraction, CoREAS was created [110]. Another model that also has a mi-
croscopic approach is ZHaireS [111]. Also SELFAS tracks the individual particles
in the shower front, but does does not need a full Monte Carlo simulation of the
air shower [112, 113]. It uses universal distributions to generate the properties of
the air shower [114].
The second type of model uses a macroscopic approach by calculating the emis-
sion using currents and charge densities. An example of a macroscopic model is
MGMR [44, 115], which evolved into EVA [116] by taken into account a varying
index of refraction in air. The radio-emission calculations were in this case based
on the output of Monte Carlo simulation code CONEX [41,42].

To approximate the experimental data using simulations, noise can be added to
the simulations. But to be able to create realistic noise, one must �rst study the
characteristics of the noise at the location of the setup.



CHAPTER 4

Symmetric α-Stable Noise

This Chapter is published as an internal note on the Pierre Auger wiki-page.

Noise comes in many di�erent forms and shapes, depending on the location. It
is therefore crucial to study the nature and behavior of the noise at the site of
your detector. This improves the method to correct the experimental data for
noise and at the same time enables us to develop a method to reproduce realistic
noise for simulations, in this case speci�c for the radio setup at the Pierre Auger
Observatory.

4.1 Introduction

The noise types that are present in the data depend on the frequency range and the
location. Regarding the �rst, our interest lies in the frequency range 30-80 MHz,
the passband of AERA. In this frequency regime there are numerous narrow-band
Radio Frequency Interference lines, but these can be easily �ltered out from the
data since they are emitted at speci�c, constant, frequencies. The remaining noise
consists of Gaussian-distributed galactic noise and broad-band man-made noise, as
can be seen in Figure 4.1. The broad-band nature of the man-made noise is due
to the impulsive noise, also known as transients: short, sudden outbursts in the
time domain with large amplitudes [117]. The power for both noise types increases
towards lower frequencies according to a power law f−ε. The strength of the man-
made noise is classi�ed in di�erent categories according to the area. For a rural
area, as the site in Argentina is classi�ed, the parameter epsilon is approximately
the same for galactic and man-made noise. To �nd an estimate for the parameter
ε, a parametrization of the intensity of galactic noise Iν above 10 MHz from earlier
work is used [118]:

Iν ≈ Igf−0.52 + Iegf
−0.8, (4.1)
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where Ig and Ieg are the intensities of the noise caused by galactic and extra-
galactic processes.

Figure 4.1: The frequency spectrum of the external noise parameter Fa, which is a
measure of the strength of the noise, is shown for galactic noise, atmospheric noise
and man-made noise. The latter is classi�ed by di�erent areas [119,120].

Broad-band components can not be �ltered out from the data. However, the dif-
ferent noise types can be used to monitor station characteristics or to describe the
quality of the data.

4.1.1 Method

To study the noise environment at the Pierre Auger Observatory radio setup , this
analysis uses the ten-second noise traces obtained with the MAXIMA setup between
22-05-2010 and 09-09-2010 (for speci�cs of the chain of signal processing of this
setup, see section 3.4.1 and references therein). The analysis of the noise is done by
�nding a parametrization for the Amplitude Probability Distribution (APD) in the
time domain. Since the sampling of the data is done at twice the Nyquist frequency
[121, 122], every second time sample is omitted from the analysis. If only galactic
noise would be present, the APD could be described by a Gaussian distribution
function. But in the presence of impulsive noise, the tails of the APD decrease less
rapidly than a Gaussian distribution function. Earlier statistical analysis showed
that the probability density function (PDF) of transients is a close approximation of
the PDF of a so-called α-Stable process in the presence of zero- mean Gaussian noise
[117,123�125]. There are four parameters in the α-Stable distribution function:
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� the location parameter µ ∈ R. This parameter is equal to the median when
α is smaller than one, and in all other cases equal to the mean.

� the skewness parameter β ∈ [-1,1]. This parameter measures the asymmetry
of the probability distribution function around the mean.

� the tail index α ∈ [0,2). This parameter is a measure of the heaviness of
the tails. The lower the value of α, the heavier the tails and therefore more
outliers with respect to a Gaussian distribution function.

� the scale parameter σ > 0. This parameter is an indication of the width
of the distribution. There is a relation between the width of the Gaussian
distribution function and the width of the α-Stable distribution function,
namely σGauss =

√
2σ.

The PDF for an α-Stable distribution has a closed analytic expression for two
limiting cases only, the Gaussian and the Cauchy PDF, but it can be calculated for
all α-Stable distributions using some guidelines. In this analysis a method of direct
integration is used to calculate this PDF p [126] based on the parametrization from
earlier work [127,128]:

p(A,µ, β, α, σ) = lim
d→∞

∫ d

0

f(A,µ, β, α, σ, t)dt, (4.2)

where in the case of α 6= 1:

f(A,µ, β, α, σ, t) =
1

πσ
exp (−tα) cos

[(
(A− µ)t

σ

)
+ β(t− tα) tan

(πα
σ

)]
. (4.3)

The integration is done using the 96-point Gauss-Laguerre method with a chosen
�nite value of d = 8:

p(A,µ, β, α, σ) =

92∑
i=1

wif(A,µ, β, α, σ, ti), (4.4)

where wi and ti are respectively the weights and abscissas of the Legendre polyno-
mials of degree i in the interval 0 to d.

4.2 Results

From the ten-second noise traces obtained with the MAXIMA setup, the APDs per
station per polarization direction and per hour were created. These APDs were
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�tted with an α-Stable distribution function to obtain the values for the four �t
parameters. An example of a typical APD, including a �tted α-Stable distribution
function and a Gaussian function for comparison, is shown in Figure 4.2.
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Figure 4.2: A typical example of an APD of one hour of ten-second noise traces
from the MAXIMA setup, �tted with a Gaussian distribution, depicted by the dotted
line, and an α-Stable distribution function, depicted by the solid line.

This typical example shows that the distribution is centered around zero and not
skewed. This implies that the �t parameters µ and β are equal to zero, as was
con�rmed by the values for these two �t parameters obtained from the �t. The
class of α-Stable distribution functions with parameters µ and β equal to zero
is called Symmetric α-Stable (SαS) distribution functions. The remaining two
parameters, σSαS and α, are nonzero and can be correlated to the earlier discussed
noise types.

4.2.1 Scale parameter σSαS

The scale parameter σSαS is an indication of the width of the distribution function.
Since this parameter is correlated with the width of the Gaussian distribution func-
tion, its value should be a measure of the galactic noise component. Results of the
CODALEMA collaboration show that the dominant source of this noise component
is the galactic center [129]. Because the position of the galactic center varies with
respect to the radio detectors, the strength of the Gaussian noise component will
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change accordingly [102]. The period of this variation is a local sidereal day, which
lasts 23 hours, 56 minutes and 4 seconds. To explore the relation between the SαS
�t parameter σSαS and the galactic noise the time variation of σSαS is investigated.
For this analysis, the APD per hour of a week's worth of ten-second noise traces of
one randomly chosen MAXIMA station is �tted with an SαS distribution function
to obtain the values for σSαS . The results are plotted in the top plot of Figure 4.3.
The data show an oscillating behavior. When taking the Fourier transform of this
data, as is shown in the bottom plot of the same �gure, the peak in the frequency
spectrum can be found at one over a local sidereal day. Therefore we can conclude
that the value of the scale parameter σSαS of the SαS distribution function is in�u-
enced by the galactic noise, with the galactic center as the dominant source. The
origin of the constant contribution to the value of σSαS could be instrumental or
extra-galactic.
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Figure 4.3: The top panel shows the parameter σSαS, obtained from �tting an APD
with a hour worth of ten-second noise traces with an SαS distribution function,
plotted as a function of the number of local sidereal days. Both polarization direc-
tions are plotted separately. The bottom panel shows the Fourier transform of the
top panel, with a peak in the frequency spectrum at one over a local sidereal day.
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4.2.2 Tail index α

The parameter α is a measure of the heaviness of the tails of the SαS distribution.
The extreme amplitudes present in these tails are believed to represent transients.
When there are no transients present, the noise is purely Gaussian and the value
of α is equal to two. When the impulsive noise contribution increases, the amount
of extreme values in the APD function increases and the value of α decreases. This
implies that a decreasing value of α increases the probability of �nding a sample in
the trace with a large amplitude. The probability that a sample has an amplitude
A larger than a chosen value X is described by the Complementary Distribution
Function (CDF), also known as the tail probability. The CDF, denoted by F̄ , is
de�ned for a non-skewed distribution as:

F̄ (X,α, σ) = P (A > X,α, σ) = 1− P (A ≤ X,α, σ) = 1− F (X,α, σ), (4.5)

where F is the Cumulative Distribution Function. In the case 0 < α < 2 and
limX →∞, the CDF can be described in the following way [130]:

F̄ (X,α, σ) ∼ CαX−ασα, (4.6)

where Cα is de�ned as:

Cα =

(
2

∫ ∞
0

X−αsin(X)dX

)−1
=

1

π
Γ(α)sin

(απ
2

)
, (4.7)

and Γ(α) is the gamma function:

Γ(α) =

∫ ∞
0

Xα−1e−XdX. (4.8)

Combining equations (4.6) and (4.7), the CDF for 0 < α < 2 can be rewritten to:

F̄ (X,α, σ) = Γ(α)sin
(απ

2

) [ σ
X

]α
. (4.9)

This relation is depicted in Figure 4.4, where the CDF is calculated for various
values of the amplitude X as a function of α, representing the di�erent SαS distri-
butions. For the calculation of the CDF an integral formula from earlier work is
used [127].

For small amplitudes (X < 3σ), there is no di�erence in the probability of �nding
a sample in a trace with an amplitude larger than X between the di�erent SαS
distributions. However, for large amplitudes (X > 3σ) Figure 4.4 shows a linear
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Figure 4.4: The value of the CDF for various amplitude values X, where X is
de�ned as a multiple of σ, plotted as a function of parameter α. This plot depicts
the probability of �nding a sample in a trace with at least the value X for di�erent
SαS distribution functions, represented by the di�erent values of α.

relation between the CDF and the value of α. This relation holds for values of α
close to two and can be approximated with the following formula:

F̄ (X,α, σ) = C0(X,σ) + (2− α)C1(X,α, σ). (4.10)

Here, C0(X,σ) represents the 'ideal' case of Gaussian noise only (α= 2). In this
case, the CDF is related to the erfc-function via the following formula [127]:

F̄ (X,α = 2, σ) =
1

2
erfc

(
X

2σ

)
. (4.11)
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Because of the apparent linear relation for large amplitudes and α ≈ 2, C1(X,σ)
can be approximated as the partial derivative of F̄ with respect to α:

C1(X,α, σ) = −∂F̄ (X,α, σ)

∂α
. (4.12)

When α approaches the Gaussian limit, this partial derivative reduces to:

C1(X,α, σ) =
1

2

( σ
X

)α
. (4.13)

This results in an approximation for the tail probability F̄ in the case of α ≈ 2 and
X > 3σ:

F̄ (X,α, σ) =
1

2

[
erfc

(
X

2σ

)
+ (2− α)

( σ
X

)α]
. (4.14)

Equation (4.14) shows that for a decreasing value of the parameter α, the prob-
ability of �nding a sample in the trace with an amplitude larger than a chosen
value X increases. In this analysis this is translated to an inverse relation between
parameter α and the number of transients. The relation between the number of
transients and F̄ is approximately linear.

If data analysis shows the same linear relation between the values of parameters
α and F̄ for large amplitudes, the SαS distribution can be considered a valid rep-
resentation of an APD created from ten-second noise traces. For the analysis, an
APD of eight subsequent hours of ten-second noise traces for stations MAXIMA
2, MAXIMA 3 and MAXIMA 4 was created for both polarization directions and
�tted with the SαS distribution function. Using the values of α and σSαS from
the �t, the CDF was calculated for various amplitudes. The results of these cal-
culations are shown in Figure 4.5 as a function of the parameter α representing
the di�erent SαS distributions. The left-hand side panels of Figure 4.5 show the
results for the north-south polarization direction, while the right-hand side panels
show the results of the east-west polarization. The theoretical predictions for the
various stations are calculated using equation (4.14) using the values of σSαS and
α from the �t, and depicted by the dotted black line.

The results from the data analysis and the theoretical predictions show the same
behavior: for large amplitudes (X > 3σ) and α ≈ 2, a linear relation between α and
the CDF becomes apparent. This is clearly visible in both polarization directions.
Note that for two of the three stations the value of α is larger in the east-west
direction than in the north-south direction, which is most apparent for MAXIMA
3 depicted by the star. This could be due to the larger number of noise sources in
the east-west direction. The CDF of MAXIMA 3 for X > 4 σSαS in the east-west
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direction has a much larger value than predicted, indicating that the noise between
X > 4 σSαS and X > 5 σSαS deviates from the SαS distribution.
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Figure 4.5: For a dataset obtained with the MAXIMA setup, the value for the CDF
is shown for di�erent values of amplitude X, where X is de�ned as a multiple of
σSαS, as a function of the parameter α per station. The values for the parameters
α and σSαS are obtained using an SαS �t. The di�erent markers depict the various
stations, where the dot represents MAXIMA 2, the star MAXIMA 3 and the tri-
angle MAXIMA 4. The dotted line represents the theoretical relation found using
equation (4.14). The left-hand side panels show the results of the north-south polar-
ization direction, while the right-hand side panels show the results for the east-west
polarization direction.
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The source of impulsive noise is believed to be man-made: therefore a correlation
is expected between the value of α and the local time. To verify this, the average
value of α in the two polarization directions from data taken between 22-05-2010
and 09-09-2010 with stations MAXIMA 2, MAXIMA 3 and MAXIMA 4 is plotted
as a function of local time in Figure 4.6.
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Figure 4.6: The Figure shows the average value of α per hour of the day for the sta-
tions MAXIMA 2, MAXIMA 3 and MAXIMA 4 in the two polarization directions
for data between 22-05-2010 and 09-09-2010.

A few features become apparent from this Figure:

� As already noticed in Figure 4.5, all stations have a lower average value of α
in the east-west direction than in the north-south direction. This is due to a
known higher amount of impulsive noise sources in the east-west polarization
direction, which are mainly man-made.
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� The same behavior of α as a function of local time is seen in all stations, but
is clearly apparent in the data from MAXIMA 3: a decrease in the value of
α, and therefore more transients, during the day and an increase in the value
of α during the night. This indicates that the main source of transients is
related to human activities.

� In both polarization directions, the value of α for MAXIMA 2 and MAXIMA
4 lies closer to the limit of two than for MAXIMA 3. A reason for this could
be that MAXIMA 3 is positioned closer to the nearest road and the power
line along side it than the other two stations.

Overall the results from the data analysis show that the APD from ten-second noise
traces can be approximated by an SαS distribution function. The two parameters
in this distribution, σSαS and α, have a clear physics interpretation. This result is
used to generate realistic noise for simulations, of which the recipe is given in the
next section.

4.3 SαS Noise Generator

The power-law behavior of the noise in the frequency domain, as shown in Figure
4.1, is characteristic for colored noise. This means that consecutive samples in the
time domain are correlated. To generate this behavior an auto-regression method is
used [131�133]. This implies that the element an in a trace at time Tn = Tn−1+4t
can be calculated from the previous sample an−1 as follows:

b0an = zn + b1an−1, (4.15)

where zn is random noise according to a speci�c distribution and b0 and b1 are
the correlation coe�cients. The latter are correlated with the slope of the power
spectral density function via:

b0 =
1√

1− (ε/2)2
, (4.16)

b1 =
ε/2√

1− (ε/2)2
. (4.17)

Given the parameters σSαS and α, the process of obtaining a random sample from
an SαS distribution is described in the literature [134]. The distributions of values
for α and σSαS are retrieved by �tting APDs of ten-second noise traces from data
obtained with the MAXIMA setup between 22-05-2010 and 09-09-2010 with an
SαS distribution function. For this simple model, no distinction is made between
the di�erent stations or polarization directions.
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4.3.1 The σSαS-distribution

To determine an appropriate value for σSαS , the distribution of the �t values ob-
tained from the data set is plotted in Figure 4.7.

Figure 4.7: The distribution of �tted values of σSαS from a data set obtained with
the MAXIMA setup between 22-05-2010 and 09-09-2010. This distribution is ap-
proximated by a block function between 1.5 and 2.3 mV from which a random value
of σSαS is taken per trace.

In the remainder of the analysis, this distribution of σSαS is approximated by a
block function between 1.5 and 2.3 mV. Since the SαS analysis in the previous
sections is done on �ltered and ampli�ed data, the value for σSαS needs to be
modi�ed to an appropriate value for the electric �eld. We have incorporated the
e�ect of these two operations by downscaling the value of σSαS , while neglecting
the correlations introduced by �ltering. The downscaling consists of the inverse of
the ampli�ers (speci�cs obtained from [135]) and a factor due to power loss from
�ltering. It is possible that this factor should be altered for di�erent frequency
bands, but further research is needed to validate this statement.
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4.3.2 The α-distribution

The distribution of the values of α from the same data set is depicted on the
left-hand side of Figure 4.8. This distribution can be approximated by an expo-
nential function of the form f(x) = AeB(x−2). To obtain a random value from this
distribution, the Cumulative Distribution Function of f(x) is used (shown on the
right-hand side panel of Figure 4.8). In this case, only a random value between 0
and 1 su�ces to �nd an appropriate value for α.

Figure 4.8: The distribution of α from a data set obtained with the MAXIMA
setup between 22-05-2010 and 09-09-2010 is shown in the left-hand side panel. The
right-hand side panel shows a �t of the Cumulative Distribution Function of the
distribution of α. This �t is used to chose a random value for the parameter α.

4.3.3 Results

The method to create SαS noise is tested using zero-�lled traces in programming
language Python. For this analysis, the value of α and σSαS were taken constant.
A total of 360 noise traces were created and the total APD is shown in Figure 4.9.
The APD was �tted with an SαS distribution to compare the �tted values of α
and σSαS with the (upscaled, to account for upsampling) constant values for α and
σSαS , which were respectively 1.98 and 2.0 mV. The retrieved �tted values were α
= 1.9859 ± 0.0005 and σSαS = 2.120 ± 0.001 mV with a χ2

red of 1.25, which is of
the same order of magnitude as the input values.
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Figure 4.9: The APD of 360 noise traces constructed with a method to create SαS
noise in programming language Python.

To verify whether these created noise traces are a good representation of real noise,
we investigate the average frequency spectrum. This averaged frequency spectrum
is shown in Figure 4.10. To compare this spectrum with the noise in Argentina,
the spectrum is depicted with a solid red line in Figure 4.1, now shown in Figure
4.11. The calculated average frequency spectrum shows similar behavior to the line
depicting rural noise, which is the type of noise assumed to be in Argentina. Al-
though the amplitude and slope of the calculated frequency spectrum di�er slighlty
from this rural noise component shown in the Figure, it illustrates that we are able
to generate noise that is similar to the noise in Argentina using this method.
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Figure 4.10: The average frequency spectrum of 360 SαS noise traces created with
Python are shown.

Figure 4.11: The same frequency spectrum as shown in Figure 4.10, but in di�erent
units, is plotted with a solid red line in Figure 4.1 for comparison.
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4.4 Summary and conclusions

In this analysis we set out to �nd a parametrization in the time domain of the
measured noise. For this, the Amplitude Probability Distribution function for ten-
second traces gathered during a period of one hour from the MAXIMA setup was
used. This APD was �tted with a Symmetric α-Stable distribution, containing two
parameters: σSαS , representing the width of the distribution, and α, representing
the heaviness of the tails. The value of the scale parameter σSαS is correlated
with the amount of galactic noise, since it shows periodical behavior correlating
with the position of the galactic center. The second parameter α is correlated with
the amount of transients in the data. From this analysis the conclusion can be
drawn that the SαS distribution is a good description of the APD of ten-second
noise traces. Although the two parameters are obtained from noise, something
where scientists are usually not interested in, they contain information that can
be used in the analyses. The �rst parameter σSαS can be used to monitor the
station characteristics, since it has a known periodical behavior correlated with
the position of the galactic center with respect to the radio detectors. The second
parameter α can be used to assign a quality factor to the experimental data. As
a next step a method is developed to create realistic noise for simulations, where
value for σSαS and α were taken from distribution created from approximately
three months of ten-second noise traces.



CHAPTER 5

Determining shower parameters using radio

detection

This Chapter is published as an internal note on the Pierre Auger wiki-page.

Due to the sparse data rate of high-energy cosmic rays, simulations are frequently
used to develop a strategy to analyze experimental data. This strategy is also fol-
lowed in this thesis, where we use simulations to investigate the sensitivity of the
radio signal at various distances from the shower core to the properties of the pri-
mary particle. The result of this analysis can be used to device an optimal layout
of future radio-detection sites.
As in previous work, this analysis uses the Lateral Distribution Function to study
the sensitivity of the radio signal [44, 116, 136�138]. Compared to other methods
which asses the composition, such as the shape of the shower front [139, 140], the
LDF contains not only information about composition-related shower parameters,
but also about the primary energy and air-shower physics [21].

5.1 Introduction

As explained in Chapter 3, the radio signal is due to the coherent radiation emitted
from the motion of electrons and positrons in the air shower. An observer close to
the shower axis is sensitive to the particle distribution in the shower front, which
is almost independent of the nature of the primary particle [141]. Further away
from the shower axis, the observer is more sensitive to the longitudinal shower
pro�le, and thus to the slant depth at which the shower maximum occurs denoted
by Xmax [21]. Previous work showed that at lower radio frequencies, the ratio of
signals measured at well chosen distances from the shower axis provides a good
handle on Xmax [44, 116, 136, 138]. This result can be explained as a geometrical
e�ect based on the insight obtained from the simple models described in Chapter
2: heavier nuclei interact earlier and develop faster in the atmosphere, resulting in
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a smaller value for Xmax. Compared to proton-induced showers, the source of the
radiation for a heavier-nucleus-induced shower is further away from the observer,
resulting in a relatively �atter LDF [138]. The correlation between the signal ratio
and the composition parameter Xmax is systematically explored in this chapter in
order to determine the optimal pair of distances. Moreover, a possible correlation is
sought between the radio signal with the shower parameters containing information
about the shape of the shower pro�le. The shape of the longitudinal shower pro�le
is expected to depend on shower physics and can be described by the Gaisser-Hillas
distribution [142]:

Ne(X) = Ne
max

(
X −X0

Xmax −X0

)Xmax−X0
λ

exp

(
Xmax −X

λ

)
, (5.1)

where the number of electrons and positrons Ne is described in terms of the slant
depth X, the shower maximum Xmax, the interaction length λ, the parameter X0

related to the �rst interaction point and the number of positrons and electrons at
the shower maximum Ne

max. By translating the variables to X ′ = X −Xmax and
normalizing the distribution with Ne

max, the shower pro�le has a characteristic 'uni-
versal' shape [143, 144]. The longitudinal pro�le can be rewritten in the universal
shower parameters R and L as [143]:

N ′(X ′) =

(
1 +

RX ′

L

)R−2

exp

(−X ′
RL

)
. (5.2)

The parameter L =
√
λ(X0 −Xmax) describes the width of the longitudinal shower

pro�le, while the parameter R =
√
λ/(X0 −Xmax) describes the distortion of the

shower pro�le, primarily in the region where X ′ < 0. Varying the universal shower
parameters will in�uence the shower pro�le as is depicted in Figure 5.1, where the
universal shower pro�le is plotted for a selection of L- and R-values in the left- and
right-hand side panels respectively of the Figure.

As apparent from Figure 5.1, the parameters L and R are correlated [144]. Still the
description of the longitudinal shower pro�le with the universal shower parameters
is preferred over the Gaisser-Hillas distribution, since the universal shower param-
eters are less correlated [144]. The left-hand side panel of Figure 5.1 shows that
changing L in�uences the width of the shower pro�le. The parameter L contains
information about the electromagnetic cascade development [144], since the longi-
tudinal shower pro�le is predominantly determined by electrons and positrons.Since
there are numerous electromagnetic sub-showers, universality is implied [46] and
therefore an approximately constant value of L for the di�erent showers is ex-
pected [145]. However, the universal shower parameter L is still subject to shower-
to-shower �uctuations, just as the universal shower parameter R. The right-hand
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Figure 5.1: The universal shower pro�le, described by equation (5.2), plotted with
di�erent values for L (left) and R (right). The values for L and R are chosen based
on values found in earlier research [144].

side panel of Figure 5.1 shows that varying R in�uences the asymmetry in the
tails of the distribution. This implies variations in the growth rate of the number
of particles from the point of �rst interaction to the shower maximum, which is
sensitive to the mass of the primary particle [143,146,147]. Because both universal
shower parameters describe the electromagnetic properties of an air shower, both
parameters are expected to correlate with the radio signal.
Besides exploring the sensitivity of the radio signal to composition-sensitive shower
parameters, a possible correlation with the primary energy is investigated. As was
derived from the simple models in Chapter 2, the primary energy is proportional
to the maximum number of electrons and positrons. This latter is independent
of the mass of the primary particle. Previous work using simulations only [136],
simulations based on data [137,138] and data only [148�151] shows that there is a
distance from the shower axis at which the spread in the signal due to the di�er-
ence in composition is minimal. This would be the distance where the in�uence of
the signal emitted from the region around the shower maximum is large. Because
earlier the analyses were done for di�erent frequency ranges, di�erent primary ener-
gies, di�erent zenith angles and di�erent observer levels, the distance at which the
signal is sensitive to Ne

max varies signi�cantly. Therefore the analysis of �nding the
optimal distance to estimate the primary energy from the radio signal is repeated
speci�cally for our simulation set.
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5.1.1 Method

As mentioned before the present analysis is based on simulations, which are created
with the simulation code EVA-v1.01 [116,152]. The two types of particles limiting
the expected mass range for high-energy cosmic rays, namely proton and iron nuclei,
are chosen as primary particles. For each type of primary particle, 125 vertical
showers were simulated, equally divided over the �ve energy bins 1017 eV, 1017.5

eV, 1018 eV, 1018.5 eV and 1019 eV. To determine the radio signal, the raw time
traces of the simulated electric �eld strength ~E without considering the antenna
gain are used. These traces are �ltered between 30 and 80 MHz, comparable
with the passband for AERA. The analytic signal of the bandpass-limited pulses is
determined using the Hilbert transformation [153]. The value S30−80 is de�ned as
the analytic signal of the electric �eld strength integrated over the FWHM of the
strongest peak in the time trace:

S30−80 =

∫
FWHM

EHilbertdt. (5.3)

The magnetic �eld is orientated in the northern direction and has a strength of
23.4 µGauss. The simulation grid has the shape of a cross and is depicted on the
left-hand side panel of Figure 5.2. Along each of the four directions, there are 46
positions where the electric �eld strength is measured: every 10 m in the �rst 400
m and every 50 m from 400 m to 700 m. Colored Gaussian noise created using the
method described in Chapter 4 was added to the traces. The noise N is calculated
as the integral over the same number of samples as the FWHM of the signal, but
at a location in the trace where only noise is present. Only signals with an S/N
> 3 are used. The error in S30−80 is de�ned as the spread in the determination of
S30−80 when 25 di�erent noise traces are added to the simulated trace.

5.2 Results

Calculating S30−80 at di�erent distances from the shower axis results in an LDF,
of which an example is shown in the right-hand side panel of Figure 5.2. Here the
value of S30−80 is calculated along the y-direction in the north-south and east-west
polarization direction. Due to the orientation of the magnetic �eld the geomagnetic
process [81] and the charge-excess process [77, 78] are dominant in the di�erent
polarization directions and can therefore be studied separately. For the remaining
analysis the geomagnetic component is used, since it dominates at relatively short
distances from the shower axis.
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Figure 5.2: The left-hand side panel shows the cross-shaped grid that is used as
layout for the simulation set. The right-hand side panel shows an example of an
LDF along the northern direction. The separation of the major processes for ra-
dio emission, geomagnetic and charge-excess, in the two polarization directions is
clearly visible.

5.2.1 Composition via Xmax

As mentioned before, the ratio of signals at well chosen distances from the shower
provides an estimate for Xmax. A �rst step in this analysis is to determine an
optimal pair of distances. The results are depicted in Figure 5.3. Here the value of
S30−80 at a particular distance is denoted as Sdistance. The di�erent panels of the
Figure show Xmax as a function of S300/S100, S400/S200, S200/S100 and S300/S200

from left to right, top to bottom respectively. The parameter Xmax is de�ned as
the depth where the maximum of a six-parameter �t function describing the distri-
bution of the number of electrons and positrons in CONEX is reached [116]. The
simulations with a proton as a primary particle are depicted with blue markers and
the simulations with an iron nucleus as a primary particle are depicted with red
markers. As found in earlier work [141] and from inspection of Figure 5.3, a loga-
rithmic function can be used to describe the relation between the signal ratio and
the shower parameter Xmax. Therefore a logarithmic �t is performed and depicted
by the dotted black line. The standard deviation in the determination of Xmax

from each �t is given in the lower left corner of each panel.

The �rst thing to note from Figure 5.3 is that not all ratios seem equally suited
to �nd an estimate for Xmax. Theory indicates that the ideal pair of distances
would have one measurement of the electric �eld strength close to the shower axis,
sensitive to the shower front, and one further away, sensitive to the longitudinal
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Figure 5.3: The shower parameter Xmax as a function of the ratios S30−80 deter-
mined at di�erent distances from the shower axis. The blue circles represent the
showers with a proton as a primary particle, while the red squares depict showers
that have an iron nucleus as a primary particle. A logarithmic relation is �tted for
each ratio, resulting in a standard deviation of the �t which is shown in the lower
left corner of each panel.

shower pro�le. The ratio S300/S100 is such an example. But every logarithmic �t
through a signal ratio containing S100 is a�ected by the bump around Xmax ≈ 650
g/cm2, as is shown in the two left-hand side panels of Figure 5.3. This feature
could be due to the relative importance of the relativistic e�ects compared to the
standard emission [116]. The compression depends on distance and on frequency
band. Another explanation might be a possible numerical feature in the simulation
code. However, even with this e�ect, the relation between the ratio S300/S100 and
Xmax shown in the upper left-hand side panel has the lowest spread from the log-
arithmic �t compared to the other investigated signal ratios. The present analysis
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therefore continues with the ratio S300/S100. The achieved resolution to determine
Xmax using radio detection only is ∼ 24 g/cm2. Comparing this achieved preci-
sion with for example the resolution determined with �uorescence detection (∼ 20
g/cm2 [154]) would not be appropriate, since the present radio analysis does not
include detector and possible systematic e�ects.

A part of the spread in the determination of Xmax is caused by �uctuations in
the signal ratio for showers with the same Xmax. For example, Figure 5.3(a) shows
four showers with Xmax ≈ 700 g/cm2, but with a factor of two di�erence in the
value of the signal ratio. The reason for these variations are the di�erences in
the longitudinal evolution of the number of electrons and positrons. The universal
shower pro�les of the four showers with 695 < Xmax < 705 g/cm2 are depicted in
Figure 5.4. These are all proton showers. The ratio S300/S100 of each shower can
be found in the legend of the �gure; see also Table 1. The ratio is compared to the
slope of the falling tail of the shower pro�les, which is de�ned as:

slope =
LDF(N′ = 0.8)− LDF(N′ = 0.7)

X′(N′ = 0.8)−X′(N′ = 0.7)
. (5.4)

S300/S100 Xmax E0 slope
Shower 1 5.5 × 10−2 702 g/cm2 1017 eV -8.10 × 10−4

Shower 2 4.5 × 10−2 700 g/cm2 1018 eV -1.03 × 10−3

Shower 3 4.4 × 10−2 702 g/cm2 1019 eV -1.05 × 10−3

Shower 4 4.1 × 10−2 702 g/cm2 1017.5 eV -1.14 × 10−3

Table 5.1: This table gives the shower characteristics of the four showers that are
depicted in Figure 5.4.

Table 1 shows that the slope is a measure of the di�erent ratios for showers with
the same Xmax. However, the slope is sensitive to the chosen begin- and endpoint,
here de�ned as N ′ = 0.8 and N ′ = 0.7 respectively (see equation (5.4)). Therefore,
a correlation is sought between the slope of the falling tail of the pro�le and the
universal shower parameters L and R, describing the shape of the pro�le. The
values for L and R are obtained from a chi-squared �t using equation (5.2) in the
longitudinal shower pro�le region of −350 < X ′ < 200 g/cm2. This region is based
on earlier work [155], stating that a minimum range around the shower maximum is
needed to �nd a good estimate for the universal shower parameters. The outcome
of the analysis is shown in Figure 5.5, where from top to bottom, the results in the
energy bin 1017 eV, 1017.5 eV, 1018 eV, 1018.5 eV and 1019 eV are depicted. A linear
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Figure 5.4: The shower pro�les of four proton showers that have a value of Xmax

between 695 g/cm2 and 705 g/cm2. For each shower, the ratio S300/S100 is given
in the legend of the Figure and Table 1.

relation is �tted through the simulated points and depicted by the dotted black
line. The Pearson correlation coe�cient, indicating a measure of linear dependence
between the two variables, is shown in the lower right corner of each panel. Eight
showers have a value of Xmax relatively close to the surface of the earth and do not
ful�ll the criterion for a good �t for the universal shower pro�le [−350 < X ′ < 200
g/cm2]. These are depicted with closed markers and are omitted for further anal-
ysis. The Pearson correlation coe�cients indicate a strong correlation between the
slope and parameter L and only a weak correlation with parameter R. Therefore,
we continue with L as a measure of the slope of the falling tail of the shower pro�le.

Literature suggests that the variations in L are due to energy losses from the elec-
tromagnetic component due to muons and neutrinos [144]. Corrections for these
losses depend on the type of primary particle, its energy and the hadronic model
considered in the simulation code and is estimated to be around 5∼10% [143]. In-
tuitively one could imagine that showers with either a relatively low or relatively
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Figure 5.5: The slope of the falling tail of the shower pro�le as de�ned by equation
(5.4) as a function of the universal shower parameters L and R per energy bin:
from top to bottom the primary energy is 1017 eV, 1017.5 eV, 1018 eV, 1018.5 eV
and 1019 eV. A linear relation is �tted through the points, represented by the dotted
black line. The �lled markers represent simulations that do not ful�ll the criterion
for a good estimate of L [−350 < X ′ < 200 g/cm2] and these will be omitted for
further analysis. In the lower right corner of each panel, the Pearson correlation
coe�cient is given for the two variables, using only the simulations that ful�ll the
criterion to obtain an accurate estimate for the universal shower parameter L.
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high energy loss are the showers that have a relatively high or relatively low electro-
magnetic component respectively, inducing the �uctuations in the ratio of S30−80.
To subdue these �uctuations, the universal shower parameter L is used as a quality
parameter. All showers with a value of L that deviates by more than 10% from the
energy-dependent mean value are omitted: �ve in total. For the remaining showers,
the value of Xmax is again plotted as a function of the ratio S300/S100 and �tted
with a logarithmic relation to retrieve the precision in the determination of Xmax.
The result is shown on the left-hand side panel of Figure 5.6. Comparing this �gure
with Figure 5.3(a), an improvement is seen in the spread with which Xmax is de-
termined when using the universal shower parameter L as quality parameter, from
∼ 24 g/cm2 to ∼ 13 g/cm2. However, since the ratio of radio signals is not very
sensitive to the parameter L, as is shown on the right-hand side panel of Figure 5.6,
it is most likely that the value of parameter L obtained from the radio signal ratio
is not accurately enough to be used as a quality criterion. Other possibilities to
obtain the universal shower parameter L from the radio signal should be explored
or a second detection technique, such as �uorescence detection, is needed.

The error in the radio signal is believed to be mainly determined by the uncertainty
in the distance from the shower axis to the position of the observer. This strongly
depends on the reconstruction of the arrival direction and the core position. At
the Pierre Auger Observatory, the angular resolution of the arrival direction, can
be reconstructed with an accuracy of 2◦ using the software package O�line [156]
when the event is in coincidence with at least three surface detectors [74]. This
leaves the uncertainty in the reconstructed shower core as the main contribution to
the error in the radio signal [34]. The error in the distance to the shower axis for
1018 eV showers is estimated to be ∼ 20 m [157]. This value is used as an estimate
for the error in the distance for all showers in the simulation set. In reality this
error will depend on the primary energy of the particle: lower-energy showers will
have larger errors in the distance determination and hihher-energy showers will
have smaller errors in the distance determination. To determine the in�uence of
the distance uncertainty on the ratio, the ratio S280/S80 as a function of S300/S100

for all 250 showers is plotted. Figure 5.7 shows the results, where a black dotted
line represents the ideal case where the two ratios are equal. The average deviation
from this line results in an additional spread in the determination of Xmax of ∼ 15
g/cm2, comparable to the spread induced by the noise. This result was expected:
since the analysis is done using ratios, the error due to distance determination
(partially) cancels out.



5.2 Results 51

10−2 10−1 100

S300/ S100

550

600

650

700

750

800

850

900

950
X
m
ax
[g
/c
m

2 ]

σ =13 g/cm2

0.00 0.05 0.10 0.15 0.20
S300/S100

180

190

200

210

220

230

240

L
ρ =-0.59

Figure 5.6: The left-hand side panel shows the shower parameter Xmax as a function
of the ratio S300/S100. The shower set that is used for this analysis is based on the
set used for Figure 5.3(a), from which showers are omitted that do not ful�ll the
criteria to obtain an accurate �t of the universal shower pro�le [-350 < X ′ < 200
g/cm2], or have a relative large or small electromagnetic component, | 4 L/L| ≥
10%. The right-hand side panel shows the universal shower parameter L as a
function of ratio S300/S100. The Pearson correlation coe�cient is shown in the
lower right corner, indicating a moderate correlation.

5.2.2 Early shower physics via R

The universal shower parameter R is a tool to study early shower physics, since it
is an indication of the growth rate of the number of electrons and positrons from
the �rst interaction to the depth at which the maximum is reached [144]. Since
this re�ects the properties of the electromagnetic component of the air shower, it
is likely that the ratio S300/S100 is also sensitive to R. The result of this analysis
is shown in Figure 5.8. A linear relation is �tted through the simulated points,
depicted by the black dotted line. The Pearson correlation coe�cient is calculated
and shown in the lower right corner, indicating a strong relation. Using the ratio
of radio signals S300/S100, the value of R can be determined with a precision of ∼
0.03. When determining the same parameter R using �uorescence detectors, the
spread is predicted to be ∼ 0.05 [144].
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Figure 5.8: The universal shower parameter R as a function of the signal ratio
S300/S100. A linear relation is �tted through the simulation points, depicted with
the dotted black line. In the lower right corner, the Pearson correlation coe�cient
is shown.
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5.2.3 Primary energy

As explained earlier, the distance at which the spread in the intensity of the radio
signal due the di�erence in composition is minimal is expected to be a good position
to extract an estimate for the primary energy from the radio signal. At this distance
the radio signal is expected to be mainly determined by the emission around the
shower maximum and therefore sensitive to the variable Ne

max, which is shown
to be composition-independent in Chapter 2. To �nd this optimal distance, which
depends on the primary energy, the simulation set is divided into �ve bins according
to primary energy. This energy-dependence is due to the increasing slant depth of
the shower maximum with increasing primary energy. This causes the position of
the radio signal to be mainly determined by the emission originating from the region
of the shower maximum to shift to distances closer to the shower axis. For each
primary energy bin, the distribution of signals calculated using equation (5.3) from
the 25 proton-induced and 25 iron-nucleus-induced showers at di�erent distances
from the shower core is �tted separately with a Gaussian distribution function,
from which a mean, denoted by µp and µI , are obtained. The relative error,
de�ned as the di�erence between these two means divided by the sum of the two,
is a measure of the spread in the signal due to the di�erence in composition. The
results are shown in Figure 5.9, where the di�erent colors represent the di�erent
primary energies: yellow, aqua, green, magenta and purple represent 1017 eV, 1017.5

eV, 1018 eV, 1018.5 eV and 1019 eV.
Figure 5.9 con�rms the results from earlier work, the distance for which the spread
in the radio signal due to the di�erence in composition is minimal depends on
the energy of the primary particle. For showers initiated by a particle with a
primary energy of 1017 eV this distance is approximately 110 m according to this
analysis, while this distance decreases to 70 m at 1019 eV. The range of the optimal
distances from the shower axis to determine the primary energy falls just within
the average distance error at the Pierre Auger Observatory of ∼ 20 m [157]. This
implies that placing a radio detector at approximately 90 m, should in the case
of the Pierre Auger Observatory su�ce to �nd an estimate of the primary energy
within the range of 1017 eV to 1019 eV. The energy resolution due to the wide range
of possible primary energies when measuring the radio signal at 90 m is already
11%, without including any detector or systematic e�ects. Comparing this energy
resolution with the energy-estimation methods of the other detection techniques
at the Pierre Auger Observatory is not so trivial, since none of them cover such
a wide energy range. When one speci�es a primary energy range of interest for
a radio-detection setup, one could adapt the layout for the setup to �nd a more
accurate estimate for the primary energy.
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Figure 5.9: The relative spread, de�ned as |µp − µI |/(µp + µI) with µp and µI
obtained from a Gaussian distribution that is �tted through the distribution of the
radio signal of 25 proton-induced and 25 iron-induced showers at di�erent distances
R from the shower axis. The various colors represent the di�erent primary energies:
yellow, aqua, green, magenta and purple show the results for showers with a primary
energy of 1017 eV, 1017.5 eV, 1018 eV, 1018.5 eV and 1019 eV respectively.

5.2.4 Other shower parameters

Here the search for correlations of S300/S100 and the universal shower parameter R
with other shower parameters is extended to all parameters that can be extracted
from simulations. These are, besides the ones mentioned earlier, the depth of �rst
interaction X1 and the depth between the point of the �rst interaction and the
shower maximum, 40. The correlations between S

300/S100 and R with the shower
parameters X1 and 40 are shown in Figure 5.10. In the lower right corner of each
panel, the Pearson correlation coe�cient is shown.

The left-hand side panels of Figure 5.10 show the correlations of 40 and X1 on the
one hand with the ratio of radio signals on the other hand. One sees that there
is a strong correlation between S300/S100 and 40. Fitting a logarithmic relation
results in a precision of ∼ 35 g/cm2 in the determination of 40 using the ratio of
radio signal S300/S100. The right-hand side panels show the correlations of 40 and
X1 with the universal shower parameter R. The one thing to take away from these
plots is that the strongest correlation exists with 40, which is not really surprising
since R =

√
λ/(X0 −Xmax). This correlation is explored further in Chapter 8.
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Figure 5.10: Results of the extended search for correlations between the ratio of
radio signals and universal shower parameter R on the one hand and the depth of
�rst interaction X1 and depth between X1 and the shower maximum 40 on the
other hand. The left-hand side panels show the results for S300/S100, while the
right-hand side panels show the results for R. In the lower right corner of each
panel the Pearson correlation coe�cient is shown.

5.3 Summary and conclusions

To �nd the optimal con�guration for a radio-detection setup, the sensitivity of the
radio signal at di�erent distances from the shower axis to various shower parameters
was explored using EVA-simulations for di�erent primary particles and energies.
Earlier research showed a correlation between the ratio of signals at speci�c dis-
tances from the shower axis and Xmax [44,116,136�138]. This analysis showed that
the optimal pair of distances is 100 m and 300 m from the shower axis. A simple
logarithmic relation was used to determine Xmax from this radio signal ratio, re-
sulting in a precision of ∼ 24 g/cm2. The large standard deviation is caused by
the �uctuations in the value of the ratio for showers with approximately the same
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value of Xmax. These are caused by di�erences in the longitudinal evolution of
the number of electrons and positrons. This is quanti�ed by the universal shower
parameter L [143, 144, 155], which represents the width of the shower pro�le and
is correlated with the slope of the falling tail of the shower pro�le. The variations
in L are due to energy losses carried away by muons and neutrinos, for which cor-
rections are estimated to 5∼10% [143]. The showers with a value of L deviating
more than 10% of the average value either have a relatively high or relatively low
electromagnetic component, resulting in the �uctuations in the signal ratio. There-
fore the universal shower parameter L can be used as a quality parameter: showers
with a value of L that deviates more than 10% of the average value are omitted
from the remainder of the analysis. The simulations left are again used to calculate
the precision with which Xmax can be determined, resulting in a precision of ∼ 13
g/cm2. Note however that the high-precision value of L for this analysis can not be
obtained from the ratio of radio signal, since these parameters only show a mod-
erate correlation. The possibilities to determine the universal shower parameter L
from radio detection should be explored further or a second detection technique,
such as �uorescence detection, is needed. When the error in determining the core
position is taken into account, which is believed to be the main contribution to the
radio signal, the spread in Xmax increases to ∼ 20 g/cm2. This is comparable to
the precision achieved with the �uorescence detectors.
The physics in the early air shower can be studied using the universal shower pa-
rameter R. This parameter is a measure of the asymmetry of the shower pro�le
determined by the growth rate of the number of electromagnetic particles. Using
the ratio S300/S100, a linear relation with R was found. This results in a precision
for the determination of R of ± 0.03, which is comparable to the expected preci-
sion in the determination of R from �uorescence detection (± 0.05). The signal
at a particular distance, depending on the frequency band, zenith angles, primary
energy and observer level of the incoming shower, can also be used to determine
the energy of the primary particle [136�138, 148�151]. At this distance the signal
is expected to be determined mainly by the radiation emitted around the shower
maximum and therefore sensitive to the composition-independent variable Ne

max.
In this analysis, this distance decreases from 110 m for showers with a primary
energy of 1017 eV to 70 m for showers with a primary energy from 1019 eV. This
range of distance covers the average error of the distance uncertainty for the Pierre
Auger Observatory, suggesting that placing a radio detector at 90 m would su�ce
to obtain an estimate of the primary energy in the range of 1017 eV to 1019 eV.
The sensitivity to this wide range already causes an error in the energy resolution
of 11%, without including detector or systematic e�ects. A higher energy resolu-
tion can be obtained by choosing a smaller primary energy range of interest and
optimizing the layout of the detector for this.



CHAPTER 6

LDF Fit

The previous chapter concluded that the sensitivity of the radio signal to various
shower parameters determining composition and primary energy of the primary
particle depends on the distance from the shower axis. Of course, a simulation
study allows the observer position to be chosen, ensuring that there is always a
signal measured at the speci�c distances. In reality however, this is not always the
case. This problem can be solved by estimating the signal at the speci�c distances
from the shower axis with a parametrization of the LDF.

6.1 Introduction

Finding a parametrization that describes all aspects of the LDF is something that
scientists have been trying to do for decades. In the early years of radio-based
cosmic-ray research they used experimental data since the di�erent emission mech-
anisms were still under investigation. One of the �rst documented LDFs was derived
in the early seventies from data measured at the Haverah Park site at a frequency
of ν = 55 MHz [158]. The data set consisted of 100 showers with primary energies
varying between 1017 eV and a little over 1018 eV, zenith angles between 0◦ and 50◦

and distances from the shower axis less than 300 m. Four main conclusions were
drawn during this process of �nding a parametrization of the LDF. The �rst con-
clusion was that the geomagnetic process provides a good description of the radio
signal, since the measured polarization agreed with the expected polarization from
geomagnetic emission. This implied that there exists a linear relation between sin
α, where α is the angle between the magnetic �eld lines and the incoming shower,
and the strength of the radio signal. The second conclusion from this data set was
that the signal strength depends linearly on the energy of the primary particle for
showers with small zenith angles. This relation was expected, since the number of
charged particles grows linearly with the primary energy, as derived from the simple
models in Chapter 2. The third conclusion was that the signal strength depends
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linearly on the zenith angle. This relation was also expected, since with increasing
zenith angle the distance between the shower maximum and the observer level in-
creases, leading to lower signals at the observer level. From these three results, the
fourth and last conclusion was drawn: the signal strength decreased exponentially
as a function of the distance from the shower axis. Combining the four conclusions
resulted in the following form of the �rst parametrization of the LDF [21]:

εν(E0, α, θ, R) = 20

(
E0

1017

)
sinα cos θ exp

(
− R

R0(ν, θ)

)
µV m−1 MHz−1. (6.1)

Most of the symbols in this equation are already explained, except for εν , which
is the electric �eld strength per unit frequency divided by the e�ective bandwidth
of the system, and R0(ν, θ), which is a scale parameter depending on the fre-
quency of interest ν. Approximately thirty years after this �rst experimental LDF
parametrization, the �rst parametrization based on simulations was made using
the Monte Carlo based code REAS 1 [106, 159]. The simulation set consisted of
proton-induced showers with primary energies ranging from 1017 eV to 1019 eV,
zenith angles up to 60◦ and di�erent azimuth angles. This resulted in the following
parametrization [106,160]:

‖E(θ, l(R,φ0), E0, β(Xmax))‖ = Eθ

(
E0

1017

)0.96

exp

(
− ν/MHz− 10

47.96 exp(−l(R,φ0)/bθ)

)
exp

(
−200m(β(Xmax)− 1)− l(R,φ0)

β(Xmax)lθ

)
, (6.2)

where β is a function of Xmax, the parameter l(R,φ0) is the perpendicular distance
to the shower axis in the shower frame, with R the distance to the shower axis on
the ground and φ0 the observer azimuth angle, and Eθ, lθ and bθ are pre-determined
parameters taking into account the zenith-angle dependence. Comparing equation
(6.2) with equation (6.1), one can see that the analyses agree on the linear growth
of the signal strength with the primary energy and the exponential decrease from
the signal strength as a function of distance from the shower axis. However, the
simulation code REAS does not take into account a varying index of refraction,
a detail which has an impact on the shape on the LDF as was shown in later

work [161, 162]. Here the electric �eld strength is approximated by
−→
J /D, where−→

J is de�ned as the geomagnetic current and D as the retarded distance de�ned
as [163]:

D = d(1−−→β · n̂) = |d(1− n) cos ζobs| (6.3)

where β = v/c = 1, ζobs the opening angle between the point of emission and the
observer, n the refractive index and d the distance between the point of emission
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and the observer. For a realistic index of refraction, n = n(z) ≥ 1, the retarded
distance will be zero at an angle ζobs called the Cherenkov angle. The accompanying
perpendicular distance from the shower axis l where the Cherenkov e�ect is visible
will be referred to as the Cherenkov distance. For other angles than the Cherenkov
angle, the retarded distance as described by equation (6.3) will be larger than zero
and the electric �eld strength will decrease. The importance of this relativistic
e�ect with respect to the standard emission introduces a bump in the LDF, as can
be seen in Figure 6.1. Here the LDF for a vertical proton-induced shower with a
primary energy of 1017 eV is shown in di�erent frequency regimes. In the frequency
range 30-80 MHz, depicted by the solid red line, the beaming e�ect of the signal
due to the Cherenkov e�ect seems less pronounced than in the other frequencies
shown in the Figure.

Figure 6.1: The LDF of the intensity divided by the bandwidth in di�erent frequency
regions for a vertical proton-induced shower with primary energy of 1017 eV as a
function of distance from the shower axis [141].

For 30-80 MHz the LDF at distances close to the shower axis almost seems to
�atten out, which is also seen by experiments operating in this frequency range
[164,165]. To include the �attening of the LDF at distances close to the shower axis,
a new parametrization for the LDF should be found. A possible parametrization
is a Gaussian distribution function, since it naturally shows �attening towards the
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maximum [138,166]:

f(R) = p0 exp

(−(p1 −R)

2p2

)2

, (6.4)

where p0 corresponds to the maximum signal amplitude, p1 represents the position
of the maximum signal relative to the shower axis and p2 gives the width of the
Gaussian distribution. In this previous work the two-dimensional LDF function
is projected onto one dimension, resulting in an average �t function [138, 166]. A
more recent analysis conserving the two-dimensional character of the LDF �ts the
signals with a combination of two Gaussian functions [167].

6.1.1 Method

To �nd a parametrization for the LDF, the simulation set from Chapter 5 was used
again (see section 5.1.1 for speci�cations). Note that we restrict ourselves to the
geomagnetic component of vertical showers only and the magnetic �eld is projected
along the surface of the earth. In this case the LDF will be an one-dimensional
function with radial symmetry around the shower axis where the observer viewing
angle is of no importance. The proposed �t function contains four parameters:

f1(R) =

(
a1

1 + exp(−(R− a2)/a3)

)
exp(−R/a4), (6.5)

with R the perpendicular distance to the shower axis. In this formula one could
recognize the radial dependence of the Woods-Saxon potential [168], which is used
to parametrize the forces on nucleons in a nucleus. Leaning on experiences from
previous work [21, 138, 166, 167], the amplitude parameter a1 is expected to cor-
relate with the primary energy. With the wide range of primary energies in the
simulation set, the value of a1 is expected to cover a few orders of magnitude.
This will make the algorithms used to �nd an optimum combination for the set of
parameters very sensitive to the initial choice for the �t parameters. To stabilize
the �t, the parameter space is reduced by choosing a1 as a �xed parameter, only
depending on the primary energy of the simulation. For each primary energy bin
in the simulation set, the value of a1 is determined by �tting all LDFs from showers
with that particular primary energy with equation (6.5) and calculating the average
value for a1 from the converged �ts. To verify the linear relation between the aver-
aged amplitude parameter a1 and the primary energy, the two are plotted in Figure
6.2. The dotted black line represents the expected linear relation, from which the
results do not sway much. This leaves only a2, a3 and a4 as free parameters in
equation (6.5). The parameter a2 will determine the rate of �attening at distances
close to the shower axis, while the parameter a3 moves the �t function as a whole.
Examples of the in�uence of these two parameters are shown in Figure 6.3, where
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the �rst exponential of equation (6.5) is shown with parameter a1 constant and the
second exponential function is neglected.
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Figure 6.2: The value of the amplitude �t parameter a1 is plotted versus the primary
energy of the cosmic ray. The dotted black line represents a linear relation between
the two variables.
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Figure 6.3: Examples of the in�uence of the �t parameters a2 and a3 in the �rst
exponential of equation (6.5). Here the value of a1 is kept constant and the second
exponential function is neglected.
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In the range R − a2 >> a3 the �rst exponential becomes small and the second
exponential determines the radial dependence at large distances from the shower
axis via parameter a4.

6.2 Results

From the simulation set, all geomagnetic LDFs are �tted using equation (6.5) with
the appropriate energy-dependent constant value for a1. A typical result of such a
�t is shown in the left-hand side panel of Figure 6.4. Here the LDF of a proton-
induced shower with a primary energy of 1018 eV is shown with the �t function
depicted as the solid black line. To asses the quality of the �t, the relative error is
used. This is de�ned as:

4i = 2

(
f1(Ri)− y(Ri)

f1(Ri) + y(Ri)

)
, (6.6)

where f1(Ri) is the �t value and y(Ri) is the simulated value. The relative error is
calculated at each observer position. This creates a distribution of relative errors
for each LDF, which is �tted with a Gaussian function to determine the mean µ
and spread σ. An example of this is shown on the right-hand side panel of Figure
6.4. The values of µ and σ for this particular example, shown in the upper right
corner of the panel, indicate that the �t function is a reasonable description of
the geomagnetic LDF. This same conclusion can be drawn when calculating the
average µ and σ of all simulations in the set, of which the values are 0.02 and 0.18
respectively.

Fitting each LDF results in a set of �t parameters a2, a3 and a4, which should
contain the same shower information as the parameters extracted from the LDF in
the previous Chapter. Previous work on the LDF parametrization indicated that
only one of the �t parameters contains information about the shower properties,
namely the shower maximum [138, 167]. If the only information about air-shower
properties that can be obtained from the LDF is the shower maximum, the three �t
parameters used in this analysis are strongly correlated. This is veri�ed by plotting
the �t parameters in a correlation matrix shown in Figure 6.5. The di�erent colors
represent the di�erent energy bins, where yellow, aqua, green, magenta and purple
represent 1017 eV, 1017.5 eV, 1018 eV, 1018.5 eV, and 1019 eV, respectively. The
showers with a proton as a primary particle are depicted with circular markers,
while the showers with an iron nucleus as a primary particle are depicted with
square markers. In the lower right corner of each panel, the Pearson correlation
coe�cient is shown.
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Figure 6.4: The left-hand side panel shows an LDF of a vertical proton-induced
shower with a primary energy of 1018 eV, �tted with the function described by
equation (6.5). The right-hand side panel shows the distribution of the relative
errors de�ned by equation (6.6) for the LDF shown on the left-hand side. The black
dotted line represents a �tted Gaussian function, of which the mean and spread are
depicted in the upper right corner of the panel.

The panels on the diagonal of the correlation matrix in Figure 6.5 trivially show
a perfect correlation. Inspecting the o�-diagonal panels indicate that the three �t
parameters indeed are strongly correlated. But if the set of correlated parameters
a2, a3 and a4 can be converted to a new set of independent parameters a′2, a

′
3

and a′4, more information than just the shower maximum should be contained in
the LDF. The next step in this analysis is therefore to disentangle the correlations
between the �t parameters a2, a3 and a4. First a parabolic relation is �tted through
a2 and a3, resulting in a new parameter a′2. The same method is applied to a3 and
a4, where a linear relation is �tted to obtain a new parameter a′3. The new set of
independent �t parameters is now:

a′2 = a2 −Aa3 −Ba23 (6.7a)

a′3 = a3 − Ca4 (6.7b)

a′4 = a4 (6.7c)

where A, B and C are �t parameters from the parabolic and linear �t respectively.
The new �t parameters a′2, a

′
3 and a′4 are plotted in a similar way as before, with
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Figure 6.5: The correlations between the LDF �t parameters is shown, for which the
values were derived from �tting the geomagnetic LDF with the �t function described
by equation (6.5). The showers with a proton as a primary particle are depicted
with circular markers, while the showers with an iron nucleus as a primary particle
are depicted with square markers. The di�erent colors represent the di�erent energy
bins, where yellow, aqua, green, magenta and purple represent 1017 eV, 1017.5 eV,
1018 eV, 1018.5 eV, and 1019 eV, respectively.

the results shown in Figure 6.6. In the lower right corner of each panel, the Pearson
correlation coe�cient is shown. It seems that the new set of LDF �t parameters is
uncorrelated.

The average values of a′2, a
′
3 and a

′
4 are shown in Table 6.1. The average values for

a′2 and a′3 seem to be approximately constant for both types of primary particle
and all energy bins. Since the values of these two parameters are independent of
energy, it could be that the variations in a′2 and a′3 arise from shower-to-shower
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Figure 6.6: A new set of uncorrelated parameters for the LDF �t function is shown.
For the de�nition of the �t parameters a′2, a

′
3 and a′4 see equations (6.7a), (6.7b)

and (6.7c). See the caption of Figure 6.5 for an explanation on the color code and
marker types.

�uctuations. This makes them excellent candidates to contain information about
the universal shower parameters L and R. Table 6.1 also shows a relation between
a′4 and the primary energy, making this parameter an excellent candidate for an
energy-dependent shower parameter. The value of a′4 depends on composition,
since the iron-nucleus-induced showers appear to have higher values for a′4 than
the proton-induced showers. This behavior is expected, since at distances far from
the shower axis the e�ect of the di�erence in shower maximum between the two
types of primaries becomes apparent: iron-nucleus-induced showers have in general
their shower maximum higher in the atmosphere, resulting in a �atter LDF and
therefore a higher value of a′4 [138].
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E0 [eV] a′2 [m] a′3 [m] a′4 [m]
proton iron proton iron proton iron

1017 34 ± 4 38 ± 4 -29 ± 5 -25 ± 3 76 ± 9 87 ± 4
1017.5 33 ± 4 35 ± 5 -27 ± 5 -24 ± 5 73 ± 8 84 ± 3
1018 34 ± 4 36 ± 3 -24 ± 5 -22 ± 4 68 ± 9 79 ± 3
1018.5 30 ± 3 29 ± 4 -33 ± 5 -29 ± 4 67 ± 9 76 ± 4
1019 33 ± 5 34 ± 3 -29 ± 6 -27 ± 4 62 ± 7 70 ± 4

Table 6.1: This table gives the average value and the spread of the independent �t
parameters a′2, a

′
3 and a′4 for the two types of primary particles per energy bin.

To verify the new set of uncorrelated �t parameters given by equations (6.7a), (6.7b)
and (6.7c), the LDFs are again �tted with a new �t function based on equation
(6.5):

f1(R) = exp(−R/a′4)(
a1

1 + exp(−(R− (a′2 +Aa′3 +ACa′4 +Ba′23 + 2BCa′3a
′
4 +BCa′24 ))/(a′3 + Ca′4)

)
(6.8)

To investigate the stability of the new �t function all LDFs were �tted with equation
(6.8) to obtain the average values of a′2, a

′
3 and a

′
4. These values coincide with the

average values for a′2, a
′
3 and a′4 shown in Table 6.1, obtained by �tting the LDFs

with equation (6.5) and disentangling the correlations. This indicates that a sta-
ble �t function containing the three independent parameters a′2, a

′
3 and a

′
4 is found.

To verify the obtained results for the LDF �t parameters, the same analysis is
repeated for a number of showers created using the Monte Carlo simulation code
CoREAS [110]. Five vertical showers with a primary energy of 1018 eV for each pri-
mary particle type were created, with the input parameters set to create the same
con�guration as the EVA-simulation set (see 5.1.1 for speci�cations). Again the
magnetic �eld is projected along the surface of the earth to measure the two major
emission processes in the two di�erent polarization directions, of which only the
geomagnetic component is used. Due to the known amplitude di�erence between
EVA-1.01 and CoREAS [166,169], the amplitude calibration had to be redone. As
in the analysis described in this Chapter, the geomagnetic LDF of each simulation
was �tted with equation (6.5) with a constant value for a1. An example of a vertical
proton-induced shower with a primary energy of 1018 eV simulated with CoREAS
and its �t function is shown in Figure 6.7. This Figure can be compared to Figure
6.4, which shows a similar shower simulated using the EVA-1.01 code [116].
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Figure 6.7: The left-hand side panel shows an LDF of a vertical proton-induced
shower with a primary energy of 1018 eV, �tted with the function described by
equation (6.5). The right-hand side panel shows the distribution of relative errors
de�ned by equation (6.6) for the LDF shown on the left-hand side. The black dotted
line represents a �tted Gaussian distribution function, of which the mean and spread
are depicted in the upper right corner of the plot. The simulation was done using
CoREAS [110] and can be compared to Figure 6.4, which shows a similar shower
simulated with the EVA-1.01 code [116].

When inspecting the sets of parameters a2, a3 and a4 obtained by �tting the LDFs
created using CoREAS with equation (6.5), we �nd that the average value of a3 is
higher for the proton-induced showers than for the iron-nucleus-induced showers. A
higher value for a3 moves the maximum of the �t function towards larger distances
from the shower axis, as can be seen in the right-hand side panel of Figure 6.3.
The maximum of the LDF is expected to lie at larger distances from the shower
axis for heavier nuclei with the same primary energy, due to statistical lower values
for the shower maximum for heavier nuclei. This behavior is not re�ected in the
values of a3 for the showers simulated with CoREAS, but is re�ected in the values
of a3 in the shower created with the simulation code EVA-1.01, as shown in Figure
6.5. Therefore the values for a3 obtained from the EVA-simulation set can be
argued to be more appropriate. One reason for this e�ect might be that CoREAS
enhances the high-frequency components which typically peak at larger distances
in comparison to the simulation code EVA [141]. For the remainder of the analysis
using the CoREAS showers, we assume the value for a3 obtained by �tting the LDF
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with equation (6.5) to be the correct value. However, the established correlations
between the three LDF �t parameters a2, a3 and a4 might no longer hold for
CoREAS and with a set containing only ten simulations no reliable search for
correlations can be done. Therefore the analysis continues with the average values
of a2 and a3 as obtained by �tting the LDF with equation (6.5) with a constant
value of a1. Using these average values the LDF is �tted to determine a4, which is
equal to the independent �t parameter a′4. The average value found for a4 for the
proton-induced showers is 60 ± 2 m and for iron-induced showers 50 ± 1 m. Note
that the value of a4 for proton-induced showers is higher than for iron-induced
showers, which shows again the opposite behavior as the values for a4 from the
EVA simulation set as shown in Figure 6.5. As explained earlier one would expect
the value of a4 for iron-nucleus-induced showers to be larger than the values of a4
for proton-induced-showers [138]. Since a4 is equal to a′4, a comparison between
the two simulation codes can still be done. Table 6.1 shows that the value of a4
for proton-induced showers simulated with CoREAS is within the error bars of
the value found for a4 for 1018 eV proton-induced showers simulated with EVA.
But the value for a4 for iron-induced shower is much lower than the value found
for the EVA simulations, which could be explained by the opposite e�ect of the
parameter a3 in the CoREAS simulations compared to the EVA simulations. From
a physics point of view, the LDF �t parameters a2, a3 and a4 obtained from the
EVA-simulations can be better explained. Whether they hold the truth can only
be veri�ed using actual data.

6.3 Correlation between �t and shower parameters

The next step in this analysis is to explore possible correlations between the three
uncorrelated LDF �t parameters and the shower parameters obtained from the
EVA-simulations. Based on the analysis in the previous chapter, the most likely
parameters to �nd a correlation with are Xmax, L, R and S300/S100. Therefore the
correlation matrix between these four shower parameters with the uncorrelated �t
parameters a′2, a

′
3 and a′4 is visualized in Figure 6.8. In the lower right corner of

each panel the Pearson correlation coe�cient is shown.

The �rst thing to notice from Figure 6.8 is the apparent correlation between the
shower parameters Xmax, S

300/S100 and R with the �t parameter a′4. This is to be
expected, since LDF �t parameter a′4 represents the slope of the LDF at relatively
large distances from the shower axis. The correlation with the other parameters are
derived in the previous Chapters. Figure 6.8 also shows that there is no signi�cant
correlation between the other �t parameters and the presented shower parameters.
This is unexpected, since the values of a′2 and a′3, although approximately con-
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Figure 6.8: The correlation matrix between the shower parameters Xmax, L, R and
S300/S100 with the uncorrelated LDF �t parameters a′2, a

′
3 and a′4 is shown. For

an explanation about the di�erent colors and markers, see the caption of Figure
6.5. In the lower right corner of each panel the Pearson correlation coe�cient is
shown.

stant for both primary particle types and all primary energies, vary from shower
to shower and are therefore expected to carry information about the variations in
shower physics. Other shower parameters re�ecting shower-to-shower �uctuations
in�uencing the signal strength at distances close to the shower axis, such as the
number of electrons and positrons at the ground, the drift velocity or charge distri-
bution of the pancake can be thought of, but it is beyond the scope of this project
to explore this further. For the remainder of this analysis the �t parameters a′2
and a′3 are therefore kept �xed to their average value of ∼ 34 m and ∼ -26 m
respectively. The only free parameter remains a′4.
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Up till this point of the analysis, the LDF consists of a simulated signal every
10 m. This will not be the case in experimental data. Since the �t parameter a′4 is
identi�ed as the only parameter of interest for the remainder of this analysis, the
number of detectors required to estimate its value can be reduced. To determine
the number of stations and their positions needed to �nd an 'accurate' estimate of
a′4 the simulation set is moved from a cross-shaped grid to a triangular grid with
a spacing of 250 m, similar to the grid of AERA II [170,171]. In this analysis, the
shower core of a simulation is randomly placed inside this grid. Using the LDF
�t function with the 'true' value of a′4 obtained from the �t with 30 stations, the
signals in the radio detectors closer than 300 m from the shower axis are estimated.
The next step is to vary the position of the shower core hundred times within its es-
timated average error of ∼ 20 m [157]. With every new shower core position, a new
LDF is created which is �tted with the �t function proposed in this Chapter to de-
termine a new value for a′4. After varying the core position a hundred times within
its errors, the entire procedure is repeated a thousand times, each time choosing a
new core position randomly to ensure variation in the number of stations. Sorted
by the number of stations in each event, a distribution of the obtained values of
a′4 is created, shown in Figure 6.9. Here from left to right, from top to bottom,
the di�erent panels show the distributions of a′4 for two, three, four, �ve, six and
seven stations, respectively. This distribution is �tted with a Gaussian distribution
function to obtain a′4 and σa′4 , shown in the upper left corner of each panel. The
'true' value of a′4, the value achieved by �tting the LDF containing thirty stations,
is depicted by the black vertical line.

As a quality criterion to determine how many stations are needed to obtain an
'accurate' value for a′4, the error in the determination of Xmax is set at 25 g/cm2.
This is comparable to the error in the Xmax obtained from radio detection only.
Based on the relation between Xmax and a′4 given in Figure 6.8 this results in
σa′4 ∼ 3.25. Figure 6.9 shows that the minimum number of stations to obtain a
value of a′4 within this range is four. The distance from the shower axis to the four
stations in�uences the quality of the �t. Inspecting the LDFs consisting of four
stations with a value of a′4 within a′4 − σa′4 < a′4 < a′4 + σa′4 and comparing them
with LDFs consisting of four stations with a value of a′4 outside this range, one can
conclude that for a reasonable �t all stations should have a distance larger than
70 m from the shower axis with at least two stations between 150 m and 300 m
from the shower axis. When an event contains only two stations, an accurate value
for a′4 can be determined when one station is positioned around 100 m from the
shower axis and the second station around 200 m. When a third station is added,
it should be positioned somewhere between the �rst two stations with at least 10
m between the stations.
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Figure 6.9: From left to right, from top to bottom the distribution of the values of �t
parameter a′4 is shown when the event contains two, three, four, �ve, six or seven
stations respectively. In the upper left corner of each panel the mean and spread of
the �tted Gaussian distribution are depicted.

6.4 Summary and conclusions

The sensitivity found in the previous Chapter of the radio signal to various shower
parameters requires that the signal is measured at speci�c distances. The data will
not always contain a signal at these speci�c positions, but by �nding a parametriza-
tion of the LDF the signals can be approximated. A �t function containing four
parameters is proposed, described by equation (6.5). This function is a combi-
nation of a Wood-Saxon like function and a normal exponential function. For
distances close to the shower axis, the Wood-Saxon like function allows �atten-
ing of the �t function, while for large distances the normal exponential func-
tion ensures an exponential decrease of the signal as was concluded in earlier
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work [138, 158, 159, 164, 166, 167]. The amplitude parameter a1 is set to a con-
stant value, linearly dependent on the primary energy, to ensure stable converging
of the �t function. The other three parameters are left free. The analysis is done for
the same simulation set as used the previous Chapter, where only the geomagnetic
component is used to calculate the signal strength every 10 m from the shower
axis. After �tting all 250 showers, the three remaining �t parameters appear to
be correlated. Therefore a new set of three uncorrelated �t parameters a′2, a

′
3

and a′4 is created from combinations of the correlated �t parameters. Correlations
are sought between these uncorrelated �t parameters and the shower parameters
Xmax, S

300/S100, L and R. A strong correlation was found between the LDF �t
parameter a′4 with the shower parameters Xmax, S

300/S100 and R. The remaining
two LDF �t parameters a′2 and a

′
3 re�ect the shower-to-shower �uctuations, but no

strong correlation with any shower parameter can be found in this analysis. The
solution might be found by exploring the physics properties of the pancake, but
this is beyond the scope of this project. For the remainder of the analysis, the
values of �t parameter a′2 and a′3 are set to an average constant value.
Only one free parameter remains in the LDF �t function, namely a′4. Theoretically
an event containing two stations should ensure a good estimate for this parameter,
where a criterion is set on a′4 via Xmax (σXmax = 25 g/cm2). Analysis shows that
the minimum number of stations resulting in a spread that is lower than the de-
termined criterion is four. All four stations should be further than 70 m from the
shower axis and at least two of them should be in the range between 150 m and
300 m from the shower axis. For an event with two stations, the stations should be
positioned around 100 m and 200 m from the shower axis. A third station should be
somewhere in this range. Based on this analysis, measuring vertical showers with
a triangular grid can be done best with approximately 260 m between the stations.
This suggests that the layout of AERA II with a spacing of 250 m between the
station is more appropriate to measure vertical showers than the layout of AERA
I with 150 m between the stations.



CHAPTER 7

Data analysis

The previous analysis is all based on simulations. This ensures control over the
input parameters and has computational time as only limiting factor to improve
statistics. But we would like to verify the obtained results using experimental data,
which is done in this chapter using data from the Pierre Auger Observatory. Here
a cosmic-ray event has to be measured by the radio detectors, surface detectors
and �uorescence detectors simultaneously in order to obtain the radio signal, an
accurate reconstruction from the incoming direction and an estimate for the shower
maximum, respectively. But since the simulation study uses only a particular
subset of showers, using experimental data introduces various shower parameters
that might in�uence the results obtained in the previous Chapters.

7.1 Introduction

We have to realize the fact that the analysis presented in the previous Chapters
was limited to only a class of relative restricted class of event by considering only
the geomagnetic component of vertical showers measured at sea level. Therefore a
number of the shower parameters encountered when analyzing experimental data
and their impact on the radio signal is described here.

Shower zenith angle

At large distances from the shower axis, vertical showers are expected to produce
weaker radio signals than inclined showers [172]. This e�ect originates from strong
forward beaming of the emission along the direction of the shower axis due to the
ultra-relativistic nature of the particles [160]. This introduces an overall broaden-
ing of the LDF, including a �attening of the LDF of the radio signal at distances
close to the shower axis [160]. Part of this broadening e�ect can be removed by
changing the coordinate system from ground-based coordinate to shower-based co-
ordinates [160]. In that case the perpendicular distance l to the shower axis is
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de�ned as [160]:

l(R, θ, φ, φ0) = R

√
1− cos2(φ0 − φ) sin2 θ, (7.1)

where φ and θ denote the shower azimuth and shower zenith angle respectively and
φ0 represents the observer azimuth angle. The e�ect of this coordinate transforma-
tion is shown in Figure 7.1 for a CoREAS simulated proton-induced shower with
a primary energy of 9 × 1016 eV. The two left-hand side panels show the radio
pattern in a ground-based coordinate system for a zenith angle of 25◦ and 60◦ at
the top and bottom respectively, while the right-hand side panels show the radio
pattern in a shower-based coordinate system.
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Figure 7.1: The left-hand side panels show the un�ltered radio intensity pattern in
ground-based coordinates for a proton-induced shower with a primary energy of 9 ×
1016 eV with a zenith angle of 25◦ and 60◦ at the top and bottom respectively. The
right-hand side panels show again the radio intensity pattern of the same shower,
but now in the shower-based coordinate system. The color represent the strength of
the signal: red depicts the highest intensity while blue depicts the lowest. The color
code for the top and the bottom plots are di�erent. The radio signal is simulated
using CoREAS [110].
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One can see that by rotating to the shower frame, the radio pattern remains approx-
imately circular and that part of the broadening e�ects are compensated for. The
remaining broadening is due to the relative larger distance between the shower
maximum and the observer level for an inclined shower compared to a vertical
shower. The value of a′4 for inclined showers is therefore expected to be larger
than for vertical showers. Simple geometry can be used to �nd a correction for
the broadening e�ect, as shown in Figure 7.2. When rotated to the shower-based
coordinate system, an inclined shower is in principle the same as a vertical shower
with the only di�erence that the height between the observer level and a particular
point in the shower is larger due to the earlier shower development. However, the
height in the vertical shower h1 and the height of the inclined shower h2 are corre-
lated via the shower zenith angle θ, as shown in the left-hand side panel of Figure
7.2. When both showers are rotated to shower-based coordinates and in the case
of φ1 = φ2 ≈ 0◦, this relation can be extrapolated to the perpendicular distances
from the shower axis to:

l1 = l2 cos θ. (7.2)

Figure 7.2: A schematic drawing to explain the geometrical di�erences between a
vertical and an inclined shower in the shower-based coordinate system.

Equation (7.2) shows that the LDF of an inclined shower can be converted to
mimic the LDF of a vertical shower by multiplying the distance perpendicular to
the shower axis by the cosine of the zenith angle, resulting in values for the LDF
�t parameter a′4 similar to ones found in the previous Chapters. This broadening-
correction factor will therefore be used in the data analysis in the upcoming sec-
tions.
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Shower azimuth angle

The electric �eld strength is mainly determined by the geomagnetic process, in-
duced by the magnetic �eld. Therefore the signal strength is correlated with sinα,
where α is the angle between the direction of the incoming shower and the mag-
netic �eld [21]. This means that the shower azimuth angle in�uences the overall
strength of the LDF, but that the shape remains intact. Other than the amplitude
LDF �t parameter a1, the shower azimuth angle will not in�uence the other LDF
�t parameters. To correct for this e�ect, the LDF is divided by sinα.

Shower core position

The error in the radio signal is believed to be mainly determined by the uncertainty
in the shower-core determination [34], of which the in�uence was studied in Chap-
ter 6. Here it was concluded that at least four stations are needed to correct for
this uncertainty in the core reconstruction to �nd a value of a′4 that corresponds to
a spread smaller than 25 g/cm2 in Xmax. Therefore we preferably only use events
containing four stations or more in the analysis.

Observer azimuth angle

In the simulation study, the orientation of the magnetic �eld was chosen such that
the geomagnetic component and the charge-excess component were measured in
di�erent polarization directions (for speci�cations of the simulation study, see sec-
tion 5.1.1). For the analysis in the previous chapters, only the geomagnetic com-
ponent was used, which is approximately circular symmetric around the shower
axis. However, in experimental data it is not easy to disentangle these two emis-
sion mechanisms. Therefore the in�uence of the charge-excess component on the
results of the analysis is investigated. Due to the di�erence in polarization pat-
tern of the two emission mechanisms, the radio footprint will be no longer circular
symmetric. This is shown in Figure 7.3, where the radio footprint of a vertical
1018 eV shower is shown in the shower plane in the top left-hand side panel. The
three surrounding panels represent, from left to right, from top to bottom, the LDF
along the v × B-direction, the v × v × B-direction and at 45◦ between these two
directions, respectively.
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Figure 7.3: The upper left-hand panel shows the un�ltered radio footprint of a ver-
tical proton-induced shower with a primary energy of 1018 eV. The color indicates
the strength of the radio signal: red depicts high power, while blue depicts low
power. A clear asymmetry in the radio signal due to the constructive and destruc-
tive interference of the geomagnetic and charge-excess mechanism is visible. The
other three plots, from top to bottom, from left to right, show the LDF along the
v × B-direction, the v × v × B-direction and at 45◦ between these two directions,
respectively. Also here the interference e�ect of the di�erent contributions to the
radio signal is clearly visible. The radio signal is simulated using CoREAS [110]
with a horizontal-oriented magnetic �eld with a strength of 24 µG, comparable to
the Pierre Auger site.

Inspecting Figure 7.3 shows the constructive and destructive interference of the
geomagnetic and charge-excess contributions resulting in a di�erence in strength of
the LDF along the di�erent directions. The observer azimuth angle will now play
an important role in constructing the LDF, even though the contribution to the
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overall radio signal due to the charge-excess component is small [157]. Including
the charge-excess mechanism will introduce an error on the determination of the
parameter a′4, which is expected to be constant for all showers, regardless of the
primary particle type or primary energy. The error was estimated from the sim-
ulations by creating an LDF combining randomly signals from the North, South,
East and West axis of the cross-shaped grid shown on the left-hand side panel of
Figure 5.2. This LDF is �tted with the �t function (6.9) to obtain a value for the
�t parameter a′4. The procedure was repeated 10000 times to obtain a distribution
of the values of a′4. This distribution was �tted with a Gaussian function, of which
the width σ was used as an error on a′4 due to the inclusion of the charge-excess
component. This was done for various energies, to verify whether this error di�ers
for various energies. The results show that, regardless of energy, the error in the
determination of a′4 due to the charge-excess component is ∼ 2.6 m. This error will
be included in the further analysis.

Observer level

In the previous chapters, the simulation study was set up to measure the radio
signal at sea level. The Pierre Auger Observatory however, lies 1400 m higher. A
change in the observer level will in�uence the lateral distribution of the radio sig-
nal following the same arguments as for inclined showers: the distance between the
shower maximum and the radio detectors becomes larger for lower observer levels,
causing a broadening in the LDF [160]. An example of this is shown in Figure 7.4.
The two left-hand side panels of the Figure show the power in the radio footprint
of the same vertical proton-induced air shower with a primary energy of 1018 eV
at sea level and at 1400 m above sea level at the top and bottom respectively. The
two right-hand side panels show the LDF of the power of radio footprint along the
v×B direction for both cases. The two panels have the same units along the y-axis.

The two left-hand side panels of Figure 7.4 show that the power in the radio signal
at 1400 m above sea level is larger than at the sea level. Inspecting the two right-
hand side panels shows the expected broadening e�ect for lower observer levels.
This will cause a di�erence in the value of the LDF �t parameter a′4 obtained from
the data and the value obtained from theory presented in the previous Chapters.
However, it is beyond the scope of this analysis to perform a systematic study to
�nd a correction factor for this e�ect and therefore it will be neglected.
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Figure 7.4: The left-hand side panels show the un�ltered power of the radio signal
of the same vertical proton-induced air shower with a primary energy of 1018 eV at
sea level and at 1400 m above sea level, the height of the Pierre Auger Observatory,
at the top and bottom respectively. The color red depicts the high values of the
power, while blue depicts the low values of the power. For both panels, the same
color code is used. The two right-hand side panels, the LDF of the power along the
v×B direction is shown for both cases with the same units along the vertical axis.
The radio signal is simulated using CoREAS [110].

7.2 Method

As mentioned before, the events that can be used for this analysis should be mea-
sured by the radio, surface and �uorescence detectors to obtain the radio signals, an
accurate reconstruction of the incoming direction and an estimate for Xmax respec-
tively. First cosmic-ray events measured by both surface and radio detectors are
analyzed, for which in a subsequent step coincidences with �uorescence detectors
are sought.
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7.2.1 Data selection

The data set was taken between March 2011 and March 2013, in which AERA I was
taking data (for speci�cations about the setup, see section 3.4.2). As mentioned
in Chapter 3, the stations were equipped with two di�erent sets of electronics:
one set designed to trigger autonomously [103] and one set designed to trigger via
the surface detectors. The traces from the externally triggered data will always
contain a cosmic-ray pulse, but it might disappear in the background noise. The
self-triggered data will always contain a strong pulse, but it might originate from
transient noise sources. These two sets of electronics require di�erent approaches to
identify a cosmic-ray event [173]. For self-triggered data, coincidences with recorded
surface detectors are sought by comparing the timestamps of the recorded surface
detector events. A coincidence window of ± 20 µs was used as criterion for this
analysis [173]. For externally triggered data, a loose cut is performed on the signal-
to-noise ratio of four stations of the raw traces to ensure that the event contains
pulses above the background noise levels. Both the externally as self-triggered
events are now analyzed further using the software package O�line. For each event
of both the self-triggered as well as the externally triggered data, the stations with
a signal-to-noise ratio larger than 9.5 on the analyzed traces are used to reconstruct
the arrival direction of the cosmic ray and compared to the reconstructed arrival
direction using the surface detectors [173]. From the externally triggered events we
know that they pass the quality criteria set for the surface detector analysis, but for
the self-triggered events this might not be true. Also an additional requirement, a
cut is set on the zenith angle of 60◦, since the antenna pattern of the radio detectors
is not well understood at larger zenith angles [102]. The true cosmic-ray events are
selected using a quality cut on the di�erence between the reconstructed opening
angle of the surface and radio detectors of 20◦ [173].

Self-trigger External trigger
Raw events 123878333 1176105
Reduced data set 248 1575

(raw SNR > 4) (|tSD - tradio| < 20 µs)
Pass SD quality cuts 173 1575
Cosmic-rays events 133 258

(Opening angle Ω < 20◦) (Opening angle Ω < 20◦)

Table 7.1: An overview of the selection criteria used to select the true cosmic-ray
events from the self-triggered and externally triggered data sets from the AERA I
setup.
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Table 7.1 shows that 133 self-triggered and 258 externally triggered cosmic-ray
events are selected. From the criteria of the event selection it is clear that all 391
evens are measured by the surface as well as the radio detectors. To obtain a value
of Xmax, the events should also be recorded by the �uorescence detectors. From
the 391 selected cosmic-ray events, 31 of these coincide with a �uorescence detector
measurement from either Coihueco or HEAT. A few criteria are proposed based
on earlier analysis to ensure a high quality of reconstructed �uorescence detector
events [154]: events with longitudinal pro�les distorted by cloud contamination are
rejected with a loose cut on the quality of the longitudinal �t with the Gaisser-Hillas
function of χ2/Ndf < 2.5 and also the shower maximum must be in the �eld of view
of the detector. After applying these cuts on the 31 events, only 5 events remain.
For all these events, the weather conditions at the time of measurement should
be investigated. During thunderstorms, the shape of the cosmic-ray induced radio
signal can be altered [174,175]. Therefore events measured during high-atmospheric
electric �elds should be rejected from the analysis. The electric-�eld meter at the
AERA site measured fair weather conditions for four of these �ve events. We also
assume fair weather conditions for the �fth event, since the �uorescence detectors,
which are able to recognize lightning, did not �ag this event as such [176].

7.2.2 Data reconstruction

The data from these 5 events are analyzed using the software framework of the
Pierre Auger Collaboration O�line. From the surface detector reconstruction, the
arrival direction (θ, φ) and the core position (x, y) of the event are used for the
radio reconstruction, since no accurate reconstruction can be done from radio data
only at this moment. The error on the distance due to the uncertainty of the core
position can be calculated when the x− and y−coordinates in the ground-based
frame are rotated to the xs− and ys− coordinates in the shower-based frame xs.
Since the errors on the x- and y-position are correlated [34], the error of the distance
l between the shower core and the radio detectors in the shower plane becomes [34]:

σ2
l =

x2sCov(xs, xs) + y2sCov(ys, ys) + 2xsysCov(xs, ys)

l2
, (7.3)

where Cov(i, j) denotes the covariance between the variables i and j and l =√
x2s + y2s . This error does not take into account the errors on the reconstructed

shower zenith angle and azimuth angle, but these can be quite accurately recon-
structed using the surface detectors of the Pierre Auger Observatory. The radio
data is converted from the measured ADC counts to voltages and known RFI
sources are �ltered out. The next step is to correct the data for the electronics
response and evaluate the antenna response. Then the three-dimensional electric
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�eld is reconstructed and the signal is determined. The signal S is de�ned as the
modulus of the Hilbert enveloped traces [153]. The error on the signal is de�ned
from a simulation study as [177]:

σS =

(
0.423√
SNR

− 0.501

SNR
+

3.395

SNR1.5

)
S, (7.4)

where SNR is de�ned via [173]:

SNR =
P 2
signal

RMS2
noise

, (7.5)

where P is de�ned as the peak of the Hilbert enveloped modulus and RMS as the
root-mean-square of the noise. The threshold for the SNR to select which radio
detectors are used for this analysis is set to 9. The correction factors due to the
broadening of inclined showers and the di�erence in signal strength due to the angle
between the incoming shower and the magnetic �eld lines described in the previous
section are applied to the LDF of each event.

7.3 Results

From the remaining �ve events, the reconstructed shower parameters are given in
Table 7.2. Here the primary energy estimate from the �uorescence detectors is
used instead of the primary energy estimate from the surface detectors, since the
latter only samples the properties of an air shower at a limited number of points
at di�erent distances from the shower [74].

Event no. E0,FD [eV] θSD φSD α Xmax # stationsSNR>9

2341083 5.46 × 1017 32.9 310.8 99.7 744 ± 19 3
768615 2.48 × 1017 38.9 255.3 87.3 695 ± 35 4
689089 2.47 × 1018 53.4 331.9 93.8 637 ± 7 3
545610 5.30 × 1017 51.9 308.6 83.0 790 ± 25 3
2894986 2.30 × 1017 14.1 313.0 115.3 648 ± 48 3

Table 7.2: The reconstructed shower parameters of the �ve cosmic-rays events that
are measured with the radio, surface and �uorescence detectors of the Pierre Auger
Observatory and pass the quality criteria described in section 7.2.1.



7.3 Results 83

The �rst thing to note from Table 7.2 is that only one event ful�lls the criterion to
�nd an appropriate estimate for a′4 in Chapter 6, namely containing four stations.
However, with statistics low as it is, the analysis continues with all �ve events.
As apparent from Table 7.2, the estimated primary energy from the �uorescence
detectors covers ten orders of magnitude. Since the de�nition of the signal is di�er-
ent for the experimental data study than for the simulation study, the amplitude
LDF �t parameter a1 has to be re-estimated. In Chapter 6 this is done by �t-
ting each LDF with equation (6.8). Since the LDFs in this analysis only contain
a limited number of stations as opposed to the LDFs containing thirty stations
used to determine the value of a4 in Chapter 6, the LDFs are normalized by their
reconstructed primary energy from the �uorescence detectors and merged before
�tting with equation (6.8). The result of this analysis is shown in Figure 7.5.
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Figure 7.5: The merged LDFs from the �ve events corrected for their primary
energy as estimated by the �uorescence detectors, the angle between the magnetic
�eld lines and the direction of the incoming shower and the broadening e�ects due
to inclination of the shower, is �tted with equation (6.8) depicted by the solid black
line.

The obtained value for a1 is used for the analysis where the LDF of each event,
normalized by its primary energy as estimated from the �uorescence detectors is
�tted with equation (6.8) to obtain a value for a′4. By applying the correction
factors for the broadening of the zenith angle and the di�erence in signal strength
due to the angle between the incoming direction of the shower and the magnetic
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�eld lines, all the events are reconstructed to resemble vertical showers as much as
possible. Therefore the shape parameters a′2 and a′3 are not expected to change.
In Figure 7.6 the results of this �t procedure are shown for each event separately,
where the solid black line depicts the resulting �t function.
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Event number = 2341083

(a) The LDF of event 2341083.
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Event number = 768615

(b) The LDF of event 768615.

0 50 100 150 200 250 300 350 400
Distance to the shower axis l [m]

100

101

102

103

P
ea
k
M
od
u
lu
s
S
[µ
V
/m

]

Event number = 689089

(c) The LDF of event 689089.
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Event number = 545610

(d) The LDF of event 545610.
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(e) The LDF of event 2894986.

Figure 7.6: The result of �tting the LDF of each event separately with equation
(6.8) with a constant value for a1, a

′
2 and a′3, shown for each event separately. The

black solid line in each panel represents the resulting �t function.
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Inspecting Figure 7.6 shows that none of the events ful�ll the criteria determined
in Chapter 6 to obtain an accurate estimate for a′4. There is one event containing
four detectors, but only one of these stations is further away than 150 m from the
shower axis. In the case of three stations, the error on the determination of a′4 is
only slightly larger than set by the criteria σXmax

∼ 25 g/cm2. For the remain-
ing events containing three stations, only two events ful�ll the obtained criterion
for three stations to have one station approximately at 100 m and one station at
approximately 200 m from the shower axis. These events are 689098 and 545610,
which both have a a relative large estimate for the primary energy. The results of
the �t procedure for the value of a′4 are shown in Table 7.3.

Event no. a′4 ± σa′4
2341083 56 ± 6
768615 74 ± 13
689089 58 ± 1
545610 64 ± 7
2894986 57 ± 7

Table 7.3: The values for the LDF �t parameter a′4 found from �tting each event
with equation (6.8) with a constant value for a1, a

′
2 and a′3.

The values found for a′4 are plotted as a function of the obtained value for Xmax

from the �uorescence detectors. The results are shown in Figure 7.7. The dotted
black line represents the relation between Xmax and LDF �t parameter a′4 from
the simulation study derived in Chapter 6.

With only �ve events passing the required analysis cuts and quality criteria, it
is hard to verify whether the established theoretical relation between the LDF
�t parameter a′4 and the shower maximum Xmax is also found in experimental
data. From inspecting Figure 7.7 one could say that the data seems to follow the
predicted relation, depicted by the dotted black line. None of the �ve events ful�ll
the quality criteria set in Chapter 6, so it is possible that including only events that
ful�ll these criteria the expected relation is approached. Even though the data is
corrected for a small number of observer and shower parameters which in�uence
the radio pattern at the observer level, a number of factors are not taken into
account. The di�erence in observer level between the simulation study and the
experimental data and the error in the reconstructed parameters cause deviations
from the theoretical relation. More data needs to be collected to prove or disprove
the theoretical relation. These data can then also be used to explore the di�erence
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Figure 7.7: The parameter Xmax as a function of the LDF �t parameter obtained
from the LDF from cosmic-ray events measured by the radio, surface and �uores-
cence detectors at the Pierre Auger Observatory.

in LDF �t parameter a′3 between the simulations created with the Monte Carlo
simulation code EVA and the Monte Carlo simulation code CoREAS, as discussed
in the previous Chapter. With only �ve events, no conclusion can be drawn about
the behavior of a′3 from experimental data.

7.4 Summary and conclusions

In this chapter the results from the simulation study, as presented in Chapters
5 and 6, regarding the sensitivity of the radio signal of various distances to the
shower axis to di�erent shower parameters were tested using data obtained at the
Pierre Auger Observatory. For this analysis, cosmic-ray events had to be measured
simultaneously by the radio detectors, surface detectors and �uorescence detectors
to obtain the radio signals, an accurate reconstruction of the arrival direction and
an estimate for the shower maximum Xmax respectively. After identifying and
reconstructing a cosmic-ray event using the Pierre Auger software package O�line,
�ve events remain that satisfy these criteria. The properties of these �ve events
di�er from the simulated events used in the previous Chapters, which may in�uence
the shape of the LDF and therefore results obtained from the simulation study. For
some of these properties, such as the broadening of the LDF due to the inclination
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of the shower and the di�erence in signal strength due to the angle between the
incoming direction of the shower and the magnetic �eld lines, corrections are found.
Using these correction factors the LDF of each event is reconstructed to resemble
vertical showers as much as possible. For some properties, such as the di�erence
between the observer levels of experimental data and the simulations, no corrections
have been found. After applying the correction factors, the combined LDF of these
�ve events corrected for their primary energy was �tted using equation (6.8) to
obtain an estimate for the value of the amplitude LDF �t parameter a1. This is
a necessary step to �t the normalized LDF for each event with the same equation
using constant values for a1, a

′
2 and a′3 to �nd an estimate for the LDF slope

parameter at large distances from the shower axis a′4. The relation found between
the �tted values for a′4 and the values for the shower maximum obtained from the
�uorescence detectors are compared to the theoretical relation found in Chapter 6.
Although this analysis contains only �ve events, the trend from the data seems to
follow the trend suggested by the simulations. But of these �ve events, none ful�lls
the criteria mentioned in Chapter 6 to obtain an accurate estimate for the value of
a′4. This could explain the deviations from the expected relation. However, these
deviations could also be caused by not taken into account a number of observer-
and shower parameters. More data needs to be collected to prove or disprove this
expected relation.





CHAPTER 8

Probing early stages of the shower

In Chapter 5 the concept of 'shower universality' was introduced: the idea that
all air showers develop more or less the same. The assumption that the shape of
the longitudinal shower pro�le can be described by parameters L and R is based
on universality. However, previous work shows that small variations in the value
of L and R can occur [144, 146], which is also clear from the previous analysis.
These variations are caused by di�erences in the shower development, which are
determined by statistical processes. The �rst few interactions are crucial in de-
scribing the �uctuations in the shower development, since here the ground work is
laid for the energy evolution between the di�erent air-shower components, which
will in�uence the values of the universal shower parameters L and R.

8.1 Introduction

According to Matthews' extension of Heitler's toy model described in Chapter 2,
an air shower consists of three main components: a hadronic component, an elec-
tromagnetic component and a muonic component. Before the cosmic ray interacts
with the atmospheric molecules, all energy is concentrated in the primary hadronic
particle. After the �rst interaction, a fraction of the initial energy is transferred to
the electromagnetic component, while the remaining energy stays in the hadronic
component. In Matthews' model this fraction is estimated to be one third. In
reality its value depends on multiple variables, such as the impact parameter of
the collision, the multiplicity, and the elasticity. The energy that is transferred to
the electromagnetic component remains in this component: none of it �ows back
to the hadronic component. While the hadronic component travels through the
atmosphere, it continues to feed the electromagnetic component with each interac-
tion. This process stops when the particles dominating the hadronic component,
the charged pions, reach their critical energy and the bulk of the muons is cre-
ated [178]. An example of the energy evolution of the air-shower components as
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a function of slant depth is shown in Figure 8.1 for a vertical proton-induced air
shower with a primary energy of 1019 eV, simulated with the Monte Carlo simula-
tion code CORSIKA [40].

Figure 8.1: Energy �ow in a proton-induced air shower with a primary energy of
1019 eV (left scale) and cascade pro�les N(X) (right scale). The depth where the
shower reaches its maximum number of particles is denoted by Xmax. The energy
evolution of the di�erent components is shown with di�erent lines [179].

Since the shower is build through statistical interaction processes, variations in
shower development occur. This is shown in Figure 8.2 by plotting the di�erent
energy components as a function of slant depth for two vertical proton-induced
showers with a primary energy of 1018 eV simulated with the Monte Carlo simu-
lation code CoREAS [40]. Both showers have the same point of �rst interaction,
which ensures that the variations in shower development are solely caused by the
di�erences in shower physics.

When comparing the left-hand side panel and the right-hand side panel of Figure
8.2, one sees two very di�erent shower developments. For example, the left-hand
side panel shows a less rapid decrease of the hadronic component than the right-
hand side panel. Since the energy in the hadronic component and the energy in the
electromagnetic component are strongly correlated. The in�uence on the energy
�owing into the electromagnetic component becomes visible: a slower decrease of
the energy in the hadronic component causes a slower increase of the energy in the
electromagnetic component. The same is true for the muonic energy component:
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Figure 8.2: The energy evolution of the hadronic, electromagnetic and muonic com-
ponent of two vertical proton-induced air showers with an energy of 1018 eV simu-
lated using CORSIKA [40]. Both showers have the same point of �rst interaction
to ensure that the di�erences in the energy evolution solely arise due to variations
in shower physics.

a slow decrease in the hadronic energy component will cause a slow increase in
the muonic component. The variation in these processes in�uences the slant depth
between the point of �rst interaction and the shower maximum 40: the value for
this parameter is ∼ 753 g/cm for the shower depicted in the left- hand side panel
and ∼ 667 g/cm2 for the shower in the right-hand side panel. Previous work and
the bottom right-hand side panel of Figure 5.10 show that the variations in 40 are
re�ected in the values of the universal shower parameter R [144,146], but due to the
correlation between the universal shower parameters also the parameter L might
be in�uenced. To verify these relations, the same line of reasoning of a previous
study is followed [146]. First the universal shower parameters are related to known
parameters. Therefore the Gaisser-Hillas parameterization [142] of the longitudi-
nal shower pro�le is evaluated at the height h of the maximum where the universal
shower parameter L is measured. The parameterization can then be solved for the
values of X ′ = X −Xmax that satisfy N(X) = hNmax:

40

λ
ln

(
1 +

X ′

40

)
− X ′

λ
= lnh. (8.1)
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This relation is true for two values of X ′, namely X ′1 and X ′2, depicted in Figure
8.3. Inspecting this Figure shows that the values of X ′1 and X ′2 depend on the
asymmetry of the shower pro�le. Therefore the width of the shower pro�le on
the left- and right-hand side of X ′ = 0 is approximated by a linear combination of
universal shower parameters L and R, namely L/2−αR and L/2+αR respectively.
Here α is a proportionality factor.
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Figure 8.3: An example of a shower pro�le, depicting that the width of the shower
pro�le on the left- and the right-hand side depends on the asymmetry of the shower
pro�le. The width on the left and right hand sides of X ′ are approximated by a
linear combination of the two universal shower parameters L and R.

Equation (8.1) for X ′1 = L/2 − αR and X ′2 = L/2 + αR can be combined to �nd
one solution, unique for the shower pro�le:

ln

(
1 + L

40
( 1
2 − αR)

1− L
40

( 1
2 + αR)

)
+

L

40
= 0. (8.2)

Equation (8.2) shows that there is correlation between the universal shower param-
eters L and R and the depth between the point of �rst interaction and the shower
maximum 40. Since our analysis in Figure 8.2 shows that the latter is in�uenced
by the variations in the evolution of the energy between the main components of
the air shower, the �uctuations in the values of the universal shower parameters
should also be caused by the variations in the statistical processes.
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8.2 Method

To explore the sensitivity of the universal shower parameter L and R to the vari-
ations in the energy evolution, due to the statistical processes during the shower
development, detailed Monte Carlo air shower simulations were used, created with
the simulation code CORSIKA [40]. This program was chosen over the earlier
used CONEX code [42,180], since CORSIKA can produce particle �les containing
information about the identity and the energies of the particles at heights set by
the user. Due to time limitations and our interest in only the rough picture of
the shower development, the thinning factor and the energy cuts were relatively
large. The simulation set consists of 396 vertical showers, equally divided over the
two primary energies 1018 eV and 1019 eV. Half of the showers has a proton as a
primary particle, while the other half has an iron nucleus as a primary particle.
Other parameter speci�cations needed for the simulations, such as the magnetic
�eld, are the same as for the simulation set in Chapter 5 (see section 5.1.1 for
speci�cations). For all simulations the point of �rst interaction was set at 30 km
above sea level, corresponding to a slant depth of X ∼ 13 g/cm2. By doing this,
the di�erences in the evolution of the longitudinal shower pro�les are expected to
arise solely from variations in air-shower physics. Since the �rst few interactions are
crucial in determining the evolution of the energy, the particle �les are extracted at
20 km below the �rst interaction point, corresponding to a slant depth of X ∼ 270
g/cm2. This is approximately three pion interaction lengths, which allows some of
the extreme �uctuations to even out. The universal shower parameters L and R
are again obtained by �tting the shower pro�le in the region −350 < X ′ < 200
g/cm2 with equation (5.2).

8.3 Results

To �nd a correlation between the variations in the universal shower parameters and
the variations in the energy evolution of the air-shower components we �rst need to
determine which components have a large in�uence on the parameter 40. Figure
8.2 shows that a fast decreasing hadronic energy component induces a fast increas-
ing electromagnetic component, creating relatively high-energetic electromagnetic
particles. These high-energetic hadronic and electromagnetic particles will act in
the same way, penetrating relatively deep into the atmosphere before their next
interaction. This behavior will in�uence the parameter 40, since a large number
of high-energy particles created in the early stages of the shower will increase the
depth between the point of �rst interaction and the shower maximum. To de-
termine what should be identi�ed as a high-energy particle, the particle energy
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distribution is studied for proton-induced showers with a primary energy of 1018

eV, shown in Figure 8.4. The left-hand side panel shows the energy distribution
of all particles at a depth of X ∼ 270 g/cm2. It is clear from this panel that the
bulk of the particles at this depth has a low energy, since the sparse high-energy
particles are not visible in this plot. Therefore the energy distribution is again
shown in the right-hand side panel, but now focused on the high-end of the spec-
trum. The threshold to determine whether a particle is considered a high-energy
particle is set below the tails of the low-energy particle distribution, at 1015 eV.
This high-energy component Ehigh is the �rst candidate to have a large in�uence
on the depth between the point of �rst interaction and the shower maximum 40.
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Figure 8.4: The energy distribution of the particles at a depth of 270 g/cm2 for a
proton shower with a primary energy of 1018 eV. The left-hand side panel shows
the entire energy distribution, while the right-hand side panel focuses on the high
end of the spectrum.

A second candidate which potentially has a large in�uence on 40 can also be iden-
ti�ed by inspecting Figure 8.2. Here it is clearly shown that the energy evolution
in the muonic component is strongly in�uenced by the variations in the hadronic
energy evolution: a faster decreasing hadronic energy component will cause a faster
increasing muonic energy component. The energy going into the muonic compo-
nent does not contribute further to the shower development, due to the small cross
sections of muons. If the energy was not carried away by muons, it would have gone
in creating electromagnetic sub showers which would have increased the depth be-
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tween the point of �rst interaction and the shower maximum. Therefore the energy
in the muonic component Eµ is the second candidate to have a large in�uence on
40.

The expected correlation between the muonic and high-energy components on the
one hand and the depth between the point of �rst interaction and the shower max-
imum 40 on the other hand can be veri�ed using the simulation set. The results
are shown in Figure 8.5, where in the lower right corner of each panel the Pearson
correlation coe�cient is shown.
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Figure 8.5: The two energy components Ehigh and Eµ as a function of the depth
between the point of �rst interaction and the shower maximum 40. All showers
are vertical showers, but with di�erent primary energies: the showers depicted with
green markers have an energy of 1018 eV and the showers with purple markers have
an energy of 1019 eV. The circular markers depict the proton-induced markers,
while the square markers depict the iron-nucleus-induced showers. In the lower
right corner of each panel, the Pearson correlation coe�cient is plotted.

Inspecting Figure 8.5 shows that both the high-energy component and the muonic
component are strongly correlated with the depth 40. Also the sign of the cor-
relation is as expected: the parameters 40 and Ehigh are correlated, while the
parameters 40 and Eµ are anti-correlated.
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The next step will be to verify possible correlations between the universal shower
parameters L and R on the one hand and the two energy components Ehigh and
Eµ on the other hand. The results of this analysis are shown in Figure 8.6. In the
lower right corner of each panel, the Pearson correlation coe�cient is shown.
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Figure 8.6: Correlations between the universal shower parameters L and R on the
one hand and two energy components Ehigh and Eµ with a large in�uence on the
depth between the point of �rst interaction and the shower maximum on the other
hand. In the lower right corner of each panel, the Pearson correlation coe�cient is
shown. For an explanation about the di�erent colors and markers, see the caption
of Figure 8.5.

The upper left-hand side panel of Figure 8.6 shows a moderate correlation between
the universal shower parameter L and the high-energy component of the shower
Ehigh: the larger the high-energy component, the larger the value of universal
shower parameter L. Due to the positive sign of the correlation, this e�ect must be
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dominated by the electromagnetic sub showers created after the shower maximum,
which would widen the shape of the longitudinal shower pro�le. The right-hand
side upper panel of Figure 8.6 shows a moderate correlation between L and Eµ.
This correlation is also suggested in previous work [144], although no measure of
the correlation was indicated. Comparing the values of the Pearson correlation co-
e�cient of the two upper panels indicates that the energy carried away by muons in
the early stages of shower development is less important for in�uencing the width
of the shower pro�le than the high-energy component at the early stages of the
shower development. The two lower panels indicate that there is no signi�cant
correlation between the universal shower parameter R on the one hand and the
energy components Ehigh and Eµ on the other hand. With R re�ecting the growth
rate of particles and both energy components being able to in�uence the energy
available for this rate, �nding no correlation is an unexpected result. As mentioned
previously, it seems that the in�uence on the shape of the shower pro�le before the
shower maximum due to the variations in Ehigh and Eµ is small. Since the uni-
versal shower parameter R is mainly determined by the rising tail of the shower
pro�le [144], this could explain the non-existent correlation.

From the analysis, we conclude that only the width of the shower pro�le L contains
information about the early stages of the shower development due to its correlation
with the high-energy component Ehigh. The detection methods that are sensitive
to the shape parameter L can therefore extract information about early shower
physics. The one detection method that is obviously sensitive to this parameter, is
�uorescence detection. For other detection methods, where we focus on the tech-
niques used at the Pierre Auger Observatory, the sensitivity for the parameter L
needs to be veri�ed. For the radio-detection technique, the results of this analysis
are shown in the right-hand side panel of Figure 5.6 in Chapter 5. This shows that
there is only a moderate correlation between the ratio of radio signals S300/S100

and the universal shower parameter L. The sensitivity of the two remaining de-
tection techniques, water-Cherenkov detection measuring the numbers of electrons,
positrons and photons at distances close to the shower axis, and muon detectors,
measuring the number of muons, are tested in the upcoming sections.

8.3.1 Muon detection

Figure 8.6 shows a moderate correlation between the universal shower parameter L
and the energy in the muonic component at a depth X ∼ 270 g/cm2. At the early
stages of the shower development, the energy of the individual particles is relatively
high and the muons at these low slant depths are created as secondary products in
reactions. The bulk of the muons arriving at the surface of the earth however are
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created in later stages of the shower evolution, as the decay products from charged
pions and kaons. Therefore, the signal measured at the muon detectors will be
dominated by the bulk of lower-energy muons. Whether the energy from the bulk
of muons still contains information about the energy in the muonic component in
the early stages from the shower development and thus the parameter L, is tested.
However, the muon detectors do not measure the energy, but the number of passing
muons. Since the bulk of the muons has approximately the same energy, a relation
between the energy and the number of muons is expected. The two parameters are
shown in the left-hand side panel of Figure 8.7, with the Pearson correlation coe�-
cient in the lower right corner. The energy and the number of muons are corrected
for the primary energy of the di�erent simulations. This relation is almost perfectly
linear, con�rming that the bulk of the muons has the same energy. Any deviations
from this line could be attributed to high-energy muons created at earlier stages
in the shower development. Since these deviations are small, it is expected that no
information about the muonic energy at early stages of the shower development is
present at the surface of the earth. This is veri�ed by plotting the number of muons
at the ground level as a function of universal shower parameter L, as shown in the
right-hand side panel of Figure 8.7, again with the Pearson correlation coe�cient
shown in the lower right corner.

Inspecting the right-hand panel of Figure 8.7 shows that there is no correlation be-
tween the number of muons and the universal shower parameter L. However, the
bulk of the muons recorded by the muon detectors still contains information about
the composition of the primary particle. Since the muons travel undisturbed from
their point of production to the observer level, the time structure still holds infor-
mation about their production depths [181]. From this the muon production depth
along the shower can be reconstructed [181,182]. The shape of the muon production
depth pro�le contains information about the development of the hadronic cascade,
the �rst interaction point and the composition of the primary particle [178].

8.3.2 Surface Cherenkov detection

Also for the surface detectors the sensitivity to the two energy components can
be veri�ed. The surface detectors measure the Cherenkov light produced by high-
energetic particles, which are mainly electrons, positrons and photons at small
distances from the shower axis. Since these particles are also contained in the
high-energy component Ehigh it is possible that the electrons, positrons and pho-
tons measured at the observer level bear information about the early shower de-
velopment. As in the case of the muons, the bulk of the electromagnetic particles
arriving at the observer level are low-energetic particles with approximately the
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Figure 8.7: The left-hand side panel shows the number of muons plotted versus the
energy in the muonic component, both corrected for the primary energy. The right-
hand side panel shows the number of muons normalized by the primary energy
plotted versus universal shower parameter L. In the lower right corner of each
panel, the Pearson correlation coe�cient is shown. For an explanation about the
colors and the markers, see the caption of Figure 8.5.

same energy. The surface detector does not measure the energy but the number
of electromagnetic particles. If only the electrons and positrons were measured, an
approximate linear relation is expected between the number of particles and their
energy since the energy of the bulk of these particles will be close to the critical
energy at the observer level. Including the photons and possible remaining other
high-energy electromagnetic components, which could have a wide range of ener-
gies, disturbs this relation. This is shown in the left-hand side panel of Figure 8.8.
Note the second, approximately linear, line in this plot, which consists of simula-
tions that have an extremely high-energy particle with approximately 10% of the
primary energy. Therefore these simulations lie outside the bulk of the simulations,
but follow the same trend. The right-hand side panel of Figure 8.8 shows the re-
sults of the search for the correlation between universal shower parameter L and
the number of electromagnetic particles at the observer level.
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Figure 8.8: The left-hand side panel shows the number of electromagnetic particles
as a function of the electromagnetic energy, both corrected for the primary energy.
The right-hand panel shows the number of electromagnetic particles corrected by
the primary energy plotted as a function of the universal shower parameter L. In
the lower right corner of each subplot, the Pearson correlation coe�cient is shown.
For an explanation about the colors and the markers, see the caption of Figure 8.5.

The right-hand side panel of Figure 8.8 shows a weak correlation between the energy
of the electromagnetic particles at the observer level and the universal shower pa-
rameter L. This indicates that measuring the energy content of the electromagnetic
particles at the observer level does not contain information about the high-energy
component at the early stages of the shower development. The �uctuations are
probably due to the statistical nature of the remaining shower development.

This analysis shows that both the muon and surface detectors are not sensitive
to the shape parameter L and therefore the high-energy component at early stages
of the shower development. The correlation of the parameter L with the radio de-
tectors described in Chapter 5 seems to be the most sensitive one. The �uorescence
detection technique is not taken into account in this discussion since it measures
the longitudinal shower pro�le directly and is expected to determine the universal
shower parameter L accurately although no numbers could be found to support this
statement. Due to the low uptime of the �uorescence detectors, the radio-detection
technique seems to be the most promising technique to obtain information about
the early stages of the shower development.
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8.4 Summary and conclusions

The analysis presented in this Chapter explores the correlations between the uni-
versal shape parameters L and R, determining the shape of the longitudinal pro�le,
and the energy in the di�erent components at the early stages of the shower devel-
opment. The variations in the energy evolution of the main shower components in
early shower development are due to the statistical nature of the processes, in�u-
encing the depth between the point of �rst interaction and the shower maximum
40 and therefore the shape of the shower pro�le. For this analysis a simulation
study was performed with the point of �rst interaction taken equal for all showers
to ensure that di�erences in the longitudinal evolution arise solely from variations
in shower physics. Information about the particles and their energy in the early
stages of the development of the shower were extracted at X ∼ 270 g/cm2, approx-
imately three times the interaction length of charged pions. Using this simulation
set, the analysis showed that there are two energy components contributing to the
variations in 40: the high-energy component Ehigh, containing all electromagnetic
and hadronic particles with an energy above 1015 eV, and the muonic component
Eµ, containing the energy of all muons. These two energy components appear to
correlate with the shower parameter 40, with an opposite e�ect: the larger the
high-energy component, the larger 40, while a lower muonic energy component
ensures a larger value for 40.
Based on earlier work the variations in40 are expected to be re�ected in variations
in the value of the universal shower pro�le L and R. This is veri�ed, where only
the parameter L showed a moderate correlation with the high-energy component
Ehigh. Detection methods which are sensitive to the parameter L can therefore ex-
tract information about the early stages of the shower development from their data.
In Chapter 5, the sensitivity of the radio signal to this universal shower parame-
ter was tested. This Chapter veri�es the sensitivity to L for the other detection
techniques at the Pierre Auger Observatory, such as the muon detectors and the
surface detectors. The �uorescence detection technique is not taken into account,
since this measures the longitudinal shower pro�le directly and should therefore be
able to determine L. From the analysis presented in this Chapter it shows that
the muon detectors as well as the surface detectors are not sensitive to the univer-
sal shower parameter L, since the signals in both detectors are dominated by the
large numbers of the lower-energy particles. Taken into account the low uptime of
the �uorescence detectors, it seems that the radio-detection technique is the most
promising technique to learn about the early stages of the shower development.





CHAPTER 9

Summary and Conclusions

For over a century, scientists are trying to unravel the mysteries about the nature
and origin of high-energy cosmic rays. The low �ux of these particles complicates
the research, making it necessary to employ large ground-based detectors to gain
some statistics. However, at the ground level, the primary particle can not be
measured directly. It interacts with the molecules in the atmosphere leading to a
cascade consisting out of millions of secondary particles, called an Extensive Air
Shower.

A number of these air-shower properties depends on the nature of the primary
particle, as indicated by theoretical models in Chapter 2. A common parameter
to study the primary particle composition is the slant depth at which the num-
ber of particles of an air shower reaches its maximum, denoted by Xmax. This
parameter can be measured directly by for example �uorescence detectors measur-
ing the �uorescence light from the excited molecules along the path of the shower
or indirectly by for example water-Cherenkov detectors measuring the Cherenkov
light of passing high-energetic particles. Both detection techniques are deployed at
the Pierre Auger Observatory in Argentina. Since �uorescence detectors have an
uptime of 10% and water-Cherenkov detectors rely on simulations to study com-
position, other detection techniques are explored. One of those is measuring the
coherent radio emission from of electrons and positrons in the air shower with radio
detectors. The dominant emission is due to the de�ection of electrons and positrons
in the earth's magnetic �eld, but there is also an additional contribution due to the
knock-out e�ect of the electrons from the atmospheric molecules. The advantage
of the radio detection is that it has an uptime of 100%, which is one of the reasons
this method revived in the 21st century with radio setups as CODALEMA [86�88],
LOPES [89, 90], LOFAR [93, 94] and the Auger Engineering Radio Array at the
Pierre Auger Observatory [91,92] as proof.
The layout of radio detectors should ensure su�cient sensitivity to shower param-
eters and a high data rate. To investigate the possibilities of the radio-detection
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technique in cosmic-ray research this thesis uses a simulation study, since experi-
mental data comes in at a sparse rate. The di�erent Monte Carlo models that can
be used to simulate the air showers predict the main features seen in experimen-
tal data: the di�erent polarization patterns of the two emission mechanisms, the
shape of the wave front and the in�uence of atmospheric electric �elds. This illus-
trates that the simulations are a good representation of the experimental data [157].

For simulations to resemble experimental data even better, noise should be added.
The noise depends, among other things, on the location and should therefore be
studied separately at each setup. The noise analysis of the radio setup of the Pierre
Auger Observatory is therefore done with noise traces measured with the predeces-
sor of the AERA setup. Noise is also sensitive to the frequency range of interest.
At 30-80 MHz, the noise is composed of galactic and man-made noise. Both are
broad-band components, with di�erent signatures in the time domain: the galactic
Gaussian-distributed noise is present as a constant background signal with a small
amplitude, while the man-made transients are short and sudden outbursts with
large amplitudes. These di�erent signatures are used to �nd a parametrization of
the noise in Chapter 4, where the Amplitude Probability Distribution of an hour
of noise traces is �tted with a Symmetric α-Stable function. This function has two
parameters: the �rst parameter σSαS represents the width of the distribution and
is correlated to the amount of galactic noise. The second parameter α is a measure
of the heaviness of the tails, representing the amount of transients. Although these
two parameters come from noise, they contain useful information that can be used
in the analysis. The parameter σSαS can be used to monitor the health of the radio
detectors due to its known behavior, while α can be used to assign a quality factor
to the data.

Using the two SαS parameters, realistic noise can be created that can be used
in a simulation study, such as in Chapter 5. Here simulations are used to investi-
gate the sensitivity of the radio signal to the composition of the primary particle
using the Lateral Distribution Function. The advantage of using the LDF that
it is not only sensitive to the composition, but also to air-shower physics and the
primary energy. The latter is tested �rst by retrieving the distance to the shower
core at which the spread in the radio signal due to the di�erence in composition is
minimal. This distance depends on the primary energy: approximately 110 m at
1017 eV, decreasing with increasing primary energy to 70 m at 1019 eV. However,
when looking at the estimated average error of the distance for the Pierre Auger
Observatory (∼ 20 m), the signal at a distance of approximately 90 m should pro-
vide a measure of the primary energy. The energy resolution due to the sensitivity
to the large range of primary energies is 11%, without detector or systematic ef-



105

fects. This can be improved be decreasing the range of primary energy, suggesting
that the energy resolution using radio detectors could become better than the en-
ergy resolution of the surface detectors at the Pierre Auger Observatory, which is
∼ 18% in di�erent energy ranges.
To study the composition, a relation is found between the ratio of geomagnetic
radio signals at 300 m and 100 m, denoted by S300/S100, and the composition-
sensitive shower maximum Xmax. The signal at 100 m is sensitive to the pancake,
which is independent of composition, while the signal at 300 m is sensitive to the
longitudinal shower pro�le and thus Xmax. This results in a spread in the deter-
mination of Xmax using radio detection only of ∼ 24 g/cm2, comparable to the
spread from the �uorescence detection technique. However, the radio analysis in
this Chapter did not include detector e�ects. If the antenna response of the radio
detector is uniform with zenith angle, the results of the analysis are not expected
to change much.
To improve the resolution of the analysis further, the results of the analysis to de-
termine the primary energy from the radio signal should be included. Here we saw
that the distance where the spread in the signal due to the di�erence in composition
is minimal, depends on the primary energy. This suggests that the chosen ratio
S300/S100 is the best ratio for the lower energies, while for higher energies, the ratio
S300/S80 would be more suitable. In this case, adapting the ratio of radio signals
speci�c to the primary energy of interest reduces the error in the determination of
Xmax. The spread in the determination of the position of the shower maximum is
partly due to the di�erences in longitudinal evolution between the showers, which
can be quanti�ed by the universal shower pro�le parameter L describing the width
of the shower pro�le. By placing a quality cut on L, the spread in the determina-
tion of Xmax using the signal ratio decreases to ∼ 13 g/cm2. However, the value
of L with the accuracy needed for this analysis might not be available from the
ratio of radio signals S300/S100. The possibilities to obtain the universal shower
parameter L from the radio signal should be explored further. An alternative is
to use a second detection technique, such as �uorescence detection technique: an
approach which can be used at the Pierre Auger Observatory.
The same signal ratio is also correlated to the universal shower parameter R, de-
scribing the growth rate of particles from the point of �rst interaction to the shower
maximum and is therefore a measure of early shower physics. This is a parameter
that can also be measured by the �uorescence detectors directly, making the radio-
and �uorescence detection technique both sensitive to the shape of the longitudi-
nal shower pro�le. Since the uptime of the �uorescence detectors is relatively small
as compared to the uptime of the radio detectors, the radio-detection technique
seems to be the most promising for obtaining the information about the shape of
the longitudinal shower pro�le.
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Experimental data does not always include the signals at 300 m and 100 m from
the shower axis, but these can be approximated by �nding a parametrization for
the LDF. The �t function proposed in this analysis consist of a Wood-Saxon-like
function, large and almost constant at distances close to the shower axis, develop-
ing into a simple exponential function at large distances from the shower axis. The
�t function contains four parameters, of which the amplitude parameter a1 is set
to a constant value per energy bin to stabilize the convergence of the �t. The other
three parameters are correlated, but these correlations can be used to form a new
set of independent parameters a′2, a

′
3 and a′4. Although the variations in the �rst

two �t parameters seem to re�ect shower-to-shower �uctuations, no correlations
were found. Therefore the parameters a′2 and a

′
3 were set to their average value for

the remainder of the analysis. It would be interesting to �nd the shower properties
with which these �t parameters correlate since they could provide additional infor-
mation about the shower development. Since these two parameters determine the
shape of the LDF at small distances from the shower axis, it is possible that the
answer can be found in the properties of the pancake. The remaining LDF �t pa-
rameter a′4 is correlated with S300/S100, R and Xmax. Since the main contribution
to the error in the radio signal is due to the uncertainty in the core determination,
a set of criteria for the positions and the number of the radio detectors was derived
for measuring vertical showers. To �nd a value of a′4, resulting in a spread of maxi-
mal ∼ 25 g/cm2 in Xmax, the LDF should contain four stations at distances larger
than 70 m from the shower axis with at least two stations between 150 m and 300
m from the shower axis.
In terms of the optimal layout for a radio detection setup to measure vertical
showers at sea level in a triangular grid similar to the AERA layout, the analysis
suggests that the detectors should be spaced approximately 260 meters apart. This
indicates that AERA II, where the radio detectors are spaced 250 m, has a more
appropriate layout to measure vertical showers than AERA I, where the radio de-
tectors are spaced 150 m apart. When the interest of the observer shifts to inclined
showers, the distance between the radio detectors can be become larger, inverse
proportional to the cosine of the zenith angle of interest.

The relation between the LDF parameter a′4 and the shower maximum was based
on a simulation analysis, where in Chapter 7 experimental data from the Pierre
Auger Observatory is used to verify this result. For this analysis, the cosmic-ray
events have to be measured simultaneously by radio, surface and �uorescence detec-
tors to obtain the radio signal, an accurate reconstruction of the incoming direction
of the air shower and an estimate for Xmax, respectively. The data selection and
analysis is done using the software package O�line. After performing quality cuts
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and selection criteria for all three detector types, �ve events remain which can be
used in this analysis. The data are corrected for the zenith angle and the angle
between the magnetic �eld lines and the direction of the air shower, which change
the radio pattern at the observer level with respect to vertical showers as used
in the simulation study. From �tting the LDF of each event with the proposed
�t function of Chapter 6, a value for the parameter a′4 is found. An additional
error was set on the parameter a′4, since the experimental data contain the charge-
excess component which was omitted in the simulation analysis. When plotting
the shower maximum versus the obtained values of a′4, there is an indication that
the experimental data follows the predicted relation found. However, none of the
events ful�lls the criteria set described in Chapter 6 to obtain an accurate value for
a′4 and together with a number of observer and shower parameters which were not
corrected for, the deviations from the theoretical relation could be explained. Thus
more events measured by radio, surface and �uorescence detectors are needed to
actually state that theory and data follow the same behavior.

Since the analysis in Chapter 5 showed that the radio-detection technique is the
most promising technique to obtain information about the shape of the longitudi-
nal shower pro�le via universal shower parameters L and R, Chapter 8 explores
the sensitivity of these two parameter to the components in�uencing the shower
development. The di�erences in the statistical processes of shower development
will in�uence the depth between the point of �rst interaction and the shower max-
imum 40 and therefore also the shape of the longitudinal pro�le. The parameter
40 is strongly in�uenced by the total energy of all particles with an energy higher
than 1015 eV and the total energy in the muonic component, both at early stages
of the shower development. When extrapolating the correlations between the en-
ergy components and the depth 40, only the width parameter L shows a moderate
correlation with the high-energy component. Detection techniques that are sensi-
tive to L can extract information about the energy evolution at early stages of the
shower development, such as the radio and the �uorescence detection techniques.
The sensitivity of the other detection methods at the Pierre Auger Observatory are
explored, but no sensitivity was observed.

This thesis shows the diversity of the radio signal at di�erent distances from the
shower axis to the composition and energy of the primary particle, but also to
air-shower physics. Although some questions were answered in this thesis, new
questions and possibilities were raised. The simulation study done in this thesis
showed that the spacing between the radio detectors can be up till a 260 m at sea
level to ensure sensitivity of the radio signal to the composition-sensitive param-
eter Xmax. The criterion to ensure sensitivity to the shower maximum requires
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four stations all further away than 70 m from the shower axis and at least two of
them between 150 and 300 m from the shower axis. However, the data analysis
using data from the Pierre Auger Observatory located 1400 m above sea level with
a spacing of 150 m between the radio detectors, showed that none of the selected
events full�lled the criterion to �nd an accurate estimate for the shower maximum:
the events did not contain enough triggered stations or the triggered stations were
not at large enough distances from the shower axis. One setup that does not have
these problems, is LOFAR. The inner core of this setup, called the super terp,
contains a few hundred radio stations with a maximum distance of 340 m, so that
for each measured cosmic-ray event a very detailed LDF can be obtained. There-
fore, it is most likely that a radio setup with a high density of radio detectors,
such as the core of LOFAR, will solve the mystery about the composition of the
cosmic rays in the primary energy range around 1017 eV in the near future. If
other radio setups other than LOFAR, such as AERA, would like to compete in
the race to solving the mystery about cosmic rays, the biggest opportunity lies in
cost engineering. Finding ways to produce the necessities of the radio stations, like
the antenna or the electronics, for less money is a way to ensure a high-density grid
for a radio setup. To guarantee that these stations are continuously taking data,
the stations should be as self-su�cient as possible. Since the understanding of the
radio-detection technique and its instruments is quite good, this seems to be the
route to take in order to solve the cosmic-ray mystery.
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Nederlandse samenvatting

Dit hoofdstuk is gebaseerd op een artikel gepubliceerd op Kennislink.nl.

Terwijl je deze zin leest, word je aangevallen. Terwijl je naar het werk �etst, bood-
schappen doet en zelfs als je slaapt: je lichaam wordt continue gebombardeerd door
energierijke deeltjes uit de ruimte. De zon is verantwoordelijk voor het overgrote
deel van deze deeltjes, maar er zijn er ook waarvan we de oorsprong niet weten.
Deze deeltjes hebben namelijk zo'n hoge energie, vergelijkbaar met een tennisbal die
beweegt met een snelheid van 100 km/u, dat ze niet door de zon geproduceerd kun-
nen worden. Het is voor wetenschappers een hele klus om deze hoog-energetische
deeltjes te detecteren en te onderzoeken te midden van alle storingsbronnen op
aarde en in de Melkweg. Daarom weten we, een eeuw nadat hoog-energetische
kosmische deeltjes ontdekt zijn, nog steeds niet wat ze zijn en waar ze precies van-
daan komen. We weten dat het elektrisch geladen deeltjes zijn met een relatief
zware massa -zoals een proton of atoomkern- die op hoge snelheid door het heel-
al bewegen. En omdat ze zo'n hoge bewegingsenergie hebben, denken we dat ze
ontstaan zijn bij heftige gebeurtenissen in het heelal, zoals supernovae. De deeltjes
met de allerhoogste energieën komen waarschijnlijk van buiten ons Melkwegstelsel:
het galactisch magneetveld kan deeltjes met zulke hoge snelheden namelijk niet
vasthouden. Om de oorsprong van de deeltjes te achterhalen kunnen we helaas
niet simpelweg een rechte lijn trekken langs de richting van aankomst: het galac-
tisch magneetveld beïnvloedt namelijk het pad van de geladen deeltjes. De natuur
heeft nog een verrassing in petto die het onderzoek naar de hoog-energetische deel-
tjes bemoeilijkt: hoe hoger de energie, hoe zeldzamer het deeltje. Dat betekent dat
we maar weinig hoog-energetische deeltjes meten: slechts één per jaar per vierkante
kilometer. Om toch zoveel mogelijk data te verzamelen zijn er gigantische detec-
toren gebouwd, zoals het Pierre Auger-observatorium in Argentinië met hetzelfde
oppervlak als de provincie Friesland. Zo'n reusachtig observatorium kunnen we niet
de ruimte in sturen. Jammer, want op het aardoppervlak kunnen we de kosmische
straling niet direct meten. Het oorspronkelijke deeltje bereikt de aarde namelijk
niet: het botst met de atomen in de atmosfeer. Hierdoor ontstaat er een lawine
van miljoenen kleinere deeltjes.
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Als een sneeuwbal door een struik

Het proces van kosmische deeltjes die botsen op de atomen in de atmosfeer lijkt op
het gooien van een sneeuwbal. Wanneer je een stevige sneeuwbal een aantal meter
weggooit zonder dat er iets in de weg staat, is hij nog steeds heel als hij de grond
raakt. Als je dezelfde sneeuwbal door een struik gooit, dan breekt hij in stukken.
Hetzelfde gebeurt bij een kosmische deeltje dat de atmosfeer binnenkomt: bij een
botsing tussen het oorspronkelijke deeltje en de atomen in de atmosfeer ontstaan
kleinere deeltjes, die weer verder botsen met de atmosferische atomen. Zo ontstaat
er een lawine van deeltjes, die voornamelijk bestaat uit elektronen en positronen,
maar ook muonen, kaonen, pionen en fotonen. Al deze deeltjes hebben ongeveer
dezelfde snelheid en reizen dus in een soort pannenkoek naar het aardoppervlak.
Zolang de energie van de deeltjes hoog genoeg is, worden bij elke botsing nieuwe
deeltjes gecreëerd. Als de energie van een deeltje te laag wordt, valt het weg uit de
lawine. de lawine elke keer hetzelfde is, verschillen de details vanwege de statistis-
che processen waarmee de lawine is opgebouwd.

De linkerkant van het �guur laat een artistieke impressie zien van een deeltjes
lawine [23], terwijl aan de rechterkant het verloop van de lawine, vergelijkbaar met
de vorm van een kerkklok, wordt weergegeven.

Verschillende detectie methodes

De eigenschappen van deze deeltjes-lawine worden bepaald door het oorspronke-
lijke deeltje. Een voorbeeld daarvan is de diepte in de atmosfeer waar de lawine
zijn maximum bereikt. Deze diepte Xmax wordt beïnvloedt door het type van
het oorspronkelijke deeltje: hoe zwaarder het kosmische deeltje, hoe eerder het
botst met de atmosferische atomen en hoe eerder het maximum aantal deeltjes
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wordt bereikt. Door het meten van de eigenschappen van de lawine, komen we
dus meer te weten over het oorspronkelijke kosmische deeltje. Maar zoals je je
kunt voorstellen heeft niet elke lawine hetzelfde verloop: als je twee keer dezelfde
sneeuwbal door de struik gooit, zie je ook niet twee keer hetzelfde resultaat. Om
dus iets te kunnen zeggen over het oorspronkelijke deeltje moeten dezelfde eigen-
schappen van de lawine op zoveel mogelijk manieren bepaald worden. Daarom
gebruiken veel onderzoeksgroepen, zoals die van het Pierre Auger-observatorium,
verschillende detectie methodes. Allereerst zijn er de �uorescentie-detectoren, die
het licht meten dat uitgezonden wordt door aangeslagen moleculen in de atmosfeer
die terugvallen in hun grondtoestand. Het nadeel van deze methode is dat de tele-
scopen het licht alleen kunnen zien op heldere en donkere nachten, omdat het heel
zwak is. Het voordeel is dat de telescopen de diepte waarop de lawine zijn maxi-
mum bereikt, direct kunnen zien en dus gevoelig zijn voor de compositie van het
oorspronkelijke deeltje. Als tweede detectie methode gebruikt het Pierre Auger-
observatorium grote watertanks op de grond die het Cherenkov licht meten van de
hoog-energetische deeltjes die door het water in de tanks reizen. Het voordeel van
deze methode is dat de tanks altijd werken, maar omdat ze zo ver uit elkaar staan
nemen ze als het ware alleen maar proefmonsters van de lawine. Met de signalen
van de tanks kunnen we een schatting maken van de energie van het oorspronke-
lijke deeltje en reconstrueren waar het vandaan komt. Als derde detectie methode
gebruikt het Pierre Auger-observatorium radio-detectoren om de uitgezonden ra-
diogolven te meten. Deze golven ontstaan door de geproduceerde elektronen en
positronen, die elkaars antideeltje zijn: ze hebben dezelfde eigenschappen, behalve
hun lading, die tegenovergesteld is. Dat verschil in lading zorgt ervoor dat ze onder
invloed van het magneetveld van de aarde via de lorentzkracht worden gescheiden.
Zo ontstaat er een netto elektrische stroom binnen de deeltjes-lawine. En terwijl
de lawine door de atmosfeer reist, slaan de hoog-energetische deeltjes ook elektro-
nen los uit de atmosferische atomen. Hierdoor reizen er extra elektronen met de
lawine mee, en blijven positieve ionen achter: een tweede netto stroom. Dankzij
deze twee elektrische stromen ontstaat er een elektrische potentiaal die varieert in
de tijd, waardoor meetbare elektromagnetische straling wordt opgewekt met een
gol�engte van een tiental meter. Deze straling kan 24 uur per dag, 7 dagen per
week gemeten worden, maar welke informatie over het oorspronkelijke deeltje we
uit deze straling kunnen halen is nog onduidelijk. Dat hebben we onderzocht in dit
proefschrift: voor welke eigenschappen van het oorspronkelijke deeltje is het radio
signaal gevoelig en hoe kunnen we onze detectoren het beste neerzetten om dit te
meten?
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Herrie in de metingen

Een nadeel van de laatste detectie methode is dat het heel druk is in het radio-
gedeelte van het frequentie spectrum. Het meten van kosmische straling wordt
bemoeilijkt door stoorzenders als radiostations en luchtvaartcommunicatiekanalen.
De stoorzenders worden verdeeld in drie soorten. De eerste soort bestaat uit sig-
nalen die worden uitgezonden op een speci�eke frequentie, bijvoorbeeld radiosta-
tions. En juist omdat het signaal van deze bronnen op een speci�eke frequentie
wordt uitgezonden, kunnen we het relatief eenvoudig verwijderen met een �lter.
De tweede soort stoorzender is ons eigen Melkwegstelsel. De signalen die daar van-
daan komen noemen we galactische ruis. De signalen van de derde soort stoorzender
worden transients genoemd: korte, onverwachte uitschieters in het elektrische veld.
Deze kunnen worden veroorzaakt door bijvoorbeeld een voorbijrijdende auto, een
slecht geïsoleerde elektriciteitslijn of een koelkast die aanslaat. Helaas zijn de galac-
tische ruis en transients niet weg te �lteren uit onze metingen, maar de signalen
bevatten wel informatie die we kunnen gebruiken voor ons onderzoek. Daarom ont-
wikkelden we in dit proefschrift een methode om de galactische ruis en transients
te scheiden aan de hand van het verschil in gedrag in het tijdsdomein. In onze
metingen herkennen we de galactische ruis als een brede band rond de middenlijn
en de korte, onverwachte uitschieters als transients.
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Een voorbeeld meting van een ruismeting, met de galactische ruis als brede, con-
stante band en de transients als uitschieters.
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We tellen als het ware hoeveel keer per meting we galactische ruis meten en hoeveel
keer we uitschieters meten. De hoeveelheid galactische ruis varieert periodiek met
de positie van het centrum van de Melkweg ten opzichte van de radio-detectoren
aan de hemel. Omdat we dit gedrag kunnen voorspellen, kunnen we de hoeveel-
heid galactische ruis gebruiken als graadmeter voor de gezondheid van een radio-
detector: meet een detector ineens meer of minder van dit type ruis, dan zou
hij weleens kapot kunnen zijn. De uitschieters in onze metingen kunnen gebruikt
worden als een kwaliteitsfactor voor de data: zo'n 'ruisdagboek' helpt bij ons on-
derzoek.

Wat kunnen we uit het radio signaal halen?

Omdat we maar weinig hoog-energetische deeltjes meten, gebruiken we vaak si-
mulaties om een goede strategie voor de data analyse te vinden. Om deze sim-
ulaties meer op experimentele data te laten lijken kunnen we waarheidsgetrouwe
ruis toevoegen, die we nu beter begrijpen en kunnen namaken dankzij de methode
beschreven in dit proefschrift. In dit proefschrift worden simulaties met toegevoegde
ruis gebruikt om te onderzoeken of we informatie over het oorspronkelijke deeltje
kunnen halen uit de gemeten radio signalen. Ons onderzoek laat zien dat we de
penetratie diepte van het maximum van de lawine Xmax kunnen voorspellen met
de verhouding van de signaal sterkte gemeten op twee verschillende afstanden van
de as van de lawine. Deze twee afstanden zijn onwillekeurig gekozen. Eén plek is op
een korte afstand van de lawine as, waar het signaal gevoelig is voor de pannenkoek
van de lawine en onafhankelijk van het type van het oorspronkelijke deeltje. De
andere plek is verder weg van de lawine as, gevoelig voor het verloop van de la-
wine en dus ook voor de penetratie diepte waar het aantal deeltjes in de lawine
zijn maximum bereikt. Met deze methode, waarbij we alleen de radio-detectie
techniek gebruiken, kunnen we Xmax met een vergelijkbare precisie bepalen als de
�uorescentie-detectoren.

In dit proefschrift onderzoeken we verder of het radio signaal nog gevoelig is voor
andere eigenschappen van de deeltjes-lawine, naast het type van het oorspronke-
lijke deeltje. Zoals al eerder beargumenteerd is het van belang om zoveel mogelijk
informatie te verzamelen van elke lawine die we meten. Zo vinden we dat de signaal
sterkte op een speci�eke afstand van de lawine as afhangt van het aantal elektro-
nen en positronen op het maximum van de lawine. Dit geeft ons een idee van
de energie van het oorspronkelijke deeltje. Bovendien bevat de verhouding van de
signaal sterkte ook informatie over de interacties tussen de deeltjes vroeg in de ont-
wikkeling van de lawine. Dit geeft ons inzicht in het gedrag van hoog-energetische
deeltjes, omdat de interacties statische processen zijn.
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Meten op bepaalde plaatsen

Experimentele data worden echter niet altijd gemeten op de afstanden die we nodig
hebben voor deze analyse. We kunnen het signaal op deze afstanden wel benaderen
door een formule te bedenken die het radio signaal als functie van de afstand tot de
lawine as beschrijft. In dit proefschrift gebruiken we hiervoor een combinatie van
twee functies: één zorgt ervoor dat de signaal sterkte afvlakt dichtbij de lawine as en
één zorgt ervoor dat de signaal sterkte afneemt ver weg van de lawine as. De helling
van deze laatste functie is hetzelfde als de verhouding van radio signalen gemeten
op verschillende afstanden: beide zijn gevoelig voor Xmax en dus het type van het
oorspronkelijke deeltje. Dankzij deze analyse hebben we nu een strategie ontwikkeld
om de informatie over het type van het oorspronkelijke deeltje uit de experimentele
radio data te halen. Deze strategie testen we in dit proefschrift met data afkomstig
van het Pierre Auger-observatorium. Hiervoor moet de data gemeten worden met
zowel de radio-detectoren als de water tanks en de �uorescentie-detectoren, zodat
we het radio signaal meten, de as van de lawine kunnen reconstrueren en de diepte
waarop de lawine zijn maximum bereikt weten. Om de kwaliteit van de data
te waarborgen, moeten alle metingen aan kosmische straling voor elke detectie
techniek waarmee ze gemeten voldoen aan allerlei kwaliteits-criteria. De metingen
die al deze kwaliteits-criteria passeren, worden gebruikt in de analyse: in dit geval
zijn dat er vijf. Met maar vijf metingen kun je niet zeggen of we de correlatie
tussen de helling van de formule op grote afstanden van de as van de lawine en de
penetratie diepte van het maximum van de lawine Xmax die we gevonden hebben
in de simulaties ook terug zien in de data. Uit de analyse blijkt echter dat de trend
van de relatie gevonden met simulaties ongeveer gelijk is aan de trend van de relatie
gevonden met de experimentele data. Alleen tijd, en meer data, zal ons leren of er
daadwerkelijk een relatie is tussen de helling van de formule die de afname van het
radio signaal als functie van afstand tot de lawine as weergeeft en de diepte waarop
de lawine zijn maximum bereikt, en dus het oorspronkelijke deeltje.
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