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Chapter 1

Introduction

In our day-to-day lives, we are exposed to a constant torrent of microscopic particles which

rains down on us. This never-ending stream of electrons, muons, neutrinos and many other

particles is the debris from collisions between charged particles from distant astronomical

sources and molecules in the earth’s atmosphere. These charged particles are what we call

cosmic rays. The most energetic cosmic rays have energies far beyond the reach of current

accelerator experiments.

Even though their existence has been known for more than a century, the nature and origin

of cosmic rays of the highest energies remains elusive. The mysteries of high-energy cosmic

rays can be captured in four fundamental questions:

– What are the sources of high-energy cosmic rays?

– By which processes are they accelerated?

– How do they propagate towards Earth?

– What are the laws governing their interactions in Earth’s atmosphere?

The most important obstacle in conclusively answering these questions is the presence of

(inter)galactic magnetic fields, which influence the trajectory of the particles on their way

towards Earth. Because of the deflection in these fields, it is difficult – if not impossible – to

point back measured cosmic rays towards their sources. Figure 1.1 summarizes the four fun-

damental questions and their interrelations.

As of yet, only few of the many proposed solutions to these four fundamental questions have

been verified experimentally. The key to unravel the questions is to understand cosmic ray

composition. If we have knowledge about the primary particle type, and therefore its charge,

we might be able to create sub-sets of measured cosmic rays that might be less affected by the

magnetic fields, such as protons. These might direct us towards the sources of cosmic rays,

which in turn will teach us about their acceleration and propagation. The goal of this thesis,
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Figure 1.1: The four fundamental questions in the field of high-energy cosmic rays. De-

flection by (inter)galactic magnetic fields hinders a direct observation of their

sources, which might provide us with information about the acceleration mech-

anisms. At the same time, the physics underlying the first interactions in Earth’s

atmosphere is uncertain because they occur at energies beyond the reach of col-

lider experiments.

therefore, is not to answer one of the fundamental questions directly, but to develop experi-

mental techniques to be able to determine the composition of high-energy cosmic rays.

The debris from the collision of the cosmic ray with an atmospheric molecule that arrives

at the earth’s surface is the tail of a cascade of interactions and decays: the air shower. A

schematic representation of an air shower can be seen in figure 1.2. In this thesis we will

focus on the radio pulses emitted by the charged particles in the air shower as they travel

downward. More specifically, we will investigate which properties of the air shower and the

cosmic ray we can derive from the frequency content of the radio pulse. Ultimately, we will

deduce information about air shower development, from which we can infer the composi-

tion of the cosmic ray.

In chapter 2 of this thesis, we outline the general theoretical framework of cosmic rays, air

showers and radio emission. The fundamental questions of high-energy cosmic rays and

their possible solutions are also addressed in more depth in this chapter. After this gen-

eral theory, we investigate the dependence of the frequency spectrum of the radio pulse on

air shower parameters using simulations in chapter 3. This investigation has resulted in a

method to extract information about air shower development through a parameterization of

the spectral index.

To experimentally verify our method we have used data from the Pierre Auger Observatory in

Argentina, which is described in chapter 4. The quality of this data is discussed in chapter 5,

which also details selection procedures to enhance the quality of the data set. Chapter 6 stip-

ulates several calibration and cleaning methods we have performed on the radio data.
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cosmic ray
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Figure 1.2: Schematic representation of a cosmic ray induced air shower above a detector

plane filled with several types of detectors and a cow.

We study the dependence of the measured spectral index from the calibrated data on air

shower parameters in chapter 7. Here, we also test the parameterization of the spectral index

we developed earlier. This has resulted in measurements of the composition of air showers

using radio data, which are discussed in chapter 8. This last chapter also contains several

recommendations for future improvements of radio observatories for cosmic rays.
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Chapter 2

Theory of cosmic rays

The nature and origin of cosmic rays have occupied and mystified scientists for more than

one hundred years. At the dawn of the twentieth century, both the ionization of air and ra-

dioactivity were known. It was thought that decaying radioactive isotopes in the earth’s crust

were responsible for the ionization of air and the charges that were readily measurable by

electroscopes.

It was the Austrian Victor Hess, however, who demonstrated in 1912 that when moving fur-

ther from the earth’s surface, the amount of ionizing radiation was increasing instead of de-

creasing, which would have been expected if the source of the ionizing radiation was the

earth [1]. He measured this in a series of daring balloon flights, where he reached altitudes

of up to five kilometers. His conclusion was that the earth was not the dominant source of

the radiation, and that it must originate from above (he already excluded the Sun in a balloon

flight during a solar eclipse). This discovery essentially started the field of cosmic rays, and

won Hess the Nobel prize in 1936.

In the course of the 1920s and 1930s it became clear that the measured “cosmic” rays were

actually part of cascades of secondary particles originating from one primary cosmic ray in-

teracting with the particles in the atmosphere: extensive air showers. It was Pierre Victor

Auger who confirmed their existence by measuring coincident events between two Geiger

counters positioned 300 m apart [2]. Furthermore, he estimated that the primary cosmic ray

energy that produces this kind of showers must be at least 1015 eV.

2.1 Ultra-high-energy cosmic rays

More than 75 years after Auger’s energy estimate, a cosmic ray energy spectrum covering

more than eleven decades in energy has been measured. The measurements range from a

few GeV up to an energy of more than 1020 eV. The energy distribution as measured by a

combination of several experiments is plotted in figure 2.1.
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Figure 2.1: Cosmic ray energy spectrum spanning 11 orders of magnitude. The dashed line

follows a power law with a constant slope. This emphasizes the main features in

the spectrum, which are discussed in section 2.1.1 (adapted from [3]).

The differential flux J of cosmic rays as a function of energy E can be described using a power

law:

J ∝ E−γ, (2.1)

where the spectral index γ is energy-dependent and has a value close to 3. At low energies –

up to about 1014 eV – the flux of cosmic rays is still high enough to allow for direct detection

by relatively small experiments carried to high altitudes using satellites or balloons. Exam-

ples of direct detection experiments include PAMELA [4] and BESS [5], but also the Voyager

satellite [6].

At higher energies, the flux becomes too low to effectively detect cosmic rays with direct mea-

surement experiments, which typically have an aperture of not much more than 1 m. Instead,
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we have to rely on ground-based observatories which measure the extensive air showers pro-

duced by these cosmic rays. Haverah Park [7], AGASA [8], Yakutsk [9] and HiRes [10] are just

some examples of cosmic ray observatories. Above 1018 eV we enter the realm of ultra-high-

energy cosmic rays [11]. Cosmic rays of these energies become exceedingly rare, and at 1020 eV

the flux has decreased to one particle per km2 per century. This means that enormous exper-

iments with huge apertures are needed to be able to probe the properties of cosmic rays at

these energies.

Ultra-high-energy cosmic rays present an enigma to the science community. There are only

few types of astronomical sources that would be able to accelerate particles to these ener-

gies, but at the same time there are limitations on the distance charged particles of these

energies can travel through the universe. Yet, up to now it has been impossible to identify ac-

tual sources, and various theories exist about the mechanisms to accelerate these particles.

By studying the cosmic ray properties accessible to us on earth, their energy, composition

and arrival direction, we can attempt to unravel the fundamental and interconnected ques-

tions about the sources, acceleration and propagation of ultra-high-energy cosmic rays.

2.1.1 Energy spectrum

Several kinks can be observed in the otherwise smooth energy spectrum of cosmic rays.

These features, which are indicated in figure 2.1, are related to the sources and acceleration

of cosmic rays as well as their propagation towards Earth. For example, it has been proposed

that the knee at ∼1015 eV might be the result of subsequent energy cutoffs of individual ele-

ments in galactic sources [12]. The tail of the energy distribution as measured by the Pierre

Auger Observatory is displayed in figure 2.2. This provides a closer look at the ankle region of

the spectrum around ∼3×1018 eV. The ankle is thought to represent the transition of cosmic

rays from galactic sources to primarily extragalactic sources, as the galactic magnetic field

cannot effectively trap particles above this energy (see e.g. [13]). In addition, a modification

of the cosmic proton flux at the location of the ankle is predicted because of a dip in the pair

production cross section [14].

Another remarkable feature of the spectrum at the highest energies is the strong suppression

of the flux at energies higher than ∼3×1019 eV. The cause of this cutoff is still under debate.

A probable scenario is that it is produced by a combination of the inability of the sources to

accelerate cosmic rays to even higher energies, and limitations imposed by the propagation

through intergalactic space (see e.g. [16]).

2.1.2 Sources, acceleration mechanisms and propagation

The primary mechanism by which cosmic rays acquire their extremely high energies is be-

lieved to be Fermi acceleration. Proposed by Enrico Fermi in 1949, this model describes how
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Figure 2.2: Energy spectrum at the highest energies as measured by the Pierre Auger Obser-

vatory, fitted by a flux model above the ankle energy [15]. The systematic uncer-

tainty on the energy scale is 14 %. The numbers indicate the number of events

that were used to calculate each data point.

charged particles statistically gain energy by multiple collisions with the shock waves in a tur-

bulent magnetic field [17]. This form of acceleration naturally leads to an energy spectrum

following an inverse power law. Although the rate of energy gain is initially very slow, it is ca-

pable of reaching very high energies, given sufficiently large sources to contain the particles.

We can get an idea of the size of the sources by assuming that the Larmor radius RL of a

particle of charge number Z and energy E needs to be contained within the acceleration

region of the source with magnetic field B and plasma velocity βc [18]:

(
E

1018eV

)
< Zβ

2

(
RL

kpc

)(
B

µG

)
. (2.2)

This equation provides an upper limit of the energy to which particles of a certain charge can

be accelerated, given the size of a source and its magnetic field. For cosmic rays of the high-

est energies, exceedingly vast sources or extremely powerful magnetic fields are required to

accelerate them. Particles with higher charge are easier to confine in the magnetic fields, so

they can be accelerated to higher energies, which supports the explanation of the knee in the

cosmic ray energy spectrum. With equation (2.2), it is possible to construct the Hillas plot:

an overview of potential astronomical sources of cosmic rays, which can be seen in figure 2.3.

The energy of cosmic rays is not just limited by the ability of the sources to accelerate them.

On their way towards earth, the cosmic rays can be subjected to several different types of

interactions and decays, limiting the range of particles with the highest energies. Greisen,

Zatsepin and Kuzmin have predicted that cosmic ray protons would interact with photons of
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onal lines illustrating the minimum size and magnetic field of cosmic rays of
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the cosmic microwave background (CMB) via the ∆-resonance, producing a pion [19, 20]:

p +γCMB −→∆+ −→ n +π+,

−→ p +π0. (2.3)

This process has a significant cross-section for cosmic ray protons with an energy of the or-

der of 1020 eV, which impairs their ability to travel large distances. Depending on the type

of particle, several other processes further increase the rate of attenuation of cosmic rays.

These include electron-positron pair production, interactions with the infrared background

radiation, and photodisintegration in the case of nuclei (see [21] for an overview). Several

processes and their associated attenuation lengths as a function of energy for different par-

ticles can be seen in figure 2.4. Because of these limitations it is likely that the sources of

cosmic rays of the highest energies are not very far away on intergalactic distance scales.

In addition to background photons, the space between us and the cosmic ray sources is filled

with galactic and intergalactic magnetic fields by which the cosmic rays are deflected. It is

therefore difficult to directly point cosmic rays with known arrival directions back to their

sources, depending on their charge and the strength of the magnetic fields. The Larmor ra-

dius of a particle with charge number Z and energy E in a magnetic field of strength B is

given by RL = E/Z eB , with which we can approximate the deflection angle α of a particle

moving over a distance d as α≈ d/RL . By virtue of their charge, it is obvious that iron nuclei

are much more affected by magnetic deflections than protons. Although the nature of the



10 Chapter 2. Theory of cosmic rays

 1

 10

 100

 1000

 10000

 1  10  100  1000

at
te

n
u

at
io

n
 le

n
gt

h
 [M

p
c]

E [EeV]

γπ

e+e-

redshift

 1

 10

 100

 1000

 10000

 1  10  100  1000

at
te

n
u

at
io

n
 le

n
gt

h
 [M

p
c]

E [EeV]

56Fe

28Si

4He

 100000
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duction. Note the different scale on the vertical axes.

extragalactic magnetic fields is not exactly known, they are assumed to be structured with a

typical size of about one Mpc, and their typical strength is assumed to be in the order of one

nG (see e.g. [22]). It is believed that cosmic protons of the highest energies might therefore

point back towards their sources.

The preceding treatment of ultra-high-energy cosmic rays illustrates that the key to under-

standing their origin is measuring their composition. Acceleration, attenuation and mag-

netic deflection all depend on the composition of the particles, so in order to differentiate

between all the different candidate sources we need to distinguish between the different

particles. Unfortunately, the composition is not a directly accessible parameter in indirect

measurements concerning extensive air showers, and can only be inferred from shower de-

velopment, as we shall see in the next section.

2.2 Extensive air showers

When a cosmic ray enters the earth’s atmosphere it will collide with an atmospheric nucleus.

This collision creates secondary particles which themselves collide with atmospheric nuclei

or initiate a cascade of decay products which together move towards the earth’s surface: the

air shower. An overview of the primary interactions in the air shower and its components can

be seen in figure 2.5 and discussed in more depth below.
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2.2.1 Shower development and components

The initial collision creates a host of hadrons, mostly pions but also kaons and baryons, and

depending on the composition of the primary cosmic ray, secondary nuclear fragments. This

part of the shower is called the hadronic component.

cosmic ray

atmospheric nucleus

π+π0

µ+ν

γ

γ

e− e+

K−

µ−ν

p

K+π−e+
e−

γe−

muonic component
neutrinos

hadronic
component

electromagnetic
component

Figure 2.5: Schematic overview of the primary interactions in an extensive air shower and

the division into components.

Neutral pions have a life time of just ∼10−16 s, and will therefore almost immediately decay

into two gamma rays:

π0 −→ γγ. (2.4)

These photons initiate sub-cascades of electrons, positrons and photons through pair-pro-

duction, bremsstrahlung, ionization and Compton scattering. This electromagnetic compo-

nent of the air shower will continue to grow until the energy of the electrons falls below the

critical value necessary for radiative processes, at which point they will mostly ionize the

surrounding air and the component starts to die out. The charged pions have a longer de-

cay time than the neutral pions, and will either interact with the atmosphere to create more

secondary particles, or decay into muons:

π± −→µ±+ν. (2.5)

The muons have long life times and small cross-sections, and will therefore travel to the

ground almost unimpeded. They constitute the muonic component of the shower. The re-

mainder of the hadronic component will continue to interact and decay and feed into the

muonic and electromagnetic components of the shower. For example, the kaons can decay
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into pions or straight into muons:

K ± −→π±+π0,

−→µ±+ν. (2.6)

Once the shower reaches ground level, the hadronic component has almost completely been

converted into the other two components. Because the three different kinds of pions are cre-

ated in roughly the same abundance in hadronic interactions, about one third of the available

energy will be converted into the electromagnetic component at each hadronic interaction,

and only a small fraction of the charged pions are converted into muons at high energy. As a

consequence, the electromagnetic component carries the bulk of the available energy of the

air shower. An example of the energy flow in the different shower components in a shower

simulation can be seen in figure 2.6.
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Figure 2.6: Energy flow in a 1019 eV proton shower simulated by CORSIKA as a function of

atmospheric depth X . The fraction of energy stored in the different components

is shown, including the sum of all the energy stored in particles, with the rest

released into the air. The total number of electrons and positrons is indicated in

orange and displayed on the right-hand scale (adapted from [23]).

Because of the huge number of particles involved in the interactions and the stochastic na-

ture of the interaction processes, Monte Carlo simulations are used to study the properties

of air showers, which take into account all interactions and decays. Examples of full Monte

Carlo codes to study air shower characteristics are CORSIKA [24] and AIRES [25]. The ener-

gies necessary to determine the cross-sections of the first interactions of ultra-high-energy

cosmic rays have not been reached by collider experiments, which means they have to be

extrapolated.
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2.2.2 Longitudinal shower profile

Since the interaction lengths in the air shower are a function of the amount of traversed air,

shower development is usually expressed as a function of atmospheric depth X instead of

height:

X (h) =
∫ ∞

h
ρ(h′)dh′, (2.7)

where h is the vertical height in the atmosphere, and ρ is the density, which is integrated from

h to the top of the atmosphere along the axis of the shower.

Even though a full characterization of the developing air shower requires Monte Carlo simu-

lations, a simple toy model can already help us to gain some insight into the main properties

of the air shower as a function of the energy and composition of the primary cosmic ray. The

Heitler model of air showers [26] considers a primary particle with energy E0, which splits

into two secondary particles after traversing an amount of atmosphere λ, and repeats this

process thereafter. At atmospheric depth X , the cascade has evolved into N (X ) = 2X /λ par-

ticles, each carrying an energy of E(X ) = E0/N (X ). At some point, the particles will have

reached the critical energy Ec at which they are unlikely to interact any further, and the max-

imum number of particles Nmax is reached. This number and its associated atmospheric

depth Xmax are then:

Nmax = E0/Ec , (2.8)

Xmax = λ/ln2 · ln(E0/Ec ). (2.9)

This demonstrates that the maximum number of particles as well as the depth of shower

maximum is dependent on the energy of the primary particle. To illustrate the effect of a

primary cosmic ray of mass A, we can assume a superposition of A independent particles

of energy E A = E0/A. Using the same logic as above, we can again calculate the maximum

number of particles and the depth of shower maximum:

Nmax = A ·E A/Ec = E0/Ec , (2.10)

Xmax = λ/ln2 · ln(E0/AEc ). (2.11)

We can therefore predict that the maximum number of particles stays the same for primaries

of different mass, but Xmax has a logarithmic dependence on the number of nucleons.

These results can be compared with the longitudinal shower profiles from full Monte Carlo

simulations, such as the ones displayed in figure 2.7. These shower profiles show the same

qualitative behavior as predicted by the Heitler model: the maximum number of particles is

the same in all showers with the same energy, and a heavier primary cosmic ray produces a

shower which generally has a lower depth of shower maximum Xmax.

The longitudinal shower profile is furthermore shaped by the depth of first interaction, which

also depends on the cross-section and therefore on the composition of the primary cosmic
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Figure 2.7: Several individual longitudinal shower profiles simulated with the CORSIKA

Monte Carlo code [23]. The proton and iron primary cosmic rays of 1019 eV re-

sult in differently developing showers.

ray. The position of shower maximum Xmax can be fitted to the profile using the Gaisser-

Hillas function [27]:

N (X ) = Nmax

(
X −X0

Xmax −X0

) Xmax−X
λ

exp

(
Xmax −X

λ

)
, (2.12)

where λ and X0 are both shape parameters, with the former related to the characteristic de-

cay length of the particles and the latter to the initial interaction point.

2.2.3 Primary cosmic ray composition

The average value of Xmax is a composition-sensitive parameter, and so are its shower-to-

shower fluctuations, as was already visible in the simulations of figure 2.7, where the spread

in Xmax is much larger for the proton-induced showers than the iron-induced showers. The

average and the standard deviation of Xmax as a function of energy as measured by the Pierre

Auger Observatory are plotted in figure 2.8. The lines in these plots indicate the values for

pure iron and proton primaries predicted by various simulation codes using different inter-

action models. Based on these results it seems that the trend is moving towards heavier pri-

maries at the highest energies.

In addition to the depth of shower maximum, several other parameters of the air shower are

sensitive to the composition of the primary cosmic ray. One of them is the muon number.

The muonic component of the shower originates in the hadronic component of the shower

only, and is correlated with the mass of the primary particle. The composition of the primary

cosmic ray can therefore be deduced by measuring the number of muons on ground level,

either in inclined showers in which the electromagnetic component has died out or with spe-

cial muon-counters (see e.g. [29, 30] and references therein).
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Figure 2.8: Average and standard deviation of the depth of shower maximum Xmax as a func-

tion of energy as measured by the Pierre Auger Observatory [28].

2.3 Radio emission from extensive air showers

Creating and accelerating charges in the air shower induces radio emission, a phenomenon

which follows directly from their description using classical electrodynamics. In the 1960s, it

was measured for the first time [31], and at around the same time the principal processes by

which the radio emission is produced were already identified.

2.3.1 Emission mechanisms

The primary process by which radio emission is produced is the geomagnetic mechanism,

described by Kahn and Lerche in 1966 [32]. The electrons and positrons in the air shower

are accelerated in opposite directions under the influence of the geomagnetic field. This ac-

celeration is along the direction of the Lorentz force vector v×B, where v is the direction of

movement of the shower and B the geomagnetic field. The resulting transverse current pro-

duces radio emission which is linearly polarized in the v×B direction. The strength of the

geomagnetic component of the radio emission during shower development depends on the

change in the amount of charge carriers in the shower, and therefore scales roughly with the

derivative of the total number of shower particles N .

In addition to the geomagnetic mechanism, the charge-excess mechanism also contributes to

the radio emission of air showers. The charge-excess or Askaryan mechanism was proposed

as early as 1961 by Gurgan Askaryan [33]. In this process, charged particles in the air shower

knock electrons from air molecules, which will travel with the particle front, leaving ionized

molecules behind. This results in the build-up of a net negatively charged particle front,

with a positively charged region behind it, creating a dipole along the shower axis which pro-

duces radio emission. Schematic illustrations of both emission mechanisms can be seen in

figure 2.9.
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Figure 2.9: Schematic illustration of the two leading radio emission mechanisms; left: ge-

omagnetic mechanism; right: charge-excess mechanism. The total measurable

radio emission is a superposition of these two contributions.

Both mechanisms lead to coherent radio emission in the MHz regime, which can be mea-

sured as radio pulses which are a superposition of both effects. Measuring radio emission

from extensive air showers with multiple stations in coincidence is experimentally challeng-

ing, especially in the analogue era before the dawn of fast computers. The geomagnetic emis-

sion mechanism, however, was already experimentally verified in the 1960s [34]. It took until

the revival in interest in radio detection of air showers in the 2000s, with experiments such

as CODALEMA [35], LOPES [36] and finally AERA until the charge-excess emission mecha-

nism was finally demonstrated by experiment [37]. The two emission mechanisms produce

a characteristic polarization signature in the measured radiation by which they can be dis-

tinguished. This will be further discussed in chapter 3.

2.3.2 Modeling radio emission from air showers

In order to help to interpret the measurements of air shower induced radio pulses, several

models describing the radio emission from air showers have been developed. To simulate the

radio pulses measured at the position of an observer, the radiation induced by a huge num-

ber of charge particles in the air shower needs to be considered. A macroscopic approach

to this problem is to consider general features of the air shower, such as currents and net

charges. This approach leads to fast simulations, but has the disadvantage that assumptions

need to be made, for example about the charge distribution inside the shower. Examples of

macroscopic models include MGMR [38] and EVA [39].

A different approach is to microscopically model the radio emission by using full Monte Carlo

air shower particle simulations with a certain degree of thinning (usually particles created



2.3. Radio emission from extensive air showers 17

below a defined energy threshold are grouped into one average particle) as input for radio

simulations which calculate the emission along the individual particle tracks. The final ra-

dio pulse is then given by the superposition of all emission contributions from the particles.

Two examples of simulation packages in which this method is applied are CoREAS (based on

CORSIKA) [40] and ZHaireS (based on AIRES) [41].

These microscopic models directly derive the emission from the electrodynamics of the par-

ticles involved, and are therefore independent of assumptions about the emission mecha-

nisms in the shower. In both example models, the vector potential resulting from the charged

particles is derived from the Liénard-Wiechert potentials (see e.g. [42]):

Φ(r, t ) = 1

4πε0n2

[
q

|1−nβ ·n|R
]

ret
, (2.13)

A(r, t ) = n2βΦ(r, t )/c, (2.14)

where q is the charge of the particle with relativistic velocity β = v/c at distance R from the

observer, evaluated in retarded times. The time derivative of the vector potential gives the

electric field generated by the particle.

In CoREAS, the particle tracks are divided into straight segments, with kinks in which the ve-

locity changes instantaneously. At each track, the particles are accelerated from standstill to

their actual speed, and then decelerated again at the end of the track. This is the “end-point

formalism” [43], in which the emission resulting from the accelerations and decelerations

cancel each other, except for the momentum change of the particle at the boundary of the

tracks. From each particle track, the electric field is calculated, and the radiation received at

the observer position is the superposition of the fields generated in all particle tracks. This

approach is different from the one used in ZHaireS, in which the “ZHS-formula” [44] is used

to calculate the emission. Here, the vector potentials of the tracks are added at the observer

position, where one time derivative will produce the total electric field.

Both microscopic models produce similar results [45], but no large-scale systematic compar-

isons have been performed. The different approximations used in the two models do pro-

duce different results, which can become significant under specific circumstances, for exam-

ple close to the Cherenkov cone of individual particle tracks [46]. Therefore, comparisons on

a case-by-case basis should be made to estimate the uncertainties in the model results (see

e.g. [47] for a comparison in the UHF range specifically for the ANITA experiment). We will

revisit this point at the end of chapter 3.

2.3.3 Radio emission and air shower parameters

An important attribute of the radio emission of the air shower is that it travels slower than

the particle front, which traverses the atmosphere with the speed of light. The velocity of the

radio emission is governed by the refractive index of the atmosphere, which is ≈1.003 at sea
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level, and drops to unity at the top of the atmosphere as the density decreases. This means

that emission originating from different regions of the shower might arrive at an observer at

the same time, resulting in a strongly compressed pulse. The positions where the contribu-

tions sum constructively form a ring around the shower axis, located at the Cherenkov radius

(see e.g. [48]). We will look at this effect in more detail in chapter 3.

The effect of the refractive index will, in combination with the location of the radio emission

regions of the shower, result in a hyperbolic radio wave front symmetric around the shower

axis [49]. Using a fit of the pulse arrival times on the ground we are able to reconstruct the

arrival direction of the air shower. The lateral distribution of the signal strength of the radio

pulse is dependent on the location of the emission region in the shower and the air shower

energy. By performing a parameterized fit of this distribution, the energy of the primary cos-

mic ray can be reconstructed [50, 51].

In addition to arrival direction and cosmic ray energy, considerable effort has been made to

develop methods to derive composition-sensitive information from the air shower induced

radio signals. Most of these methods assume that the location of the radio emission region is

related to shower development in general, and therefore sensitive to the composition of the

primary cosmic ray. For example, the radio wave front shape can be used to derive where

the emission originates [52, 53]. The location of the emission region also has an effect on the

lateral distribution of the signal strength of the radio pulse, which can either be fitted with

a full Monte Carlo simulation to derive the composition [54], or can be parameterized in a

similar way as was done to derive the energy [55]. Finally, the radio pulse shape itself and

its degree of compression due to effects of the variable refractive index contains information

about the emission region [56], as will be demonstrated in the next chapter.



Chapter 3

Method: Composition signatures in
the radio pulse shape

The exact shape of an air shower induced radio pulse depends strongly on the shower geom-

etry. More specifically, on the position of an observer relative to the emission region of the

shower. This makes the radio pulse shape a parameter which is sensitive to shower devel-

opment, provided that the remainder of the geometry of the shower is fully determined. In

[56], the geometrical dependencies of the pulse shape were scrutinized, and the feasibility

of studying shower development using the pulse shape was proven. In this chapter, we will

continue this effort by considering a detailed study and parametrization of the geometrical

dependencies of the pulse shape and its derived quantity, the spectral index, using a large set

of simulated air showers.

3.1 The radio pulse shape

The dependence of the radio pulse shape on the shower geometry can be described by the

path length difference of radio emission traveling towards an observer from different regions

of the air shower, including the propagation of the shower through the atmosphere. A sche-

matic drawing of this effect can be seen in figure 3.1. A shower which penetrates more deeply

into the atmosphere will have its emission region closer to the observer. If a shower develops

lower in the atmosphere (figure 3.1, left), the difference between the path from the start of the

emission region towards the observer and the path following the shower axis until the end of

the emission region and then traveling towards the observer will be larger than for a shower

developing higher up in the atmosphere ( figure 3.1, right). Because of this larger path length

difference, the radiation emitted in the shower will be smeared out over a longer period of

time when recorded at the observer position, and thus result in a wider pulse.

Not just the interaction depth of the shower determines the duration of the recorded radio
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Xmax

Xmax

Figure 3.1: The change in path length difference between the orange and blue paths for two

differently developing showers. The shower on the left has a larger path length

difference, which will result in a longer pulse recorded at the observer position.

pulse. Any aspect of the shower geometry with respect to the observer position influences the

pulse length, such as the distance to the shower axis and the zenith angle of the shower. In

figure 3.2(a), an air shower simulated with CoREAS was sampled at different distances from

the shower axis. As we move away from the shower axis, the path length difference increases

and therefore also the recorded pulse becomes longer.

The full pulse shape can be probed through the frequency spectrum of the pulse. In figure 3.2(b)

the frequency spectra corresponding to the pulses shown in figure 3.2(a) are drawn. A short

pulse results in a flat spectrum, while in a longer pulse the lower frequencies are relatively

more important. The longer the pulse, the stronger the decrease in amplitude as a function

of increasing frequency in the spectrum.

In addition to the size of the emission region and its location relative to the observer, the

pulse length at the observer position is determined by the propagation velocity of the radi-

ation through the atmosphere. As mentioned in section 2.3.3, the radiation propagates with

the local speed of light in the atmosphere. The propagation velocity is c/n, with n the index

of refraction, which is a function of atmospheric depth. Predicting the exact pulse length is

therefore non-trivial.
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Figure 3.2: Truncated pulses and spectra resulting from a simulated proton shower of

0.47 EeV sampled at 5000 Msps at different distances d from the shower axis using

CoREAS.

We can illustrate some of the effects that result from the variable index of refraction of the

atmosphere with a simple one-dimensional toy model. This model assumes a vertical air

shower which emits radiation along a line of arbitrary length L around shower maximum

Xmax, as can be seen in figure 3.3(a). We can propagate signals from the start and end of this

emission region to an observer, using a model of the atmosphere to calculate the index of re-

fraction. In this case the US standard atmosphere [24, 57] is used. For an observer at distance

d from the shower axis, the pulse length is given by the difference in arrival times |t2 − t1| of

radiation originating from points x1 and x2 on the shower axis, separated by emission length

L:

|t2 − t1| = 1

c
|d1n̄1 − (d2n̄2 +L)|, (3.1)

where n̄1,2 is the average refractive index along the path d1,2 from x1,2 to the observer. For an

emission length L of 5 km, we have calculated the pulse length as a function of Dmax, the dis-

tance from the observer to Xmax projected on the shower axis, for several different observer

positions relative to the shower axis. The pulse lengths at four of these observer positions are

plotted in figure 3.3(b). It is obvious that showers which interact close to the observer posi-

tion produce longer pulses. The most striking features of these plots are the singularities for

distances close to the shower axis. These are points on the Cherenkov cone, where the radia-

tion from the start of the emission region arrives at the same instance of time as the radiation

from the end of the emission region.

Although the one-dimensional emission along a line is a much too simplistic view of the air

shower, this model will be helpful to explain some of the features we will see later on in the

simulation study. To get a more faithful representation of the radio pulse shape resulting

from a cosmic ray induced air shower, we will use a set of CoREAS simulations to derive and

geometrical dependencies of the pulse shape. A parameterization of these dependencies will
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Figure 3.3: Simple one-dimensional model to estimate the pulse length for vertical showers

with an emission region around Xmax at a distance Dmax from an observer posi-

tioned at distance d from the shower axis. The dashed line in figure 3.3(b) indi-

cates the sensitivity region to temporal features of the AERA detector stations at

20 ns (see section 3.3.4).

enable us to make statements about shower development using measurements of just one

radio station.

3.2 The spectral index

We will probe the radio pulse shape by means of the decrease in amplitude as a function of

frequency in the spectrum of the pulse. In [58], it has been shown that the spectrum in our

frequency band can be described by an exponential function. We will therefore follow the

same approach as in [56], and fit the following exponential function to the data to approxi-

mate the general shape of the frequency spectrum S(ν):

S(ν) = A ·10b(ν−ν0), (3.2)

where b, the spectral index, is sensitive to the slope of the spectrum, and A is a scale param-

eter. A constant frequency offset ν0 is added to make A proportional to the signal power in

our frequency band, and its value is set at 60.0 MHz.

As discussed in chapter 2, the electric field recorded by one antenna station is a superposition

of emissions produced by the geomagnetic mechanism and the charge-excess mechanism.

They stem from different regions in the air shower [58], and therefore should be treated sep-

arately in a parametrization. In order to decompose the signal into these contributions it is

insightful to move our frame of reference to the shower plane in such a way that the axes

align with the v, v×B and v× v×B directions, where v is the direction of movement of the
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shower and B the geomagnetic field. The geomagnetic component will always be pointed

in the −v×B direction, while the charge-excess component is pointed inward towards the

shower core. Fields not perpendicular to the direction of motion of the air shower v will not

be considered. The addition of the two components forms the total field measured by the

antenna, as is illustrated in figure 3.4. We will define the observer angle Φobs as the position

of the antenna relative to the v×B-axis in the (v×B,v×v×B)-plane.

core

d

Φobs

v×B

v
×v

×B

geomagnetic

charge-excess

total field

Figure 3.4: Decomposition of the signals into the different emission contributions to the total

electric field at several radio stations, denoted by crosses, in the shower reference

frame.

If we neglect the phase component of the frequency spectrum, we can approximate the shape

of a total spectrum ST (ν) with mixed contributions of the geomagnetic emission SG (ν) and

the charge-excess emission SC (ν) as:

ST (ν) = SG (ν)+ f (Φobs)SC (ν)

AT ·10bT (ν−ν0) = AG ·10bG (ν−ν0) + f (Φobs)AC ·10bC (ν−ν0), (3.3)

where f (Φobs) describes the fraction of charge-excess emission as function of observer angle.

If we consider the −v×B direction, this function is given by:

f−v×B(Φobs) = cosΦobs. (3.4)

Therefore, there is maximum constructive interference at Φobs = 0° and maximum destruc-

tive interference atΦobs = 180°. Since the exponential functions of the form of equation (3.2)

are not additive, equation (3.3) is generally not valid. However, we can approximate it as-

suming that it is valid at the lower limit ν− and the upper limit ν+ of the frequency band we

consider. In this case, the set of equations we solve is:

AT ·10bT (ν−−ν0) = AG ·10bG (ν−−ν0) + f (Φobs)AC ·10bC (ν−−ν0)

AT ·10bT (ν+−ν0) = AG ·10bG (ν+−ν0) + f (Φobs)AC ·10bC (ν+−ν0), (3.5)
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from which follows that the spectral index bT of the pulse with mixed contributions can be

approximated by:

bT = 1

ν+−ν−
log10

[
10bG (ν+−ν0) + f (Φobs)R ·10bC (ν+−ν0)

10bG (ν−−ν0) + f (Φobs)R ·10bC (ν−−ν0)

]
, (3.6)

where R = AC /AG is the ratio between the scale parameters belonging to both emission

mechanisms. We assume that, even though mathematically inexact, the functional descrip-

tion obtained is a good approximation of the true spectral behavior.

3.3 Simulation data set

3.3.1 Simulation setup

As part of an earlier study into the shape of the lateral signal power distribution in rela-

tion to the cosmic ray energy [51, 59], an extensive library of shower simulations was cre-

ated in which the radio emission was analyzed using a star-shaped antenna alignment in

the shower reference frame. These simulations were performed using CORSIKA 7.400 with

FLUKA 2011.2b [60] and QGSJETII.04 95 [61], including the CoREAS plug-in to generate the

radio emission. The star shape allows us to disentangle the contributions of the different

emission mechanisms and study the two-dimensional properties of the signal. This setup is

therefore also well suited to study the geometric dependencies of the spectral index of the

radio emission frequency spectrum.

25 m
0°

Φobs = 90°

180°

270°

v×B

v
×v

×B

Figure 3.5: Star-shaped antenna arrangement in the shower reference frame which is used to

sample the radio signals in the simulations.
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The star-shaped antenna grid is centered around the shower axis and the antenna positions

are projected in the shower plane along 4 principal axes on which the antennas are placed

using a 25 m spacing, to a maximum distance of 500 m. The setup can be seen in figure 3.5.

One axis aligns with the v×B direction and one with the v×v×B direction. This way, lines of

antennas are located where maximum constructive interference between the two emission

mechanisms happens (where Φobs = 0◦), and maximum destructive interference occurs (at

Φobs = 180◦). At the lines along Φobs = 90◦ and Φobs = 270◦ the two emission contributions

can be completely separated.

3.3.2 Initial conditions

We will use two sets of proton simulations: one set with initial conditions closely represent-

ing the distribution of arrival directions and energies measured by AERA, and one with a

set of discrete initial conditions. The non-discrete simulation set has an energy range be-

tween 1×1017 eV (the lower energy limit of the SD infill array [62], see also section 4.1.1) and

1×1020 eV, and covers zenith angles θ up to 60° and the full range of azimuthφ. A total of 149

unique initial conditions were used, and these were simulated up to 5 times. For every con-

dition, these produced up to 5 different showers with different values for Xmax. For a variety

of reasons, 122 simulations have failed to complete, and were not rerun because a significant

part of this set consists of earlier simulations from the lateral signal power distribution study.

A total of 623 simulated showers with non-discrete initial conditions is available, and the dis-

tributions of the initial conditions are displayed in figure 3.6.
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Figure 3.6: Input parameters of the non-discrete set of simulations in terms of energy, zenith

angle θ and azimuthφ. The same unique parameters were repeated up to 5 times.
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For the discrete initial conditions, showers with azimuth φ = {0°, 45°, 90°, . . . , 315°} and

zenith angles θ = {30°, 40°, 50°, 60°} were simulated at two different energies: 5×1017 eV and

1×1018 eV. Similar as before, these were run up to 5 times. In total 4 failed to complete.

Therefore, 316 showers were added to the set, bringing the total number of simulated show-

ers available for this analysis to 939. The distribution of all values of Xmax of these showers is

displayed in figure 3.7.
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Figure 3.7: Distribution of Xmax of all 939 showers in the simulation data set.

3.3.3 Post-processing

The time-dependent electric field of the radio emission produced in the simulated showers is

recorded at the antenna positions with a sampling rate of 5000 Msps in all three dimensions.

To better represent the data recorded by the AERA antenna stations, the time traces will be

bandpassed between 30.0 MHz and 80.0 MHz and downsampled to 200 Msps. The effects of

these two post-processing steps are shown in figure 3.8.

As a final processing step we will convert the time traces from the standard CORSIKA coordi-

nate system, which is reminiscent of the actual antenna alignment of AERA – parallel to the

ground and one axis parallel to the geomagnetic field (see section 4.2.2) – to a rotated coordi-

nate system along the v, the v×B and the v×v×B vectors. This way the traces are also aligned

in the shower reference frame, enabling us to separate the different emission contributions.

Examples of the Fourier transforms of the rotated traces are visible in figure 3.9. We will fit

equation (3.2) only to the traces parallel to the v×B and v×v×B directions, because along

the v direction the field is negligibly small, except for the close vicinity of the shower axis.

To make the results compatible with the limitations posed by the narrowband sources at the

AERA site (see section 6.1.3) we will fit the obtained spectra between 40.0 MHz and 75.0 MHz.
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(a) Original time trace at 5000 Msps.
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(b) Bandpassed and downsampled time trace.

Figure 3.8: Processing of traces by bandpassing between 30.0 MHz and 80.0 MHz and down-

sampling to 200 Msps, before rotation to the shower reference frame. The traces

were recorded at a distance d = 175m at Φobs = 90° of a 0.27 EeV shower. Filter

delays were not taken into account.

3.3.4 Limitations and coherence

Since we have limited the spectra to the range between 40.0 MHz and 75.0 MHz, we are most

sensitive to temporal features in the pulse of approximately 20 ns. We have marked this du-

ration with a dashed line in figure 3.3(b). If the temporal features become much longer or

much shorter than this duration, our sensitivity is diminished. Even though the numerical

values of the pulse length in our one-dimensional toy model should be treated with caution,

we can derive from figure 3.3(b) that showers with a deep shower maximum will have pulses

which are too wide to be properly measured by stations far away from the shower axis. In

other words: if Dmax is small and the distance to the shower axis d is large, most of the signal

power will be in frequencies below our bandwidth.

Effects that play a role at high frequencies are incoherence of the radio signal and unphysical

effects caused by the thinning level of the simulations [41]. This is illustrated in figure 3.10,

in which our bandwidth is marked by the hatched area. It is clear that as we move away from

the shower axis, the defining features of the spectrum move out of the measurable band and

the incoherent and “noisy” regime will become more important. This will result in unreliable

fits to the spectrum, and these regions will have to be rejected from the analysis. Because

of the complex interplay of all of the aforementioned effects we will a posteriori determine a

cutoff as a function of d and Dmax from the fitted spectra of the simulated showers.

3.4 Parametrization of the spectral index

First we will consider the spectral indices of both radio emission contributions separately. Af-

ter parameterizing their main dependencies, we will attempt to combine both contributions

using equation (3.6).
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Figure 3.9: Spectra of the same simulated shower as in figure 3.8 after rotation to the shower

reference frame, recorded at d = 175 m. As expected, the v× v×B contribution

vanishes atΦobs = 0° andΦobs = 180°, while the two contributions are completely

separated at Φobs = 90° and Φobs = 270°. At Φobs = 0°, there is constructive in-

terference between the geomagnetic and charge-excess emission contributions,

while at Φobs = 180° there is destructive interference. The spectra are fitted with

equation (3.2).

3.4.1 Separate radio emission contributions

At the simulated antenna positions with observer angles of 90° and 270° the geomagnetic

and charge-excess components are exactly perpendicular, and thus can be separated. In

figure 3.11, the average spectral indices of both contributions measured at these antenna

positions are plotted out to a distance to shower maximum Dmax of 14 km.
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(b) d = 100 m

 [MHz]ν
1−10 1 10 210

]1−
V

 m
µ

 [
am

pl
it

ud
e

10

210

310

v
B×v

B×v×v

(c) d = 200 m

Figure 3.10: Unfiltered spectra of a 0.47 EeV proton shower atΦobs = 90◦, with the bandwidth

of AERA (see chapter 4) marked by the hatched area.
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Figure 3.11: Average spectral index of the separate contributions for all distances to the

shower axis d as a function of the distance from the antenna to shower max-

imum projected on the shower axis, Dmax. The dashed white line marks the

cutoff beyond which incoherence is dominant, the solid white line marks the

Cherenkov radius where the spectral index approaches zero.

When examining the geomagnetic contribution in figure 3.11(a), we see that the spectral

index approaches zero at distances d close to the shower axis. This is the location of the

Cherenkov cone, where the radio pulse becomes very short and produces an almost flat spec-

trum. Inside this cone, the spectral index as a function of Dmax is more or less flat, as was also

implied by the pulse lengths of the simple model in figure 3.3(b). As this implies a lack of

sensitivity of our measurement to the shower development, we will reject this region from

the analysis. We can determine the maxima of the spectral index distribution as a function

of d and Dmax and fit these with a linear function to estimate the size of the Cherenkov cone.



30 Chapter 3. Method: Composition signatures in the radio pulse shape

The resulting line is plotted as a solid white line in figure 3.11(a) and the fit values are listed in

table 3.1. Interestingly, this feature is not as pronounced in the charge-excess component, al-

though a flattening of the Dmax-dependence can be observed at small distances to the shower

axis. This likely points towards a difference in height of the emission regions of both contri-

butions, with the geomagnetic emission region more or less centered around Xmax, and the

charge-excess building up and continuously emitting along the shower axis [48].

Table 3.1: Linear functions best fitting the coherence cutoff and Cherenkov cone:

Dmax ×10−3 = a0 +a1d .

fit a0 [km] a1 (×10−2)

Cherenkov cone 0.0 7.21

Geomagnetic coherence cutoff −5.99 3.00

Charge-excess coherence cutoff −5.28 3.20

As we move away from the shower axis, the spectral index decreases until a certain mini-

mum is reached, after which the spectral index increases again. This minimum is the cutoff

between coherent and incoherent regions of the shower, and the increase in the spectral in-

dex is caused by flat “noise” spectra which start to dominate the underlying distributions,

as was demonstrated in figure 3.10. In similar fashion to the Cherenkov cone, we determine

the minima of the spectral index of both contributions, and fit them with a linear function

to estimate the cutoff. The cutoffs of geomagnetic and charge-excess emission are plotted

as a dashed lines in figure 3.11, and the fit values are also listed in table 3.1. The difference

between the cutoffs of the two emission mechanisms is also likely to be caused by differences

in the emission height.

In the remainder of this analysis, we will only consider the coherent region outside of the

Cherenkov cone, limiting ourselves mostly to distances to the shower axis between 100 m and

350 m. Coincidentally, this corresponds to the typical spacing of AERA antenna stations (see

section 4.2). We will now parameterize the spectral index as a function of Dmax for each ring

of antennas in the star-shaped pattern with distance d to the shower axis. Within the region

of interest defined by values in table 3.1, we fit the following function with scale parameter β

and exponent γ:

b ×102 = β

1+exp(−γ ·Dmax/1km)
−β. (3.7)

In figure 3.12, the spectral index of both emission contributions as function of Dmax is plotted

for two distances to the shower axis d , including fits of equation (3.7).
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Figure 3.12: Average spectral index as function of Dmax at two distances from the shower axis,

including a fit of equation (3.7). The hatched areas mark the rejected regions de-

fined in table 3.1. The error bars indicate one standard deviation of the average

values.

The scale parameter β and exponent γ of the fit are plotted as a function of d in figure 3.13

for both emission contributions. A strong dependence on d is visible, and we parameter-

ize this dependence by fitting the scale parameter and exponent, which can also be seen in

figure 3.13. The scale parameter β has been fitted with polynomials of the third degree. The

results are listed in table 3.2. A product of a linear function and an exponential decay func-

tion has been fitted to the exponent γ. The results are given in table 3.3.
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Figure 3.13: Fit parameters of equation (3.7) as function of distance to shower axis d , which

themselves have been fitted by the functions described in tables 3.2 and 3.3.

With these fits, we have created a full parameterization of the spectral index as a function of d

and Dmax of the pure geomagnetic and pure charge-excess emission contributions. It should

be noted that the fit-functions are ad-hoc descriptions, and are not inspired by physics con-

siderations.
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Table 3.2: Polynomial fits of form b0 +b1d +b2d 2 +b3d 3 to scale parameter β for both emis-

sion contributions.

contribution b0 b1 b2 b3

Geomagnetic −2.73×10−1 1.34×10−2 1.79×10−5 a 0.0

Charge-excess 1.12 −8.37×10−3 1.64×10−4 −2.66×10−7

a parameter fixed

Table 3.3: Fits of form g0 + g1x ·exp(−x/g2) to exponent γ for both emission contributions.

contribution g0 g1 g2

Geomagnetic 1.55×10−1 1.65×10−2 68.3

Charge-excess 1.91×10−2 4.43×10−3 141

3.4.2 Mixed radio emission contributions

In order to calculate the spectral index at observer angles where we have a mixing between

the two emission mechanisms, we need to parametrize the ratio of scale factors of the pure

geomagnetic and charge-excess contributions R = AC /AG of the fit to the spectrum. The frac-

tion of charge-excess emission versus geomagnetic emission can be expressed by the charge-

excess fraction a [63], defined as:

a ≡ sinα
|EC|
|EG|

, (3.8)

where EC is the charge-excess contribution to the total electric field and EG is the geomag-

netic contribution. The geomagnetic angle α is the angle between the shower propagation

direction v and the geomagnetic field B. In [63] it was empirically established that a is not

constant but depends on the zenith angle, which is strongly correlated to Dmax because

the amount of traversed atmospheric depth increases for more inclined showers. Because

AC and AG are related to the total electric field of the components, we can use the rela-

tion of equation (3.8) to derive the dependencies of the ratio R. The charge-excess fraction

a ≈ R · sinα is plotted as a function of Dmax in figure 3.14.

We can parameterize the dependence on Dmax with a polynomial of the third degree, the pa-

rameters of which are listed in table 3.4.

Table 3.4: Fit values describing the ratio R = AC /AG using a polynomial fit of form R · sinα=
r0 + r1Dmax + r2D2

max + r3D3
max.

r0 r1 r2 r3

0.439 −7.01×10−2 6.78×10−3 −2.38×10−4
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Figure 3.14: The charge-excess fraction a ≈ R · sinα with ratio R = AC /AG as a function of

Dmax, calculated for all observer positions where the two emission contributions

are perpendicular for all simulations. The fit is a polynomial of the third degree.

Now we have all ingredients to fully parametrize the spectral index of pulses in the v×B direc-

tion as function of d , Dmax andΦobs using equation (3.6) with ν− = 40 MHz and ν+ = 75 MHz.

In figure 3.15, the parametrized spectral index for the most “extreme” observer angles is com-

pared with the profiles extracted from the simulation set for two different distances to the

shower axis. We have used α = 90° to generate the largest amount of mixing between geo-

magnetic and charge-excess emission.
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Figure 3.15: Parameterization of the spectral index of observer angles with mixed contribu-

tions from geomagnetic and charge-excess emission.

3.5 Parameterization performance

Given a shower arrival direction, core impact location, antenna position and a spectral index

we can now determine Dmax, and propagate back through an atmospheric model to calcu-
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late Xmax. We compare the actual values of Xmax of the Monte Carlo simulation with the ones

determined from the parameterization. In CoREAS, the US standard atmosphere is used,

and we also use this atmospheric model to convert Dmax into an atmospheric depth. The

distributions of the difference between the true Monte Carlo value of Xmax and the recon-

structed value of Xmax calculated with the parameterization and propagation through the

atmospheric model are visible in figure 3.16.
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Figure 3.16: Difference between the true Monte Carlo (MC) value of Xmax and the recon-

structed value using the parameterization (model) for all simulations (a) and

two specific distances from the shower axis and different observer angles Φobs

(b),(c).

Only simulations with spectral indices for which a fit of the parameterization converges have

been used to generate these distributions, which was the case in 65631 of the 69409 simu-

lated stations which were inside the validity region defined in table 3.1. A complete overview
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of the average and rms of the difference between the true and reconstructed values of Xmax,

for every observer angle in the subset of distances to the shower axis we are interested in,

is visible in figure 3.17. For distances closer than 75 m to the shower axis and further than

400 m the method becomes unstable because of the small number of usable bins that are not

affected by either incoherence or the Cherenkov cone, and therefore to which equation (3.7)

could be reliably fitted.
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Figure 3.17: Average difference between the true Monte Carlo (MC) value of Xmax and the

reconstructed value (model) from the parameterization for all simulations. The

colored bands indicate the rms of the distribution.

3.6 Discussion

We have shown in this chapter that a measurement of the radio pulse and its spectral index

can yield composition-sensitive information. Using the derived parameterization, we are

able to determine Xmax with information from one radio station down to a theoretical sen-

sitivity of about 60 g cm−2 in our range of interest between 100 m and 350 m if we consider a

signal of purely geomagnetic origin. For observer angles where mixing between the emission

contributions occurs the sensitivity is similar, except at 180°, where uncertainties are much

larger. This is due to the lower signal at this angle, which results in a higher fit uncertainty.

Biases of up to 30 g cm−2 are also visible in figure 3.17. They are also largest for the observer

angles with destructive interference between the geomagnetic and charge-excess emission

contributions.

The reliability and uncertainty of the parameterization based on CoREAS simulations are

tested by comparing it with a shower simulated with ZHaireS. For this, we simulate a verti-

cal 1×1017 eV proton shower with both packages. These showers are analyzed with a higher

density of stations on the arms of the star pattern, using a separation of 5 m instead of 25 m.

A comparison between the spectral index b as a function of distance to the shower axis d and

observer angle as obtained by the two models is shown in figure 3.18. The parameterized
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spectral indices at the extreme observer angles are also plotted in this figure. The simula-

tions are analyzed at different elevations, namely at 1564 m in the CoREAS simulation and

at 1400 m in the ZHaireS simulation. Therefore, even though they have a different value for

Xmax (663.2 g cm−2 for CoREAS and 682.1 g cm−2 for ZHaireS), they have a similar geometri-

cal distance to shower maximum Dmax (2.07 km for CoREAS and 2.01 km for ZHaireS). Both

simulation packages use the same parameterization of the US standard atmosphere, but use

a slightly different refractive index at sea level. The geomagnetic field direction has a 1.3° dif-

ference and CoREAS uses a magnetic field which is 5 % stronger than the field in ZHaireS.
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Figure 3.18: Spectral index b as a function of distance to the shower axis d and observer

angle Φobs for a vertical 1×1017 eV proton shower simulated by CoREAS and

ZHaireS. The parameterizations of the spectral index at observer angles with

maximum constructive and destructive interference between geomagnetic and

charge-excess emission are indicated by lines. The hatched regions mark the

end of validity of our parameterization.

The same general trend in the spectral index as a function of distance and observer angle in

both simulated showers is observed in figure 3.18. Deviations are visible close to the shower

axis, where the ZHaireS shower produces a much more pronounced Cherenkov effect than

the CoREAS shower. Further from the axis, the CoREAS shower produces flatter spectra than

obtained by the parameterization, while the ZHaireS shower produces steeper spectra. In-

coherence effects appear at relatively small distances to the shower axis in both simulations

because of the low energy of the shower. A more detailed comparison is shown in figure 3.19,

where average profile histograms of the purely geomagnetic and charge-excess components

calculated at observer angles of 90° and 270° are plotted. It is striking that for these particu-

lar two simulated showers, the ZHaireS shower seems to follow the parameterization better

than the CoREAS shower. From this, we conclude that the deviations between the simu-

lation packages are comparable to the fluctuations between different showers produced by

CoREAS, and based on this comparison there is no reason to assume additional systematic

uncertainties in the simulations due to the particular package that is being used. The simi-



3.6. Discussion 37

larity between the packages is remarkable considering the different environmental variables

such as magnetic field and refractive index which were used as input for both simulations.
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Figure 3.19: Average spectral index of the purely geomagnetic and charge-excess emission

contributions in the two simulated showers. The parameterizations of the spec-

tral index of both showers based on their respective distances to shower maxi-

mum are displayed as lines, which are almost completely overlapping. The error

bars indicate one standard deviation of the average spectral index.
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Chapter 4

The detector: The Pierre Auger
Observatory and AERA

4.1 The Pierre Auger Observatory

The Pierre Auger Observatory is located in the province of Mendoza in Argentina. The ob-

servatory was designed to study cosmic rays of the highest energies: it is sensitive to cosmic

ray energies of ∼1018 eV and above [64]. Because of the low flux of cosmic rays in this en-

ergy range, the site covers a surface area of about 3000 km2, which enables the measurement

of a significant number of cosmic rays in this range. Among other things, the location was

selected because of its good weather conditions and the altitude of about 1400 m above sea

level, which at these energies is close to shower maximum [65].

More than 1600 water Cherenkov detectors form the surface detector (SD), and measure the

charged particles in the air shower as they hit the detectors at ground level. The surface

detector was designed to have a duty cycle of almost 100 % [66, 67], and its measurements

enable us to reconstruct air shower arrival direction and energy. There is also considerable

ongoing effort to derive composition sensitive parameters from the SD measurements (see

e.g. [68] and [69]). On clear and moonless nights, these measurements are complimented by

the fluorescence detector (FD), which records the development of air showers. This is used to

determine the cosmic ray composition and perform a calorimetric measurement of the air

shower from the deposited energy in the atmosphere. The fluorescence detector consists of

a total of 27 fluorescence telescopes, distributed over four sites surrounding the array. The

locations of these sites can be seen in the overview of figure 4.1. Because it requires darkness

and clear atmospheric conditions, the uptime fraction of the FD is about 13 % [70].
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Figure 4.1: Layout of the Pierre Auger Observatory. The black dots indicate the locations of

the surface detectors, and the lines demarcate the boundaries of the fields of view

of the fluorescence telescopes. AERA is located within the orange region. The

orange circles mark the locations of the two laser facilities.

Together, the SD and FD constitute a hybrid detector, in which the information of both detec-

tors is complementary and is used to reconstruct and cross-calibrate the relevant parameters

of the air shower such as the arrival direction and primary energy of the cosmic ray. An ex-

ample of an event which is measured by both detector systems can be seen in figure 4.2.

Los Morados

Loma Amarilla

Los Leones

Coihueco

Figure 4.2: Illustration of the hybrid detector: an event is recorded by both the surface detec-

tor and the fluorescence detector (adapted from [71]).
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4.1.1 The Surface Detector

The 1600 particle detectors of the regular surface detector array sit on a triangular grid with

a spacing of 1500 m. The detectors consist of tanks with a reflective inner liner holding 12 t

water [72]. Charged particles from the air shower travel at relativistic speeds, and when they

traverse the water in the tank they will produce Cherenkov light. This light is collected by

three photomultiplier tubes (PMTs), which look downward into the tank. A schematic image

of a surface detector station can be seen in figure 4.3. Each of the detector stations is self-

powered by a solar panel, has a GPS module for timing and communicates with the central

data acquisition system (CDAS) using a wireless connection.

3.6 m

1.2 m

solar panel

communications antenna
GPS antenna

battery box
PMT PMT (×2)

Figure 4.3: Schematic drawing of a surface detector station. Three PMTs look down into a

water-filled reflective liner, one of which is directly behind the right-most PMT

from this perspective.

The signal strength which is measured by the PMTs depends on the number of charged par-

ticles traversing the tank and the length of the tracks along which they emit light (which de-

pends on the inclination of the shower). For convenience, the measured signal voltages are

converted into vertical equivalent muons (VEMs), which are equivalent to the amount of light

that would be measured coming from a muon traveling straight down through the center of

the tank. When a surface detector measures a signal of 3 VEM in all three PMTs it is triggered,

and it sends a message to the CDAS. When at least three detectors have triggered within 25µs

and satisfy certain spatial conditions, the CDAS retrieves the information from all triggered

detectors and an event is created [73].

Air shower geometry (core impact position and shower arrival direction) and cosmic ray pri-

mary energy can be reconstructed using a combination of a signal time fit to a curved particle

front and fitting a description of the lateral fall-off of the particle distribution to the mea-

sured signal strength. This is done in an iterative process, in which the timing fit provides the
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shower axis, core impact time and the curvature of the particle front, and the signal strength

fit provides the core impact location and ultimately the shower energy. The signal strength

can be parameterized by a function such as a modified Nishimura-Kamata-Greisen (NKG)

lateral distribution function (see e.g.[74]), which describes the number of charged particles

in the shower as a function of distance to the shower axis r , and therefore the signal strength

S measured in VEMs by a surface detector station at this location:

S(r ) = S(ropt) ·
(

r

ropt

)β(
r + rscale

ropt + rscale

)β+γ
. (4.1)

Here, ropt is the optimum distance (where signal fluctuations are minimal) and rscale is a scale

parameter with a value of 700 m. For the array with a spacing of 1500 m, the optimum dis-

tance was found to be 1000 m [75]. S(1000m), β and γ are fit parameters, of which S(1000m)

is proportional to the primary energy and serves as an energy estimator for the surface detec-

tor. After a correction for the inclination of the shower, the proportionality of this estimator

can be calibrated by the events that are measured simultaneously by the SD and FD (see e.g.

[76]).

In addition to the regular surface detector array, 61 detectors have been used to create a

denser grid with a 750 m spacing, covering about 24 km2 in the North-West corner of the array

(see figure 4.1) [77]. This is the SD infill array, which was designed to be sensitive to cosmic

rays of lower energies – down to an energy of ∼1017 eV – to assist with the AMIGA extension

of the observatory [62]. As part of AMIGA, the surface detectors in this denser grid will be

complimented by several buried scintillators to measure the muon-fraction of the shower,

which is a composition-sensitive parameter. Because of the smaller detector spacing, ropt

was found to be 450 m for the fit of equation (4.1) to the SD infill data [78]. A typical SD infill

event including a fit of the lateral distribution function can be seen in figure 4.4.

4.1.2 The Fluorescence Detector

The charged particles in extensive air showers excite molecules in the atmosphere, mostly

nitrogen and oxygen. When these molecules fall back to their ground state, they isotropi-

cally emit fluorescence light in the UV-band. The number of emitted fluorescence photons

is proportional to the number of excited molecules, and therefore to the number of charged

particles in the air shower along its path through the atmosphere. By measuring this light

the longitudinal shower profile can be determined, including the depth of shower maximum

Xmax. It also serves as a calorimetric measurement of the energy deposited electromagneti-

cally in the atmosphere, which accounts for ∼90% of the primary cosmic ray energy [70].

The emitted fluorescence light is measured by telescopes, which are located at four elevated

positions overlooking the array and each have a field of view of 30°×30°. They consist of an

aperture system with corrective optics and a UV filter, and a segmented mirror which focuses

the light onto a camera composed of an array of PMTs, as can be seen in figure 4.5(a). At each
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Figure 4.4: Event with ID 29894169 as recorded by the SD infill array. Left: the geometry of

the event on the array, where the size of the circles are proportional to the mea-

sured signal strength and the colors indicate signal time. The star marks the core

impact position and the line the direction of the shower axis. Right: the lateral

distribution of the signal strength with a fit of equation (4.1).

of the four FD sites, six standard FD telescopes are housed in a dedicated building. At the

Coihueco site an additional three telescopes are installed which can be tilted upwards by 29°:

the high elevation Auger telescopes (HEAT) [79]. These telescopes are designed to be sensitive

to air showers down to an energy of 1017 eV, which is comparable to the lower energy bound

of the SD infill array, which it overlooks. Showers with low energy generally interact earlier

in the atmosphere, and because they produce fewer air shower particles, their fluorescence

yield is also less. Therefore, they develop mostly outside the field of view of the standard FD

telescopes, but by pointing the telescopes upward the development of low energy showers

can also be probed with high efficiency. A comparison of both types of telescopes can be

seen in figure 4.5.

The data acquisition of the FD runs completely independent of the data acquisition of the

surface detector, except for triggers which are sent to the CDAS by the FD when an air shower

candidate is detected. In order to reconstruct the shower profile, at least one SD station must

be triggered by the same shower as measured by the FD to constrain the shower axis and

core impact time [81]. The signals measured by the telescope pixels as a function of time

can then be projected onto the shower axis, and a longitudinal shower profile as a function

atmospheric depth X can be reconstructed, as can be seen in the example of figure 4.6. To

calculate the energy deposit, the attenuation in the atmosphere needs to be known, as well

as the fraction of the measured light that is emitted as Cherenkov photons by the shower

particles instead of fluorescence light [82]. The depth of shower maximum Xmax can be de-

termined by fitting the Gaisser-Hillas function (equation (2.12)) to the longitudinal profile,

which is also shown in figure 4.6.
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a

b

c

d

e

(a) Standard FD (b) HEAT

Figure 4.5: Standard FD telescope (a) and HEAT telescope (b) in inclined mode. a: shutter; b:

aperture system and UV filter; c: camera; d: electronics; e: segmented mirror [70,

80].
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Figure 4.6: An example of an event measured by both Coihueco and HEAT (event ID

1407_11995). Left: the individual pixels of the cameras, where the colors indi-

cate the signal arrival time; right: the reconstructed longitudinal shower profile

of the same shower, with a fit of the Gaisser-Hillas function.

To calculate the attenuation of the fluorescence light in the atmosphere, molecular scatter-

ing and scattering off aerosols needs to be considered. For molecular scattering, atmospheric

profiles of temperature, density and humidity are sufficient to calculate the scattering coef-

ficients. Local monthly profiles have been determined in extensive on-site measurement

campaigns, but they can also be obtained from tables that are produced on a 3-hour ba-

sis by the Global Data Assimilation System (GDAS) [83]. Much more volatile than the atmo-

spheric molecular profiles is the aerosol content of the atmosphere above the detector [84].

The aerosol content is monitored by using the FD telescopes to measure hourly laser shots by
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two laser facilities near the center of the array (see figure 4.1), which can be used to calculate

the vertical aerosol optical depth (VAOD) [85]. Furthermore, clouds that may obscure the

shower are monitored by several systems [86, 87], and an efficient algorithm rejects lightning

events which might trigger the FD telescopes altogether [88].

4.2 The Auger Engineering Radio Array

4.2.1 Introduction

The first experiments which measured radio emission in the MHz regime at the Pierre Auger

Observatory were RAuger [89], the BLS-setup and its successor MAXIMA (see e.g. [90]). RAuger

was installed in 2006, and development at the BLS site started in 2008. Both setups success-

fully recorded air shower induced radio emission in coincidence with the surface detector.

These experiments have been succeeded by the Auger Engineering Radio Array (AERA), at a

site which overlaps with the SD infill array and is within the field of view of both the Coihueco

and HEAT fluorescence detectors. The first stage of this array, AERA-I, was deployed in Sep-

tember 2010, and consists of 24 detector stations on a 144 m grid equipped with log-periodic

dipole antennas (LPDAs) based on the MAXIMA design [91]. After a few months commission-

ing, it has been taking data since March 2011. Its detector stations are equipped with either

one of two different types of electronics. One type was developed jointly by the Karlsruhe In-

stitute of Technology (KIT) and the Bergische Universität Wuppertal (BUW), and focuses on

external triggers provided by the baseline Auger detectors. The other type was developed by

the Radboud University (RU) and Nikhef, and focuses on self-triggering on radio pulses. The

distribution of electronics over the stations changed multiple times until March 2012, after

which 6 stations were equipped with RU/Nikhef electronics and 18 with KIT/BUW electron-

ics, as can be seen in figure 4.7.

An extension to the existing array was deployed as AERA-II in early 2013, and has been taking

data since April 2013. AERA-II consists of 95 detector stations equipped with a type of bow tie

antenna called the Butterfly, which was originally developed for the CODALEMA experiment

and adapted for AERA [92, 93]. The stations were deployed in a semi-regular grid, with 55

stations equipped with KIT/BUW electronics (mostly with a 250 m spacing), and 40 stations

with RU/Nikhef electronics (mostly with a 375 m spacing). Apart from some smaller differ-

ences discussed below, the major difference between the two types of electronics is still the

focus on different trigger mechanisms. A full overview of the layout of the array can be seen

in figure 4.7. Five stations in the South-East corner of the array were used to test an experi-

mental antenna type which also measures the vertical electric field component in the period

from 7 November 2013 to 22 November 2014. In the remainder of this thesis, only data from

AERA-II radio detector (RD) will be used, so we will limit our discussion of the detector in the

rest of this chapter to stations from this setup.
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Figure 4.7: Layout of the AERA experiment. The colored crosses denote the different types

of stations in the array. The stations equipped with KIT/BUW electronics use an

external trigger, while the stations equipped with RU/Nikhef electronics are self-

triggering on radio (AERA-I) and scintillators (AERA-II). The central radio station

(CRS) and the auxiliary weather station (WS) are also indicated, as well as the

positions of the SD tanks in this area.

4.2.2 Station design

A schematic representation of the the AERA-II station design can be seen in figure 4.8. The

Butterfly physics antenna was designed to be sensitive between 30.0 MHz and 80.0 MHz, and

measures in two polarization directions. One antenna arm is aligned parallel to the geomag-

netic field (approximately 3° east of true North), with the other arm perpendicular to it. The

stations are designed to operate autonomously, generating power with a solar panel attached

to the electronics box, which houses the digitizer and a battery. In the stations equipped with

RU/Nikhef electronics, this box also houses the scintillator(s) used for triggering. A 5.7 GHz

commercial wireless communications system antenna is installed on top of the physics an-

tenna, which communicates with one of the central data acquisition systems (DAQs). In

addition, a GPS receiver is attached to the station to provide timing.
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communications antenna
and GPS receiver

physics antenna
two polarization directions

solar panel
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system electronics and battery
(+ scintillators)

Figure 4.8: AERA-II station design. The stations with RU/Nikhef electronics are equipped

with one or two scintillators in the electronics box.

Station electronics

The measured signal is amplified by a low-noise amplifier (LNA), located close to the center

of the Butterfly physics antenna. The characteristics of the signal entering the electronics are

determined by the interplay between the LNA and the antenna [91]. Therefore, the frequency

responses and the group delays are combined in one response pattern, which will be called

the antenna response. It should be noted that because of the directional sensitivity of the an-

tenna this is not just dependent on the frequency and the phase of the signal, but is also a

function of direction of the incoming radiation.

After the LNA, the signal is fed via coaxial cables to the electronics box and the filter boards

inside the digitizer, which filter the signal between 30.0 MHz and 80.0 MHz. The KIT/BUW

filter/amplifiers contain two low-gain channels and two high-gain channels to increase the

total dynamic range of the measurements. With respect to the low-gain channels, the high-

gain channels are amplified with an additional 20 dB [94]. The two filter channels that are

used for the radio measurements in the RU/Nikhef electronics use no amplification at all. In

figure 4.9, a comparison of the filter characteristics as measured in the two types of station

electronics can be seen. The gain difference resulting from the amplification in the KIT/BUW

electronics can clearly be seen. We call the combination of the frequency-dependent delays

introduced by the cables and the amplification and dispersion caused by the filter boards the

channel response. A schematic overview of the analog electronics can be seen in figure 4.10.
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Figure 4.9: Comparison of the measured response of a high-gain channel of KIT/BUW sta-

tion AERA 33 and a channel of RU/Nikhef station AERA 93.
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Figure 4.10: Overview of the logical analog electronics components from the antenna up to

the analog-to-digital converter.

After filtering, the signal is processed by analog-to-digital converters (ADCs), four of which

are present in each digitizer. In RU/Nikhef digitizers these are 14 bit ADCs, which digitize

the signal at 200 Msps, while the KIT/BUW digitizers use 12 bit ADCs, which sample with

180 Msps. The digitized signals are further handled by the field-programmable gate array

(FPGA) and the central processing unit (CPU) on the digitizer board, which are able to ac-

quire and format the data and make trigger decisions.

Two channels in the RU/Nikhef digitizers are used to read out the signals from the antenna,

while for the other two channels the filters are bypassed and are used to process signals from

the scintillators. All AERA-II stations with RU/Nikhef electronics are equipped with two small

plastic scintillators, except for the five experimental stations with vertically polarized anten-

nas, which only have one. The scintillators measure (45.7×17.2×2.4) cm3, with one of them

positioned on top of the battery and one below it (in case there is only one, it is positioned

below the battery). The scintillators measure the charged particles in the air shower and are

used for triggering, as will be discussed in the next section.
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The KIT/BUW digitizers split the signals coming from the two antenna directions into high-

gain and low-gain channels, which then take up all four channels of the digitizer. The KIT/BUW

digitizers contain a ring buffer to store data for up to 7.4 s while the station waits for the DAQ

to send external trigger messages [95]. The RU/Nikhef electronics does not accept external

triggers from the SD or FD and does not have such extensive data storage.

4.2.3 Trigger and data acquisition

Because of the fundamental differences between the trigger strategies of the two types of

electronics, both setups are connected to their own respective DAQs, which are described

below.

Scintillator-triggered setup (RU/Nikhef )

The stations equipped with RU/Nikhef digitizers have the capability to self-trigger on any of

the four connected channels. In its simplest form, a self-trigger can be just a signal crossing a

threshold. The scintillator channels are shielded from most outside influences, so the signal

is very clean and there is no need for a refined trigger scheme, and a single threshold is used.

During the commissioning phase of AERA-II this threshold was set at 150 ADC counts below

the dynamically established baseline of the signal feed.

For the signal coming from the radio antenna this is different, as the signals are small and

inherently noisy, and can be contaminated by pulsed radio frequency interference (RFI) that

is unrelated to the radio signal from air showers. For AERA-I, an elaborate trigger algorithm

was developed to reject man-made noise with specific characteristics [96]. It uses a multi-

step process to reject pulses with multiple secondary threshold-crossings, which are com-

mon in broad pulses which are typical for man-made transient noise. This algorithm has

been retained in the AERA-II stations. An example of all four channels recorded by a station

triggered by the scintillator below the battery can be seen in figure 4.11. A radio pulse was

recorded within a few tens of ns of the particle hitting the scintillator, and can therefore be

considered to be air shower induced with high certainty.

If the FPGA and CPU decide there is a trigger on station level, the data is temporarily stored

and a time stamped message is sent to the DAQ at the CRS. If three or more time stamps

received by the DAQ fall within a coincidence window of 3µs, the DAQ requests the data

from all triggered stations and builds an event. Initially, only scintillator triggers were used

in the AERA-II DAQ, but since September 2013 also triggers on the radio signal are included.

This has the advantage that stations that produce no scintillator trigger because of the small

cross-section of the scintillator module can still be included in the event if they measure a

radio pulse. In this case, a minimum of two stations triggered by scintillator is required for

an event, but the total number of triggered stations still has to be at least three. A schematic

overview of the DAQ of the scintillator-triggered setup can be seen in figure 4.12.



50 Chapter 4. The detector: The Pierre Auger Observatory and AERA

 [ns]t
1800 2000 2200 2400 2600 2800 3000 3200

V
]

µ
 [

am
pl

it
ud

e

4000−

2000−

0

2000

4000

North-South
East-West

(a) Antenna channels

 [ns]t
1800 2000 2200 2400 2600 2800 3000 3200

 [
A

D
C

]
am

pl
it

ud
e

6600
6800
7000
7200
7400
7600
7800
8000
8200
8400

top
bottom
trigger threshold

(b) Scintillator channels

Figure 4.11: Time traces and scintillator traces of the same station of the same event. The

bottom scintillator detected a charged particle and triggered the local station,

which recorded a radio pulse at roughly the same time.
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Figure 4.12: Data acquisition of the scintillator-triggered setup (equipped with RU/Nikhef

digitizers).

After the DAQ has created an event, it is written to disk and saved for off-line analysis. Ini-

tially, the length of all recorded time traces was 1024 samples (5120 ns), but this was increased

to 2048 samples (10240 ns) after 2 October 2014 to better be able to estimate the properties of

narrowband noise (see section 6.3). In addition to the self-triggered events, the DAQ requests

read-outs of all active stations once every 10 s. These events can for instance be used to study

detector performance or the noise situation (see section 5.2) and are called periodically trig-

gered data.

Externally triggered setup (KIT/BUW)

The DAQ of the externally triggered setup is located at Coihueco and receives messages with

time stamps and station lists of SD events directly from the CDAS. Usually, they arrive within

a few seconds of the impact time of the shower. All SD events of which the nearest surface
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detector station is within 5 km of any of the AERA stations in the externally triggered setup

are selected by the DAQ. Using the trigger time stamp of this nearest SD station, it is possible

to perform a very rough approximation of the position in the ring buffer of a radio pulse that

might be produced in the event. This approximation is then used in a trigger message from

the DAQ that requests a read-out of all active stations equipped with KIT/BUW electronics. In

addition to SD triggers, triggers from the FD detectors Coihueco and HEAT are also accepted

by the DAQ. A schematic overview of the DAQ of the externally triggered stations can be seen

in figure 4.13.
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GPS

DAQ

Coihueco
. . .

CDAS

analog chain (× 4) wireless link

triggers

wireless link

Figure 4.13: Data acquisition of the externally triggered setup (equipped with KIT/BUW dig-

itizers).

The exact position of a radio pulse in the ring buffer depends strongly on shower geome-

try, which is unknown without performing a directional reconstruction. Therefore, the time

traces that are written to disk are chosen to be very long to increase the possibility that the

pulse is contained by them: 10240 samples (56888.9 ns). In addition to external triggers, the

digitizers developed by KIT/BUW also have self-triggering capabilities, but this data is cur-

rently not considered for physics analysis. The DAQ of the externally triggered setup also

used to store periodically triggered data every 10 s, but to conserve power this has been de-

creased to once every 100 s as of March 2014.

4.2.4 Electric field reconstruction

Off-line analysis

After the data recorded by the radio stations is stored to disk by the DAQ, it has to be ana-

lyzed off-line and merged with coinciding SD and FD events. This can be done on-site, such

as at the Coihueco DAQ, or at one of the home research institutes. A tool that was specifically

created for analyzing data from the Auger Observatory is the Offline software framework [97],

which contains analysis modules for SD and FD, and has been extended with functionality
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for data from the radio detectors [98].

The Offline framework is written in C++. It makes a clear distinction between detector de-

scription and event data structures. The detector description deals with all properties related

to the hardware in the field, such as the position of a particular detector station or the quan-

tization levels of an ADC. The event data structure on the other hand holds all the data con-

cerning a specific event, such as ADC traces or a reconstructed shower axis. Analysis modules

are used to access the two interfaces, and can modify the event data structure, such as clip-

ping time traces or filtering frequency bands. An analysis pipeline, for example to reconstruct

the shower axis of an event, usually consists of a chain of modules which each perform spe-

cific analysis tasks. The modules can be configured by XML files, and detector properties are

either stored in XML tables or in MySQL databases.

In order to perform a physics analysis like the one outlined in chapter 3, we need to recon-

struct the three dimensional electric field at the antenna positions from the time traces in

ADC-counts from the two channels as recorded by the radio detector stations. By using the

quantization levels of the ADCs we can revert to the original signal voltages, which were fed

into the ADCs. We can then correct for the response of the cables and filters by applying the

inverse of the channel response functions that were measured for all radio stations in the

field. This is done in the frequency domain, and examples of these response functions can

be seen in figure 4.9. Disregarding electronic noise, the voltages after applying the inverse

channel response are the two components of the signal voltage at the readout terminals of

the LNA. From this, we are able to reconstruct the full three dimensional electric field if we

know the arrival direction of the pulse and the directional sensitivity of the antennas. Be-

fore, after and in between these reconstruction steps, we can place selection cuts or perform

calibration and correction operations. These will be discussed in depth in chapter 5.

Electric field reconstruction

The antenna response pattern represents the mapping of the electric field E to the measured

voltages U1,2 at the readout terminals of both antenna arms, and is denoted by the vector

effective length (VEL) H1,2 of each antenna arm:

U1,2 = E ·H1,2. (4.2)

Because we measure with only two antennas, we have one free parameter too many to solve

this equation. We can, however, use the fact that the electric field parallel to the direction of

movement of the shower (v) is negligible [99], reducing equation (4.2) to a two dimensional

problem. The electric field can be projected onto two components orthogonal to the shower

axis: eθ and eφ, as is illustrated in figure 4.14.

We can rewrite equation (4.2) in this representation and write out the dot product:

U1(ν) = H1,θ(ν,θ,φ)Eθ(ν)+H1,φ(ν,θ,φ)Eφ(ν) (4.3)

U2(ν) = H2,θ(ν,θ,φ)Eθ(ν)+H2,φ(ν,θ,φ)Eφ(ν), (4.4)



4.2. The Auger Engineering Radio Array 53

East

North

zenith

v

φ

θ

eθ

eφ

E

Figure 4.14: Coordinate system in which the electric field vector E is projected orthogonal to

the shower axis v along unit vectors eθ and eφ.

where we evaluate the the signal voltages, electric fields and the VEL in the frequency do-

main. With these two equations, we can solve the two components of the electric field vec-

tor, given that the arrival direction of the pulse is known, and there is a complete description

of the VEL of both antenna arms as a function of arrival direction and frequency. The ar-

rival direction can be obtained from a directional reconstruction using the the radio signal

arrival times, or from the directional reconstruction of the coinciding SD event. The VEL can

be produced by using computer simulations of the antenna characteristics from a detailed

description of the antenna. It is also possible to measure the VEL by using well-defined in-

coming electric fields, such as coming from calibrated emitters for a variety of directions and

frequencies.

It is important to note that equations (4.3) and (4.4) can only give an exact solution of the full

electric field in complete absence of noise. In the real world, a variety of noise contributions

contaminate the signal, and while the air shower induced field may be contained in two com-

ponents orthogonal to the shower axis, the noise is randomly polarized and can come from

any direction. When either the signal strength is too low compared to the noise level, or the

signal is mostly contained in either one of the two channels (for example, an inclined shower

arriving parallel to one of the antenna arms), this will lead to significant mixing and amplifi-

cation of noise into the reconstructed electric field when equations (4.3) and (4.4) are applied.

We can illustrate this by a toy Monte Carlo, where we can look at how well certain parameters

can be recovered from the radio signal as a function of arrival direction under the influence

of noise. We will use one simulated shower from the set described in section 3.3. From this

shower, we have selected 50 traces in three dimensions containing pulses with spectral in-

dices breal ranging from −1.5×10−2 to 0.0, which were calculated on the v×B component.

We will randomly draw from this set. We will also assign a random arrival direction to these

traces, and add Gaussian white noise with a signal-to-noise ratio SNR between 1 and 50 as
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defined by:

SNR =
n∑
i

|xsignal,i |
|xnoise,i |

, (4.5)

where |xsignal,i | is the magnitude of the signal amplitude spectrum of frequency bin i , and

|xnoise,i | is the magnitude of frequency bin i of the generated noise spectrum. After the ad-

dition of noise, we can apply the simulated antenna response pattern, which describes the

VEL of the Butterfly antenna, and then apply the inverse antenna response on the two signal

voltages to get a three dimensional electric field again, in both cases using the same arrival

directions. We can then recover the v×B component of the field, and calculate the pulse

amplitude and fit the spectral index. We define the original pulse amplitude Areal before ap-

plying the antenna pattern as:

Areal =
n∑
i
|xsignal,i |. (4.6)

The measured pulse amplitude Ameasured after the addition of noise and going back and forth

through the simulated antenna can be calculated when we correct for the noise:

Ameasured =
n∑
i

√
x2

signal,i −x2
noise,i . (4.7)

After doing this 5000000 times we can look at the average difference between the original

and measured values of the pulse amplitude and the spectral index as a function of arrival

direction, as can be seen in figure 4.15.
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Figure 4.15: Average difference between the real and measured values of the pulse amplitude

(a) and the spectral index (b) as a function of arrival direction when the antenna

response pattern is applied in the described toy Monte Carlo. The pulse ampli-

tude is displayed as a relative deviation.

It is obvious that the average deviations in the measured parameters become very large (com-

pare for example with the values in figure 3.15 for the spectral index) at zenith angles above

60°. This is mostly caused by events that are arriving more or less parallel to one of the



4.2. The Auger Engineering Radio Array 55

antenna arms at high zenith angles, where one of the arms will have its signal completely

drowned by noise, which in turn will be blown up when calculating the vertical component

of the electric field. The pattern that is visible above θ = 60° is the result of the interplay

between the antenna response pattern and the magnetic field vector B that was used to de-

termine the component of the electric field of which the spectral index is calculated.
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Chapter 5

Data sets and event selection

In this chapter we will discuss how we obtain a high quality data set from the data written to

disk by the two data acquisition systems on which we can perform physics analyses.

We start off by discussing the sources of radio frequency interference (RFI) influencing our

measurements, as this is crucial if we want to make sense of the recorded signals. Next, we

will outline a method to monitor data quality, remove dysfunctional stations from the data

set and flag periods with thunderstorm conditions. After this, we are able to go through data

selection procedures for both setups to extract air shower induced radio pulses.

The data set that is used for the physics analysis in this thesis runs from 10 May 2013 to 19

November 2014 in the case of the scintillator-triggered setup. The data set that was used

from the externally triggered setup runs from 22 April 2013 to 13 April 2015. The bounds of

these data sets are set by the commissioning dates of the two setups on the one hand, and

the available volume of periodically triggered data (which is only sporadically transferred by

hard drive to the home institutes) on the other.

5.1 Radio frequency interference at AERA

In addition to air shower induced radio pulses, the antenna stations constantly record a com-

bination of ambient noise picked up by the antennas and electronic noise introduced by the

system electronics. The ambient noise mostly consists of radio sources in the sky. The galac-

tic center is the most important source in our frequency range and can be used for calibra-

tion purposes (see chapter 6). These contributions are superimposed by man-made radio

frequency interference, which we can subdivide into narrowband and broadband RFI.
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5.1.1 Narrowband RFI

Several sources of narrowband noise negatively influence the data recorded at the AERA site.

Narrowband RFI can be identified as high-powered sources in a small spectral region, usually

peaking at a single frequency, as can be seen in the frequency spectra of figure 5.1. Depend-

ing on the location of the source, it might show up in either one or both of the channels.
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Figure 5.1: Narrowband RFI visible in both channels of station AERA 64 in an externally trig-

gered event from August 2014.

The strongest source of narrowband RFI at the AERA site is the AERA beacon [100]. Conceived

as a timing calibration source, it continuously emits sine waves with the frequencies listed in

table 5.1. Its antenna is located at the Coihueco FD building, and is therefore mostly visible

in the North-South channel, although this depends on the exact station location relative to

the beacon.

Table 5.1: List of beacon frequencies as of 14 August 2012.

Beacon frequency [MHz] 58.887 61.523 68.555 71.191

The nature and origin of most other sources of narrowband RFI is unknown. Some have a

very narrow frequency range, while others are somewhat broader. An important example

of the latter is the transmitter at ∼67MHz in the East-West channel, which corresponds to

channel 4 of the lower VHF television broadcast band. This is a frequency modulated sig-

nal, centered around a carrier frequency of 67.25 MHz [101]. Although the beacon and the

∼67MHz transmitter are almost always present in the recorded data, several other sources

are of a more transient nature and related to human activity. In order not to bias our analysis

of the frequency spectrum of air shower induced radio pulses, the contribution of narrow-

band RFI to the pulse needs to be suppressed, as will be explained in detail in section 6.3.
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5.1.2 Broadband RFI

Broadband pulses that mimic air shower induced radio pulses are another source of contam-

ination to our data. In radio self-trigger mode, the station level trigger rate of AERA-I was

in the order of 200 Hz, while the coincidence rate with SD was only about one per day [56].

This means that, regardless of the trigger mechanism, broadband pulses are commonplace

at AERA and the probability of misidentifying noise pulses as air shower pulses is high. By

using very short coincidence windows and careful comparison with reconstructed arrival di-

rections from SD, we try to limit the number of misidentified air shower induced pulses, as

will be shown in section 5.4.

To investigate the nature of sources of broadband pulses we can perform a directional re-

construction of events which were self-triggered on the radio signal. This is done based on

the pulse time, assuming a spherical wave front centered at the source (see e.g. [99]). In

figure 5.2, the reconstructed sources from 12 days of AERA-I self-triggered data are plotted,

after selecting only events of which a plane wave arrival direction reconstruction points to-

wards the horizon. A few pylons of the power line were identified in the field to be sparking

with a hand-held oscilloscope and an antenna. This is probably because of defective isola-

tors, and their locations are drawn in figure 5.2 as well, showing an obvious correlation with

frequently reconstructed directions. In addition to the power line, several transformers in the

neighboring village of El Sosneado are suspected to be sources of broadband pulses.
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Figure 5.2: Reconstructed sources of pulsed noise of AERA-I self-triggered data from 29 Au-

gust 2012 to 10 September 2012. The power line is marked by a dashed line. Be-

cause of the limited spatial distribution of the stations and timing uncertainties,

the sources are reconstructed in tracks fanning out from the array.
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5.2 Station performance monitoring

5.2.1 Method

To monitor the performance of the AERA antenna stations we use the periodically triggered

data, which is created every 10 or 100 seconds (see section 4.2.3). The uptime of the stations

is determined by the mere presence of the stations in this data stream, while the quality of the

data which the stations record is inferred from its noise level. A convenient quantity by which

to monitor the noise level of the stations is the root mean square (rms) of the amplitude of

the time trace recorded by the stations, defined as:

xrms =
√

1

n

n∑
i=1

(xi − x̄)2, (5.1)

where xi is the amplitude in ADC counts of sample i , and n the number of samples in one

trace. The value is corrected for the average amplitude of the trace x̄. Abnormal behavior of a

station usually shows as a deviation of the rms from the mean rms of all stations. We use this

behavior to reject badly performing stations.

In figure 5.3, the time traces of several stations within one periodically triggered event are

shown. The trace of AERA 136 is typical for traces recorded by correctly functioning stations,

whereas AERA 151 has strong pulses and AERA 88 is quiet by comparison. The source of the

pulsing behavior is not exactly known, but might result from a failure in the grounding of the

electronics. The quiet traces are likely caused by a broken fuse on the filter board. The dif-

ferences between these stations are also reflected in the rms, as can be seen in figure 5.4. On

top of the quasi-daily galactic variation and the occasional (man-made) noise burst a clear

enhancement is visible for AERA 151 caused by the pulses, while the rms of AERA 88 is nearly

a flat line.

To reduce the effects of short term bursts of noise and the galactic variation we first calculate

the average and spread of xrms for 100 bins a day. We then calculate a weighted average from

these values for periods of two days, 〈xrms〉. Episodes of pulsed man-made noise result in a

large spread, so we can negate their effects if we weigh every contribution with the inverse of

the spread in that bin. The time evolution of this average for all stations from the scintillator-

triggered setup in a period of little more than a month is visible in figure 5.5. It is clear that

the correctly functioning stations are grouped around a certain mean value, which changes

over time because of variations in the background noise. Dysfunctional stations are easily

identified as outliers to this distribution. A colored band marks the region of 6 standard devi-

ations above and below the mode of the distribution of stations per time bin. Stations within

this region will be considered normal, while the rest will be rejected with a time resolution

of two days. Exceptions are possible because of specific noise conditions and changes to the

specific ensemble of active stations at any instance of time.

As is visible in figure 5.5, the noise levels recorded by the two antenna arms as well as their
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Figure 5.3: Three time traces of the North-South antenna channel from event 744026 from

run 537 of the scintillator-triggered setup recorded on 29 November 2013.

spread are quite different. This is caused by a combination of the asymmetry of the antenna

sensitivity pattern, and the location of the galaxy and other noise sources relative to the an-

tenna. Both antenna arms should therefore be treated separately in this analysis. The dis-

tance from a specific antenna station to man-made noise sources also has a strong influence

on the noise level recorded by a station. Therefore, we try to limit the influence of some

known narrowband sources by setting the amplitudes in their frequency bands to zero in

both antenna arms before calculating 〈xrms〉. These frequency bands are listed in table 5.2.

Table 5.2: Filtered frequency bands containing strong narrowband noise, such as the AERA

beacon.

Filter lower bounds [MHz] 57.7 60.5 66.5 70.0

Filter upper bounds [MHz] 59.5 62.0 69.0 72.0
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Figure 5.4: The rms averaged in 100 bins per day of the time trace in the North-South po-

larization, as a function of time for four stations from run 537. AERA 110 and

AERA 136 are behaving normally.
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Figure 5.5: The rms of the time trace of every station of the scintillator-triggered setup aver-

aged over a period of two days as a function of time in run 537. The shaded bands

indicate 6 standard deviations above and below the mode of the distribution per

time bin.

5.2.2 Results

After determining the rejected periods for all available periodically triggered data, we can

look at the fractional uptime and the rejected periods per station. The fractional uptime is

defined as the fraction of periodically triggered events in which a station is present in one full

day. A station can be absent from an event because it is non-responsive or because it is busy

processing a trigger, but it can also be completely shut down. For two example stations, the

uptime as a function of time is plotted in figure 5.6.
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(a) AERA 83
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(b) AERA 101

Figure 5.6: The fractional uptime as a function of time in the complete data set for two exam-

ple stations of the scintillator-triggered setup, with colored regions marking the

rejected periods as determined by the rms of the time trace.

Because of the different filter-amplifiers in the two experimental setups we need to treat the

data from the scintillator-triggered setup separately from the externally triggered data set

when determining the distribution of 〈xrms〉. An overview of the total fractional uptime and

rejected periods for all stations as a function of time for the complete available data set is

plotted in figures 5.7 and 5.8.
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Figure 5.7: Total fractional uptime and rejection as a function of time for all stations in the

scintillator-triggered setup.

In figure 5.9 the fractional uptime and the rejected periods are listed for each station. The

data produced by stations in periods in which they are rejected will not be used in any cali-

bration method or physics analysis described in the rest of this thesis.
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Figure 5.8: Total fractional uptime and rejection as a function of time for all stations in the

externally triggered setup.
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Figure 5.9: Total fractional uptime and rejection of each station in the available data set of

both experimental setups. The orange bars indicate the fraction of time in which

the stations were rejected.
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Every now and then the self-triggered stations go through short episodes where they store

saturated signals at 50 MHz, with durations of the order of one hour. These periods are also

easily distinguishable by their rms, and will be flagged separately with a time resolution of

100 s. In addition to the rejected stations based on the rms of the trace, some experimental

stations will be removed from the analysis. As mentioned in section 4.2.1, five stations were

outfitted with an experimental antenna which is sensitive to the vertical electric field compo-

nent for a period of time. Due to complications in modeling and understanding the antenna

response pattern, these station cannot reliably be used in a physics analysis. The affected

stations are AERA 85, AERA 145, AERA 146, AERA 152 and AERA 157.

5.3 Weather monitoring

Ambient electric fields have an influence on the radio emission from air showers [102, 103].

The strength of the ambient electric field is related to local weather conditions, and changes

considerably during thunderstorms. To prevent the inclusion of events where the ambient

electric field might have enhanced the air shower induced pulse we need to flag the periods

where the field deviates from its nominal value. This can be done by looking at the electric

fields as measured by electric field mills located in weather stations which are placed within

the array [104]. One weather station is located on the roof of the CRS, and since 29 July 2014

an additional weather station has been operational in the antenna field about 1400 m due

West from the CRS (see the map in figure 4.7). We will refer to the former as the CRS weather

station, and to the latter as the AERA weather station. The half-hour average of the measured

electric field as a function of time during two periods is plotted in figure 5.10. A period with

clear weather is plotted in figure 5.10(a), in which only small oscillations were recorded. In

figure 5.10(b), a period with daily thunderstorms is plotted, with enormous variations com-

pared to the clear period were recorded by both weather stations.

To distinguish clear weather conditions from enhanced fields we can place limits on the av-

erage value 〈E〉 and rms Erms of the electric field calculated for periods of 30 minutes [63].

The distributions of the average value and rms of the electric field for the period from 20

April 2013 to 16 May 2015 (and thus covering our entire data taking period) are plotted in

figure 5.11. From these distributions it is possible to estimate the limits within which the

electric field conditions can still be considered normal. Just like in [63], we set the limits to

−150 V m−1 ≤ 〈E〉 ≤ 50 V m−1 and Erms ≤ 30 V m−1. Outside of these regions, the half-hour

bins will be flagged as thunderstorm periods.

From 29 July 2014 onward, when the AERA weather station became active, we will flag bins

as thunderstorm periods whenever either one weather stations records conditions outside of

the aforementioned limits. In the entire data taking period from 20 April 2013 to 16 May 2015,

there was a total down fraction of the weather stations of 14.9 %. In these periods the electric

field is not known. In the same period, 5.4 % of the time has been flagged as thunderstorm



66 Chapter 5. Data sets and event selection

 [UTC]t
03/01/15 04/01/15 05/01/15 06/01/15 07/01/15

]1−
 [

V
 m

〉
E〈

50−
40−
30−
20−
10−

0

10

CRS

AERA

(a) Clear weather conditions.

 [UTC]t
15/01/15 16/01/15 17/01/15 18/01/15

]1−
 [

V
 m

〉
E〈

3000−
2000−
1000−

0

1000

2000

3000

4000

5000

CRS

AERA

(b) Daily thunderstorms.

Figure 5.10: The mean electric field in bins of 30 minutes as a function of time in two peri-

ods as measured by the two weather stations. The hatched regions are periods

flagged as thunderstorms.
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Figure 5.11: Distributions of the mean value and the rms of the electric field as measured

by the two weather stations from 20 April 2013 to 16 May 2015. The cuts which

separate clear from thunderstorm conditions are marked with dashed lines.

periods, and air shower induced radio pulses from these periods will not be used. Whenever

events for which no weather information is available are used in this thesis, such as in the

physics analysis of chapter 7, this will be mentioned explicitly.
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5.4 Event selection

In order to perform a cosmic ray physics analysis on our data set we need to select events

that contain air shower induced radio pulses. Even though the antenna stations trigger on air

showers by means of scintillators or the surface detector, many traces recorded by the radio

stations will contain no air shower induced pulses above the noise level. This is because the

lateral signal power distribution falls off steeply for events with low zenith angles (see e.g.

[105]), resulting in a small radio “footprint” in comparison to the particle front, which im-

pacts the earth’s surface. In addition, the radio measurements are highly sensitive to pulsed

broadband noise, which contaminates our events and needs to be rejected.

Because we have two data sets created by two setups using different trigger mechanisms we

also need two different event selection strategies. In both approaches, we will require that

the radio event is in coincidence with an event recorded by the surface detector from which

parameters such as the core impact location, shower axis and primary energy can be recon-

structed. All operations performed on the data in the selection procedure, such as the filter-

ing of narrowband noise, only affect the data within the procedure, and for any higher level

analysis later in this thesis we will revert to the original raw data.

5.4.1 Scintillator-triggered setup

The events triggered by the scintillators first have to be compared to SD events to find coinci-

dences. In contrast to the radio self-trigger from AERA-I, the scintillator event trigger rate is

low – only about 0.05 Hz. Because the scintillator-triggered radio traces have fixed pre-trigger

windows, the radio event time stamp created by the DAQ is strongly correlated with the im-

pact time of the shower. The radio time stamps are compared with the SD core impact time as

reconstructed by the CDAS v5r2 reconstruction package [106]. The raw event trigger rate of

SD is about 0.2 Hz, but the rate of events of which the shower geometry can be reconstructed

is about one tenth of this. In figure 5.12, the difference between the radio time stamp and the

reconstructed SD core impact time within a window of 100µs is plotted for a data set covering

16 days. Because of the low event rate, all coincidences are contained within a few µs, and

there is almost no background of uncorrelated events within the 100µs time window in this

particular set. Accordingly, we select all radio events that are coincident with SD core impact

time within ±10µs.

Because of the difference between the radio and the particle footprint size, the selected events

still mostly contain radio traces with just noise and no air shower induced radio pulses. To

select stations with pulses we first need to determine a signal window in which to look for

them. Because the scintillator trigger is located at ∼2325ns relative to the start point of the

recorded traces, we select a window from 2000 ns to 2500 ns for the scintillator triggered sta-

tions. The distribution of the position of the radio pulse maximum and scintillator minimum

calculated relative to the trace start time in this window for one and a half year of data is
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Figure 5.12: Distribution of scintillator-triggered events in coincidence with SD within a

100µs window in the period from 25 July 2013 to 11 August 2013. The total num-

ber of scintillator-triggered events in this period was 69178.

displayed in figure 5.13(a). For the scintillator traces, the absolute minimum was taken. For

the radio traces, we have first converted electric field components to the shower reference

frame using the reconstructed shower axis from SD (see also section 3.3.3). We have then

determined the maximum of the Hilbert envelope of the electric field component parallel to

the v×B vector, because this is where we expect most signal. The Hilbert envelope is a trans-

form to remove the oscillations in the signal, and therefore provides a better estimation of the

actual time of pulse maximum of the recorded signal. A detailed description of the Hilbert

envelope can be found in [63].
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Figure 5.13: Position of the radio pulse maxima and scintillator minima relative to the trace

start time, for scintillator-triggered stations (a) and radio-triggered stations (b).

The histograms appear shifted because the radio signal was corrected for cable

delays and the scintillator signals were not, which makes the signal shift forward.

The histograms contain all radio events coincident with SD from 16 May 2013 to

28 September 2014.
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From figure 5.13 it is clear that only a small fraction of the traces contains an air shower in-

duced radio pulse, and they seem to be contained in a small time interval relative to the size

of the signal window. Because of the shape of the radio shower front and differences in the

arrival times of the radio pulse and the particles striking the scintillators, there might be radio

pulses hidden in the noise background. These could be interesting events from an analysis

point of view (for example, because they have a large distance to the shower axis), so we try

to include these events by leaving the signal window at 500 ns. It should be noted that we do

not correct for cable delays in the scintillator channels, which is why the particles appear to

arrive later than the radio signal. In the actual air shower, the particles will usually arrive at

the station before the radio signal, depending on the exact shower geometry and distribution

of the particles.

A small fraction of the stations in the data set are triggered by the radio signal only, as can be

seen in figure 5.13(b). The radio pulse maxima are shifted forward because the radio signals

are corrected for cable delays, and the scintillator traces are not, which shifts the apparent

trigger position. We see that some of the radio-triggered stations have a scintillator mini-

mum ∼50ns later than the radio pulse maximum, exactly where we might expect it on the

basis of the distribution of the scintillator trigger in figure 5.13(a). It turns out that these are

failed scintillator triggers. By demanding a threshold crossing of 150 ADC units below the

mean of the scintillator trace, we can reproduce the trigger logic and recover these stations

as if they were scintillator-triggered (see section 4.2.3). This accounts for 146 triggered sta-

tions in the data set used to produce figure 5.13. The remainder of the radio triggered stations

will be discarded for further analysis because they are probably mostly isolated noise pulses.

By using the scintillator trigger as an indicator for an impacting air shower at the location of

the station we do not need a full radio shower reconstruction to determine if a pulse is origi-

nating from an air shower. This allows for single-station radio events.
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Figure 5.14: Signal-to-noise ratio as a function of maximum pulse time (left) of all

scintillator-triggered stations and the radio-triggered stations with a scintillator

peak below threshold, with histograms of SNRpeak in two specific time intervals

(right). The dashed line marks the SNRpeak = 7.0 cut.
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To select actual pulses in the signal window we can use the signal-to-noise ratio SNRpeak as

a discriminator. We will define this as the maximum value of the Hilbert envelope of the

electric field component parallel to the v×B vector Êv×B divided by the root mean square

of the noise rmsnoise, calculated in a different region of the electric field trace of the v×B
component:

SNRpeak =
max Êv×B

rmsnoise
. (5.2)

The distribution of SNRpeak as a function of time of pulse maximum for the conjunct set of

all scintillator triggered stations and the radio triggered stations with a scintillator pulse is

plotted in figure 5.14. The signal region from the scintillator trigger can clearly be recognized

in this plot, as can a small secondary peak which results from shifted radio triggered pulses.

In the same figure, the distributions of SNRpeak in time intervals in the signal region and a

more quiet region are compared. On the basis of these distributions we estimate that a cut

of SNRpeak = 7.0 removes most of the noise from the data set. This does, however, not com-

pletely rid us of noise pulses which mimic air shower induced pulses, but these will be dealt

with in section 5.4.3.

5.4.2 Externally triggered setup

By construction, every externally triggered event has a surface detector counterpart, so the

off-line coincidence search for these events is rather trivial. As already mentioned in the pre-

vious section, about nine tenths of these events have to be discarded because the geometry

of the SD event cannot be reconstructed. Externally triggered events contain read-outs of all

active stations from the setup. Because of the limited radio footprint size, the vast majority of

the recorded traces in the event will therefore contain no air shower induced pulses above the

noise level. When there is such a pulse, the time at which it occurs within the recorded trace

depends on shower geometry, and is therefore very uncertain (see section 4.2.3). As a result,

the time window in which we need to search for pulses is large, which increases the proba-

bility of pulsed noise to contaminate the trace. In figure 5.15, the location of the maximum

of the time trace is plotted of all stations within a set of 55 externally triggered events. Above

the background of stations with no measurable radio pulse, an excess is visible in a window

from 26µs to 33µs, which will be our signal window. It is clear that this window still contains

a considerable number of background noise pulses. To make the distinction between noise

and air shower induced pulses we will need to reconstruct the shower direction from the tim-

ing of the radio pulses and compare this with a directional reconstruction from the surface

detector.

Before we are able to perform a reliable directional reconstruction we first need to determine

criteria by which to select stations with strong enough pulses. Without this cut, stations in

which the signal of the same magnitude as the ambient noise level will negatively influence

the reconstruction quality. For historic reasons, we use a quadratic definition of the signal-
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Figure 5.15: Location of the maximum of the time trace in all stations for 55 externally trig-

gered events. The edges of the signal window are indicated with dashed lines.

to-noise ratio as a measure of the pulse strength:

SNRquad = (max Êmag)2

rms2
noise

, (5.3)

where Êmag is the maximum value of the Hilbert envelope of the magnitude of the electric

field projected on the horizontal plane, and rmsnoise the root mean square of the noise calcu-

lated in a different region of the same electric field trace. Because a projection of the electric

field is used, the numerical values of SNRquad are difficult to compare with SNRpeak used in

the context of the scintillator-triggered data. The maximum of the time trace is calculated

in the signal window defined above, and the noise rms is calculated in a separate window

consisting of the first 25µs of the trace. To derive the strength of the cut on SNRquad we

need to create a very pure data set by selecting only events in which we have used strong

pulses (SNRquad > 20.0) in the reconstruction and demanded a small opening angleΩSD be-

tween the reconstructed radio shower axis and the shower axis determined by SD of 7.0°. The

events in this pure data set contain three or more stations with SNRquad above 20.0, the min-

imum number for which a directional reconstruction of the air shower can successfully be

performed. They also contain all other active stations in the array which have a lower signal

strength, and accordingly were not used. We then perform a series of directional radio re-

constructions on this data set, where we change the lower limit of SNRquad, and investigate

the influence of the limit on the reconstruction quality. This is quantified by the time resid-

uals of the pulse time of the individual stations with respect to the reconstructed radio wave

front. The directional reconstruction of the radio data is performed using the peak time of

the Hilbert envelope and assuming a plane radio wave front.

Two distributions of the time residuals of the pure data set derived from data recorded be-

tween 1 April 2014 and 11 April 2014 are displayed in figure 5.16. A high SNR-cut results in

a distribution with a Gaussian shape (caused by timing uncertainties and deviations from

the plane wave front) with very few outliers. When a lower SNR-cut is applied, the distribu-

tion has many residuals deviating from the Gaussian, which is caused by uncorrelated noise
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Figure 5.16: Time residuals of a plane wave fit to 55 events from the externally triggered data

set from 1 April 2014 to 11 April 2014.

pulses wrongly identified as signal pulses and mis-reconstructed showers. At the same time,

the distribution gets broader because more signal stations that are typically further away

from the axis and thus deviate more from the plane shower front are included. We quan-

tify this behavior by fitting a Gaussian to this distribution, and look at the fraction of stations

with residuals outside three standard deviations σ of this fit. The resulting fractions are plot-

ted in figure 5.17. The bulk of stations with signals unassociated to the air shower are rejected

above SNRquad = 9.0. Between 9.0 and 15.5, fluctuations in the fraction of residuals within 3σ

are observed, which are caused by stations with higher unassociated signals that are rejected

one by one from the events. At SNRquad > 15.5 the fraction appears to stabilize, so we choose

this as our SNR-cut.
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Figure 5.17: Fraction of stations with time residuals outside of 3σ of a Gaussian fit through

the distribution of time residual distributions.

With this SNR-cut, we perform a full directional reconstruction of all externally triggered data

to select events and stations with air shower induced radio pulses, for which we need at least
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three stations with a signal. We include AERA-I stations and saturated AERA-II stations in

order to increase the probability to achieve a good directional reconstruction, but these will

not be used in any further analysis. The analog response and the antenna gain is evaluated,

using the direction from the SD reconstruction. To lower the noise level and increase the

signal-to-noise ratio, we filter narrowband noise before we calculate the peak signal. We

therefore reject the frequency bands from table 5.2 and add a filter ranging from 30.0 MHz

to 40.0 MHz, setting the amplitudes in all frequency bins in these ranges to zero. When gaps

in the distribution of the distance from the station to the SD shower axis of all signal stations

in an event exist of more than 1000 m, the stations farther from the SD shower axis than this

gap will also be rejected. This is mostly to reject events where the shower core is removed far

from the radio array, and therefore produce no measurable air shower induced radio signals,

but might contain noise pulses. As a final step we reject stations that measure pulse trains, as

these are usually a good indicator of noise contamination in the trace. These are rejected by

scanning the entire trace outside the signal region on additional pulses that have an ampli-

tude above the SNR-cut.
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Figure 5.18: Distribution of the opening angle ΩSD between the reconstructed shower axis

from radio data and the axis determined by SD, calculated on all externally trig-

gered events with three or more signal stations. Left: overview which shows the

rising distribution at high opening angles which can be expected from uncorre-

lated events; right: close-up of the region with low opening angles. The dashed

line indicates the opening angle cut of 7.0°.

Using these reconstructed events we now attempt to establish a cut on the opening angle

ΩSD between the direction reconstructed by a plane wave fit to the radio data and the direc-

tion reconstructed by using SD data. The resulting distribution of opening angles is plotted

in figure 5.18. At small opening angles, we expect that only air shower induced radio pulses

were used in the reconstruction, while at high opening angles noise pulses are fitted. Based

on the distribution, we will place the opening angle cut onΩSD<7.0°.
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5.4.3 Additional selection criteria

Pulse window

We have now reduced the data of both setups to a data set containing events with likely air

shower induced radio pulses. Before we can extract these pulses for physics analysis, we

need to determine the time window that contains the radio pulse. In figure 5.19, the aver-

age Hilbert envelope 〈Êv×B〉 of the v×B component of the electric field relative to the max-

imum value of the Hilbert envelope at tpeak is plotted for both data sets. The average con-

tains all stations and events that pass the selection procedure outlined in this section, with

SNRpeak > 7.0. The average pulse shapes of the two different setups align remarkably well,

apart from the bias to higher signals for the externally triggered setup, which is caused by

our selection method. Based on this average pulse, we decide that a pulse window of 400 ns

around the peak value will be sufficient to contain the features of the pulse, while minimizing

the amount of noise in the window.
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Figure 5.19: Average Hilbert envelope of the pulse of all selected stations in the complete

data set relative to the time of pulse maximum, tpeak.

Polarization cut

An extra selection criterion we can apply to both data sets is one based on the polarization

angle φp, or to be more precise the angle of the total electric field vector with the v×B-axis

in the shower reference frame, as can be seen in figure 5.20. We can compare the measured

polarization angle φp,measured with the expected polarization angle φp, expected based on the

position of the station relative to the reconstructed shower geometry from SD. This selection

criterion has the advantage that we will not only be able to discriminate between air shower

induced pulses and noise pulses, which are randomly polarized, but can also discard events

that have a mis-reconstructed SD geometry.

The direction of the total electric field vector depends on the relative amounts of geomag-

netic and charge-excess emission in an event. This can be expressed by using the geomag-
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Figure 5.20: Definition of all used vector components of the electric field in the shower ref-

erence frame. The observer angle Φobs is the angle with the v×B-axis defined

by the antenna position, while the polarization angle φp is the angle between

the total electric field vector and the v×B-axis. The total electric field is the sum

of the field resulting from the geomagnetic emission (EG) and the field resulting

from the charge-excess emission (EC). Note that the relative amount of charge-

excess emission is exaggerated.

netic angleα and equation (3.8). If we consider the shower reference frame, the two principal

components of the electric field Ev×B and Ev×v×B can be decomposed into EG and EC at the

position of the antenna (see also figure 5.20):

−Ev×B = EG +EC ·cosΦobs, (5.4)

−Ev×v×B = EC · sinΦobs, (5.5)

where Φobs is the observer angle which describes the position of the antenna relative to the

v×B-axis, as was introduced in section 3.2. Using equations (3.8), (5.4) and (5.5) it is now

straightforward to express the expected polarization angle:

φp, expected = arctan

(
Ev×v×B

Ev×B

)
= arctan

(
sinΦobs

sinα
a +cosΦobs

)
. (5.6)

The average charge-excess fraction a at AERA was measured to be 0.14±0.02 [37, 63], and we

will use this value to calculate the expected polarization.

Following the approach from [63], the measured polarization angle of the electric field is

calculated using the Stokes parameters. In the shower reference frame, the relevant Stokes

parameters Q and U are defined as [107]:

Q = 1

n

n∑
i=1

(E 2
v×B,i + Ê 2

v×B,i −E 2
v×v×B,i − Ê 2

v×v×B,i ), (5.7)

U = 2

n

n∑
i=1

(E 2
v×B,i E 2

v×v×B,i + Ê 2
v×B,i − Ê 2

v×v×B,i ), (5.8)
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where we sum over n time bins in the electric field traces Ev×B and Ev×v×B and their Hilbert

transforms Êv×B and Êv×v×B. In the presence of a noise background, the Q parameter must

be corrected to prevent biases:

Q ≈ 1

n

n∑
i=1

(E 2
v×B,i −B 2

v×B + Ê 2
v×B − B̂ 2

v×B −E 2
v×v×B +B 2

v×v×B − Ê 2
v×v×B + B̂ 2

v×v×B), (5.9)

where B 2
j is the average value of B 2

j calculated in a time window outside the signal window

of the j component of the electric field trace, of which B̂ j is the Hilbert transform. It is now

possible to calculate the measured polarization angle:

φp, measured = 1

2
arctan

(
U

Q

)
. (5.10)

We define a selection criterion based on the polarization offset β, describing the difference

between the expected and measured polarization angles:

β= |φp, expected −φp, measured|. (5.11)

To determine the value of the cut on β, we calculate the expected and measured polariza-

tions for a set of events. The distributions of β for all events in the data sets from both setups

passing our selection with zenith angle θ < 60° are plotted in figure 5.21 for two different SNR-

cuts. These events have all been fully calibrated and cleaned (see chapter 6). Based on these

distributions, we set the cut on the polarization offset β at 25°.
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Figure 5.21: Distribution of the difference between the expected and measured polarization

angle β for two different SNR-cuts. It contains all events that pass the selection

criteria described in this chapter with θ < 60°. The distribution in (b) clearly

shows the two underlying distributions on which we based our selection crite-

rion. The dashed line indicates the selection cut of 25°.



5.4. Event selection 77

Zenith angle cut

We will only consider events with a zenith angle θ lower than 60°. The reason for this is

twofold. Firstly, the electric field reconstruction using the method outlined in section 4.2.4

becomes uncertain above this angle, and will introduce artificial noise and biases in recon-

structed parameters such as the pulse power and the spectral index (see figure 4.15). Ad-

ditionally, the SD reconstruction of events of the infill array also becomes uncertain at high

zenith angles, which might result in a mis-reconstruction of the shower geometry and energy.

5.4.4 Summary of radio data selection

In this chapter we have described a method to reject dysfunctional stations from the data set,

and outlined two approaches to reduce the data into sets that are usable for physics analysis.

We can now get this machinery to work on our full available data set.

An overview of how the events were selected from the complete scintillator-triggered data

set is listed in table 5.3. The final set contains radio events that are in coincidence with SD

events, and have a shower geometry that can be reconstructed using the SD information,

with a zenith angle reconstructed by the SD that is less than 60°. It should be noted that the

complete data set also includes many experimental runs, and therefore contains a huge total

number of events.

Table 5.3: Selected AERA-II events from the scintillator-triggered setup

Full data set 27323100

SD coincidence 38525

SD reconstruction and θSD < 60° 30274

A similar overview, but then for the full externally triggered data set, is listed in table 5.4. Un-

like the scintillator-triggered events, these have been compared to SD parameters immedi-

ately to determine if they contain air shower induced radio pulses. We went from a complete

data set, which by construction is in coincidence with SD events, to a smaller set of which the

SD shower geometry could be reconstructed. After this, we have selected events for which

the radio wave plane could be reconstructed, which requires at least three stations to fulfill

the SNR criterion determined in section 5.4.2. The radio geometry from these events could

then be compared to the shower geometry from SD to determine the opening angleΩSD.

From here, we can reduce both data sets further. The scintillator-triggered events still con-

tain stations that do not pass our quality criteria in the sense that they are flagged as dys-

functional or that have radio-triggers without scintillator peak. In addition, the vast majority

of the scintillator-triggered data set still consists of stations without a radio pulse above the

noise level. In table 5.5, these reductions are listed as total number of candidate stations for
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Table 5.4: Selected AERA-II events from the externally triggered setup

Full data set 10756134

SD reconstruction 865701

n(SNRquad > 15.5) ≥ 3 9472

ΩSD < 7.0° 1818

each step. We have also made additional selections based on the SD zenith angle (redundant

for the scintillator-triggered data), signal-to-noise SNRpeak (redundant for the externally trig-

gered data) and the polarization offset β.

Table 5.5: AERA-II candidate events and stations after the initial selection

scintillator-triggered externally triggered

events stations events stations

Initial selection 30247 122412 1818 5375

Pass quality criteria 23847 91906 – ” – – ” –

θSD < 60° – ” – – ” – 1215 4660

SNRpeak > 7.0 2862 3507 – ” – – ” –

β< 25° 2429 2904 1114 3816

The selection procedure has resulted in a total data set of 3543 selected events containing

6796 signal stations that can be used for physics analysis. The selection of the scintillator-

triggered data has produced mostly single station events, while the selection of the externally

triggered data has produced mostly events with three stations. This is also reflected in the

ratio of stations of events selected from both setups. The distribution of the arrival direction

of all signal stations is plotted in figure 5.22, where a clear excess from the South is visible.

This excess is expected because for these showers, the arrival direction is perpendicular to

the geomagnetic field and therefore the magnitude of the Ev×B vector is the largest. Of the

selected signal stations, 552 out of 6796 are recorded during thunderstorm conditions, and

for 935 signal stations there is no weather station data available. It is interesting to note that

of the events that fall outside the polarization cut β< 25°, a much higher fraction is recorded

during thunderstorm conditions: 384 out of a total of 1447 stations. This is in line with the

expectation that enhanced electric fields not only change the strength of the air shower in-

duced radio pulse, but also influence the polarization signature (see e.g. [103]).

5.4.5 Selection of fluorescence data

In order to compare parameters extracted from the radio signal, such as the spectral index,

with the development of the air shower, it is important to create a subset of radio events that
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Figure 5.22: Distribution of the arrival direction of all signal stations. The brown dot indi-

cates the direction of the magnetic field vector B. Azimuth φ= 0° is due East.

is in coincidence with FD measurements. To ensure a qualitatively good reconstruction of

shower maximum from the fluorescence measurement we adopt several quality cuts from

[71]:

– Depth of shower maximum Xmax must be observed by at least one of the FD telescopes.

– The uncertainty of Xmax determined by the fit of the Gaisser-Hillas function must be

less than 40.0 g cm−2.

– The minimum viewing angle αmin must be larger than 20.0° to limit the contribution

to the profile of Cherenkov light produced in the shower (see e.g. [108]).

In addition to these quality cuts, fiducial cuts are applied to the events to prevent biases in

the Xmax distribution in [71]. These do not concern us because we want to study event-by-

event correlations between the radio pulse and FD measurements.

One other important quality cut we have disregarded so far is the cut on the vertical aerosol

optical depth (VAOD). According to [71], this should be less than 0.1 when measured from the

ground to 3 km, and events without an aerosol measurement should be completely rejected.

The database containing VAOD measurements is however only irregularly updated, and at

the time of writing only contained data until the end of 2013. Applying the strict quality cuts

would therefore disqualify almost our entire data set for physics analysis.

To investigate the effects of the usage of the VAOD database on the shower profile reconstruc-

tion, we look at the reconstructed value of Xmax in the set for which we do have a filled VAOD

database at our disposal. These are produced by the standard HEAT-Coihueco reconstruc-

tion of Offline. We reconstruct the shower profile one time with the Mie scattering calculated
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with the VAOD value from the database applied, Xmax, db, and one time using an average

aerosol model, Xmax, model. In figure 5.23, the distribution of the differences between the two

reconstructed values of Xmax is plotted. The plot contains all FD events that are coincident

with scintillator-triggered radio events from runs 513 (June 2013), 519 (August 2013) and 526

(October 2013), and survive the three FD selection criteria listed above. No selection cuts on

the radio events were applied. The resulting distribution has an rms of 6.17 g cm−2, which

is smaller than the typical uncertainty of Xmax per event. This might be a selection effect,

because the showers measured by AERA are all relatively close to the FD telescopes. We con-

clude that in the case of AERA the absence of aerosol measurements does not influence the

reconstruction of Xmax significantly, and we can also include events for which only an aver-

age aerosol model is available in our analysis.
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Figure 5.23: Comparison between reconstructed Xmax values where the aerosol measure-

ment database was used, and where an average model was used. The width of

the distribution is smaller than the typical uncertainty of Xmax per event.

An overview of the number of FD coincidences with the signal stations selected in the pre-

vious section is listed in table 5.6. The fraction of the total of selected scintillator-triggered

stations that is coincident with FD of 7.6 % is not far from the maximum achievable uptime

of the FD of 13 %. The fraction of the total of selected externally triggered stations with FD

is already quite a bit lower. This is probably due to the power saving measures employed

by the externally triggered stations, which shuts them down during periods of the night in

Argentinian winter, which coincides with the darkest periods of the year and therefore also

the periods in which most FD events are recorded. When we apply the FD quality cuts about

half of the scintillator-triggered coincident stations survive. When applied to the externally

triggered stations however, we see the number of stations reduced to about one fifth. This

is because the externally triggered setup is located too close to the FD building to efficiently

measure air showers which have Xmax within the field of view of the telescopes. In the re-

mainder of this thesis, we will refer to the combined data set from both setups with coinci-

dent FD measurements of shower maximum after applying the FD selection criteria as the

RD-FD data set.
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Table 5.6: Number of stations coincident with FD in the selected data set and the fraction

relative to the total number of selected signal stations, disregarding weather con-

ditions. The selected set is obtained after applying the three FD selection criteria.

all FD fraction selected FD fraction

scintillator trigger 223 7.6 % 111 3.8 %

external trigger 186 4.9 % 35 0.9 %

Total 409 146

None of the 146 selected stations in the RD-FD data set are flagged as thunderstorm events

by the procedure outlined in section 5.3. This was to be expected because the FD utilizes

its own lightning rejection algorithm. A significant number of 34 stations in the RD-FD data

set were triggered in periods when the weather station was down. Since externally triggered

events are disproportionally represented in this number, we chose to retain these events in

the following analysis in order not to further decrease the number of multi-station events.

We assume that the lightning rejection of the FD and the selection cut made on the differ-

ence between the expected and measured polarization of the electric field are sufficient to

prevent significant contamination of the data set by events recorded during thunderstorm

conditions.
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Chapter 6

Calibration and cleaning of AERA
data

As outlined in section 4.2.4, some hardware components of the radio detector stations are

measured individually in the lab to be able to correct for their response. This includes the

LNAs, the filter-amplifiers and the cables. The antenna, however, has a single universally

applied response pattern, which does not take into account variations between the stations.

These need to be calibrated with the detector in the field using the radio background or us-

ing test emitters. Attempts at a calibration with test emitters have been made, but so far have

not led to a reliable measurement of the antenna response pattern. In this chapter, we will

present two calibration techniques based on the galactic radio background: a relative cali-

bration to correct for variations between stations, and an absolute calibration to correct for

deviations in the simulated antenna gain pattern. Finally, we will introduce a method for

cleaning the data by removing narrowband RFI in the time domain.

6.1 Relative amplitude calibration of AERA-II stations

In [56], a method has been developed to perform a frequency-dependent relative amplitude

calibration for AERA-I stations by using the background emission from the galaxy. This cali-

bration can be used to correct the gains of the individual stations as a function of frequency,

but the group delays are outside of its scope, as we would need a pulsed calibration source

for this.

We perform the same calibration for the AERA-II data set. In addition to the aforementioned

study on AERA-I data, we also investigate the time evolution of the calibration constants and

improve on the calibration by introducing and testing an interpolation method. The calibra-

tion was also adapted for integration in the Offline software framework.
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6.1.1 Method: calculation of calibration constants

We assume that all stations are exposed to the same frequency-dependent radio emission

from the galaxy at any given instance of time. The galactic background has a variation with

a period of 23.934 h, which can be expressed in terms of local sidereal time (LST). We can

use the periodically triggered data to study the average frequency spectra measured by the

stations as a function of LST.

By comparing the spectra of an individual station i with the average of all stations as a func-

tion of LST it is possible to determine frequency-dependent calibration constants ci ,ν. For

this, we can simply divide the amplitude Ai (ν, tk ) of a single station at frequency ν and LST

tk by the average amplitude of all stations Ā(ν, tk ), and then take the average of all LST bins

k:

ci ,ν = 1

m

m∑
k=1

Ai (ν, tk )

Ā(ν, tk )
, (6.1)

where m is the total number of LST bins. The resulting calibration constants indicate the

relative frequency-dependent gain offsets of the stations, and the inverse of them can be ap-

plied to the spectra to correct them. Because of differences in exposure to the galaxy, the

asymmetry of the antenna sensitivity and influence of man-made noise sources, this must

be done for both antenna channels independently. Examples of the measured average fre-

quency spectra as a function of LST are visible in figure 6.1.
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Figure 6.1: Dynamic average frequency spectrum as a function of LST in both antenna chan-

nels, for the scintillator-triggered setup in the period from 20 September 2013 to

22 October 2013 (run 526). The spectra were averaged over periods of 10 min-

utes in LST. Note that the variations in the spectra are dominated by narrowband

noise sources.

It is difficult to distinguish the galactic variation in the plots because of various noise con-

tributions to the signal. As was demonstrated in section 5.1, the noise sources are typically

nearby. Because their intensity falls off with the distance to the source, their contribution is
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different in each station. Therefore, they introduce biases in the calibration and need to be

excluded.

6.1.2 Exclusion of broadband RFI

We can exclude high broadband activity by rejecting traces with an average spectral density

above a certain threshold. We define the average spectral density 〈S〉 as:

〈S〉 = 1

n

√√√√ n∑
j=1

A2
j , (6.2)

where A j is the amplitude of frequency bin j , and n the total number of frequency bins. The

average spectral density as a function of LST is plotted in the histograms of figure 6.2 for both

antenna channels. The galactic variation is clearly visible in the baseline average, with broad-

band pulses sticking out above it.
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Figure 6.2: Average spectral density of all stations as a function of LST, for data from the

scintillator-triggered setup of the period from 6 September 2013 to 13 Septem-

ber 2013. The density limit of 0.01 V is marked with a dashed line.

Instead of a dynamic maximum depending on the average of 〈S〉 as a function of LST – as was

done in [56] – we will use a fixed limit of 0.01 V. This is computationally much more efficient

with comparable discrimination power, but it has a possible LST-dependent bias.

6.1.3 Exclusion of narrowband RFI

Narrowband RFI can easily be recognized as horizontal lines in the dynamic frequency spec-

tra of figure 6.1. They are either spanning the entire LST-range, or are more temporal and re-

lated to periods with human activity. The former is the case for continuous radio transmitters

and the AERA beacon, while the latter are short-term bursts, mostly in the lower frequency

range. The frequency bands of these emitters need to be manually flagged and removed from
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the calibration data. They can be identified in the long-term average spectra as peaks on top

of an otherwise smooth noise floor, as is visible in figure 6.3. This figure also illustrates the

frequency bands that are set to zero.
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Figure 6.3: Measured noise spectra in the North-South and East-West antenna channels av-

eraged over all stations in the scintillator-triggered setup and all times in the pe-

riod from 20 September 2013 to 22 October 2013 (the calibration data set). The

hatched areas indicate rejected frequency bands.

Because of the dense forest of emitters in the region between 30.0 MHz and 41.0 MHz, we

will reject this region in its entirety. Whereas [56] had identical rejected frequency bands in

both channels, we have made the bands channel-specific in order to maximize the number

of usable frequency bins. When the frequencies with narrowband noise are removed from

the spectra, the periodic signal of the galaxy as a function of LST becomes much more pro-

nounced, as is visible in the cleaned dynamic spectra of figure 6.4.

6.1.4 Interpolation

This method of RFI rejection leaves gaps in the frequency-dependent calibration constants,

which renders the data in these parts of the spectrum unusable for further analysis. To solve

this, we choose to interpolate these gaps. Large features in the frequency-dependent gain

patters which deviate more than 1 % from the mean usually extend over many frequency

bins. Therefore, the patterns are assumed to be more or less smooth, and we can attempt to

fill up the gaps left by the narrowband emitters with a linear interpolation. In figure 6.5, the

frequency-dependent gain patterns for four channels are plotted, including the linear inter-

polation of the gaps.
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Figure 6.4: Dynamic average frequency spectrum as a function of LST of both antenna chan-

nels, for the period from 20 September 2013 to 22 October 2013. Broadband and

narrowband RFI were removed. The periodic galactic imprint is clearly visible.
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Figure 6.5: Calibration constants as a function of frequency, with in dotted lines the interpo-

lated gaps. Four channels have been selected from the data set from 20 Septem-

ber 2013 to 22 October 2013.

Because of the constant presence of most of the narrowband noise disturbances in the full

data set, it is impossible to validate this method on existing gaps left by narrowband transmit-

ters. We can, however, remove chunks of an arbitrary size from the relatively wide noise-free

band from 41.0 MHz to 54.5 MHz in the North-South polarization arm (see figure 6.3(a)) and

interpolate these gaps. The clean frequency band has a width of 65 bins, and we will use a

sliding window of a certain number of bins over this entire frequency range in which we will

interpolate. We can then compare the interpolated constants ci ,ν,inter of these artificial gaps

with the original calibration constants ci ,ν,real. In the left panel of figure 6.6, the distribu-
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tion of the difference ci ,ν,real − ci ,ν,inter is plotted for a gap size of 10 bins (≈ 2.0 MHz), sliding

over the clean band in all active stations in the data set of the scintillator-triggered setup of

20 September 2013 to 22 October 2013. The standard deviation of this distribution is 2.55 %

with respect to the average, which is comparable with the precision of the calibration method

itself, as will be shown in the next section. The standard deviations of the distributions of the

differences for interpolated gaps of up to 30 bins are plotted in the right panel of figure 6.6.

As long as the gap does not become too big, the linear interpolation has an accuracy that is

still well below the typical initial distribution of offsets between stations before calibration,

as we will also see in the next section.
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Figure 6.6: Difference between interpolated calibration constants and the real calibration

constants. Left: distribution of absolute differences between the real and inter-

polated calibration constants for a gap size of 10 bins; right: standard deviation

of the distribution as a function of gap size.

6.1.5 Application to AERA-II data

In order to see if the calibration constants calculated within one period of AERA-II data can be

applied to all other periods, we can look at the time-evolution of the frequency-dependent

calibration constants. This has been done for all data taken with the scintillator-triggered

setup between May 2013 until September 2014, with calibration constants calculated for ev-

ery 10-day period. The calibration constants of two typical stations are displayed in figure 6.7.

The main frequency-dependent features in both channels appear to remain constant over

the whole period of data taking. Variations in the intensity of the features can be observed,

but these are most likely due to changes in the underlying average as the collection of active

stations constantly changes over time. Therefore, we conclude that it is possible to apply the

calibration constants calculated within one period of time to the entire data set with good re-

sults. A remarkable feature of station AERA 44 is the increased amplitude around 43 MHz in

the full plotted period. This enhancement is most likely because of defective hardware, and

similar features can be observed in some other stations. We will continue to calibrate stations
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Figure 6.7: Frequency-dependent calibration constants as a function of time in bins of 10

days. The empty periods in the time domain are periods in which the station was

not active or flagged as bad (according to the criteria from section 5.2).

with significant enhancements in their average spectra, but ignore them when calculating

the average spectral amplitudes Ā(ν, tk ) to prevent biases. For the scintillator-triggered setup

the stations that are excluded from the average are: AERA 44, AERA 85, AERA 100, AERA 101,

AERA 102, AERA 113 and AERA 124.

We now need to specify a period that we can use as a calibration data set. A period with a

large number of active stations will help preventing biases in the average spectrum as func-

tion of LST, and it will also make the calculated calibration constants applicable to most of

the stations. According to section 5.2, the period from 20 September 2013 to 22 October 2013

(run 525/526) has the highest number of active stations of the data set of the scintillator-

triggered setup, so we will use it to calculate the calibration constants and apply them to the

rest of the data. If we first correct the data for the response of the analog chain as was mea-

sured in the lab, we get the distributions for ci ,ν that are plotted in figure 6.8. The conjunct

distribution of the North-South and East-West channels has a standard deviationσ of 5.66 %.

We validate the method and the calibration constants by applying them to a validation data

set in another period, namely from 2 June 2014 to 6 July 2014 (run 550). The average noise

spectra of this period, together with the flagged frequency bands, are plotted in figure 6.9.

The noise circumstances in this validation data set are slightly different from the calibration

data set, which enables us to gain some insight in the performance of the interpolated cali-

bration constants. In total there are 15 interpolated frequency bins (out of a total of 256 bins)

in the North-West antenna channel and 24 interpolated frequency bins in the East-West an-

tenna channel that can be probed in the validation data set.

First, we have calculated the calibration constants for the validation data set, so we know

what the initial distribution of the offsets between the stations was. This distribution is dis-
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Figure 6.8: Calibration constants for all stations in both antenna channels of the scintillator-

triggered setup from 20 September 2013 to 22 October 2013, the calibration data

set.
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Figure 6.9: Measured noise spectra in the North-South and East-West antenna channels av-

eraged over all stations of the scintillator-triggered setup and all times in the pe-

riod from 2 June 2014 to 6 July 2014 (the validation data set). The hatched areas

indicate rejected frequency bands.

played in figure 6.10(a), and has a standard deviation of 5.21 %. After this, we have applied

the calibration constants of the calibration data set to the validation data set, and again cal-

culated the calibration constants. This was done with and without interpolation of the gaps

left by the narrowband transmitters, and the resulting distribution is visible in figure 6.10(b).

After applying the calibration, the standard deviation of the distribution has reduced to 2.37 %.

When the interpolation is applied, the total number of bins naturally increases, and the stan-

dard deviation of 2.34 % is very much comparable with the uninterpolated calibration.
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Figure 6.10: Improvement of the offsets between stations in the validation data set when the

calibration constants are applied.

From this, we conclude that the galactic calibration reduces the spread of the offsets between

stations by more than a factor of 2. The interpolation of gaps in the frequency-dependent cal-

ibration constants does not seem to negatively influence the performance of the calibration,

and comes with the big advantage that the full frequency spectrum is available for further

analysis.

We can apply the same analysis to calibrate the stations of the externally triggered setup. For

this we have selected a calibration data set running from 1 July 2014 to 1 August 2014. Just

like for the scintillator-triggered setup, several stations with enhanced spectral regions were

ignored when calculating the average spectral amplitudes Ā(ν, tk ) to prevent biases, namely

AERA 42, AERA 45, AERA 57, AERA 61, AERA 64, AERA 66 and AERA 108. The resulting cali-

bration constants ci ,ν are plotted in figure 6.11. The distribution is very similar to that from

the scintillator-triggered setup in figure 6.8. There are a few more frequency bins with high

offsets, which are probably due to contamination from narrowband sources, which are less

distant to the stations from the externally triggered setup and therefore have a stronger influ-

ence on the variation between stations. The frequency bins with a calibration constant below

∼0.8 are caused by a single station (AERA 41), which has a relatively low gain in a broad range

of the frequency spectrum.
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Figure 6.11: Calibration constants for all stations in both antenna channels of the externally

triggered setup from 1 July 2014 to 1 August 2014.

6.1.6 Integration into the software framework

Two modules have been created to integrate the relative galactic calibration in the Offline

framework: the RdChannelGalacticConstantsGenerator, which can be used to calculate

the calibration constants from any given data set, and theRdChannelGalacticBackground-

Calibrator, which can apply calibration constants to data within an analysis pipeline. Con-

figurable options include a list of stations that need to be excluded when calculating the

average Ā(ν, tk ), and which average spectral density threshold to use for broadband noise

filtering. When applying the calibration constants, a linear interpolation to fill gaps in the

calibration constants left by narrowband filtering can be performed.

6.2 Absolute calibration of AERA-II stations

6.2.1 Motivation

The vector effective length (VEL) as a function of frequency, electric field field polarization

and arrival direction that forms the antenna pattern is calculated with computer simulations

of the antenna characteristics (see section 4.2.4). To verify these simulated antenna patterns,

dedicated measurements in the field can be performed with the help of radio emitters at-

tached to balloons, cranes or octocopters (see [99] and [93] for details concerning calibration

measurement campaigns of AERA antennas). From [93], we know that the simulated VEL of

the Butterfly antenna differs significantly from the VEL inferred from the calibration mea-

surements, as can be seen in figure 6.12.

Within the bandwidth of AERA, significant enhancements of the VEL (H) are visible around

60 MHz in both arrival directions that were measured. This also has obvious ramifications
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Figure 6.12: Calibration measurement of the VEL using an octocopter and the simulated VEL

at two different zenith angles for the East-West antenna arm (modified from

from [93]). The filled areas indicate systematic uncertainties.

for the spectra taken from air shower induced radio pulses. In figure 6.13, two measured am-

plitude spectra of the reconstructed electric field at different observer angles are plotted, in

which the simulated antenna pattern has been applied. The differences with the simulated

spectra of figure 3.9 are that instead of decreasing exponential spectra, we now have spectra

that peak around 60 MHz. This can be explained by the same deviations of the simulated an-

tenna pattern that were also visible in the calibration measurements. If we want to perform

a physics analysis based on the spectrum of air shower induced pulses, we need to compen-

sate for these deviations. Unfortunately, there has been no calibration measurement of the

antenna pattern covering the complete parameter space at the time of writing of this thesis.
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Figure 6.13: Measured amplitude spectra of the electric field, which was calculated using the

simulated antenna pattern.
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There is, however, an indirect method to validate and calibrate the antenna pattern. This is

possible by using the radio background of the sky, as was already demonstrated in [99]. We

can propagate a model of the full radio sky through the simulated antenna pattern, and com-

pare this with the average spectra recorded by the stations. Like with the relative calibration

using the background noise, we can only use it to probe the gain offsets of the antenna model

and not the phase information.

6.2.2 Method

As a model for the radio background we use the output of the LFMap program [109], which

interpolates measurements of the full radio sky at several frequencies to create maps of the

radio sky in antenna temperature Ta at any particular frequency. An example of the radio sky

at 60 MHz produced by the model is visible in figure 6.14.
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Figure 6.14: The radio sky at 60 MHz in antenna temperature Ta , produced by LFMap. The

equatorial coordinate system is used, with right ascension α and declination δ.

The antenna temperature can be converted to sky brightness Bν(Ta) – or radiated power per

unit frequency – by using the Rayleigh-Jeans approximation of a black body radiator:

Bν(Ta) = dP

dν
= 2kB

c2 ν2Ta , (6.3)

in which kB is the Boltzman constant and c the speed of light. The sky brightness is in units of

W m−2 sr−1 Hz−1. If we want to propagate this radiated power through the simulated antenna

pattern, we have to calculate the total magnitude of the VEL of each antenna arm i (see also

section 4.2.4. Because the radiation from the radio background sky is mostly unpolarized, we

use:

||Hi || =
√

|Hi ,θ|2 +|Hi ,φ|2. (6.4)
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This can be done for all frequencies. An example of the magnitude of the VEL of the simu-

lated antenna patterns of both antenna arms is visible in figure 6.15, which is calculated at a

frequency of 60 MHz.
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Figure 6.15: Magnitude of the VEL ||H || at 60 MHz in the horizontal coordinate system for

both antenna arms. The asymmetry in the magnitude between the two polar-

ization arms is clearly visible, and is probably caused by the modeling of the

electronics box.

We can map the antenna pattern, which is defined in the horizontal coordinate system (see

e.g. figure 4.14) for observers at the Pierre Auger Observatory, to the equatorial coordinate

system in which the radio sky is modeled. This mapping is a function of local sidereal time

at the observer position. Once the antenna pattern is mapped to the equatorial coordinate

system we calculate the spectral intensity IΩ,ν:

IΩ,ν(α,δ) = Bν(α,δ)||Hi ,ν(α,δ)||2, (6.5)

of which the unit is W sr−1 Hz−1. Figure 6.16 shows the spectral intensity at 60 MHz and

LST = 17h for both antenna arms. These can be interpreted as the intensity with which the

antenna arms observe features in the radio sky.

From here, we can integrate over the sky to get the received power Pν per unit frequency (see

[99] for a derivation of the prefactor):

Pν = 1

2

Z0

ZL

∫
Ω

IΩ,ν(α,δ)dΩ, (6.6)
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Figure 6.16: Spectral intensity IΩ,ν at 60 MHz for both antenna arms at LST = 17 h.

where Z0 is the impedance of free space of 120π Ω and ZL is the load impedance of 50Ω.

Because we use a map with discrete binning it is convenient to rewrite this as a sum over the

right ascension α and the declination β:

Pν = 1

2

Z0

ZL

∑
α

∑
δ

IΩ,ν(α,δ)cosδ∆δ∆α. (6.7)

From electric power we can easily convert to the voltage Uν which would be measured per

unit frequency:

Uν =
√

PνZL . (6.8)

6.2.3 Results

We have created temperature maps of the radio sky with a step size of 1 MHz, and calculated

for each frequency the amplitude spectrum as it would be measured through the simulated

antenna patterns for steps in LST of one hour. An example of an amplitude spectrum at

LST = 17h is plotted in figure 6.17(a). These spectra can be compared with actual measure-

ments of the radio sky, and for this we use the average amplitude spectra as a function of LST

created for the relative amplitude calibration. We calibrate each setup separately, so after

the calibration procedure the setups will also be cross-calibrated via the radio sky, a step we

have omitted so far. For the scintillator-triggered setup we use the validation data set defined

in section 6.1.5, which ran from 2 June 2014 to 6 July 2014, and for the externally triggered

data set we use data from 1 July 2014 to 1 August 2014. Both sets have been corrected for

the effects of the analog chain, and the gaps left by the removal of the narrowband noise are

linearly interpolated so the spectra are more or less smooth. This data is also binned in LST

in bins of one hour. As a comparison, the measured amplitude spectrum at LST = 17 h from

the scintillator-triggered setup is shown in figure 6.17(b).

Apart from the difference in the shape of the spectrum there is also a significant gain offset

between the two amplitude spectra. The origin of this gain offset is not known, but since the
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Figure 6.17: Comparison between the propagated amplitude spectrum of the sky model and

the measured spectrum for both antenna arms at LST = 17 h.

offset is present in the data from both setups it could be caused by an underestimation of the

amplification in the LNAs. To compensate for this gain offset we assume there is a constant

scale parameter C0 between the average amplitude produced by the model, 〈Umodel〉, and the

contribution of the radio sky to the average amplitude recorded by the antennas 〈Usky〉:

〈Umodel〉 = 〈Usky〉 ·C0. (6.9)

We also assume that the measured amplitude Umeasured is a superposition of the amplitude

received from the radio sky Usky and the electronic noise of the detector system Unoise:

U 2
measured =U 2

sky +U 2
noise. (6.10)

From equations (6.9) and (6.10) it follows that we can relate the constant scale parameter and

average noise amplitude to the measured and modeled radio sky amplitudes as:

〈Umeasured〉2 = 〈Umodel〉2

C 2
0

+〈Unoise〉2 . (6.11)

This means that the scale parameter C0 and the average noise amplitude Unoise follow from

a linear fit of U 2
measured versus U 2

noise of both antenna arms for all frequency and LST bins, as

is plotted in figure 6.18.

Because the we want to calibrate both measured antenna channels to the radio sky model,

and we assume that the observed gain offset affects both channels equally, the same aver-

age scale parameter has to apply to both channels. The noise contribution to both measured

channels, however, might be different. Therefore, we will first perform a combined fit to de-

termine C0, given by the slope, and then perform two independent fits of the channels with

the slope fixed to determine the average noise amplitudes. We do this for both setups sepa-

rately because the gain offsets as well as the electronics noise could have their origins in the

different hardware that is used. The resulting values are listed in table 6.1. The uncertainty
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Figure 6.18: Linear fit to all data points of both setups to derive the constant scale parameter

C0 to describe the gain offset between the model and the measurement, and the

average noise amplitude 〈Unoise〉. The fanning pattern of the data points around

the fit is caused by the frequency-dependent offsets between the model and the

measurement.

of the noise amplitude in the East-West antenna channel, 〈Unoise, EW〉, is much higher than of

the noise amplitude in the North-South channel, 〈Unoise, NS〉. This is because the deviations

of the simulated antenna model for the East-West arm are much larger than for the North-

South arm, as we shall see later on.

Table 6.1: Fit results to determine the constant scaling parameter and noise amplitudes.

scintillator-triggered externally triggered

C0 1.591±0.005 1.625±0.006
〈Unoise, NS〉 [mV] 44.2 ±0.2 42.5 ±0.3
〈Unoise, EW〉 [mV] 38 ±19 41 ±20

We can apply the scale parameter and the noise amplitudes to the measured amplitudes us-

ing equations (6.9) and (6.10) to recover Usky, the contribution of the radio sky to the mea-

surements in each frequency bin. In figure 6.19, the average amplitude of both the model and

the measured sky over the whole frequency range as a function of LST is plotted for both an-

tenna arms of the scintillator-triggered setup. The model and the measurement follow each

other remarkably well, which means that even though there might be differences in the sensi-

tivity as a function of frequency, the directional sensitivity is described well by the simulated

antenna pattern.
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Figure 6.19: Spectral amplitude averaged over all frequencies of both the radio sky model

propagated through the antenna pattern and the radio sky as measured by the

scintillator-triggered setup as a function of LST after a correction for the con-

stant gain offset and the electronic noise. The shaded areas indicate the stan-

dard errors of the average values.

It is also possible to look at the deviations in the simulated antenna pattern as a function of

frequency. For this, we have divided the Usky spectra by the Umeasured spectra in each LST bin,

and then averaged each 1 MHz spectrum bin over all LST bins. The resulting average devia-

tions in both setups are plotted in figure 6.20. If the simulated antenna pattern would have

perfectly described the actual antenna response, the ratio would be unity over the whole

frequency range. The response pattern of the North-South antenna arm is reasonably well

described by the antenna simulations, at least until ∼72MHz. However, the response pattern

of the East-West antenna arm has a large enhancement in the 55 MHz – 70 MHz range, which

might have the same origin as the enhancements that are visible in the calibration measure-

ments (figure 6.12) and the air shower spectra (figure 6.13). The global features are similar

in both setups, and the variation between the deviations might be the result of differences

between the measured and actual frequency response of the analog chains of the two setups.

The average deviations can be interpreted as calibration constants that need to be inversely

applied to the data before the electric field is reconstructed with the simulated antenna re-

sponse pattern. Because they were calculated with measured spectra that have been cor-

rected for the analog chain between the digitizer and the output terminals of the LNA, the

constants are applied to all stations with Butterfly antennas. The calibration constants are

integrated in the Offline framework by simply multiplying them with the relative calibration

constants calculated in the previous section. This way, the absolute and relative calibration

can both be applied by the RdChannelGalacticBackgroundCalibrator.
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Figure 6.20: Average deviations of the measured radio sky in both setups with respect to the

modeled radio sky with the incorporation of the simulated antenna response

pattern. The measured radio sky has been corrected by the constant gain offset

C0 and by an estimate of the electronic noise. The shaded areas indicate one

standard deviation.

6.3 Suppression of narrowband RFI in the time domain

As previously mentioned in section 5.1.1, several sources of narrowband RFI influence the

data recorded at AERA. Removing the contribution of these noise sources from the data is an

important task, especially in physics analyses where the frequency spectrum is concerned.

Several different techniques have been developed in the past to remove the influences of

these sources from the data. Most of them utilize the frequency domain. One of the sim-

plest methods is to set all frequency bins which are influenced by narrowband transmitters

to zero. This will naturally remove all information of this frequency bin, including physically

relevant information. The median filter is a similar method, but this sets the amplitude of

the affected frequency bin to the average of the surrounding frequency bins. Although this

recovers to a certain extend the amplitude of the frequency bin, the phase of the frequency

bin will remain unchanged and as much affected by the narrowband transmitter as before. In

addition, both of these methods do not address the problem of spectral leakage, which occurs

when the frequency of the narrowband transmitter is not exactly in the center of a frequency

bin in a discrete Fourier transform, as is illustrated in figure 6.21. This makes it very hard to

precisely remove the influence of narrowband noise using the frequency domain, as many

bins surrounding the transmitter frequency might be affected.

As was first demonstrated in [56], the problem of the phase information and the spectral

leakage can be tackled by suppressing RFI in the time domain instead.
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Figure 6.21: Example of spectral leakage at a sampling frequency of 8 Hz. The sine wave at

the top has a frequency exactly in the center of a frequency bin, while the bottom

sine wave has a frequency which is off-center to the frequency bin. The bottom

frequency shows excessive leakage.

6.3.1 Method

The contribution of RFI with a constant frequency ν to the time trace has the form of pure

sine waves:

f (t ) = A · sin(2πνt +φ), (6.12)

with A as amplitude and φ the phase of the wave. We can fit these sine waves to the time

traces, and then subtract them. In order to do so we have to know approximate frequencies

of the narrowband sources, as well as an estimation of their amplitude.

6.3.2 Dynamic RFI identification and parameter estimation

Although the beacon frequencies are exactly known, there is also other narrowband RFI which

we will try to suppress using this method. To find start values for the fit we dynamically iden-

tify narrowband noise using the frequency spectrum. In the frequency spectrum, the ampli-

tudes of ordinary instrumental noise approximately follow a Rayleigh distribution, which has
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the following probability density function:

f (x) = x

σ2 exp

(−x2

2σ2

)
, (6.13)

where σ is the scale parameter, equal to the mode of the distribution. Any frequency bins

which deviate significantly from this distribution are probably affected by narrowband noise,

as is illustrated in figure 6.22, where the amplitudes in two frequency bands are plotted. One

of the bands is clean of known RFI, while in the other two beacon frequencies are located.

The bins located at the beacon frequencies clearly deviate from the Rayleigh distribution.

Because the average amplitude of the frequency spectrum is not constant over the whole

frequency range (see for instance the slope of the spectra in figure 6.3), the Rayleigh distribu-

tion is only a good approximation of the true shape within small spectral bands of a few MHz.
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Figure 6.22: Rayleigh distribution of the amplitudes in the frequency spectrum in two spec-

tral bands, with the associated scale parameter estimations and noise thresh-

olds. The distributions contains the North-South channel of all active stations

from 100 periodically triggered events from 17 October 2014 (run 556).

By estimating the shape of the distribution we can determine an amplitude threshold above

which bins are likely to be influenced by narrowband transmission. For the Rayleigh distri-

bution, the scale parameter σ is estimated using its maximum likelihood:

σ≈
√√√√ 1

2N

N∑
i=1

x2
i , (6.14)

in which N is the total number of samples xi . In the clean frequency band of figure 6.22(a)

the estimation corresponds almost exactly to the peak of the distribution, while in the con-

taminated band of figure 6.22(b) it is slightly overestimated. Using the scale parameter we

calculate the cumulative distribution function F (x) to set a threshold at a certain fraction:

F (x) = 1−exp

(−x2

2σ2

)
. (6.15)
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To make the probability of a bin crossing the threshold similar for any number of sampled

frequency bins, we determine this fraction as a function of the total number of bins N :

F (x) < D
1
N , (6.16)

where we have determined D = 0.90 as a good discriminator. The resulting thresholds are

indicated in figure 6.22. In figure 6.22(a) all the noise is contained, while in figure 6.22(b) a

significant amount of bins affected by the beacon cross the threshold.

We select all frequency bins which have amplitudes that cross the threshold as possible nar-

rowband source frequencies. This is done using a sliding window of 100 bins in the frequency

spectrum to negate the effect of the changing noise level over the full frequency range. If sev-

eral bins in a row are selected, we only use the bin with the highest amplitude. This is because

they are probably all caused by the same transmitter, which is either wider than a single fre-

quency or has significant spectral leakage. As start value for the frequency ν of the fit we use

the center of the selected frequency bin, and as range we take the size of one complete fre-

quency bin around it. The amplitude A of the sine wave is estimated from the amplitude in

the frequency spectrum M . Depending on the amount of spectral leakage the amplitude of

the sine wave is:
2M

N
≤ A ≤ πM

N
, (6.17)

where N is the total number of frequency bins. As start value for the amplitude we use the

minimum amplitude, and as upper limit the amplitude resulting from maximum spectral

leakage. We take the modal noise level σ/N as the lower limit for the amplitude. After per-

forming the fit, only sine waves with a fitted amplitude higher than the threshold are sub-

tracted from the time trace. The phase φ of the sine wave is also estimated from the Fourier

transform, but will be unbounded in the fit.

6.3.3 Results

A comparison between average spectra with and without subtraction of the fitted sine waves

is displayed in figure 6.23. Because the beacon is located almost exactly due West from the

array, the four beacon frequencies are mostly visible in the North-South channel. They are

clearly reduced to below the standard deviation of the noise. Other narrowband emitters are

also strongly reduced in both channels, but not all to the same level as the beacon. This is

most likely because they are not as narrow in frequency as the beacon, so only the main com-

ponent is removed, such as the carrier frequency in the case of an FM transmitter.

6.3.4 Integration into the software framework

A module to apply the RFI-suppression in the time domain has been created for the Of-

fline framework: the RdChannelSineWaveSuppressor. The module dynamically identifies
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Figure 6.23: Average spectra with and without subtraction of fitted sine waves. The shaded

bands indicate one standard deviation of the average values, and the aver-

age noise threshold is shown as a dashed line. All active stations from the

scintillator-triggered setup from 100 periodically triggered events from 17 Oc-

tober 2014 (run 556) were used.

narrowband RFI in the frequency domain and fits sine waves in the time domain using the

Minuit minimization program [110]. Configurable options of the module include the size of

the sliding window in which the mode of the Rayleigh distribution is estimated and the value

for D to calculate the noise threshold.



Chapter 7

Results: Measuring shower
development with AERA

In this chapter we will analyze the spectral index of radio pulses and estimate from them the

depth of shower maximum Xmax. First, we will determine the spectral index from the pulse

spectrum and estimate its uncertainties. We will then reconstruct Xmax using the parameter-

ization of the spectral index derived in chapter 3, and compare it to measurements of Xmax

made by the fluorescence detector. After this cross-check, we will calculate the average depth

of shower maximum as a function of cosmic ray energy, from which we can infer cosmic ray

composition.

7.1 The spectral index in AERA data

7.1.1 Extraction of the pulse spectrum

Before we are able to study the radio pulse spectrum, we must reconstruct the electric field

of the events that have survived all of the selection steps discussed in chapter 5. While we

perform the reconstruction, we apply the calibration and cleaning procedures as described

in chapter 6. An overview of all the steps we take to reconstruct the full three dimensional

electric field from the raw ADC traces of the selected events is shown in figure 7.1. This figure

also serves as a road map for the analysis described in this chapter, going from the electric

field all the way to the estimation of the depth of shower maximum Xmax.

The next step is to rotate the electric field from from the Cartesian coordinate system to the

coordinate system in the shower reference frame along the v, v×B and v×v×B directions,

similar to our simulation study of chapter 3. For this, we need the direction of the geomag-

netic field B at the AERA site at the time of the event. Several models exist to calculate the

geomagnetic field as a function of position around the globe and time. We use the IGRF-12

model [111] to calculate the field at the AERA site. The direction of the calculated field as a
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Selected ADC traces (chapter 5)

ADC to voltage

RFI cleaning (chapter 6)

Incorporate channel response

Calibration (chapter 6)

Electric field reconstructionSD infill reconstruction
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Noise correction

Spectral index fit

Estimation of Dmax Parameterization (chapter 3)

Atmosphere modelEstimation of Xmax

Figure 7.1: Reconstruction chain from selected radio traces to the estimation of depth of

shower maximum Xmax. The analysis steps from the electric field reconstruc-

tion onward are described in this chapter. The shower geometry from SD is used

as input to reconstruct the three dimensional electric field, rotate the field in the

shower reference frame and estimate the position of shower maximum when ap-

plying the parameterization of the spectral index.

function of time is plotted in figure 7.2. The uncertainty of the orientation of the magnetic

field as quoted from the model guidelines is negligible compared to the uncertainties in the

shower geometry, as we shall see in the next section.

After the coordinate transformation we determine the pulse time in the v×B component of

the electric field, and extract the signal pulse in a window of 400 ns around the peak value

of the Hilbert envelope, as was discussed in section 5.4.3. We then calculate the amplitude

spectrum of all three components of the electric field in this window by performing a discrete

Fourier transform. From the same rotated time traces, we extract as many noise traces as we

can with the same 400 ns length outside the signal window. We use these to calculate average
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Figure 7.2: Geomagnetic field orientation as a function of time at the AERA site as approxi-

mated by the IGRF-12 model. Uncertainties are 0.008° for the zenith angle (incli-

nation) and 0.016° for the azimuth (declination).

noise spectra in all three components. The resulting spectra will have frequency bins with a

width of 2.5 MHz.

A limited noise correction can be performed on the individual frequency bins of the spec-

trum using the average noise spectrum, as was demonstrated in [56]. Because of the random

phase of the noise contribution to each frequency bin of the signal spectrum, it is difficult to

estimate the true signal amplitude at a certain frequency. Following the prescription in [56],

an estimation of the signal amplitude can be made by assuming a vectorial sum of the signal

and noise contributions and integrating over the expected phase difference between the true

signal and the noise background φ. Using the amplitudes of the signal spectrum Sm and the

noise spectrum Sn, we can calculate a corrected signal Scor:

|Scor(ν)| = 1

2π

∫ 2π

0

√
Sm(ν)2 − (Sn(ν)sinφ)2 dφ, (7.1)

where ν is the central frequency in the spectrum bin. The amplitudes of the frequency bins

in the average noise spectrum will furthermore be used as uncertainties of the signal spec-

trum, which will serve to weigh the data points when we perform the fit of the spectral index.

An example of a calibrated signal spectrum with uncertainties and associated average noise

spectrum can be seen in figure 7.3.

7.1.2 The spectral index and its uncertainties

To determine the spectral index b of the pulse we fit equation (3.2) to the corrected amplitude

spectra in the range from 41 MHz to 79 MHz. This is the clean range in we have been able to

calibrate our stations, and which is reasonably free from narrowband noise sources.
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Figure 7.3: Example of a calibrated signal spectra (solid markers) with average noise spectra

(open markers) of the two components of the reconstructed electric field. The

uncertainties of the signal spectrum amplitudes are obtained from the average

noise spectrum, and the uncertainties of the noise spectra are obtained from the

rms of the average noise amplitudes. The corrected signal amplitudes Scor are

drawn in brown, and a fit of equation (3.2) is shown as a dashed line.

Noise background

The level of the noise background will have an influence on the frequency spectrum of the

measured electric field. This results directly from the fact that the measured spectrum is a

superposition of noise and signal. As an example, it is easy to imagine a high powered white

noise spectrum, which will result in a flattening of the measured spectrum when it is added

to a signal, and thus bringing the spectral index closer to zero. Additionally, noise is further

amplified when we calculate the three dimensional electric field from the two measured po-

larizations. This is an intrinsic property of the field recovery method, as was demonstrated

in section 4.2.4. To estimate the effect of the noise background we first quantify the amount

of noise by means of the signal-to-noise ratio, where we will use the integrated definition of

equation (4.5), and use the average noise spectrum to calculate the noise level. This defini-

tion is more independent of the pulse shape than the SNR definitions that rely on the peak

amplitude of the pulse. The distribution of the SNR of all selected events is displayed in

figure 7.4.

In section 4.2.4, we used a toy Monte Carlo model to show that the uncertainty of the spec-

tral index is reasonably constant as a function of arrival direction, as long as the zenith angle

θ is smaller than 60°. We use the same model here to determine the influence of the noise

level on the spectral index, and to estimate the effects on the uncertainty. We again com-

pare the real spectral index breal before the addition of Gaussian white noise and the appli-

cation of the antenna model with the spectral index measured afterwards, bmeasured. This

time, we express the difference as a function of the SNR, determined after the electric field

reconstruction. The average value and standard deviation of the difference breal −bmeasured

calculated using 5×106 pulses generated with random arrival directions of θ < 60° are dis-
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Figure 7.4: Distribution of the SNR as defined by equation (4.5) of all selected events, disre-

garding weather conditions.

played in figure 7.5. The calculated average differences as a function of SNR will be used to

correct the fitted spectral indices of the data. The obtained standard deviations will be used

to assign an uncertainty to the spectral index based on the SNR.
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Figure 7.5: Average difference between the real spectral index breal and the measured spectral

index bmeasured after the addition of Gaussian white noise and application of the

antenna model as a function of SNR. The shaded band indicates one standard

deviation of the average in (a). A close-up of the standard deviation is provided in

(b).

SD reconstruction uncertainty

The uncertainty of the reconstructed shower arrival direction and core impact location have

a direct influence on the knowledge of the station distance to the shower axis d . As we know

from chapter 3, this is one of the main dependencies of the parameterized spectral index.

With the covariance matrix cov(i , j ) of the core location reconstruction provided by the SD
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lateral distribution fit we can propagate the uncertainty of the core impact location to the

uncertainty of the distance to the shower axis σd ,core:

σ2
d ,core =

1

d 2

[
d 2

1 ·cov(d1,d1)+d 2
2 ·cov(d2,d2)+2d1d2 ·cov(d1,d2)

]
, (7.2)

where d1 and d2 are two vector components perpendicular to the direction of movement of

the shower v that define the vector from the station position to the shower axis with length

d , in such a way that d 2 = d 2
1 +d 2

2 . The distribution of the uncertainties of the distance to the

shower axis of all selected events is plotted in figure 7.6.
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Figure 7.6: The uncertainty of the distance from the station to the shower axis for all selected

events, calculated once by using only the core uncertainty with equation (7.2),

and once as the quadratic addition of the core and axis uncertainties via

equation (7.4).

The reconstructed arrival direction of the shower also has an uncertainty, but this is not ex-

plicitly included in the standard SD reconstruction because it is usually small compared to

the core uncertainty. Using Gaussian error propagation, we can estimate the influence of the

uncertainty of the shower axis σθ on the uncertainty of the distance from a radio station to

the shower axis:

σd ,axis ≈
|dv|σθ
cos2θ

, (7.3)

where θ is the zenith angle of the shower and dv the distance along the shower axis from the

core impact point to the point where a plane shower front would intersect the radio station

position, as is illustrated in figure 7.7. The upper limit on the uncertainty of the shower axis

direction is 2° [112]. Given that the typical distance to the shower axis d in our data set is

150 m, and the most common zenith angle θ is 45°, this would result in an uncertainty of

less than about 10 m of the distance to the shower axis, which is indeed small compared to

the uncertainties propagated from the core location. Although the uncertainty of the recon-

structed SD axis and core impact location are not independent, we can make a conserva-

tive estimation of the total uncertainty of the distance to the shower axis σd by adding them

quadratically as:

σd =
√
σ2

d ,core +σ2
d ,axis. (7.4)



7.1. The spectral index in AERA data 111

The resulting distribution of the total uncertainty of the station distance to the shower axis is

also plotted in figure 7.6, where we have used the upper limit of σθ = 2°.

v

d

core

zenith

θ

Xmax

Dmax

dv

Figure 7.7: Reconstructed shower geometry and relative position of the radio station. The

distance to the shower axis d is the shortest distance from the station position to

the shower axis v, running perpendicular to it. The distance from this intersection

to Xmax is Dmax, and the distance from the intersection to the shower core is dv.

The uncertainty of the shower arrival direction (i.e. the direction the v vector is pointing) also

has an influence on the way we perform the coordinate transformation to the shower refer-

ence frame. An erroneous axis direction might result in the mixing of other components into

the v×B component, in which we are interested. The potential influence of this mixing on

the spectral index is determined by the relative strength of the emission in the v×B and the

v×v×B components of the field and their spectral indices. If we follow equations (3.8), (5.4)

and (5.5), we find that the relative strength of the emission is a function of geomagnetic angle

α and the observer angleΦobs with uncertainty σΦ.

The uncertainty of the observer angle, given byΦobs = arctan(d2/d1), is propagated from the

uncertainty of the two vector components perpendicular to the shower axis, as was done in

equation (7.2):

σ2
Φ =

(
1+

(
d2

d1

)2)−2 [
d 2

2

d 4
1

cov(d1,d1)+ 1

d 2
1

cov(d2,d2)− d2

d 3
1

cov(d1,d2)

]
, (7.5)

where the covariance matrix is again provided by the SD lateral distribution fit. We neglect

the influence of the uncertainty of the shower axis here, because even in our most conserva-

tive estimation it only has a small effect. The distribution of the uncertainty of the observer

angle in our selected data set is displayed in figure 7.8.

We can now go back to our toy Monte Carlo, and modify it in such a way that it can sim-

ulate contamination of the v×B component by the v× v×B component, and estimate the

uncertainty of the spectral index as a function of α, Φobs and σΦ. This is done by randomly
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Figure 7.8: Uncertainty of the observer angle in the selected data set, as calculated with

equation (7.5). Left: average uncertainty as a function of distance to the shower

axis d (shaded bands indicate one standard deviation), right: total distribution.

drawing pulses from a set of 200 events simulated at Φobs = 90° and 100m ≤ d ≤ 400m in

the non-discrete simulation set described in section 3.3.2. Because of this selection of the

observer angle, each pulse contains a geomagnetic and charge-excess component that are

perpendicular and can be separated. This ensures we mix pulses with realistic values for the

spectral indices in the two electric field contributions. We then assign a random arrival di-

rection with zenith angle θ < 60° and a random observer angleΦobs. We also select a random

uncertainty of the observer angle σΦ between 0° and 10°, because this is the likely value in

our region of interest of 100m ≤ d ≤ 400m, as can be seen in figure 7.8.

The next step is to compose the v×B and v×v×B components and their relative power with

the selected geomagnetic and charge-excess pulses as they would be measured by an ob-

server, based on the arrival direction, the associated geomagnetic angle and observer angle

using equations (3.8), (5.4) and (5.5). The pulse is then propagated through the simulated an-

tenna model to get the two-component voltage, after which a random variation is added to

the shower axis direction using a two dimensional Gaussian with σ= 2°. Likewise, a random

variation is added to the observer angle using a Gaussian with a width of σΦ. After this, we

apply the inverse of the antenna model to recover the three dimensional field again, and we

calculate the spectral index of the field in the v×B component of the field, bmeasured, which

we can compare with the spectral index of the original pulse, breal.

In similar fashion to what we did for the noise level, we now estimate the uncertainty of the

spectral index as a function of the three parameters by using the standard deviation of the

average difference between bmeasured and breal. Two projections of the final distribution af-

ter generating 108 pulses with the Monte Carlo are displayed in figure 7.9. The deviations

are the largest at observer angles where the two emission contributions are perpendicular.

This is because at these angles the relative power of the pulse in the v×v×B component is

the largest, and will therefore influence the v×B component the most when there is mix-

ing. Using the same logic, we deduce that for small geomagnetic angles the relative power in
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Figure 7.9: Projections of the standard deviations of the average difference between real and

measured spectral indices produced by our toy Monte Carlo as a result of mixing

between the two electric field components. Left: observer angle Φobs versus its

uncertainty σΦ; right: observer angle versus geomagnetic angle α.

the v×v×B is the largest, and will therefore also produce a large uncertainty. This can also

be observed in the plots of figure 7.9. The uncertainty of the observer angle hardly has any

influence on the spectral index for the range we have selected. We will therefore assign un-

certainties to the spectral indices resulting from uncertainties in the SD reconstruction only

as a function of α andΦobs, and derive these from the Monte Carlo.

The contributions to the uncertainty from the noise background and the SD reconstruction

are assumed to be independent, so the total uncertainty of the spectral index b is calculated

by the quadratic addition of the two.

7.2 Dependence of the spectral index on shower development

In this section, we test the parameterization of the spectral index as a function of shower de-

velopment – which we derived in chapter 3 – with the RD-FD data set described in section 5.4.5.

First, we examine the general dependencies of the measured spectral index. In particular, we

investigate its relation with the distance to the shower axis d and the geometrical distance

to shower maximum Dmax. We then use the parameterization of the dependencies of the

spectral index to reconstruct the depth of shower maximum on an event-by-event basis and

compare these with FD measurements. Finally, we use the measurements of the depth of

shower maximum in a subset of the selected data set from chapter 5 to calculate the average

depth of shower maximum as a function of energy.
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7.2.1 Measurements of the spectral index

The spectral indices of all events in the RD-FD data set are plotted in figure 7.10. The data

is divided into six bins of distance to shower axis d of 50 m each. The geometrical distance

from the station to shower maximum Dmax and its uncertainty are derived from the atmo-

spheric depth of shower maximum as reconstructed from the FD measurements using aver-

age monthly atmospheric density profiles. In each plot, the parameterization of the spectral

index of a purely geomagnetic signal at the center of the distance bin as a function of Dmax is

indicated by a solid line. The parameterizations of the spectral index at the edges of the dis-

tance bin for extreme values of the observer angle (Φobs = 180° at the lower edge andΦobs = 0°

at the upper edge) are marked by dashed lines to indicate the full range of the parameterized

spectral index. Considerable spread can be observed in the measured indices, but the ma-

jority of the data points are in agreement with the region defined by the parameterization

within one standard deviation.

Average profile histograms of the four distance bins in which we have a large number of

events are visible in figure 7.11. The average spectral index is calculated in bins of 1 km of

Dmax. The average measured spectral index is compatible with the parameterization, indi-

cated again by solid and dashed lines, especially when there is a significant number of mea-

sured values in a bin. Because of the constructive interference of geomagnetic and charge-

excess emission atΦobs = 0°, signals measured at this observer angle are more likely to exceed

the SNR-cut. Therefore, the measurements in this plot are biased towards this observer an-

gle, which results in a lower average spectral index.

7.2.2 Event-by-event reconstruction of shower maximum

Unfortunately, the number of events in the RD-FD data set is not sufficient to perform a full

data-driven analysis along the lines of the simulation study of chapter 3 to derive the depen-

dencies of the spectral index. Instead, we rely on the parameterization derived from simu-

lations for the extraction of information on the depth of shower maximum from the radio

signal.

In order to find the best fitting value of the geometrical distance from the shower core to

shower maximum Dmax, core, we minimize the following function for events consisting of a

total of n stations with a measurement of the spectral index:

χ2 =
n∑

i=0

(
bmodel,i (Dmax,i (Dmax, core))−bmeasured,i

σb,i

)2

, (7.6)

where bmeasured,i andσb,i are the measured spectral index at station i and its assigned uncer-

tainty. From equation (3.6) and the parameterized dependencies in chapter 3 we calculate

the parameterized spectral index bmodel,i as a function of the distance from the station to

shower maximum Dmax,i and find the best fitting value. The distances of each station to
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Figure 7.10: Dependence of the measured spectral index b on the distance to shower max-

imum Dmax as determined by the FD for different bins of the distance to the

shower axis d . The lines indicate the predicted spectral index based on the pa-

rameterization at the bin center (solid) and the bin edges (dashed). Regions in

which the parameterization is not valid as calculated for the center of the bin are

indicated with hatches.
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Figure 7.11: Average spectral index in bins of 1 km of Dmax for several bins of distance to

shower axis d . The error bars indicate one standard deviation of the average in

each bin. The data points without error bars contain only one measurement and

the uncertainty could not be estimated. The lines and hatched regions have the

same meaning as in figure 7.10.

shower maximum within an event are coupled via the shower geometry and the only free pa-

rameter of the fit: the geometrical distance measured from the shower core to shower maxi-

mum Dmax, core. We derive the distance to the shower axis and observer angle for each station

from the SD reconstruction of the shower geometry.

To calculate a first estimate of the distance to shower maximum we only use the zenith angle

of each shower and the average Xmax value of 700 g cm−2, which we convert to a geometrical

distance using the monthly average atmospheric density profiles. As fitting range we use the

full valid range of the parameterization, which is between 0 km and 14 km.

Stations for which the lower uncertainty limit bmeasured,i −σb,i is larger than the maximum

value of the parameterized spectral index at its distance from the shower axis d for any value

of Dmax and Φobs will be rejected from the fit. An iterative fit procedure makes sure stations
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are excluded when their fit result of Dmax places them outside the region of validity of the

parameterization as defined by table 3.1. The fit is redone until all remaining stations are

within the valid region or until there are no more stations left, when the fit is considered to

have failed. Fits will also be rejected when they do not converge and the parameters are set to

the fit range boundaries, which may happen when for instance the measured spectrum has

a strong positive index. Afterwards, the fitted value of Dmax is converted to an atmospheric

depth using the monthly density profiles to get the depth of shower maximum Xmax.

Two examples of events with just a single station that has survived the selection criteria

within the valid range of the parameterization are plotted in figure 7.12. The plots contain

the measured spectral index with its uncertainty, and the value predicted by the parameteri-

zation when the distance to shower maximum from the FD measurement, Dmax, FD, is used.

These plots demonstrate that a reconstruction of shower maximum using a single station is

possible, but due to the large uncertainty of the measurement of the spectral index the un-

certainty of the depth of shower maximum is accordingly large.
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Figure 7.12: Two examples of events containing one station that survived the selection pro-

cedure. The measured spectral index is plotted in black, and is compared with

the parameterized spectral index as calculated from the value of Xmax measured

by FD (with the colored bands indicating the uncertainty) and the best fit of the

parameterization to the measured index (RD). These were calculated using the

observer angle as measured from SD over a wide range of distance to the shower

axis d to show their dependence. The regions of d in which the parameteriza-

tion is invalid for the fitted value of Dmax, RD, measured from the shower core

impact location, are marked with hatches.

This uncertainty is decreased if we perform the fit for events with more than just one station.

Two examples of events where equation (7.6) is minimized for n ≥ 2 stations are plotted in

figure 7.13.
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Figure 7.13: Two examples of events containing multiple stations that survived the selection

procedure. For each station, the spectral index as predicted from the parame-

terization using the FD measurement of Xmax and the best fit of the combined

RD event are drawn.

7.2.3 Comparison with fluorescence measurements

Of the 146 selected signal stations in the RD-FD data set, 94 stations can successfully be used

to reconstruct Xmax with the parameterization of the spectral index. The failed reconstruc-

tions not only include single station events which fall outside the valid region of the param-

eterization or for which the fit does not converge, but also events with multiple stations in

which stations are removed during the iterative fitting procedure. A total of 18 events with

more than one signal station have a successful reconstruction of shower maximum using the

parameterization of the spectral index. A comparison between the distance to shower maxi-

mum Dmax, RD as it is reconstructed from the fit of the parameterization of the spectral index

and the value derived from the FD measurement, Dmax, FD, is plotted in figure 7.14. Both ge-

ometrical distances were calculated relative to the shower core impact location.

The Pearson correlation coefficient (r ) is calculated for the full data set, as well as for the sub-

set of events with more than one signal station that could be used for the fit. As expected,

the uncertainties of the fitted values of Dmax, RD are smaller for the multi-station events. The

correlation coefficient is also considerably higher for the multi-station subset. Because of

the strong correlation between the zenith angle and the geometrical distance to shower max-

imum, it is better to compare the reconstructed values of depth of shower maximum, as is

done in figure 7.15. The same distinction between all events and events with more than one

station is made in this plot.

The distributions of the difference between the reconstruction from the FD measurement

and the fit of the parameterization of the spectral index to determine the depth of shower

maximum are plotted in figure 7.16. From the rms of these distributions we can estimate the

precision of our method compared to FD. For all events, the vast majority containing just one

radio signal, the position of Xmax can be determined with a precision of 2.6 km relative to the
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Figure 7.14: Geometrical distance of the shower core to shower maximum (Dmax) as mea-

sured by FD and from a fit of the parameterization of the spectral index (RD). A

distinction is made between all events and events for which a combined fit of

multiple signal stations (n ≥ 2) is performed.

FD measurement, which corresponds for this ensemble of events to an atmospheric depth

of 168 g cm−2. This is reduced to a resolution of Xmax of 138 g cm−2 if only events with more

than one signal station are included. This resolution is considerably lower than the theoret-

ical limit of 71 g cm−2 for single stations determined in chapter 3, but this was determined

without the addition of noise and with a fully determined three-dimensional electric field.

To test the reconstruction method and the estimation of the uncertainties we create a pull

distribution of our results. The pull ∆Xmax of each reconstructed event is calculated using:

∆Xmax =
Xmax, RD −Xmax, FD√
σ2

Xmax, RD
+σ2

Xmax, FD

, (7.7)

where σXmax, RD and σXmax, FD are the uncertainties of the fit using the parameterization of the

spectral index and the uncertainty of the FD measurement of shower maximum respectively.

The distribution of the pull of all events is plotted in figure 7.17, including a Gaussian fit of

the distribution of all events including those with only one signal station. According to the

mean of the Gaussian fit, there is a slight bias towards overestimation of the depth of shower

maximum with the fit of the parameterization of the spectral index. The standard deviation

of the Gaussian fit is close to unity, from which we can conclude that the uncertainties have

been estimated reasonably well.
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Figure 7.15: Comparison between Xmax measured by the FD and the best fit of the param-

eterization of the spectral index (RD). The shaded band marks the theoretical

uncertainty of the parameterization of 71 g cm−2 for single station events. The

plot contains the same events as figure 7.14, with again the distinction between

events with single stations and events for which a combined fit could be per-

formed.
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Figure 7.16: Distributions of the difference between the FD measurement and the fit of the

parameterization of the spectral index (RD), for the distance to shower maxi-

mum Dmax (left) and atmospheric depth of shower maximum Xmax (right).
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Figure 7.17: Pull distribution of the reconstruction of shower maximum from a fit of the pa-

rameterization in comparison with the value measured by FD. A Gaussian fit of

the distribution of all events is drawn.

7.2.4 Average depth of shower maximum in AERA data

In the previous section we cross-checked the results from the event-by-event reconstruction

of shower maximum using the parameterization of the spectral index with the FD measure-

ments of Xmax. Now we will move on to calculate the depth of shower maximum for our full

selected data set, which was described in chapter 5. This will enable us to perform a mea-

surement of the average cosmic ray composition as a function of energy in the energy range

of AERA, just as was described for the baseline Auger data in section 2.2.3. The advantage of

using the full selected data set as compared to the RD-FD data set is that we have a much

higher number of events. This is especially relevant for events with many stations, which

provide a reconstruction of shower maximum with high precision. Several examples of these

large events are displayed in figure 7.18. When compared to the events in figures 7.12 and

7.13, the uncertainty of Xmax is considerably lower.

Selection of high quality data

To investigate the average depth of shower maximum we need a high-quality and bias-free

subset of the data. In figure 7.19, the average uncertainty of the geometrical distance to

shower maximum (Dmax) as well as the atmospheric depth of shower maximum (Xmax) is

plotted as a function of the final number of stations used in the fit of the parameterization

of the spectral index, n. All selected events were used to create this plot, excluding events

recorded during thunderstorm conditions and events for which the fit of the parameteriza-

tion is considered a failure based on the criteria specified in section 7.2.2. In the case of Xmax,

the uncertainty is asymmetric because of the variable density in the atmosphere, so the aver-

age between the lower and upper uncertainty bounds is taken. This plot supports the notion

that the uncertainty decreases as the number of stations per event in the reconstruction in-
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Figure 7.18: Several examples of events with more than five stations but no FD measurement,

with a fit of the parameterization of the spectral index. The hatches and lines

have the same meaning as in figure 7.12.

creases. At n ≥ 4 the uncertainty on the position of shower maximum stabilizes and is less

than 1 km. Therefore, we only use events with more than three stations in our analysis.

The selection criterion on the station number n reduces the data set to 200 events. We can

further improve the quality of the data set by taking the fit quality into account. This is quan-

tified by the minimum value of χ2 from equation (7.6) divided by the number of degrees of

freedom, which in our case is n−1. The distribution of this value for the 200 remaining events

is plotted in figure 7.20, which also includes a fit of a pure χ2 probability density function. To

prevent the inclusion of events which have a low fit quality, we only use events for which

χ2/(n −1) < 10.0.

A bias in the average depth of shower maximum is introduced by the zenith angle of the

shower. An inclined shower will have traversed more atmosphere, and the average atmo-

spheric depth of shower maximum will therefore be biased towards higher values. At the

same time, vertical showers will have traversed less atmosphere, and the average will there-

fore have a bias towards lower depths of shower maximum. This is illustrated in figure 7.21,

where a profile histogram of the average depth of shower maximum as a function of zenith

angle θ is plotted. An increase in the average depth of shower maximum as a function of



7.2. Dependence of the spectral index on shower development 123

n
2 4 6 8 10

 [
km

]
〉

m
ax

, c
or

e
Dσ〈

0.0

0.5

1.0

1.5

2.0

]2−
 [

g 
cm

〉
m

ax
Xσ〈

0

20

40

60

80

100

120

140

Figure 7.19: Average uncertainty of the geometrical distance to shower maximum Dmax and

its atmospheric depth Xmax as a function of the final number of stations n used

in the fit of the parameterization of the spectral index.
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Figure 7.20: Distribution of χ2 of the fit of the parameterization of the spectral index divided

by the number of degrees of freedom, n−1. A fit of a pure χ2 probability density

function is drawn by a solid line. Only data for which χ2/(n − 1) is lower than

10.0 will be selected.

zenith angle can be observed in the full range of zenith angles. To limit the bias, we select

only events with zenith angles between 28° and 50°.

To study the depth of shower maximum as a function of energy we cluster the events in 10

logarithmic energy bins between 1017 eV and 1019 eV, for which we use the cosmic ray energy

reconstruction of the SD. In each of the bins, the average depth of shower maximum is calcu-

lated. One thing we need to take into account is the efficiency of AERA in combination with

our data selection method as a function of energy, as this might also result in biases. When we

consider the energy distribution – also in 10 logarithmic energy bins – of our selected events

in figure 7.22, we notice that it peaks at ∼1018 eV. This means that below this energy, our



124 Chapter 7. Results: Measuring shower development with AERA

]° [θ
20 25 30 35 40 45 50 55 60

]2−
 [

g 
cm

〉
m

ax
X〈

300

400

500

600

700

800

900

Figure 7.21: Average depth of shower maximum Xmax as a function of zenith angle θ. The

bias is limited by selecting only events with zenith angles between 28° and 50°.

The error bars represent the standard error on the average value.

sampling of the incoming cosmic rays is not fully efficient, and we measure mostly upward

fluctuations of the real event distribution. In other words, we measure only the showers with

a signal that barely exceeds the ambient noise level, while a large part of the other showers

at these energies produce pulses which have too low power to make it through our selection

criteria.
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Figure 7.22: Distribution of the energy of the data set we have selected so far. As a compar-

ison, the distribution of the energy of the initial set of events with n ≥ 2 is also

plotted.

A possible bias in the measurement of the average depth of shower maximum is difficult to

investigate in the absence of simulations that incorporate a realistic noise environment. We

can, however, qualitatively study the effect by using the scale parameter A from the spectral

index fit of equation (3.2), which is related to the strength of the signal pulse. The average

value of A as a function of Dmax in two rings of antennas at different distance d from our

simulation study is plotted in figure 7.23. The charge-excess component of the radio emis-

sion becomes much stronger when shower maximum is close to the ground, especially for
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observers near the shower axis. The strong pulses measured from showers with low Dmax will

dominate the event sets in bins of low energies, which will result in a bias towards higher aver-

age Xmax values in these bins. We will therefore not include the energy range below 1017.8 eV

in our data set.
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Figure 7.23: The average scale parameter A as a function of Dmax from all showers of the

simulation study of chapter 3. Only antenna positions were used where the ge-

omagnetic and charge-excess components could be completely separated.

This last step reduces the data set to a total of 68 events distributed over four energy bins. An

overview of all data selection steps is visible in table 7.1.

Table 7.1: Selected number of events after the application of each selection cut, for the mea-

surement of the average depth of shower maximum.

n ≥ 4 200

χ2/(n −1) < 10.0 196

28° < θ < 50° 104

E > 1017.8 eV 68

Of the 68 selected events, 10 events were recorded in periods when the weather station was

down. We include these events because the chance that a significant number of them is af-

fected by thunderstorms is small due to our selection cut on the polarization offset β. The

distribution of the depth of shower maximum of the selected events is plotted in figure 7.24.

The distributions of depth of shower maximum Xmax in each of the four energy bins are plot-

ted in figure 7.25.
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Figure 7.24: Distribution of the depth of shower maximum of the final data set.
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Figure 7.25: Distributions of the reconstructed values of Xmax in the four energy bins that

still contain events after all selection steps.

Estimation of systematic uncertainties

Several sources of systematic uncertainty of the average value of Xmax can be identified. A

possibly important source of systematic uncertainty is the frequency dependent gain cali-

bration of the antenna. We can estimate the effect on the spectral index by creating a toy

Monte Carlo model that randomly fluctuates the spectrum according to a Gaussian distribu-

tion described by the average uncertainties from the calibration (plotted in figure 6.20(b)) as
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a function of frequency. The uncertainty is in the order of 5% in the full frequency range.

We use the uncertainties from the calibration of the externally triggered setup because the

vast majority of the events in our high quality data set are from this setup due to our cut on

the minimum number of stations. For each of the four energy bins we propagate the aver-

age value of Xmax through the atmosphere using the average values of d and θ calculated in

the energy bin to get an average value of the distance to shower maximum. We then use the

same average shower geometry to calculate an average value of the spectral index b in the en-

ergy bin. Using equation (3.2) we convert this spectral index into a spectrum with arbitrary

scale parameter, which we modify with the Monte Carlo according to the uncertainties of the

calibration and fit the spectral index again. A distribution of the difference δb between the

original spectral index and the index of the modified spectrum after generating 106 spectra is

plotted in figure 7.26.
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Figure 7.26: Distribution of the difference δb between the original spectral index and the

spectral index of the modified spectrum after 106 runs of the Monte Carlo, cal-

culated for the average spectral index of the energy bin between 1018.4 eV and

1018.6 eV. A Gaussian fit is drawn as a solid line.

We use the standard deviation of a Gaussian fit to this distribution as the systematic un-

certainty of the spectral index resulting from the gain calibration. The uncertainties of the

average spectral index were very similar for all energy bins. Using the average geometry of

the energy bin, we then use the parameterization again and propagate back through the at-

mosphere to recover the uncertainty limits of 〈Xmax〉. The systematic uncertainties resulting

from the gain calibration are listed in table 7.2 for all four energy bins.

A further potential source of systematic uncertainty is the spectral noise correction. We es-

timated the correction for the noise background in section 7.1.2 with a Monte Carlo which

assumed a flat noise spectrum. This estimation is only correct if the noise in the measured

data can also be described by a flat spectrum. The distribution of the spectral index of a fit

to the spectrum of a 400 ns noise trace from all selected events from chapter 5 is displayed

in figure 7.27. The mean value of a Gaussian fit to this distribution is −0.05×10−2. From this

we deduce that, even though the galactic noise imprint has a distinct spectral shape, this is
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drowned in random noise in individual measurements, which is on average well described

by a flat spectrum. The method of narrowband RFI suppression – which was described in

section 6.3 – was applied to the noise traces to which the spectral index was fitted. This

means that this method to suppress RFI does not result in a significant bias in the spectral

index either. We conclude therefore that the several methods of noise correction do not con-

tribute substantially to the systematic uncertainty of the measurement of the average depth

of shower maximum, and the fluctuations in the noise spectra are small with respect to the

statistical uncertainties, and we neglect this as a possible source of systematic uncertainty.
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Figure 7.27: Distribution of the spectral index calculated in a 400 ns noise trace for all se-

lected events. A fit of a Gaussian function is drawn as a solid line.

Finally, the parameterization of the spectral index itself is a source of systematic uncertainty.

Only the limited number of events in the RD-FD set could be used in section 7.2.3 to test

the parameterization. It is therefore difficult to determine the uncertainty of the parameter-

ization from the comparison with data. We can instead use the bias in Xmax resulting from

the application of the parameterization to the simulations, as was determined in section 3.5.

Depending on the observer angle and distance to the shower axis, the bias in the depth of

shower maximum is between 10.0 g cm−2 and 20.0 g cm−2 for reconstructions using informa-

tion from a single station, as can be seen in figure 3.17. As a conservative estimate, we will use

20.0 g cm−2 as the systematic uncertainty resulting from the parameterization of the spectral

index.

The two contributions to the systematic uncertainty are independent and are therefore added

quadratically to obtain the total systematic uncertainty. An overview of all systematic uncer-

tainties as a function of energy bin is listed in table 7.2.

Average depth of shower maximum

The average value of Xmax as a function of energy is plotted in figure 7.28, where it is com-

pared with measurements of shower maximum made by the fluorescence detector (see also
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Table 7.2: Overview of systematic uncertainties of the average depth of shower maximum as

a function of bin energy in the selected high quality data set.

log10[E/eV] 17.9 18.1 18.3 18.5

gain calibration [g cm−2] 4.5 4.2 3.7 3.4

parameterization [g cm−2] 20.0 20.0 20.0 20.0

total [g cm−2] 20.5 20.4 20.3 20.3

figure 2.8). In addition, it is compared with the average Xmax as a function of energy pro-

duced by three different interaction models for showers with proton and iron primaries. The

statistical uncertainty of the average value can be estimated by calculating the standard error

of the average, and is represented in the plot by the error bars.
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Figure 7.28: Average depth of shower maximum as function of cosmic ray energy as mea-

sured by AERA using the spectral index compared with the fluorescence mea-

surements from the Pierre Auger observatory. The error bars of the AERA data

points represent the standard error of the average. The colored band indicates

the systematic uncertainty. Predictions of the depth of shower maximum of

iron and proton primaries from three different interaction models are plotted

as lines.

The average depth of shower maximum as a function of energy as measured with AERA using

the parameterization of the spectral index of the radio pulse is compatible with the mea-
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surements of the fluorescence detector of the Pierre Auger Observatory. Both measurements

are consistent with a predominantly light cosmic ray composition in the energy range from

1017.8 eV to 1018.6 eV.



Chapter 8

Discussion and outlook

8.1 Discussion of results

In the previous chapter, we used AERA data to demonstrate that the spectral index of the

radio pulse is sensitive to air shower development. We have used a fit of the parameteriza-

tion of the spectral index derived in chapter 3 to reconstruct the depth of shower maximum

and compared the results with FD measurements. This confirmed the possibility to perform

a measurement of shower development by using data from a single radio station, provided

that the shower geometry is known. Compared to FD measurements, however, the precision

of these measurements was shown to be low, with a standard deviation of 168 g cm−2.

This precision was improved by performing a fit of the parameterization using events with

multiple signal stations, as was discussed in section 7.2.3. Due to the low number of events

however, only a very limited sample of multi-station events could be compared to FD mea-

surements. By using mostly events with two and three stations, we were able to improve the

precision to 135 g cm−2. As the average uncertainty of the reconstructed position of shower

maximum plotted in figure 7.19 shows, we can expect the precision to reach about 60 g cm−2

for events with four stations or more in the current experimental setting.

From the pull distribution of figure 7.17 we can deduce that the presented experimental

method is sound, and that the uncertainties are properly estimated. In addition to increas-

ing the number of measured signals per event, we should therefore also strive to decrease

the measurement uncertainties to increase the precision. One important contribution to the

measurement uncertainties is the uncertainty of the SD shower geometry. In particular the

uncertainty of the core impact location, which is related to the station distance to the shower

axis, one of the dependencies in the parameterization of the spectral index. The median un-

certainty in the distribution of figure 7.6 is 25 m, a distance over which the spectral index can

change significantly, as was demonstrated in the simulation study and is shown in figure 3.11.

Because the radio detectors are distributed on a denser grid than the SD infill array, using
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their timing and lateral signal strength distribution when reconstructing the shower geome-

try might improve the precision of the shower core impact location measurement.

More important even is the intrinsic uncertainty introduced by reconstruction of the three

dimensional electric field from a measurement in two dimensions in a noisy environment.

This effect was demonstrated by a toy Monte Carlo in sections 4.2.4 and 7.1.2. It will be diffi-

cult to overcome this noise contribution without adding a third antenna arm to measure all

three components of the electric field, which means redesigning the detector.

By using a subset of 68 events with four or more signal stations to decrease the influence of

the measurement uncertainties, we were able to calculate the average depth of shower max-

imum as function of the cosmic ray energy. The average depth of shower maximum is in

agreement with measurements from the FD, and is compatible with a predominantly light

composition.

Unfortunately, we were not able to perform a fully data driven analysis and parameterization

of the dependencies of the spectral index of the radio pulse. This would have produced a

method independent of models, but could also have been used to verify and possibly con-

firm the results acquired from the full Monte Carlo simulations described in chapter 3. We

were, however, severely limited by the small size of the RD-FD coincident data set. The causes

of this small data volume are manifold. On the one hand, there is the scintillator-triggered

setup which has a spacing of 375 m, which is too sparse to sample the interesting region of the

air shower with high efficiency. This was aggravated because a large fraction of the stations

from this setup was down at any time within our period of data collection, as was shown in

section 5.2.2. On the other hand, the more densely spaced part of the array, mostly consisting

of the externally triggered setup, is located too close to the fluorescence detector to capture

shower maximum within the field of view of the telescopes, as was discussed in section 5.4.5.

This is especially true if the HEAT telescopes are tilted downwards, such as was the case in

November 2014. This led to the majority of radio events coincident with a fluorescence mea-

surement to be rejected outright based on the FD selection criteria.

8.2 Outlook and recommendations

The paramterization of the spectral index of the radio pulse unveils interesting new possi-

bilities to study air shower properties through their radio emission. Up until present, the

frequency content of the radio signal has hardly been utilized to reconstruct air shower pa-

rameters. Because of its sensitivity to shower geometry, the spectral index can also be used

to reconstruct the shower core and axis in addition to the geometrical distance to shower

maximum, which was explored in this thesis. Using the spectral index in this context would

provide an independent measurement of shower geometry, which is complementary to ex-

isting radio techniques using the pulse timing and the lateral signal power distribution.
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As was demonstrated in the study of the lateral distribution of the radio signal power (see

e.g. [59]), the important features in the radio signal of the air shower are located within the

first few hundred meters from the shower axis. This is no less true for the spectral index,

the features of which flatten off after about 350 m, as could be seen in figure 3.11. Future

radio observatories employing these methods should therefore have antenna spacings of not

much more than 200 m to adequately sample this region. To decrease the uncertainties of

radio measurements in general, efforts should be directed towards designing and modeling

antennas to accurately measure the electric field in all three dimensions.
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